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Abstract The neuraminidase (NA) epitope from the
Mexican AHINI influenza virus was identified by using
sequences registered at the GenBank during the peak of a
pandemic (from April 2009 to October 2010). First, NA
protein sequences were submitted for multiple alignment
analysis, and their three-dimensional models (3-D) were
then built by using homology modeling. The most common
sequence (denominated wild-type) and its mutants were
submitted to linear and nonlinear epitope predictors, which
included the major histocompatibility complex type II
(MHC 1II) and B-cell peptides. The epitope prediction was
in accordance with evolutionary behavior and some protein
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structural properties. The latter included a low NA muta-
tion rate, NA 3-D surface exposure, and the presence of
high hindrance side chain residues. After selecting the
epitope, docking studies and molecular dynamics (MD)
simulations were used to explore interactions between the
epitope and MHC II. Afterward, several experimental
assays were performed to validate the theoretical study by
using antibodies from humans (infected by pandemic
HINT1) and rabbits (epitope vaccination). The results show
119 complete sequences that were grouped into 28 protein
sequences according to their identity (one wild-type and 27
representative mutants (1-5 mutations)). The predictors
yielded several epitopes, with the best fit being the one
located in the C-terminal region. Theoretical methods
demonstrated that the selected epitope reached the P4, P6,

M. Quiliano
e-mail: mquiliano@alumni.unav.es

M. Quiliano
Drug R&D Unit, Center for Applied Pharmacobiology Research,
University of Navarra, C/Irunlarrea s/n, 31008 Pamplona, Spain

V. Briz - M. A. Muiioz-Fernandez

Laboratorio de Inmunobiologia Molecular, Hospital General
Universitario Gregorio Maraiién, Networking Research Center
on Bioengineering, Biomaterials and Nanomedicine (CIBER-
BBN), Domicilio: C/Doctor Esquerdo no. 46, Espaiia, 28037
Madrid, Spain

e-mail: veronica.briz@gmail.com

M. A. Muiloz-Fernandez
e-mail: mmunoz.hgugm @salud.madrid.org;
mmunoz.hgugm@gmail.co


http://dx.doi.org/10.1007/s12026-013-8385-z

Immunol Res (2013) 56:44-60

45

P7, and P9 pockets of MHC II, whereas the experimental
evidence indicates that the epitope is recognized by human
antibodies and also by rabbit antibodies immunized with
the peptide.

Keywords Epitope vaccine - Neuraminidase - Prediction
of immunogenic epitopes - Influenza AHINI - Docking -
Molecular dynamics simulations

Introduction

The influenza virus responsible for the influenza epidemic
(HIN1) affecting Mexico in April 2009 was a recombinant of
genes from avian, swine, and human strains. Although the
original host was swine, the virus was able to cross the species
barrier and infect humans, subsequently resulting in human-to-
human spread of the influenza virus [1]. The ability of the
influenza virus to cross species barriers and to mix its genes in
one host is the major reason why new strains emerge [2].

Influenza virus is a single-stranded RNA virus, and the
virus has a high antigenic variability of different types of
genetic events (antigenic shift, antigenic drift, recombi-
nant, and redistribution). The replication strategy of single-
stranded RNA viruses is prone to errors, exhibiting one
error per replication [3, 4]. Under these conditions of
genetic mixing and a rapid mutation rate, there is a great
significant probability that many virulence factors can be
combined, leading to new strains that produce a high
morbidity and mortality in human populations, as demon-
strated by the 2009 pandemic in Mexico [5].

The influenza virus contains two cell surface glycopro-
teins, hemagglutinin (HA), and neuraminidase (NA), which
are keys to host infection. HA binds to the sialic acid
present on the surface receptors of upper respiratory epi-
thelial cells, whereas NA enables new virus copies to
escape from these host epithelial cells. These glycoproteins
cleave the poly-sialic acids, releasing new virions into the
host cells [6]. Although it is known that both proteins play
important roles in the life cycle of the influenza virus [6], in
this contribution, we only explored the NA epitopes
because they are one of the most important protective
antigens of AHIN1. However, at the present time, a similar
study focused on HA is being performed by our research
group, which will be published elsewhere.

The location of HA and NA on the viral capsid renders
the virus susceptible to immune recognition [7]. This
property is the basis for the design of current influenza
vaccines, and anti-influenza drugs work mainly by inter-
fering with the functions of these two proteins [8]. How-
ever, most of the present vaccines currently available are
designed to activate the adaptive immune system by
allowing it to recognize many virus strains, but in some

cases, they do not cross-react with emerging strains. In
addition, there are some influenza virus vaccines that yield
undesirable reactions during their application [9]. Thus, to
avoid undesirable reactions, peptide-based vaccine
approaches have been explored. In addition, an increase in
the immunological response of peptides can be reached by
using a protein known as keyhole limpet hemocyanin
(KLH) as an adjuvant. KLH is a potent immunostimulating
protein with an extensive history of safe and effective use
in vaccine development and immunological research [10].

There are several methods to identify epitopes for vac-
cine design. One method involves the use of computation
tools; however, this method is employed in a limited
fashion [11]. There are computational methods that use
only protein sequences to identify possible epitopes [12]. In
contrast, the docking [13] and molecular dynamics (MD)
methods [14] could be used to determine whether the
protein complexes are maintained after epitopes reach the
major histocompatibility complex (MHC) type II [15].

