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Abstract

Pandemics caused by influenza A virus (IAV) are responsible for the deaths of millions of humans around the world. One of
these pandemics occurred in Mexico in 2009. Despite the impact of IAV on human health, there is no effective vaccine. Gene
mutations and translocation of genome segments of different IAV subtypes infecting a single host cell make the development
of a universal vaccine difficult. The design of immunogenic peptides using bioinformatics tools could be an interesting strat-
egy to increase the success of vaccines. In this work, we used the predicted amino acid sequences of the neuraminidase (NA)
and hemagglutinin (HA) proteins of different IAV subtypes to perform multiple alignments, epitope predictions, molecular
dynamics simulations, and experimental validation. Peptide selection was based on the following criteria: promiscuity, protein
surface exposure, and the degree of conservation among different medically relevant IAV strains. These peptides were tested
using immunological assays to test their ability to induce production of antibodies against IAV. We immunized rabbits and
mice and measured the levels of IgG and IgA antibodies in serum samples and nasal washes. Rabbit antibodies against the
peptides P11 and P14 (both of which are hybrids of NA and HA) recognized HA from both group 1 (H1, H2, and H5) and
group 2 (H3 and H7) IAV and also recognized the purified NA protein from the viral stock (influenza A Puerto Rico/916/34).
IgG antibodies from rabbits immunized with P11 and P14 were capable of recognizing viral particles and inhibited virus
hemagglutination. Additionally, intranasal immunization of mice with P11 and P14 induced specific IgG and IgA antibod-
ies in serum and nasal mucosa, respectively. Interestingly, the IgG antibodies were found to have neutralizing capability. In
conclusion, the peptides designed through in silico studies were validated in experimental assays.

Introduction

Influenza A virus (IAV) is a lipid-enveloped, single-
stranded, negative-sense RNA virus belonging to the family
Orthomyxoviridae. The viral envelope contains three trans-
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viral core contains the nucleoprotein (NP), viral RNA, and
three polymerase proteins (PB1, PB2, and PA) [1]. IAV is
classified into subtypes based on two major antigens: the
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surface spike glycoproteins NA and HA [2]. All IAV sub-
types are known to cause infections in birds, which are their
natural reservoir [3]. Humans are infected principally by the
TAV subtypes HIN1, H2N2, H3N2, H7N9, and H5N1 [4].
Influenza pandemics have become serious socioeconomic
and public-health problems worldwide. Moreover, seasonal
flu causes approximately 250,000 to 500,000 deaths per
year [5, 6]. IAV epidemics and pandemics are attributed to
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mutations in the viral RNA genome. Mutations involving
surface proteins (NA and HA) result in structural protein
changes that cause a loss of antibody recognition against the
virus. This is one reason why new flu vaccines need to be
designed for each seasonal influenza or pandemic influenza
strain. The development of vaccines is the major method
used to prevent IAV infection and represents one of the most
important contributions by the immunology field to public
health [7]. An important strategy is to identify conserved
epitopes that may be used to design new vaccines that are
capable of conferring broad protection.

Currently, the primary goal is to develop vaccines that
protect by eliciting antibody responses against multiple sub-
types and strains of influenza viruses [8§—10]. These broadly
neutralizing antibodies (bnAbs) generally target conserved
and functional regions or epitopes on the major surface gly-
coproteins: hemagglutinin (head and stem), neuraminidase,
and M2e [10-12]. The hemagglutinin (HA) is the main
surface glycoprotein of influenza virus, which mediates the
adsorption and penetration of the virus into host cells [13].
Each molecule of HA comprises a membrane distal globu-
lar head composed of HA1, which contains the receptor-
binding site (RBS), and a stem region, which encompasses
the fusion machinery [14]. Most bnAbs are directed against
the HA protein. The receptor-binding site is a functionally
conserved region on the HA1 globular head domain that is
a target for bnAbs that inhibit viral entry by preventing HA
binding to its host receptor [15, 16]. Since the stem region
contains the most conserved epitopes for antibody recogni-
tion, antibodies produce against this region have a higher
neutralization breadth than RBS-targeted bnAbs. These
stem-binding bnAbs inhibit virus replication by blocking
attachment and preventing conformational changes that are
essential for membrane fusion [15-17]. NA is the second
most abundant glycoprotein on the surface of influenza A
and B viruses, and conserved domains or epitopes in NA
induce bnAbs that protect against viruses of a single subtype
[17]. Thus, NA epitopes may use in universal influenza vac-
cines [12, 17-20]. Although NA-specific antibodies can con-
trol infection by several mechanisms, the main mechanism
is the inhibition of enzyme activity [12, 18, 21].

Thus, “universal vaccines consisting of conserved
domains or epitopes from HA and NA could be more
broadly protective than single proteins.

The rational design of peptide-based vaccines is based
on computational procedures that employ knowledge of the
antigen recognition of different protein targets, such as the
major histocompatibility complex (MHC), T-cell receptor,
and/or B-cell receptor. These procedures are performed at
the molecular level [22] using information from the Protein
Data Bank. This strategy offers many advantages, such as the
production of short immunogenic peptides without the risk
of infection and safe handling of biological samples under
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room-temperature conditions. Additionally, peptides can be
synthesized in vitro to decrease production costs and can be
handled without strict conditions due to their stability [23].
Peptide vaccines are classified according to the immunologi-
cal cell type involved in the immune response (i.e., B-cell
or T-cell epitopes) and are used to induce specific immune
responses. T cells recognize peptides coupled to MHC from
antigen-presenting cells, and the MHC is then coupled to the
T-cell receptor (TCR). Following the formation of the pep-
tide-MHC-TCR complex, T cells receive several biological
signals that are capable of activating the immune system to
act against microorganisms or cancer cells [24]. In addition,
activation of B cells by epitopes can increase the protection
spectrum of vaccines, making them more protective than
those with limited immune system activation capacity [25].

In this study, we selected a set of peptides (P) from HA
and NA (including hybrids) that were capable of generating
antibodies against IAV. First, a protein sequence bioinfor-
matics study was performed using the HA and NA proteins
to obtain multi-epitope peptides characterized by conserved
residues and promiscuous properties. The epitope selection
process included criteria related to their protein surface
localization. Then, three-dimensional (3D) models of the
target epitopes were constructed and subjected to molecular
dynamics (MD) simulations to explore their thermodynamic
properties. Finally, the epitopes were used in experimental
assays to explore their immunogenic properties in animal
models.

Materials and methods

Multiple alignments of HA and NA protein
sequences

We retrieved the full primary sequences of the HA and NA
proteins reported between 1918 and 2014 from the NCBI
influenza virus resource [26]. We aligned the HA and NA
sequences for each subtype using the Muscle/EBI server [27]
and the Clustal X 2.0.11 program [28].

Building a quaternary structure model based
on consensus NA and HA sequences

We constructed a three-dimensional (3D) structure model
based on the NA consensus sequence (YP_009118627.1)
of the HIN1 virus by employing the Swiss Model server
[29-32]. The NA monomer A (PDB ID: 3TI4) was used as
a template. For the HIN1 HA consensus sequence (Table 1),
we used the Modeller 9.10 program to build 3D models of
multi-chain HA by employing a multi-trimer template HA
(PDB ID: 1IRUY). The stereochemical quality of the models
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Table 1 HAs of different

. Key Strain Information (ID: NCBI) Strain ~ Hemaggluti-  *Catalog number
influenza subtypes used to -
: ; nin group (G)

determine the antibody response

of rabbits immunized with HI-1  A/Puerto Rico/8/34 (ID: AF389118_1) HIN1 Gl 11684-VO8H

lc’gzgl‘i(ffgfﬁ{m I'and P14 H22  A/Shanghai/2/2013 (ID : YP_009118475.1) HIN9 G2 40239-VOSB
H3-3 A/Cambodia/S1211394/2008 (ID: ADM95445.1) H5N1 Gl 40026-VO8H1
H4-1A  A/Brisbane/59/2007 (ID: ACA28844.1) HIN1 GI 11052-VO8H
H5-2A  A/Aichi/2/1968 (ID: BANS1712.1) H3N2 G2 11707-VO8H
H6-3A  A/Japan/305/1957 (ID: ABI84959.1) H2N2 Gl 11088-VO8H
HS8-8 A/California/07/2009 (ID: ACP44189.1) HIN1 Gl 11085-VO8H

*Sino Biological Inc. (Beijing, China)

was evaluated using Ramachandran plots and PDBSUM [33]
(data not show) and ERRAT servers [34] (data not shown).

