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Abstract The binding motif of BF2*15 major histocom-
patibility complex (MHC) class I was explored by ana-
lyzing the interaction between an infectious bronchitis
virus octapeptide and BF2*15, and the cytotoxic T lym-
phocyte (CTL) epitope from the nucleoprotein (NP) of
H5N1 virus was identified using experimental methods.
Computational methods, including homology modeling,
molecular dynamics simulation, and molecular docking
analysis, were used. The recombinant plasmid pCAGGS-
NP was constructed, and NP expression was confirmed by
indirect immunofluorescence and Western blot in trans-
fected 293T cells. Antibodies against NP in pCAGGS-NP-
inoculated specific-pathogen-free chickens were detected
by enzyme-linked immunosorbent assay (ELISA). Inter-
feron y (IFN-y) mRNA was quantified, and IFN-y pro-
duction was evaluated using quantitative reverse
transcription PCR and capture ELISA, respectively. CD8"
T-lymphocyte proliferation was detected using flow

W. Zhang and Q. Huang contributed equally to this work.

>4 Chuan-tian Xu
xcttaian2002 @ 163.com

Shandong Key Lab of Animal Disease Control and Breeding,
Institute of Animal Science and Veterinary Medicine,
Shandong Academy of Agricultural Sciences,

Jinan 250100, Shandong, People’s Republic of China

School of Social Development and Public Policy, China
Institute of Health, Beijing Normal University, 19 Xinjiekou
Wai St., Beijing 100875, People’s Republic of China

Weifang Engineering Vocational College,
Qingzhou 262500, Shandong, People’s Republic of China

College of Animal Science, Shandong Agricultural
University, Tai’an 271018, Shandong,
People’s Republic of China

Published online: 12 August 2016

cytometric analysis. The BF2*15 MHC class I binding
motif “x-Arg/Lys-x-x-x-Arg/Lys” was explored. Quan-
tification of chicken IFN-y mRNA, evaluation of IFN-y
production, and measurement of CD8" T-lymphocyte
proliferation confirmed that the peptide NPg;_74 of HSNI
was the BF2*15 MHC-class-I-restricted CTL epitope.

Introduction

Influenza A viruses infect a wide variety of animal spe-
cies, including birds, humans, pigs, and other mammals
[1]. The unabated circulation of highly pathogenic H5N1
avian influenza viruses has been a serious threat to public
health worldwide [2]. Cross-species infection is consid-
ered the fundamental mechanism of initiation of human
influenza pandemics [3]. In 1997, a highly pathogenic
HS5N1 avian influenza virus (HPAI) was transmitted
directly from poultry to humans with an overall case-fa-
tality rate of 33 % in Hong Kong [4, 5]. Similarly, HPAI
H5NI1, which is especially deadly for poultry, has been
causing poultry outbreaks in Asia almost continuously
since 2003. This virus is now endemic in several countries
and continues to be the animal influenza virus of greatest
concern for human health. Furthermore, from the end of
2003 to January 2015, 777 laboratory-confirmed human
cases of H5N1 virus infection from 16 countries have
been reported to the World Health Organization. Of these
cases, 428 (55.1 %) were fatal because of acute respira-
tory distress syndrome, multiple organ dysfunction, lym-
phopenia, and hemophagocytosis [4-6]. In view of the
high frequency of naturally occurring mutations, the
lethality of HSN1 raises considerable concern about the
potential transmissibility of the virus in humans [2].
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Developing a potent vaccine for influenza A virus that
provides long-lasting immunity is a difficult task [7]. This
challenge may be due to the antigenic drift of the virus, in
which the circulating strain in an infectious cycle differs
from the previously circulating strain [8—10]. To efficiently
prevent a future influenza pandemic, a robust global
surveillance system should be strengthened for the timely
detection of novel H5N1 virus strains in animals once they
arise [11]. On the other hand, effective vaccines, including
inactivated viral vaccines and live-attenuated, cold-adapted
HS5N1 vaccines, could also be developed for the prevention
of H5NI1 virus infection through large-scale vaccination
[12—14]. In addition, other forms of HS5NI1 vaccines,
including those based on DNA, proteins, viral vectors, and
virus-like particles as well as a number of combination
vaccinations, are in the developmental stage or in pre-
clinical or clinical trials, some of which have shown effi-
cacy in preventing H5SNI1 infections [2, 15-21].
Theoretically, the rational development of future vaccines
will require a systematic understanding of the protective
humoral and cellular immune responses that occur during
HS5N1 virus infection. Furthermore, this pursuit should aim
to induce a broad immune response that accommodates the
plasticity of major antigenic sites. Recent research has
indicated that cell-mediated immunity may play a very
important role in the clearance of influenza virus [8].
Therefore, a vaccine generating robust T-cell immunity
against influenza should be paid more attention. Major
histocompatibility complex (MHC) I-restricted cytotoxic T
lymphocytes (CTLs) can kill virus-infected cells and
eliminate potential sources of new virus [22-24]. Further-
more, T-cell recognition of the peptide-MHC complex is a
prerequisite for cellular immunity. Hence, identifying CTL
epitopes is crucial in the design of synthetic vaccines and
understanding the immune mechanisms involved in the
clearance of viral infection [25]. A number of studies
successfully identified pathogen-derived T-cell epitopes
from H5N1 virus in humans [7, 26-30] and mice [31, 32].
A range of computational algorithms have been developed
to predict CTL epitopes in pathogen protein sequences.
These algorithms are based on specific MHC class I anchor
motifs [33-35], a weight-matrix method for identifying
amino acids that occur at a higher-than-expected frequency
at specific epitope positions [36-38], or artificial neural
networks (ANNAs) [36, 39, 40]. The accuracy of these
methods has also been demonstrated by their prediction of
the vast majority of CTL epitopes [41].

