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Computational identification of potential epitopes with an immunogenic capacity challenges immunological re-
search. Several methods show considerable success, and together with experimental studies, the efficiency of the al-
gorithms to identify potential peptides with biological activity has improved. Herein, an epitope was designed by
combining bioinformatics, docking, and molecular dynamics simulations. The hemagglutinin protein of the H1N1 in-
fluenza pandemic strain served as a template, owing to the interest of obtaining a scheme of immunization. After-
ward, we performed enzyme-linked immunosorbent assay (ELISA) using the epitope to analyze if any antibodies in
human sera before and after the influenza outbreak in 2009 recognize this peptide. Also, a plaque reduction neutral-
ization test induced by virus-neutralizing antibodies and the IgG determination showed the biological activity of this
computationally designed peptide. The results of the ELISAs demonstrated that the serum of both prepandemic and
pandemic recognized the epitope. Moreover, the plaque reduction neutralization test evidenced the capacity of the
designed peptide to neutralize influenza virus in Madin-Darby canine cells. Copyright © 2015 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION

The study of viral infectious diseases is of interest in the public
health of any community. Molecular basis and new technologies
are investigated and developed to improve the diagnostic and
treatment of these pathologies, requiring a considerable finan-
cial resource to reach results [1]. Influenza virus has been consid-
ered as the primary cause of severe flu, which is 15% of all cases
worldwide [2]. High mortality rates produced by antigenic varia-
tion make the control of this illness difficult [3]. Influenza, trans-
mitted by a negative single-stranded virus, presents antigenic
drift and antigenic shift, resulting in epidemics and pandemics
[4]. Currently, vaccine development for influenza is related to
the search for a method or a group of methods to discover a uni-
versal epitope that allows a more comprehensive immunization
[5,6]. Many epitopes and sequences of distinct influenza virus
strains have been reported, and various arise from the viral sur-
face proteins [7–9]. These proteins are the best source of epitope
data because they are localized in the most external part of a vi-
ral particle, participating in the process of viral adhesion into the
host cell [10]. The influenza virus has four surface proteins. Two
of them, M1 and M2, are in the inner part of the particle and in-
clude the most conserved sequences of amino acids [11,12]. The
others, hemagglutinin (HA) and neuraminidase (NA), exhibit the
highest antigenic variation of all influenza proteins and confer
antigenic exposure to the immune cells of the host during the
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entrance of the virus [13–15]. Mainly, HA exhibits four antigenic
sites known as Ca, Cb, Sa, and Sb (Figure 1A and B) [16–18].

Some theoretical and experimental methods identify epitopes
that can be the initial candidates for peptide vaccine design or
new targets for molecular diagnosis [19–21]. Computational
tools used for the prediction of epitopes include theoretical un-
derstanding of molecular interactions [22,23]. Bioinformatics re-
search has developed mainly two strategies to predict
epitopes: structural-based [24,25] and sequence-based predic-
tors [26–28]. In the former, the search is focused on three-
dimensional (3D) structure information [29,30], whereas the sec-
ond strategy uses sequences related to immunogenicity. Both
strategies depend on the content of databases with theoretical
and experimental information where individual epitopes or se-
quences have been described as antigenic or immunogenic.
Some tools also use the information of epitopes capable of being
recognized by the major histocompatibility complex (MHC) class
II. However, this addition to these methods of prediction remains
an open problem because of the difficulty to predict T-cell re-
sponses [31,32]. Also, a problem lies in the epitopes mimicked
by synthetic peptides because a sequence size of 6–10 residues
is needed for antigen reactivity; nevertheless, they have been
studied extensively in animal models with various results [33,34].

Usually, promising results have the potential to not only de-
crease costs but also avoid unwanted responses that occur with
vaccines derived from attenuated live or killed pathogens
[35,36]. In this work, we identify an epitope of the H1N1 human
influenza strain through combining bioinformatic tools such as
structural and sequential epitope predictors. Furthermore,
docking and molecular dynamics (MD) simulations were used
to analyze the interaction between the epitope and the MHC II
molecule [37,38]. These bioinformatic simulations suggest how

the peptide interacts with the pockets of the recognition groove
of the MHC molecule and give information that could be useful
for rational vaccine design. As a case for studying, we predicted
a highly immunogenic continuous epitope of HA of the influenza
strain AH1N1 2009 [39–41]. Additionally, as an experimental
counterpart, a plaque reduction neutralization test (PRNT) in-
duced by virus-neutralizing antibodies was performed to evalu-
ate the peptide functionality.

Results

3D model selection of the HA of the human influenza H1N1

In early 2009, Di and coworkers reported a homology model of
the HA H1N1 influenza strain and predicted some epitopes by
SEPPA (Shanghai, China) program [25]. Later, in 2010, Xu and co-
workers reported the crystallographic coordinates of influenza
HA trimer with a Protein Data Bank (PDB) code 3LZG [42].
Although both 3D models show high similarity, in this work,
we used 3LZG and its corresponding protein sequence.