Prediction of epitopes in the consensus sequence

We submitted the NA (YP_009118627.1) and HA consen-
sus sequences (Table 1) to the NetMHC 3.2 the NetMHCII
2.2 and the ABCpred Prediction servers to identify epitopes
capable of interacting with MHC I, MHC II, and B cells,
respectively. We focused on some of the most important
alleles of MHC I (HLA-B*39:01, HLA-B*1501, HLA-
A*0201, HLA-A*0301, HLA-A*2601, HLA-B*0702, and

(a)

P1 KGAINTSLPFQNIHPITIGKCPKYVK

HIN1  KGAINTSLPFQNIHPITIGKCPKYVK (300-325)
H2N2 AINTTLPFHNVHPLTIGECPKYVK (297-321)
H3N2 SIPNDKPFQNVNRITYGACPRYVK (302-326)
HSN1 AINSSMPFHNIHPLTIGECPKYVK (299-323)
H7N9 TIISNLPFQNIDSRAVGKCPRYVK (295-319)
(b)

P2 STSADQQSL YQNADAYVFVGTSRY

HIN1 STSADQQSLYQNADAYVFVGSSRY (200-223)
H2N2 EQRTLYQNVGTYVSVGTS  (200-217)
H3N2 TDNDQISLYAQASGRITVSTKR (203-224)
H5N1 AAEQTKLYQNPTTYISVGTS (200-219)
H7N9 STAEQTKLYGSGNKLVTVGSSNY (196-218)
(c)

P3 NSTDTVDTVLEKNVTVTHSVNLLE

HIN1 NSTDTVDTVLEKNVTVTHSVNLLE (28-51)
H2N2 NSTEK/DTILERNVTVTHAKDILE (26-49)
H3N2  NSTATLCLGHHAVPNGTIVKTITNDQIEVTNATELVQ (24-60)
H5N1 NSTEQ/DTIMEKNVTVTHAQDILE (27-50)
H7N9 NTLTERGVEVVNATETVE (34-52)

Fig.1 Sequence alignment of peptides A) P1, B) P2, C) P3 and D)
P4 from hemagglutinin and E) P5 from neuraminidase with the cor-
responding peptides from different influenza virus subtypes (HINI,

HLA-B*5801) and MHC II (HLA-DRB1*¥0101, HLA-
DRB1*0301, HLA-DRB1*0401, HLA-DRB1*0701, HLA-
DRB1*0801, HLA-DRB1*1101, HLA-DRB1#*1301 and
HLA-DRB1*1501).

Selection of epitopes and design of multi-epitopes

We selected epitopes based on promiscuity criteria among
the IAV subtypes, the degree of conservation, and their
surface localization on the quaternary structure models of
the proteins that were built (Fig. 1S), selecting six peptides
(P1, P2, P3, P4, P5 and P6) without conjugation to keyhole

(d)

P4 SVSSFERFEIFPKTSSWPNHDSNK

HIN1  SVSSFERFEIFFPKTSSWPNHDSNK (124-148)

H2N2  SVKHFEKVKILPK-DRWTQHTTTG (122-145)

H3N2 EKFDKLYIWGVH (188-199)

H5N1 INHFEKIQIIPK-SSWSDHEASS (124-146

H7N9 FEIFHK (477-482)

(e)

PS FRIEKGKIVKSVEMNAPNYHYEECS

H1N1 FRIEKGKIVKSVEMNAPNYHYEECSC (255-281)
H2N2 LFIEEGKIVHISPLSGSAQHVEECSC (254-280)
H3N2 LFIEEGKIVHTSTLSGSAQHVEECSC (254-280)
H5N1 FKMEKGKV KSVELDAPNYHYEECSC (235-261)
H7N9 YYFKEGKILKWESLTGTAKHIEECSC (251-277)

H2N2, H3N2, H5N1 and H7N9). These peptides have structural
regions that are important for MHCI and MHC II recognition accord-
ing to epitope predictions
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limpet hemocyanin (KLH). P1 is located in the middle of
HA, whereas P2-P4 and P6 are located in globular heads
of HA. P5 is located in in globular head of NA (Fig. 15).
We determined the degree of exposure of the regions by
visual inspection, using the VMD program [35]. Once the
most promising epitopes were identified, we added linkers
of different length and structure (6-9 glycine residues) to
control the distance between two selected epitopes and to
maintain multi-epitope properties, discarding hybrids in
which the added glycines or the neighboring peptides were
predicted to be immunogenic. Additionally, epitopes pre-
viously identified by our research group were selected as
candidates for the construction of hybrid peptides to eval-
uate their capacity to increase immunological responses
[19, 36].

Proteasome and immunoproteasome cleavage
predictions

We predicted proteasome and immunoproteasome cleav-
age using the Proteasome Cleavage Prediction Server,
PCPS (http://imed.med.ucm.es/Tools/pcps/index.html),
to verify epitope structural stability. The PCPS analysis
identified fragments of peptides ranging from 9 to 21 resi-
dues in length. These peptide sequences were submitted
to the NetMHC 3.2 [37, 38], NetMHCII 2.2 [37, 39] and
PREDBALB/C (http://antigen.i2r.a-star.edu.sg/predBalbc/.)
servers to determine whether they maintained their immu-
nogenic properties.

Molecular dynamics simulations of multi-epitopes

We built 3D models of the selected multi-epitopes using
the PEPstrMOD server (http://osddlinux.osdd.net/raghava/
pepstrmod/, accessed on March 2018). We subjected these
multi-epitopes to MD simulations using the NAMD 2.5
program [40] with CHARMM 27 as the force field [41].
The constant number-of-particles, pressure, and tempera-
ture (NPT) ensemble and the periodic boundary conditions
were used. A constant temperature (310 K) was main-
tained using a Langevin thermostat set at a constant pres-
sure (1 atm) maintained by an isotropic Langevin barostat
[42]. These pressure and temperature values represented
standard physiological conditions. Energy minimization
was performed with 1000 steps in the conjugate-gradient
algorithm with restraints on the peptide backbone, fol-
lowed by 1000 steps without restraints. The system was
heated for 20 ps and equilibrated for 60 ps with restraints
to the a-carbon and then finished with no restraints and
310 K. These MD simulations were run for 500 ns.
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Analysis of MD simulations

We calculated the root mean square deviation (RMSD),
which measures whole-protein motions while generally con-
sidering the a-carbon coordinates in relation to MD simula-
tion times, root mean square fluctuations (RMSF), which
measure the a-carbon coordinates in relation to MD simu-
lation time per residue, and radius of gyration (Rg), which
measures the protein compactness from the center of the pro-
tein to the periphery according to the 3D coordinates in the
structural analyses of multi-epitope MD simulations from
the Carma64 program [43]. The secondary structure was
determined using the Visual Molecular Dynamics (VMD)
program [35].

Experimental procedures
Peptides

Nine peptides were designed, but eight peptides (including
P6 in P14) were selected (Table 1) to be synthesized (Peptide
2.0 Inc.) according to theoretical studies for experimental
testing as described in the following experimental proce-
dures (Table 2). The conjugation of peptides with the KLH
molecule was performed using succinimidyl 4-(N-maleim-
idomethyl)cyclohexane-1-carboxylate (SMCC), which is
an heterobifunctional crosslinker that contains N-hydroxy-
succinimide (NHS) ester and maleimide groups that allow
covalent conjugation of amine molecules in KLH with the
sulfhydryl groups of cysteine residues located in the middle
of each hybrid peptide.

Rabbit immunization

We immunized eight rabbits (from Harlan Mexico) with
peptides (P1, P2, P3, P4 and P5) without conjugation to
KLH and hybrid peptides (P9, P11 and P14) conjugated to
KLH at three time points with during seven-day intervals.