Unlike many other hosts, knowledge is limited on the
specific H5N1-derived peptides targeted by T cells in
chickens. To date, two studies have reported on T-cell
epitopes in the nucleoprotein (NP) and hemagglutinin (HA)
of H5N1 virus in chickens [42, 43]. In these proteins,
NPgo_g7 and NP ;95 >0 Were identified as T-cell epitopes in
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chickens of certain haplotypes [43], and H5,46_260 Within
HA1 domain was identified as a dual-specific epitope,
which was found to be presented by both major MHC class
I and II molecules in chickens of the B'® haplotype [42]. In
2007, Liu et al. reported a chicken MHC-I (BF2*15)/pep-
tide tetramer [44], indicating that an octapeptide
(WRRQARYK) from the infectious bronchitis virus (IBV)
52 strain [45] is able to bind to the B15 haplotype and
induce an immune response.

This study has two objectives. Our first objective is to
explore the interaction between the IBV octapeptide and
BF2*15 and to further identify the binding motif of
BF2#15 using computational methods, such as homology
modeling, molecular dynamics (MD) simulation, and
molecular docking. The second objective is to experi-
mentally identify the CTL epitopes from the NP of
A/Goose/Gongdong/1/96 (H5N1) virus of MHC class 1
(BF2*15) based on the above motif in chickens.

Materials and methods
Sequence of BF2*15 and Chf-2M

Coding region sequences of BF2*15 and the Ch-2M gene
were obtained from GenBank (accession numbers 1.28958
and M84767). The protein sequence features were based on
information from UniProtKB (accession numbers Q9GIP6
and P21611).

Structure prediction of BF2*15 MHC class 1

First, a BLAST search was conducted to search template
structures of chicken MHC haplotypes in the PDB (Protein
Data Bank) database. Second, sequence alignment was
performed between target and template sequences, and the
template structure with higher sequence similarity and
sequence identity were selected for homology modeling
using the Modeler 9v6 software package. Third, to fully
refine the constructed structure by homology modeling,
molecular dynamics simulation was performed by using
the Nanoscale Molecular Dynamics (NAMD) 2.7 software
package under the CHARMM (Chemistry at Harvard
Molecular Mechanics) force field [46]. The software is
parallel molecular dynamics code designed for the high-
performance simulation of large biomolecular systems by
the University of Illinois [47]. Prior to such refinement, the
protein—peptide complex was solvated in a cubic water
box. The periodic condition was used, and the cutoff was
set to 10 A. Fourth, protein docking was performed using
the ZDOCK software package [48]; the software can
evaluate possible interaction relationships between two
proteins by its rigid docking and scoring function. Fifth, the
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RDOCK program of the ZDOCK software package was
used to refine the interaction relationship between BF2*15
and the IBV octapeptide, and the additional RDOCK score
was adopted to further determine the proper interaction
relationship between the two molecules.

