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Abstract: The traditional design of effective vaccines for rapidly-evolving pathogens, such as influenza
A virus, has failed to provide broad spectrum and long-lasting protection. With low cost whole
genome sequencing technology and powerful computing capabilities, novel computational approaches
have demonstrated the potential to facilitate the design of a universal influenza vaccine. However,
few studies have integrated computational optimization in the design and discovery of new vaccines.
Understanding the potential of computational vaccine design is necessary before these approaches can
be implemented on a broad scale. This review summarizes some promising computational approaches
under current development, including computationally optimized broadly reactive antigens with
consensus sequences, phylogenetic model-based ancestral sequence reconstruction, and immunomics
to compute conserved cross-reactive T-cell epitopes. Interactions between virus-host-environment
determine the evolvability of the influenza population. We propose that with the development of
novel technologies that allow the integration of data sources such as protein structural modeling,
host antibody repertoire analysis and advanced phylodynamic modeling, computational approaches
will be crucial for the development of a long-lasting universal influenza vaccine. Taken together,
computational approaches are powerful and promising tools for the development of a universal
influenza vaccine with durable and broad protection.
Keywords: Universal influenza vaccine; computational design; interactions of virus-host-environment

1. Introduction
In the history of fighting infectious diseases, vaccinations are amongst the most cost-effective
approaches available to prevent infection. Traditional approaches to vaccine design have been successful
against many pathogens. But vaccines that target rapidly-evolving and genetically-diverse disease
agents have frequently failed to generate long lasting protection for human populations. This is
particularly true for influenza viruses, a single-stranded, negative sense RNA virus. One of the
important weapons being developed to effectively prevent influenza virus infection is a vaccine that
can provide durable and broadly-reactive protection against multiple subtypes, including those that
may cause potential pandemics, that is, a universal influenza vaccine [1]. The National Institute of
Allergy and Infectious Diseases (NIAID) has defined the criteria for universal influenza vaccine, which
includes (1) being at least 75% effective against symptomatic influenza infection; (2) protecting against
group I and group II influenza A viruses (influenza B would be a secondary target); (3) having durable
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protection that lasts at least 1 year and preferably through multiple seasons [1]. These are challenging but
achievable goals to effectively develop a vaccine that can protect against the globally-disseminated virus.
Recent approaches to vaccine design have taken advantage of large-scale viral sequencing
platforms, phylogenetic frameworks, protein structural modeling and systems biology to design novel
broadly-reactive vaccine candidates, which have been used for influenza and other pathogens [2].
These new approaches have revealed insights of viral evolution, transmission dynamics and biological
functions of proteins from mountains of genomic data and metadata [2–5]. Novel approaches for
rational design in the genomic era can aid in achieving goals of universal influenza vaccine design.
However, it has found limited applications in the design and discovery of new vaccines, an area where
proper integration of computational support and design is urgently needed [2,6].
In this review, we aim to briefly summarize the currently applied approaches of seasonal and
universal influenza vaccine design and their disadvantages (part 2), gather information on new or
potential computational approaches and challenges (part 3), and to propose necessary resources and
efforts needed for computational approaches of universal influenza vaccine candidates (part 4). We will
explore the important role of computational vaccine design to improve the identification of pathogen
antigens and key components for designing and evaluating a universal vaccine design. Furthermore,
we will discuss the potential of incorporating interactions of virus-host-environment to develop models
that allow for precise prediction for viral evolution and vaccine candidates. This review provides a
framework to integrate computational advances that could help in restructuring the existing seasonal
influenza vaccine design and contribute to the development of universal influenza vaccine.
2. Current Approach for Influenza Vaccine Design
2.1. Selection of Circulating Influenza Viruses for Seasonal Vaccine Design
To prevent infections from circulating seasonal influenza viruses, the annually administered
influenza virus vaccines contain H1N1 (phylogenetic group 1 hemagglutinin), H3N2 (phylogenetic
group 2 hemagglutinin) and two influenza B virus components (Victoria-like and Yamagata-like) [7].
The vaccine candidates from natural influenza virus strains are recommended by the World Health
Organization (WHO) based on the characterization and prediction of circulating strains likely to
dominate in upcoming epidemic seasons. Twice a year, the expert panel from the WHO Collaborating
Centers and essential laboratories and academies reviews the evidence of global surveillance, laboratory
and clinical studies and evaluate the availability of vaccine strains to make recommendation on the
components of influenza vaccine [8]. The evaluations are mainly based on viral antigenic and genetic
characterization, which requires tremendous annual surveillance efforts and laboratory tests. After the
selection of vaccine strains, it takes at least 6-8 months to produce sufficient global supplies of influenza
vaccine via current vaccine production technologies with egg-based, cell-based or recombination-based
vaccine [9,10]. For a comprehensive review of traditional approaches for influenza vaccine selection,
design, development and challenges refer to this review paper by Wong and Webby [11].
Influenza vaccines selected from natural influenza virus strains predominantly elicit specific
antibodies against the globular head domain of the surface protein hemagglutinin (HA) for each
subtype or lineage, which is only effective to protect against closely-matched antigenic variants [7].
The HA, however, undergoes rapid antigenic drift that accumulates from point mutations under
immune selection pressure in the major antigenic sites, allowing the virus to escape neutralizing
antibody responses [12], resulting in imprecise predictions of circulating strains. Despite significant
efforts of continuous surveillance and vaccine strain updates, vaccine mismatches have occurred
many times [13]. In addition to potential antigenic mismatch from selection procedure and delays in
production, egg-adapted mutations accumulated during egg-based vaccine production can further
exacerbate this issue, where the vaccine virus strain obtains relevant functional amino acid changes
in the HA protein, resulting in low vaccine effectiveness [14–17]. Studies investigating the impact
of vaccine mismatch have reported broad ranging vaccine efficacy (10% to 60%) for these annual

Vaccines 2019, 7, 45

3 of 23

vaccines, demonstrating severely low and unstable immune protection from influenza infection [18].
Predictive models of viral evolution to forecast dominant circulating influenza viral strains in the
upcoming influenza seasons through the analysis of genetic and epidemiological data from influenza
surveillance system have been developed to make quantitative predictions of viral evolution and
aim to improve the selection of seasonal influenza vaccine candidates [10,19]. This framework has
demonstrated potential to integrate multiple data sources to improve influenza vaccine design.
2.2. Universal Influenza Vaccine Design
Seasonal vaccines offer a little or no protection to emerging zoonotic influenza viruses with
pandemic potential, as many species, especially wild aquatic birds, are recognized as the natural
reservoir of all subtypes of influenza A viruses and have the potential to occur spillover and infect
humans directly [20]. As with past pandemics, the surface glycoproteins, HA and neuraminidase
(NA) are replaced through reassortments of zoonotic strains where the human population has
no pre-existing immune protection and the vaccines in use are not cross-reactive with these new
strains [21–23]. Experimentally-identified, conserved and immunogenic M2 protein antigens [24], and
HA-stalk design [24–26] have the potential to elicit broadly protective antibodies against seasonal
influenza strain. M2-based universal vaccine design focuses on the conserved antigens that have been
experimentally identified on M2 protein. However, the low immunogenicity and epitope density
by viral nature has been a fatal limit to make the cross-protection from M2 being effectively applied
into vaccine design [24]. To solve this issue, many approaches have been developed to improve M2
immunogenicity, details of which can be found in this review by Zhang et al. [24]. Similar with
M2-based design, HA-stalk design tries to elicit the conserved and cross-reactive protection from the
membrane-proximal stalk domain [25]. While the stalk domain is conserved across multiple influenza
subtypes, it is shielded by the immune-dominant head domain. To amplify the broad protection from
stalk domain, truncated HA without head domain, concentrated short peptides from stalk domain
or recombinant chimeric HA proteins have been employed [24–26]. Despite the potential for both
M2 and HA-stalk design vaccines to elicit broadly reactive immune response, a number of challenges
remain (reviewed in [24] and [27]), including a limited understanding of the full repertoire of potential
epitopes. More systematic computational approaches that go beyond circulating strain prediction and
incorporate a full profile of antigens stimulating both humoral and cellular immune responses are
needed for universal vaccine design [24–26]. To overcome these challenges, computational approaches
have been employed to rationally design promising vaccine candidates that can induce broadly (ideally
universally) cross-protective and durable immunity for all seasonal and even emerging pre-pandemic
strains [13,28,29].
3. Computational Design of Universal Influenza Vaccines
3.1. The Rationale of Computational Design Approaches
Traditional approaches have failed to produce stable and protective vaccines for hypervariable
and rapidly-evolving viral pathogens, including influenza viruses [30,31]. The reasons for this failure
include inherent uncertainty in pathogen evolution [32]. While global surveillance efforts and data
sharing agreements have increased available information, vaccine design often ignores the underlying
processes of the global influenza meta-population which generates diversity that allows the viral
populations to escape vaccine-induced immune responses and anti-viral treatments. Furthermore,
hemagglutination inhibition assay, central to vaccine strain selection, is a poor approximation for the
average immune response that does not account for the heterogeneity of immune responses between
hosts and pathogens, which cannot provide a full profile of pathogen immunogenic features [33].
The failure to synthesize information across the host-pathogen-environment, including ecological and
epidemiological determinants of disease persistence and spread (Figure 1) [2], has resulted in major
information gaps that can be addressed by existing computational approaches and a concerted effort
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to develop a unified framework. Individual immune response to a vaccine is an interplay of genetic,
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Fortunately, the growth of databases containing genome sequences sampled throughout global
epidemics [35–37], increased computational power and theoretical algorithms allow complex data
sources to be integrated into a unified framework allowing for a more complete understanding of
pathogen and host features. Huge amount of data generated by the high-throughput technologies are
currently available with more data regularly being made available. Computational approaches with
advance data integration and quantitative empirical analyses fit the needs of universal vaccine design
for highly diverse influenza virus in several promising aspects [38,39]: (1) being able to model and
analyze all available viral genomic data over a large tempo-spatial scale and shift from HA only design
to cover more antigens on multiple viral proteins; (2) rapidly and cost-effectively screening antigens
and epitopes in the early phase of vaccine candidate discovery; (3) capability of incorporating protein
functional structure and antibody repertoire analysis via structural biology; (4) machine learning to
incorporate viral, ecological, epidemiological and host immunological data to make precise assessment
and prediction.
Computational approaches to identify candidates for universal influenza vaccine design have
been used with a variety of novel vaccine production strategies in development. These approaches
mainly focus on the ‘unnatural immunity’ [40] induced by more conserved or less immune-dominant
domains in the surface proteins, internal proteins or both, to tackle with the high degree of variability
in influenza viruses by boosting the immunity from the conserved or less evolvable proteins of
the viruses. Current rational vaccine design uses comparative genomic methods to identify these
conserved regions. These inferential methods include naïve approaches where conserved regions
are identified from multiple sequence alignment comparison [27,28,41–43], phylogenetic approaches
where common ancestry is estimated [44] and peptide engineering based on 3-D protein structure
and immunomics. Figure 2 has summarized these current computational approaches. Table 1 has
highlighted the advantages, disadvantages and examples of these approaches.
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Table 1. Summary and examples of computational influenza universal vaccine design.
Approach

