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A B S T R A C T

Influenza virus is one of the most rapidly evolving human pathogens and causes significant morbidity and
mortality worldwide. This feature enables the virus to avoid natural or vaccine-induced immunity. For this reason,
there is an intensive search for new approaches to create a universal influenza vaccine. Here, we propose pipelines
based on modern prediction algorithms that allowed us to select 10 B-cell epitopes, 10 CD8þ T-cell epitopes and 6
CD4þ T-cell epitopes from influenza viruses that were characterized by high conservation and antigenicity. These
epitopes could be used to create universal vaccines against influenza viruses. In addition, the scripts used in these
pipelines are universal and can be used to select epitopes from other pathogens.
1. Introduction

One of the most socially and economically significant diseases in the
world is the disease caused by influenza viruses. According to the World
Health Organization (WHO) estimates (https://www.who.int/influen
za/surveillance_monitoring/bod/en/), annual influenza epidemics lead
to approximately 3–5 million cases of serious illnesses and 290 000 to
650 000 deaths worldwide. The morbidity rate varies among different
age groups and reaches its maximum in children under 5 years old (Nair
et al., 2011), in old people, and in persons with chronic diseases of the
respiratory and cardiovascular systems.

Currently WHO recommends vaccination as the primary means of
influenza control. However, the high variability in influenza viruses
leads to the need for an annual renewal of the strain composition in
vaccines. In fact, the manufactured vaccines do not always correspond
to the circulating virus of the next season, which leads to their low
efficiency. This is the reason for an intensive search for new ap-
proaches to create a universal influenza vaccine designed to provide
protection against a wide range of influenza A and B viruses, as well
as against potentially pandemic strains in animals that have not yet
been transmitted to humans. There are different approaches for
creating universal vaccines, which have been discussed in detail in
several reviews (Vemula et al., 2017; Nachbagauer et al., 2017;
Trucchi et al., 2019). The main immunological targets in the given
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approaches are the most highly conserved epitopes that can be
delivered by introducing whole virus proteins or a set of short epitope
peptides.

An interesting method with great potential for the creation of a uni-
versal vaccine is the use of a combination of separate epitopes from
different influenza antigens. This enables the activation of both humoral
and T-cell immune responses, in addition to controlling side effects by
reducing the general antigen load, ultimately achieving cross-reactive
protection against strains of different subtypes and types using
conserved epitopes. For example, the use of a mixture of epitope-based
peptides in the FLU-v (Pleguezuelos et al., 2020) vaccine or of a pep-
tide sequence that consists of a set of epitopes in the M001 vaccine
(Lowell et al., 2017) enabled the production of a cross-reactive immune
response and protection against different groups of viruses both in model
animals and in humans. However, while some of the problems with these
vaccines (i.e., low immunogenicity and the lack of broad-spectrum
cross-protection) can be addressed through a more intensive selection
of immunogenic epitopes using a comprehensive range of bioinformatics
tools, these issues remain unsolved.

The aim of the given work was to develop pipelines for selecting
optimal conserved linear epitopes of B- and T-cells based on modern
algorithms of prediction that could be used to create a universal vaccine
against influenza virus. The given approach may also be useful for
selecting epitopes from antigens of any other pathogen.
pril 2022
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2. Material and methods

2.1. Sequences and databases

Protein sequence records were obtained from the influenza virus
database (Influenza Research Database, www.fludb.org). Epitopes were
selected from conserved regions of the HA, NP, and M1 viral proteins.
These proteins are major viral proteins, as well as the most important
influenza virus antigens that can cause a cross-reactive B- and T-cell
immune response. The number of sequence records were as follows (as of
April 2020): hemagglutinin type A subtype H1, 15653; H3, 13360; type
B, 3448; NP type A, 12721; type B, 1601, M1 type A, 3951.

The studied epitopes were mapped on the surface of HA protein
structures using the molecular visualization program (PyMOL, http://
pymol.org). PDB records of hemagglutinin were obtained from the PDB
database (http://www.rcsb.org). The record IDs were as follows: type A
subtype H1, PDB: 5K9O, H3, PDB: 4KVN; and type B, PDB: 4FQK.

The Immune Epitope Database (IEDB, http://www.iedb.org) was
used to evaluate the literature available for the epitopes.

The distribution frequencies of MHC (major histocompatibility com-
plex) molecule allelic variants were taken from the Allele Frequency Net
Database (AFND) (Takeshita et al., 2014).

To predict and mark the positions of the epitopes, the following strain
sequences were used as references for position numbering: influenza A
subtype H1, A/California/07/2009; H3, A/Victoria/208/2009; and
influenza B, B/Brisbane/60/2008.

2.2. B-cell and T-cell epitope prediction

B-cell epitopes with a score higher than 0.5 were selected from HA
using the BepiPred-2.0 program (Jespersen et al., 2017). The antigenicity
of the conserved epitope regions was confirmed using the VaxiJen 2.0
server with a score higher than 0.5 (Doytchinova and Flower, 2001). A
Python script was written to automatically select the epitope (https://gi
thub.com/lioj/bioinformatics/blob/master/py/B_Cell_epitopes_predicti
on.py). The availability of the epitopes on the surface of the HA molecule
was analyzed using the PyMOL program. The accessibility of the epitope
on the surface of the antigen globule for antibodies was assessed visually:
epitopes should be completely located on the surface of the HA trimer
molecule.

A set of algorithms was used to predict T-cell epitopes: (1) for CD8þ,
an algorithm based on a neural network was used (Nielsen et al., 2003;
Andreatta and Nielsen, 2016); (2) for CD4þ, a consensus method (Wang
et al., 2008) and an algorithm based on a neural network were used
(Jensen et al., 2018). Each method used an IC50 of less than 50 nM or a
percentile less than 1 as a selection threshold (Konstantinou, 2017). The
selected epitopes were tested for antigenicity using the VaxiJen 2.0
server (Doytchinova and Flower, 2001). The epitopes were also tested for
allergenicity using the AllerTop 2.0 (Dimitrov et al., 2013) and Aller-
genFP 1.0 servers (Dimitrov et al., 2014), as well as for toxicity using the
ToxinPred server (Gupta et al., 2013). A Python script was written to
automatically select CD4þ epitopes (https://github.com/lioj/bioinform
atics/blob/master/py/sele_MHCII.py).