Structural feature analysis of the IBV octapeptide

The CTL peptide “WRRQARYK” is the amino acid
sequence 71-78 of the NP from IBV. The IBV octapeptide
was constructed directly by the Build and Edit Protein
module in Discovery Studio Visualizer. The initial con-
formation of the IBV octapeptide is linear, and MD sim-
ulation was performed to explore the conformational space
of the octapeptide. Four trajectories were simulated, with
50 ns for each trajectory.

Analysis of the interaction between BF2*15
and the IBV octapeptide

We performed protein docking between BF2*15 and the
IBV octapeptide. Two thousand different conformations
were obtained and then grouped into 100 clusters. A total
of 23 conformations with ZDOCK scores higher than 14
from diverse clusters were selected. Afterward, RDOCK
was performed against these 23 conformations, and eight
conformations were finally selected as promising confor-
mations for interaction relationship analysis. Concurrently,
MD simulation was performed for all of the eight confor-
mations. Specifically, when the octapeptide dissociated
from BF2*15, the simulation was stopped, and the corre-
sponding conformation was considered the default con-
formation. Eventually, the anchor residues and the binding
motif of BF2*15 were determined on the basis of the
analysis.

Prediction and synthesis of the peptide
from the H5N1 virus NP

Initially, sequence analysis showed eight octapeptides from
the NP of the H5N1 influenza virus (Table 2), particularly
“GKDPKKTG,” “RRRDGKWV,” “DKEEIRRI,”
“IRRIWRQA,” “TRALVRTG,” “IRMIKRGI,” “DRNF
WRGE,” and “TRVAPRGQ.” Considering that the BF2*15
groove is extremely negatively charged, the octapeptides with
an excessive number of negatively charged residues, such as
“DKEEIRRI” and “DRNFWRGE,” were excluded. Con-
currently, the docking results above also indicated that the Arg
at P3 position considerably facilitated octapeptide binding.
Hence, the peptide “GKDPKKTG” was further excluded for
its Asp3 with a negative charge. Then, the remaining five
peptides were subjected to MD simulation to explore their

conformations in solvent. Specifically, each peptide was
simulated with four trajectories for 50 ns, and the structure
with the lowest potential energy was selected and used for
molecular docking. We identified P2 and P6 residues as
anchor residues; thus, only the conformations with the highest
ZDOCK score, as well as those with anchor residues inter-
acting with Asp24, Asp73, and Aspl13, were selected. MD
simulations were performed against these complexes using
the previously described procedure to obtain their interaction
relationship. For each octapeptide and BF2*15 complex, three
trajectories were simulated for at least 50 ns. By using the MD
simulation, we found that the TRVAPRGQ octapeptide dis-
sociated from the BF2*15 groove rapidly, and therefore the
octapeptide “TRVAPRGQ” was also excluded.

All peptides, including NPj50_128 (TRALVRTGM),
NPi63-170 (IRMIKRGI), NPgs o> (IRRIWRQA), Npg7_74
(RRRDGKWYV), and the irrelevant peptides NP;;_;g
(WRRQARYK) from the NP of the IBV, were synthesized
by Scilight Biotechnology LLC (Beijing, China). These
peptides were purified to >95 % using high-performance
liquid chromatography.

Chickens

All of the BF2*15 white Leghorn specific-pathogen-free
(SPF) chickens used in this study were obtained from the
Experimental Animal Center of Poultry, Institute of
Shandong Academy of Agricultural Science.

Viruses and cell lines

The isolate A/Goose/Gongdong/1/96 (HSN1) and the 293T
cells were part of our laboratory collection.

