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Abstract

Porcine rubulavirus (PRV), which belongs to the family Paramyxoviridae, causes blue eye
disease in pigs, characterized by encephalitis and reproductive failure in newborn and adult
pigs, respectively. There is no effective treatment against PRV and no information on the
effectiveness of the available vaccines. Continuous outbreaks have occurred in Mexico
since the early 1980s, which have caused serious economic losses to pig producers. Vacci-
nation can be used to control this disease. Searching for effective antigen candidates
against PRV, we first sequenced the PAC1 F protein, then we used various immunoinfor-
matics tools to predict antigenic determinants of B-cells and T-cells against the two glyco-
proteins of the virus (HN and F proteins). Finally, we used AutoDock Vina to determine the
binding energies. We obtained the F gene sequence of a PRV strain collected in the early
1990s in Mexico and compared its amino acid profile with previous and more recent strains,
obtaining an identity similarity of 97.78 to 99.26%. For the F proteins, seven linear B-cell epi
topes, six conformational B-cell epitopes and twenty-nine T-cell MHC class | epitopes were
predicted. For the HN proteins, sixteen linear B-cell epitopes, seven conformational B-cell
epitopes and thirty-four T-cell MHC class | epitopes were predicted. The ATRSETDYY and
AAYTTTTCEF epitopes of the HN protein might be important for neutralizing the viral infec-
tion. We determined the in silico binding energy between the predicted epitopes on the F
and HN proteins and swine MHC-I molecules. The binding energy of these epitopes ranged
from -5.8 to -7.8 kcal/mol. The present study aimed to assess the use of HN and F proteins
as antigens, either as recombinant proteins or as a series of peptides that could activate dif-
ferent responses of the immune system. This may help identify relevant immunogens, sav-
ing time and costs in the development of new vaccines or diagnostic tools.
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Introduction

Porcine rubulavirus (PRV), also known as La Piedad Michoacan virus (LPMYV), is a member of
the Paramyxoviridae family. PRV causes the blue eye disease (BED) in pigs. BED is character-
ized by uni- or bilateral corneal opacity, respiratory distress and progressive neurological
signs, with high rates of mortality in piglets and reproductive failure in adults [1-3].

PRV was first isolated in La Piedad, Michoacan, Mexico, in 1980. There have been several
outbreak reports (1984-2015). In 1997, PRV was isolated from different outbreaks; these iso-
lates were named Produccion Animal Cerdos (PAC). In 2015, an outbreak of BED was
observed in Central Mexico; it was characterized by an increase in the number of adult pigs
with neurological signs. The seroprevalence of PRV ranged from 9 to 23.7%, and there were
PRV reports in 16 states of Mexico. The most affected states were Guanajuato, Jalisco and
Michoacan [3-5]. The diagnosis of BED is usually stablished by RT-PCR, although ELISA may
be used too. There is no specific treatment against PRV but there are two PRV vaccines com-
mercially available, both of which are based on inactivated viruses; however, there are no stud-
ies showing their level of protection against PRV.

PRV is an envelope virus with a structural organization similar to that of other rubula-
viruses such as the mumps virus (MuV) and the parainfluenza virus 5 (PIV5). The viral particle
is composed of six structural proteins: the nucleoprotein (NP), the large protein (L), the phos-
phoprotein (P), the matrix protein (M) and two surface glycoproteins, hemagglutinin-neur-
aminidase (HN) and the fusion (F) protein [6]. HN recognizes and binds to a receptor
containing sialic acid (sialyl (0:2,3) lactose) on the host cell, while the F protein is a fusion pro-
tein that promotes the fusion of cell and viral membranes, facilitating the penetration of virion
material into the cell. The F protein is synthesized as a precursor (F0) that is proteolytically
processed, resulting in the disulfide-linked F2 and F1 polypeptides. Substitutions of cleavage
sites in the amino acid sequence has been associated with virulence in the Newcastle disease
virus. The N-terminus of F1 contains the active fusion peptide that participates in the fusion
between the viral and the host cell membranes [7-10].

As with other paramyxoviruses, HN is the immunodominant protein in PRV. During PRV
infection, the pig’s immune system produces antibodies capable of recognizing HN, M and NP
proteins. In experimental infected pigs, the production of antibodies against the HN protein of
PRV starts at week two post-infection [11].

Due to its complex properties and the fact that it is a surface protein, the host’s immune
response exerts selection pressure on HN. This makes aminoacidic changes and antigenic vari-
ations a common occurrence; these mutations are important because they make it impossible
to use only one antigen to protect against all PRV variants [12, 13].

The expression of two variants of recombinant HN capable of inducing antibodies in mice
has been reported as part of the effort to look for an effective vaccine against PRV [14, 15].
Indeed, our research group has demonstrated that murine antibodies generated against recom-
binant HN proteins can neutralize PRV infection in cell cultures [14].

The production of antibodies against the F protein has been demonstrated in infections
with other paramyxoviruses [16, 17]. It has been proposed to use the F protein as a vaccine
antigen against PIV5 and MuV, since specific antibodies can neutralize the infectious activity
of these viruses and reduce syncytia-mediated viral spread [18, 19]. Moreover, in silico analysis
has demonstrated that some antigenic determinants are conserved in the MuV F protein [20].

Developing effective vaccines against viral diseases is an urgent matter, and PRV infection
is no exception, especially given the genetic variations observed in recent studies, which cast a
doubt on the effectiveness of existing vaccines [4, 5, 21].
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The present study determined the F gene sequence of a PRV isolate from the early 1990s
and compared this sequence with that of other isolates. We analyzed the F and HN sequences
in order to assess the conservation of predicted antigenic determinants for B- (humoral
immune system) and T-cells (cell-mediated immune system). In addition, predicted T-cell epi-
topes were docked with a pig MHC-I molecule (SLA1-04:01) in order to estimate the binding
energy between the peptide and the MHC-I molecule.

Material and methods
Virus culture

African green monkey kidney cell line (Vero, ATCC CCL-81) was cultured in Eagle’s Mini-
mum Essential Medium (MEM) supplemented with 5% fetal bovine serum, 100 U/ml penicil-
lin and 100 pg/ml streptomycin. The Porcine rubulavirus strain PAC-1 (Michoacan, Mexico,
1990) was inoculated into confluent cell cultures and incubated for 1 h at 37°C. The superna-
tant was discarded and the cells were washed with PBS. Fresh DMEM was added to the cells,
which were then incubated for 72 h until cytopathic effects were apparent. Supernatants were
clarified by centrifugation at 3,200 rpm for 30 min. Total RNA was extracted from the infected
supernatants using TRIzol Reagent (Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Cloning and sequencing of the F gene of PRV PAC1

The open reading frame (ORF) of the F protein (PAC1) was amplified from total RNA
extracted from infected supernatants by RT-PCR, using specific primers designed for this
study: RuFOfwl (5'-CCA GGA ATT CGG ATG CCA CAA CAA CAA GTT-3')and
RuFOrvl (5'-GCG GCT CTA GAA GGT ATC TAA TGA ATT TAT CTC CCA-3").The
amplicon (1633 bp) was cloned into the pJET1.2/blunt Cloning Vector (CloneJET PCR Clon-
ing Kit, Fermentas) according to the manufacturer’s instructions. The cloned product was
sequenced using pJET1.2 forward and reverse sequencing primers (included in the CloneJET
PCR Cloning Kit), as well as RuF1fw (5'-AAT GGA ATT CTT CAA CTA AGC CAG GCA
CTT GG-3'), RuFlrv(5'-GGT AAT GTC TAG AAC AAT CTG CTC GTT CCG CA-
3')and RuF2fw (5'-GCA GGA ATT CGG GGT ATC AAC ACT GA-3'") primers, using
the GenomeLab Dye Terminator Cycle Sequencing Kit and the automatic sequencer Genome-
Lab GeXP Genetic Analysis System (Beckman-Coulter, Pasadena, CA, USA). Phylogenetic
analyses were conducted in MEGA?7 using the Neighbor-joining method [22-24]. The analysis
of the PAC1 protein sequence was performed using the SignalP-5.0 Server, the NetNGlyc 1.0
Server and the SMART Server [25-27].