2.3. Analysis of conservation

The IEDB database of immunogenic epitopes provides only an
approximate estimation of the epitope conservation, so we conducted our
own estimation using the method described below. The MAFFT program
(http://mafft.cbrc.jp/alignment/software/) was used to align the se-
quences of the amino acid residues based on the FFT–NS–2 algorithm.
Poorly aligned regions were additionally edited in the Jalview program
(Waterhouse et al., 2009). The Shannon entropy was calculated using
scripts written in Python in order to estimate the conservation of the
alignment column. To calculate the number of types of k amino acid
residues that could appear in some alignment position with a 1/k
2

probability, the formula k ¼ 2̂S (S is the information entropy of this
column calculated by the formula S ¼ -

P
(qi log qi), where qi is the

frequency of occurrence of the i-th most common amino acid residue at a
given position in a set of aligned sequences) was used. Summarization for
entropy was performed for all types of residues found in the alignment
column under study. Thus, the epitope was deemed to be conserved if all
of the positions included therein met the criterion of k < 1.3 (Shenkin
et al., 1991; Mintaev et al., 2014).

2.4. Docking

The immunogenicity of T-cell epitopes is determined by their affinity
to MHC molecules. To estimate the affinity of CTL epitopes, a series of
consequential procedures were performed for docking peptides to the
predicted corresponding MHCI molecules: A*02:01 (PDB: 1B0R),
A*02:06 (PDB: 3OXR), A*03:01 (PDB: 6O9B), B*07:02 (PDB: 6AT5),
B*18:01 (PDB: 6MT3), B*35:01 (PDF: 4LNR), C*12:03 (PDF: 1EFX). The
structures of the peptides were obtained using a script for PyMOL. In the
first stage, blind rigid docking was performed using FRODOCK 2.0
(Ramírez-Aportela et al., 2016) and then flexible redocking and counting
of the binding energy using FiberDock program was performed
(Mashiach et al., 2010).

3. Results

3.1. Selection of B-cell epitopes

B cell epitopes can be defined as a surface accessible group of amino
acid residues that are recognized by antibodies or a B cell receptor. There
are two categories of B cell epitopes as follows: linear epitopes are rep-
resented by a continuous sequence of amino acid residues, and confor-
mational epitopes are represented by 1–5 linear segments of amino acid
residues, distantly separated in the protein sequence but close in space,
which form the site of interaction with the antibody (Potocnakova et al.,
2016). Most B cell epitopes are conformational, but there are several
limitations. Conformational B cell epitopes are difficult to use without a
molecular context because correct folding of their structure is important
(Van Regenmortel, 2009). In contrast, linear B cell epitopes can be used
without an antigen context. In addition, linear B cell epitopes are rela-
tively small, which simplifies the discovery of conserved variants. Thus,
linear B cell epitopes are optimal for developing epitope universal
vaccines.

Early methods for predicting linear B-cell epitopes used a correlation
between one property of an amino acid residue (hydrophobicity, flexi-
bility, polarity) and its probability of being part of an epitope (Karplus
and Schulz, 1985; Emini et al., 1985; Parker et al., 1986). Later, methods
were developed that could take into account several amino acid residue
properties at once in prediction models (Saha and Raghava, 2004; Larsen
et al., 2006), or used machine learning to detect sequence fragments
similar to those of earlier known epitopes (El-Manzalawy et al., 2008).
However, with the accumulation of data from X-ray structural analyses of
antigen-antibody arrays, machine learning algorithms became available
that could use this interaction data to search for linear epitopes in antigen
sequences. Currently BepiPred 2.0 predicts linear B-cell epitopes based
on a random forest algorithm trained on epitopes annotated from
antibody-antigen protein structures. Data on such epitopes are consid-
ered to be of higher quality, which makes it possible to improve pre-
dictions compared to other tools: HMMor LBTope (Jespersen et al., 2017;
Larsen et al., 2006; Singh et al., 2013). This program uses a method that
assigns each amino acid residue a certain antigenicity rating. Therefore,
depending on the selected threshold, the lengths of the predicted epi-
topes, which consist of consecutive amino acid residues with individual
scores higher than the given threshold, may change. However, it is
known from the Bcipep database (Saha et al., 2005) that the length
distribution of experimentally confirmed linear B-cell epitopes is in the
range of 6–35 aa. Thus, in long sequences that the BepiPred 2.0 program
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has defined as an epitope, it is possible to distinguish a subsequence that
meets additional selection criteria, such as conserved residues and
accessibility. Moreover, one needs to use an additional independent
method to confirm the antigenic properties of the selected epitope, since
the probability of predicting a nonimmunogenic epitope remains when
using one method. For example, it has been shown that using the VaxiJen
2.0 program allows for the prediction of immunogenic antigens with a
sensitivity of 74% and specificity of 71% when selecting an antigen score
of more than 0.5 (Doytchinova and Flower, 2001). The algorithm of the
given program belongs in the category of machine learning as well, but
the implementation of its antigenicity estimation differs from the existing
algorithms (Doytchinova and Flower, 2001), so it is often used as a tool
for confirming antigenicity (this is reviewed in detail in (Nevena
Zaharieva et al., 2017)).

For a universal vaccine, it is also necessary to take into account
conservation. In addition, it is important to take into account epitope
localization, since it is necessary that the epitope is available on the
surface of the protein for direct interaction with antibodies. Thus, when
choosing the final set of B-cell epitopes, several epitope properties should
be taken into account simultaneously, including antigenicity, conserva-
tion, and availability for antibody binding.

The humoral immune response protects organisms from viral infec-
tion by producing antibodies against pathogens (Warrington et al.,
2011). Hemagglutinin is one of the major surface proteins of influenza
virus and is a known target of neutralizing antibodies. Such antibodies
can block the adsorption of viral particles on the cell surface or the fusion
of the cell membrane and viral particles, thereby preventing infection of
new cells. In this regard, HA is an excellent candidate for the selection of
B-cell epitopes (Knossow et al., 2006).