Therefore, we identified NA epitopes by employing a
combination of methods, beginning with traditional epitope
predictors, and refining the results with docking and MD
studies. In this work, we analyzed the pandemic influenza
virus AHIN1 that affected Mexico in 2009 [16] and iden-
tified highly immunogenic epitopes of NA. Moreover, we
validated these theoretical studies with experimental data,
performing recognition assays with human antibodies (Ab)
from patients infected with the pandemic virus in Mexico.
Finally, we administered epitopes (alone or conjugated with
keyhole limpet hemocyanin (KLH)) to rabbits, and their Ab
were then submitted against the peptide alone or conjugated
with KLH for experimental recognition studies.

Materials and methods
Theoretical procedure
Protein sequence search and multiple sequence analysis

We searched, and submitted for multiple sequence align-
ment, the NA protein sequences found in the pandemic
virus from Mexico (April 2009 to October 2010), which are
indexed in the GenBank database, using STRAP (Struc-
ture-based Sequence Alignment Program) [17] to identify
the NA-mutated and NA-conserved regions.

Homology modeling
The Swiss-Model (http://swissmodel.expasy.org/) server
was used for the homology modeling of the most common

(denoted wild-type) and representative mutants [18-20].
The NA crystal structure of the AHSN1 strain (PDB ID:
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2HTY) was employed as a template. The structures
obtained in this manner (intramembrane domain: 1-82
amino acids and C-terminal domain: 2 amino acids) were
completed using the Modeller (http://www.salilab.org/
modeller/) program [21]. It is important to mention that
during the development of this study and the writing of this
article, the three-dimensional NA structure for the influ-
enza virus responsible for the 2009 AHIN1 pandemic was
published [22]. This new crystal structure is indexed at the
Protein Data Bank (PDB ID: 3NSS). We compared the
modeled three-dimensional structures, wild-type and 3NSS,
and found that they overlap, both sharing the same protein
sequence. Moreover, to validate our models, we used a
docking procedure that our group has utilized in other
reports [23], employing a known ligand (oseltamivir).
Docking studies are widely used for validating three-
dimensional models built elsewhere [24]. Therefore, we
employed docking simulations with oseltamivir on each of
the 28 NA three-dimensional structures. These results
reproduced the binding pose on our wild-type NA, as has
been reported previously [25], but displayed a different
behavior on mutated NA structures.

Prediction of immunogenic epitopes (MHC I1
and B-cell epitopes)

Four programs were used for epitope predictions: the
ProPred (http://www.imtech.res.in/raghava/propred/) and
MHC2Pred (http://www.imtech.res.in/raghava/mhc2pred/
info.html) programs for the MHC Il-epitope predictions,
and the CEP (http://bioinfo.ernet.in/cep.htm) and ElliPro
(http://tools.immuneepitope.org/tools/ElliPro) programs for
the B-cell-epitope predictions. ProPred predictions are
based on locating the promiscuous regions that can bind
HLA-DR alleles [26], including the 47 HLA-DRB1s, which
are the most representative. Furthermore, because in this
study we focused on MHC II, known to bind to peptides
that are 1040 amino acids long with a binding core of
nine amino acids, predictions with MHC2Pred were
made for these core nonamers. Each peptide was represented
as a 20-dimensional vector (SVM) using 12 alleles of its
matrix (10 HLA-DRBI1, 1 HLA-DRBS, and 1 HLADRB4)
[27].

The CEP program, used for B-cell epitope predictions,
possesses an algorithm that employs a structure-based
bioinformatics approach and solvent accessibility of amino
acids in an explicit manner [28]. ElliPro implements three
algorithms that perform the following tasks: (1) approxi-
mation of protein shape as an ellipsoid, (2) calculation
of the residue protrusion index (PI), and (3) clustering
of neighboring residues based on their PI values [12].
To select the best epitope from the protein sequence
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predictions, both the epitope predictor results and the three-
dimensional criteria were taken into account. Furthermore,
we considered the following criteria: (1) the best score
from the predictor (except for predictions by CEP), (2) the
common epitope that was predicted from the four predic-
tors, (3) the protein surface location (considering only the
loops outside the internal protein location and not the
transmembrane domains, beta sheets or alpha helices), (4)
the exposure of an epitope that could easily be reached by
an antibody, and (5) the low rate of mutations exhibited by
the epitope.

Docking the predicted epitope on molecular
histocompatibility complex type Il

Once the best predicted epitope was selected, a docking
study was employed to illustrate the epitope and MHC II
interactions. We selected the HLA-DRB1*0401 (PDB ID:
1D5M) crystal structure of MHC II because some experi-
mental data and computational predictions have demon-
strated that this structure is related to the response of the
influenza AHINI1 virus [29]. Moreover, this HLA-DR
allele is present in the majority of humans [30]. To observe
how our theoretical procedure compared with the experi-
mental data, an epitope co-crystallized with MHC II (PDB
ID: 1D5M) was re-docked using the Autodock 4.0.1 pro-
gram [31], which has been employed in other reports [32].

The search space was restricted to a rectangular box that
included B-folded chains and a-helix chains, targeting the
binding site of the predicted epitope and MHC II. A rect-
angular grid (70 x 100 x 90 A) with points separated by
0.375 A was generated. The docking parameters used were
100 runs, with 100 million energy evaluations for each test,
and a population size of 100 individuals [31]. The peptide
was treated as flexible, allowing it to experience confor-
mational changes on the MHC II-binding site. The docking
results were analyzed using Autodock Tools software
version 1.5.0 [31].

