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Abstract: When swine flu vaccines and circulating influenza A virus (IAV) strains are poorly matched,
vaccine-induced antibodies may not protect from infection. Highly conserved T cell epitopes may,
however, have a disease-mitigating effect. The degree of T cell epitope conservation among circulating
strains and vaccine strains can vary, which may also explain differences in vaccine efficacy. Here,
we evaluate a previously developed conserved T cell epitope-based vaccine and determine the
persistence of T cell epitope conservation over time. We used a pair-wise homology score to define
the conservation between the vaccine’s swine leukocyte antigen (SLA) class I and II-restricted epitopes
and T cell epitopes found in 1272 swine IAV strains sequenced between 2013 and 2017. Twenty-four
of the 48 total T cell epitopes included in the epitope-based vaccine were highly conserved and found
in >1000 circulating swine IAV strains over the 5-year period. In contrast, commercial swine IAV
vaccines developed in 2013 exhibited a declining conservation with the circulating IAV strains over
the same 5-year period. Conserved T cell epitope vaccines may be a useful adjunct for commercial
swine flu vaccines and to improve protection against influenza when antibodies are not cross-reactive.

Keywords: swine IAV; immunoinformatics; T cell epitope conservation

1. Introduction

When a new strain of pathogen emerges, the first question asked is often whether
existing vaccines might be effective against it. In the past, experts have relied on examining
the humoral immune response by using antibody assays to determine the potential of
existing vaccines to cross-protect [1]. It is now well established that cell-mediated im-
munity (CMI) contributes to the protection against severe disease even in the absence of
antibody response [2–5]. CMI involves cytotoxic T lymphocytes (CTL) and T helper (Th)
lymphocytes, which are triggered to respond when their T cell receptors (TCR) recognize
T cell epitopes presented by class I or class II major histocompatibility complex (MHC)
molecules on the surface of antigen presenting cells or infected cells [6].

In humans, immune responses to conserved T cell epitopes may result in reduced mor-
bidity, despite the lack of cross-reactive antibody to the new strain [7–9]. This is supported
by a case-controlled study that investigated the association of the pandemic IAV H1N1
2009 infections with 2008–2009 seasonal trivalent inactivated flu vaccination [10]. Previous
seasonal vaccination protected against pandemic H1N1, despite the lack of antibody pro-
tection. Using the immunoinformatic tools available to us at the time, we defined T cell
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epitopes that were present in the newly emergent strain (pH1N1 A/California/04/2009;
GenBank accession numbers ACP41105 for hemagglutinin or HA and ACP41107 for the
neuraminidase or NA), and highly conserved in the existing seasonal influenza vaccine
(containing H1N1 A/Brisbane/59/2007; GenBank accession numbers ACA28844 for HA
and ACA28847 for NA) [11]. The in silico analysis demonstrated that despite the lack
of antibody cross-reactivity, more than 50% of T cell epitopes in the novel pH1N1 virus
were also present in the seasonal vaccine, supporting the concept that pre-existing T cell
response due to vaccination or exposure may have protected in the absence of protective
antibody response.

Swine experimental studies have also shown that pigs were protected from het-
erologous infection and challenge between ‘avian-like’ H1N1 and 2009 pandemic H1N1
lineages in the absence of cross-reactive antibodies, establishing the role of cross-reacting
T cells [12,13]. In concurrence, researchers were able to identify cross-reacting CD8 T cell
epitopes in pigs and nucleoprotein (NP)-specific CD8 T cells were induced following immu-
nization by aerosol [14,15]. Prospective animal studies also confirmed that seasonal H1N1
vaccines that did not induce cross-reactive antibody responses, but induced cross-reactive T
cell responses, did not protect against the pandemic pH1N1 infection, but greatly reduced
morbidity, mortality, virus replication, and viral shedding [16]. Thus, T cell epitopes can be
conserved between both human and swine vaccines and emerging influenza strains and
have been shown to contribute to protection.

Antigenic shift and drift are significant challenges not only to human seasonal vacci-
nation but also to effective swine flu vaccination over time. The segmented IAV genome
allows for the antigenic shift by reassortment of RNA segments from different viral strains,
generating novel viruses [17]. The antigenic drift that is due to the gradual accumulation of
mutations in the HA and NA surface antigens over time also contributes to the remarkable
diversity of IAVs co-circulating among swine populations. This sequence-level diversity
can impact the T cell response since even single amino acid modifications to T cell epi-
topes can reduce human leukocyte antigen (HLA) binding or T cell recognition, leading
to viral escape and viral camouflage [18,19] that contribute to a lower vaccine efficacy.
An additional problem facing swine influenza vaccine developers is the high diversity
of circulating IAV genotypes impacting individual pork farms each year [17], making it
difficult to know whether a given commercial vaccine will be protective.

To address these challenges in pigs, we applied a previously developed computational
method for estimating the degree of epitope conservation between vaccines and outbreak
strains. Rather than focus on sequence identity, this algorithm identifies individual epitopes,
and searches for epitope pairs that share MHC-binding properties and have identical
TCR-facing residues, while allowing for amino acid variability at the T cell agretope (the
HLA-binding-pocket facing amino acid residues). For swine IAV, the first step is to use SLA
prediction matrices (PigMatrix) [20], and once an SLA-binding T cell epitope is predicted,
JanusMatrix is applied to isolate the TCR-facing residues for comparison with similar
SLA-binding epitopes in other circulating influenza strains [21,22]. The third step is to
use the Epitope Content Comparison (EpiCC) tool, which compiles the similarities and
differences between the T cell epitopes in the vaccine and the circulating strain, assigning a
score that reflects the degree of conservation [23].

Here, we compare a computationally designed swine flu vaccine based on conserved T
cell epitopes called multi-epitope vaccine (MEpiV) with commercially available inactivated
full strain vaccines using the computational algorithms described above. The MEpiV is
composed of immunoinformatic-identified conserved SLA class I and class II epitopes
assembled head-to-tail as class I and class II poly-epitope genes and formulated for delivery
in a DNA vaccine vector [24]. The MEpiV was previously shown to be protective in a
heterologous prime-boost vaccination and challenge study when combined with the whole-
inactivated vaccine [25]. In this study, we determine if the conserved T cell epitope-based
vaccine would maintain conservation with circulating strain T cell epitopes over time.
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To evaluate the T cell epitope conservation for the MEpiV vaccine and to compare the
conservation of the epitopes selected in 2013 to circulating strains for subsequent years,
we used the HA sequence of seasonal inactivated swine flu vaccines as a benchmark for
comparison. Then, we applied EpiCC and demonstrated that the MEpiV vaccine designed
using computational tools in 2013 maintains >50% conservation with circulating strains
over a 5-year period. As can be expected, EpiCC also indicated that T cell epitopes in
commercial seasonal vaccines are less well conserved over the same time period. This
evaluation of vaccines using EpiCC shows the approach to understanding T cell epitope
conservation and the utility of the tool for comparing vaccines against emerging influenza
strains. The analysis also reinforces the utility of designing influenza vaccines based on
highly conserved epitopes from circulating viral strains, as these epitopes may be conserved
over time.