Figure 1 shows the pipeline developed for predicting linear B-cell
epitopes. The BepiPred 2.0 program was given HA sequences from
influenza type A subtype H1 (A/California/07/2009) and H3 (A/Victo-
ria/208/2009), and influenza B (B/Brisbane/60/2008). A total of 41
sequences with lengths from 8 to 63 aa and potential antigenic properties
were predicted by BepiPred 2.0. Then, a script was written in Python
(https://github.com/lioj/bioinformatics/blob/master/py/B_Cell_epitop
es_prediction.py) to select fragments (longer than 6 aa) from the
Figure 1. Pipeline for predicting B-cell epitopes. Third-party software used in the pip
program and multiple sequence alignments (MSAs) generated using the Mafft pro
sequence, which were used to obtain the conserved fragments in the original set of e
requests to the VaxiJen 2.0 server. The obtained epitopes were mapped to the struc
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predicted sequences that met the conservation criteria (2S < 1.3, see
methods) and had an antigen score of more than 0.5 based on the results
of an analysis using the VaxiJen 2.0 server (Table 1). A total of 27
fragments obtained using the above script were mapped to the HA pro-
tein structure using the PyMOL program. The final set was made up of 10
epitopes available on the outside surface of the HA trimer (Table 2).

A total of 5 B-cell epitopes were predicted for influenza type B and
5 were predicted for influenza type A, 3 of which were for the H1
subtype and 2 of which were for the H3 subtype. Since BepiPred 2.0
evaluates each amino acid residue, the median scores were calculated
for each sequence. The medians for the predicted epitopes were in the
range of 0.51–0.64. According to the VaxiJen 2.0 data, high antige-
nicity was observed for type B in epitopes 64-TRGKLCP-71 (2.12) and
415-NSLSELEVKN-425 (1.29), and for type A subtype H1 in epitope
41-VTVTHSVNLLE-52 (0.74) and subtype H3 in epitope 378-
GQAADLKSTQA-389 (1.12).

3.2. Selection of T-cell epitopes

T-cell epitopes are linear peptides that are integrated into the MHC
molecules for presentation to T-cells (Peters et al., 2020). The previous
programs for predicting T-cell epitopes from a protein sequence were
based on the use of patterns specific to the MHC allele. Such patterns
contained information about anchor amino acid residues that determine
the interaction with the binding site of the MHC molecule (Sette et al.,
1989; Ruppert et al., 1993). With the accumulation of information on
epitope and nonepitope sequences, programs based on machine learning
have begun gaining popularity (Nielsen et al., 2003; Andreatta and
Nielsen, 2016; Doytchinova and Flower 2001; Lundegaard et al., 2008;
Zhang et al., 2010). According to comparative studies, the algorithm
based on an artificial neural network for CD8þ epitopes had the greatest
predictive power in several reports (Paul et al., 2020; Peters et al., 2020;
Lundegaard et al., 2008). Predicting CD4þ epitopes is a more challenging
task due to the ability of MHCII molecules to bind to long peptides,
therefore, we used two algorithms at once to enhance the quality. In
comparison with prediction methods, it was shown that machine
learning algorithms (the consensus method (Wang et al., 2008) and the
eline is shown in ovals. The script was fed the output results of the BepiPred 2.0
gram. The script calculated the conservation of the positions in the reference
pitopes. Then, immunogenic fragments of the longest length were selected using
ture of HA to select epitopes available on the surface of the protein.

https://github.com/lioj/bioinformatics/blob/master/py/B_Cell_epitopes_prediction.py
https://github.com/lioj/bioinformatics/blob/master/py/B_Cell_epitopes_prediction.py


Table 1. Epitopes from HA for subtypes H1, H3 of type A and type B, predicted using BepiPred 2.0 program. The underline shows the areas available on the surface.

# Type/Subtype Position Length Sequence Vaxi Jen Bepi Pred Median

1 A/H1 41 11 VTVTHSVNLLE 0.7442 0.5182

2 A/H1 117 19 ELREQLSSVSSFERFEIFP 0.661 0.6258

3 A/H1 363 18 DGWYGYHHQNEQGSGYAA 0.5173 0.6399

4 A/H1 407 8 FTAVGKEF 1.1817 0.5103

5 A/H1 493 9 MESVKNGTY 0.8339 0.5439

6 A/H3 180 7 LNVTMPN 0.724 0.509

7 A/H3 230 8 IPNIGSRP 1.3033 0.5619

8 A/H3 305 10 PNDKPFQNVN 0.6507 0.5659

9 A/H3 333 8 ATGMRNVP 0.5157 0.5733

10 A/H3 364 13 DGWYGFRHQNSEG 0.7046 0.6076

11 A/H3 378 11 GQAADLKSTQA 1.1229 0.6209

12 A/H3 412 7 EKEFSEV 0.7049 0.5234

13 A/H3 451 9 HTIDLTDSE 1.6395 0.5127

14 A/H3 473 8 ENAEDMGN 0.5454 0.5232

15 A/H3 510 12 EALNNRFQIKGV 1.2026 0.5589

16 B 56 7 FANLKGT 1.0567 0.5652

17 B 64 7 TRGKLCP 2.1198 0.5757

18 B 72 10 CLNCTDLDVA 2.0351 0.5849

19 B 102 21 VRPVTSGCFPIMHDRTKIRQL 0.7401 0.5418

20 B 153 8 GTSGSCPN 0.5347 0.5742

21 B 249 8 QTEDGGLP 0.6174 0.6607

22 B 301 12 SLPLIGEADCLH 0.518 0.6076

23 B 315 13 YGGLNKSKPYYTG 0.7142 0.598

24 B 349 10 GTKYRPPAKL 0.5927 0.6077

25 B 374 35 GGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAIN 0.5433 0.5548

26 B 415 35 NSLSELEVKNLQRLSGAMDELHNEILELDEKVDDL 0.5895 0.5218

27 B 468 12 GIINSEDEHLLA 0.5456 0.5723

Table 2. Conserved B-cell epitopes located on the surface of HA, predicted using the BepiPred 2.0 and VaxiJen 2.0 programs.