Informatic analysis of the structural proteins of PRV

The protein sequences of the RVP strains were obtained from GenBank and used for different
analyzes. The sequence of the LPMV virus (1984, Accession: Y10803) was used as reference to
analyze the antigenic and structural properties of the proteins under study. The physicochemi-
cal properties of the structural proteins of PRV, such as molecular weight, aliphatic index,
extinction coefficient, theoretical pl, hydropathy and amino acid composition were deter-
mined using the ProtParam server (https://web.expasy.org/protparam/). The antigenicity of
the proteins was determined using the VaxiJen v2.0 server (http://www.ddg-pharmfac.net/
vaxijen/VaxiJen/VaxiJen.html), which makes an alignment-independent prediction based on
the physicochemical properties of the proteins [28]. The target organism selected in the
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software was “virus”, with a default threshold of 0.4. This prediction led to the selection of anti-
genic proteins present in PRV for further analysis.

Continuous and discontinuous B-cell epitope prediction

Continuous B-cell epitopes were predicted with Bepipred-1.0 Linear Epitope Prediction
(http://tools.iedb.org/bcell/) [29], using a combination of a hidden Markov model and a pro-
pensity scale method at a threshold of 0.350 (sensitivity = 0.49, specificity = 0.75). The pre-
dicted epitopes were analyzed with Chou & Fasman Beta-Turn Prediction [30], Emini Surface
Accessibility Prediction [31], Kolaskar and Tongaonkar Antigenicity, and Parker Hydrophilic-
ity Prediction, using a threshold of 1.0 [32, 33].

Discontinuous B-cell epitopes of F (strain PAC1) and HN proteins (PAC1) were first mod-
eled by homology using PHYRE?2 Protein Fold Recognition Server in intensive modelling
mode [34], MODELLER (https://salilab.org/modeller/). The structures were then validated
using the RAMPAGE server (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). For the
discontinuous epitopes, the ElliPro server (http://tools.iedb.org/ellipro/) was used [35]; this
server implements Thornton’s method and a residue clustering algorithm, with a minimum
score of 0.5 and a maximum distance of 6 A.

Prediction of cytotoxic T-cell epitopes

Cytotoxic T-cell epitopes were predicted using the NetMHCpan 4.0 Server (http://www.cbs.
dtu.dk/services/NetMHCpan/) through artificial neural networks [36]. The NetMHCpan 4.0
server predicts the binding of peptides to any known MHC molecule using artificial neural
networks (ANNs). The method is trained on a combination of more than 180,000 quantitative
binding data and mass spectroscopy derived from MHC eluted ligands. We used the swine leu-
cocyte allele (SLA-1:0101; SLA-1:0401; SLA-1:0801), which is widely distributed in swine pop-
ulations [37]. Peptide length was set to nonamers for all the selected epitopes. The threshold
for a strong binder was 0.5%; for a weak binder, 2%. All peptides predicted by the NetMHCpan
4.0 Server were analyzed using ToxinPred (https://webs.iiitd.edu.in/raghava/toxinpred/design.
php), a tool that predicts if a peptide is a toxin and if it can cause damage to cells [38]. For the
docking simulation study, we used the crystal structure of the SLA-1:0401 molecule (PDB ID:
3QQ3) [39]. The influenza epitope, which was complexed in the binding groove of SLA-
1:0401, was removed using AutoDockTools. Prior to the docking study, the nonamers pre-
dicted by the NetMHCpan 4.0 server were optimized using PEP-FOLD 3.5 [40]. The docking
simulation was carried out using AutoDock Vina [41].

Results
Phylogenetic analysis of the F protein of PRV

The complete coding sequence of the F protein of PAC1 (541 aa) was amplified by RT-PCR
and cloned into the plasmid pJETForf. This sequence was deposited in the NCBI GenBank
(MK984607) and compared to other twelve F sequences in the GenBank. The PAC1 F amino
acid sequence has 97.78 to 99.26% identity with other PRV F sequences and is clustered into
the group of the reference strain LPMV/1984 (Fig 1), with which it has an identity of 99.26%.
Four amino acid changes were observed when compared with the reference sequence of
LPMV. The F protein of the Michoacan/2013 isolate had the lowest identity with PAC1
(97.78%).

The sequence analysis of PACI in SignalP-5.0 found a signal peptide with a cleavage site
between positions 22 and 23. The NetNGlyc 1.0 Server showed five potential N-glycosylation
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Fig 1. Phylogenetic tree based on the amino acid sequences of the F protein of PAC1 and other PRV strains. The
evolutionary history was inferred using the Neighbor-Joining method. The figure shows the optimal tree, with the sum
of the branch lengths = 0.05507775. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances are in the units of the number of
amino acid substitutions per site. There were a total of 541 positions in the final dataset. Evolutionary analyses were
conducted in MEGA?.

https://doi.org/10.1371/journal.pone.0239785.g001

sites (four of them above the threshold of 0.5). The SMART server found two putative trans-
membrane domains at positions 106-128 and 490-512; the first one corresponded to the
fusion peptide present in paramyxoviral F proteins [42].

Immunogenic and physicochemical characterization of the structural
proteins of PRV

The antigenicity of viral proteins was determined using the Vaxijen V2.0 server, selecting
“virus” as target organism and a threshold of 0.4 (default) [28]. This server predicts an overall
antigenicity score for each sequence (S1 Table). We used the prototype strain LPMV/1984 as a
model to present the analysis results. Of all the sequences evaluated, only the P protein was not
considered as an antigen (0.3560). The HN and F membrane glycoproteins were predicted as
the most antigenic proteins (0.5271 and 0.5154 respectively); these sequences were subjected
to further analysis.

Prediction of continuous B-cell epitopes for PRV HN and F proteins

The epitope sequences corresponded to amino acids of the LPMV/1984 strain. Conservancy
(%) indicates the fraction of protein sequences, among all PRV strains, that contained the epi-
tope (http://tools.iedb.org/conservancy/). Continuous B-cell epitopes were predicted by the
Bepipred 1.0 (IEDB server) server using a threshold of 0.350. B-cell epitopes have variable
length; in the present study, we focused on linear peptides with a minimum length of 5 resi-
dues (Table 1). Eight unique linear epitopes, with 5 residues or more, were predicted for the F
protein (LPMV strain), while sixteen linear epitopes were predicted for the HN protein
(LPMV strain). These epitopes were evaluated using Chou & Fasman Beta-turn prediction
tool, Emini Surface Accessibility, Kolaskar & Tongaonkar Antigenicity measurement tools,
Parker’s Hydrophilicity index and Epitope Conservancy analysis, with a threshold of 1.0. For
the F protein, three epitopes were above the threshold level of 1.0, with a conservancy of 80%
(LASPDQS; PQLTNPAL and NRTYGPPAYVPPDNIIQS). For the HN protein, only one
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Table 1. Continuous B-cell epitopes of the HN and F proteins of PRV (LPMV/1984).