Prediction of the epitope

Two epitope prediction methods were used, that is, sequence-
based and structure-based predictors. Structural predictors, ac-
cording to their strategy, localize more exposed sequences of
amino acids and discard epitopes in hidden domains. Likewise,
epitopes located in α-helix and β-folded regions were discarded
because, despite these regions having less mobility, they could
be difficult to recognize by the MHC and usually are hidden in-
side the protein. In contrast, loops or tails are more recognizable
and become accommodated in the corresponding pockets by
the MHC molecule because of their flexibility. Furthermore, these

Figure 1. Antigenic sites of HA and scores obtained from computational epitope predictors. (A) Three-dimensional representation of the HA trimer by
Xu and coworkers. The antigenic sites of the HA highlighted in colors Sa, Sb, Ca, and Cb. The localization of the epitope predicted by PEPOP and its core
are highlighted in green and red, respectively. (B) Superior view of the globular head of the HA trimer. (C) Rankings or scores of the sequence predicted
according to the scale in the context of each software predictor.
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structures were considered for the structural modeling of the im-
munogenic peptide [43,44]. The first system of prediction used
was that implemented in the PEPOP server, and its results were
compared with the other predictors (Figure 1C). PEPOP played
the role of the initial reference because of its several features
(length, amino acids, beta-turns, and hydrophobicity) that filter
and refine the epitope search for the best structural prediction.
In this initial approach, three more conditions were required:
high score for MHC II recognition, presence of the epitope in a
conserved region, and at the same time belonging to a structur-
ally exposed domain. Therefore, we submitted into the PEPOP
server two main chains, those corresponding to the HA trimer re-
trieved from 3LZG. A 20-residue-length epitope was requested
to obtain a domain that could be recognized or processed by
the immune system, in particular, by the MHC II [45–47]. Several
amino acid sequences were predicted; however, owing to the
absence of scientific reports and to our knowledge about these
sequences, the epitope sequence KKFKPEIAIRPKVRDQEGRM
(211–230 of chain A) was selected. The interest for this epitope
is also due to it being located in the globular head of the HA. This
surface portion is near a Ca2 antigenic site and includes the re-
ceptor binding region (Figure 1A and B) [48]. Also, it is known
that residue 225 affects the receptor binding specificity of avian
and human H1N1 viruses [49]. The epitope prediction presents a
core of 10 amino acids (EIAIRPKVRD); according to the score of
the PEPOP software, these represent the highest content of
immunogenicity. When we compared the result of PEPOP
with the other predictors, this sub-sequence (core) was also
preferred by the epitope–MHC II and epitope–B cell predictors
(Figure 1C).
A characterization of the predicted peptide was performed by

the Peptide Property Calculator program (www.genscript.com/
ssl-bin/site2/peptide_calculation.cgi), showing that its sequence
has 40% hydrophobicity, 50% hydrophilicity, 15% acidic compo-
sition, and 35% basic composition. These proportions are essen-
tial for the peptide because they are related to immunogenicity
[50,51]. The corresponding sequence of the epitope was submit-
ted to a Protein–Protein Basic Local Alignment Search and
Position-specific Iterated Basic Local Alignment Search (http://
blast.ncbi.nlm.nih.gov/), resulting in it having a complete identity
(100%) with a human protein related to a methyl-CpG-binding
group (UNIPROT code: Q8WWY6) [52]. This protein is localized
to the nucleus and restricted to the round spermatids in the
postmeiotic stages of the male germ cell development. The
score for identity was 100% only in the residues KVRDQEGR,
and in the rest of the BLAST, alignments showed less than 90%
of identity because of gaps. It is worthy to mention that the pre-
dicted epitope might not induce an autoimmune response be-
cause the methyl-CpG-binding trait is confined to the nucleus.

Docking and MD simulations of the peptide with the MHC class II

Three-dimensional models of the peptides and MHC II were used
to describe the interactions between them by docking studies
with AutoDock 4.0.1 (focused) and blind docking with CLUSPRO
program [53,54]. The CLUSPRO program depicts free energy of
the molecular interaction between the peptides and MHC II as
the best free energy values (data not shown). The results demon-
strate that the epitope predicted by PEPOP can be bonded by
the MHC II recognition groove, with blind or restricted docking.
A characteristic of docking is that the target, in this case MHC
II, neglects the flexibility and the explicit solvent effects [55].

Therefore, from a complex obtained by AutoDock, MD simula-
tions for 100 ns were performed to refine the epitope–MHC II
complex with GROMACS [56–59]. To describe the epitope–MHC
II interactions, we focused on the epitope recognition by the
well-known MHC II pockets (P1, P4, P6, P7, and P9) located inside
the recognition groove (Figure 2A). These regions participate in
the formation of the epitope–MHC II complex necessary for the
antigen presentation, and MD simulations provided evidence
that the epitope reaches all MHC pockets [46,47]. The last struc-
ture reached by the MD simulations shows some changes in all
the pockets, especially in P1 and P4. Also, during the simulations,
Lys1 approaches the P1 (Gly86 in chain B) rapidly, although it in-
teracts with residues nearby the P4 (Cys79 and Arg80 in chain B).
Lys2, with less mobility, also interacts with P4; in particular, shar-
ing with the Lys1 an interaction with the Cys79 (data not shown).
Phe3 plays an interesting role because, during MD simulation, it
interacts with residue of both chains Ile8 (chain A) and His13
(chain B, P4), suggesting that hydrophobic and polar amino acids
play a significant role in antigen processing. Also, the interaction
formed by Tyr78 (chain B, P4) and Arg10 was evidenced as stabi-
lizing. Regarding P6 and P7, the Val65 (chain A) and Leu67 (chain
B) were nearby Glu6 and Arg19, respectively (Figure 2).