For the primary immunization, 400 pg of peptide plus
complete Freund’s adjuvant (Sigma Chemical Co.) was
administered by the subcutaneous route. The second immu-
nization (7 days later) included 300 pg of peptide plus
incomplete Freund’s adjuvant administered by the subcu-
taneous route. The third immunization was administered by
the intramuscular route 15 days after the primary immuniza-
tion and contained 300 pg of peptide in 5 mL of saline solu-
tion. Seven days after the last immunization, we anesthetized
the rabbits with pentobarbital via the intraperitoneal route.
Serum samples were obtained from blood extracted by car-
diac puncture and stored at -70 °C.


http://imed.med.ucm.es/Tools/pcps/index.html
http://antigen.i2r.a-star.edu.sg/predBalbc/
http://osddlinux.osdd.net/raghava/pepstrmod/
http://osddlinux.osdd.net/raghava/pepstrmod/
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Table 2 Peptides selected for synthesis and experimental analysis

Peptide name (pro- Sequence Solvent
tein)

P1 (HA) KGAINTSLPFQNIHPITIGKCPKY VK H,0
P2 (HA) STSADQQSLYQNADAYVFVGTSRY H,0
P3 (HA) NSTDTVDTVLEKNVTVTHSVNLLE DMSO
P4 (HA) SSFERFEIFPKTSSWPNHDSNKG DMSO
P5 (NA) IFRIEKGKIVKSVEMNAPNYHYEECSC H,0
P6 (HA)® KTSSWPNHDSNKGVTAASPHAGAKSFYKN —

P9* KGAINTSLPFQNIHPITIGKCPKY VKGGGGGCGGGGSTSADQQSLYQNADAY VFVGTSRY DMSO
P11* IFRIEKGKIVKSVEMNAPNYHYEESSSGGGCGGGKGAINTSLPFQNIHPITIGKCPKY VK H,0
P14* VNSDTVGWSWPDGAELPFTIDKGGGGCGGGGKTSSWPNHDSNKGVTAASPHAGAKSFYKN H,0

P9 = hybrid P1 and P2, P11 = hybrid P5 and P1, P14 = hybrid peptide reported by Loyola PK et al. 2013 and P6

*Peptides conjugated with the KLH protein
Underlines indicate polyglycine linkers
$P6 is included in P14

Mouse immunization

Screening was carried out to select the peptides that induced
the highest antibody titer in rabbit serum. For this purpose,
five groups of peptides were used. Six BALB/c mice for each
peptide were injected three times at seven-day intervals via the
intranasal route with 100 pg of the peptide (P1, P4, PS5, P11
and P14) plus 2 pg of cholera toxin (CT) mucosal adjuvant.
Seven days after the last immunization, we anesthetized the
mice with pentobarbital. Samples were obtained from blood
extracted by cardiac puncture and washes of the nasal cavity
with PBS, respectively.

Ethics statement

This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals, in accordance with Mexican Federal regulations for
animal use and care (NOM-062-Z0O0-1999) and was author-
ized by the Comité Interno del Cuidado y Uso de los Animales
de Laboratorio (CICUAL) at ESM-IPN. The protocol was
approved by the Committee on Ethics of the Escuela Nacional
de Medicina y Homeopatia of Instituto Politecnico Naciocal,
IPN (protocol number ENMH-CB-0095-2014). Mice were
anesthetized with ether for intranasal immunization, and for
biological assays, mice and rabbits were killed using pento-
barbital. All efforts were made to minimize suffering and to
use biological samples immediately.

ELISA for detection of IgG and IgA antibodies
against different peptides in the sera from rabbits
or sera and nasal washes from mice

We determined anti-peptide antibody levels in serum samples
from immunized rabbits and serum samples or nasal washes
of mice immunized with peptides, using an indirect enzyme-
linked immunosorbent assay (ELISA). For biological assays,
the mice or rabbits were killed using pentobarbital, and their
biological samples were used immediately. Each sample was
tested in duplicate. Briefly, 96-well plates were coated with
100 pL of different peptides (20 pg of peptide per mL in
carbonate-bicarbonate buffer [15 mM Na,CO; and 35 mM
NaHCO;, pH 9.6]). The plates were incubated overnight at 4
°C, followed by three washes with phosphate-buffered saline
containing 0.05% Tween-20 (PBST). Blocking was performed
using PBST plus 6% fat-free milk for 1 h, and the samples were
then washed with PBST. Serial dilutions of serum samples
from nine immunized rabbits (1:100 to 1:25000), serum from
immunized mice (from 1:100 to 1:3200) and nasal washes
(from 1:1 to 1:8) were prepared and added to the plates, which
were incubated overnight at 4 °C and washed with PBST,
after which 50 pL of a 1:3000 dilution of goat anti-rabbit IgG
peroxidase (Thermo Scientific) for rabbit serum and rabbit
anti-mouse IgG peroxidase (1:3000) or rabbit anti-mouse IgA
(1:500) peroxidase (Thermo Scientific) for mouse samples was
added to each well. The plates were incubated for 4 h at room
temperature and washed with PBST. The enzymatic reactions
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were initiated by adding 100 pL of substrate solution (0.5 mg
of o-phenylenediamine per mL plus 0.01% H,0, in 0.05 M cit-
rate buffer, pH 5.2). After 10 min, the reaction was stopped by
adding 50 pL of 2.5 M H,SO,. The absorbance was measured
at 490 nm using a microplate reader (Benchmark, Bio-Rad).
The endpoint titer was defined as the reciprocal of the highest
analyzed dilution that gave an absorbance value above 0.5.

Influenza viruses

Influenza A virus strain Puerto Rico/916/34 was grown in
Madin-Darby canine kidney (MDCK) cells. The cells were
cultured in Dulbecco’s modified Eagle medium nutrient mix-
ture F-12 (DMEM/F-12) (Caisson) supplemented with 5%
fetal bovine serum (SFB) (Mediatech) at 37 °C and 5% CO,.
The viral stock was prepared in serum-free medium and fro-
zen at -20 °C for later use as described previously [36].

ConA envELISA

Viral particles that had been isolated from infected MDCK
cells and purified using serum-free medium were trapped in
wells coated with concanavalin A (Con A), which immobi-
lizes the detergent-solubilized viral glycoproteins of the viral
envelope. Briefly, 96-well plates (Costar) were coated with
100 pL of Con A (Sigma-Aldrich) per well at a concentration
of 50 pg/mL in PBS, pH 7.4, for 1 h. The wells were washed
three times with PBS containing 0.1% Triton X-100 (PBS-
TX) and incubated with solubilized and inactivated influenza
A virus strain Puerto Rico/916/34 (serum-free virus stock) in
PBS-TX for 1 h. After the wells were washed with PBS-TX,
the unreacted ConA binding sites were blocked with RPMI
medium 1640 containing 10% FBS (RPMI-10% SFB) for
1 h. Dilutions of the heat-inactivated rabbit serum samples
were made in RPMI-10% SFB and incubated for 1 h at room
temperature. The positive control was a 1:500 dilution of
serum from a patient who was positive for influenza virus
[21]. Rabbit pre-immune serum samples were used as nega-
tive controls. The wells were washed again and incubated
with 100 pL of the appropriate peroxidase-conjugated anti-
IgG (H+L) (Santa Cruz) as the secondary antibody. The
wells were washed again and then incubated for 1 h with
100 pL of 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) (Sigma-Aldrich), and H,0, was added as a
substrate. Absorbance values were determined at 405 nm
[36].

Specific IgG levels in the sera of rabbits immunized
with peptides 11 and 14 against hemagglutinin
and neuraminidase

Levels of antibody against HA and NA were determined
using recombinant HA (rHA) proteins purchased from
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Sino Biological Inc. (Beijing, China). Group 1 included
HIN1, H5N1, H2N2 strains, and group 2 included H7N9,
H3N2 strains (Table 1). Neuraminidase was purified from
a stock of strain Puerto Rico/916/34 by preparative SDS-
polyacrylamide gel electrophoresis. The antibody levels
in the serum samples were determined using an ELISA
assay. Briefly, 96-well plates were coated with 0.5 pg
of protein (hemagglutinin or neuraminidase, 500 pg/
mL) in carbonate-bicarbonate buffer (15 mM Na,CO;
and 35 mM NaHCO;, pH 9.6), incubated overnight at 4
°C, and washed three times with 0.05% PBST. Blocking
was performed with PBST plus 6% fat-free milk for 1 h,
and the plates were then washed with PBST. Serial dilu-
tions of serum samples from immunized rabbits (1:100
to 1:12,800) were added to the plates, which were incu-
bated overnight at 4 °C and washed with PBST. A 1:3000
dilution of the goat anti-rabbit IgG peroxidase (Thermo
Scientific) was added to each well, and the plates were
incubated for 4 h at room temperature and then washed
with PBST. The enzymatic reactions were initiated by
adding 100 pL of substrate solution (0.5 mg of o-phe-
nylenediamine per mL plus 0.01% H,0O, in 0.05 M citrate
buffer, pH 5.2). After 10 min, we stopped the reactions
by adding 50 pL of 2.5 M H,SO,. The absorbance was
measured at 490 nm using a microplate reader (Bench-
mark, Bio-Rad). The endpoint titer was defined as the
reciprocal of the highest analyzed dilution that gave an
absorbance value above 0.5.