Consensus-based
optimized approach

Conceptual Design

Figure 2A

Evidence-Level

Disadvantages

Examples

Pre-clinical

(1) Efficiently generate a potentially full profile of conserved
immunogenicity in viral genome;
(2) Induce broad HA inhibition antibody titers that are
cross-reactive with diverse strains within the same subtype;
(3) Neutralize the receptor binding sites to prevent influenza
disease with a clear path towards clinical proof of correlation
for protective efficacy in humans

(1) Biased viral samples may not generate consensus
sequences that represent full profile of conserved
immunogenicity;
(2) Large efforts on surveillance data required

Pre-clinical tests on H1,
H3 and H5 HA
[28,41–43,45]

(1) Induce broad cross-reactive protection within highly diverse
influenza subtype
(2) Account for sampling bias and the variability of substitution
rates among sites;
(3) Potentially avoid the detrimental effects of antigenic drift
with ancestral sequences;
(4) Incorporate protein functional and structural domains

(1) More sophisticated and advanced models to
incorporate protein domains are still under
development;
(2) Experimental data on protein function is needed

Pre-clinical tests on
ancestral sequence of
H5N1 HA and NA [44]

(1) Account for the heterogeneity of the major
histocompatibility complex (MHC) in host;
(2) Protections and viral clearance from T-cell response has
been distinctively tested

(1) Indirect estimation on epitope affinity to MHC;
(2) To keep conformational epitopes to be function
when designed into vaccine can be challenge

FP-01.1
Flu-v
Multimeric-001
See Table 2 for details

Ancestral sequence
reconstruction

Figure 2B

Pre-clinical

Immunomics

Figure 2C

Pre-clinical & Clinical

Advantages
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Figure 2. Framework for computational influenza universal vaccine design. (A) Model-free
consensus-based optimized approach. Consensus sequences from previously defined clusters are
Figure 2. Framework for computational influenza universal vaccine design. (A) Model-free
generated by aligning and comparing multiple sequences and selecting the most common residue at
consensus-based optimized approach. Consensus sequences from previously defined clusters are
each position. It may go through several steps until the generation of a final consensus. (B) Model-based
generated by aligning and comparing multiple sequences and selecting the most common residue at
ancestral sequence reconstruction approach. Maximum likelihood and Bayesian approaches are the
each position. It may go through several steps until the generation of a final consensus. (B) Modelmost commonly used statistical phylogenetic methods to reconstruct ancestral sequence at the ancestral
based ancestral sequence reconstruction approach. Maximum likelihood and Bayesian approaches
node (shown as black dot on the tree) [46–48]. Evolutionary models that incorporate protein structural
are the most commonly used statistical phylogenetic methods to reconstruct ancestral sequence at the
domains can be used to separately estimate the evolutionary history on each functional partition as
ancestral node (shown as black dot on the tree) [46–48]. Evolutionary models that incorporate protein
the HA head and stalk domains. Based on the evolutionary relationship among different subtypes of
structural domains can be used to separately estimate the evolutionary history on each functional
influenza A virus, common ancestral sequences of head and stalk domains can be generated within
partition as the HA head and stalk domains. Based on the evolutionary relationship among different
influenza A virus Group 1 (H1, H2, H5, H6, H7, H8, H9, H11, H12, H13, H16, H17, and H18) and
subtypes of influenza A virus, common ancestral sequences of head and stalk domains can be
within Group 2 (H3, H4, H7, H10, H14, and H15), respectively. (C) Immunomics approach. The T-cell
generated within influenza A virus Group 1 (H1, H2, H5, H6, H7, H8, H9, H11, H12, H13, H16, H17,
epitope prediction tools can be used to identify the potential CD4+ T-cell and CD8+ T-cell epitopes
and H18) and within Group 2 (H3, H4, H7, H10, H14, and H15), respectively. (C) Immunomics
from the pathogen proteome or protein(s) based on the high binding affinity between epitope-Major
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3.2. The Host
3.2.1. Immunoinformatics to Immunomics
The field of immunoinformatics or computational immunology received major attention in 2000’s
from the research and governmental funding agencies [49,50]. Immunoinformatics research mainly
focuses on study and design of high-throughput in-silico approaches to explore the immune system at
genome level (Figure 2) [51]. These technological developments coupled with pathogen genomes have
tremendously contributed to the selection process of optimal vaccine antigens by lessening the time
and cost involved in the conventional methodologies that involve pathogen cultivation and protein
extractions. This methodology of analyzing pathogen genome to identify potential vaccine antigens is
called “reverse vaccinology” [52,53].
The study of immunomes coined as a new discipline “immunomics”, where the ‘immunome’ is
quoted as “the detailed map of immune reactions of a given host interacting with a foreign antigen” [50].
Immunomics tools such as B-cell epitope and T-cell epitope mapping methods mimic the diverse
molecular pathways of adaptive immune system that accounts for humoral immunity (B-cells) and
cellular immunity (CD4+ T-cells and CD8+ T-cells) to predict potential epitopes or immunomes from
the pathogen proteomes [51,54]. B-cell epitopes are surface exposed clusters of amino acids, which
can be categorized as linear (a stretch of amino acids) and conformational (discontinuous) epitopes
recognized by B-cell receptors (BCR) [55]; while T-cell epitopes are only linear, and T-cells receptors
(TCR) can recognize epitopes when they are bound to the major histocompatibility complex (MHC)
molecules. Two distinct subsets, CD4+ T-cells (helper T cells) and CD8+ T-cells (cytotoxic T cells)
recognize epitopes when they bind with MHC class II and MHC class I, respectively [56]. MHC genes
are highly polymorphic across different ethnicities that determines the fate of an epitope presentation
to T-cells [56].
Immunomics can aid in identifying optimal B-cell and T-cell epitopes directly from the pathogen
proteomes, while the literature suggested that T-cell predictions are more advanced and reliable
than that of B-cell epitope predictions [57,58]. A workshop on the B-cell epitope prediction tools
reported that the prediction performance of B-cell tools is still far from reality due to a lack of
high-quality experimental datasets [57]. Detailed description on the existing epitope mapping tools,
and challenges have been discussed in the cited review articles [55,58–62]. Key limitations include:
(1) the availability of experimental datasets essential in training and developing any epitope prediction
tool; (2) selection of epitope prediction tools may also introduce discrepancy in the identification
of potential T-cell epitopes due to methodological differences. T-cell epitope prediction tools that
include sequence- and structure-based methods are reviewed in Patronov et al. [56] and Luo et al. [63]);
(3) the availability of high-quality datasets on the binding affinity of epitope-MHC, which directs the
development and success of T-cell epitope prediction tools. A prediction of strong binding affinity
suggests that an epitope will be presented to T-cells. But this requires an experimental assessment; and
(4) The population coverage of an epitope is related to MHC polymorphism that exists in humans.
The efficacy of epitope-based vaccine(s) can be limited due to variability of MHC alleles among
different ethnicities. This may reduce the maximum population coverage of epitope-based vaccine
leading to the failure of the vaccine to elicit T-cell immune responses. The current tools, IEDB
population coverage [64] and EPISOPT [65], that are used to predict the population coverage are based
on the limited experimental HLA frequency data from world-wide MHC allele frequency database
(http://www.allelefrequencies.net/).
T-cell immunity plays a critical role in viral clearance thereby reduction in disease severity.
Particularly, memory CD4+ T-cells can provide substantial protection against influenza infection
through direct effector mechanisms as well as indirect regulatory and helper functions [66–68].
In the absence of neutralizing antibodies, the cross-reactive T-cell immune responses towards the
well-conserved T-cell epitopes may play a significant role in promoting clearance of virus and reducing
disease severity [69–71]. This phenomenon was well documented during the 2009 pandemic H1N1,
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as its unanticipated milder disease severity was largely attributed to the preexisting cross-reactive
T-cell immune responses towards the evolutionarily conserved T-cell epitopes between seasonal H1N1
and 2009 H1N1 strains [72–78]. Taken together, these studies suggest that an epitope-based universal
influenza vaccine can be developed by selecting the well-conserved and immunodominant epitopes
across influenza subtypes using the immunomics approach.
A major challenge in the design of epitope-based vaccines is to focus immune response onto
multiple well-conserved epitopes in order to elicit broad protective/neutralizing immune responses.
Epitope grafting or scaffolding, has been proposed as a solution for epitope-based vaccine design.
In this method, minimal epitopes that are highly conserved in pathogen are grafted onto an
appropriate heterologous-protein scaffold. Approaches for scaffold selection and design include
single algorithm-based tools like MAMMOTH or meta-servers like TM-align and consensus-based
designs [30]. Three main criteria have been proposed for the selection of scaffold that include size,
where smaller-sized scaffolds help to focus immune responses to grafted epitopes while preventing
unwanted responses to scaffold. Second criterion is the flexibility of scaffold with a possible positive
correlation between flexibility and immunogenicity. The third criterion is the structural environment
of the graft. A well-defined structural boundary between protein scaffold and epitopes enhances the
specificity of immune responses [30].
3.2.2. Advanced Universal Influenza Vaccines in Clinical Development
There are currently three promising epitope-based universal influenza vaccines, FP-01.1, Flu-v and
Multimeric-001 (M-001) are at different stages of clinical trials (Table 2). Each vaccine is briefly
described below.
FP-01.1 vaccine (also called as Flunisyn™), comprises six different synthetic peptides (length:
35 amino acids) each conjugated to the fluorocarbon moiety C8F17(CH2)2-COOH. These epitopes were
derived from the nucleoprotein (NP), matrix protein (M), and polymerase basic proteins (PB1 and PB2)
and have high level conservancy across H1-H9 influenza A subtypes with wider population coverage.
The phase I clinical trial [79] results observed that vaccine has acceptable safety and tolerable profiles
and generate robust CD4+ and CD8+ T-cellular immunity [80].
Flu-v vaccine contains multiple highly conserved T cell epitopes derived from NP, matrix proteins
(M1 and M2) from influenza A and NP from influenza B viruses and are conserved across most influenza
viruses with high population coverage [81,82]. The phase II clinical trials with adjuvant+Flu-v triggered
the T-cellular responses and also induced antibody response [83].
Multimeric-001 (M-001), a universal influenza epitope-based vaccine, is currently at the pivotal
phase III clinical trial to assess the safety and clinical efficacy as a standalone universal flu vaccine in
participants with age of older than 50 for a two-year follow-up [84]. M-001 comprised with a single
recombinant protein that contains nine linear, conserved and common epitopes from NP, M1, and HA of
influenza A and B viruses to activate both humoral and cellular immune system to provide multi-strain
protection from the seasonal and pandemic influenza viruses [85]. The predicted population coverage
of these selected epitopes is greater than 90%. The epitopes from the HA1 region which is hypervariable
were not included in the M-001. At phase II clinical trial in 120 participants aged 65 years and older,
M-001 was first administered to the study participants and three weeks later they were immunized with
2011-2012 seasonal trivalent inactivated vaccine. Results reported that M-001 alone elicited cellular
responses and enhanced HA inhibition seroconversion to 2011/12 vaccine strains, and even to certain
former vaccine strains [86].
The positive note on the epitope-based universal vaccine efficacy in eliciting the robust immune
responses at clinical trials underpins the immunomics in advancing the current vaccine development
approaches to prevent infections from remerging or emerging highly evolving influenza viruses.
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Table 2. Promising epitope-based universal influenza vaccines at clinical trials.
Vaccine