NP expression plasmid pCAGGS-NP

The plasmid pCAGGS-NP was constructed and cloned into
the plasmid vector pCAGGS under the control of the
chicken B-actin promoter. The NP gene was obtained from
the isolate A/Goose/Gongdong/1/96 (HSN1) by PCR (the
oligonucleotide sequences are available upon request). The
plasmid was named pCAGG-NP. The expression of the NP
protein from the plasmid was confirmed by indirect
immunofluorescence assay and Western blot of plasmid-
transfected 293 T cells.

Immunization of SPF chickens with plasmid
pCAGGS-NP

For DNA vaccine immunizations, 15 three-week-old SPF

chickens were separated into two groups in which 10 were
immunized twice with 100 mg of pPCAGGS-NP in their leg
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muscle at three-week intervals. By contrast, five chickens
were injected with the same volume of PBS as controls.
Sera were collected weekly for NP antibody detection.

Detection of NP antibody

Serum antibodies to AIV NP were detected using an
indirect ELISA method described previously, which uses
prokaryotically expressed NP as antigen [49]. The testing
steps were as follows. After washing the plates, 50 mL of
the test serum was mixed in the test wells with 50 mL of
antigen diluted to 1:10 in ELISA buffer. After incubation at
37 °C for 1 h, 100 mL of horseradish peroxidase conjugate
(diluted to 1:1000 in ELISA buffer) was added to each
well. The plates were then further incubated at 37 °C for
1 h. After two washing steps, 100 mL of TMB substrate
was added and incubated at room temperature for 10 min.
The reaction was stopped by adding 100 mL of 2 M
H,SO,. The extinctions were measured at 490 nm with a
micro ELISA reader (Bio-Rad).

Preparation of splenic lymphocytes

To prepare splenic lymphocytes, all 10 pCAGGS-NP
immunized chickens were sacrificed by cardiac puncture
blood collection on day 28 after the first immunization.
Sterile spleens were collected and filtered through a sieve
screen using a syringe plunger to obtain a single-cell sus-
pension in tissue culture medium (RPMI 1640, Gibco BRL
NY, USA). Cell suspensions were overlaid onto a Histo-
paque 1077 density gradient medium and centrifuged at
1800 rpm for 20 min at 18 °C. The lymphocytes were
collected from the interface, washed three times in RPMI,
and counted using a Trypan blue dye exclusion assay.

CD8™ T lymphocyte proliferation assay

The splenic lymphocytes collected from the 10 immunized
chickens were stained with 5 mM CFSE (Invitrogen) pre-
warmed in PBS for 10 min, washed three times, and sus-
pended in RPMI 1640 containing 2 mM L-glutamine,
100 TU mL~" penicillin, 100 TU mL~" streptomycin, and
10 % fetal bovine serum (R10 medium). The cells were
plated at 10° well ™' in 24-well plates with RPMI 1640
medium before stimulation for three days with
100 mg mL ™" of the four peptides generated from NP and
the unrelated peptide N;, 73 of IBV. Subsequently, the
cells were washed with PBS and stained using anti-CD8-
PE before flow cytometric analysis. Flow cytometry was
performed on a Cytomics FC 500 MCL (Beckman) flow
cytometer, and the results were analyzed with its embedded
software CXP. Two repeats were performed simultane-
ously for each peptide during flow cytometry.
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Detection of IFN-y gene expression by fluorescent
quantitative PCR

Total RNA from spleen cells cultured for 48 h was
extracted using TRIzol Reagent. A one-step reverse-tran-
scription PCR (RT-PCR) kit was used for reverse tran-
scription to obtain the cDNA. On the basis of the IFN-y
standard curve established in this laboratory, we used the
cDNA as the template for the fluorescent quantitative PCR
detection of the samples. The avian B-actin gene was used
as a reference gene. The copy number of IFN-y mRNA in
each gene was calculated using the Ct values of the fluo-
rescence and standard curves. The expression level of IFN-
v mRNA is the ratio of the total copies of the IFN-y and B-
actin genes. The normalized value of each sample was
calculated using the following formula: normalized value =
concentration of target gene/concentration of reference
gene. The multiple in the differential expression of target
genes in the tested group was calculated by comparing with
target genes in the control group. The mean value and
standard deviation (X + SD) of the normalized values of
all samples in the tested and control groups were counted.