# Type/Subtype Position Length Sequence VaxiJen BepiPred 2.0

1 A/H1 41 11 VTVTHSVNLLE 0.7442 0.5182

2 A/H1 117 13 SSVSSFERFEIFP 0.61 0.6258

3 A/H1 363 18 DGWYGYHHQNEQGSGYAA 0.5173 0.6399

4 A/H3 180 7 LNVTMPN 0.724 0.509

5 A/H3 378 11 GQAADLKSTQA 1.1229 0.6209

6 B 64 7 TRGKLCP 2.1198 0.5757

7 B 153 8 GTSGSCPN 0.5347 0.5742

8 B 315 7 GLNKSKP 0.5675 0.598

9 B 374 23 HGYTSHGAHGVAVAADLKSTQEA 0.773 0.5548

10 B 415 10 NSLSELEVKN 1.29 0.5218
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method based on a neural network (Jensen et al., 2018)) cope with this
task best (Konstantinou, 2017; Peters et al., 2020; Lin et al., 2008; Wang
et al., 2008). The selected algorithms evaluate T-cell epitopes based on an
IC50 or percentile, which makes it possible to use more meaningful
criteria for selecting epitopes. For additional independent confirmation
of antigenicity (as with the B-cell epitopes), the VaxiJen 2.0 service was
used (Doytchinova and Flower 2001).

The NP and M1 protein sequences from influenza type A (A/Cali-
fornia/07/2009 strain), and the NP protein sequence from influenza B
(B/Brisbane/60/2008 strain) were submitted as the input. Several in-
dependent algorithms were used in each case (artificial neural network,
consensus method, VaxiJen 2.0 program) to improve the prediction of
CD8þ and CD4þ epitopes (Doytchinova and Flower, 2001; Nielsen et al.,
2003; Andreatta and Nielsen, 2016; Wang et al., 2008; Jensen et al.,
2018). The overlap in the predicted epitope sets was used for further
selection procedures. When using an artificial neural network and a
consensus method, the score was generated based on the parameter
4

defined by the binding strength of the peptide, which can be expressed as
the IC50 or percentile in prediction programs. The IC50 is the concen-
tration of a peptide in nM required to bind 50% of MHC molecules. The
percentile is a derived function from the IC50, which compares the value
to the IC50 of a random set of peptides from the UniProt database. In both
cases, the lower the parameter value is, the stronger the expected binding
force of the peptide is (Konstantinou, 2017). A score of higher than 0.5
was used as the selection criterion when using VaxiJen 2.0 server
(Doytchinova and Flower, 2001).

T-cells recognize epitopes in the peptides presented by MHC mole-
cules, which represent information about the actual protein composi-
tion of the cell expressing MHC. MHC molecules have extreme
variability at the population level, which leads to different peptide af-
finities. In humans, MHC molecules are called human leukocyte anti-
gens (HLA), and approximately one thousand allelic variants are
known. Any individual has a unique set of 8 genes with two alleles, i.e.,
genome can have up to 16 different variants; at the population level, a



Table 3. MHC I epitopes predicted using artificial neural network and VaxiJen
2.0

# Type:
Protein

Position Peptide allele ANN,
IC50

Vaxi
Jen

1 A:NP 44 CTELKLSDY HLA-A*01:01 11,02 1,7

2 A:NP 140 HSNLNDATY HLA-B*35:01 25,4 0,53

3 A:NP 146 ATYQRTRAL HLA-B*07:02 40,75 0,59

4 A:NP 172 LPRRSGAAG HLA-B*07:02 35,29 1,19

5 A:NP 217 VAYERMCNI HLA-C*12:03 10,25 0,95

6 A:NP 221 RMCNILKGK HLA-A*03:01 40,75 0,51

7 A:NP 251 AEIEDLIFL HLA-A*02:06 44,07 1,03

8 A:NP 258 FLARSALIL HLA-A*02:01 43,19 0,57

9 A:NP 283 LAVASGHDF HLA-B*35:01 34,83 0,62

10 A:NP 342 RVSSFIRGK HLA-A*03:01 34,31 0,75

11 A:NP 380 ELRSRYWAI HLA-B*08:01 6 1,67

12 A:NP 412 FSVQRNLPF HLA-B*35:01 39 0,88

13 A:NP 418 LPFERATVM HLA-B*35:01 6,39 0,79

14 A:NP 458 FQGRGVFEL HLA-A*02:06 7,97 1,28

HLA-A*02:01 36,2

15 A:NP 473 NPIVPSFDM HLA-B*35:01 43,9 0,58

16 B:NP 36 ATLAPPSNK HLA-A*03:01 17,66 0,56

17 B:NP 82 MVVKLGEFY HLA-B*35:01 42,41 0,6

18 B:NP 165 YFSPIRITF HLA-C*12:03 25,34 1,7

19 B:NP 242 VAIKGGGTL HLA-C*12:03 44,39 0,7

20 B:NP 325 RPSVASKVV HLA-B*07:02 23,37 0,74

21 B:NP 352 YSMVGYEAM HLA-B*35:01 22,06 1

22 B:NP 357 YEAMALYNM HLA-B*18:01 6,18 0,69

23 B:NP 363 YNMATPVSI HLA-C*12:03 28,68 0,52

24 B:NP 392 AAYEDLRVL HLA-C*12:03 32,71 0,59

25 B:NP 429 GMGAALMSI HLA-A*02:01 39,58 0,58

26 A: M1 58 GILGFVFTL HLA-A*02:01 15,71 0,76

HLA-A*02:06 41,19

27 A: M1 130 LIYNRMGTV HLA-C*12:03 37,67 0,6

HLA-A*02:06 55,38 0,6

28 A: M1 138 VTTEAAFGL HLA-A*02:06 29,53 1,28

29 A: M1 173 IRHENRMVL HLA-C*06:02 17,89 1,07

HLA-C*07:01 26,63 1,07

30 A: M1 179 MVLASTTAK HLA-A*03:01 15,17 0,96

31 A: M1 181 LASTTAKAM HLA-B*35:01 21,08 0,75
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separate variant appears with different frequency in different ethnic
groups. However, some MHC molecule variants have similar specificity
for peptides due to physical and chemical similarity in the binding site,
for which they can be grouped into subtypes (Reche and Reinherz,
2007). Thus, when selecting epitopes, it is possible to focus on the
distribution of allele subtypes in populations to create an optimal set.
For the given purposes, the AFND database was used, from which allele
frequencies for the Moscow region were obtained. The top alleles were
selected for the set according to their prevalence, and together they
made up more than half of the distribution.