FP-01.1

Flu-v

Company

Immune Targeting Systems
Ltd., London, UK.

PepTcell Limited

Clinical Phase

Projects
I

II

FP-01.1

completed

completed

FP-01.1-Adjuvant
FP-01.1 + seasonal TIV + FP-01.1-Adjuvant

completed
completed

Flu-v

completed

adjuvanted Flu-v

Multimeric-001
(M-001)

BiondVax Pharmaceuticals Ltd

III

NCT01265914,
NCT01677676,
NCT02071329
NCT01677676
NCT01701752
NCT01226758,
NCT01181336
NCT03180801,
NCT02962908

completed

M-001

completed

completed

M-001 (prime) + seasonal TIV vaccine (boost)

completed

completed

M-001 (prime) + H5N1 vaccine (boost)
M-001 as standalone vaccine

completed

completed

Clinical Trial
Registration#

ongoing

NCT01146119,
NCT01010737
NCT03058692,
NCT01419925,
NCT02293317
NCT02691130
NCT03450915

Reference

Francis 2015 [80]
unpublished
unpublished
Pleguezuelos 2015 [82]
van Doorn 2017 [83]
Atsmon 2014 [86]
Atsmon 2014 [86]
unpublished
unpublished
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3.2.3. Computational Approaches that Incorporate Host Immunological Factors
Antibody repertoire analysis can be used to directly incorporate host immune response for
vaccine design. It combines sequence analysis with structural modeling and machine learning to
predict and analyze all the antibody affinity and specificities that can be produced by an individual,
which can be a valuable tool for quantitative evaluation of vaccine-induced immune responses [30].
Though it is currently used to characterize broadly neutralizing antibody (bnAb) lineages, with the
development of next-generation sequencing (NGS) technologies and systems biology, the analysis of
antibody repertoire encoded by B cells in the blood or lymphoid organs can be used to understand
humoral immune responses and to identify antibodies specific for antigens of interest in animal
models and human vaccine trials [30,87–89]. The antibody NGS can have impact on the rational
vaccine design by decoding the human immune responses and delineating B and T cell antigen
receptors [90,91]. This approach has been well developed in HIV-1 to identify hypervariants and
evolution on neutralization and binding to bnAbs [92,93] and explore the antibody lineage via
phylogenetic modeling [89,94]. These technologies and bioinformatics tools can be applied to influenza
virus vaccine design with creating library of antibody repertoire by NGS. The library then can be used
in computational approaches to quantitatively measure the immune responses and further to predict
the effects of vaccine candidates without completely relying on costly animal tests.
The main limitation with this approach is that linear sequence may not accurately predict the
conformational variations when these antigens are put back in a complete protein context [95]. When the
conformational structure of the epitope is not accurate, the corresponding immune response cannot
be precisely computed [96]. To solve this issue, some high-performance bioinformatics tools such as
molecular dynamics simulations can be used to predict the 3-D structure and stability of proteins or
peptides [97,98]. Furthermore, in the previous section, the successful maintenance of the conformational
epitope in these clinical tested vaccines has provided positive evidence for epitope-based universal
vaccine design. Taken together, with this antibody repertoire analysis tool, the computational estimation
of immune stimulation of these predicted viral antigens in hosts could be more accurate.
3.3. The Pathogen
3.3.1. Model-free Consensus-Based Optimized Approach
Consensus sequences are usually generated by aligning and comparing multiple sequences
and selecting the most common residue at each position (Figure 2A). These sequences are expected
to effectively capture a profile of conserved genetic and epitope information which can induce
cross-reactive cellular immune responses [99]. The outcome of this approach is a sequence alignment
with conserved antigens that can be expressed on virus-like particle (VLP), which are similar to intact
virions but not pathogenic [41,100]. Influenza VLP vaccines have advantages that a live virus is not
used at any step during vaccine production [101] and they can maintain conformational epitopes by
presenting surface antigens in their original structures. Consensus-based studies [29,99,101] have
generated consensus sequences for NA protein of H1N1 and several influenza proteins of H5N1,
including HA, NA and matrix protein M1, which have elicited broadly-reactive immune response.
However, the nature of consensus-based antigen design determines that it is highly influenced by the
input sequences and thus subject to sampling bias [102]. For example, H5N1 isolates were sampled
in different geographical locations and from different hosts, including human and avian. If samples
from one location or one host are overrepresented in the sequences used to generate consensus, then
it can bias the output consensus sequence, which may not accurately represent the full conserved
genetic profile of the whole H5N1 population. To overcome issues from sampling bias, an iterative
optimization strategy has been implemented in an approach known as computationally optimized
broadly reactive antigens (COBRA) [41].
The critical step in designing COBRAs is to use multiple rounds of consensus generation.
Within each phylogenetic subclade of the influenza virus subtype, the primary consensus with the
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most common amino acid at each position is generated for each individual outbreak group that is
defined based on geographic location and collection time. The secondary consensus is generated from
the primary consensus to represent the subclade. The third or fourth consensus is generated based on
previous round of consensus, until the final consensus is generated and termed COBRAs [41].
The COBRAs generated by multiple rounds of consensus generation are representative of the
diversity in the viral population and are able to induce neutralizing antibodies or other immune
boosting response to protect against past, current and ideally, future circulating strains of this specific
HA subtype [27]. COBRAs-based designed HA protein of H1, H3 and H5 have been tested with in-vitro
assays and animal models. This preclinical evidence has showed broad HA inhibition antibody titers
that were cross-reactive with different strains within the same subtype [28,41–43,45]. This approach
has advantages over other universal vaccine candidates, because COBRA HA-elicited antibodies are
able to neutralize the receptor binding site and the design has a clear path towards clinical proof of
correlate for protective efficacy in humans [28]. However, there are some concerns associated with
this approach. To be universally cross-reactive, the ideal CORBA HA protein should contain all the
conserved information present in multiple subtypes. The conserved immunogenic profile of consensus
sequences from COBRA approach is dependent upon the sharing of epidemiological and genetic data
collected during public health investigations and surveillance of outbreaks. With biased viral samples,
the consensus sequence generated may not represent the full profile of conserved immunogenicity along
viral evolving history. Even with increased global efforts to collect data and characterize epidemics it is
unlikely that sufficient data could be collected to overcome this challenge. Alternative approaches, such
as phylogenetic modeling of viral proteins along a characterized evolutionary trajectory that account
for impacts of sample biases and missing data could greatly improve design of COBRA candidates.
3.3.2. Phylogenetic Model-Based Approaches to Ancestral Sequence Reconstruction
Another way to identify potential broadly reactive antigens is ancestral sequence reconstruction,
which is to computationally infer ancestral gene sequences and the translated ancestral protein sequence
(Figure 2B) [103]. Ancestral sequences can reveal conserved functions of the pathogen protein where
the potential cross reactivity of the ancestral virus would also be evolutionarily conserved [104].
These conserved functions may indicate potential immune targets. Phylogenetic evolutionary models
have been used to infer influenza viral evolutionary history for decades with molecular data, including
the analysis of large phylogenetic trees, complex evolutionary models for more accurate ancestral
inference and detection of the imprints of selection pressure in molecular sequences [105,106].
Phylogenetic algorithms have been developed to reconstruct ancestral sequences for broadly-reactive
vaccine design [44,107]. This phylogenetic approach with marginal reconstruction yields the maximum
likelihood at the site with a specific amino acid after comparing all probabilities of different amino
acids at a site on an internal node [107]. It can more accurately account for sampling bias and the
variability of substitution rates among sites that can affect the consensus approaches described above.
In detail, Ducatez and colleagues [44] developed an ancestral sequence reconstruction method
for highly pathogenic avian influenza (HPAI) H5N1 surface proteins HA and NA. Based on a
maximum likelihood tree, several ancestral sequences were reconstructed at the internal nodes of
co-circulating HPAI H5N1 viral lineages to capture the conserved genetic characteristics of these
viruses. These ancestral sequences were synthesized into attenuated influenza viruses that could
replicate. Their cross-reactive protection against H5N1 morbidity and mortality have been confirmed in
preclinical experiments with ferret models. These findings provide strong evidence that computationally
derived vaccine candidate sequences and these technologies should be used to explore and enhance the
cross-reactivity, which can be easily fit into the current licensed vaccine platform. These computationally
derived ancestral sequences as vaccine candidates may help in avoiding the detrimental effects of
antigenic drift on the vaccine effectiveness. But this approach can be weakened by phylogenetic
uncertainty in particular when trees possess long branches due to insufficient information [108].
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The functional and structural domains of pathogen protein can be under disparate immunologic
pressures and thus have impacts on the evolutionary phylogeny [109] and the accuracy of ancestral
sequence reconstruction. Even though advanced models, including those that account for protein
sequence and structure [110,111] have not been applied for vaccine design, the computational approach
is promising. Precise estimation of influenza virus evolution including protein structural and its
functional information supported by experimental data [112], may help to efficiently identify and
select target antigens for universal vaccine design [30].
The integration of protein functions and structures into evolutionary models has two main
challenges: (1) published viral protein structural and functional information may not be available or
sufficiently resolved based on current studies; and (2) The assumption of nucleotide site independence
in the model cannot capture the biological reality that some sites are linked due to shared function [113].
Some modeling approaches with a protein structure scoring system or partitioning schemes on the
protein sequence [98,110,111] can potentially overcome these challenges; for example, protein structure
has been explored with coarse-grained models for structure prediction, prediction of protein interaction
and molecular dynamics simulations of protein folding [98]. This provides the statistical potential like
a scoring system for sequence-structure compatibility, which can be used to evaluate the probability of
fixation of a given mutation and improve the precision of ancestral reconstruction [111]. However,
few studies have incorporated protein structural information into the evolutionary analyses. Simple
representations of protein functional and structural domains have been used so far. Hypothetically,