Molecular dynamics simulations

MD simulations were performed using NAMD 2.6 [33]
with the CHARMM?27 force field [34]. First, the system
was embedded in a solvated water box and neutralized with
23 Na* atoms. All water molecules were closer to 3.8 A
than to any atoms of the protein that did not possess
hydrogen atoms. Prior to the MD simulations, the system
underwent an equilibrium process, which started with an
initial minimization, with all backbone atoms fixed.
Afterward, the system (without restrictions) was heated
with short MD simulations (30 steps), which were then
continued under the NTP protocol to reduce anomalous
initial contacts and to fill the empty spaces. A 30-ns-long
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MD simulation was performed under NTV assembly to
execute the structural analyses.

All simulations were performed on a Linux cluster of 19
nodes with 4 cores each. The trajectory data were saved
every 2 ps and subsequently analyzed using the CARMA
program [35]. All snapshots for the epitope-MHC complex
were taken at 1-ns intervals, and they were then visualized
using the visual molecular dynamics (VMD) program [36].
In addition, the CARMA program [35] was used to obtain
root-mean-square deviations (RMSD), the root-mean-
square fluctuations (RMSF), and the radius of gyration
(Rg).

Experimental procedures
Rabbit immunization

Two rabbits were immunized, one with peptide—KLH and
the other with the peptide alone, on three different days. On
day 1 (first immunization), 1 mg of peptide plus complete
Freund’s adjuvant (Sigma Chemical Co.) was administered
through the subcutaneous route. On day 8 (second immu-
nization), 1 mg of peptide plus incomplete Freund’s adju-
vant was administered through the subcutaneous route. On
day 15 (third immunization), 1 mg of peptide in 5 mL of
saline solution was administered through the intramuscular
route. Seven days after the last immunization, the rabbits
were anesthetized with pentobarbital, and serum samples
were obtained from blood extracted by cardiac puncture
and stored at —70 °C.

Biological samples

Blood and saliva were obtained according to previously
reported procedures [37] from healthy individuals who
were living in Mexico City during the peak of the influenza
HINI1 virus pandemic in 2009 [16]. The samples were
divided into aliquots of 500 pL and stored at —70 °C.

Detection of rabbit and human 1gG using
the neuraminidase peptide

Anti-neuraminidase peptide levels were evaluated in serum
samples from the immunized rabbits and from infected and
asymptomatic individuals. The Ab levels in the serum
samples were determined using an indirect enzyme-linked
immunosorbent assay (ELISA). Briefly, 96-well plates
were coated with either peptide-KLH or peptide alone
(2 pg of peptide/mL) in carbonate bicarbonate buffer
(15 mM Na,COs;, 35 mM NaHCOs;, at pH 9.6). The plates

were incubated for 2 h at 37 °C and washed three times
with 0.05 % Tween-20 in PBS (PBST). Blocking was
performed by treating with PBST plus 6 % fat-free milk
and by further washing with PBST. Each sample was tested
in duplicate. Serum samples from immunized rabbits were
diluted 1:1,000, 1:2,000, 1:4,000, 1:8,000, and 1:16,000.
Serum samples from individuals were diluted 1:50 or
1:100. After the plates were incubated overnight at 4 °C
and washed with PBST, 1:1,000, 1:2,000, and 1:4,000
dilutions of goat anti-mouse IgG (Santa Cruz Biotechnol-
ogy) or rabbit anti-human IgG (1:1,000, Santa Cruz Bio-
technology) were added to each well, and the plates
were incubated for 2 h at room temperature. The plates
were washed with PBST, and the enzymatic reactions were
started by adding substrate solution (0.5 mg of o-phenyl-
enediamine/mL plus 0.01 % H,0, in 0.05 M citrate buffer
at pH 5.2). After 15 min, the reactions were stopped with
25 pL of 2.5 M H,SO,, and the absorbance at 492 nm (A
492) was measured using a Multiscan Ascent (Thermo
Labsystems) microplate reader.

Detection of the neuraminidase peptide using
an immunodot assay

Peptide-KLH or peptide alone (10 pg) was impregnated
on nitrocellulose membrane strips for 30 min at room
temperature. Afterward, the strips were washed three times
with PBST and blocked by incubating with PBS containing
10 % nonfat dry milk at pH 7.4 for 1 h. The strips were
then incubated with rabbit serum at a dilution of 1:100
anti-peptide—KLH, or anti-peptide alone with human
serum at a dilution of 1:10 and with undiluted saliva,
followed by washings with PBST. Finally, the strips were
incubated for 1 h with the peroxidase antibodies at a
dilution of 1:1,000. Goat anti-mouse IgG or goat anti-
human IgG antibodies were used for strip incubations with
serum, whereas anti-IgA antibodies were used for strip
incubations with saliva (Santa Cruz Biotechnology). After
the incubation period, the strips were washed with PBST,
and the recognized proteins were revealed with substrate
solution (H,O,, 3.6 mM 4-chloro-1-napthol; Pierce,
Rockford, IL, USA).