Protein
F

HN

Gray shading indicates epitopes with values above 1 in all the parameters.

https://doi.org/10.1371/journal.pone.0239785.t001

B-cell Continuous epitopes
MPQQQ

LASPDQS
KNAEKVEQ
ALGETNAA
PQLTNPAL

LGYGG

FQEPTT
NRTYGPPAYVPPDNIIQS
ITSWTPD

DCSSACP

IGAPTES
FIPTSTTTQGCT
CADGGHSN
IQSASDGS
RSETDYYAGNSPPQ
HPTGL

VGSGTL
PQFSQRAAASY
TPPSVSSM
ARPGKGGCPGNSHCP
WPLTDPRSGVGGT
GLDSTSERMA
TQPAAYT
CFRDTDTG

Position
1-5
60-66
135-142
146-153
212-219
320-324
401-406
430-447
68-74
116-122
141-147
161-172
195-202
210-217
255-268
286-290
301-306
348-358
435-442
451-465
477-489
496-505
526-532
536-543

Length

Chou (1.0)
1.012
1.153
0.9
0.924
1.047
1.282
0.96
1.162
1.109
1.269
1.049
1.046
1.296
1.177
1.218
1.116
1.1
1.001
1.174
1.316
1.195
1.038
0.983
1.143

Emini (1.0)
3.215
1.851
5.687
0.768
1.499
0.507
2.807
6.479
1.321
0.335
0.903
0.672
0.53
0.995
15.015
0.906
0.35
2.581
1.244
0.6
1.047
1.655
2.218
1.066

Kolaskar (1.0)
0.987
1.04
0.975
0.981
1.049
1.007
0.973
1.024
0.972
1.12
0.989
1.014
0.998
1.001
0.979
1.04
1.05
1.04
1.035
1.018
0.988
0.954
2.971
0.975

Parker (1.0)
3.18
3.429
4.8
2.85
1.86
2.9
2.85
2.144
1.571
4.286
3.057
2.542
5.063
4412
4.386
1.18
1.7
2.409
2.625
3.967
2.269
3.46
3.25
4.063

Conservancy (%)
100.00
100.00
93.33
100.00
93.33
100.00
100.00
100.00
91.30
100.00
100.00
95.65
100.00
100.00
82.61
100.00
95.65
100.00
30.43
34.78
43.48
30.43
95.65
78.26

epitope was above the threshold level of 1.0, with a conservancy of 80% (PQFSQRAAASY).
The conservancy results of the B-cell epitopes showed that most F epitopes were not affected
by mutations presents in the F protein; in contrast, the HN epitopes were affected by these

mutations, with some epitopes present in only 30.43% of the HN sequences.

The epitope sequences correspond to the amino acids of the LPMV/1984 strain. Conser-

vancy (%) is defined as the fraction of protein sequences, among all PRV strains, that con-
tained the epitope (http://tools.iedb.org/conservancy/).

Prediction of discontinuous B-cell epitopes for the HN and F proteins of

PRV

The epitope sequences correspond to the amino acids of the LPMV/1984 strain. The ElliPro
score of each epitope is defined as a protrusion index value averaged over epitope residues; val-
ues >0.5 are considered significant for a continuous epitope [35]. The structure of the HN and
F proteins was predicted by homology with MODELLER and PHYRE2, using ab initio struc-
ture prediction algorithms for the transmembrane domains. The two models were validated
using the RAMPAGE server. In the HN proteins, 93.9% of the residues were in favored
regions, 4.5% residues in allowed regions and 1.6% in outlier regions. In the F proteins, 93.1%
of the residues were in favored regions, 5.9% in allowed regions and 0.9% in outlier regions.
Discontinuous B-cell epitopes were predicted using the ElliPro server. Six epitopes were
predicted for the F protein (S2 Table); the epitopes with the highest score (0.872) were located
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in the stalk of the F protein (Fig 2). Seven epitopes were predicted for the HN protein, four of
them localized in the head domain of the protein.

Prediction of cytotoxic T-cell epitopes for the HN and F proteins of PRV

For cytotoxic T-cell epitopes, we used the NetMHCpan 4.0 Server (DTU Bioinformatics),
which predicts the binding of MHC-I peptides using artificial neural networks. The MHCI
alleles used for the analysis were SLA-1*01:01, SLA-1*04:01 and SLA-1%08:01. These alleles

Fig 2. Discontinuous B-cell epitopes for the F and HN proteins predicted by the ElliPro server. The predicted
epitope residues are shown as yellow balls. A) Discontinuous epitopes of the F protein 1-6 (E1-E6). B) Discontinuous
epitopes of the HN protein 1-7 (E1-E7). Visualization done using Jmol software.

https://doi.org/10.1371/journal.pone.0239785.g002
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Table 2. Binding energy of the predicted epitopes for SLA-01%04:01 allele using Autodock Vina.

Protein Peptide sequence Binding energy (kcal/mol)
F protein AQATAAVAL -7.0

TMSHILCPF -5.8

KVQLDTLTF -6.6

VMGDKFIRY -6.3
HN protein FMLTFDHTL -7.3

QMLLNDPRY -6.4

ALGPSHWCY -7.3

EINQFFTPY -6.8

FSQRAAASY -7.8

https://doi.org/10.1371/journal.pone.0239785.t1002

were widely distributed in the pig population [37, 43]. The S3 Table shows the peptides that
were strong binders to the selected MHCI molecules (the threshold for a strong binder was
0.5%; for a weak binder, 2%). Twenty-nine cytotoxic epitopes were obtained for the F protein
and 34 for the HN protein. The putative immunogenicity of the peptides was assessed using
the Class I Immunogenicity server (IEDB). Sixteen peptides predicted for the F protein and
twenty-two peptides predicted for the HN protein were predicted to be immunogenic. Tox-
inPred is an in silico method that predicts whether a peptide is a toxin that can cause damage
to cells. ToxinPred uses a support vector machine (SVM) to predict toxicity along with muta-
tions [38]. All peptides were predicted to be non-toxic. We selected the peptides that were rec-
ognized by two alleles; they had positive immunogenicity and a conservancy percentage of
100% (S3 Table). The highest number of peptides was found in the F1 peptide fragment, which
may thus be proposed as the immunogenic region of the protein. In the docking simulation,
the box center coordinates of the binding groove of SLA-1:0401 were X = 18.213, Y = 2.001
and Z = 41.238, and the grid box size was X = 30, Y = 30 and Z = 30. Table 2 shows the binding
energy values of the predicted epitopes for the receptor of SLA-01:0401. These values suggest
that all the F protein epitopes fit into the binding groove of the SLA molecule (Fig 3). AQA-
TAAVAL has a binding energy of -7.0 kcal/mol. The five HN epitopes also fit into the binding
groove. FSQRAAASY has a binding energy of -7.8 kcal/mol.

Discussion

Many emerging diseases have appeared in recent years. Zoonosis can be a major problem,
causing previously unreported infections in humans. This is why it is so important to develop
vaccines against viral diseases affecting in animals in close contact with humans. It has already
been seen that pigs can transmit diseases such as Swine Influenza; thus, attention should be
paid to other viruses that affect pigs such as PRV. In fact, it has been speculated that PRV may
originate from bats, like other paramyxoviruses that infect animals and humans [5].

Due to the persistence of BED outbreaks in Mexico and the lack of data on the effectiveness
of existing vaccines, PRV infection is a major problem for pig farms in Mexico. For these rea-
sons, we need to understand the behavior of antigenic determinants in the structural proteins
of the virus and how mutations affecting these determinants could serve to develop effective
prevention strategies. The F protein is a surface protein with a high percentage of identity
among all reported PRV strains (97.78 to 99.26%). We propose to consider the F protein as a
possible antigen that could provide protection against different strains of PRV. None of the
substitutions in the F protein cleavage site (HRKKR) have been found. Some reports suggest
that the cleavage site in the F protein participates in the virulence of PRV [5, 9]. There are been
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Fig 3. Binding patterns of F and HN epitopes for SLA-01:0401. The predicted epitope residues are shown as lines.
The SLA-01:0401 is shown in magenta. F epitopes: A) AQATAAVAL, B) KVQLDTLTF, C) TMSHILCPF, D)
VMGDKFIRY. HN epitopes: E) EINQFFTPY, F) FMLTFDHTL, G) FSQRAAASY, H) ALGPSHWCY and I)
QMLLNDPRY. The yellow dash lines indicate hydrogen bonds between the peptide and the SLA molecule.
Visualization done using PyMol software.

https://doi.org/10.1371/journal.pone.0239785.9003

reports that the surface PRV proteins, HN and F, are the most antigenic components of other
paramyxoviruses (e.g. MuV, Measles virus and PIV5) [18, 20, 44].