novel models with a more complete representation with a full site mapping of the protein functions
and structures would yield a better fit. But in a phylogenetic context, structurally informed models are
still outperformed by some site-independent models in terms of fit [111]. Preliminary data suggest
that this would become less of a concern with increased sharing of sequence data [110].
High-throughput experiments quantify the effects of all single substitutions on gene function
so that evolutionary model can adequately capture the heterogeneity of selection at different sites,
which may improve phylogenetic inference and ancestral sequence reconstruction [112,114]. The new
experimental technique is called deep mutational scanning, where a gene is randomly mutagenized
and subjected to functional selection in the laboratory, and then deep sequenced to quantify the
relative frequencies of mutations before and after selection [115,116]. This technique has been used to
quantify the impacts of codon changes to several proteins or functional domains [114,115,117–120].
This information of protein function from rapid high-throughput experiments may greatly improve
the precision of ancestral sequence reconstruction [121].
3.4. The Environment
Pathogen Evolvability
Uncovering the important ecological, immunological and environmental determinants on viral
evolution is very important to make predictions of the viral emergence, fitness, transmissions and
circulating potential after new substitution is introduced [122]. Evolvability, first coined by Kirschner
and Gerhart in 1998, means that the organism’s capacity to generate heritable phenotype [123].
The zoonotic nature and complicated ecology of influenza viruses make evolvability more difficult
to quantify and predict. But with the advances of phylogenetic algorithms, models can integrate
and evaluate the impacts of environmental determinants. For example, an important development
in phylogenetic modeling was the field of viral phylodynamics that was introduced in 2004 to
study “how epidemiological, immunological, and evolutionary processes act and potentially interact
to shape viral phylogenies” [124,125]. Dynamics of influenza virus infections and transmissions
at individual-level (such as viral evolution within an infected host), population-level (individual
hosts within a population), or ecology-level (entire populations of different host species) have been
studied [124]. Specially, phylodynamics have been used to study factors of interest on some viral
phenotypes, including virulence, viral transmissibility, cell or tissue tropism, and antigenic phenotypes
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that can facilitate immune escape, etc. [108,124]. Details of methods and examined significant factors
can be found in these reviews [108,124,125].
Furthermore, the complements between phylodynamic modeling and experimental testing can be
integrated together to improve prediction on influenza virus evolvability. For example, experimental
studies designed to assess viral evolvability [126,127] demonstrated that a measured fitness score or
estimated tolerance for mutations can be used in phylodynamic modeling to link phenotypes, genetic
characteristics and other ecological factors, which can improve the prediction of viral evolvability for
natural influenza virus strains [127]. The potential predictors and consequent mutations computed by
models can enhance our understanding on viral characteristics, potential immune escape, or influenza
antiviral drug resistance [128]. Challenges for this area are how to get accurate and sufficient information
on the epidemiological, immunological and ecological factors, how to expand, integrate and enhance
phylodynamic models [108], and how to gather the current modeling factors to improve prediction of
viral evolvability [122].
4. Resources and Efforts Needed for Computational Vaccine Design
Computational models with incorporating host-pathogen-environment can efficiently facilitate the
understanding of viral evolution and the selection on critical information for vaccine design. With the
challenges summarized above, extra resources and efforts are needed for developing computational
vaccine design.
4.1. Data Collection and Sampling Efforts
Computational vaccine design relies on the input data quality [30]. To be specific, the representative
of the collected samples, the completion and precision of recorded data, and the timely manner of
data sharing and availability can ameliorate the output from computational modeling [19,129,130].
Compared to other infectious disease sampling, influenza viruses have already established an excellent
global network of sentinel institutions to monitor outbreaks and collect human samples [131]. With the
lower cost of full-genome sequencing, a large amount of genetic data has been available for influenza
research. However, three main limitations exist in current surveillance: (1) the imbalanced sampling
efforts on different hosts and geographical regions; (2) the incompletion of data records [129]; and (3)
the delayed availability of sequence data [19,130].
The unequal sampling of geographical regions is caused by global and local resource
allocation [132]. Policies to globally optimize resource allocation with considering the representative of
collected samples from outbreaks in different regions are needed. But majorly, the unequal sampling in
zoonotic hosts is more severe. Human influenza outbreaks have been well monitored and sampled [129].
However, to better understand viral evolvability and predict potential pandemic emerging from
zoonotic strains, more sampling efforts are definitely necessary in animal hosts, especially wild aquatic
birds [129]. Olson et al. [129], examined 11,870 GenBank records and reviewed 50 non-overlapping
studies and over 250,000 birds to access the status of historic sampling efforts during 1977–2012, where
they found that sampling in different hosts, location and viral subtypes are severely imbalanced and
there are a high proportion of non-tested samples globally. If we aim to identify a high proportion
of the virus subtypes in circulation in a given time period with limited resources, a sample-based
accumulation curve can provide an initial rationalization and optimal sample size for avian influenza
virus surveillance [129,133,134].
The affiliated sequence meta-data records have been improved with samples from recent years;
however, the epidemiological information, viral phenotypic characteristics and host characteristics
are not sufficiently recorded. With no accurate information on geographical region, host species and
migratory pathways and viral characteristics, we do lose lots of power in our model inference [135],
not to say improving the prediction of viral evolvability. GISAID [35] and GenBank [36], these open
access database platforms have facilitated the accessibility and sharing of influenza sequence data to
the science community. Despite the availability of these platforms, the sharing of viral sequence data is
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often long after the outbreaks and records are frequently incomplete [136]. Therefore, a standardized
protocol on how to record collected samples and what information is needed to report should be
established for sharing more complete viral and host-related information.
4.2. Integration of Experimental Evidence and Model Development
As shown in Figure 2, computational models that fully integrate multiple sources of information,
including experimental evidence, could aid in the identification of critical components for vaccine
design. However, we cannot solely rely on computational design, where computed antigens have
uncertain biological effects. Experimental evidence (Figure 1) from animal models or approved human
clinical trials are valuable to be incorporated into computational design. The experimental data on
pathogen immunogenicity and host immune system can first provide preliminary evidence on natural
or computed antigens and further amplify the usage of this new evidence to the computational
procedure for more accurate prediction and evaluation [19].
More complicated and realistic models previously limited by computing capability can be
developed with the advances of computing power [137]. For example, it becomes possible to
develop viral phylodynamic models that can incorporate results from laboratory experiments of
viral antigens and host immune responses [108]; The development on structured coalescent for better
estimation on viral population and mutation or migration events [138,139]. Furthermore, to avoid
overparameterization, model selection procedure should be applied during the process of novel model
development to optimize the balance of biological reality and parameterization [137,140]. With all
these, the next step would be to introduce and apply machine learning to the computational process
for vaccine design.
Machine learning is a subset of artificial intelligence in the field of computer science, which usually
uses statistical techniques and mathematical models to make computers “learn” with data without
being explicitly programmed, that is, performance on a specific task progressively improves [141].
Machine learning algorithms discover patterns in data and construct mathematical models using
these prior discoveries. One advantage of machine learning is that the models can be used to make
predictions on future data by cumulating from previous evidence and improving on forecasting
algorithms [142–144]. Though still in an early phase of implementation, the concept of machine
learning has been used in viral evolutionary modeling and has been a rapid way to gather and
update information based on known information [145,146]. Machine learning can incorporate different
modeling steps and all available surveillance, genetic and experimental data to keep updating
information and make predictions for computational vaccine design (Figure 1). For example, the
model of conserved epitope prediction mentioned in previous sections can also be incorporated into
the platform with host and environmental factors to make prediction on currently circulating viruses,
where broad-reactive vaccine candidates can be rapidly computed and tested.
5. Conclusions
For decades, we have been using the traditional approaches to design and develop influenza
vaccines. The rapid genetic changes and antigenic drift of influenza virus populations result in
short-term protection necessitating continual vaccine updates with novel viral components based on
analysis of globally circulating variants. Furthermore, these vaccines do not offer any immunological
protection against potential pandemic zoonotic strains, one of the lessons learned through the
unprecedent appearance of swine-origin 2009 pandemic H1N1 virus.
Recent decades have witnessed the technological advancements in the viral genetic sequencing
and computational modeling in tracing the complexities involved in the interactions of hostpathogen-environment that produced important insights into influenza disease dynamics across
biological scales. Integrating these computational and technological pipelines into the vaccine design
protocols can facilitate the development of a broadly cross-reactive, evolutionarily-resistant universal
influenza vaccine.

Vaccines 2019, 7, 45

16 of 23

Author Contributions: Conceptualization, X.Q. and J.B.; methodology, X.Q. V.D. and J.B.; validation, X.Q. and
V.D.; formal analysis, X.Q. and V.D.; resources, J.B.; writing—original draft preparation, X.Q.; writing—review and
editing, X.Q. V.D. and J.B.; visualization, X.Q.; supervision, J.B.; project administration, J.B.; funding acquisition, J.B.
Funding: This research was funded by National Institutes of Health (NIH) Centers of Excellence for Influenza
Research and Surveillance (CEIRS, contract #HHSN272201400006C).
Acknowledgments: We thank Lambodhar Damodaran and Jiani Chen for reading through the manuscript and
giving valuable comments. We also acknowledge the three anonymous reviewers’ valuable comments to improve
this review.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.