Hemagglutination inhibition (HI) assay

Serum samples from immunized rabbits were inactivated
by heating at 56 + 2 °C in a water bath for 30 min, and the
total IgG were purified by affinity chromatography using
immobilized protein A Sepharose CL-4B (Sigma-Aldrich)
as described by Contis-Montes de Oca et al. [44]. Dilutions
were made in PBS and added to a final volume of 25 pL in
96-well round-bottom plates using pre-immune serum as
a control. The virus concentration was then adjusted to 4
hemagglutination units (HAU) per 25 pL in PBS and added
to samples, except for the negative controls, which consisted
of PBS without virus. The plates were incubated for 1 h at 37
°C while human red blood cells (HRBCs) of type “O” were
washed twice with 1x PBS, pH 7.2, and centrifuged at 200
X g for 10 min at 4-8 °C. The cells were then resuspended in
a final concentration of 0.75% in 1x PBS, and 50 pL of this
suspension was added to each well. The plates were incu-
bated again for 1 h at 37 °C, and the effects were observed
[45]. The HI titer was the highest dilution that caused total
inhibition of agglutination. HRBCs with PBS were used as
a negative control, and HRBCs plus virus at 4 HAU were
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used as a positive control. Sera were tested at dilutions from
1:12 to 1:7680.

Plaque reduction neutralization test (PRNT,)

Neutralizing antibodies were titrated as described previously
[46, 47] Briefly, serial dilutions of the heat-inactivated test
sera in duplicate starting from 1:100 were mixed with 20
PFU of influenza A virus strain Puerto Rico/916/34 for 1 h at
37 °C and added to MDCK cells at a density of 80,000 cells
per well in 24-well plates. Positive and negative control sera
and virus back titration to confirm the viral inoculum were
included. At 1 h after infection, serum-free DMEM/F-12
medium with 2 pg of TPCK (L-1-tosylamide-2-phenylethyl
chloromethyl ketone)-treated trypsin was added to each well,
and the plates were incubated for 1 h at 37 °C. Then, 500 uL
of overlay medium was added to each well, and the plates
were incubated for 3 days under the same conditions. The
supernatant was discarded, and plaques were visualized by
staining with naphthol blue-black dye. The result is reported
as the reciprocal of the dilution that protects 50% of the cells
from a cytopathic effect due to infection.

Statistical analysis

Three independent assays were conducted in duplicate, and
the results are presented as the mean and standard deviation
of one representative assay. The statistical significance of
differences among groups was determined by ANOVA, fol-
lowed by Tukey’s test. Differences with p values less than
0.01 were considered significant. The analysis was per-
formed using the PRISM program (GraphPad, San Diego,
CA.). The half-maximal effective concentration (ECs,) was

determined using the statistical program SigmaPlot for Win-
dows version 11 (Systat Software Inc., San Jose, CA, USA).

Results and discussion
Degree of conservation of peptides

A protein sequence search for NA and HA from [AV in the
Influenza Virus Resource at NCBI [26] yielded the follow-
ing IAV subtypes: HIN1 (8560 HA sequences and 8184 NA
sequences), H7N9 (79 HA sequences and 75 NA sequences),
H5N1 (216 HA sequences and 259 NA sequences), H2N2
(95 HA sequences and 132 NA sequences) and H3N2 (8124
HA sequences and 8372 NA sequences). These subtypes
were related to human influenza. The consensus protein
sequences (Fig. 1A-D) of the influenza A HIN1 glycopro-
teins NA and HA (Fig. 1E) were obtained from multiple
alignments. These consensus protein sequences were used
to identify the immunogenic regions in HA and NA (Fig. 1).
Sequences that were conserved during evolution (data not
shown), present in different influenza virus subtypes, or
located on the surface (exposed to solvent, see Fig. 1S)
were predicted to be easily accessible to antibodies with
neutralizing potential [48], as demonstrated for HIV [49].
Six peptides (from HINI1 as reference), including four from
HA (P1, P2, P3, P4 and P6), one from NA (P5), and one
from NA reported previously by us [19] were selected as
described above.

Multiple sequence alignments of HA peptides from dif-
ferent subtypes of influenza A virus (HIN1, H7N9, H5N1,
H2N2 and H3N2) showed a degree of conservation for each
of the selected peptides when HIN1 (A/California/07/2009)

Table 3 Degrees of similarity (S), identity (I) and gaps (G) for the region of peptides P1-P4 against each region of HA and P5 against each neu-

raminidase from influenza virus

Pl P2 P3 P4 PS5

S I G S I S I G S I G S I G
A/California/04/2009 100 100 O 100 958 100 100 0 100 100 0 100 100 0
[HIN1]
A/Brisbane/59/2007 100 769 0 583 375 100 100 0 645 613 258 963 778 0
[HIN1]
A/PuertoRico/8/1934 962 769 0 708 583 100 100 0 87.0 783 43 926 778 0
[HIN1]
A/Japan/305/1957 923 769 0 583 458 875 667 0 478 348 43 593 444 0
[H2N2]
A/Aichi/2/1968 692 577 0 542 458 432 243 351 348 217 0 593 481 0
[H3N2]

A/Cambodia/S211394/2008 923 769 0 625 458
[H5N1]

A/Shanghai/02/2013 73.1 577 0 625 375
[H7N9]

91.7  66.7 0 783 478 43 100 778 O

583 333 42 304 217 0 593 407 O
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was used as a reference (100% identity, Fig. 1). P1 was
conserved to different degrees with respect to subtypes
HIN1 (A/Puerto Rico/8/1934), H7N9 and H5N1 (Table 3).
The most similarity was observed with HIN1 (A/Puerto
Rico/8/1934) and the lowest with H3N2 (see Fig. 1A), sug-
gesting that P1 could induce immunogenic responses against
HIN1, H2N2, H3N2, H7N9 and H5N1 as a multi-vaccine.
P2 and P4 were most similar to the corresponding sequences
of pandemic HIN1 (A/Puerto Rico/8/1934), see Table 3),
suggesting that they were potential candidates for specific
vaccines and immunodiagnostics, whereas P3 was most
similar to the corresponding sequence of HIN1 (A/Puerto
Rico/8/1934) and had a low degree of similarity to H3N2
sequences. However, multiple alignment of NA sequences
showed that PS5 was more similar to the corresponding
sequences of the HIN1 (A/Brisbane/59/2007 [HIN1])
and H5N1 subtypes than to those of other influenza virus
subtypes (see Table 3). Furthermore, P1, P3 and P5 could
work as a multi-vaccine epitope to provide broad protection
against unspecified influenza A virus infections. One addi-
tional parameter that the epitopes needed to achieve for good
recognition by MHC and TCR was low structural mobility
[50]. This was investigated using MD simulations [50] meas-
uring structural motions dependent on structural flexibility

@) 45 :

16 | ol
14 1 — P14
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o 10
Ny
Z 64
4
21
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of hybrid peptides with long sequences (Fig. 2). It is known
that lower flexibility of peptides is associated with a better
immune response [36]. As shown in Fig. 2, P9 yielded larger
RMSD values in MD simulations than compared to P11 and
P14 (approximately 125-200 ns and higher fluctuation close
to 225 ns) (Fig. 2A). From 275 ns to 500 ns, P11 showed
less motion with minimal oscillations compared to P9 and
P14, suggesting that it might be more immunogenic. Based
on RMSF values, P9 exhibited more mobility than P11 and
P14. Additionally, P9 had higher Rg values (approximately
175 ns) compared to P11 and P14. These results agree with
some of the biological results described in the following
paragraphs.