2. Materials and Methods
2.1. Datasets

The sequences of all available H1N1, H1N2, and H3N2 swine IAV genomes circulating
in the United States during the 5-year period 2013–2017 were obtained from the NIAID
Influenza Research Database (https://www.fludb.org/, accessed on 29 April 2021) [26].
All of the genome sequences were downloaded and pre-processed to remove partial and
duplicated sequences. The final set of 1272 whole genome sequences were translated
into protein sequences and were compared to the epitope-based DNA vaccine, MEpiV
(Table S1) using an immunoinformatic approach as described below. In order to further
evaluate the conservation of MEpiV, the sequence from two standard inactivated swine
IAV vaccine antigens (FluSureXP 2016) were included for comparison. HA sequences of
inactivated swine IAV vaccine comprised of one H1N1, one H1N2, and two H3N2 strains
were provided by Zoetis to facilitate the comparison of T cell epitope conservation in
the epitope-based and inactivated virus vaccine, applying the same immunoinformatic
analysis pipeline. The level of conservation for each of the vaccines (HA from H1N1 to
H3N2, the MEpiV as compared to a representative set of IAV strains for each year was
measured relative to 2013 to obtain relative changes in the number of T cell epitopes that
were conserved.

2.2. Immunoinformatic Tools

Three separate algorithms were used to evaluate the conservation of vaccine epitopes
contained in the target vaccine against the complete set of swine IAV sequences: (1) PigMa-
trix, which defines T cell epitopes for swine class I and class II epitopes, (2) JanusMatrix
(JMX), a tool for identifying epitopes that can be compared between strains by looking for
epitopes that bind to the same allele and have conserved TCR facing residues which can be
used to compare strains, and (3) EpiCC, the T cell epitope content comparison algorithm
utilizes results generated from PigMatrix and JMX and produces an overall score for class I
and/or class II epitopes on a whole antigen level to enable pairwise comparisons between
circulating IAV and vaccine strains (See Figure 1). A total of 1272 pairwise comparisons
were performed, comparing each 9-mer sequence for a possible conservation of SLA bind-
ing and TCR face, between MEpiV vaccine and circulating strains. EpiCC examines all
of the epitopes in a vaccine against all of the epitopes in a given strain and produces an
overall score for all class I or class II epitopes for each strain sequence. In addition to EpiCC,
we used JanusMatrix to perform the same comparison on an epitope-by-epitope basis for
the 28 class I and 20 class II epitopes in the vaccine.

2.3. T Cell Epitope Prediction Using PigMatrix

Using the pocket profile method and well-defined EpiMatrix binding preferences
for human MHC pockets, we developed PigMatrix prediction matrices as previously
described [20,21]. Matrices were designed based on the binding preferences of the best-
matched human leukocyte antigen (HLA) pocket for each SLA pocket. The contact residues

https://www.fludb.org/


Vaccines 2021, 9, 468 4 of 17

involved in the binding pockets were defined from crystal structures of SLA or HLA su-
pertype alleles for class I and II, respectively. The allele selection was based on prior data
indicating their prevalence in outbred swine populations [27,28], and frequencies deter-
mined using low-resolution haplotyping in a small number of pigs [24]. For low-resolution
SLA-typing results where haplotype associations were not possible, XX01 alleles were
selected. Matrices were constructed for SLA alleles with HLA binding pocket similarities
above 85% to predict T cell epitope binding to class I (SLA-1*01:01, 1*04:01, 1*08:01, 1*12:01,
1*13:01, 2*01:01, 2*04:01, 2*05:01, 2*12:01, 3*04:01, 3*05:01, 3*06:01, 3*07:01) and class II
(SLA-DRB1*01:01, 02:01, 04:01, 04:02, 06:01, 06:02, 07:01, and 10:01) SLA alleles. PigMatrix
raw scores were standardized to Z-scores to compare potential epitopes across multiple
SLA alleles. Peptides with Z-scores ≥1.64 (the top 5% of any given sample of 9-mers) were
identified as likely to be SLA ligands.

2.4. Identification of Conserved Vaccine Epitopes in Different Circulating Swine IAV Subtypes

JanusMatrix (JMX) is another immunoinformatic algorithm, which was incorporated
to prospectively identify conserved vaccine epitopes among prevalent swine IAV [22]. JMX
is used to facilitate the epitope to an epitope-based comparison between swine IAV protein
sequences and the vaccine strain. Conserved peptides at the TCR-face were searched
against all the circulating strains and hence the presence of these peptides can be identified
when there are matches in each individual strain.

2.5. T Cell Epitope Content Comparison (EpiCC) Analysis

In order to determine the conservation of the T cell epitopes in the MEpiV among the
three-circulating swine IAV subtypes, we applied EpiCC to facilitate the pairwise compari-
son of protein sequences [23]. This method of comparison is based on an immunological
property expressed in terms of T cell epitope content which incorporated JMX computation,
rather than sequence identity. Shared (conserved) T cell epitopes between the vaccine
target and the circulating swine IAV strains were evaluated. The assumption was based on
the fact that given epitopes i and j from different strains (the circulating strain, s and the
vaccine strain, v), cross-reactive memory T cells can be activated by epitopes with identical
TCR-facing residues (TCRf ) that bind to the same alleles. The potential cross-reactive of
class I epitope is calculated by considering identical residues at positions 4, 5, 6, 7, and 8
and for class II, the calculation is taken into account by identical residues at positions 2,
3, 5, 7, and 8. Therefore, the probability to induce the cross T-cell immunity is computed
based on the following equation and p stands for the probability for epitope binding to the
HLA allele:

S(i, j)a = p(i)a· p(j)a (1)

By applying the above equation, the probability of cross T cell epitope between two
strains s and v, can be calculated as follows:

E(s, v) = ∑ i ∈ s, j ∈ v ∑ a ∈ A·S(i, j)a (2)

To further compute the shared T cell epitope content between (conserved) two strains,
i.e., EpiCC score, the following equation is applied:

P(shared) =
2 ·E(s, v)

E(s, s) + E(v, v)
(3)

2.6. Area under the Curve (AUC) Computation

Given the fact that the complexity of multiple comparisons was done according
to years and subtypes, the AUC calculation is applied to represent the T cell epitope
conservation of a subtype in a year. EpiCC scores that were calculated for MEpiV and
swine IAV sequences were plotted in a radar form (a line plot that is on circular orientation).
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The area under the radar curve (a numerical integral) was computed by combining spline
interpolation and integration with the formula shown below:

AUC =
∫ b

a
f (x)dx (4)

The higher the AUC value, the more T cell epitopes against MEpiV were conserved.
Normalization of AUC values with respect to the baseline score of MEpiV vaccine was
performed as the number of sequences varied across the years. This enabled a direct
comparison of the epitope content conservation across the years.