Currently, several many approaches are being considered to design possible vaccines for
PRV. The advantages of immunoinformatic tools have already been demonstrated for other
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pathogens such as Ebola virus, Zika virus or the Oropouche virus [45-47]. The antigenic
capacity of the structural proteins of the PRV reference strain LPMV was evaluated using the
Vaxijen V2.0 server. F, HN and NP were predicted as the most antigenic structural proteins,
with a score > 0.5. Other studies have used the Vaxijen server to select promising antigens
against the Human Immunodeficiency Virus (HIV) and the Hepatitis C virus, structural pro-
teins with a Vaxijen score > 0.4 [48, 49].

Antigenic determinants recognized by B-cells are important because they can induce the
immune system of an organism to elicit memory protection mediated by producing antibodies
with the ability to act quickly against reinfection by PRV. In some paramyxoviruses, the pres-
ence of these antibodies is enough to neutralize the infection. There are reports of antibodies
with neutralizing activity that can recognize the HN and F proteins of MuV, Newcastle disease
virus, Measles virus or Nipah virus (F protein) [19, 50, 51]. The memory response of antibodies
in surviving pigs, in the case of a PRV infection, suggests that it is long-lasting; that is why
determining possible antigenic regions that can activate the response of B-cells is so important
[52]. The results of the present study predict that the HN protein contains more antigenic
determinants for B-cells (16 epitopes) than the F protein (8 epitopes). BepiPred is a reliable
tool that has already been used in immunoinformatics for the possible design of vaccines
against emerging viruses such as SARS-CoV-2 [53]. For HN, only PQFSQRAAASY, and for
the F protein, only LASPDQS, PQLTNPAL and NRTYGPPAYVPPDNIIQS met the criteria,
based on the evaluated parameters, that is, Kolaskar and Tongaonkar antigenicity, the Chou &
Fasman method and Parker’s Hydrophilicity, which have been used not only to predict which
region of a protein is antigenic, but even to determine how some mutations can affect the anti-
genicity of an epitope [54]. The ATRSETDYY and AAYTTTTCEF epitopes of the HN protein
are peptides with an important immunogenic capacity, since they are recognized as antigenic
determinants for B cells. Furthermore, it has already been reported in vitro that these epitopes
are recognized by antibodies generated during PRV infection. Zenteno et al. (2007) studied
some peptides that have common sequences with two of the epitopes that we propose in pres-
ent study (ATRSETDYY and AAYTTTTCE). Those peptides were able to induce antibodies in
mice and one of them was able to inhibit the hemagglutinating activity of PRV, which suggests
that these peptides may possibly be involved in the recognition of carbohydrates that are part
of the receptor for the virus [55]. These findings suggest that it is possible that antibodies
directed against these epitopes could neutralize the infection.

In the selection of epitopes, priority was given to those with high conservation among the
PRYV strains. The antigenic determinants in the F protein are preserved compared to other
known PRV sequences, which suggests that the F protein epitopes used as antigens could be
very useful targets against different PRV strains. The relative low conservation (30.43% was the
lowest value) of some antigenic determinants of the HN protein (Table 1) may be related to
the antigenic diversity reported in other studies on PRV [12, 13]. As far as we know, this is the
first report on how mutations in the HN protein sequence can directly affect the predicted
antigenic determinants. Although there are few mutations in the HN protein [5], they affect
the region comprising residues 435-509. The globular region of the HN protein contains most
of the continuous and discontinuous antigenic determinants.

MHC-I antigenic determinants activate an immune cellular response. This type of response
normally activates cytotoxic cells that lyse the cells infected by PRV. The occurrence of this
response can be determined through the presence of HLA alleles in the host organism. One
way to predict the behavior of these antigenic determinants is to evaluate their binding capac-
ity to MHCI and to evaluate their immunogenic capacity by molecular docking [47, 56]. In
pigs, the major histocompatibility complex (MHC in pigs) and the swine leukocyte antigen
(SLA) have an important role mediating cellular immunity, which can eliminate viruses and
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recognize other antigens in pigs. However, this allele is highly polymorphic, which can cause
difficulties for the detection of epitopes suitable for a vaccine, That is why the SLA-1 04:01 and
SLA-1 08:01 alleles were used for the analysis of antigenic determinants, which have been
reported as alleles with a wide distribution in pigs [57, 58]. The NetMHCpan 4.0 and Class I
Immunogenicity server are widely used tools for the design of vaccines with the possibility of
activating the host cellular response mediated by MHC I. There are few reports of the use of
this tools to predict epitopes against Hepatitis C virus or Herpes simplex virus vaccines [59,
60]. These tools predicted sixteen peptides for the F protein and twenty-two peptides for the
HN protein to be immunogenic. We only analyzed 100% conservancy epitopes (4 and 5 epi-
topes for F protein and HN protein respectively). The binding energies for these epitopes ran-
ged from -5.8 to -7.8 kcal/mol. The binding energies of all predicted peptides were within a
range similar to those reported in a docking analysis with MHC-I molecules for other viruses,
including the herpes simplex virus or the Saint Louis encephalitis virus [61, 62].

An important result of the present work is that none of the predicted peptides are toxic,
which means that any epitope predicted could be used. Prediction of peptide toxicity is based
on the recognition of motifs that are present in proteins or peptides that are experimentally
known to be toxic. In similar studies, some peptides with immunogenic capacity have been
shown to be toxic and must be discarded [63], but this feature apparently is not present in the
selected HN and F peptides [14, 55].

The NRTYGPPAYVPPDNIIQS peptide in protein F may also be important because, in
addition to being considered an antigenic determinant for B cells and MHCI T cells, it has the
theoretical capacity of inducing an immune response.

This type of study provides an overview of the possible elements that could be used to gen-
erate a PRV vaccine. One of the possible strategies is to generate a chimeric protein that con-
tains the epitopes of the HN and F proteins in a single antigen. There are examples of chimeric
proteins that are intended to be preventive treatments against HIV and the Influenza virus [64,
65]. Zenteno et al. reported that it is possible to use peptides to induce a response that could
affect proteins that participate in the infectious process of PRV. They also mentioned that,
besides vaccines, immunogenic peptides can be used as rapid diagnostic tools for PRV [55].
Another approach is to generate recombinant HN and F proteins, either by expressing all the
protein or only the regions that concentrate the greatest amount of B and T cell antigenic
determinants, and thereby generate a divalent vaccine. In a previous work, our group showed
that a recombinant HN protein (PACI strain) was capable of inducing the production of neu-
tralizing antibodies in a murine model [14]. Some examples of this kind of vaccines are those
used against the Human papillomavirus or the Ebola virus [66, 67].

Conclusion

The need to prevent blue eye disease in pigs led us to study proteins or peptides with immuno-
genic capacity against PRV. Bioinformatics analysis allows to estimate the behavior of a protein
in vivo. In the present study, we sequenced the F protein of the PACI strain, phylogenetically
analyzed the F protein of PRV and predicted potential antigenic determinants of the HN and F
proteins of PRV. Antigenic determinants recognized by B cells and T cells, as well as the struc-
ture of the F and HN proteins, were determined by homology modelling, which allowed us to
predict conformational epitopes. This study could lead to the use of these two proteins as anti-
gens, obtaining recombinant proteins, or only peptides, that could activate different responses
in the immune system, which in turn could help optimize time and costs in the development
of new vaccines or diagnostic tools.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239785 September 25, 2020 11/16


https://doi.org/10.1371/journal.pone.0239785

PLOS ONE

Prediction of epitopes in HN and F proteins of Porcine rubulavirus

Supporting information

S1 Table. Prediction of the immunogenic and physicochemical properties of the structural
proteins of PRV (LPMV/1984 strain).
(DOCX)

$2 Table. Discontinuous B-cell epitopes of HN and F proteins (LPMV/1984).
(DOCX)

$3 Table. List of Predicted strong binding cytotoxic T-cell epitopes of HN and F proteins
(LPMV/1984).
(DOCX)

Acknowledgments
Luis I. Siafiez-Estrada (BUAP: 216570497) was supported by CONACYT (442748).