To examine the epitope–MHC II complex interactions during
the MD simulations, we analyzed the root mean square deviation
(RMSD) and root mean square fluctuation (RMSF) values
(Figure 3). The RMSD analysis showed that the model reaches
convergence approximately at 20 ns and remains stable during
the rest of the MD simulation (100 ns) (Figure 3A) [60–62]. Also,
the RMSF values were retrieved from the three chains of the
complex (chain A spanning from 4 to 181, B from 2 to 190, both
of the MHC II, and C corresponding to 20 of the peptides)
(Figure 3B and C). The MHC II was analyzed in each chain; chain
A shows many long movements in a region, spanning from res-
idues 30 to 60, that involves the pocket 1 and the initial part of
the pocket 6. The RMSF values studied from chain B have first
pick; this phenomenon was due to the flexibility of the amino
acids in the amino-terminal region (residues 2, 3, and 4). Other
regions present a local maximum because of the lack of some
amino acids in the chain; this gap spans from residues 105 to
113 of chain B. The chain B residues that were involved in long
movements were from the region near pockets 1, 7, and 9
(Figure 2B). The RMSF values show that the Phe3 of the peptide
is the only amino acid that has limited movements compared
with the rest of the peptide. The limited changes are due to
the interaction of P1 and especially P4 with the His13, which is
one of the unique binding residues of the P4. All the rest of
the residues have variable movements, but when the complex
achieves convergence, the residues become more limited in
their movements (Figure 3C).

Design of the peptides

The peptide was revised to explore the versatility of the epitope
in order to improve it by editing its residue sequence according
to the literature and the analysis in silico [63–65]. The epitope
predicted was modified to reduce its possible autoimmune re-
sponse due to its complete homology with a human protein re-
lated to spermatogenesis. These modifications included the
removal of the last five residues that belong to the homology re-
gion of the protein related to a methyl-CpG-binding group
(KKFKPEIAIRPKVRDQEGRM). The second modification obeys the
MD simulations results where the amino-terminal region showed
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Figure 2. Pockets of the MHC and their interaction with the epitope. (A) Three-dimensional surface representation of the MHC molecule, circled and
highlighted in color the pockets that involve the interaction with the epitope predicted by PEPOP (P1 = red, P4 = green, P6 = blue, P7 = light orange and
P9 = yellow). (B) Superposition of the final docking map (gray) and the 100 ns simulation (black). (C) Zoom near the pockets 1 and 4 of the recognition
groove. (D) Distances obtained by a contact map analysis, some of these interactions are with specific amino acids of the pockets 1, 4, 6, and 7.

Figure 3. RMSD and RMSF parameters. (A) RMSD of the complex. (B) RMSF of the two chains of the MHC molecule. (C) Epitope of 20 amino acids.
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a better interaction with the recognition groove. This result coin-
cides with the report of Yano and coworkers, where it is men-
tioned that the KK linker sequence is preferred by cathepsin B
to process antigens [66]. Thus, it is also consistent with the pres-
ence of the Lys1 and Lys2 in the amino-terminal region of the
peptide; therefore, these residues remained unchanged. We
named this peptide as p1 (KKFKPEIAIRPKVRD). The second pep-
tide called peptide 2 (p2) conserves the sequence of p1 with
an additional cysteine at the amino-terminal that functions as a
linker for hemocyanin (KLH) [67]. This modification will provide
evidence of the importance of the amino-terminal lysines (KLH-
C-KKFKPEIAIRPKVRD). Another sequence of interest is RGD be-
cause it is preferred by the antigen process molecules and
enhances the immune response [68]. Fortunately, the sequence
of the peptide presented Arg and Asp residues in the carboxyl-
terminal sequence, and taking advantage of this situation, we
inserted a Gly between these residues, resulting in the peptide
3 (p3) (KKFKPEIAIRPKVRGD). In summary, we obtained four can-
didate peptides as potential immunogenic agents: the original
is predicted by PEPOP (KKFKPEIAIRPKVRDQEGRM) and its deriva-
tives p1 (KKFKPEIAIRPKVRD), p2 (KLH-C-KKFKPEIAIRPKVRD), and
p3 (KKFKPEIAIRPKVRGD).