2.7. Phylogenetic Analysis

The T cell epitope conservation was mapped onto a phylogenetic tree to correlate the T
cell epitope conservation with a genetic evolution of swine IAV. Phylogenetic trees inferred
from the maximum likelihood (ML) were constructed based on the HA protein (H1 and
H3 subtypes) of circulating swine IAV strains with RAxML.v8 using the GTR-GAMMA
nucleotide substitution model. Both phylogeny trees were rooted with midpoint. MEpiV
vaccine epitopes were evaluated against H1 and H3 tree tips using the ggtree package
version 2.2.4 in R [29].
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Figure 1. Workflow for the typical EpiCC analysis. The vaccine sequence of interest (here, MEpiV)
and circulating pathogen strains (swine IAV, in this example) are retrieved and pre-processed prior
to performing the EpiCC analysis. T cell epitopes are identified in the vaccine and circulating strains
(colored beads) using EpiMatrix (for HLA restricted human T cell epitopes) or PigMatrix (for SLA-
restricted T cell epitopes). Once all the epitopes are identified, a comparison and quantification of the
T cell epitopes is performed using EpiCC. An overall EpiCC score (area under the curve) is calculated
for the combined class I and II epitopes for each vaccine/strain comparison. Greater AUC scores
indicate higher numbers of conserved T cell epitopes. EpiCC scores can be compared and contrasted
for the selected vaccines (here, MEpiV versus seasonal whole inactivated swine IAV vaccines).
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3. Results
3.1. Swine IAV Dataset from 2013 to 2017

The goal of this study was to determine whether a vaccine designed in 2013 may
continue to provide CMI boosting as was illustrated in 2019 [11]. The MEpiV vaccine
contains 28 class I and 20 class II T cell epitopes and was produced as a plasmid DNA
vaccine and tested in 2015 [8]. Circulating swine IAV whole genome sequences of three
major subtypes (H1N1, H1N2, and H3N2) from 2013 to 2017 were computationally screened
in the same stepwise process to evaluate their T cell epitope content in an epitope to
epitope comparison to circulating strains (Figure 2). A total of 1272 whole genome swine
influenza A sequences were analyzed, comprising 409 (32.2%) H1N1, 388 (30.5%) H1N2,
and 475 (37.3%) H3N2 sequences. The highest number of sequences available was for 2016
(407 sequences; 32.0% of the total), while the lowest number was for 2014 (133 sequences;
10.5% of the total).
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3.2. T Cell Epitope Content Comparison (EpiCC) of Swine MEpiV Vaccine against H1N1, H1N2,
and H3N2 Circulating Swine IAV

In order to determine the conservation of MEpiV vaccine epitopes among the three
circulating swine IAV subtypes, we applied EpiCC to facilitate a pairwise comparison
of protein sequences. This sequence comparison method is based on an immunological
property, potential T cell immunogenicity, rather than sequence identity. Shared (con-
served) T cell epitopes between the vaccine target and the circulating swine IAV strains
were assessed.

Higher EpiCC scores are thought to be associated with greater protection by vaccines
against challenge strains [23]. For MEpiV vaccine class I epitopes, the highest EpiCC
score is found for H1N1 swine IAVs (EpiCC score of 0.0256 with 98.5% conservation when
normalized to the MEpiV baseline), and the lowest for H3N2 (EpiCC score of 0.0100 with
38.5% conservation when normalized to the MEpiV baseline). Interestingly, on average,
EpiCC scores of MEpiV vaccine class II epitopes for all subtypes is 14.3% higher than scores
of class I epitopes. The average range difference (in percentage) of class II EpiCC scores for
all three subtypes is 25.6%, while for class I EpiCC scores it is 28.6%. The range difference
of class II EpiCC scores is 11.7% smaller than the range difference of class I, indicating that
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the conservation of MEpiV class II epitopes was consistent in all of the circulating swine
IAV subtypes that were analyzed. Detailed information for each of the circulating strains
and their respective EpiCC scores are tabulated in Table S2.

While detailed lists of EpiCC scores are informative, we also used radar plots to visu-
alize the EpiCC scores. Radar plots were constructed to describe the degree of conservation
of MEpiV vaccine class I and II T cell epitopes in the three prevalent swine flu subtypes
(Figure 3) and the area under the curve for the EpiCC scores (AUC, outlined in color in
Figure 3) was used to quantify and compare the T cell epitope conservation between the
vaccine and circulating swine IAV each year. As shown in Figure 3 and Figure S1, the AUC
described by the EpiCC scores is greater for the MEpiV vaccine against H1N1, than the
AUC for H3N2 and H1N2 circulating strains. Thus, the vaccine is predicted to be effective
against all circulating H1N1 strains in 2013 to 2017. The MEpiV vaccine is predicted to
drive a broad CD4 immune response based on data published by Gutierrez et al. [24] and
Hewitt et al. [25].
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Figure 3. Radar plots enable the quantitative analysis of the degree of T cell epitope conservation
between the conserved epitopes from all of the IAV proteins contained in a vaccine (here, MEpiV) and
the epitopes from all of the IAV proteins contained in whole genome circulating strains for each year.
The EpiCC score describing the T cell epitope conservation between the vaccine (MEpiV) against
each swine IAV circulating strain is plotted on the radiating axes of radar plot for each year, for a
period of 5 years, left to right. Circulating IAV strains were sorted from the lowest to the highest
EpiCC scores. Radar plots for class II EpiCC scores are shown here and radar plots for class I are
provided in supplemental data (Figure S1).

Computing the AUC facilitates the qualitative comparison of the vaccine against cir-
culating strains over time. As expected, when considering the MEpiV computer-designed
vaccine epitopes, the overall EpiCC scores, compared to circulating viral strains, did not
change very much over time. The overall conservation was maintained for all three vi-
ral subtypes, although the total EpiCC scores were lower for H1N2 and H3N2 strains.
Class II T cell epitopes were 80.8% more conserved on average, as compared to class I
in all subtypes (Figure S1). We visualized these data on the individual antigen level in
biaxial plots with the x-axis representing time and the y-axis representing the AUC for
vaccine against circulating strains for that year (Figure 4). For the HA antigen, there was
79.5% conservation of MEpiV vaccine (both class I and II HA epitopes) in H1N1 over
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multiple years, whereas the HA epitope conservation in H1N2 and H3N2 were 51.7% and
8.6%, respectively.

The overall conservation of NA class I and II epitopes in H1N1 was 45.0%, while the
conservation of vaccine epitopes in H1N2 and H3N2 strains was lower at 10.3% and 9.0%,
respectively. The conservation in H1N2 and H3N2 for surface antigens was relatively low
compared to H1N1, due to the complete lack of conservation (AUC of zero) for H3 and
N2 epitopes in the MEpiV vaccine. Internal antigen epitopes were also well conserved
across all subtypes (Figure S2), suggesting that internal proteins might contribute to vaccine
efficacy. While the original MEpiV epitopes were selected from seven representative swine
influenza strains, this finding suggests that vaccine epitopes that are highly conserved in
one set of sequences for a given year may still be relevant and provide cross-protective
immunity in the years that follow.
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Figure 4. Line plots showing the normalized AUC for the comparison of MEpiV vaccine epitopes to epitopes found in
circulating IAV strains for surface antigens HA and NA, by subtypes and by year for class I SLA (A) and class II SLA (B)
epitopes. The AUC is shown on a normalized scale to enable the direct comparison by antigens, subtypes, years, and T cell
epitopes classes. The lines that represent H1N2 (NA) and H3N2 (HA and NA) were removed in (B) as they showed no
conservation. Similar line plots (different y-axis scaling) for the internal antigens are shown in Figure S2.
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3.3. T Cell Epitope Conservation Analysis of Individual Epitopes Using Janusmatrix (JMX)

The EpiCC tool gives an overall score for the combined epitope content, rather than
assessing and reporting on each epitope in a vaccine. Since the MEpiV is composed of
distinct T cell epitopes, we wished to determine the conservation of each epitope over
time, and therefore we performed an additional epitope-by-epitope analysis using JMX
comparing the vaccine epitopes with their homolog in circulating strains. In this case, JMX
searches the circulating swine IAV strains for 9-mers with the same TCR-facing amino
acids as those of the input class I and II MEpiV vaccine epitopes [22]. The JMX homology
score was calculated for every input MEpiV vaccine epitope that appears “homologous” to
a given TCR, even though there may be minor variations in the MHC binding residues, as
long as the peptide would still be predicted to bind to the same MHC.