An artificial neural network was used to predict CD8þ epitopes
(Nielsen et al., 2003; Andreatta and Nielsen, 2016). The prediction was
made for MHCI alleles from the Moscow region population as follows:
A*01, A*02, A*03, A*24, B*07, B*08, B*13, B*18, B*35, B*44, C*04,
C*06, C*07, C*12. A total of 57 epitopes of 9 aa in length with an IC50 of
less than 50 nM were predicted based on the results of the above-
mentioned program. It has been experimentally shown in the work of
Sette et al. that peptides with an IC50 of less than 50 nM have a high
affinity for MHCI molecules (Sette et al., 1994). Further, epitopes were
tested for antigenicity using the VaxiJen 2.0 server (Doytchinova and
Flower, 2001). A total of 31 epitopes had an antigenicity score higher
than 0.5 (Table 3). After excluding variable epitopes containing positions
with entropies above the threshold, 16 epitopes remained. Finally,
toxicity was calculated for each epitope using ToxinPred (Gupta et al.,
2013), as well as allergenicity using the AllerTop 2.0 (Dimitrov et al.,
2013) and AllergenFP 1.0 programs (Dimitrov et al., 2014). Because
AllerTop 2.0 and AllergenFP 1.0 showed opposite results for some epi-
topes, only the epitopes for which the allergenicity prediction coincided
were removed. After evaluating the toxicity and allergenicity, 10 CD8þ
epitopes were selected: 4 from the NP protein of influenza A, 5 from the
NP protein of influenza B, and 1 from the M1 protein of influenza A
(Table 4).

The consensus method (Wang et al., 2008) and the neural
network-based method (Jensen et al., 2018) were used to predict CD4þ
epitopes. The following MHCII alleles were used: DQB1*06:02,
DRB1*15:01, DPB1*02:01, DQB1*03:02, DPB1*05:01, DRB1*13:01,
DPA1*01, DPB1*04:02, DPA1*01:03, DRB1*11:01, DPB1*04:01,
DQA1*01:02, DPB1*01:01, DPA1*03:01, DQA1*05:01, DQB1*03:01,
DPA1*02:01, DQA1*03:01, DRB1*07:01. Epitopes of 13–18 aa in length
were predicted. According to Southwood et al. (1998), epitopes with an
IC50 less than 1000 nM or a percentile less than 10 have a high affinity
for corresponding MHCII molecules, however, due to a large quantity of
predicted peptides, the threshold was reduced to an IC50 of 50 nM
Figure 2 shows the developed pipeline. Based on the results of the pro-
grams, 1,324 epitopes and 1,758 estimates for their interactions with
different selected MHCII alleles that met the program threshold criteria
were obtained.

Among the predicted epitopes, variable epitopes were first discarded,
then a request to the VaxiJen 2.0 server was made for each remaining
epitope to verify their antigenicity. Further, the epitopes were grouped
based on similar properties to highlight the optimal properties among the
predicted epitopes.

The MHCII molecule is able to bind to long peptides (lengths from 13
to 25 aa) because the ends of its binding sites are more ‘open’ than those
of MHCI (Brown et al., 1993). However, it has been shown that the main
contribution to the interaction is made by a fragment of 9 aa within the
peptide, the so-called interaction core (Jones et al., 2006). Algorithms
take the interaction core into account and specify it for each prediction.
Therefore, the epitopes were divided into groups based on a common
interaction core and sorted both within these groups based on the IC50
value and between the groups based on the average IC50 of the group. A
Python script was written to implement the given algorithm, including
conservative selection and analysis using VaxiJen 2.0 (https://gith
ub.com/lioj/bioinformatics/blob/master/py/sele_MHCII.py).

Of the 649 conserved epitopes, 355 had antigenicity above the
threshold of 0.5 according to VaxiJen 2.0. After grouping the epitopes
5

based on common interaction cores, 45 groups were obtained. In each
group, the epitopes interacting with the largest quantity of different
MHCII alleles were selected and then from that set, the epitope with the
minimum IC50 value was selected. For each selected epitope, allerge-
nicity was calculated using the AllerTop 2.0 (Dimitrov et al., 2013) and
AllergenFP 1.0 (Dimitrov et al., 2014) programs and toxicity was tested
using the ToxinPred (Gupta et al., 2013) program. As with MHCI, only
those epitopes for which the allergenicity predictions from the two
programs coincided were removed. Based on these selection criteria, 6
epitopes were obtained (Table 5).

3.3. Investigation of the interaction between CD8þ epitopes and MHCI
molecules

The interaction of proteins with each other, as well as proteins with
peptides or low-molecular compounds, is an important part of any bio-
logical process. Predicting and modeling such interactions can save time
and effort when creating drugs and epitope vaccines, since it is possible
to choose the optimal components. The procedure of modeling the in-
teractions betweenmolecules is called molecular docking, which predicts
the optimal location of the 3D structures of two interacting molecules
relative to each other based on a calculation of the conformation with
minimal interaction energy (Antunes et al., 2018).

https://github.com/lioj/bioinformatics/blob/master/py/sele_MHCII.py
https://github.com/lioj/bioinformatics/blob/master/py/sele_MHCII.py


Table 4. Conserved CD8þ T-cell influenza A and B epitopes. The binding energy was calculated in the FiberDock program (Mashiach et al., 2010).