Human IgG antibodies to the peptides

To elucidate the immunogenic and antigenic potential of the p1
and p2, an enzyme-linked immunosorbent assay (ELISA) was per-
formed with sera of two volunteer groups. These groups were in-
tegrated by sera obtained from individuals who were considered
prepandemic (i.e., sera samples obtained before 2009); these
were in storage before the 2009 outbreak. The second group
of sera was found to be pandemic because these samples were
collected during the outbreak. This ELISA was based on the bind-
ing of human Ab (IgG) to the p1 and p2 (Figure 4) [69,70]. The
IgG antibodies identified the p1 in the sera of the two groups
with no significant statistical difference (analysis of variance
(ANOVA)). These results show that the general population had
antibodies against the p1 prior to the immunization or infection
with other viruses or exposure to influenza A virus (H1N1). In

other words, this epitope presumably is conserved among the
pandemic and seasonal strains. Thus, the peptide is antigenic
in humans. Results are presented as box-and-whisker plots. The
boxes define the 25th and 75th percentiles, with error bars defin-
ing the 10th and 90th percentiles. Both peptides recognized hu-
man sera. Isotype response in serum from patients infected with
influenza A p/H1N1/2009 IgG2 is the primary isotype of IgG anti-
bodies against the p1. Although no differences were found in
the levels of total IgG antibodies between prepandemic and
pandemic sera, we analyzed the contribution of each subclass
or isotype in response to p1 [71]. The antibody levels were signif-
icantly higher in the pandemic group compared with the
prepandemic group (negative controls) for IgG2 (P=0.025,
Mann–Whitney U-test) and IgG4 subclasses (P=0.007). In the
rank order, IgG2 (0.6 vs. 0.5, median)> IgG4 (0.08 vs. 0.07, me-
dian). Peptide 1 is immunogenic and induced antibodies to the
native form of HA. The rabbits immunized with p1 peptide and
human infected with pH1N1 virus showed a definite immune re-
sponse against wild-type viral antigens immobilized with conca-
navalin A (Con A, Sigma-Aldrich Corporation, St. Louis, MO, USA)
(Figure 5). Rabbits immunized with p1 showed a stronger anti-
body response against the immobilized wild-type virus than hu-
man positive control. These results are significant and
demonstrate that the p1 is highly immunogenic in rabbits and
probably in humans, and it induces antibodies capable of
interacting with the native form of HA [72].

Neutralizing antibodies induced by HA peptides in rabbits

Serum samples from rabbit immunized with p1 and from two
vaccinated individuals and two patients infected with influenza
A p/H1N1/2009 were titrated for neutralizing antibodies
(PRNT50). p1 induces 1:533 neutralizing titers in rabbit, whereas
the titers were 1:246 and 1:600 in vaccinated individuals and
1:400 and 1:250 in infected patients. On the other hand, p2, which
is the p1 conjugated to hemocyanin (KLH-CKKFKPEIAIRPKVRD),
and p3, in which a glycine was added between the arginine and
the aspartate of the p1 sequence, induced neutralizing

Figure 4. Detection of antibodies against P1 and P2. Microplates were coated with p1 or p2, and two dilutions (1:50 and 1:100) of sera from
prepandemic and pandemic individuals were used. The IgG Ab to the HA peptide was detected with a secondary Ab specific for human IgG. *Statistical
analysis of the ELISA, p< 0.05, Pandemic—p1 versus Pandemic—p2, dilution 1:50, one-way ANOVA, Tuckey–Kramer honestly significant difference.
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antibodies in minor quantity in the infected or vaccinated group
(titer 1: 103 and 1: 160, respectively) (Figure 6) [73,74].

DISCUSSION

Predicting of possible epitopes and testing their immunogenicity
involve a full effort and intervention of diverse scientific disci-
plines. There are different epitope prediction methods based

on biochemical properties, such as conserved sequences, special
amino acids, length, hydrophobicity, secondary structure, and
structure stability. Many studies focus on the sequence and its
relation to B-cell immunity response; others take into account
the recognition by MHC molecules or the 3D data of the pro-
teins. Our workgroup has combined the epitope prediction and
molecular modeling studies to obtain a peptide whose immuno-
genicity was assessed by experimental assays [70]. The area of
opportunity for these studies is reflected by the fact that, until
now, websites such as Immune Epitope Data Base (http://www.
iedb.org/) that gather information on this topic are scarce
[75,76]. In this work, we used the PEPOP epitope predictor be-
cause of its features and previous results. Later, we analyzed
the localization of the epitope and its relationship with antigenic
sites using the 3D model of HA (PDB ID: 3LZG). Once the se-
quence in 3D model of HA is localized, we identified that the epi-
tope was located among the amino acids that conform to the Ca
antigenic site and near Sa and Sb antigenic sites (Figure 1A and
B). Interestingly, this finding initiates a discussion about the def-
inition of continuous or discontinuous epitopes: if the sequence
is not reported as a discontinuous epitope, at least, it is part of a
continuous epitope. Thus, the ELISA could suggest that this se-
quence is part of the same antigenic site; more experimental as-
says are necessary to prove this asseveration [77–79]. To confirm
the immunological capabilities of the epitopes initially predicted,
these were submitted to other epitope predictors to select those
that were found at least in three of these predictors (Figure 1C)
[80,81]. Also, the conservation of the sequence should be consid-
ered in designing an epitope [82,83]. HA has different epitopes
reported elsewhere; an example is the sequence IAI that is part
of a peptide that produces efficient immune response for
paracoccidioidomycosis granulomatous disease caused by
Paracoccidioides brasiliensis, a thermal dimorphic fungus [84]. In
the peptide reported in this work, the sequence IAI is between

Figure 5. Levels of IgG against viral particle in serum of infected individ-
uals or from rabbit immunized with peptide 1. IgG levels were deter-
mined by ELISA using viral antigens immobilized with Con A, and the
IgG antibodies were detected with a secondary antibody specific for hu-
man or rabbit IgG. Data are expressed as the mean ± SD. The levels were
significantly higher in human serum and rabbit antiserum (p< 0.05,
Kruskal–Wallis).