While performing the JMX analysis to compare vaccine epitopes to circulating strain
epitopes was matched for binding to the same MHC and identical at the TCR-face, we were
able to identify the specific TCR-homologous 9-mers in circulating swine IAV strains. We
applied JMX homology scores to further examine the level of conservation of individual T
cell epitopes in every swine IAV subtype and quantify the overall conservation (Table 1).

Doing so, we were able to identify the most highly conserved T cell epitopes. Among
28 class I peptides, 16 of the peptides were more than 80% conserved in the three-circulating
swine IAV subtypes throughout the 5-year period (Table 1A). Only two surface epi-
topes from NA were conserved and were N1-specific. Most of the highly conserved
peptides were from internal antigens: PB2 (GTEKLTITY), PB1 (VSDGGPNLY, DTVNRTHQY),
PA (QVSRPMFLY), NP (AFDERRNKY, CTELKLSDY, ASQGTKRSY, KSCINRCFY, DTVHDRTPY), and M1
(SLLTEVETY, LTEVETYVL, DLLENLQAY, LASCMGLIY, LASCMGLIY, NTDLEALME). The two most con-
served peptides were SLLTEVETY and LTEVETYVL from the M1 protein. These peptides were
found in all of the 1272 IAV strains. Interestingly, the least conserved peptides (GAKEVALSY
and NMDKAVKLY) are also from M1, with conservation less than 3% in all of the subtypes
and only being observed in 2013.

In addition, 10 out of 20 class II peptides were highly conserved (>80%) in cir-
culating swine IAV strains (Table 1B). None of these highly conserved peptides
were found in HA and NA, rather they were found in internal antigens such as
PB1 (MMGMFNMLSTVLGVSI, YRYGFVANFSMELPSFGVSG), PA (EVHIYYLEKANKIKSEKTHIHIF,
RSKFLLMDALKLSIEDP), NP (IEDLIFLARSALILRGSVAHKSCLP), M1 (TRQMVHAMRTIGTHPSSSA,
TYVLSIIPSGPLKAEIAQRLESV, SCMGLIYNRMGTVTTEAAFGLVC), and NS2 (FEQITFMQALQLLLEVE,
FQDILMRMSKMQLGSSSE). This suggests that epitopes from the internal antigens are well-
conserved across strains and over time may contribute to vaccine efficacy.

Table 1. Total class I (A) and class II (B) peptides found in circulating IAV strains over a 5-year period, sorted from the
greatest to the lowest conservation. Antigens are sorted according to viral surface antigens (HA and NA), followed by
internal antigens. Shaded rows represent MEpiV epitopes that show the conservation equal to or greater than 80% in swine
circulating IAV strains.

(A)

No. Antigen Class I Epitopes
JMX Homology Score
(% of Conservation) Average

Conservation (%)
H1N1 H1N2 H3N2

1 HA GMVDGWYGY 401.7 (98.2) 384.8 (99.2) 240.7 (50.7) 79.0
2 HA GMIDGWYGY 401.7 (98.2) 384.8 (99.2) 240.7 (50.7) 79.0
3 HA SVKNGTYDY 402.8 (98.5) 308.0 (79.4) 0.5 (0.1) 9.2
4 HA RIYQILAIY 392.8 (96.0) 57.0 (14.7) 0 37.6
5 HA NADTLCIGY 375.0 (91.7) 22.0 (5.7) 0 22.9
6 HA TSADQQSLY 352.0 (86.1) 17.0 (4.4) 0 19.5
7 HA LSTASSWSY 306.5 (74.9) 16.5 (4.3) 0 17.9
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Table 1. Cont.

No. Antigen Class I Epitopes
JMX Homology Score
(% of Conservation) Average

Conservation (%)
H1N1 H1N2 H3N2

8 HA ITIGKCPKY 58.8 (14.4) 3.5 (0.9) 0 3.6
9 NA KSCINRCFY 0 384.0 (99.0) 474.0 (99.8) 99.4
10 NA DTVHDRTPY 0 371.3 (95.7) 468.0 (98.2) 96.9
11 NA GTIKDRSPY 322.25 (78.8) 0 0 78.8
12 NA EMNAPNYHY 337.29 (82.5) 0 0 82.5
13 NA ELDAPNYHY 381.86 (93.4) 0 0 93.4
14 NA EICPKLAEY 0 98.4 (25.4) 120.6 (25.4) 25.4
15 PB2 GTEKLTITY 405.7 (99.2) 379.7 (97.9) 454.7 (95.7) 97.6
16 PB1 VSDGGPNLY 408.4 (99.9) 386.2 (99.5) 472.0 (99.4) 99.6
17 PB1 DTVNRTHQY 409.0 (100.0) 386.7 (99.7) 468.0 (98.5) 99.4
18 PA QVSRPMFLY 400.6 (97.9) 379.6 (97.8) 433.0 (91.2) 95.7
19 NP AFDERRNKY 407.8 (99.7) 386.5 (99.6) 471.8 (99.3) 99.5
20 NP CTELKLSDY 406.0 (99.3) 383.5 (98.8) 472.0 (99.4) 99.2
21 NP ASQGTKRSY 400.0 (97.8) 369.0 (95.1) 464.0 (97.7) 96.9
22 M1 SLLTEVETY 409 (100.0) 388 (100.0) 475.0 (100.0) 100.0
23 M1 LTEVETYVL 409 (100.0) 388 (100.0) 475.0 (100.0) 100.0
24 M1 DLLENLQAY 407 (99.5) 387 (99.7) 468.0 (98.5) 99.2
25 M1 LASCMGLIY 399 (97.6) 388 (100.0) 473.0 (99.6) 99.1
26 M1 NTDLEALME 399 (97.6) 366 (94.3) 463.0 (97.5) 96.5
27 M1 NMDKAVKLY 11 (2.7) 10 (2.6) 16.0 (3.4) 2.9
28 M1 GAKEVALSY 12 (2.9) 9 (2.3) 13.0 (2.7) 2.6

(B)