4.

5.
6.
7.

8.

9.
10.

11.
12.

13.
14.

Erbelding, E.J.; Post, D.J.; Stemmy, E.J.; Roberts, P.C.; Augustine, A.D.; Ferguson, S.; Paules, C.I.; Graham, B.S.;
Fauci, A.S. A Universal Influenza Vaccine: The Strategic Plan for the National Institute of Allergy and
Infectious Diseases. J. Infect. Dis. 2018, 218, 347–354. [CrossRef] [PubMed]
Rappuoli, R.; Aderem, A. A 2020 vision for vaccines against HIV, tuberculosis and malaria. Nature 2011, 473,
463–469. [CrossRef] [PubMed]
Medina, R.A.; Stertz, S.; Manicassamy, B.; Zimmermann, P.; Sun, X.; Albrecht, R.A.; Uusi-Kerttula, H.;
Zagordi, O.; Belshe, R.B.; Frey, S.E.; et al. Glycosylations in the Globular Head of the Hemagglutinin Protein
Modulate the Virulence and Antigenic Properties of the H1N1 Influenza Viruses. Sci. Transl. Med. 2013, 5.
[CrossRef] [PubMed]
Ekiert, D.C.; Friesen, R.H.; Bhabha, G.; Kwaks, T.; Jongeneelen, M.; Yu, W.; Ophorst, C.; Cox, F.; Korse, H.J.;
Brandenburg, B.; et al. A Highly Conserved Neutralizing Epitope on Group 2 Influenza A Viruses. Science
2011, 333, 843–850. [CrossRef] [PubMed]
Palatnik-de-Sousa, C.B.; Soares, I.S.; Rosa, D.S. Epitope Discovery and Synthetic Vaccine Design.
Front. Immunol. 2018, 9, 826. [CrossRef] [PubMed]
Flower, D.R.; Macdonald, I.K.; Ramakrishnan, K.; Davies, M.N.; Doytchinova, I.A. Computer aided selection
of candidate vaccine antigens. Immunome Res. 2010, 6, S1. [CrossRef] [PubMed]
Margine, I.; Hai, R.; Albrecht, R.A.; Obermoser, G.; Harrod, A.C.; Banchereau, J.; Palucka, K.; García-Sastre, A.;
Palese, P.; Treanor, J.J.; et al. H3N2 Influenza Virus Infection Induces Broadly Reactive Hemagglutinin Stalk
Antibodies in Humans and Mice. J. Virol. 2013, 87, 4728–4737. [CrossRef]
Centers for Disease Control and Prevention. Selecting Viruses for the Seasonal Influenza Vaccine |
CDC. 2018. Available online: https://www.cdc.gov/flu/about/season/vaccine-selection.htm (accessed on
17 February 2019).
Centers for Disease Control and Prevention. Antigenic Characterization | CDC. 2017. Available online:
https://www.cdc.gov/flu/professionals/laboratory/antigenic.htm (accessed on 17 February 2019).
Morris, D.H.; Gostic, K.M.; Pompei, S.; Bedford, T.; Łuksza, M.; Neher, R.A.; Grenfell, B.T.; Lässig, M.;
McCauley, J.W. Predictive Modeling of Influenza Shows the Promise of Applied Evolutionary Biology.
Trends Microbiol. 2018, 26, 102–118. [CrossRef]
Wong, S.-S.; Webby, R.J. Traditional and new influenza vaccines. Clin. Microbiol. Rev. 2013, 26, 476–492.
[CrossRef]
Anderson, C.S.; Ortega, S.; Chaves, F.A.; Clark, A.M.; Yang, H.; Topham, D.J.; DeDiego, M.L. Natural and
directed antigenic drift of the H1 influenza virus hemagglutinin stalk domain. Sci. Rep. 2017, 7, 14614.
[CrossRef]
Berlanda Scorza, F.; Tsvetnitsky, V.; Donnelly, J.J. Universal influenza vaccines: Shifting to better vaccines.
Vaccine 2016, 34, 2926–2933. [CrossRef] [PubMed]
Skowronski, D.M.; Janjua, N.Z.; De Serres, G.; Sabaiduc, S.; Eshaghi, A.; Dickinson, J.A.; Fonseca, K.;
Winter, A.L.; Gubbay, J.B.; Krajden, M.; et al. Low 2012–13 Influenza Vaccine Effectiveness Associated with
Mutation in the Egg-Adapted H3N2 Vaccine Strain Not Antigenic Drift in Circulating Viruses. PLoS ONE
2014, 9, e92153. [CrossRef] [PubMed]

Vaccines 2019, 7, 45

15.

16.

17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.
28.

29.

30.
31.
32.

33.

34.

35.

17 of 23

Zost, S.J.; Parkhouse, K.; Gumina, M.E.; Kim, K.; Diaz Perez, S.; Wilson, P.C.; Treanor, J.J.; Sant, A.J.; Cobey, S.;
Hensley, S.E. Contemporary H3N2 influenza viruses have a glycosylation site that alters binding of antibodies
elicited by egg-adapted vaccine strains. Proc. Natl. Acad. Sci. USA 2017, 114, 12578–12583. [CrossRef]
[PubMed]
Wu, N.C.; Zost, S.J.; Thompson, A.J.; Oyen, D.; Nycholat, C.M.; McBride, R.; Paulson, J.C.; Hensley, S.E.;
Wilson, I.A. A structural explanation for the low effectiveness of the seasonal influenza H3N2 vaccine.
PLoS Pathog. 2017, 13, e1006682. [CrossRef] [PubMed]
Paules, C.I.; Sullivan, S.G.; Subbarao, K.; Fauci, A.S. Chasing Seasonal Influenza—The Need for a Universal
Influenza Vaccine. N. Engl. J. Med. 2018, 378, 7–9. [CrossRef]
CDC. Seasonal Influenza Vaccine Effectiveness, 2004–2018. 2018. Available online: https://www.cdc.gov/flu/
professionals/vaccination/effectiveness-studies.htm (accessed on 19 February 2019).
Klingen, T.R.; Reimering, S.; Guzmán, C.A.; McHardy, A.C. In Silico Vaccine Strain Prediction for Human
Influenza Viruses. Trends Microbiol. 2018, 26, 119–131. [CrossRef] [PubMed]
Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A
viruses. Microbiol. Rev. 1992, 56, 152–179.
Guan, Y.; Vijaykrishna, D.; Bahl, J.; Zhu, H.; Wang, J.; Smith, G.J.D. The emergence of pandemic influenza
viruses. Protein Cell 2010, 1, 9–13. [CrossRef]
Smith, G.J.D.; Bahl, J.; Vijaykrishna, D.; Zhang, J.; Poon, L.L.; Chen, H.; Webster, R.G.; Peiris, J.S.; Guan, Y.
Dating the emergence of pandemic influenza viruses. Proc. Natl. Acad. Sci. USA 2009, 106, 11709–11712.
[CrossRef]
Neumann, G.; Noda, T.; Kawaoka, Y. Emergence and pandemic potential of swine-origin H1N1 influenza
virus. Nature 2009, 459, 931–939. [CrossRef]
Zhang, H.; Wang, L.; Compans, R.W.; Wang, B.-Z. Universal Influenza Vaccines, a Dream to Be Realized
Soon. Viruses 2014, 6, 1974. [CrossRef] [PubMed]
Jang, Y.H.; Seong, B.L. Options and obstacles for designing a universal influenza vaccine. Viruses 2014, 6,
3159–3180. [CrossRef] [PubMed]
Kirchenbaum, G.A.; Ross, T.M. Eliciting broadly protective antibody responses against influenza.
Curr. Opin. Immunol. 2014, 28, 71–76. [CrossRef] [PubMed]
Sautto, G.A.; Kirchenbaum, G.A.; Ross, T.M. Towards a universal influenza vaccine: Different approaches for
one goal. Virol. J. 2018, 15, 17. [CrossRef] [PubMed]
Carter, D.M.; Darby, C.A.; Lefoley, B.C.; Crevar, C.J.; Alefantis, T.; Oomen, R.; Anderson, S.F.; Strugnell, T.;
Cortés-Garcia, G.; Vogel, T.U. Design and Characterization of a Computationally Optimized Broadly Reactive
Hemagglutinin Vaccine for H1N1 Influenza Viruses. J. Virol. 2016, 90, 4720–4734. [CrossRef] [PubMed]
Job, E.R.; Ysenbaert, T.; Smet, A.; Christopoulou, I.; Strugnell, T.; Oloo, E.O.; Oomen, R.P.; Kleanthous, H.;
Vogel, T.U.; Saelens, X. Broadened immunity against influenza by vaccination with computationally designed
influenza virus N1 neuraminidase constructs. NPJ Vaccines 2018, 3, 55. [CrossRef]
He, L.; Zhu, J. Computational tools for epitope vaccine design and evaluation. Curr. Opin. Virol. 2015, 11,
103–112. [CrossRef]
Hurwitz, J.L. Respiratory syncytial virus vaccine development. Expert Rev. Vaccines 2011, 10, 1415–1433.
[CrossRef]
Chabas, H.; Lion, S.; Nicot, A.; Meaden, S.; van Houte, S.; Moineau, S.; Wahl, L.M.; Westra, E.R.;
Gandon, S. Evolutionary emergence of infectious diseases in heterogeneous host populations. PLoS Biol.
2018, 16, e2006738. [CrossRef]
Long, B.C.; Goldberg, T.L.; Swenson, S.L.; Erickson, G.; Scherba, G. Adaptation and Limitations of Established
Hemagglutination Inhibition Assays for the Detection of Porcine Anti—Swine Influenza Virus H1N2
Antibodies. J. Vet. Diagnostic Investig. 2004, 16, 264–270. [CrossRef]
Giles, B.M.; Bissel, S.J.; Dealmeida, D.R.; Wiley, C.A.; Ross, T.M. Antibody breadth and protective efficacy
are increased by vaccination with computationally optimized hemagglutinin but not with polyvalent
hemagglutinin-based H5N1 virus-like particle vaccines. Clin. Vaccine Immunol. 2012, 19, 128–139. [CrossRef]
[PubMed]
Shu, Y.; McCauley, J. GISAID: Global initiative on sharing all influenza data—-From vision to reality.
Eurosurveillance 2017, 22, 30494. [CrossRef] [PubMed]

Vaccines 2019, 7, 45

36.
37.
38.
39.
40.
41.