Figure 6. Plaque reduction neutralization test. Panel 1—MDCK cells, panel 2—MDCK cell with 30 plaque-forming units (PFU) influenza virus, panel 3—
MDCK cells with Influenza virus and rabbit serum (not immunized). Panels 4–6—MDCK cell with 30 PFU and human sera, the three panels were controls.
Panels 7–9—infected MDCK cells with immunized rabbit sera with peptides 1, 2, and 3.
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residues 216 and 225 of the subunit 1 of the HA (3LZG). Rothbard
and coworkers reported an extensive analysis of the DR1 epi-
topes, proposing different sequences and combinations of resi-
dues that could be recognized [85]. More recently, Yano and
coworkers suggested the use of RGD sequence in vaccine design
[86]. Our results showed that p3, with the sequence RGD, pro-
duces neutralizing antibodies, but it does not have the same re-
action when compared with p1 in the neutralization assays,
possibly because of the introduction of the Gly. Some of the
structural changes have been studied by Dayan and coworkers,
explaining the reason of this phenomenon [87]. Other authors
have analyzed how the loss of the recognition is due to the flex-
ibility of the interaction of MHC with peptide [88]. In the docking
assay, we prepared the simulation to produce a high flexibility in
the peptide and a rigid structure for the MHC molecule. How-
ever, the MD simulations allowed us to increase the relaxing of
the epitope–MHC II complex in order to refine the 3D model
of interaction. The structural analysis showed that the carboxy-
terminal sequence maintains a rigid behavior, preventing an
unfolding of the extreme of the peptide or the stretching out
of the recognition groove. This conformation produced a strong
turn that was maintained during the simulation between the P4
and P6, and it coincided with possible interaction with the
Met20. The groove recognized three initial residues of the
amino-terminal sequence; however, the size of the residues
spanning from Lys12 to Ile17 of the peptide hinders the anchor-
ing with the groove completely. Also, the two Arg residues of
the peptide, the Asp and the Gln, could be a hindrance to an ad-
equate docking given their hydrophobicity. Several authors have
reported that the binding to the pocket P1 stabilizes the epi-
tope–MHC II complex [89–91]. Herein, the computational simula-
tions show that Lys1, Lys2, and Phe3 bind the hydrophobic
pocket P1 and P4 (Figure 2). On the contrary, possibly, the pres-
ence of KHL interferes (hindrance effects) with the recognition
by the antibodies. Lys1 and Lys2 could facilitate the antigen pro-
cessing and the pocket anchoring. Further analyses are needed
to explain this phenomenon. P4 was the most important anchor-
ing element after the 100 ns of MD simulations, as is shown by
the interactions with at least four residues of the peptide
(Lys1, Lys2, Phe3, and Arg10). Mainly, the P4 of chain B plays
the most important role. Thus, the RMSF analysis shows fewer
fluctuations in the P4, which contains the residues of anchorage.
Furthermore, P4 has been reported to elicit a suitable spatial dis-
position of the residues nearby. In turn, certain residues in P6
modify the conformation of those in P9. For instance, the bind-
ing of positively charged amino acids at P6 can reduce the cav-
ity of P9, limiting the ability to interact with residues with
hydrophobic side chains. In contrast, the binding of negatively
charged amino acids at P6 enlarges P9, rendering P9 capable
of accepting residues with large side chains. The strength of lin-
ear peptides to bind to each other is regularly associated with
hydropathic complementarity. This occurs when peptides of dif-
ferent hydropathy bind to each other because hydrophilic
amino acids in a peptide are located toward the aqueous sol-
vent and release a space that could include a hydrophobic resi-
due of the other peptide. The specificity of interactions between
both peptides is improved by the ability of amino acids to create
complementary protrusions and cavities and by the presence of
residues of opposite charge [34]. According to MD simulations,
the alpha helices of the recognition groove are unstable, partic-
ularly, in the alpha helices of both chains close to P1 and P4.
Possibly, these changes are promoted by the interaction of the

peptide (by Lys1, Lys2, and Phe3) with the lateral chains of
MHC II, searching an appropriate interaction.