Statistical analysis

Kruskal-Wallis (nonparametric) tests were used for com-
paring results from different groups. The significance of
differences between the groups was assessed using a
Mann—Whitney unpaired, two-tailed test. The tests applied
are indicated in the figures. All analyses were performed
using commercial computer programs (Sigma Plot 11,
SPSS Inc).
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Results and discussion
Theoretical results

In October 2010, protein searches yielded 182 sequences,
of which 119 were complete and 63 were incomplete
(supplementary material). The complete sequences were
identified using multiple sequence analysis, as previously
described [38, 39]. To assure a detailed structure, only
complete protein sequences were considered.

Beginning with the NA sequences retrieved from the
GenBank database, multiple sequence alignments showed
28 NA groups, including 27 NA mutants and one wild-type
NA. The NA mutants had between 1 and 5 mutations
(Table 1 and supplementary material), most of which were
point mutations. Only two protein sequences were dele-
tions. Interestingly, the last 20 amino acid residues in the
C-terminal domain were conserved (Fig. 1; Table 1).

Only 3 NA sequences had the H274Y mutation, which is
associated with oseltamivir resistance [25]. Although the
H274Y mutation is located outside the catalytic site, it
increases the hindrance effect of Glu274, thus repelling the
hydrophobic moiety of oseltamivir [25, 40]. Although NA
mutations at catalytic sites are rarely reported [41], our
results demonstrate an increase in mutations at catalytic
sites, which is in agreement with other studies [42]. Fur-
thermore, there are recent reports on D198N, S248N, and

Fig. 1 Frequency of the 28

K261R mutations, which confer resistance to oseltamivir,
and Y155H and S246N mutations, which present resistance
to oseltamivir and zanamivir [42]. The C-terminal region
obtained from multiple sequence analysis is an optimal
region to search for immunogenic epitopes because these
sequences have been reported as highly conserved not only
in HSN1 NA but also among the NAs of the influenza A
subtypes HIN1, H3NI1, H4NI1, H6NI, H7NI, HONI,
HI10N1, H11N1, and H12N1 [43].

After selecting the NAs and grouping them based on NA
mutations, we used theoretical predictions to search for
MHC II and B-cell epitopes (see the “Materials and
methods” section). These epitope predictors were selected
because they have been widely used to identify antigens
(Ag) that create humoral responses for vaccination pur-
poses [44] and are commonly used in the field of immu-
nology for vaccine design [45]. These predictors have been
shown to decrease the costs of vaccine development and to
avoid the unwanted responses that occur with vaccines
derived from attenuated pathogens, whether alive or dead
[46].

As previously mentioned, both the epitope predictor
results and the three-dimensional criteria were taken into
account for the purpose of identifying epitopes. After all the
three-dimensional NA structures considered were built and
validated, several epitopes were identified in different NA
regions (Fig. 2), which were then submitted to the five
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Fig. 2 Three-dimensional
structures of the immunogenic
peptides used by representative
NA reported in Mexico during
the pandemic virus (homology
modeling). In a, b, d, and e, the
tertiary structures of predicted
peptides are shown: a Peptide
103-117 is in a-helix; b Peptide
114-122 is in B-fold; ¢ The
predicted epitope by the five
criteria used, selected in
conjunction with 3-D analysis;
d The peptide 152160 is in
B-fold; e The peptide 136-156
is in B-fold

1 14-122 residues

i

\._ -}‘ ¥ - -
{4
448-469 residues (z[o(\ A~
Epitope selected el ‘i
— "Uf\ -
152-160 residues 136-156 residues
Table 2 Prediction results for
the peptide-MHC II complex ProPred MCH2Pred
from ProPred and MCH2Pred Number of residues  Sequences Score  Number of residues  Sequences Score
servers
) 105 VRIGSKGDV 49 - - -
Peptides conserved and located 1, FVIREPFIS 62 113 VEVIREPFI 0.584
on the protein surface are
indicated. Both servers 131 FFLTQGALL 60 130 TFFLTQGAL 1389
predicted the selected peptide 154 YRTLMSCPI 4.6 151 RSPYRTLMS 0.768
that ranges from 447 to 455 447 VNSDTVGWS 5.3 447 VNSDTVGWS  0.749

amino acids

structural epitope criteria previously described. For each
structural criterion, epitopes with the best scores were
selected with the aim of selecting the most antigenic agents.

The three-dimensional structure criteria allowed us to
discard epitopes located in intra-protein and transmem-
brane domains because antibody interactions with these
protein surfaces are difficult. The epitopes located in alpha
helix and beta folded regions were also discarded because
these regions are difficult to fit with antibodies. Ab with
loops or terminal tails do not have difficulty reaching these
regions if they are stable [47, 48]. Finally, the multiple
alignment studies allowed us to discard NA regions with
high substitution rates because it is known that such
regions, which have antigenic properties [49], prevent
contact between the Ab and the virus [50]. Among all the
NA epitopes identified by the predictors (Table 2), the
predicted epitope was the only one that fit all the criteria
used. The other epitopes were discarded because they were

located on the alpha or beta secondary structures of the
NA.