Establishment of the ELISA standard curve
of IFN-y

On the basis of the standard procedure for IFN-y ELISA, we
used a Rayto RT-6100 microplate reader for readings at
450 nm. The “Logistic curve fitting 2 (four parameters)” model
was used to obtain the ELISA standard curve. The optical
density values of the sample and control groups were fitted into
the standard curve to determine the IFN-y concentrations.

Statistical analysis

All statistical analysis was performed using SPSS statistics
17.0 software. The indirect ELISA (iELISA) antibody was
statistically compared using Student’s z-test to assess dif-
ferences between groups. The percentage of CD8' T
lymphocytes, the normalized values of IFN-y mRNA, and
the optical density values of IFN-y were analyzed using
analysis of variance (ANOVA), and a probability value
below 0.05 was considered significant. All data were
expressed as mean =+ standard deviation (SD).

Results
Structure prediction of BF2*15 MHC
Four chicken MHC haplotype structures, namely, B2 [50],

B4 [51], B14 [50], and B21 [52], were resolved. Herein, we
used two BF2*21 structures (3BBEV and 3BEW) as



Binding of MHC I BF2*15 to an influenza virus CTL epitope

templates to construct the BF2*15 structure. The sequence
similarity and identity were 95.4 % and 93.2 %, respec-
tively. Furthermore, the resolutions of 3BEV and 3BEW
were 2.1 and 2.6 A, respectively, indicating considerable
reliability. The constructed BF2*15 structure was extre-
mely similar to those of other chicken MHCs (Fig. 1). In
addition, the root-mean-square deviation between BF2*15
and 3BEV or 3BEW was 0.684 or 0.649 A, respectively
(Fig. 2). Hence, we acquired the structure of BF2*15 with
the lowest potential energy conformation (Fig. 3).

Structural feature analysis of the IBV octapeptide
WRRQARYK

The IBV octapeptide was directly constructed by the Build
and Edit Protein module of Discovery Studio Visualizer.
The initial conformation of the IBV octapeptide was linear,
and MD simulation was performed to explore the confor-
mational space of the octapeptide. Four trajectories were
simulated, with 50 ns for each trajectory. The lowest
potential energy conformation was selected for further
molecular docking (Fig. 4). As shown by the analysis, the
IBV octapeptide was positively charged because of the
presence of four positive residues and the absence of any

Fig. 1 Comparison of constructed B15, B2 (4CVX), B4 (4EOR), B14
(4CW1) and B21 (3BEV). All of these proteins are shown as ribbons,
and are colored green (B15), blue (B2), orange (B4), yellow (B14)
and red (B21). Molecular dynamics (MD) simulation was performed
for BF2*15 in an explicit solvent model. Three trajectories were used,
and each trajectory lasted 30 nanoseconds (ns). After MD simulation,
the constructed protein structure was refined to its natural conforma-
tion. We observed that the protein structure is stable, with RMSD
fluctuation less than 1 angstrom. The conformation with the lowest
potential energy was extracted for further simulation (color
figure online)
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Fig. 2 RMSD analysis of BF2*15 simulation trajectories. Black,
trajectory 1; red, trajectory 2; green, trajectory 3 (color figure online)

A

) \A?‘

p2 (/

v

<

| W/

<

¢

Fig. 3 Top view of the lowest potential energy conformation of
BF2*15. Green and purple cartoons represent BF2*15 and B-2M,
respectively (color figure online)

negative residues. In addition, the free amino group of Trpl
also contributed to the positive potential. The free carboxyl
moiety of Lys8 interacted with the Arg3 side chain, par-
tially neutralizing the positive charge and generating the
cyclic conformation of the octapeptide.