Peptide 1 manifested its immunogenicity by inducing anti-
bodies in rabbits as shown in the neutralization assays. This
property could be based on the molecular size, rigidity, chemi-
cal complexity, interaction with B-cell receptors, or MHC and ac-
tivation of helper T cells [92]. The p1 proved to be an antigen
that is recognized by the IgG Ab from immunized rabbits and
infected individuals, using the methodology reported for other
peptides [93–95]. IgG antibodies in human serum, mainly the
IgG2 isotype, demonstrate that clinical or subclinical infections
with the influenza virus induced IgG to the peptide. Thus, the
peptide is immunogenic and antigenic in humans. Although
we did not directly demonstrate the interaction of p1 with
MHC II molecules in infected subjects, we believe that this inter-
action took place because class switching to produce IgG re-
quires activated helper T cells that recognize the antigen (p1)
in association with the MHC II protein on the surface of an
antigen-presenting cell, such as B cells or dendritic cells. More-
over, the interaction of p1 with MHC II molecules and T helper
cells (CD4 T cells) was demonstrated by the class switch of the
IgG isotype, which is mediated by cytokines produced by T
helper cell activation after recognition of the peptide on MHC
II molecules and the engagement of the CD40 receptor on B
cells by CD40 L [96–98]. Peptides are protected against proteo-
lytic degradation because B cells contain much lower levels of
lysosomal proteases than macrophages. This condition favors
the presentation of antigenic peptides on MHC II molecules
by limiting the complete destruction of the peptide determi-
nants [99,100]. In addition, the B-cell receptor may protect the
peptide from proteolytic enzymes (selective processing) [101].
Through these two mechanisms, p1 could interact with MHC II
molecules as well as activated T helper cells and the production
of IgG antibodies in humans and rabbits. To serve as an anti-
gen, a molecule typically must have a relative molecular mass
of at least 4000Da, and the peptide under study is approxi-
mately 1.9 kDa (1825.21 Da, 15 amino acid residues). Interest-
ingly, this p1 is one of the few substances with low molecular
weight (below 2000) having immunogenic and antigenic prop-
erties [70]. Immunogenicity of a peptide is related to its amino
acid composition and its diversity. As we mentioned earlier,
Lys1, Lys2, and Phe3 contained in p1 interact with the pockets
1 and 4. In the native HA, the epitope corresponding to p1 is
exposed, providing accessibility to Ab binding. Also, the polar
residues are situated on the surface much more frequently than
nonpolar residues; thus, the regions of highest average polarity
within a polypeptide sequence have the highest likelihood of
being targets for Ab binding. Evidence shows that mimic epi-
topes are continuous epitopes, specifically the sera from all
the individual of our trial recognized the peptide p1. Therefore,
we confirmed that is a B-cell epitope, and it has been circulated
previously in Mexican population, where clinical or subclinical
infections with the influenza virus induced IgG Ab to the pep-
tide p1. The antibodies against p1 were mainly isotype IgG2,
which is the most abundant in human sera. IgG2 isotype is less
efficient for complement activation and antibody dependent
cell-mediated cytotoxicity than other isotypes, such as IgG1
[102,103]. We propose that the effect of IgG2 isotype against
peptide 1 could be the neutralization of the free virus, produc-
ing antiviral activity through the binding of antibodies to the re-
ceptor binding site of the HA and preventing the infection by
the influenza virus [42]. Moreover, the protection with IgG2 is
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noteworthy because patients with a severe infection with
influenza H1N1 have lower levels of this isotype and p1 pep-
tide induces this isotype. Nevertheless, it is necessary to
determine the neutralizing activity of the IgG2 isotype [104].
Finally, the results of the Con A and PRNT assays demonstrate
that the peptides induce antibodies that can react with the
protein of wild-type virus and neutralize it. The titers in vac-
cinated individuals were 1:246 and 1:600 and in infected
patients were 1:400 and 1:250. These results suggest that
the p1 induce a reaction similar to vaccine or in infected
patients with titers of 1:533 and might be a candidate to
be used as a peptide-based vaccine or in a diagnosis tool
of the human influenza AH1N1.

MATERIAL AND METHODS

Ethics statement

The protocols for rabbits were reviewed and approved by the
Committee of Bioethics and Research of the Escuela Nacional
de Medicina y Homeopatía del IPN, Mexico City. The animals
were handled in accordance with the Mexican Official Regulation
(NOM-062-Z00-199—technical specifications for production,
care, and use of laboratory animals). All serum samples for exper-
iments were obtained from donors after they signed a written in-
formed consent according to the Declaration of Helsinki.

Epitope prediction

The crystal structure used for this study was the HA reported by
Xu and coworkers (PDB code: 3LZG) [42]. All predictions were
performed with the sequence and structure of 3LZG. Six pro-
grams of epitope predictions, four sequential predictors, and
two structural predictors were used. To obtain MHC II epitope
predictions, PROPED2 was utilized (http://www.imtech.res.in/
raghava/propred/); its predictions are based on locating the
promiscuous regions that can bind HLA-DR alleles [28], including
the 47 HLA-DRB1s, which are the most representative.
The MHC2PRED program (http://www.imtech.res.in/raghava/
mhc2pred/info.html) was also used to obtain MHC II epitope pre-
dictions. Each peptide is represented by a 20-dimensional vector
(SMV) using 12 alleles of its matrix (10 HLA-DRB1, 1 HLA-DRB5,
and 1 HLA-DRB4) [26]. NetCTL 1.2 server predicts CTL epitopes
in protein sequences that expand the MHC class I binding
prediction to 12 MHC supertypes [105]. Finally, the last
sequential predictor used was Vaxign [106] that is a vaccine
target prediction and analysis system based on the principle
of reverse vaccinology. Using 3D coordinates of the two
chains of the model, we submit to both structural predictors,
PEPOP (http://pepop.sysdiag.cnrs.fr/PEPOP/) [24] and SEPPA
(http://lifecenter.sgst.cn/seppa/) [107]. We used the coordi-
nates of the two chains of the model and submitted them
to both predictors (Figure S1).