Author Contributions
Conceptualization: Luis I. Siafiez-Estrada, Gerardo Santos-Lopez, Irma Herrera-Camacho.

Formal analysis: Luis I. Siafiez-Estrada, José F. Rivera-Benitez, Nora H. Rosas-Murrieta, Ger-
ardo Santos-Lopez, Irma Herrera-Camacho.

Methodology: Luis I. Siafiez-Estrada, José F. Rivera-Benitez, Nora H. Rosas-Murrieta, Julio
Reyes-Leyva, Irma Herrera-Camacho.

Project administration: Irma Herrera-Camacho.
Software: Luis I. Siafiez-Estrada.

Supervision: José F. Rivera-Benitez, Nora H. Rosas-Murrieta, Julio Reyes-Leyva, Gerardo San-
tos-Lopez, Irma Herrera-Camacho.

Validation: José F. Rivera-Benitez, Nora H. Rosas-Murrieta, Julio Reyes-Leyva, Gerardo San-
tos-Lopez.

Writing - original draft: Luis I. Siafiez-Estrada, Gerardo Santos-Lopez.

Writing - review & editing: José F. Rivera-Benitez, Gerardo Santos-Lopez, Irma Herrera-
Camacho.

References

1. Rima B, Balkema-Buschmann A, Dundon WG, Duprex P, Easton A, Fouchier R, et al. ICTV Virus Tax-
onomy Profile: Paramyxoviridae. J Gen Virol. 2019; 100(12):1593-1594. https://doi.org/10.1099/jgv.0.
001328 PMID: 31609197

2. Moreno-Lopez J, Correa-Giron P, Martinez A, Ericsson A. Characterization of a paramyxovirus isolated
from the brain of a piglet in Mexico. Arch Virol. 1986; 91(3—4):221-231. https://doi.org/10.1007/
BF01314282 PMID: 3778211

3. Ramirez-Mendoza H, Hernandez-Jauregui P, Reyes-Leyva J, Zenteno E, Moreno-Lopez J, Kennedy S.
Lesions in the reproductive tract of boars experimentally infected with porcine rubulavirus. J Comp
Pathol. 1997; 117(3):237-252. https://doi.org/10.1016/s0021-9975(97)80018-7 PMID: 9447484

4. Garcia-Barrera AA, Del Valle A, Montafio-Hirose JA, Barrén BL, Salinas-Trujano J, Torres-Flores J.
Full-genome sequencing and phylogenetic analysis of four neurovirulent Mexican isolates of porcine
rubulavirus. Arch Virol. 2017; 162(6):1765-1768. https://doi.org/10.1007/s00705-017-3267-7 PMID:
28185101

5. Cuevas-Romero JS, Blomstrom A-L, Berg M. Molecular and epidemiological studies of Porcine rubula-
virus infection—an overview. Infect Ecol Epidemiol. 2015; 5:29602. https://doi.org/10.3402/iee.v5.
29602 PMID: 26584829

PLOS ONE | https://doi.org/10.1371/journal.pone.0239785 September 25, 2020 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239785.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239785.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239785.s003
https://doi.org/10.1099/jgv.0.001328
https://doi.org/10.1099/jgv.0.001328
http://www.ncbi.nlm.nih.gov/pubmed/31609197
https://doi.org/10.1007/BF01314282
https://doi.org/10.1007/BF01314282
http://www.ncbi.nlm.nih.gov/pubmed/3778211
https://doi.org/10.1016/s0021-9975%2897%2980018-7
http://www.ncbi.nlm.nih.gov/pubmed/9447484
https://doi.org/10.1007/s00705-017-3267-7
http://www.ncbi.nlm.nih.gov/pubmed/28185101
https://doi.org/10.3402/iee.v5.29602
https://doi.org/10.3402/iee.v5.29602
http://www.ncbi.nlm.nih.gov/pubmed/26584829
https://doi.org/10.1371/journal.pone.0239785

PLOS ONE

Prediction of epitopes in HN and F proteins of Porcine rubulavirus

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Sundqvist A, Berg M, Hernandez-Jauregui P, Linné T, Moreno-L6pez J. The structural proteins of a por-
cine paramyxovirus (LPMV). J Gen Virol. 1990; 71(3):609-613.

Reyes-Leyva J, Espinosa B, Hernandez J, Zenteno R, Vallejo V, Hernandez-Jauregui P, et al.
NeuAca2,3Gal-Glycoconjugate Expression Determines Cell Susceptibility to the Porcine Rubulavirus
LPMV. Comp Biochem Physiol B Biochem Mol Biol. 1997; 118(2):327-332. https://doi.org/10.1016/
s0305-0491(97)00164-8 PMID: 9440225

Santos-Lépez G, Borraz-Argliello MT, Marquez-Dominguez L, Flores-Alonso JC, Ramirez-Mendoza H,
Priem B, et al. Neuraminidase activity of blue eye disease porcine rubulavirus: Specificity, affinity and
inhibition studies. Res Vet Sci. 2017; 114:218-224. hitps://doi.org/10.1016/j.rvsc.2017.05.008 PMID:
28502901

Sundqvist A, Bergvall A-C, Moreno-Lo'Pez J, Berg M, Linne” T. Analysis of the Fusion Protein Gene of
the Porcine Rubulavirus LPMV: Comparative Analysis of Paramyxovirus F Proteins. Virus Genes.
1997; 14(1):55-61. https://doi.org/10.1023/a:1007987407250 PMID: 9208455

Panda A, Huang Z, Elankumaran S, Rockemann DD, Samal SK. Role of fusion protein cleavage site in
the virulence of Newcastle disease virus. Microb Pathog. 2004; 36(1):1-10. https://doi.org/10.1016/j.
micpath.2003.07.003 PMID: 14643634

Hernandez J, Reyes-Leyva J, Zenteno R, Ramirez H, Hernandez-Jauregui P, Zenteno E. Immunity to
porcine rubulavirus infection in adult swine. Vet Immunol Immunopathol. 1998; 64(4):367—381. https://
doi.org/10.1016/s0165-2427(98)00169-x PMID: 9764728

Sénchez-Betancourt JI, Trujillo ME, Mendoza SE, Reyes-Leyva J, Alonso RA. Genetic and antigenic
changes in porcine rubulavirus. Can J Vet Res. 2012; 76(1):33—-37. PMID: 22754092

Escobar-Lopez AC, Rivera-Benitez JF, Castillo-Juarez H, Ramirez-Mendoza H, Truijillo-Ortega ME,
Sanchez-Betancourt JI. Identification of antigenic variants of the porcine rubulavirus in sera of field
swine and their seroprevalence. Transbound Emerg Dis. 2012; 59(5):416—420. https://doi.org/10.1111/
j.1865-1682.2011.01286.x PMID: 22171991

Cerritefio-Sanchez JL, Santos-Lépez G, Rosas-Murrieta NH, Reyes-Leyva J, Cuevas-Romero S, Her-
rera-Camacho |. Production of an enzymatically active and immunogenic form of ectodomain of Porcine
rubulavirus hemagglutinin-neuraminidase in the yeast Pichia pastoris. J Biotechnol. 2016; 223:52—61.
https://doi.org/10.1016/j.jbiotec.2016.02.035 PMID: 26940828

Cuevas-Romero JS, Rivera-Benitez JF, Hernandez-Baumgarten E, Hernandez-Jaudregui P, Vega M,
Blomstrém A-L, et al. Cloning, expression and characterization of potential immunogenic recombinant
hemagglutinin-neuraminidase protein of Porcine rubulavirus. Protein Expr Purif. 2016; 128:1-7. https://
doi.org/10.1016/j.pep.2016.08.002 PMID: 27496728

Tsurudome M, Bando H, Nishio M, Iwamoto Y, Kawano M, Kondo K, et al. Antigenic and structural prop-
erties of a paramyxovirus simian virus 41 (SV41) reveal a close relationship with human parainfluenza
type 2 virus. Virology. 1990; 179(2):738-748. https://doi.org/10.1016/0042-6822(90)90141-d PMID:
2173260

Houard S, Varsanyi TM, Milican F, Norrby E, Bollen A. Protection of hamsters against experimental
mumps virus (MuV) infection by antibodies raised against the MuV surface glycoproteins expressed
from recombinant vaccinia virus vectors. J Gen Virol. 1995; 76(2):421-423.