No. Antigen Class II Epitopes
JMX Homology Score
(% of Conservation) Average

Conservation (%)
H1N1 H1N2 H3N2

1 HA YEELREQLSSVSSFER 392.6 (96.0) 365.3 (94.1) 0 63.4
2 HA STRIYQILAIYSTVASSLVLV 393.1 (96.1) 253.4 (65.3) 0 53.8
3 HA GDKITFEATGNLVVPRY 348.2 (85.1) 56.4 (14.5) 0 33.2
4 HA VPRYAFAMERNAGSGIIIS 13.0 (3.2) 1.1 (0.3) 0 1.2
5 NA CRTFFLTQGALLNDKH 408.4 (99.9) 0 0 33.3
6 NA SVVSVKLAGNSSLCPV 102.9 (25.2) 0 0 8.4
7 NA NQTYVNISNTNFAAGQSVVSVKL 66.0 (16.1) 0 0 5.4
8 NA MANLILQIGNIISIWISHS 62.1 (15.2) 0 0 5.1
9 PB1 MMGMFNMLSTVLGVSI 409.0 (100.0) 387.4 (99.8) 474.9 (100.0) 99.9
10 PB1 YRYGFVANFSMELPSFGVSG 409.0 (100.0) 388.0 (100.0) 474.5 (100.0) 100.0
11 PA EVHIYYLEKANKIKSEKTHIHIF 406.3 (99.3) 386.1 (99.5) 472.9 (99.6) 99.5
12 PA RSKFLLMDALKLSIEDP 405.9 (99.2) 381.0 (98.2) 474.7 (99.9) 99.1
13 NP IEDLIFLARSALILRGSVAHKSCLP 400.3 (97.9) 311.3 (80.2) 454.3 (95.6) 91.2
14 NP TRGVQIASNENVETMDSNTLELR 346.5 (84.7) 243.8 (62.8) 268.5 (56.5) 68.0
15 NP IDPFKLLQNSQVVSLMRP 343.4 (84.0) 270.6 (69.7) 296.9 (62.5) 72.1
16 M1 TRQMVHAMRTIGTHPSSSA 398.6 (97.5) 380.8 (98.1) 462.1 (97.3) 97.6
17 M1 SCMGLIYNRMGTVTTEAAFGLVC 399.3 (97.6) 382.0 (98.5) 462.7 (97.4) 97.8
18 M1 TYVLSIIPSGPLKAEIAQRLESV 395.3 (96.7) 367.2 (94.7) 465.5 (98.0) 96.5
19 NS2 FEQITFMQALQLLLEVE 407.6 (99.7) 384.9 (99.2) 466.6 (98.2) 99.0
20 NS2 FQDILMRMSKMQLGSSSE 364.9 (89.2) 327.2 (84.3) 358.9 (75.6) 83.0

Then, we used this epitope matching information generated from the JMX analysis
jointly with HA phylogeny trees to visualize the distribution of MEpiV vaccine class I and
II epitopes (Figure 5). Epitopes from both classes were well conserved in most internal
proteins, as indicated by the presence of small bars adjacent to the tips of the respective HA
phylogeny tree. Epitopes in the external proteins such as HA and NA are subtype-specific,
demonstrating that the MEpiV vaccine consists of H1, N1, and N2-specific epitopes. A
big blank under HA for the H3 phylogeny tree shows almost an absence of H3 epitopes
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in the MEpiV vaccine. Interestingly, although there are subtype-specific epitopes, we
would expect that H1N1 and H1N2 IAV strains have a shared conservation in HA epitopes,
however, H1-specific epitopes are only found conserved in 47 H1N2 swine IAV strains that
are of the same clade as H1N1 IAV strains. Six out of eight class I and half of four class II
HA epitopes were absent in the H1N2 swine IAV subtype.
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3.4. Strains Identification for Conserved Peptides

The epitope to epitope-based comparison can also be used to identify strains that have
the most or the least conserved T cell epitopes (Table S3), which may be important when
selecting strains for a recombinant or inactivated whole antigen vaccine. Forty-four IAV
sequences were shown to be highly conserved against the MEpiV prototype vaccine, with
conservation at 75%. The majority of the sequences (42/44) belong to the H1N1 subtype,
while two belong to the H1N2 subtype. In contrast, four swine IAV sequences had very
few epitopes conserved with the prototype vaccine (46.4%); all of these strains were H3N2
subtypes. This is expected as most of the T cell epitopes included in MEpiV were HA
H1-specific, and conservation across subtypes is not optimal, indicating that truly universal
vaccines must include epitopes from more than one subtype.

This study demonstrates how EpiCC and JMX can be applied in complement for
surveillance and analysis of epitope evolution and/or escape. One of the direct applications
of the EpiCC program is to enable the selection of challenge IAV strains for vaccine studies.
Furthermore, this work also serves a retrospective analysis that provides a baseline strain
coverage estimate for MEpiV, but can easily be applied to other (new or old) vaccines
against large numbers of new viruses.

3.5. Comparison of MEpiV and Commercial Swine Flu Vaccine

Immunity induced by inactivated virus vaccines usually wanes over time when it
is no longer a close match to the circulating strains. To further investigate whether the T
cell epitope conservation in a vaccine that was computationally designed to contain such
epitopes was advantageous as compared to commercial swine flu vaccines, we compared
the AUC computed from the EpiCC analysis for HA antigens of the MEpiV vaccine and the
HA found in a commercial vaccine which comprises four HA vaccine strains of the major
swine IAV seasonal subtypes, one H1N1, one H1N2, and two H3N2. The H1 components
of these commercial vaccines were included since 2011, while the H3 components were
introduced in 2016.

A year-to-year comparison was made relative to 2013 for HA antigens of all the
vaccine strains except for the H3 components of the commercial vaccine strains that were
introduced in 2016. Changes in the conservation of the vaccines against the baseline year
were calculated as a ratio, meaning that a score of 1.00 would indicate no change in the
T cell epitope conservation (in AUC values), greater than 1.00 indicates an increasing T
cell epitope conservation relative to 2013, and a ratio less than 1.00 implies a loss of T cell
epitope conservation. The ratio of T cell epitope content (class I and II) for MEpiV over
time, remains consistent or increases (except for H1N2) (Figure 6). Specifically, the H3
HA class I epitopes in the MEpiV vaccine showed a gradual increase of conservation in
circulating swine IAV strains. In contrast, the ratio of conservation for the H3 conventional
vaccine strains (FSXP.NC and FSXP.MN) decline over time. The same trend for FSXP.NC
and FSXP.MN were observed in class II, however, there was no change in the class II
epitope conservation for the MEpiV vaccine, as there were no H3-specific class II epitopes
selected for the MEpiV vaccine. This result is consistent with the EpiCC and JMX analyses
shown above.
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Figure 6. MEpiV compared to the commercial seasonal vaccine. The EpiCC analysis for the HA epitopes in MEpiV and HA
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circulating strains for the vaccine in 2013, to show changes in AUC over time. The solid lines represent the HA antigen of
MEpiV from an epitope-based vaccine and the dotted lines illustrate the HA components from a commercial swine vaccine.

4. Discussion

In general, vaccine efficacy assessment methods are lacking for swine IAV. More
specifically, in lieu of challenge studies, there is no method available for evaluating new
vaccines against circulating strains for cross-protection by T cell epitopes. Here, we used
the EpiCC tool to approximate the potential T cell epitope cross-protection between MEpiV
and circulating strains. In previously published studies, we established a threshold of cross-
conservative epitope protection, using EpiCC to compare one vaccine against IAV strains
circulating in 1 year [23]. We have also demonstrated the utility of EpiCC tool applied for
another pathogen, Porcine circovirus 2 (PCV2) in a study evaluating multiple vaccines
against circulating PCV2 strains [30]. In this study, we demonstrate how EpiCC can be
used for the longitudinal analysis against evolving strains circulating in swine populations.