# Type: Protein Position Allele Peptide ANN, IC50 VaxiJen score Allergen FP v.1.0 Aller TOP v.2.0

1 A:NP 140 HLA-B*35:01 HSNLNDATY 25.40 0.53 Y N

2 A:NP 221 HLA-A*03:01 RMCNILKGK 40.75 0.51 N Y

3 A:NP 251 HLA-A*02:06 AEIEDLIFL 44.07 1.03 N Y

4 A:NP 258 HLA-A*02:01 FLARSALIL 43.19 0.57 Y N

5 A:M1 58 HLA-A*02:01 GILGFVFTL 15.71 0.76 Y N

HLA-A*02:06 GILGFVFTL 41.19 0.76

6 B:NP 242 HLA-C*12:03 VAIKGGGTL 44.39 0.7 N N

7 B:NP 325 HLA-B*07:02 RPSVASKVV 23.37 0.74 N N

8 B:NP 352 HLA-B*35:01 YSMVGYEAM 22.06 1 Y N

9 B:NP 392 HLA-C*12:03 AAYEDLRVL 32.71 0.59 N Y

10 B:NP 429 HLA-A*02:01 GMGAALMSI 39.58 0.58 N N

Figure 2. Pipeline for predicting CD4þ T-cell epitopes. Third-party software used in the pipeline is shown in ovals. The script was fed the results from the IEDB
prediction service using a consensus algorithm and multiple alignments (MSAs) generated using the Mafft program. The output results from the IEDB service contain
the predictions of several algorithms at once, so the script selected peptides that were included in the overlapping sets of peptides from several algorithms.
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For docking, one needs to have 3D structures of all interaction com-
ponents. X-ray structural analysis data are available for different MHCI
molecule alleles. The structures of the predicted CD8þ peptides were
obtained using a script in Python for the PyMol program. The dihedral
Phi (�139) and Psi (�135) angles, typical for the antiparallel beta layer,
were used in the construction. The spatial structure of stablepeptide
conformations have minimal energy, so for each peptide structure, a
procedure to minimize the energy was performed using the “optimize”
command in the PyMol program, which identifies the optimal confor-
mation with minimal energy.

The docking procedure was carried out in several stages. In the first
stage, blind rigid docking was performed, which enables a rapid identi-
fication of the approximate areas of the ligand binding sites. It was pre-
viously shown that (Agrawal et al., 2019) when comparing different
docking methods by CAPRI parameters, the FRODOCK 2.0 program
(Ramírez-Aportela et al., 2016) was the most effective for the task. The
structures of the peptides and corresponding MHCI molecules were given
as the input. All 10 variants of the predicted epitope structures produced
by the programwere tested for the correct location in the binding site and
incorrectly positioned peptides were excluded (Wieczorek et al., 2017;
Zacharias and Springer, 2004; Mage et al., 2012; Hafstrand et al., 2019).
Then, for the best structure with the highest prediction score, flexible
6

redocking was performed using the FiberDock program (Mashiach et al.,
2010), which also calculates the binding energy considering van der
Waals forces, electrostatic and hydrophobic interactions, hydrogen bond
energy, and π-stacking interactions. Docking of peptides with negative
binding energy was considered successful (Mashiach et al., 2010).

All of the predicted epitopes had a negative binding energy (Table 4).
When examining the results of the CD8þ peptide docking to MHCI mol-
ecules, the distance between the amino acid residues of MHCI and the
peptide were found to be within 4 Å. When analyzing 6444 protein-ligand
complex structures in the 3D structure data bank (PDB), for which there
was experimental confirmation of the interaction, it was shown that most
interactions are realized within a distance of 4 Å (Ferreira de Freitas et al.,
2017). Moreover, the majority of complexes were formed by hydrophobic
interactions at a distance between carbon atoms of up to 4 Å, followed by
hydrogen bonds, various kinds of stacking interactions and ion bonds.
Table 6 shows the amino acid residues from the MHCI molecule that can
potentially be involved in interactions with each peptide. Figure 3 shows
the result of docking the A/M1:58-GILGFVFTL-66 peptide to the
HLA-a*02:01 molecule (this interaction has the lowest binding energy
(�79.18)). The MHCI amino acid residues that participate in the interac-
tion are shown by the electron density surface. For other predicted struc-
tures, most of the interaction interface is formed by hydrophobic amino



Table 5. Conserved CD4þ T-cell influenza A and B epitopes.

# Type:
Protein

Position Peptide Allele Consensus,
percentile rank

ANN, IC50 Vaxi Jen Allergen
FP v.1.0

Aller
Top v.2.0

Toxin
Pred

1 A:NP 250 NAEIEDLIFLARSALILR DRB1*07:01 1,5 21,1 0,88 N Y N

DRB1*15:01 3,3 29,4

DPA1*02:01/DPB1*05:01 2,3 48,2

2 A:NP 254 EDLIFLARSALILRGSVA DQA1*01:02/DQB1*06:02 5,5 26,7 0,62 N N N

DRB1*07:01 1,6 36

DRB1*15:01 3,3 27,9

DPA1*02:01/DPB1*05:01 4,8 47,3

3 B:NP 161 DKTIYFSPIRITFLK DRB1*07:01 3,7 14,8 0,96 N N N

DRB1*11:01 8,2 45,2

DPA1*02:01/DPB1*01:01 5,7 17,6

DPA1*03:01/DPB1*04:02 5,8 13,6

4 B:NP 164 IYFSPIRITFLKEEVKTM DPA1*02:01/DPB1*05:01 5,5 22,1 0,77 N N N

DPA1*03:01/DPB1*04:02 7,8 17,3

DPA1*02:01/DPB1*01:01 7,9 19,8

5 B:NP 424 KEQVEGMGAALMSIKLQF DQA1*01:02/DQB1*06:02 4 31,5 0,94 N Y N

DQA1*05:01/DQB1*03:01 8 38,6

6 A:M1 60 LGFVFTLTVPSER DRB1*11:01 1,7 12,1 0,85 N N N

DRB1*07:01 2,1 17,7
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acid residues. There are also hydrogen bonds with MHCI amino acid res-
idues GLU-63, TYR-84, ARG-97, THR-143, and TRP-167. The low binding
energy, as well as the identified peptide interactions with the MHCI
binding site package, indicate a high probability of their presentation on
the cell surface. The differences in binding energy between peptides
indicate their different immunogenicity. Because MHCI molecules on the
cell surface are constantly recycled, the lifetime of a particular complex
depends on the binding strength of the epitope peptide with MHC (Wu
et al., 2011). The higher the binding force, the greater the probability of
cell surface presentation of the peptide. Therefore, this increases the
probability of an interaction with CD8þ T-lymphocytes to produce a CD8þ
T-cell response. Thus, epitopes with low binding energy can potentially
have immunodominant properties. It is known from the literature that the
A/M1:58-GILGFVFTL-66 epitope is immunodominant for HLA-A2 alleles
Table 6. The molecular docking of the predicted CD8þ peptides to MHCI molecules.