Merz DC, Scheid A, Choppin PW. Importance of antibodies to the fusion glycoprotein of paramyxovi-
ruses in the prevention of spread of infection. J Exp Med. 1980; 151(2):275. https://doi.org/10.1084/
jem.151.2.275 PMID: 6766174

Santak M, Orvell C, Gulija TK. Identification of conformational neutralization sites on the fusion protein
of mumps virus. J Gen Virol. 2015; 96(5):982—990.

Gouma S, Vermeire T, Van Gucht S, Martens L, Hutse V, Cremer J, et al. Differences in antigenic sites
and other functional regions between genotype A and G mumps virus surface proteins. Sci Rep. 2018;
8(1):13337. https://doi.org/10.1038/s41598-018-31630-z PMID: 30190529

Cuevas-Romero S, Rivera-Benitez JF, Blomstrom AL, Ramliden M, Hernandez-Baumgarten E, Her-
nandez-Jauregui P, et al. Molecular characterisation of Porcine rubulavirus (PorPV) isolates from differ-
ent outbreaks in Mexico. Virus Genes. 2016; 52(1):81-90. https://doi.org/10.1007/s11262-015-1281-y
PMID: 26728078

Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol
Biol Evol. 1987; 4(4):406—425. https://doi.org/10.1093/0xfordjournals.molbev.a040454 PMID: 3447015

Zuckerkandl E, Pauling L. Evolutionary Divergence and Convergence in Proteins. In: Bryson V, Vogel
HJ, editors. Evolving Genes and Proteins: Academic Press; 1965. p. 97—-166.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-
ger Datasets. Mol Biol Evol. 2016; 33(7):1870—-1874. https://doi.org/10.1093/molbev/msw054 PMID:
27004904

PLOS ONE | https://doi.org/10.1371/journal.pone.0239785 September 25, 2020 13/16


https://doi.org/10.1016/s0305-0491%2897%2900164-8
https://doi.org/10.1016/s0305-0491%2897%2900164-8
http://www.ncbi.nlm.nih.gov/pubmed/9440225
https://doi.org/10.1016/j.rvsc.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28502901
https://doi.org/10.1023/a%3A1007987407250
http://www.ncbi.nlm.nih.gov/pubmed/9208455
https://doi.org/10.1016/j.micpath.2003.07.003
https://doi.org/10.1016/j.micpath.2003.07.003
http://www.ncbi.nlm.nih.gov/pubmed/14643634
https://doi.org/10.1016/s0165-2427%2898%2900169-x
https://doi.org/10.1016/s0165-2427%2898%2900169-x
http://www.ncbi.nlm.nih.gov/pubmed/9764728
http://www.ncbi.nlm.nih.gov/pubmed/22754092
https://doi.org/10.1111/j.1865-1682.2011.01286.x
https://doi.org/10.1111/j.1865-1682.2011.01286.x
http://www.ncbi.nlm.nih.gov/pubmed/22171991
https://doi.org/10.1016/j.jbiotec.2016.02.035
http://www.ncbi.nlm.nih.gov/pubmed/26940828
https://doi.org/10.1016/j.pep.2016.08.002
https://doi.org/10.1016/j.pep.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27496728
https://doi.org/10.1016/0042-6822%2890%2990141-d
http://www.ncbi.nlm.nih.gov/pubmed/2173260
https://doi.org/10.1084/jem.151.2.275
https://doi.org/10.1084/jem.151.2.275
http://www.ncbi.nlm.nih.gov/pubmed/6766174
https://doi.org/10.1038/s41598-018-31630-z
http://www.ncbi.nlm.nih.gov/pubmed/30190529
https://doi.org/10.1007/s11262-015-1281-y
http://www.ncbi.nlm.nih.gov/pubmed/26728078
https://doi.org/10.1093/oxfordjournals.molbev.a040454
http://www.ncbi.nlm.nih.gov/pubmed/3447015
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1371/journal.pone.0239785

PLOS ONE

Prediction of epitopes in HN and F proteins of Porcine rubulavirus

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Almagro Armenteros JJ, Tsirigos KD, Senderby CK, Petersen TN, Winther O, Brunak S, et al. SignalP
5.0 improves signal peptide predictions using deep neural networks. Nat Biotechnol. 2019; 37(4):420—
423. https://doi.org/10.1038/s41587-019-0036-z PMID: 30778233

Gupta R, Jung E, Brunak S. Prediction of N-glycosylation sites in human proteins. 2004; 46:203-206.

Letunic I, Bork P. 20 years of the SMART protein domain annotation resource. Nucleic Acids Res.
2017; 46(D1):D493-D496.

Doytchinova IA, Flower DR. VaxiJen: a server for prediction of protective antigens, tumour antigens and
subunit vaccines. BMC Bioinformatics. 2007; 8:4—4. https://doi.org/10.1186/1471-2105-8-4 PMID:
17207271

Larsen JEP, Lund O, Nielsen M. Improved method for predicting linear B-cell epitopes. Immunome
Res. 2006; 2:2-2. https://doi.org/10.1186/1745-7580-2-2 PMID: 16635264

Chou PY, Fasman GD. Prediction of the Secondary Structure of Proteins from their Amino Acid
Sequence. Adv Enzymol Relat Areas Mol Biol. 1978. p. 45-148. https://doi.org/10.1002/
9780470122921.ch2 PMID: 364941

Emini EA, Hughes JV, Perlow DS, Boger J. Induction of hepatitis A virus-neutralizing antibody by a
virus-specific synthetic peptide. J Virol. 1985; 55(3):836—-839. https://doi.org/10.1128/JV1.55.3.836-839.
1985 PMID: 2991600

Kolaskar AS, Tongaonkar PC. A semi-empirical method for prediction of antigenic determinants on pro-
tein antigens. FEBS Lett. 1990; 276(1-2):172—174. https://doi.org/10.1016/0014-5793(90)80535-q
PMID: 1702393

Parker JMR, Guo D, Hodges RS. New hydrophilicity scale derived from high-performance liquid chro-
matography peptide retention data: correlation of predicted surface residues with antigenicity and x-ray-
derived accessible sites. Biochemistry. 1986; 25(19):5425-5432. https://doi.org/10.1021/bi003672a013
PMID: 2430611

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The Phyre2 web portal for protein model-
ing, prediction and analysis. Nat Prot. 2015; 10:845.