The current analysis applies the EpiCC tool to a computationally designed T cell
epitope vaccine and compares the vaccine with circulating strains over a 5-year period.
Having established the longitudinal conservation of the H1N1 T cell epitopes in the subunit
vaccine, we then compared the 5-year trajectory of the epitope vaccine with that of a typical
commercial swine IAV vaccine. The MEpiV retained conservation of T cell epitope content
over time. This was especially true for seven T cell epitopes that were previously confirmed
as immunogenic in a previous study [24]. In contrast with MEpiV, the antigenic ‘drift’
was evident for the commercial vaccine, resulting in lower EpiCC scores for the epitopes
contained in the HA antigen over time, as expected. Consistency of the area under the
curve (AUC) over years (for the MEpiV) suggests that the T cell epitopes in the prototype
vaccine could reliably drive robust immune responses in swine regardless of the drift, and
that a conserved epitope-driven vaccine may be a valuable adjunct to vaccination with
whole, inactivated seasonal vaccine, as was shown by Hewitt et al. [25].

Comparing the T cell epitope conservation can contribute to assessing the projected
efficacy of a vaccine. This study illustrates how EpiCC might be applied to evaluate
several different vaccines, and to select the best vaccine strain (based on the T cell epitope
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conservation) for any given year. This is as relevant for IAV as it may be relevant for other
emerging viruses such as COVID-19.

The analysis also demonstrates the use of JMX, a novel tool that searches for conserved
T cell epitopes using TCR facing residues. JMX may make more accurate comparisons
between T cell epitopes contained in vaccines as compared to circulating strains over time.
By quantifying the conservation using JMX, we are also able to examine which T cell
epitopes are conserved in which strains of IAV. This type of analysis may be useful for the
selection of challenge strains in vaccine studies. Not surprisingly, epitopes from M1 and
PB1 proteins were better conserved with circulating strain epitopes over the 5-year period
studied in this example, and as expected, epitopes from HA and NA protein were much
less conserved.

Compared to the commercial whole antigen killed vaccine, MEpiV T cell epitopes
were highly conserved over time. This finding is particularly relevant for influenza, since
cross-reactive antibodies may not be present when influenza strains shift, rather than
drift [31]. Experts in the field have advocated for the development of ‘universal influenza
vaccines’ that can boost immune responses in the absence of antibody cross-reactivity for
this reason. The fact that lower levels of conservation were observed for H1N2 and H3N2
over time suggests that conserved epitope-based vaccines should be designed for each
IAV subtype. We have explored the use of MEpiV-type vaccines given by the heterologous
prime-boost with a commercial swine influenza vaccine (which contains a whole HA
antigen) and found increased immunogenicity by priming with the MEpiV vaccine over
the homologous commercial vaccine prime-boost, an equivalent body temperature control
1 day after the pH1N1 challenge, and reduced lung lesions and influenza antigen, as
illustrated by Hewitt et al. [25]. Reducing the overall viral burden and increasing the
average daily gain, distributed across large populations of swine, may prove cost-effective
for pork producers. One application of ‘universal’ T cell epitope-based vaccines being
explored in humans is to combine them with seasonal vaccines, a topic which might also
be of interest to the animal health community [32–34].

Moreover, we note that the SLA alleles selected for this study were reported as
prevalent in outbred swine populations [27,28] and on low-resolution haplotyping results
in a small number of pigs [24]. We considered this set of alleles a first proxy for commonly
expressed alleles. However, these alleles might not represent the complete SLA diversity
or the most prevalent alleles in the US swine outbreed population. While EpiCC scores
might be different, T cell epitope predictions for highly prevalent haplotypes that represent
a large percentage of the US swine population will likely produce more relevant results.
Systematic studies to investigate the distribution of SLA haplotypes in outbred populations
of pigs in the US will have a significant impact on our ability to develop prediction models
for a more comprehensive set of SLA alleles.

5. Conclusions

In conclusion, we applied the EpiCC tool to enable research on the impact of conserved
T cell epitope-based vaccines as compared to whole antigen vaccines for influenza and other
pathogens. As shown here, the EpiCC tool enables a comparison between vaccines and
circulating field strains, but it is also useful for identifying whether existing vaccines might
have efficacy (at the T cell epitope level) against an emerging infection. The EpiCC tool is
likely to be useful for application to other viral populations such as emerging G4 influenza,
African Swine Fever, as well as to human influenza strains versus candidate vaccines.

6. Patents

The MEPiV vaccine design is an intellectual property that is shared between EpiVax
and the University of Rhode Island.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/vaccines9050468/s1. Figure S1: Radar plots showing the degree of class I T cell epitope
conservation between the conserved epitopes in the MEpiV for the HA antigen and epitopes contained
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in HA from circulating strains for each year; Figure S2: Line plots showing the degree of conservation
by antigens, subtypes, and years; Table S1: MEpiV vaccine class I and II peptides; Table S2: EpiCC
scores of all swine IAV circulating strains; Table S3: List of swine IAV circulating strains that have the
most and the least conserved class I (A) and II (B) epitopes.

Author Contributions: Conceptualization, A.S.D.G., L.M., and S.T.; methodology, S.T., A.H.G.,
A.S.D.G., L.M., and J.B.; formal analysis, S.T.; investigation, S.T., A.S.D.G., and L.M.; resources, P.C.G.;
writing—original draft preparation, S.T.; writing—review and editing, A.S.D.G., L.M., S.T., A.H.G.,
P.C.G., T.O., and J.B.; visualization, S.T.; supervision, A.S.D.G., L.M., and J.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded in part from the National Institute of Allergy and Infec-
tious Diseases, a component of the NIH, Department of Health and Human Services, under
contract 75N93019C00052 (S.T. and J.B.) and NIH CEIRS contracts HHSN272201400006C and
HHSN27220140000 (J.B).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge Will Martin and Matt Ardito for their technical input and
support, as well as Douglas S. Pearce and Lucina Galina for their input and critical review.

Conflicts of Interest: A.S.D.G. is a senior officer and shareholder, and L.M. and A.H.G are employees
of EpiVax, Inc., a privately owned biotechnology company located in Providence, RI. These authors
acknowledge that there is a potential conflict of interest related to their relationship with EpiVax
and attest that the work contained in this research report is free of any bias that might be associated
with the commercial goals of the company. The iVAX toolkit is currently available for use by
commercial developers by subscription or for specific projects under a fee-for-service arrangement.
Academic researchers are invited to contact the authors at the University of Georgia (UGA) or the
technology transfer office at the UGA School of Veterinary Medicine, for access to the iVAX Toolkit
for research purposes.