The predicted epitope that was selected contains 22
amino acid residues (448VNSDTVGWSWPDGAELPF-
TIDK469) and is located at the C-terminal region (Fig. 2c).
It has a core of nine amino acid residues, as predicted by
the epitope-MHC II predictors, which are the residues
considered for epitope—B-cell predictors (Table 2). Previ-
ous multiple alignment studies indicate that the predicted
epitope is located in a highly conserved C-terminal domain
of NA [43], in agreement with our results. Our analysis
showed that the predicted epitope is located in an exposed
region of the NA and therefore has surface accessibility (as
indicated by the CEP predictor, Fig. 2c). By using three-
dimensional structures, it is possible to identify whether
epitopes are in a loop or tail to identify which epitopes
have sufficient mobility to reach the MHC II [51] or an Ab
for recognition [52]. The selected epitope has the
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Table 3 Predictions for the peptide-B cell complex from CEP and ElliPro servers

CEP ElliPro

Number of residues Sequences Number of residues Sequences

107-113 RIgSKGD 103-117 DNSVRIGSKGDVFVI

142-155 DKHsNGtIKDRSPY 136-156 QGALLNDKHSNGTIKDRSPYR
449-469 NSDTVGWSwPdGaEIPfTIDK 448-469 VNSDTVGWSWPDGAEIPFTIDK

Peptides conserved and located on the protein surface are indicated. Both servers predicted the selected peptide that ranges from 449 to 469

amino acids

advantage of being highly conserved, which enables a
cross-immune response [43]; moreover, it contains three
aromatic residues and a heterogeneous structure that con-
fers immunological properties [53]. The selected peptide
also contains a high percentage of hydrophobic residues
(43 % hydrophobic, 17 % acidic, 4.35 % basic, and 34 %
neutral residues), which have been implicated in immu-
nogenic properties [54]. Additionally, the selected epitope
is not likely to induce an autoimmune response in humans,
evidenced by the fact that a low identity was found
between this predicted epitope sequence and human protein
sequences when using a Basic Local Alignment Search
(BLASTP; http://blast.ncbi.nlm.nih.gov/; Table 3).

With docking simulations, we produced an epitope—
MHC II complex and identified several important interac-
tions that suggest a stable MHC II-epitope complex [55].
The docking studies demonstrate that the predicted epitope
that was selected reaches MHC II (Fig. 3) through its
reported pockets (P), which are characterized by accepting
key amino acid residues that stabilize the complex [56]. It
is important to mention that the docking procedures do not
consider several biological conditions, which are taken into
account in MD simulations [57]. Therefore, the epitope—
MHC 1II complex obtained by docking simulations was
refined by MD simulations, as has been performed in
previous analyses [58].

To examine the contacts between the predicted epitope
and MHC II by MD simulations, we analyzed structural
protein movements, depicted in the RMSD values, to
evaluate when the system reaches convergence. This
analysis indicated that the NA indeed reached convergence
at 3 ns and remained stable during the remainder of the
MD simulations (Fig. 4a). In other reports using theoretical
procedures, experimental procedures, and protein dimers,
convergence was reached in a shorter period of time (first
ns) [59], confirming the time of 3 ns found in the present
study, and the Rg and the RMSD displayed the same
behavior during the MD simulations (Fig. 4a, b). The
RMSF values that were retrieved from the MD simulations
indicate the behavior of the backbone residues and dem-
onstrate the stability of the proteins (Fig. 4c, e, f) [60]. The
RMSF values, in relation to either the predicted epitope or
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Fig. 3 a The docking models of the peptide-MHC II complex with
stabilized pockets are depicted in the cartoons. b Surfaces of MHC 11
that make contact with the peptide are illustrated. The pockets
reached by the peptide are circled in red (Color figure online)

MHC II, demonstrated a greater motion in zones that do
not have contact, whereas there were fewer fluctuations at
the contact surfaces. All these indicators suggest that the
epitope-MHC 1I interactions are stable (Fig. 4c, e, f),
corroborating the docking studies. Before performing the
docking of the target epitope and MHC, a docking study
was conducted using the co-crystallized form of 1D5M,
displaying a free energy of —7.27 kcal/mol and an RMSD
of 3.86 A (data not shown).

Due to the chemical contacts between the pockets of the
MHC II and the predicted epitope, the formation of a stable
epitope-MHC II complex is a necessary step to induce a
specific immune response because this complex enables Ag
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Fig. 4 a Root-mean-square deviations (RMSD) of the peptide-MHC
II complex during MD simulations (30 ns); b Radius of gyration (Rg)
of the epitope-MHC II complex during MD simulations (30 ns); c, e,
and f Root-mean-square fluctuations (RMSF) of the epitope residues
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¢ Epitope residues are labeled with red arrows (Leu463, Gly460,
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presentation to T-cell receptors [61, 62]. Several snapshots
were retrieved to identify the binding pose of the predicted
epitope on MHC 1I, indicating that the predicted epitope
reaches the P4, P6, P7, and P9 pockets (Fig. 5). The MHC
II pockets (P1-11) are very important for epitope recogni-
tion [56], particularly the P1 pocket [55]. Several authors
have reported that binding at P1 plays a very important role
in the stabilization of the epitope-MHC II complex after
the epitope is reached by Trp, Tyr, Phe, Leu, and Ile [63].
Nevertheless, the docking and MD simulations from our
study do not indicate that the predicted epitope reaches P1
(Fig. 5) but rather that other MHC II pockets are, in fact,
more important [58, 64].