# Type/Protein:pos-
peptide

MHCI
allele

Binding
energy

Interacting residues

1 A/NP:140-
HSNLNDATY

HLA-
B*35:01

-49,93 TYR-9, ARG-62, ILE-66, ASN-70
ILE-124, THR-143, LYS-146, TR

2 A/NP:221-
RMCNILKGK

HLA-
A*03:01

-9,06 TYR-7, GLN-54, GLU-55, GLY-5
133, TRP-147, GLU-152, ALA-1

3 A/NP:251-
AEIEDLIFL

HLA-
A*02:06

-31,16 GLU-63, LYS-66, ALA-69, HIS-7
147, VAL-152, TYR-159, THR-1

4 A/NP:258-
FLARSALIL

HLA-
A*02:01

-51,32 THR-73, VAL-76, ASP-77, THR-
GLN-155, LEU-156, ALA-158, T

5 A/M1:58-
GILGFVFTL

HLA-
A*02:01

-79,18 GLU-58, TYR-59, GLY-62, GLU-
HIS-114, TYR-116, TYR-123, T
TRP-167

6 A/M1:58-
GILGFVFTL

HLA-
A*02:06

-72,67 MET-5, TYR-7, TYR-9, PHE-33,
TYR-99, LYS-146, TRP-147, AL

7 B/NP:242-
VAIKGGGTL

HLA-
C*12:03

-16,98 TYR-9, GLN-70, THR-73, ASP-7
147, GLU-152, GLN-155, LEU-1

8 B/NP:325-
RPSVASKVV

HLA-
B*07:02

-39,39 TYR-7, GLN-54, GLU-55, GLY-5
133, TRP-147, GLU-152, ALA-1

9 B/NP:352-
YSMVGYEAM

HLA-
B*35:01

-27,44 TYR-9, ARG-62, ILE-66, THR-69
TRP-147, TYR-159, LEU-163, T

10 B/NP:392-
AAYEDLRVL

HLA-
C*12:03

-75,58 TYR-9, ARG-69, GLN-70, THR-
124, THR-143, TRP-147, GLU-1

11 B/NP:429-
GMGAALMSI

HLA-
A*02:01

-44,8 TYR-7, PHE-9, GLU-63, LYS-66,
ALA-150, TRP-167, TYR-171
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(Boon et al., 2002). The other epitopes, A/NP:140-HSNLNDATY-148,
A/NP:258-FLARSALIL-266, and B/NP:392-AAYEDLRVL-400, also may
have high potential immunogenicity, so they are excellent candidates for
experimental verification.

4. Discussion

Recently, bioinformatics has been used for a selection of conserved
CD4þ and CD8þ epitopes of dengue virus (Chong and Khan, 2019),
CD8þ epitopes of hepatitis C virus (Molero-Abraham et al., 2013), and
CD4þ and CD8þ epitopes of influenza virus (Sheikh et al., 2016).
However, in these studies, epitopes were not predicted but were selected
only from the set of experimentally confirmed epitopes contained in the
IEDB, using information entropy to analyze their conservation. Using
, THR-73, SER-77, ASN-80, LEU-81, TYR-84, ILE-95, ARG-97, TYR-99, SER-116, TYR-123,
P-147, GLN-155, LEU-156, TYR-159, LEU-163, GLU-166, TRP-167, ARG-170

6, TYR-59, GLU-63, ASN-66, ALA-69, GLN-70, THR-73, TYR-99, ARG-114, LEU-126, TRP-
53, GLN-155, LEU-156, TYR-159, THR-163, TRP-167, ARG-170, TYR-171, ASN-174

0, THR-73, VAL-76, ASP-77, THR-80, TYR-84, TYR-99, TYR-123, THR-143, LYS-146, TRP-
63, TRP-167

80, LEU-81, TYR-84, TYR-123, THR-142, THR-143, LYS-146, TRP-147, ALA-150, VAL-152,
YR-159, THR-163, GLU-166

63, ARG-65, LYS-66, HIS-70, THR-73, ASP-77, THR-80, LEU-81, TYR-84, ARG-97, TYR-99,
HR-142, THR-143, LYS-146, TRP-147, VAL-152, GLN-155, LEU-156, TYR-159, THR-163,

MET-45, TYR-59, GLU-63, LYS-66, VAL-67, HIS-70, THR-73, VAL-76, ASP-77, ARG-97,
A-150, GLN-155, LEU-156, TYR-159, THR-163, TRP-167, TYR-171,

4, SER-77, LEU-78, LEU-81, ILE-95, ARG-97, TYR-116, TYR-123, ILE-124, THR-143, TRP-
56, ALA-158, TYR-159

6, TYR-59, GLU-63, ASN-66, ALA-69, GLN-70, THR-73, TYR-99, ARG-114, LEU-126, TRP-
53, GLN-155, LEU-156, TYR-159, THR-163, TRP-167, ARG-170, TYR-171, ASN-174