Interaction between BF2*15 and the IBV
octapeptide

Eight conformations with the highest ZDOCK scores were
finally selected as promising conformations for interaction
relationship analysis (Fig. 5). Eventually, octapeptides
from only one conformation remained associated in the
116-ns simulation. Under this condition, the peptide
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Argé

Fig. 4 The lowest potential energy conformation of the IBV
octapeptide, shown by colored sticks and electrostatic potential
surface. Green, red, blue and white sticks indicate carbon, oxygen,
nitrogen and hydrogen atoms, respectively. Blue and red surfaces
indicate positively and negatively charged electrostatic potential,
respectively (color figure online)

Fig. 5 Possible interactions between BF2*15 and the IBV octapep-
tide. BF2*15 is displayed as a surface, and the IBV octapeptide is
shown as a cartoon in different colors. MD simulation was performed
for all eight conformations. When the octapeptide dissociated from
BF2*15, the simulation was stopped and the corresponding confor-
mation was considered the default conformation. Ultimately, the
octapeptide from only one conformation remained associated in a
116-ns simulation

became extended, and the lowest potential energy confor-
mation showed that the octapeptide fully occupied the
BF2*15 binding groove (Fig. 6). Evidently, Arg2 and Arg6
oriented into the binding groove and formed salt bridges
with Asp24/Asp73 and Asp73/Aspl13, respectively.
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Moreover, the free amino moiety of Trpl formed electro-
static interactions with Glu62 of BF2*15, and the main-
chain oxygen formed a hydrogen bond with the Tyr7 side
chain. A complicated hydrogen-bond network was formed
between Arg3, Ala5, and Gln4 of the octapeptide and
Tyr149, Tyr97, and Thr64 of BF2*15, respectively. These
hydrogen bonds greatly enhanced the interaction stability
between the peptide and the MHC.

The findings showed that Arg2 and Arg6 can act as
anchor residues and contribute the most to the interaction.
Other residues, such as Tyr7, are either incapable of
interacting with BF2*15 or interact by main-chain atoms,
such as pTrpl, pGln4, and pAlaS. In addition, the elec-
trostatic interaction between Lys8 and Aspl48 was
exposed to the solvent, decreasing the interaction’s stabil-
ity. Hence, in this sense, Arg2 and Argb are the most
important residues. Given that these two residues were both
positively charged, we presume that Lys is also suit-
able residue. Thus, we speculate that the binding motif was
x-Arg/Lys-x-x-x-Arg/Lys-x-X.

The sequence alignment of B15 with B2, B4, B14, and
B21 indicate that the peptides differed at residues 24, 73,
and 113 (Table 2).

Peptide prediction of the HSN1 virus NP protein

On the basis of MD simulation, we found that the octapeptide
“RRRDGKWV” formed a stable interaction with BF2*15
(Fig. 7). Specifically, the octapeptide “RRRDGKWV”
partly occupied the BF2*15 groove; however, its interaction
mode differed from that of the IBV octapeptide. The Argl
side chain, instead of main chain, interacted with BF2*15
Glu62 as well as Asp24. However, Arg2 interacted with
Asp73/Aspl113 and replaced the position of Lys6. Although
the interaction relationships were dissimilar, we cannot
conclude that the octapeptide “RRRDGKWV” is incapable
of binding with BF2*15, because the interaction was
stable over the entire simulation process, with multiple salt
bridges and hydrogen bonds formed between the peptide and
BF2#15. The octapeptide “IRRIWRQA” (Fig. 8) also
bound to BF2*15. The octapeptide exhibited a similar
binding mode with “RRRDGKWYV,” and Arg2 of the
octapeptide “IRRIWRQA” also interacted with Asp73 and
Aspl13 instead of Asp24. However, the difference in
“IRRIWRQA” was that Arg3 of octapeptide “IRRIWRQA”
played the role in interacting with Glu62 and Asp24. The free
carboxyl moiety of Ala8 formed electrostatic interactions
with Lys83 and Lys143, greatly neutralizing the positive
potential outside the binding groove.