Prediction of the immunogenicity of peptides
from HA and NA

T-cell epitopes

Binding of peptides to human and mouse MHC-II alleles in
silico The peptides that bind to HLA-DR, HLA-DQ, HLA-
DP, human MHC class II alleles and mouse I-EY and 1-A¢
molecules are shown in Table 4. All of the peptides contain
identical or very similar sequences (epitopes) that are pre-

10 20 30 40 50 60
Amino acid

Fig.2 A ) Root mean square deviation (RMSD), B) root mean square fluctuations (RMSF), and C) radius of gyrations of hybrid peptides P9,

P11 and P14
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Table 4 Peptide binding to
human and mouse MHC class II

molecules (alleles)

Human MHCII Mouse MHCIIT
Core Alleles (NetMHCII 2.3 server) Score Alleles (PREDBALB/C server) Score
P1[ (KGAINTSLPFQNIHPITIGKCPKY VK)
FQNIHPITI HLA-DRB1*0701 5.50 I-A¢ 8.72
HLA-DRB1*1302 9.00
HLA-DRB1*1001 9.00
INTSLPFQN HLA-DRB1*1001 8.50
AINTSLPFQ HLA-DRB4*0101 5.50
SLPFQNIHP HLA-DRB4*0101 5.50
KGAINTSL I-E¢ 9.20
IHPITIGKC I-E¢ 8.40
P2 (STSADQQSLYQNADAY VEVGTSRY)
YVFVGTSRY HLA-DRB3*0101 5.00 I-AY 8.28
I-E¢ [AYVFVGTSR] 9.60
YQNADAYVF  HLA-DRB3*0101 1.40 I-A¢ 9.08
LYQNADAYV  HLA-DRB1%¥1302 9.00 I-A? [SLYQNADAY] 8.74
HLA-DRB3*0202 5.00 I-AY [QSLYQNADAY] 8.30
I-EY [QSLYQNADA] 8.82
TSADQQSLY I-A 8.16
DQQSLYQNA I-A 8.60
DAYVFEVGTS I-AY 9.60
P3(NSTDTVDTVLEKNVTVTHSVNLLE)
TVLEKNVTV I-E¢.[VLEKNVTVT] 9.40
KNVTVTHSV I-AY [NVTVTHSVN] 8.42
VTVTHSVNL HLA-DRB1*0701 5.00 I-AY [NVTVTHSVN] 8.42
VTHSVNLLE HLA-DRB1*0405 5.50 I-E¢ 8.70
NSTDTVDTV I-A¢ 8.34
STDTVDTVL I-A¢ 8.20
TDTVDTVLE I-A¢ 8.16
DTVDTVLEK I-A¢ 8.14
I-E4 8.70
EKNVTVTHS I-AY 10.00
P4 (SVSSFERFEIFPKTSSWPNHDSNKG)
FERFEIFPK HLA-DRB1*1001 6.50 I-E¢ 9.90
HLA-DRB1*0405 9.50
HLA-DRB5*0101 7.50
FEIFPKTSS HLA-DRB1*1101 4.00
HLA-DRB1*1602 6.00
HLA-DRB1*0802 5.00
IFPKTSSWP I-E¢ 8.24
TSSWPNHDS I-E¢ 9.16
P5 (IFRIEKGKIVKSVEMNAPNYHYEECSC)
FRIEKGKIV HLA-DRB1*0101 5.00 I-E¢ [RIEKGKIVK] 8.74
HLA-DRB1*0801 8.50
HLA-DRB1*1101 4.00
HLA-DRB1*1602 6.00
HLA-DRB3*0101 4.00
HLA-DRB3*0301 6.50
HLA-DRB5*0101 3.50
GKIVKSVEM HLA-DRB1*0701 2.50 I-AY 8.04
I-E¢ [KIVKSVEMN] 9.72
SVEMNAPNY  HLA-DRB1*1201 6.00 I-AY 9.02
VEMNAPNYH  HLA-DRB1%¥1302 4.00 I-E [KSVEMNAPN] 9.46
HLA-DRB3*0202 8.00
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Table 4 (continued)
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Human MHCII Mouse MHCII
Core Alleles (NetMHCII 2.3 server) Score Alleles (PREDBALB/C server) Score
IFRIEKGKI HLA-DRB1*#0103 2.50
HLA-DRB4*0103 4.50
RIEKGKIVK HLA-DRB1*0103 4.00 I-E¢ 8.74
VKGKIVKSVE  HLA-DRB1*0103 8.50
IVKSVEMNA HLA-DRB1*0802 7.50
HLA-DRB1#0901 7.50
HLA-DRB1*1602 9.50
HLA-DRB4*0101 6.50
IEKGKIVKS HLA-DRB1*1602 9.00 I-AY [EKGKIVKSV] 8.30
MNAPNYHYE I-A¢ 8.50
APNYHYEEC I-A¢ 9.40
KIVKSVEMN I-E¢ 9.72
KSVEMNAPN I-E¢ 9.46
P9 (KGAINTSLPFQNIHPITIGKSPKY VKGGGGGCGGGGSTSADQQSLYQNADAYVFVGTSRY)
FQNIHPITI HLA-DRB1*1001 9.00 I-A¢ 8.72
HLA-DRB3*0101 5.50
HLA-DRB1*0701 5.50
HLA-DRB1*1302 9.00
YQNADAYVF HLA-DRB3*0101 1.80 I-A¢ 9.08
YVFVGTSRY HLA-DRB3*0101 5.00 I-A¢ 8.28
I-AY [DAYVEVGTS] 9.60
I-EY [AYVFVGTSR] 9.60
LYQNADAYV HLA-DRB1*1302 9.00 I-AY [SLYQNADAY] 8.74
HLA-DRB3*0202 5.00 I-AY [QSLYQNADA] 8.30
I-E¢ [QSLYQNADA] 8.82
AINTSLPFQ HLA-DRB4*0101 5.50
INTSLPFQN HLA-DRB1*1001 8.50
ITIGKSPKY HLA-DRB1*#1201 8.50
SLPFQNIHP HLA-DRB4*0101 6.00
P11 IFRIEKGKIVKSVEMNAPNYHHYEESSSGGGCGGGKGAINTSLPFQNIHPITIGKSPKY VK)
FRIEKGKIV HLA-DRB1*0101 5.0
HLA-DRBI1*1101 4.00
HLA-DRB1*0801 8.50
HLA-DRB1*1602 6.00
HLA-DRB3*0101 4.00
HLA-DRB3*0101 6.5
HLA-DRB5*0101 3.5
FQNIHPITI HLA-DRB1*0701 5.50 I-A¢ 8.72
HLA-DRB1*1001 9.00
HLA-DRB1*1302 9.00
GKIVKSVEM HLA-DRB1*0701 2.50 I-Ad 8.04
I-E¢ [RIEKGKIVK] 8.74
VEMNAPNYH HLA-DRB1*1302 8.00 I-AY [SVEMNAPNY] 9.02
HLA-DRB3*0101 8.00 I-E¢ [KSVEMNAPN] 9.46
IFRIEKGKI HLA-DRB1*0103 2.50
RIEKGKIVK HLA-DRB1*0103 4.00
KGKIVKSVE HLA-DRB1*0103 8.50
IVKSVEMNA HLA-DRB1*0802 7.50
HLA-DRB1*0901 7.50
HLA-DRB1*1302 4.50
HLA-DRB1*1602 9.50
HLA-DRB4*0101 6.50
INTSLPFQN HLA-DRB1*1001 8.50
SVEMNAPNY HLA-DRB1*#1201 6.00
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Table4 (continued) Human MHCII Mouse MHCII

Core Alleles (NetMHCII 2.3 server) Score Alleles (PREDBALB/C server) Score

ITIGKSPKY HLA-DRB1*1201 8.50

IEKGKIVKS HLA-DRB1*1602 9.00

GAINTSLPF HLA-DRB3%*0202 6.5

AINTSLPFQ HLA-DRB4*0101 5.50

SLPFQNIHP HLA-DRB4*0101 5.50

IHPITIGKS I-A¢ 8.70
I-E 8.40

P14 (VNSDTVGWSWPDGAELPFTIDKGGGGCGGGGKTSSWPNHDSNKGVTAASPHAGAKS-

FYKN)

VTAASPHAG I-A¢ [AASPHAGAK] 8.34
I-E¢ [AASPHAGAK] 8.20

FTIDKGGGG HLA-DRB3*0101 6.50

HAGAKSFYK HLA-DRB5*0101 8.00 I-A¢ [SPHAGAKSF] 8.32

VNSDTVGWS I-A¢ 8.30

SDTVGWSWP I-A¢ 9.20

WSWPDGAEL I-E¢ 9.18

DSNKGVTAA I-A¢ 9.30

SNKGVTAAS I-A¢ 8.16

NKGVTAASP I-A¢ 9.70

KGVTAASPH I-A¢ 8.06

TSSWPNHDS I-E¢ 9.16

DSNKGVTAA I-E¢ 9.40

WSWPDGAEL I-E¢ 9.18

dicted to bind to both human and mouse MHC-II alleles.
For example, P1 is an epitope that binds to human HLA-
DRB1*0101, HLA-DRB1*0701, HLA-DRB1*1302 alleles
and mouse I-A¢ allele. In summary, the selected peptide
contains epitopes that are capable of interacting with human
and mouse (BALB/c) MHC-II alleles. These results show
that the predicted peptides contain helper T-cell epitopes,
which could activate T-cell-dependent responses, such
as IgG and IgA antibody responses. The peptides P2, P3
and P4 contain three epitopes, whereas P1 only contains
one epitope. The hybrid peptides P9 and P11 contain four
epitopes, and P14 contains only one that is likely to induce
an immune response against HA and NA proteins [51, 52].