Docking the epitope with the MHC II

Once the best epitope was obtained, a docking study was
employed to describe the epitope and MHC II interactions. The
crystal structure of MHC II for this analysis was HLA-DRB1*0401
(PDB ID: 1D5M). HLA-DRB1 was previously reported to predict re-
sponse profiles in donors when HLA haplotypes in the H1N1 vi-
rus were chosen at random [108]. Importantly, this HLA-DR
allele is present in the majority of the human population [109].

We performed a non-restricted docking with the CLUSPRO
automated docking program [54]. Docking calculations were
also performed with AutoDock 4.0.1 [110]. The search space
was restricted to a rectangular box that included β-folded
chains and α-helix chains targeting the binding site of the
epitope and the MHC II. A rectangular grid (70 × 100 × 90 Å)
with points separated by 0.375 Å was generated. The docking
parameters of 100 runs with 100 million energy evaluations
for each test and a population size of 100 individuals were
used. The docking results were analyzed with AutoDock Tools
and PyMol software [53].

Molecular dynamics simulation

The software GROMACS performed the MD simulations. First,
the system was embedded in a solvated water box, and then
the system was neutralized. The system had undergone an
equilibration process before MD simulations were performed.
The equilibration started with an initial minimization and was
followed by whole minimization. Then an MD simulation of
water molecules was carried out with all backbone atoms fixed.
Finally, a 100-ns MD simulation was achieved under ensemble
number of particles, system volume, and temperature (NVT). Tools
of GROMACS were used to calculate the RMSD and RMSF [111].

Contact map

To analyze the contacts and distances of the complex, a program
of the Weizmann Institute of Science in Israel (http://ligin.weiz-
mann.ac.il/cma) was performed to generate the contact map.

Peptide synthesis

Three peptides were purchased for immunological assays as
crude material from Mimotopes (Minneapolis, MN, USA and
Clayton, Victoria, Australia): peptide 1 (p1: KKFKPEIAIRPKVRD),
peptide 2 (p2: KLH-CKKFKPEIAIRPKVRD) conjugated with hemo-
cyanin (KLH) linked to a cysteine with the sequence of the p1,
and peptide 3 (p3: KKFKPEIAIRPKVRGD) with the addition of a
glycine between the arginine and the aspartate.

Enzyme-linked immunosorbent assay

Blood was obtained according to previously reported proce-
dures [70] from healthy individuals who were living in Mexico
City before the outbreak of the influenza H1N1 virus in 2009
and volunteers after the peak of the pandemic. Anti-HA peptide
levels were evaluated in serum samples from infected and
asymptomatic persons. The Ab levels in the serum samples were
quantified by an indirect ELISA; 96-well plates were coated with
either p1 or p2. One microgram per milliliter of peptide in car-
bonate bicarbonate buffer (15mM Na2CO3 and 35mM NaHCO3

at pH 9.6) was used. The plates were incubated for 2 h at 37 °C
and washed three times with 0.05% Tween-20 in phosphate-
buffered saline (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 indi-
viduals were diluted 1:50 or 1:100. Afterward, the plates were in-
cubated overnight at 4 °C and washed with PBST. Dilutions of
1:1000, 1:2000, and 1:4000 goat anti-mouse IgG (Santa Cruz Bio-
technology) or rabbit anti-human IgG (1:1000, Santa Cruz Bio-
technology) were added to each well, and the plates were
incubated for 2 h at room temperature. The plates were washed
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with PBST, and the enzymatic reactions were begun by adding
substrate solution (0.5mg/mL o-phenylenediamine plus 0.01%
H2O2 in 0.05M citrate buffer 291 at pH 5.2). After 15min, the re-
actions were stopped with 25μL of 2.5M H2SO4, and the absor-
bance at 492 nm (A 492) was measured using a Multiscan Ascent
(Thermo Labsystems Inc., Philadelphia, PA, USA) microplate
reader [112].

Immunization of rabbits

Three rabbits were immunized with the three designed peptides
(p1, p2, and p3). The immunization schedule was as follows. On
day 1 (first immunization), 300μg of peptide plus complete
Freund’s adjuvant (Sigma Chemical Co., St. Louis, MO, USA) was
administered through the subcutaneous route. On day 8 (second
immunization), 300μg of peptide plus incomplete Freund’s adju-
vant was administered through the subcutaneous route. On day
15 (third immunization), 300μg of peptide in 5mL of saline solu-
tion was supplied via intramuscular injection. Seven days after
the last immunization, the rabbits were anesthetized with pento-
barbital, and serum samples were obtained from blood extracted
by cardiac puncture and stored at �70 °C [70].