The octapeptide “TRALVRTG” bound with BF2*15in a
way that was similar to that of the IBV octapeptide. The
peptide fully occupied the groove with a more extended
conformation than the other octapeptide. Two anchor
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Fig. 6 The lowest potential energy conformation of the BF2*15-IBV
octapeptide complex, shown as an electrostatic potential surface
(A) and sticks as well as cartoons (B). Based on the interaction model
we constructed, we can conclude that Arg2 and Arg6 act as anchor
residues and contribute the most to the interaction. Other residues are
either incapable of interacting with BF2*15, like Tyr7, or interact by

A
pAla5 /\ Tyr1 49

@spﬁa

h i’,\5< :
pTrpl \i\\

Tyr7

’ | -

main chain atoms, like pTrpl, pGln4 and pAla5. The electrostatic
interaction between Lys8 and Aspl48 is exposed to solvent,
decreasing its stability. Therefore, Arg2 and Arg6 are the most
important residues. Given that these two residues are both positively
charged, we presume that Lys is also suitable

Fig. 7 The lowest potential energy conformation of the BF2*15-
RRRDGKWYV octapeptide complex, shown as an electrostatic
potential surface (A) and sticks as well as cartoons (B). As for the
IRRIWRQA octapeptide, it is able to bind with BF2*15. It has a
binding mode similar to that of the RRRDGKWYV octapeptide, and
Arg2 of the IRRIWRQA octapeptide also interacts with Asp73 and

residues, Arg2 and Argb6, interacted with Asp24/Asp73 and
Asp73/Aspl113, respectively. The free amino moiety of Thrl
formed a salt bridge with Glu62 and a hydrogen bond with
Tyr156. Arg2 also formed another hydrogen bond with
Tyr97. Finally, the free carboxyl moiety of Gly8 formed an
electrostatic interaction with Lys143. The octapeptide
“IRMIKRGI” also bound with BF2*15 (Fig. 9). However,
the binding ability was weak, which was mainly due to the
octapeptide’s cyclic conformation. The free carboxyl moiety
of Ile8 interacted with Arg2 and Argb6, leading to weaker
electrostatic interactions of Arg2/Arg6 and Asp24/Asp73/
Aspl13. Furthermore, the free carboxyl moiety of Ile8 failed
to interact with Lys83 or Lys143.

Aspl13 instead of Asp24. However, the difference is that Arg3 of the
IRRIWRQA octapeptide plays the role of interacting with Glu62 and
Asp24. The free carboxyl moiety of Ala8 forms an electrostatic
interaction with Lys83 and Lys143, greatly neutralizing the positive
potential outside the binding groove

Detection of NP antibody

The expression efficiency of pCAGGS-NP was confirmed by
IFA and Western blot (Fig. 10). To assess the immune
effects of the vaccine, serum NP antibody was detected using
indirect ELISA. Compared with the control group, a signif-
icantincrease (P < 0.01) in blood NP antibody was observed
in the immunized group at two weeks after the first vacci-
nation. After the boost, the blood NP antibody level of the
immunized group increased further and remained at a high
level throughout the duration of the experiment (Fig. 11).
This finding indicated that the immune systems of the
chickens were activated by vaccine immunization.
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Fig. 8 The lowest potential energy conformation of the BF2*15-IRRIWRQA octapeptide complex, shown as an electrostatic potential surface

(A) and sticks as well as cartoons (B)

Fig. 9 The lowest potential energy conformation of BF2*15-IRMIKRGI octapeptide complex, shown as electrostatic potential surface (A) and

sticks as well as cartoons (B)