The docking and MD simulations indicate that Leu463
of the predicted epitope interacts with the P4 pocket,
mediated by a hydrogen bond with BGIn70 and by Van der
Waals forces with BTyr78 (Fig. 5a). In addition, Trp457 of
the predicted epitope reaches the P7 pocket through n—n
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BTyr78). f For the o chain of MHC I, dark purple arrows mark
residues of P6 (aAsn62), and light purple arrows mark residues of P9
(atArg76, alle72) (Color figure online)

interactions with BTrp61 (Fig. 5d), which is consistent with
the literature [56].

The P6 and P9 pockets are other important recognition
sites within MHC II. It is well known that the interactions
of certain residues in P6 modify the conformation of P9.
For example, the binding of positively charged residues at
P6 can reduce the P9 cavity, limiting the ability of this
pocket to interact with residues that have hydrophobic side
chains. In contrast, the binding of negatively charged res-
idues at P6 enlarges the P9 cavity, enabling this pocket to
accept residues with larger side chains [64].

Gly460 was identified in our study as the residue closest
to P6 (Fig. 5b). This residue creates a negative environ-
ment and generates a conformational change in P9, which
allows P9 to accept residues with larger side chains, such as
Thr452 and Val453 (Fig. Sc, e). The interaction of the
Gly460 backbone with the aAsn62 carbonyl backbone of
P6 is mediated through hydrogen bonds (Fig. 5b). There
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Fig. 5 Illustration of the interactions between residues of pockets of
MHC 1I and residues of the peptide (transparent 3-D cartoon).
a Interactions at P4 are illustrated; the opaque color marks residues
(BTyr78 and BGIn70) that interact with Leu463 of the peptide; b The
residues at P6 (0Asn62) that interact with Gly460 of the peptide are
depicted in the opaque colors; ¢ The residues at P9 (aArg76 and

are other interactions between the predicted epitope and
MHC 1I that are also mediated through hydrogen bonds,
such as those between Thr452 of the epitope and aArg76
and BAsp57 of P9. Finally, another important interaction
exists between alle72 of P9 and Val453 of the epitope
through hydrophobic contacts (Fig. Se).

RMSF can be used to show the motion of the backbone
alpha carbon of residues during the MD simulations. This
motion is important because there is evidence to indicate
that lower motions depict epitope-MHC II complex

@ Springer

BAsp57) that interact with Thr452 of the peptide (opaque) are
marked; d Interactions at P7 are illustrated; the residues (opaque)
mark contacts between BTrp61 and Trp457 of the peptide; e The
interaction between P9 (alle72) and Val453 of the peptide is marked

(opaque)

stability. In general, the RMSF values found in our study
suggest that the interactions with the MHC II pockets are
stable in comparison with those residues that are not
making interactions, the latter of which reached RMSF
values close to 7 A. For example, the RMSF values for the
epitope residues that interacted with the MCH II pockets
(P4, P6, P7, and P9) were as follows: Leu463, 2 10\;
Gly460, 3 A; Trp457, 4 A; and Thr453, 2 A. The RMSF
values of aArg76, olle72, PGIn70, PAla74, PTyr78,
BTrp61, and BAspS57 were the lowest (1-2 A). In contrast,
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the RMSF values (Fig. 4c, e, f) indicate that residue
aAsn62 of MHC II shows the highest degree of motion
(3.8 A) because this residue interacts with Gly460 of the
peptide, the latter of which is a residue without a side
chain; that is, P6 was empty and its constituent residues
were moving to interact with Gly460 of the peptide. It is
also important to mention that aAsn62 is located in a short
a-helix between two very flexible loops (4.2 and 5.4 A;
Fig. 4f).
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Fig. 6 Detection of rabbit IgG Ab to the neuraminidase peptide by
ELISA. Serial dilutions of sera from rabbits inoculated with
unconjugated peptide or the peptide conjugated to KLH were added
to microplates previously coated with peptide-KLH (a), peptide alone
(b), or a peptide of hemagglutinin (c). Serum from rabbit immunized
with Naegleria lovaniensis, a peptide unrelated to the pandemic
influenza strain, was used as the control. Bars represent the mean
absorbance values + standard deviations (SD) for Ab levels from
each experimental group. The IgG Ab to the neuraminidase peptide
was detected with a secondary Ab specific for rabbit IgG. Results are
expressed as the mean absorbance + SD. The serum from rabbit
immunized with peptide-KLH showed the highest titer (1:16,000),
whereas the serum anti-peptide had a lower titer (1:2,000)

With the results obtained from the docking and MD
simulations, it can be suggested that MHC II is able to
recognize the epitope selected in this study and that this
epitope-MHC II complex is stable over the entire MD
simulation. This stability is essential for the creation of an
antigen-specific immune response [56, 61, 65].

Experimental results

Enzymatic immunoassays were performed to confirm that
the selected peptide is immunogenic and antigenic. First,
the peptide’s immunogenicity and antigenicity were ana-
lyzed using immunizing rabbits with the peptide alone or
with the peptide conjugated to KLH in complete Freund’s
adjuvant (CFA) and then by quantifying the antibodies by
ELISA. In the ELISA assay, the plates were coated with
either the peptide coupled to KLH (peptide—KLH) or the
unconjugated peptide.

As expected, the IgG Ab in the rabbit serum was able to
recognize the peptide or peptide conjugate (in the animal
immunized with the peptide alone, Fig. 6, panel B, and in
the animal immunized with the peptide plus KLH, Fig. 6,
panel A, respectively). However, the titers of IgG Ab to the
peptide were significantly higher in the serum of the rabbit
immunized with the peptide conjugate (peptide-KLH).
Thus, the serum anti-peptide-KLH contained IgG anti-
bodies that disappeared at a dilution of 1/16,000, whereas
in the serum anti-peptide alone, the IgG antibodies disap-
peared at a dilution slightly higher than 1/2,000.