Cells and influenza viruses

Madin-Darby canine kidney (MDCK) cells were grown in
Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12
(DMEM/F-12) (Gibco, Grand Island, NY, USA), supplemented with
10% fetal bovine serum (Invitrogen) at 37 °C and 5% CO2. The
strain influenza A Puerto Rico/916/34 (PubMed identifier:
24146939) was gently donated by Dr. Blanca Lilia Barrón, and
the stock was prepared and stored as previously described [113].

Concanavalin A enzyme-linked immunosorbent assay

Viral particles isolated and purified (FBS free) from infected
MDCK cells were immobilized in wells coated with Con A, which
binds the glycoproteins of enveloped viruses. Briefly, 96-well
plates (Costar) were coated with 100μL per well of Con A at
50μg/mL in PBS, pH 7.4 for 1 h. The wells were washed and incu-
bated with solubilized influenza A Puerto Rico/916/34 (serum-
free virus stock) in PBS containing 0.1% Triton-X (PBS-Tx) for
1 h. After the wells had been washed with PBS-Tx, the unbound
Con A binding sites were blocked with Roswell Park Memorial In-
stitute medium 1640 containing 10% FBS for 1 h. Serial dilutions
of the serum samples were incubated for 1 h at room tempera-
ture. Serum from influenza-positive patients was used as a posi-
tive control. Rabbit pre-immune serum samples were used as
negative controls. After the wells had been washed again, they
were incubated with 100μL of peroxidase-conjugated secondary
antibody anti-IgG (H + L) (Invitrogen) [72].

Neutralization assay

Neutralizing antibodies were titrated as described previously by
Morens and coworkers. Briefly, serial dilutions of the heat-
inactivated test sera in triplicate started from 1:20 were mixed
with 20 plaque-forming units of influenza A Puerto Rico/916/34 vi-
rus for 1 h at 37 °C and added to MDCK at a density of 1.2 × 105

Use 120,000 cells per well in 24-well plates. At 1 h after infection,
serum-free DMEM/F-12 medium with 2μg of L-1-tosylamide-2-
phenyl ethyl chloromethyl ketone-treated trypsin was added to
each well for 10min at 37 °C. Then 500μL of overlay medium

was added to each well, and plates were incubated for 3 days un-
der the same conditions. The supernatant was discarded, and the
plaques were visualized with naphthol blue-black dye. The cyto-
pathic effect was evaluated to determine the highest serum dilu-
tion that protected 50% of the cells from cytopathology in these
wells. Positive and negative control sera and virus back titration
were included in the assay to confirm the viral inoculum [73,74].

Isotype response in serum from patients infected with pan-
demic influenza AH1N1 2009

IgG isotype antibodies against p1 peptide were measured by
ELISA in 96-well polyvinyl plates (Nunc) coated with each pep-
tide (2μg/mL). We assayed 40 sera from patients infected with
influenza AH1N1 2009 and 40 prepandemic sera at 1:100 dilu-
tions for 1 h at 37 °C. Then the anti-human immunoglobulin
peroxidase-conjugated secondary antibodies were added
(anti-human IgG1, 2, 3, or 4, all Invitrogen) for 1 h at 37 °C. After
H2O2 and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(Sigma-Aldrich Corporation, St. Louis, MO, USA) were added
as substrates. The absorbance values were determined at
405 nm [71].

Statistical analysis

Statistical analyses were performed using JMP Statistical Soft-
ware (SAS Institute, Cary, NC, USA) (http://www.jmp.com/). Nor-
mally distributed data were analyzed by one-way ANOVA test
to compare the groups. The differences among the groups were
analyzed by a Tukey–Kramer honestly significant difference test;
differences were considered significant at p< 0.05. Isotype dif-
ferences were analyzed by ANOVA and Mann–Whitney U-test,
t-test, nonparametric test, and Mann–Whitney post-test using
GraphPad Prism 6 program (GraphPad Software, Inc., CA, USA)
to determine the significance of the differences between groups,
denoted by asterisks as follows: *p< 0.05, **p< 0.01.

CONCLUSION

In addition to offering an atomistic description of the interaction
of a peptide with the MHC, this study showed that in silico exper-
iments (prediction of immunogenic epitopes, docking, and MD
simulation) are useful tools for the rational design of epitope vac-
cines. An example is offered in this work using the HA protein of
the influenza AH1N1 virus, whose resultant peptide can be used
as a diagnostic tool or as an immunogenic agent. This strategy
includes an experimental evaluation of immunogenic epitopes
and could decrease the economic investment and the time
needed to obtain epitope vaccines and diagnostic tools. Our re-
search indicates that the selected peptide is immunogenic, anti-
genic, and efficient in inducing a strong immune response.
Therefore, it should be a good candidate for the development
of a peptide-based vaccine or diagnostic tool.
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