Ponomarenko J, Bui H-H, Li W, Fusseder N, Bourne PE, Sette A, et al. ElliPro: a new structure-based
tool for the prediction of antibody epitopes. BMC Bioinformatics. 2008; 9:514-514. https://doi.org/10.
1186/1471-2105-9-514 PMID: 19055730

Jurtz V, Paul S, Andreatta M, Marcatili P, Peters B, Nielsen M. NetMHCpan-4.0: Improved Peptide-
MHC Class | Interaction Predictions Integrating Eluted Ligand and Peptide Binding Affinity Data. J
Immunol. 2017; 199(9):3360—-3368. https://doi.org/10.4049/jimmunol.1700893 PMID: 28978689

Serensen MR, llsge M, Strube ML, Bishop R, Erbs G, Hartmann SB, et al. Sequence-Based Genotyp-
ing of Expressed Swine Leukocyte Antigen Class | Alleles by Next-Generation Sequencing Reveal
Novel Swine Leukocyte Antigen Class | Haplotypes and Alleles in Belgian, Danish, and Kenyan Fatten-
ing Pigs and Géttingen Minipigs. Front Immunol. 2017; 8:701. https://doi.org/10.3389/fimmu.2017.
00701 PMID: 28670315

Gupta S, Kapoor P, Chaudhary K, Gautam A, Kumar R, Open Source Drug Discovery C, et al. In Silico
Approach for Predicting Toxicity of Peptides and Proteins. PLOS ONE. 2013; 8(9):e73957. https://doi.
org/10.1371/journal.pone.0073957 PMID: 24058508

Zhang N, Qi J, Feng S, Gao F, Liu J, Pan X, et al. Crystal Structure of Swine Major Histocompatibility
Complex Class | SLA-1*0401 and Identification of 2009 Pandemic Swine-Origin Influenza A H1N1
Virus Cytotoxic T Lymphocyte Epitope Peptides. J Virol. 2011; 85(22):11709-11724. https://doi.org/10.
1128/JV1.05040-11 PMID: 21900158

Lamiable A, Thévenet P, Rey J, Vavrusa M, Derreumaux P, Tufféry P. PEP-FOLD3: faster de novo
structure prediction for linear peptides in solution and in complex. Nucleic Acids Res. 2016; 44(W1):
W449-W454. hitps://doi.org/10.1093/nar/gkw329 PMID: 27131374

Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking with a new scoring
function, efficient optimization, and multithreading. J Comput Chem. 2010; 31(2):455—461. https://doi.
org/10.1002/jcc.21334 PMID: 19499576

Yin H-S, Wen X, Paterson RG, Lamb RA, Jardetzky TS. Structure of the parainfluenza virus 5 F protein
in its metastable, prefusion conformation. Nature. 2006; 439(7072):38—44. https://doi.org/10.1038/
nature04322 PMID: 16397490

Pedersen LE, Harndahl M, Nielsen M, Patch JR, Jungersen G, Buus S, et al. Identification of peptides
from foot-and-mouth disease virus structural proteins bound by class | swine leukocyte antigen (SLA)
alleles, SLA-1*0401 and SLA-2*0401. Anim Genet. 2013; 44(3):251-258. https://doi.org/10.1111/j.
1365-2052.2012.02400.x PMID: 22984928

PLOS ONE | https://doi.org/10.1371/journal.pone.0239785 September 25, 2020 14/16


https://doi.org/10.1038/s41587-019-0036-z
http://www.ncbi.nlm.nih.gov/pubmed/30778233
https://doi.org/10.1186/1471-2105-8-4
http://www.ncbi.nlm.nih.gov/pubmed/17207271
https://doi.org/10.1186/1745-7580-2-2
http://www.ncbi.nlm.nih.gov/pubmed/16635264
https://doi.org/10.1002/9780470122921.ch2
https://doi.org/10.1002/9780470122921.ch2
http://www.ncbi.nlm.nih.gov/pubmed/364941
https://doi.org/10.1128/JVI.55.3.836-839.1985
https://doi.org/10.1128/JVI.55.3.836-839.1985
http://www.ncbi.nlm.nih.gov/pubmed/2991600
https://doi.org/10.1016/0014-5793%2890%2980535-q
http://www.ncbi.nlm.nih.gov/pubmed/1702393
https://doi.org/10.1021/bi00367a013
http://www.ncbi.nlm.nih.gov/pubmed/2430611
https://doi.org/10.1186/1471-2105-9-514
https://doi.org/10.1186/1471-2105-9-514
http://www.ncbi.nlm.nih.gov/pubmed/19055730
https://doi.org/10.4049/jimmunol.1700893
http://www.ncbi.nlm.nih.gov/pubmed/28978689
https://doi.org/10.3389/fimmu.2017.00701
https://doi.org/10.3389/fimmu.2017.00701
http://www.ncbi.nlm.nih.gov/pubmed/28670315
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1371/journal.pone.0073957
http://www.ncbi.nlm.nih.gov/pubmed/24058508
https://doi.org/10.1128/JVI.05040-11
https://doi.org/10.1128/JVI.05040-11
http://www.ncbi.nlm.nih.gov/pubmed/21900158
https://doi.org/10.1093/nar/gkw329
http://www.ncbi.nlm.nih.gov/pubmed/27131374
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1038/nature04322
https://doi.org/10.1038/nature04322
http://www.ncbi.nlm.nih.gov/pubmed/16397490
https://doi.org/10.1111/j.1365-2052.2012.02400.x
https://doi.org/10.1111/j.1365-2052.2012.02400.x
http://www.ncbi.nlm.nih.gov/pubmed/22984928
https://doi.org/10.1371/journal.pone.0239785

PLOS ONE

Prediction of epitopes in HN and F proteins of Porcine rubulavirus

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

de Swart RL, Yiksel S, Osterhaus ADME. Relative contributions of measles virus hemagglutinin- and
fusion protein-specific serum antibodies to virus neutralization. J Virol. 2005; 79(17):11547—11551.
https://doi.org/10.1128/JV1.79.17.11547-11551.2005 PMID: 16103210

Khan MA, Hossain MU, Rakib-Uz-Zaman SM, Morshed MN. Epitope-based peptide vaccine design and
target site depiction against Ebola viruses: an immunoinformatics study. Scand J Immuno. 2015; 82
(1):25-34.

Usman Mirza M, Rafique S, Ali A, Munir M, lkram N, Manan A, et al. Towards peptide vaccines against

Zika virus: Immunoinformatics combined with molecular dynamics simulations to predict antigenic epi-
topes of Zika viral proteins. Sci Rep. 2016; 6(1):37313.

Adhikari UK, Tayebi M, Rahman MM. Immunoinformatics Approach for Epitope-Based Peptide Vaccine
Design and Active Site Prediction against Polyprotein of Emerging Oropouche Virus. J Immunol Res.
2018; 2018:6718083-6718083. https://doi.org/10.1155/2018/6718083 PMID: 30402510

Rao BS, Gupta KK, Suchitra K, Gupta A, Pujitha K. Conserved HIV Wide spectrum antipeptides—A
hope for HIV Treatment. Adv Tech Biol Med. 2013. https://doi.org/10.4172/atbm.1000103 PMID:
25077181

Idrees S, Ashfag UA. Structural analysis and epitope prediction of HCV E1 protein isolated in Pakistan:
an in-silico approach. Virol J. 2013; 10(1):113.

Hashiguchi T, Kajikawa M, Maita N, Takeda M, Kuroki K, Sasaki K, et al. Crystal structure of measles
virus hemagglutinin provides insight into effective vaccines. Proc Natl Acad Sci U S A. 2007; 104
(49):19535. https://doi.org/10.1073/pnas.0707830104 PMID: 18003910

Weingartl HM, Berhane Y, Caswell JL, Loosmore S, Audonnet J-C, Roth JA, et al. Recombinant Nipah
Virus Vaccines Protect Pigs against Challenge. J Virol. 2006; 80(16):7929. https://doi.org/10.1128/JVI.
00263-06 PMID: 16873250

Cuevas-Romero S, Hernandez-Baumgarten E, Kennedy S, Hernandez-Jauregui P, Berg M, Moreno-
Lopez J. Long-term RNA persistence of porcine rubulavirus (PorPV-LPMV) after an outbreak of a natu-
ral infection: the detection of viral mRNA in sentinel pigs suggests viral transmission. Virus Res. 2014;
188:155-161. https://doi.org/10.1016/j.virusres.2014.04.012 PMID: 24768705

Baruah V, Bose S. Immunoinformatics-aided identification of T cell and B cell epitopes in the surface
glycoprotein of 2019-nCoV. J Med Virol. 2020; 92(5):495-500. https://doi.org/10.1002/jmv.25698
PMID: 32022276

Kim S-J, Nguyen V-G, Park Y-H, Park B-K, Chung H-C. A Novel Synonymous Mutation of SARS-CoV-
2: Is This Possible to Affect Their Antigenicity and Immunogenicity? Vaccines. 2020; 8(2):220.