42.

43.

44.

45.

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
59.

18 of 23

NCBI Influenza virus database. Available online: https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/
nph-select.cgi?go=database (accessed on 28 April 2019).
WHO. FluID—A global influenza epidemiological data sharing platform. WHO. 2017. Available online:
https://www.who.int/influenza/surveillance_monitoring/fluid/en/ (accessed on 5 March 2019).
Liljeroos, L.; Malito, E.; Ferlenghi, I.; Bottomley, M.J. Structural and Computational Biology in the Design of
Immunogenic Vaccine Antigens. J. Immunol. Res. 2015, 2015, 156241. [CrossRef] [PubMed]
Galvani, A.P. Epidemiology meets evolutionary ecology. Trends Ecol. Evol. 2003, 18, 132–139. [CrossRef]
Nabel, G.J.; Fauci, A.S. Induction of unnatural immunity: Prospects for a broadly protective universal
influenza vaccine. Nat. Med. 2010, 16, 1389–1391. [CrossRef] [PubMed]
Giles, B.M.; Ross, T.M. A computationally optimized broadly reactive antigen (COBRA) based H5N1 VLP
vaccine elicits broadly reactive antibodies in mice and ferrets. Vaccine 2011, 29, 3043–3054. [CrossRef]
[PubMed]
Crevar, C.J.; Carter, D.M.; Lee, K.Y.J.; Ross, T.M. Cocktail of H5N1 COBRA HA vaccines elicit protective
antibodies against H5N1 viruses from multiple clades. Hum. Vaccin. Immunother. 2015, 11, 572–583.
[CrossRef]
Giles, B.M.; Crevar, C.J.; Carter, D.M.; Bissel, S.J.; Schultz-Cherry, S.; Wiley, C.A.; Ross, T.M. A Computationally
Optimized Hemagglutinin Virus-Like Particle Vaccine Elicits Broadly Reactive Antibodies that Protect
Nonhuman Primates from H5N1 Infection. J. Infect. Dis. 2012, 205, 1562–1570. [CrossRef]
Ducatez, M.F.; Bahl, J.; Griffin, Y.; Stigger-Rosser, E.; Franks, J.; Barman, S.; Vijaykrishna, D.; Webb, A.;
Guan, Y.; Webster, R.G. Feasibility of reconstructed ancestral H5N1 influenza viruses for cross-clade protective
vaccine development. Proc. Natl. Acad. Sci. USA 2011, 108, 349–354. [CrossRef]
Wong, T.M.; Allen, J.D.; Bebin-Blackwell, A.G.; Carter, D.M.; Alefantis, T.; DiNapoli, J.; Kleanthous, H.;
Ross, T.M. Computationally Optimized Broadly Reactive Hemagglutinin Elicits Hemagglutination Inhibition
Antibodies against a Panel of H3N2 Influenza Virus Cocirculating Variants. J. Virol. 2017, 91, e01581-17.
[CrossRef]
Baum, D.A.; Smith, S.D. Tree Thinking: An. Introduction to Phylogenetic Biology; Roberts and Co.:
Greenwood Village, CO, USA, 2012.
Lemey, P.; Rambaut, A.; Drummond, A.J.; Suchard, M.A. Bayesian phylogeography finds its roots.
PLoS Comput. Biol. 2009, 5, e1000520. [CrossRef] [PubMed]
King, B.; Lee, M.S.Y. Ancestral State Reconstruction, Rate Heterogeneity, and the Evolution of Reptile
Viviparity. Syst. Biol. 2015, 64, 532–544. [CrossRef] [PubMed]
Brusic, V. From immunoinformatics to immunomics. J. Bioinform. Comput. Biol. 2003, 1, 179–181. [CrossRef]
[PubMed]
Sette, A.; Fleri, W.; Peters, B.; Sathiamurthy, M.; Bui, H.-H.; Wilson, S. A roadmap for the immunomics of
category A-C pathogens. Immunity 2005, 22, 155–161. [CrossRef] [PubMed]
Brusic, V.; Petrovsky, N. Immunoinformatics and its relevance to understanding human immune disease.
Expert Rev. Clin. Immunol. 2005, 1, 145–157. [CrossRef] [PubMed]
Rappuoli, R. Reverse vaccinology. Curr. Opin. Microbiol. 2000, 3, 445–450. [CrossRef]
Sette, A.; Rappuoli, R. Reverse Vaccinology: Developing Vaccines in the Era of Genomics. Immunity 2010, 33,
530–541. [CrossRef] [PubMed]
De Groot, A.S. Immunomics: Discovering new targets for vaccines and therapeutics. Drug Discov. Today
2006, 11, 203–209. [CrossRef]
Potocnakova, L.; Bhide, M.; Pulzova, L.B. An Introduction to B-Cell Epitope Mapping and In Silico Epitope
Prediction. J. Immunol. Res. 2016, 2016, 1–11. [CrossRef]
Patronov, A.; Doytchinova, I. T-cell epitope vaccine design by immunoinformatics. Open Biol. 2013, 3, 120139.
[CrossRef]
Greenbaum, J.A.; Andersen, P.H.; Blythe, M.; Bui, H.H.; Cachau, R.E.; Crowe, J.; Davies, M.; Kolaskar, A.S.;
Lund, O.; Morrison, S.; et al. Towards a consensus on datasets and evaluation metrics for developing B-cell
epitope prediction tools. J. Mol. Recognit. 2007, 20, 75–82. [CrossRef] [PubMed]
Sanchez-Trincado, J.L.; Gomez-Perosanz, M.; Reche, P.A. Fundamentals and Methods for T- and B-Cell
Epitope Prediction. J. Immunol. Res. 2017, 2017, 1–14. [CrossRef] [PubMed]
He, Y.; Rappuoli, R.; De Groot, A.S.; Chen, R.T. Emerging Vaccine Informatics. J. Biomed. Biotechnol. 2010,
2010, 1–26. [CrossRef] [PubMed]

Vaccines 2019, 7, 45

60.
61.
62.
63.
64.
65.

66.
67.
68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

19 of 23

Tomar, N.; De, R.K. Immunoinformatics: An integrated scenario. Immunology 2010, 131, 153–168. [CrossRef]
[PubMed]
Backert, L.L.; Kohlbacher, O. Immunoinformatics and epitope prediction in the age of genomic medicine.
Genome Med. 2015, 7, 119. [CrossRef]
Hegde, N.R.; Gauthami, S.; Sampath Kumar, H.M.; Bayry, J. The use of databases, data mining and
immunoinformatics in vaccinology: Where are we? Expert Opin. Drug Discov. 2018, 13, 117–130. [CrossRef]
Luo, H.; Ye, H.; Ng, H.W.; Shi, L.; Tong, W.; Mendrick, D.L.; Hong, H. Machine Learning Methods for
Predicting HLA-Peptide Binding Activity. Bioinform. Biol. Insights 2015, 9. [CrossRef]
Bui, H.-H.; Sidney, J.; Dinh, K.; Southwood, S.; Newman, M.J.; Sette, A. Predicting population coverage of
T-cell epitope-based diagnostics and vaccines. BMC Bioinformatics 2006, 7, 153. [CrossRef]
Molero-Abraham, M.; Lafuente, E.M.; Flower, D.R.; Reche, P.A. Selection of conserved epitopes from hepatitis
C virus for pan-populational stimulation of T-cell responses. Clin. Dev. Immunol. 2013, 2013, 601943.
[CrossRef]
McMichael, A.J.; Gotch, F.M.; Noble, G.R.; Beare, P.A.S. Cytotoxic T-Cell Immunity to Influenza. N. Engl.
J. Med. 1983, 309, 13–17. [CrossRef]
McKinstry, K.K.; Strutt, T.M.; Swain, S.L. Hallmarks of CD4 T cell immunity against influenza. J. Intern. Med.
2011, 269, 507–518. [CrossRef] [PubMed]
La Gruta, N.L.; Turner, S.J. T cell mediated immunity to influenza: Mechanisms of viral control. Trends Immunol.
2014, 35, 396–402. [CrossRef] [PubMed]
Effros, R.B.; Doherty, P.C.; Gerhard, W.; Bennink, J. Generation of both cross-reactive and virus-specific T-cell
populations after immunization with serologically distinct influenza A viruses. J. Exp. Med. 1977, 145,
557–568. [CrossRef] [PubMed]
Kreijtz, J.H.; Bodewes, R.; van Amerongen, G.; Kuiken, T.; Fouchier, R.A.; Osterhaus, A.D.; Rimmelzwaan, G.F.
Primary influenza A virus infection induces cross-protective immunity against a lethal infection with a
heterosubtypic virus strain in mice. Vaccine 2007, 25, 612–620. [CrossRef] [PubMed]
Zweerink, H.J.; Courtneidge, S.A.; Skehel, J.J.; Crumpton, M.J.; Askonas, B.A. Cytotoxic T cells kill influenza
virus infected cells but do not distinguish between serologically distinct type A viruses. Nature 1977, 267,
354–356. [CrossRef] [PubMed]
Duvvuri, V.R.; Moghadas, S.M.; Guo, H.; Duvvuri, B.; Heffernan, J.M.; Fisman, D.N.; Wu, G.E.; Wu, J.
Original Article: Highly conserved cross-reactive CD4+ T-cell HA-epitopes of seasonal and the 2009 pandemic
influenza viruses. Influenza Other Respi. Viruses 2010, 4, 249–258. [CrossRef] [PubMed]
Duvvuri, V.R.; Duvvuri, B.; Jamnik, V.; Gubbay, J.B.; Wu, J.; Wu, G.E. T cell memory to evolutionarily
conserved and shared hemagglutinin epitopes of H1N1 viruses: A pilot scale study. BMC Infect. Dis. 2013,
13, 204. [CrossRef] [PubMed]
De Groot, A.S.; Ardito, M.; McClaine, E.M.; Moise, L.; Martin, W.D. Immunoinformatic comparison of T-cell
epitopes contained in novel swine-origin influenza A (H1N1) virus with epitopes in 2008–2009 conventional
influenza vaccine. Vaccine 2009, 27, 5740–5747. [CrossRef]
Ge, X.; Tan, V.; Bollyky, P.L.; Standifer, N.E.; James, E.A.; Kwok, W.W. Assessment of Seasonal Influenza A
Virus-Specific CD4 T-Cell Responses to 2009 Pandemic H1N1 Swine-Origin Influenza A Virus. J. Virol. 2010,
84, 3312–3319. [CrossRef]
Greenbaum, J.A.; Kotturi, M.F.; Kim, Y.; Oseroff, C.; Vaughan, K.; Salimi, N.; Vita, R.; Ponomarenko, J.;
Scheuermann, R.H.; Sette, A.; et al. Pre-existing immunity against swine-origin H1N1 influenza viruses in
the general human population. Proc. Natl. Acad. Sci. USA 2009, 106, 20365–20370. [CrossRef]
Weinfurter, J.T.; Brunner, K.; Capuano, S.V., 3rd; Li, C.; Broman, K.W.; Kawaoka, Y.; Friedrich, T.C.
Cross-Reactive T Cells Are Involved in Rapid Clearance of 2009 Pandemic H1N1 Influenza Virus in
Nonhuman Primates. PLoS Pathog. 2011, 7, e1002381. [CrossRef] [PubMed]
Wilkinson, T.M.; Li, C.K.; Chui, C.S.; Huang, A.K.; Perkins, M.; Liebner, J.C.; Lambkin-Williams, R.; Gilbert, A.;
Oxford, J.; Nicholas, B.; et al. Preexisting influenza-specific CD4+ T cells correlate with disease protection
against influenza challenge in humans. Nat. Med. 2012, 18, 74–280. [CrossRef] [PubMed]
ClinicalTrials.gov Identifier:NCT01265914 A Study to Evaluate the Safety, Tolerability and Immunogenicity
of a Universal Influenza A Vaccine. 2010. Available online: https://clinicaltrials.gov/ct2/show/NCT01265914
(accessed on 20 February 2019).