Binding of peptides to human and mouse MHC | alleles in
silico The peptides that bind to representative HLA class
I (HLA-B*39:01, HLA-B*1501, HLA-A*0201, HLA-
A*0301, HLA-A*2601, HLA-B*0702, and HLA-B*5801)
and mouse H2-K9 H2-LY and H2-D¢ alleles are shown in
Table 5. These peptides are predicted to contain several
T-cell epitopes, some of which are predicted to bind to both
human and mouse MHC-I alleles. For example, P1 contains
the sequence FQNIHPITI, which binds to human HLA-
B*3901 and mouse H2-D! alleles.

The peptides were found to contain different number of
epitopes that are recognizable by cytotoxic T cells. P1, P9
and P11 have four epitopes, and P2 and P14 have three. The
epitopes that bind to MHC-I molecules could activate cyto-
toxic T cells that contribute to protection against invasion
by influenza virus [51-53].

B-cell epitopes

Using the B-cell epitope prediction program ABCpred, we
identified several linear B-cell epitopes (Table 6). P1, P3 and
P5 were predicted to contain two B-cell epitopes, whereas
the hybrid peptides were predicted to contain 4-5 epitopes.
Therefore, hybrid peptides could induce stronger mucosal
and systemic humoral immune responses [54].

Immunogenicity of peptides in rabbits and mice

To confirm the immunogenicity of these peptides in vivo,
we analyzed sera obtained from rabbits, and the peptides
that induced the highest antibody titers in rabbits were
used to immunize mice intranasally. IgG in sera and IgA in
nasal washes, as well as neutralizing antibodies, were then
detected.
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Table 5 Peptide binding to
human and mouse MHC class |
molecules (alleles)
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Human MHCI Mouse MHCI

Core Alleles (NetMHC Score Alleles (PREDBALB/C server) Score
4.0 server)

P1 (KGAINTSLPFQNIHPITIGKCPKYVK)

FQNIHPITI HLA-B*3901 0.12 H2-D¢ 8.88
HLA-B*4001 2.00

ITIGKCPKY HLA-A*2601 0.30 H2-D¢ 8.62
HLA-B*5801 1.90

LPFQNIHPI HLA-B*3901 0.30
HLA-B*0702 0.50
HLA-B*0801 0.60

GAINTSLPF HLA-B*1501 0.06 H2-D¢ 8.26
HLA-A*2601 0.90
HLA-B*5801 0.60

NIHPITIGK HLA-A*0301 1.10

AINTSLPFQ HLA-A*2601 0.90

IGKCPKYVK H2-D¢ 9.06

NTSLPFQN H2-D¢ 8.84

TIGKCPKYV H2-K¢ 8.50

P2 (STSADQQSLYQNADAY VFVGTSRY)

TSADQQSLY HLA-A*0101 0.03
HLA-A*2601 0.20

YVFVGTSRY HLA-A*0101 0.60 H2-D¢ [DAYVFVGTS] 8.86
HLA-A*2601 0.08
HLA-B*1501 0.80
HLA-A*0301 1.70

YQNADAYVF HLA-B*3901 0.08 H2-K¢ [LYQNADAYV] 9.10
HLA-B*1501 0.08 H-2D¢ 8.82
HLA-A*2402 0.60
HLA-B*4001 1.60

SLYQNADAY HLA-A*0101 1.20 H-2D¢ 9.40
HLA-A*2601 1.00 H2-K¢ 8.12
HLA-B*1501 0.80
HLA-A*0301 1.70

LYQNADAYV HLA-A*2402 2.00 H2-K¢ 9.10

P3 (NSTDTVDTVLEKNVTVTHSVNLLE)

STDTVDTVL HLA-B*3901 0.90 H2-D? 8.06
HLA-A*0101 0.90

TVLEKNVTV HLA-A*0201 1.20

DTVDTVLEK HLA-A*2601 1.40

VTVTHSVNL H2-D¢ 8.84

P4 (SVSSFERFEIFPKTSSWPNHDSNKG)

SSFERFEIF HLA-A*2402 1.10 H2-D¢ 9.20
HLA-A*2601 1.50
HLA-B*0801 2.00
HLA-B*5801 1.60
HLA-B*1501 0.70

EIFPKTSSW HLA-A*2601 0.80 H2-D! [IFPKTSSWP] 8.30
HLA-B*5801 1.30

KTSSWPNHD HLA-B*5801 1.70 H2-D¢ [SWPNHDSNK] 8.62

IFPKTSSWP H2-D¢ 8.30

VSSFERFEI HLA-B*5801 0.90

P5 (IFRIEKGKIVKSVEMNAPNYHYEECSC)

SVEMNAPNY HLA-A*0101 0.90

EMNAPNYHY HLA-A*0101 1.10 H2-K¢ 8.50
HLA-B*1501 0.70
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Table 5 (continued) Human MHCI Mouse MHCI
Core Alleles (NetMHC Score Alleles (PREDBALB/C server) Score
4.0 server)
FRIEKGKIV HLA-B*2705 1.40 H2-KY[IFRIEKGK] 9.40
HLA-B*3901 0.70 H2-D¢ [IFRIEKGK] 8.30
HLA-A0301 1.20
PNYHYEECS H2-D¢ 8.30
P9 (KGAINTSLPFQNIHPITIGKSPKY VKGGGGGCGGGGSTSADQQSLYQNADAY VEVGTSRY)
TSADQQSLY HLA-A*0101 0.03
HLA-A*2601 0.20
HLA-A*0101 0.03
LPEQNIHPI HLA-B*0702 0.50
HLA-B*3901 0.30
FQNIHPITI HLA-B*3901 0.12 H2-D¢ 8.88
YQNADAYVF HLA-B*3901 0.08 H2-K¢ 8.82
HLA-B*1501 0.08
GAINTSLPF HLA-B*1501 0.06 H2-D¢ 8.26
SLYQNADAY HLA-A*0101 1.20 H2-D¢ 9.40
HLA-A*2601 1.00 H2-K¢ [LYQNADAYV] 9.10
HLA-B*1501 0.80 H2-K¢ 8.12
HLA-A*0101 1.2
YVFVGTSRY HLA-A*0101 0.60
HLA-A*2601 0.08
ITIGKSPKY HLA-A*2601 0.20 H2-D¢ 9.10
YVKGGGGGC HLA-A*2601 1.40
HLA-B*1501 0.80
HLA-A*0101 0.60
STSADQQSL HLA-B*3901 1.70
NTSLPFQNI H2-D¢ 8.84
IHPITIGKS H2-D¢ 9.20
IGKSPKYVK H2-D¢ 9.14
TIGKSPKYV H2-K¢ 9.40
P11 (IFRIEKGKIVKSVEMNAPNYHYEESSSGGGCGGGKGAINTSLPFQNIHPITIGKSPKY VK)
ITIGKSPKY HLA-A*2601 0.20 H2-K¢ [TIGKSPKYV] 9.40
HLA-B*5801 0.90 H2-D¢ 9.10
LPFEQNIHPI HLA-B*0702 0.50 H2-K¢ [NTSLPFQNI] 8.84
HLA-B*3901 0.30
HLA-B*0801 0.60
FQNIHPITI HLA-B*3901 0.12 H2-D? 8.88
HLA-B*4001 2.00
GAINTSLPF HLA-B*1501 0.06 H2-D¢ 8.26
HLA-A*2601 0.90
HLA-B*5801 0.60
SVEMNAPNY HLA-A*0101 0.90
YHYEESSSG HLA-B*3901 0.50
FRIEKGKIV HLA-B*3901 0.70 H2-D? [IFRIEKGKI] 8.30
HLA-B*2705 1.40 H2-K¢ [IFRIEKGKI] 9.40
GKGAINTSL HLA-B*3901 1.50
EMNAPNYHY HLA-A*0101 1.10 H2-K¢ 8.50
RIEKGKIVK HLA-A*0301 1.20
NIHPITIGK HLA-A*0301 1.10
EESSSGGGC HLA-B*4001 1.60
TIGKSPKYV H2-K¢ 9.40
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Table 5 (continued) Human MHCI Mouse MHCI