Zenteno-Cuevas R, Huerta-Yepez S, Reyes-Leyva J, Hernandez-Jauregui P, Gonzalez-Bonilla C,
Ramirez-Mendoza H, et al. Identification of Potential B Cell Epitope Determinants by Computer Tech-
niques, in Hemagglutinin—-Neuraminidase from the Porcine Rubulavirus La Piedad Michoacan. Viral
Immunol. 2007; 20(2):250-260. https://doi.org/10.1089/vim.2006.0066 PMID: 17603842

Khan S, Khan A, Rehman AU, Ahmad |, Ullah S, Khan AA, et al. Immunoinformatics and structural vac-
cinology driven prediction of multi-epitope vaccine against Mayaro virus and validation through in-silico
expression. Infect Genet Evol. 2019; 73:390—400. https://doi.org/10.1016/j.meegid.2019.06.006 PMID:
31173935

Le MT, Choi H, Lee H, Le VCQ, Ahn B, Ho C-S, et al. SLA-1 Genetic Diversity in Pigs: Extensive Analy-
sis of Copy Number Variation, Heterozygosity, Expression, and Breed Specificity. Sci Rep. 2020; 10
(1):743-743. https://doi.org/10.1038/s41598-020-57712-5 PMID: 31959823

Pedersen LE, Harndahl M, Rasmussen M, Lamberth K, Golde WT, Lund O, et al. Porcine major histo-
compatibility complex (MHC) class | molecules and analysis of their peptide-binding specificities. Immu-
nogenetics. 2011; 63(12):821-834. https://doi.org/10.1007/s00251-011-0555-3 PMID: 21739336

Hasan M, Islam S, Chakraborty S, Mustafa AH, Azim KF, Joy ZF, et al. Contriving a chimeric polyvalent
vaccine to prevent infections caused by herpes simplex virus (type-1 and type-2): an exploratory immu-
noinformatic approach. J Biomol Struct Dyn. 2020; 38(10):2898-2915.

Dewi SK, Ali S, Prasasty VD. Broad Spectrum Peptide Vaccine Design Against Hepatitis C Virus. Curr
Comput Aided Drug Des. 2019; 15(2):120-135. https://doi.org/10.2174/1573409914666181003151222
PMID: 30280672

Chauhan V, Goyal K, Singh MP. Identification of broadly reactive epitopes targeting major glycoproteins
of Herpes simplex virus (HSV) 1 and 2—An immunoinformatics analysis. Infect Genet Evol. 2018;
61:24-35. https://doi.org/10.1016/j.meegid.2018.03.004 PMID: 29524615

Hasan A, Hossain M, Alam J. A Computational Assay to Design an Epitope-Based Peptide Vaccine
against Saint Louis Encephalitis Virus. Bioinform Biol Insights. 2013; 7:BBI.S13402.

Zheng J, Lin X, Wang X, Zheng L, Lan S, Jin S, et al. In Silico Analysis of Epitope-Based Vaccine Candi-
dates against Hepatitis B Virus Polymerase Protein. Viruses. 2017; 9(5):112.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239785 September 25, 2020 15/16


https://doi.org/10.1128/JVI.79.17.11547-11551.2005
http://www.ncbi.nlm.nih.gov/pubmed/16103210
https://doi.org/10.1155/2018/6718083
http://www.ncbi.nlm.nih.gov/pubmed/30402510
https://doi.org/10.4172/atbm.1000103
http://www.ncbi.nlm.nih.gov/pubmed/25077181
https://doi.org/10.1073/pnas.0707830104
http://www.ncbi.nlm.nih.gov/pubmed/18003910
https://doi.org/10.1128/JVI.00263-06
https://doi.org/10.1128/JVI.00263-06
http://www.ncbi.nlm.nih.gov/pubmed/16873250
https://doi.org/10.1016/j.virusres.2014.04.012
http://www.ncbi.nlm.nih.gov/pubmed/24768705
https://doi.org/10.1002/jmv.25698
http://www.ncbi.nlm.nih.gov/pubmed/32022276
https://doi.org/10.1089/vim.2006.0066
http://www.ncbi.nlm.nih.gov/pubmed/17603842
https://doi.org/10.1016/j.meegid.2019.06.006
http://www.ncbi.nlm.nih.gov/pubmed/31173935
https://doi.org/10.1038/s41598-020-57712-5
http://www.ncbi.nlm.nih.gov/pubmed/31959823
https://doi.org/10.1007/s00251-011-0555-3
http://www.ncbi.nlm.nih.gov/pubmed/21739336
https://doi.org/10.2174/1573409914666181003151222
http://www.ncbi.nlm.nih.gov/pubmed/30280672
https://doi.org/10.1016/j.meegid.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29524615
https://doi.org/10.1371/journal.pone.0239785

PLOS ONE

Prediction of epitopes in HN and F proteins of Porcine rubulavirus

64.

65.

66.

67.

Ye L, Wen Z, Dong K, Wang X, Bu Z, Zhang H, et al. Induction of HIV Neutralizing Antibodies against
the MPER of the HIV Envelope Protein by HA/gp41 Chimeric Protein-Based DNA and VLP Vaccines.
PLOS ONE. 2011; 6(5):€14813. https://doi.org/10.1371/journal.pone.0014813 PMID: 21625584

Krammer F, Pica N, Hai R, Margine |, Palese P. Chimeric Hemagglutinin Influenza Virus Vaccine Con-
structs Elicit Broadly Protective Stalk-Specific Antibodies. J Virol. 2013; 87(12):6542—-6550. https://doi.
org/10.1128/JVI1.00641-13 PMID: 23576508

Harper DM, Franco EL, Wheeler C, Ferris DG, Jenkins D, Schuind A, et al. Efficacy of a bivalent L1
virus-like particle vaccine in prevention of infection with human papillomavirus types 16 and 18 in young
women: a randomised controlled trial. Lancet. 2004; 364(9447):1757—1765. https://doi.org/10.1016/
S0140-6736(04)17398-4 PMID: 15541448

Wang D, Raja NU, Trubey CM, Juompan LY, Luo M, Woraratanadharm J, et al. Development of a cAd-
Vax-Based Bivalent Ebola Virus Vaccine That Induces Immune Responses against both the Sudan and
Zaire Species of Ebola Virus. J Virol. 2006; 80(6):2738-2746. https://doi.org/10.1128/JV1.80.6.2738-
2746.2006 PMID: 16501083

PLOS ONE | https://doi.org/10.1371/journal.pone.0239785 September 25, 2020 16/16


https://doi.org/10.1371/journal.pone.0014813
http://www.ncbi.nlm.nih.gov/pubmed/21625584
https://doi.org/10.1128/JVI.00641-13
https://doi.org/10.1128/JVI.00641-13
http://www.ncbi.nlm.nih.gov/pubmed/23576508
https://doi.org/10.1016/S0140-6736%2804%2917398-4
https://doi.org/10.1016/S0140-6736%2804%2917398-4
http://www.ncbi.nlm.nih.gov/pubmed/15541448
https://doi.org/10.1128/JVI.80.6.2738-2746.2006
https://doi.org/10.1128/JVI.80.6.2738-2746.2006
http://www.ncbi.nlm.nih.gov/pubmed/16501083
https://doi.org/10.1371/journal.pone.0239785