, ASN-70, THR-73, TYR-74, GLU-76, SER-77, ASN-80, TYR-84, ARG-97, THR-143, LYS-146,
RP-167, ARG-170

73, ASP-74, SER-77, LEU-78, LEU-81, ILE-95, ARG-97, ASP-114, TYR-116, TYR-123, ILE-
52, LEU-156, LEU-163

VAL-67, HIS-70, THR-73, ASP-77, THR-80, ARG-97, TYR-99, TYR-116, LYS-146, TRP-147,



Figure 3. The result of docking the A/M1:58-GILGFVFTL-66 peptide to the HLA-A*02:01 molecule. The surface shows the electron density of MHCI amino acid
residues located no further than 4 Å from the amino acid residues of the peptide. The carbon atoms on the surface of the MHCI molecule are shown in gray. Green color
indicates the carbon atoms of the peptide. Blue color indicates nitrogen atoms and red indicates oxygen atoms.
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prediction programs, B and T cells (Jain et al., 2021), or only T cell
epitopes of the new coronavirus (Sirohi et al., 2020; Montes-Grajales and
Olivero-Verbel, 2021) were selected, but their conservation was not
assessed. For the vaccine against Chagas disease, B and T cell epitopes
from L. cruzi were selected using methods for predicting epitopes and
assessing their conservation (Michel-Tod�o et al., 2020). Our approach
made it possible to predict new epitopes for the influenza virus, as well as
to increase the severity of selection in the selection of epitopes, due to a
systematic review of modern algorithms of prediction in conjunction
with the use of several prediction programs simultaneously.

10 B-cell epitopes, 10 CD8þ and 6 CD4þ T-cell epitopes were
selected. Interestingly, experimental data was not found for all of the
epitopes in the IEDB database. Only three B-cell epitopes that were
conserved among the H1 subtype viruses were found to have experi-
mental confirmation of immunogenicity. It was previously shown
(Klausberger et al., 2016) those antibodies against HA stem epitopes,
including epitope A/H1:41-51, were found in patients after their im-
munization with a live vaccine. Additionally, during the search for
immune-dominant B-cell HA epitopes using ELISA (Zhao et al., 2011), it
was shown that fragments of A/H1:118-132 reacted with sera from pa-
tients who had been ill with pandemic swine flu. In addition, sera from
mice immunized with the A/H1:38-52 peptide reacted on the immuno-
blot and in ELISAs with the HA0 fragment. For fragment A/H1:364-370,
it was shown that it binds to broadly neutralizing antibodies (Guo et al.,
2018). Thus, all of the identified conserved epitopes for the H1 subtype
are immunogens, and they may induce the formation of broadly
neutralizing antibodies. However, the value of the remaining predicted
A/H3 B-cell epitopes should not be underestimated, when analyzing the
IEDB database, we observed an uneven representation of epitopes among
the subtypes in favor of H1, which may reflect a trend in the scientific
world to choose primarily H1 strains. Nevertheless, the danger and
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circulation of the H3 subtypes of influenza A and B remains, so the
identified conserved epitopes are good candidates for experimental
research into their immunogenic properties.

For the 10 CD8þ and 6 CD4þ T-cell epitopes selected, their previous
studies in the literature were analyzed using IEDB. As was the case for
the B-cell epitopes, the database has a preference in favor of influenza
A. The most well-studied epitope turned out to be CD8þ epitope A/
M1:58-GILGFVFTL-66, which was characterized in previous studies
by immunodominant properties capable of causing a resistant cross-
reactive T-cell response (Choo et al., 2014; van de Sandt et al., 2018;
Sant et al., 2018; Boon et al., 2002). In addition, there are experimental
data for epitopes A/NP:140-HSNLNDATY-148, A/NP:251-AEIED-
LIFL-259, and A/M1:60-LGFVFTLTVPSER-72, which provides evidence
for their immunogenicity. The absence of some epitopes in the database
does not indicate that they should be considered poorly effective. In
contrast, given the high immunogenicity scores of these epitopes, these
data advocate for the experimental verification of their properties.

T cell epitopes were selected for the MHC variants from the Moscow
region population according to AFND data. However, there is a diversity
of ethnicities in this region, which may affect the broader profile of MHC
variants. Analysis of the AFND database demonstrated that the selected
MHCI and MHCII variants have a frequency of more than 10% in pop-
ulations of 68 131 countries in the world, respectively. Thus, the selected
T cell epitopes are more relevant for the world population than the
Moscow region.

Universal vaccines should induce immunity against all or most of the
influenza virus strains. The main contribution to the universal properties
of such vaccines should be made by T cell epitopes from the internal
proteins of the virus due to their high conservation among all strains. B
cell epitopes are selected from HA sequences of the H1 and H3 subtypes
of type A and type B because viruses of these groups mainly circulate in
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the human population. The use of many B cell epitopes from all 18
subtypes of HA to induce an immune response can be complicated. Epi-
topes in the form of peptides are weakly immunogenic, but difficulties
with gene expression may arise when epitopes are combined in a poly-
peptide, such as in the M001 vaccine. In addition, a hierarchy of
immunogenicity arises when epitopes are introduced. In this case, the
immune response against epitopes of more significant strains circulating
in the human populationmay deteriorate. In contrast, Joyce et al., (2016)
reported that antibodies on the region of the HA trunk exhibit a
cross-reactive effect due to the antigenic similarity of epitopes within
Groups 1 and 2. Because subtypes H1 and H3 are phylogenetically distant
from each other and are representatives of Groups 1 and 2, respectively,
they may stimulate a cross-reactive antibody response within this groups.
However, this issue is a topic for further research. Nevertheless, the use of
B cell epitopes in conjunction with T cell epitopes from conserved
influenza proteins may provide a good basis for the design of a universal
influenza vaccine.

5. Conclusion

In this work, the epitopes of influenza virus antigens that could
potentially induce humoral and T-cell immunity were predicted using
bioinformatics approaches. Epitopes were selected from conserved re-
gions of the immunogenic HA, M1 and NP proteins from the H1 and H3
subtypes of influenza A and B viruses. A pipeline that automates the se-
lection of an optimal set of epitopes based on conservation and antige-
nicity criteria was created for these purposes. Regarding the results, 10 B-
cell epitopes, 10 CD8þ and 6 CD4þ T-cell epitopes characterized by high
conservation and antigenicity were selected. The predictive power of the
developed approach was determined based on the algorithms included
therein. The best algorithms for predicting linear epitopes were selected
based on the results of a comparative analysis of the algorithms. The
scripts used in the pipeline are universal and can be used to select epi-
topes from other pathogens.
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