Core Alleles (NetMHC Score Alleles (PREDBALB/C server) Score
4.0 server)

P14 (VNSDTVGWSWPDGAELPFTIDKGGGGCGGGGKTSSWPNHDSNKGVTAASPHAGAKS-

FYKN)

WPDGAELPF HLA-B*0702 0.50 H2-DY [DGAELPFTI] 9.60
HLA-B*3901 0.70

SPHAGAKSF HLA-B*0702 0.06 H2-D¢ 8.38
HLA-B*3901 1.90

NSDTVGWSW HLA-B*5801 0.04

WSWPDGAEL HLA-B*5801 2.00 H2-L¢ 9.80

KTSSWPNHD HLA-B*5801 1.70

NSDTVGWSW HLA-A*0101 0.90

AASPHAGAK HLA-A*0301 0.90 H2-D [ASPHAGAKS] 9.14

HAGAKSFYK HLA-A*0301 0.60 H2-D! [AGAKSFYKN] 8.54

DTVGWSWPD HLA-A*2601 1.40

FTIDKGGGG HLA-A*2601 1.00

NetMHCII 2.3 Server Score: Strong binder <2.0 weak binder >2.0 to 10.0
NetMHC 4.0 Server Score: Strong binder <0.5 weak binder >0.5 to 2.0
PREDBALB/C server Score: Peptides with prediction scores above or equal to 8

Table 6 Epitopes recognized by B cells according to the ABCpred Prediction Server

Name Sequence CORE Score
P1 KGAINTSLPFQNIHPITIGKCPKY VK KGAINTSLPFQNIHPI 0.93
PFQNIHPITIGKCPKY 0.55
P2 STSADQQSLYQNADAYVFVGTSR QSLYQNADAYVFVGTS 0.82
P3 NSTDTVDTVLEKNVTVTHSVNLLE TDTVDTVLEKNVTVTH 0.76
VLEKNVTVTHSVNLLE 0.71
P4 SVSSFERFEIFPKTSSWPNHDSNKG RFEIFPKTSSWPNHDS 0.86
P5 IFRIEKGKIVKSVEMNAPNYHYEECSC KGKIVKSVEMNAPNYH 0.88

SVEMNAPNYHYEECSC 0.88

P9  KGAINTSLPFQNIHPITIGKSPKYVKGGGGGCGGGGSTSADQQSLYQNADAYVFVGTSRY  KGAINTSLPFQNIHPI 0.93
GGGGGCGGGGSTSADQ 0.86

QSLYQNADAYVFVGTS  0.82

GGGSTSADQQSLYQNA  0.77

PITIGKSPKYVKGGGG  0.76

P11  IFRIEKGKIVKSVEMNAPNYHYEESSSGGGCGGGKGAINTSLPFQNIHPITIGKSPKYVK KGAINTSLPFQNIHPI 0.93
KGKIVKSVEMNAPNYH  0.88

SVEMNAPNYHYEESSS  0.86

PFQNIHPITIGKSPKY 0.43

P14  VNSDTVGWSWPDGAELPFTIDKGGGGCGGGGKTSSWPNHDSNKGVTAASPHAGAKS- GGGGKTSSWPNHDSNK  0.93
FYKN TIDKGGGGCGGGGKTS  0.88
SDTVGWSWPDGAELPF  0.80

SNKGVTAASPHAGAKS  0.79

SWPNHDSNKGVTAASP  0.69

Note: a higher score indicates a higher probability that the peptide is an epitope

The unconjugated P1 induced the strongest IgG immune  in the absence of KLH [19]. According to epitope predic-
response in rabbits (Fig. 3A). This result means that P1  tions, P1 contains T-cell (MHC II) and B-cell epitopes and
could be immunogenic because it induced IgG antibodies  is located in the middle of protein with 360° of exposure. P1
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Fig.3 Peptide-specific IgG antibody titers in the sera of rabbits
immunized with unconjugated peptides or peptides conjugated with
KLH. Serial dilutions of sera from rabbits inoculated with unconju-
gated peptides (panel A) or peptides conjugated with KLH (panel B)
were added to microplates that had been coated with different pep-
tides. IgG antibodies were detected using a secondary Ab specific
for rabbit IgG (1:3000). Sera from rabbits immunized with either the

was included in peptides P9 and P11. P1 did not induce an
immunogenic response when it was hybridized to P2 to yield
P9; however, it induced a stronger IgG immune response
when it was hybridized to P5 (NA) to yield P14.

As expected, the peptides P11 and P14 induced the
strongest immune response when conjugated to KLH.
However, P9 induced a poor immune response (Fig. 3).
PS5 hybridized with P1 to yield P11 resulted in an immune
response that could be attributed to P1. Although P1 is pre-
sent in P9, it is located far from KLH. The position of the
peptide in the hybrid could therefore explain the experimen-
tal results.

P1 in the P9-KLH complex could be located at the KLH
protein surface, and this location makes proteasome process-
ing for presentation by MHC more difficult than the P11-
KLH complex. The better immunogenic response obtained
with P1 alone or P1 hybridized with P5 to yield P11 might
have been due to the fact that P1 is very rich in basic resi-
dues, which have been shown to be important for immu-
nogenicity [36]. P1 was capable of inducing an immune
response despite having a lower molecular weight than P11
and P14. Similar results have been reported previously for
another peptide [19].

As reported previously, the immunogenicity of P14
could be due to its NA epitope [19]. As mentioned above,
we tested the immunogenicity of peptides conjugated to
KLH to investigate the effect of KLH on the response
to P9. Surprisingly, P9 still induced a weaker immune
response than P11 despite the presence of P1 (Fig. 3, panel
B). These results confirmed that the peptide sequence was
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unconjugated peptide 1 or with hybrid peptides P11 and P14 con-
jugated with KLH showed the highest titer (1:800), whereas sera
against the remaining peptides had a lower titer (A4, <0.5; 1:800).
Samples of serum from a pre-immune rabbit were used as controls.
No peptide-specific IgG responses were found in pre-immune sera.
Individual samples were run in duplicate, and the data are shown as
the mean + SD

of key importance for immunogenicity. The carriers could
play an important role due to their ability to affect the
recognition pattern on MHC regardless of the presence of
basic residues that are capable of recognizing important
sites, as reported by Carrillo-Vazquez et al. [36].

The IgG immune response is a T-cell-dependent
response because the class switch of the IgG isotype
requires the interaction of peptides with MHC II molecules
and T helper (CD4 T) cells [55, 56]. Thus, our results
indirectly demonstrate that immunogenic peptides induce
T helper cells restricted to MHC-II.

Using ELISA, the immunogenicity of peptides in the
mucosal compartment was examined in mice that were
immunized intranasally with peptides mixed with CT
(Fig. 4). The IgG and IgA antibody responses to the pep-
tides were similar in the serum samples. Intranasal immu-
nization induced higher titers of IgG and IgA antibod-
ies to P11, lower titers to P14, and very low titers to the
unconjugated peptides P1, P4, and P5 (Fig. 4, panels A
and B). These results suggest that P1 requires other struc-
tural changes for proteasome protection or immunological
transport in the P11 hybrid. To investigate the antibody
responses in the mucosal compartment, the levels of IgG
and IgA antibodies against the peptides were measured in
nasal washes (Fig. 4, panels C and D). We observed that
P11, P1 and P14 induced higher titers of IgG antibody,
whereas the IgA antibody response was highest against P1
and P4, followed by P11, P14 and P5.

Surprisingly, all peptides (both conjugated [P11 and
P14] and unconjugated [P1, P4, and P5] peptides) induced
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Fig.4 Peptide-specific IgG or IgA antibody titers in sera and nasal
washes of mice immunized with different peptides. Serial dilutions
of sera (panels A-B) or nasal washes (panels C-D) from mice inocu-
lated with different peptides were added to microplates that had been
coated with specific peptides. Antibodies were detected using a sec-

high IgA antibody titers in nasal washes, but peptide 1
yielded the highest titers.

The production of IgA antibodies in nasal mucosa
requires that dendritic cells process and present peptides
on class II MHC molecules (pMHC) to CD4* T cells.
In turn, these helper cells promote IgA class-switching
recombination and affinity maturation of IgA-committed
B-cells [57]. Thus, our results indicate that the peptides
induced CD4* T helper cells that recognize peptides in the
form of an MHC-II-peptide complex [55, 57, 58].