Vaccines 2019, 7, 45

80.

81.

82.

83.

84.

85.
86.

87.

88.
89.
90.

91.
92.

93.

94.

95.
96.
97.
98.

20 of 23

Francis, J.N.; Bunce, C.J.; Horlock, C.; Watson, J.M.; Warrington, S.J.; Georges, B.; Brown, C.B. A novel
peptide-based pan-influenza A vaccine: A double blind, randomised clinical trial of immunogenicity and
safety. Vaccine 2015, 33, 396–402. [CrossRef] [PubMed]
Pleguezuelos, O.; Robinson, S.; Stoloff, G.A.; Caparrós-Wanderley, W. Synthetic Influenza vaccine (FLU-v)
stimulates cell mediated immunity in a double-blind, randomised, placebo-controlled Phase I trial. Vaccine
2012, 30, 4655–4660. [CrossRef] [PubMed]
Pleguezuelos, O.; Robinson, S.; Fernández, A.; Stoloff, G.A.; Mann, A.; Gilbert, A.; Balaratnam, G.;
Wilkinson, T.; Lambkin-Williams, R.; Oxford, J.; et al. A Synthetic Influenza Virus Vaccine Induces a Cellular
Immune Response That Correlates with Reduction in Symptomatology and Virus Shedding in a Randomized
Phase Ib Live-Virus Challenge in Humans. Clin. Vaccine Immunol. 2015, 22, 828–835. [CrossRef] [PubMed]
van Doorn, E.; Pleguezuelos, O.; Liu, H.; Fernandez, A.; Bannister, R.; Stoloff, G.; Oftung, F.; Norley, S.;
Huckriede, A.; Frijlink, H.W.; et al. Evaluation of the immunogenicity and safety of different doses and
formulations of a broad spectrum influenza vaccine (FLU-v) developed by SEEK: Study protocol for a
single-center, randomized, double-blind and placebo-controlled clinical phase IIb trial. BMC Infect. Dis.
2017, 17, 241. [CrossRef] [PubMed]
ClinicalTrials.gov Identifier: NCT03450915. A Pivotal Trial to Assess the Safety and Clinical Efficacy of
the M-001 as a Standalone Universal Flu Vaccine. Available online: https://clinicaltrials.gov/ct2/show/
NCT03450915?term=epitope&cond=Influenza&rank=6 (accessed on 20 February 2019).
Gottlieb, T.; Ben-Yedidia, T. Epitope-based approaches to a universal influenza vaccine. J. Autoimmun. 2014,
54, 15–20. [CrossRef] [PubMed]
Atsmon, J.; Caraco, Y.; Ziv-Sefer, S.; Shaikevich, D.; Abramov, E.; Volokhov, I.; Bruzil, S.; Haima, K.Y.;
Gottlieb, T.; Ben-Yedidia, T. Priming by a novel universal influenza vaccine (Multimeric-001)—A gateway for
improving immune response in the elderly population. Vaccine 2014, 32, 5816–5823. [CrossRef]
Georgiou, G.; Ippolito, G.C.; Beausang, J.; Busse, C.E.; Wardemann, H.; Quake, S.R. The promise and
challenge of high-throughput sequencing of the antibody repertoire. Nat. Biotechnol. 2014, 32, 158–168.
[CrossRef]
Six, A.; Bellier, B.; Thomas-Vaslin, V.; Klatzmann, D. Systems biology in vaccine design. Microb. Biotechnol.
2012, 5, 295–304. [CrossRef]
Yermanos, A.D.; Dounas, A.K.; Stadler, T.; Oxenius, A.; Reddy, S.T. Tracing Antibody Repertoire Evolution
by Systems Phylogeny. Front. Immunol. 2018, 9, 2149. [CrossRef] [PubMed]
Koff, W.C.; Burton, D.R.; Johnson, P.R.; Walker, B.D.; King, C.R.; Nabel, G.J.; Ahmed, R.; Bhan, M.K.;
Plotkin, S.A. Accelerating Next-Generation Vaccine Development for Global Disease Prevention. Science
2013, 340, 1232910. [CrossRef] [PubMed]
Koff, W.C.; Gust, I.D.; Plotkin, S.A. Toward a Human Vaccines Project. Nat. Immunol. 2014, 15, 589–592.
[CrossRef] [PubMed]
Sok, D.; Laserson, U.; Laserson, J.; Liu, Y.; Vigneault, F.; Julien, J.P.; Briney, B.; Ramos, A.; Saye, K.F.; Le, K.;
et al. The Effects of Somatic Hypermutation on Neutralization and Binding in the PGT121 Family of Broadly
Neutralizing HIV Antibodies. PLoS Pathog. 2013, 9, e1003754. [CrossRef]
Wu, X.; Zhou, T.; Zhu, J.; Zhang, B.; Georgiev, I.; Wang, C.; Chen, X.; Longo, N.S.; Louder, M.; McKee, K.; et al.
Focused Evolution of HIV-1 Neutralizing Antibodies Revealed by Structures and Deep Sequencing. Science
2011, 333, 1593–1602. [CrossRef] [PubMed]
Zhu, Y.-G.; Johnson, T.A.; Su, J.Q.; Qiao, M.; Guo, G.X.; Stedtfeld, R.D.; Hashsham, S.A.; Tiedje, J.M.
Diverse and abundant antibiotic resistance genes in Chinese swine farms. Proc. Natl. Acad. Sci. USA 2013,
110, 3435–3440. [CrossRef] [PubMed]
María, R.R.; Arturo, C.J.; Alicia, J.A.; Paulina, M.G.; Gerardo, A.O. The Impact of Bioinformatics on Vaccine
Design and Development. Vaccines 2017. [CrossRef]
Van Regenmortel, M.H.V. Structure-Based Reverse Vaccinology Failed in the Case of HIV Because it
Disregarded Accepted Immunological Theory. Int. J. Mol. Sci. 2016, 17, 9. [CrossRef]
Zhu, Z.; Zhang, C.; Song, W. Rational derivation, extension, and cyclization of self-inhibitory peptides to
target TGF-β/BMP signaling in ONFH. Amino Acids 2017, 49, 283–290. [CrossRef]
Kmiecik, S.; Gront, D.; Kolinski, M.; Wieteska, L.; Dawid, A.E.; Kolinski, A. Coarse-Grained Protein Models
and Their Applications. Chem. Rev. 2016, 116, 7898–7936. [CrossRef]

Vaccines 2019, 7, 45

99.
100.

101.

102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.

118.
119.
120.
121.
122.
123.