References
1. Pedersen, J.C. Hemagglutination-inhibition assay for influenza virus subtype identification and the detection and quantitation of

serum antibodies to influenza virus. Methods Mol. Biol. 2014, 1161, 11–25. [CrossRef]
2. Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, J.; Dan, J.M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;

Jadi, R.S.; et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed
Individuals. Cell 2020, 181, 1489–1501. [CrossRef] [PubMed]

3. Sridhar, S.; Begom, S.; Bermingham, A.; Hoschler, K.; Adamson, W.; Carman, W.; Bean, T.; Barclay, W.; Deeks, J.J.; Lalvani, A.
Cellular immune correlates of protection against symptomatic pandemic influenza. Nat. Med. 2013, 19, 1305–1312. [CrossRef]

4. Wilkinson, T.M.; Li, C.K.F.; Chui, C.S.C.; Huang, A.K.Y.; 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, 274–280. [CrossRef] [PubMed]

5. Zhao, J.; Zhao, J.; Perlman, S. T Cell Responses Are Required for Protection from Clinical Disease and for Virus Clearance in
Severe Acute Respiratory Syndrome Coronavirus-Infected Mice. J. Virol. 2010, 84, 9318–9325. [CrossRef]

6. 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, 2680160. [CrossRef]

7. Ulmer, J.B.; Fu, T.-M.; Deck, R.R.; Friedman, A.; Guan, L.; DeWitt, C.; Liu, X.; Wang, S.; Liu, M.A.; Donnelly, J.J.; et al. Protective
CD4+ and CD8+ T Cells against Influenza Virus Induced by Vaccination with Nucleoprotein DNA. J. Virol. 1998, 72, 5648–5653.
[CrossRef]

8. Powell, T.J.; Strutt, T.; Reome, J.; Hollenbaugh, J.A.; Roberts, A.D.; Woodland, D.L.; Swain, S.L.; Dutton, R.W. Priming with
Cold-Adapted Influenza A Does Not Prevent Infection but Elicits Long-Lived Protection against Supralethal Challenge with
Heterosubtypic Virus. J. Immunol. 2007, 178, 1030–1038. [CrossRef] [PubMed]

9. Wu, T.; Guan, J.; Handel, A.; Tscharke, D.C.; Sidney, J.; Sette, A.; Wakim, L.M.; Sng, X.Y.X.; Thomas, P.G.; Croft, N.P.; et al.
Quantification of epitope abundance reveals the effect of direct and cross-presentation on influenza CTL responses. Nat. Commun.
2019, 10, 1–14. [CrossRef]

10. Garcia-Garcia, L.; Valdespino-Gómez, J.L.; Lazcano-Ponce, E.; Jimenez-Corona, A.; Higuera-Iglesias, A.; Cruz-Hervert, P.; Cano-
Arellano, B.; Garcia-Anaya, A.; Ferreira-Guerrero, E.; Baez-Saldaña, R.; et al. Partial protection of seasonal trivalent inactivated
vaccine against novel pandemic influenza A/H1N1 2009: Case-control study in Mexico City. BMJ 2009, 339, 847. [CrossRef]

http://doi.org/10.1007/978-1-4939-0758-8_2
http://doi.org/10.1016/j.cell.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32473127
http://doi.org/10.1038/nm.3350
http://doi.org/10.1038/nm.2612
http://www.ncbi.nlm.nih.gov/pubmed/22286307
http://doi.org/10.1128/JVI.01049-10
http://doi.org/10.1155/2017/2680160
http://doi.org/10.1128/JVI.72.7.5648-5653.1998
http://doi.org/10.4049/jimmunol.178.2.1030
http://www.ncbi.nlm.nih.gov/pubmed/17202366
http://doi.org/10.1038/s41467-019-10661-8
http://doi.org/10.1136/bmj.b3928


Vaccines 2021, 9, 468 16 of 17

11. 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]

12. Busquets, N.; Segalés, J.; Córdoba, L.; Mussá, T.; Crisci, E.; Martín-Valls, G.E.; Simon-Grifé, M.; Pérez-Simó, M.; Pérez-Maíllo, M.;
Núñez, J.I.; et al. Experimental infection with H1N1 European swine influenza virus protects pigs from an infection with the 2009
pandemic H1N1 human influenza virus. Vet. Res. 2010, 41, 74. [CrossRef] [PubMed]

13. Qiu, Y.; De Hert, K.; Van Reeth, K. Cross-protection against European swine influenza viruses in the context of infection immunity
against the 2009 pandemic H1N1 virus: Studies in the pig model of influenza. Vet. Res. 2015, 46, 1–10. [CrossRef] [PubMed]

14. Baratelli, M.; Pedersen, L.E.; Trebbien, R.; Larsen, L.E.; Jungersen, G.; Blanco, E.; Nielsen, J.; Montoya, M. Identification of
cross-reacting T-cell epitopes in structural and non-structural proteins of swine and pandemic H1N1 influenza A virus strains in
pigs. J. Gen. Virol. 2017, 98, 895–899. [CrossRef]

15. Tungatt, K.; Dolton, G.; Morgan, S.B.; Attaf, M.; Fuller, A.; Whalley, T.; Hemmink, J.D.; Porter, E.; Szomolay, B.; Montoya, M.; et al.
Induction of influenza-specific local CD8 T-cells in the respiratory tract after aerosol delivery of vaccine antigen or virus in the
Babraham inbred pig. PLoS Pathog. 2018, 14, e1007017. [CrossRef]

16. Ellebedy, A.H.; Fabrizio, T.P.; Kayali, G.; Oguin, T.H.; Brown, S.A.; Rehg, J.; Thomas, P.G.; Webby, R.J. Contemporary seasonal
influenza A (H1N1) virus infection primes for a more robust response to split inactivated pandemic influenza A (H1N1) virus
vaccination in ferrets. Clin. Vaccine Immunol. 2010, 17, 1998–2006. [CrossRef] [PubMed]

17. Vincent, A.L.; Lager, K.M.; Anderson, T.K. A brief introduction to influenza a virus in swine. Methods Mol. Biol. 2014, 1161,
243–258. [CrossRef] [PubMed]

18. He, L.; De Groot, A.S.; Gutierrez, A.H.; Martin, W.D.; Moise, L.; Bailey-Kellogg, C. Integrated assessment of predicted MHC
binding and cross-conservation with self reveals patterns of viral camouflage. BMC Bioinform. 2014, 15, 1–13. [CrossRef] [PubMed]

19. Liu, R.; Moise, L.; Tassone, R.; Gutierrez, A.H.; Terry, F.E.; Sangare, K.; Ardito, M.T.; Martin, W.D.; De Groot, A.S. H7N9 T-cell
Epitopes that mimic human sequences are less immunogenic and may induce Treg-mediated tolerance. Hum. Vaccines Immunother.
2015, 11, 2241–2252. [CrossRef]

20. Gutiérrez, A.H.; Martin, W.D.; Bailey-Kellogg, C.; Terry, F.; Moise, L.; De Groot, A.S. Development and validation of an epitope
prediction tool for swine (PigMatrix) based on the pocket profile method. BMC Bioinform. 2015, 16, 1–11. [CrossRef]

21. Moise, L.; Gutierrez, A.; Kibria, F.; Martin, R.; Tassone, R.; Liu, R.; Terry, F.; Martin, B.; De Groot, A.S. Ivax: An integrated toolkit
for the selection and optimization of antigens and the design of epitope-driven vaccines. Hum. Vaccines Immunother. 2015, 11,
2312–2321. [CrossRef]

22. Moise, L.; Gutierrez, A.H.; Bailey-Kellogg, C.; Terry, F.; Leng, Q.; Abdel Hady, K.M.; VerBerkmoes, N.C.; Sztein, M.B.; Losikoff,
P.T.; Martin, W.D.; et al. The two-faced T cell epitope: Examining the host-microbe interface with JanusMatrix. Hum. Vaccines
Immunother. 2013, 9, 1577–1586. [CrossRef]