A o pep-KLH o pep
pep-KLH pep pep-KLH pep

B Serum (IgG) Saliva (IgA)
pep-KLH pep pep-KLH pep

Fig. 7 Immunodot blot assay for the detection of the rabbit and
human Ab to the neuraminidase peptide. a The rabbit antiserum (IgG
Ab) to the peptide conjugated to KLH (o pep-KLH) recognized the
conjugated (pep-KLH) and non-conjugated peptide (pep). The rabbit
antiserum to the non-conjugated peptide (o pep) recognized the
conjugated but not to the non-conjugated peptide. b IgG antibodies in
human serum and IgA Ab in saliva recognized the conjugated (pep-
KLH) but not to the non-conjugated peptide
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The peptide alone induced IgG Ab in the absence of a
carrier molecule, the latter of which is essential to induce a
humoral immune response to small peptides. In other
words, the peptide is highly immunogenic. In addition, the
serum from the immunized rabbits did not recognize pep-
tides from the B chain of the hemagglutinin peptide (data
not shown), indicating that the Ab to the NA peptide were
specific.

The immunogenicity and antigenicity of the peptide
were also confirmed using an immunodot blot assay
(Fig. 7). The IgG Ab of the rabbit immunized with the
peptide plus KLH recognized the conjugated and uncon-
jugated peptides. However, the IgG Ab of the rabbit
immunized with the unconjugated peptide recognized only
the peptide and not the conjugate (Fig. 7a). These results
demonstrate that the peptide alone or coupled to a carrier is
highly immunogenic. Notably, the peptide alone was also
immunogenic and antigenic, despite being a small peptide
(22 amino acid residues) weighing approximately 2,100
Daltons.

Finally, to determine that the peptide was antigenic in
humans, the binding of human Ab (IgG and IgA) to the
peptide was analyzed by ELISA and immunodot blot assay.
Using ELISA, the unconjugated peptide and conjugated
peptide were recognized by the IgG Ab in the sera of
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]
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Dilution of sera

Fig. 8 Detection of human IgG Ab to the neuraminidase peptide by
ELISA. Microplates were coated with peptide—-KLH (panel A) or
unconjugated peptide (panel B), and two dilutions (1/50 and 1/100) of
sera from asymptomatic individuals were added and incubated at 4° C
for 18 h. The IgG Ab to the neuraminidase peptide was detected with
a secondary Ab specific for human IgG. Results are presented as box
and whisker plots. The boxes define the 25th and 75th percentiles with
a line at the median, with error bars defining the 10th and 90th
percentiles and circles representing individual outliers. IgG Ab in
human serum recognized both the unconjugated peptide and the
conjugated peptide (peptide-KLH). The levels were significantly
higher with the conjugated peptide (P > 0.001, Mann—Whitney rank
sum test)
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subjects who were living in Mexico City during the peak of
the HIN1 pandemic in 2009 (Fig. 8). The IgG Ab in serum
and IgA Ab in saliva also recognized the conjugated pep-
tide, but not the unconjugated peptide, by immunodot blot
(Fig. 7b). These results demonstrate that clinical or sub-
clinical infections with the influenza virus induced IgG and
IgA Ab to the peptide. Thus, the peptide is also immuno-
genic and antigenic in humans.

This peptide is a good immunogen because it induced an
antibody response in rabbits. This immunogenicity could
be based on several properties, such as molecular size,
rigidity, chemical complexity, interaction with B-cell
receptors, interaction with MHC, and activation of helper T
cells [66]. Additionally, the peptide proved to be an Ag that
is recognized by the IgG Ab from immunized rabbits and
infected individuals, as has been reported for other peptides
[61, 67-69]. However, to serve as an Ag, a substance
typically must have a relative molecular mass of at least
4,000 Daltons, and the peptide under study is ~2,000
Daltons (21 amino acid residues). Interestingly, this pep-
tide is one of the few substances with a low molecular
weight (below 2,000) to have antigenic properties [70].
This peptide likely has a stable conformation or a rigid
structure because its antigenic determinant (or epitope)
requires it to have a consistent shape with a charge pattern
that is recognized by a specific combined structure (e.g., an
antibody or B-cell receptor) [71].

The immunogenicity of the peptide indicates that it must
be relatively stable in solution. Although peptides are
intrinsically disordered and, therefore, less stable than the
full protein, the peptide under study is capable of adopting
a conformational structure recognizable by combined Ab
sites on B cells. It is also possible that the peptide is
capable of adopting stable structures that mimic those
found on the native protein. This idea is supported by MD
simulations on the peptide, which demonstrated that the
peptide maintains its secondary structure and has a low
degree of motion, retaining some of the stability present in
the native protein. Thus, for use in a vaccine, the peptide
has significant advantages because its low structural
movement allows antibodies to reach the peptide. Inter-
estingly, this peptide possesses the complex chemical
properties required to be immunogenic: it is composed of
43 % hydrophobic, 17 % acidic, 4 % basic, and 34 %
neutral residues, resulting in a total of 14 % aromatic and
86 % nonaromatic residues.