21 of 23

Laddy, D.J.; Yan, J.; Corbitt, N.; Kobasa, D.; Kobinger, G.P.; Weiner, D.B. Immunogenicity of novel
consensus-based DNA vaccines against avian influenza. Vaccine 2007, 25, 2984–2989. [CrossRef] [PubMed]
Wu, C.-Y.; Yeh, Y.C.; Yang, Y.C.; Chou, C.; Liu, M.T.; Wu, H.S.; Chan, J.T.; Hsiao, P.W. Mammalian Expression
of Virus-Like Particles for Advanced Mimicry of Authentic Influenza Virus. PLoS ONE 2010, 5, e9784.
[CrossRef] [PubMed]
Bright, R.A.; Carter, D.M.; Crevar, C.J.; Toapanta, F.R.; Steckbeck, J.D.; Cole, K.S.; Kumar, N.M.; Pushko, P.;
Smith, G.; Tumpey, T.M.; et al. Cross-Clade Protective Immune Responses to Influenza Viruses with H5N1
HA and NA Elicited by an Influenza Virus-Like Particle. PLoS ONE 2008, 3, e1501. [CrossRef] [PubMed]
Ben-Dor, A.; Lancia, G.; Ravi, R.; Perone, J. Banishing Bias from Consensus Sequences; Springer: Berlin/Heidelberg,
Germany, 1997; pp. 247–261.
Thornton, J.W. Resurrecting ancient genes: Experimental analysis of extinct molecules. Nat. Rev. Genet. 2004,
5, 366–375. [CrossRef] [PubMed]
Lim, S.A.; Hart, K.M.; Harms, M.J.; Marqusee, S. Evolutionary trend toward kinetic stability in the folding
trajectory of RNases H. Proc. Natl. Acad. Sci. USA 2016, 113, 13045–13050. [CrossRef] [PubMed]
Yang, Z.; Nielsen, R.; Goldman, N.; Pedersen, A.M. Codon-substitution models for heterogeneous selection
pressure at amino acid sites. Genetics 2000, 155, 431–449. [PubMed]
Huelsenbeck, J.P.; Ronquist, F.; Nielsen, R.; Bollback, J.P. Bayesian inference of phylogeny and its impact on
evolutionary biology. Scienc 2001, 294, 2310–2314. [CrossRef] [PubMed]
Cai, W.; Pei, J.; Grishin, N.V. Reconstruction of ancestral protein sequences and its applications. BMC E Biol.
2004, 4, 33.
Baele, G.; Suchard, M.A.; Rambaut, A.; Lemey, P. Emerging Concepts of Data Integration in Pathogen
Phylodynamics. Syst. Biol. 2017, 66, e47–e65. [CrossRef]
Kirkpatrick, E.; Qiu, X.; Wilson, P.C.; Bahl, J.; Krammer, F. The influenza virus hemagglutinin head evolves
faster than the stalk domain. Sci. Rep. 2018, 8, 10432. [CrossRef]
Qiu, X.; Bahl, J. Structurally informed evolutionary models improve phylogenetic reconstruction for emerging,
seasonal, and pandemic influenza viruses. bioRxiv 2017. [CrossRef]
Kleinman, C.L.; Rodrigue, N.; Lartillot, N.; Philippe, H. Statistical Potentials for Improved Structurally
Constrained Evolutionary Models. Mol. Biol. Evol. 2010, 27, 1546–1560. [CrossRef] [PubMed]
Bloom, J.D. An Experimentally Informed Evolutionary Model Improves Phylogenetic Fit to Divergent
Lactamase Homologs. Mol. Biol. Evol. 2014, 31, 2753–2769. [CrossRef] [PubMed]
Booker, T.R.; Keightley, P.D. Understanding the factors that shape patterns of nucleotide diversity in the
house mouse genome. Mol. Biol. Evol. 2018, 35, 2971–2988. [CrossRef] [PubMed]
Bloom, J.D. An Experimentally Determined Evolutionary Model Dramatically Improves Phylogenetic Fit.
Mol. Biol. Evol. 2014, 31, 1956–1978. [CrossRef]
Fowler, D.M.; Araya, C.L.; Fleishman, S.J.; Kellogg, E.H.; Stephany, J.J.; Baker, D.; Fields, S. High-resolution
mapping of protein sequence-function relationships. Nat. Methods 2010, 7, 741–746. [CrossRef]
Araya, C.L.; Fowler, D.M. Deep mutational scanning: Assessing protein function on a massive scale. Trends
Biotechnol. 2011, 29, 435–442. [CrossRef]
Traxlmayr, M.W.; Hasenhindl, C.; Hackl, M.; Stadlmayr, G.; Rybka, J.D.; Borth, N.; Grillari, J.; Rüker, F.;
Obinger, C. Construction of a Stability Landscape of the CH3 Domain of Human IgG1 by Combining Directed
Evolution with High Throughput Sequencing. J. Mol. Biol. 2012, 423, 397–412. [CrossRef]
Melamed, D.; Young, D.L.; Gamble, C.E.; Miller, C.R.; Fields, S. Deep mutational scanning of an RRM domain
of the Saccharomyces cerevisiae poly(A)-binding protein. RNA 2013, 19, 1537–1551. [CrossRef]
Roscoe, B.P.; Thayer, K.M.; Zeldovich, K.B.; Fushman, D.; Bolon, D.N.A. Analyses of the Effects of All
Ubiquitin Point Mutants on Yeast Growth Rate. J. Mol. Biol. 2013, 425, 1363–1377. [CrossRef]
Firnberg, E.; Labonte, J.W.; Gray, J.J.; Ostermeier, M. A comprehensive, high-resolution map of a gene’s
fitness landscape. Mol. Biol. Evol. 2014, 31, 1581–1592. [CrossRef] [PubMed]
Hanson-Smith, V.; Kolaczkowski, B.; Thornton, J.W. Robustness of ancestral sequence reconstruction to
phylogenetic uncertainty. Mol. Biol. Evol. 2010, 27, 1988–1999. [CrossRef] [PubMed]
Holmes, E.C. What can we predict about viral evolution and emergence? Curr. Opin. Virol. 2013, 3, 180–184.
[CrossRef] [PubMed]
Kirschner, M.; Gerhart, J. Evolvability. Proc. Natl. Acad. Sci. USA 1998, 95, 8420–8427. [CrossRef] [PubMed]

Vaccines 2019, 7, 45

22 of 23

124. Volz, E.M.; Koelle, K.; Bedford, T. Viral Phylodynamics. PLoS Comput. Biol. 2013, 9, e1002947. [CrossRef]
125. Grenfell, B.T.; Pybus, O.G.; Gog, J.R.; Wood, J.L.; Daly, J.M.; Mumford, J.A.; Holmes, E.C. Unifying the
Epidemiological and Evolutionary Dynamics of Pathogens. Science 2004, 303, 327–332. [CrossRef] [PubMed]
126. Visher, E.; Whitefield, S.E.; McCrone, J.T.; Fitzsimmons, W.; Lauring, A.S. The Mutational Robustness of
Influenza A Virus. PLOS Pathog. 2016, 12, e1005856. [CrossRef]
127. Thyagarajan, B.; Bloom, J.D. The inherent mutational tolerance and antigenic evolvability of influenza
hemagglutinin. Elife 2014, 3. [CrossRef]
128. Bloom, J.D.; Gong, L.I.; Baltimore, D. Permissive Secondary Mutations Enable the Evolution of Influenza
Oseltamivir Resistance. Science 2010, 328, 1272–1275. [CrossRef] [PubMed]
129. Olson, S.H.; Parmley, J.; Soos, C.; Gilbert, M.; Latorre-Margalef, N.; Hall, J.S.; Hansbro, P.M.; Leighton, F.;
Munster, V.; Joly, D. Sampling Strategies and Biodiversity of Influenza A Subtypes in Wild Birds. PLoS ONE
2014, 9, e90826. [CrossRef]
130. Klingen, T.R.; Reimering, S.; Loers, J.; Mooren, K.; Klawonn, F.; Krey, T.; Gabriel, G.; McHardy, A.C.
Sweep Dynamics (SD) plots: Computational identification of selective sweeps to monitor the adaptation of
influenza A viruses. Sci. Rep. 2018, 8, 373. [CrossRef] [PubMed]
131. Ampofo, W.K.; Azziz-Baumgartner, E.; Bashir, U.; Cox, N.J.; Fasce, R.; Giovanni, M.; Grohmann, G.; Huang, S.;
Katz, J.; Mironenko, A.; et al. Strengthening the influenza vaccine virus selection and development process.
Vaccine 2015, 33, 4368–4382. [CrossRef] [PubMed]
132. Institute of Medicine (US) Forum on Microbial Threats. The Domestic and International Impacts of the 2009-H1N1
Influenza A Pandemic: Global Challenges, Global Solutions: Workshop Summary; National Academies Press (US):
Washington, DC, USA, 2010.
133. Hoye, B.J.; Munster, V.J.; Nishiura, H.; Klaassen, M.; Fouchier, R.A. Surveillance of wild birds for avian
influenza virus. Emerg. Infect. Dis. 2010, 16, 1827–1834. [CrossRef] [PubMed]
134. Squires, R.B.; Noronha, J.; Hunt, V.; García-Sastre, A.; Macken, C.; Baumgarth, N.; Suarez, D.; Pickett, B.E.;
Zhang, Y.; Larsen, C.N. Influenza research database: An integrated bioinformatics resource for influenza
research and surveillance. Influenza Other Respi. Viruses 2012, 6, 404–416. [CrossRef] [PubMed]
135. Gunnarsson, G.; Latorre-Margalef, N.; Hobson, K.A.; Van Wilgenburg, S.L.; Elmberg, J.; Olsen, B.;
Fouchier, R.A.M.; Waldenström, J. Disease dynamics and bird migration—-Linking mallards Anas
platyrhynchos and subtype diversity of the influenza A virus in time and space. PLoS ONE 2012, 7, e35679.
[CrossRef] [PubMed]
136. Elbe, S.; Buckland-Merrett, G. Data, disease and diplomacy: GISAID’s innovative contribution to global
health. Glob. Challenges 2017, 1, 33–46. [CrossRef]
137. Baele, G.; Lemey, P.; Bedford, T.; Rambaut, A.; Suchard, M.A.; Alekseyenko, A.V. Improving the accuracy
of demographic and molecular clock model comparison while accomodating phylogenetic uncertainty.
Mol. Biol. Evol. 2012, 29, 2157–2167. [CrossRef]
138. Dudas, G.; Carvalho, L.M.; Rambaut, A.; Bedford, T. MERS-CoV spillover at the camel-human interface. Elife
2018, 7. [CrossRef]
139. Mu, N.F.; Rasmussen, D.A.; Stadler, T. The Structured Coalescent and Its Approximations. Mol. Biol. Evol.
2017, 34, 2970–2981.
140. Duchene, S.; Bouckaert, R.; Duchene, D.A.; Stadler, T.; Drummond, A.J. Phylodynamic Model Adequacy
Using Posterior Predictive Simulations. Syst. Biol. 2019, 68, 358–364. [CrossRef]
141. Samuel, A.L. Some Studies in Machine Learning Using the Game of Checkers. IBM J. Res. Dev. 1959, 3,
210–229. [CrossRef]
142. Bunker, R.P.; Thabtah, F. A machine learning framework for sport result prediction. Appl. Comput. Informatics
2019, 15, 27–33. [CrossRef]
143. Fritz, B.A.; Chen, Y.; Murray-Torres, T.M.; Gregory, S.; Ben Abdallah, A.; Kronzer, A.; McKinnon, S.L.;
Budelier, T.; Helsten, D.L.; Wildes, T.S.; et al. Using machine learning techniques to develop forecasting
algorithms for postoperative complications: Protocol for a retrospective study. BMJ Open 2018, 8, e020124.
[CrossRef] [PubMed]
144. Zitnik, M.; Nguyen, F.; Wang, B.; Leskovec, J.; Goldenberg, A.; Hoffman, M.M. Machine learning for
integrating data in biology and medicine: Principles, practice, and opportunities. Inf. Fusion 2019, 50, 71–91.
[CrossRef] [PubMed]

Vaccines 2019, 7, 45

23 of 23

145. Salama, M.A.; Hassanien, A.E.; Mostafa, A. The prediction of virus mutation using neural networks and
rough set techniques. EURASIP J. Bioinform. Syst. Biol. 2016, 2016, 10. [CrossRef] [PubMed]
146. Shim, H. Feature Learning of Virus Genome Evolution With the Nucleotide Skip-Gram Neural Network.
Evol. Bioinforma 2019, 15. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