23. Gutiérrez, A.H.; Rapp-Gabrielson, V.J.; Terry, F.E.; Loving, C.L.; Moise, L.; Martin, W.D.; De Groot, A.S. T-cell epitope content
comparison (EpiCC) of swine H1 influenza A virus hemagglutinin. Influenza Other Respi. Viruses 2017, 11, 531–542. [CrossRef]
[PubMed]

24. Gutiérrez, A.H.; Loving, C.; Moise, L.; Terry, F.E.; Brockmeier, S.L.; Hughes, H.R.; Martin, W.D.; De Groot, A.S. In vivo validation
of predicted and conserved T cell epitopes in a swine influenza model. PLoS ONE 2016, 11, e0159237. [CrossRef]

25. Hewitt, J.S.; Karuppannan, A.K.; Tan, S.; Gauger, P.; Halbur, P.G.; Gerber, P.F.; De Groot, A.S.; Moise, L.; Opriessnig, T. A
prime-boost concept using a T-cell epitope-driven DNA vaccine followed by a whole virus vaccine effectively protected pigs in
the pandemic H1N1 pig challenge model. Vaccine 2019, 37, 4302–4309. [CrossRef]

26. Zhang, Y.; Aevermann, B.D.; Anderson, T.K.; Burke, D.F.; Dauphin, G.; Gu, Z.; He, S.; Kumar, S.; Larsen, C.N.; Lee, A.J.; et al.
Influenza Research Database: An integrated bioinformatics resource for influenza virus research. Nucleic Acids Res. 2017, 45,
D466–D474. [CrossRef] [PubMed]

27. Ho, C.S.; Lunney, J.K.; Franzo-Romain, M.H.; Martens, G.W.; Lee, Y.J.; Lee, J.H.; Wysocki, M.; Rowland, R.R.R.; Smith, D.M.
Molecular characterization of swine leucocyte antigen class i genes in outbred pig populations. Anim. Genet. 2009, 40, 468–478.
[CrossRef] [PubMed]

28. Ho, C.S.; Lunney, J.K.; Lee, J.H.; Franzo-Romain, M.H.; Martens, G.W.; Rowland, R.R.R.; Smith, D.M. Molecular characterization
of swine leucocyte antigen class II genes in outbred pig populations. Anim. Genet. 2010, 41, 428–432. [CrossRef]

29. Yu, G.; Smith, D.; Zhu, H.; Guan, Y.; Lam, T.T.Y. ggtree: An R package for visualization and annotation of phylogenetic trees with
their covariates and other associated data. Methods Ecol. Evol. 2017, 8, 28–36. [CrossRef]

30. Bandrick, M.; Gutiérrez, A.H.; Desai, P.; Rincon, G.; Martin, W.D.; Terry, F.E.; De Groot, A.S.; Foss, D.L. T cell epitope content
comparison (EpiCC) analysis demonstrates a bivalent PCV2 vaccine has greater T cell epitope overlap with field strains than
monovalent PCV2 vaccines. Vet. Immunol. Immunopathol. 2020, 223, 110034. [CrossRef]

31. Clemens, E.B.; Van de Sandt, C.; Wong, S.S.; Wakim, L.M.; Valkenburg, S.A. Harnessing the power of T cells: The promising hope
for a universal influenza vaccine. Vaccines 2018, 6, 18. [CrossRef] [PubMed]

32. 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]

http://doi.org/10.1016/j.vaccine.2009.07.040
http://doi.org/10.1051/vetres/2010046
http://www.ncbi.nlm.nih.gov/pubmed/20663475
http://doi.org/10.1186/s13567-015-0236-6
http://www.ncbi.nlm.nih.gov/pubmed/26404790
http://doi.org/10.1099/jgv.0.000748
http://doi.org/10.1371/journal.ppat.1007017
http://doi.org/10.1128/CVI.00247-10
http://www.ncbi.nlm.nih.gov/pubmed/20962210
http://doi.org/10.1007/978-1-4939-0758-8_20
http://www.ncbi.nlm.nih.gov/pubmed/24899434
http://doi.org/10.1186/1471-2105-15-S4-S1
http://www.ncbi.nlm.nih.gov/pubmed/25104221
http://doi.org/10.1080/21645515.2015.1052197
http://doi.org/10.1186/s12859-015-0724-8
http://doi.org/10.1080/21645515.2015.1061159
http://doi.org/10.4161/hv.24615
http://doi.org/10.1111/irv.12513
http://www.ncbi.nlm.nih.gov/pubmed/29054116
http://doi.org/10.1371/journal.pone.0159237
http://doi.org/10.1016/j.vaccine.2019.06.044
http://doi.org/10.1093/nar/gkw857
http://www.ncbi.nlm.nih.gov/pubmed/27679478
http://doi.org/10.1111/j.1365-2052.2009.01860.x
http://www.ncbi.nlm.nih.gov/pubmed/19392823
http://doi.org/10.1111/j.1365-2052.2010.02019.x
http://doi.org/10.1111/2041-210X.12628
http://doi.org/10.1016/j.vetimm.2020.110034
http://doi.org/10.3390/vaccines6020018
http://www.ncbi.nlm.nih.gov/pubmed/29587436
http://doi.org/10.1093/infdis/jiy103
http://www.ncbi.nlm.nih.gov/pubmed/29506129


Vaccines 2021, 9, 468 17 of 17

33. Van Doorn, E.; Liu, H.; Ben-Yedidia, T.; Hassin, S.; Visontai, I.; Norley, S.; Frijlink, H.W.; Hak, E. Evaluating the immunogenicity
and safety of a BiondVax-developed universal influenza vaccine (Multimeric-001) either as a standalone vaccine or as a primer to
H5N1 influenza vaccine. Medicine 2017, 96, e6339. [CrossRef] [PubMed]

34. Lowell, G.H.; Ziv, S.; Bruzil, S.; Babecoff, R.; Ben-Yedidia, T. Back to the future: Immunization with M-001 prior to trivalent
influenza vaccine in 2011/12 enhanced protective immune responses against 2014/15 epidemic strain. Vaccine 2017, 35, 713–715.
[CrossRef] [PubMed]

http://doi.org/10.1097/MD.0000000000006339
http://www.ncbi.nlm.nih.gov/pubmed/28296763
http://doi.org/10.1016/j.vaccine.2016.12.063
http://www.ncbi.nlm.nih.gov/pubmed/28065476

	Introduction 
	Materials and Methods 
	Datasets 
	Immunoinformatic Tools 
	T Cell Epitope Prediction Using PigMatrix 
	Identification of Conserved Vaccine Epitopes in Different Circulating Swine IAV Subtypes 
	T Cell Epitope Content Comparison (EpiCC) Analysis 
	Area under the Curve (AUC) Computation 
	Phylogenetic Analysis 

	Results 
	Swine IAV Dataset from 2013 to 2017 
	T Cell Epitope Content Comparison (EpiCC) of Swine MEpiV Vaccine against H1N1, H1N2, and H3N2 Circulating Swine IAV 
	T Cell Epitope Conservation Analysis of Individual Epitopes Using Janusmatrix (JMX) 
	Strains Identification for Conserved Peptides 
	Comparison of MEpiV and Commercial Swine Flu Vaccine 

	Discussion 
	Conclusions 
	Patents 
	References