It is also possible that the peptide’s immunogenicity is
related to its amino acid composition, its diversity of amino
acids, and its ratio of aromatic to nonaromatic amino acids
(14/86 %). Although the peptide contains few aromatic
residues, one (Trp457) reaches P7 of MHC through n—mn
interactions with BTrp61 (Fig. 5d). However, the docking
and MD simulations show that the peptide reaches other
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important pockets (4 and 9), which could account for its
capacity to induce an immunological response.

Another important property for an immunogenic epitope
is its location in the native protein. The epitope is located
on the NA surface, providing accessibility for the Ab.
According to 3D models, the predicted epitope is located at
C-terminal domain and has an undefined secondary struc-
ture, which indicates that it is a loop located in the pro-
truding region. The peptide possesses the important
immunogenic properties of accessibility and protrusion.

Current research suggests that virtually any region on
the exposed surface of a folded protein has the potential to
serve as a B-cell epitope. Because polar residues are situ-
ated on the surface much more frequently than nonpolar
residues, the regions of highest average polarity within a
polypeptide sequence have the highest likelihood of being
targets for Ab binding. The target peptide has 5 residues (3
Asp, 1 Glu, and 1 Lys) that have charges at pH 7.4 and can
form electrostatic interactions and 7 residues that possess a
polar group and can form hydrogen bonds. Thus, because
of its hydrogen bonds, the peptide has enough side chain
residues to maintain its stability and exposure properties in
a hydrophobic environment.

According to peptide predictors and molecular modeling
studies, the peptide is likely a continuous epitope that can
function as a conformational epitope, which can then bind
to rabbit Ab. Experimental data confirm that it is a linear
epitope recognized by T-cell receptors. It is assumed that
the only epitopes that are readily mimicked by synthetic
peptides are continuous epitopes, corresponding to a
sequence of 6-10 residues in a protein Ag [72]. The fact
that sera from infected individuals (immunized with the
native protein) also recognized the peptide indicates that it
is a continuous B-cell epitope. The Ab induced by native
proteins generally do not cross-react well with discontin-
uous native epitopes unless they recognize a continuous or
sequential epitope on the native protein [73, 74]. Therefore,
the current results strongly suggest that the epitope is
sequential and located on the surface of the neuraminidase,
which is in agreement with the theoretical data (Fig. 2).

The theoretical studies provide evidence that the peptide
contains T-cell (MHC II) and B-cell epitopes. It is likely that
the peptide possesses two epitopes: (1) a B-cell epitope
(linear or continuous) that could correspond to the
SWPDGAELPFTIDK segment and (2) a T-cell epitope
(linear) that could correspond to the GNSDTVGW segment
[75, 76]. It is possible that T cells and B cells have different
specificities for the same epitope or that they have a speci-
ficity for distinct epitopes. There are examples in which T
cells and Ab appear to have the same or very closely over-
lapping sites on a protein; however, specificity analyses
indicate that the Ab and T-cell specificities are not identical.
In the event of the existence of only one epitope, the B-cell

receptor could protect the epitope from proteolytic enzymes
(selective processing). Therefore, the epitope could be pre-
sented in association with the MHC protein on the surface of
B cells to T cells [74]. The B-cell surface immunoglobulins
take up the specific Ag with high affinity, internalize them by
receptor-mediated endocytosis, and process them like any
other Ag. Such protection from the proteolysis of Ag epi-
topes by bound Ab can be demonstrated in vitro [77].

Docking and MD simulations suggest that MHC Il is able
to recognize the epitope. The epitope-MHC II complex is
stable over time, and this epitope could be recognized by
helper T cells that control the switching to the IgG isotope.
Moreover, there is indirect evidence that the peptide binds to
MHC in vivo. When rabbits were immunized with the
neuraminidase peptide, they produced specific antibodies of
the IgG isotype. However, individuals naturally infected
with the 2009 pandemic influenza A HIN1 virus produced
antibodies of both the IgG (serum) and IgA isotypes (saliva).
The production of IgG and IgA antibodies requires activated
helper T cells that recognize the antigen (epitope T) in
association with the MHC II protein on the surface of an
antigen-presenting cell, such as B cells or dendritic cells. The
production of IgG and IgA in response to the neuraminidase
peptide indicates that helper T cells were activated by the
peptide associated with the MHC II molecules.

Our results suggest that the immunological properties of
the peptide could be used to develop a peptide-based
vaccine. This excellent immunogen elicits specific cellular
and humoral immunities, is located in a conserved region,
and may induce antibodies that are cross-reactive to other
influenza subtypes. However, further studies are needed to
explore whether antibodies induced by the peptide can
neutralize the infectivity of the virus and protect the host
against infection. Thus, polyclonal or monoclonal anti-
bodies to the peptide could be used in the diagnosis of
infection by the influenza virus.

Conclusion

The current study demonstrates that in silico experiments
are effective tools for the rational design of epitope vac-
cines for controlling the influenza A HIN1 virus. These
experiments reduce the experimental evaluation necessary
because only immunogenic epitopes are selected. Thus, the
time and money invested in the design and development of
epitope vaccines can be significantly reduced. Interest-
ingly, our study indicates that the selected peptide is
immunogenic and antigenic, inducing strong systemic
(IgG) and mucosal (IgA) immune responses. Therefore, it
should be a good candidate for the development of a
peptide-based vaccine.
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