In summary, intranasal immunization of mice with P11
and P14 along with CT induced specific IgG and IgA anti-
bodies in serum and nasal mucosa. These antibodies could
protect the host against virus invasion. According to the
current concept, IgA is the dominant antibody involved
in protection against infection in the nasal compartment
(upper respiratory tract), whereas serum IgG, which
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ondary Ab specific for mouse IgG (1:3000) or IgA (1:500). Samples
of serum from pre-immune mice were used as controls, and no pep-
tide-specific IgG or IgA responses were found in pre-immune sera or
nasal washes, respectively. Individual samples were run in triplicate,
and the data are shown as the mean + SD

diffuses into the lower respiratory tract, is predominantly
involved in the protection of the lungs [59-61].

The peptide-induced heterosubtypic antibody
response

Finally, to test for substantial heterosubtypic binding
activity, sera against P11 and P14 were tested for reactiv-
ity with purified hemagglutinin proteins from different
subtypes and strains. We focused on testing P11 and P14
due to the promising results obtained with these peptides.
HAs from a seasonal virus (A/Brisbane/59/2007(HIN1)),
three pandemic viruses (A/California/04/2009 (HIN1), A/
Aichi/2/1968(H3N2), and A/Japan/305/1957(H2N2)) from
the 2009, 1968 and 1957 pandemics, and an avian virus (A/
Shanghai/2/2013 (H7N9)) were used in these experiments.
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Fig.5 Rabbit IgG antibodies against hybrid peptides P11 and pep-
tide P14 recognized recombinant hemagglutinins (rHA) from several
influenza A viruses: A) A/California/07/2009, B) A/Shanghai/2/2013,
C), A/Aichi/2/1968 D) A/Cambodia/S1211394/2008 E) A/
Japan/305/1957, F) A/Puerto Rico/8/34 and G) A/Brisbane/59/2007
. Serial dilutions of sera from rabbits inoculated with peptides con-

As shown in Fig. 5A-G, the response patterns of the sera
anti-P11 and anti-P14 against the hemagglutinins was simi-
lar for most hemagglutinins, with the exception of A/Bris-
bane/59/2007 (HIN1) and A/Puerto Rico/8/34 (HIN1), both
of which are HIN1 strains (Fig. SF and G). Both sera reacted
similarly against the H7NO9 subtype. The responses of P11
and P14 against the H7N9 subtype were not clear from the
bioinformatics studies (see Fig. 1). The linear epitopes could
not be evaluated due to their low similarity to the H7N9 pro-
tein sequence, suggesting that a conformational epitope was
involved. Conformational epitopes are capable of inducing
immune responses despite being discontinuous epitopes and
are recognized by antibodies as linear epitopes in a tertiary
structure [62].

jugated to KLH were added to microplates that had been coated with
purified recombinant hemagglutinins (0.5 pg). Antibodies against
P11 and P14 had similar binding activity to the majority of the rHAs,
except for A/Brisbane/59/2007 and A/Puerto Rico/8/1934, both of
which are HINI1 subtypes. As controls, serum samples from pre-
immunized rabbits were tested against the specific peptide

Antibodies produced in response to the A/Califor-
nia/04/09 pandemic virus cross-reacted with several influ-
enza virus strains, including A/Brisbane/59/2007 (HIN1),
A/Puerto Rico/8/34 (HIN1), A/Aichi/2/1968 (H3N2), and
A/Anhui/1/13 (H7N9) [63—-66]. The origin of these cross-
reactive antibodies may be cross-reactive T and B cells spe-
cific for conserved epitopes in the hybrid peptides P11 and
P14. Various studies have demonstrated that cross-protection
against influenza virus strains may be due to cross-reactive
T cells [67-69]. A previous in silico analysis provided a
list of potential cross-reactive T-cell epitopes, includ-
ing the sequences CPKYVKSTK and HAGAKSFYKNL,
which were present in P1, P11 and P14 [70]. Also, as
shown in Fig. 6, P11 and P14 induced antibodies capable of
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Fig.6 NA-specific IgG antibody titers in sera from rabbits immu-
nized with different peptides. Serial dilutions of sera from rabbits
inoculated with peptide 14 (P14), and peptide 11 (P11) were added
to microplates previously coated with neuraminidase protein (0.5 ug).
IgG antibodies were detected using a secondary Ab specific for rabbit
IgG (1:3000). Individual samples were run in duplicate, and the data
are shown as the mean + SD

recognizing purified NA protein from a viral stock in ELISA
studies measuring IgG antibodies.

According to ConA envELISA studies, P11 and P14
are capable of inducing antibodies in rabbits that recog-
nize wild-type viral antigens (immobilized with ConA)
from an influenza virus HIN1 strain at dilutions of 1:200
and 1:800 (Fig. 7) with significant statistical differences

0.5
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0.3 1
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- IH
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Fig.7 Trapping ELISA. Antibodies from rabbits immunized with
P11 or P14 recognized influenza virus immobilized with ConA. Pre-
immune serum samples were used as negative controls, and a human
serum was used as a positive control (p < 0.0001, pre-immune vs.
immunized rabbit)

@ Springer

(one-way ANOVA, p < 0.0001) compared to pre-immune
sera at the same dilutions. These absorbance values are
equal to values others have reported for patients who were
previously infected with influenza virus [36].

In the hemagglutination inhibition assay, it was found
that sera from rabbits that had been inoculated with P11
and P14 inhibited hemagglutination at a dilution of 1:384
and 1:960, respectively (Table 7). There are reports in
which viral antigens (surface glycoproteins) can be immo-
bilized to be recognized by antibodies in an ELISA, as
reported elsewhere for influenza virus and dengue virus
[36, 71]. In this study, antibodies from rabbits immunized
with P11 and P14 recognized viral particles of strain (A
Puerto Rico/916/34) immobilized with ConA (Fig. 7), and
they also inhibited hemagglutination with titers higher
than 40 (Fig. 7), which decreases the risk of infection
to 50% [72]. The above coincides with the neutralizing
capacity of antibodies induced in mice immunized with
peptides 11 and 14 (reciprocal of PRNTjj titer of 380 and
1600, respectively; Table 7). These results indicate that in
silico studies can be used to identify potential protective
epitopes.

In summary, we compared amino acid sequences
(Fig. 1) to provide a plausible explanation for the observed
cross-protection between 2009 HIN1 and other influenza
viruses [64]. Only P1 alone produced a response in vivo.
The observed responses to P11 and P14 could have been
due to coupling to KLH. Additionally, P11 contained
P1 and P14 contained a recently reported peptide [19].
However, the responses against H7N9 were apparently
not due to the presence of linear epitopes, suggesting that
the peptides were capable of adopting 3D structures that
formed a conformational epitope [62]. Rabbit antibodies
to P11 and P14 recognized HA proteins from both group
1 (H1, H2, and HS) and group 2 (H3 and H7) influenza A
viruses belonging to three different clades: the H1 clade
(H1, H2, and HS5), the H3 clade (H3), and the H7 clade
(H7). Additionally, the antibodies also recognized puri-
fied neuraminidase from the viral stock and viral particles
immobilized in the trapping ELISA, and they were able to
inhibit hemagglutination and neutralize the virus.

Table 7 Hemagglutination
inhibition and virus
neutralization assays. The
hemagglutination inhibition P11
assay was carried out using
antibodies from rabbits
immunized with P11 and P14.
The neutralizing antibody titer
was determined using a pool of
serum from mice immunized
with P11 and P14

Peptide HI Reciprocal of

PRNT;, titer

1:384 380
P14 1:960 1600
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Conclusions

The humoral immune responses against HA and NA are the
primary means of resistance to influenza virus infection [68];
therefore, hybrid peptides composed of HA and NA peptides
can be used as potent synthetic vaccines. Because antibodies
against the hybrid peptides P11 and P14 had broad hetero-
subtypic activity against the antigenically diverse H1, H2,
H3, HS5, and H9 influenza subtypes, these peptides might be
used as broad-spectrum agents for prophylaxis (to induce
neutralizing antibodies) and also for treatment of human or
avian influenza infections, since the antibodies recognize
the neuraminidase protein and could potentially prevent the
release of new viral progeny during infection. The use of
bioinformatics tools enabled the identification of potential
epitopes for vaccine purposes. Some of these epitopes could
act as immunogenic agents alone, offering several advan-
tages, such as low cost and ease of handling without special
treatment.
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