Ae

Fig. 10 Expression of pPCAGGS-NP in vitro. A; IFA result of 293T
cells transfected with pPCAGGS-NP. 293T cells were transfected with
PCAGGS-NP or empty pCAGGS plasmids. After 48 hours, IFA was
performed using the polyclonal antiserum from a chicken infected
with H5Nlvirus A/Goose/Guangdong/1/1996. A: 1. pCAGGS; B.
pCAGGS-NP. (magnifications are x 400). B; Western blot analysis of
the recombinant protein HSN1-NP expressed in 293T cells transfected
with pCAGGS-NP. SDS-PAGE analysis showed that cells transfected
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with the pCAGGS-NP produced a large amount of protein with a
molecular mass of approximately 62 ku, consistent with the expected
molecular weight of the NP protein (data not shown). Furthermore,
western blot analysis using polyclonal antiserum confirmed the
expression of NP (lane 2), while there was no such signal at the
corresponding position of the negative control sample (lane 1). Lane
M, prestained protein mass marker; lane 1, pCAGGS vector; lane 2,
recombinant pPCAGGS-NP protein
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Fig. 11 NP antibody response in chickens vaccinated with plasmid
pCAGGS-NP. A significant NP increase in the amount of antibody
was detected at two weeks post-immunisation in chickens immunised
with pPCAGGS-NP compared with chickens in the control group
(P < 0.01), which increased further after the boost and remained at a
high level until the end of the experiment

Activation of lymphocytes using peptides

To verify the predicted T-cell epitopes in NP, five synthetic
peptides (four predicted peptides from NP and one unre-
lated peptide N-;_;5) were incubated with sensitized sple-
nic lymphocytes for three days. The results of the flow
cytometric analysis showed that the proliferation of

CD8+T lymphocytes increased by 41.8 %, 2.6 %, 2.2 %,
2.3 %, 0.1 %, and O in the cells stimulated with peptides
NPgs7_74, NP129_128, NPi63_170, NPgs_95, NP7;_75, and the
control, respectively (Fig. 12). After polypeptide stimula-
tion, the copy number of the IFN-y mRNA was signifi-
cantly higher in splenic lymphocytes stimulated by NPg7_74
than in the control group and the other four groups
(P < 0.05) (Fig. 13). This result shows that NPg;_74 can
stimulate avian lymphocytes to secrete IFN-y, and this
cellular toxicity elicits a response from the T lymphocytes.
Thus, NPg,_74 is a potential T-cell epitope polypeptide.

Discussion

On the basis of the identification of the BF2*15 binding
motif, this study predicted and experimentally identified
the CTL epitopes from the NP of H5SN1 (A/Goose/Gong-
dong/1/96) virus for the MHC class I (BF2*15) in chick-
ens. Computational analysis, including homology
modeling, MD simulation, and molecular docking, showed
that Arg2 and Arg6 of the IBV octapeptide acted as anchor
residues and interacted with Asp24/Asp73 and Asp73/
Aspl13 of BF2*15, respectively. Thus, we conclude that
the P2 and P6 positions of the BF2*15 binding peptide are
positively charged. We further screened four octapeptides
containing the motif “x-Arg/Lys-x-x-x-Arg/Lys” from the
H5NI1 NP by molecular docking and MD simulation. One
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Fig. 12 CD8+ T cell proliferation after stimulation. The control was
normal spleen lymphocytes. The NP67-74 group was spleen lym-
phocytes stimulated with NP67-74, whereas the NP67-74, NP120-
128, NP85-92,NP163-170 and N71-78 groups were spleen
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lymphocytes stimulated with NP67-74, NP120-128, NP85-
92,NP163-170 and irrelevant peptide N71-78. CD8+T cells were
labeled using CESF and detected using a Cytomics FC 500 MCL flow
cytometer (Beckman)
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Fig. 13 IFN-y mRNA expression from the immunized chicken
splenic lymphocytes stimulated with peptides in vitro. After removing
the test error and after normalising for copy number, the NP67-74-
stimulated splenic lymphocytes show the highest IFN-y normalisation
value. Moreover, the normalised value was significantly higher for the
IFN-y gene than for the control group and the other four groups.
(p <0.05)

of the octapeptides passed experimental validation. Nota-
bly, the motifs differed from those of a previous study
conducted by Wallny et al. [53, 54]. The motifs in this
study were obtained from a complex structure; hence, the
results may be more reliable. Concurrently, we also noted
that B2 shared 24 and 73 identical residues with B15
(Table 1) and thus should possess similar P2 residues.
However, the P2 residues of the B2 binding peptide are Pro
(4CVX) and Ile (4DOD), respectively. Both Pro and Ile are
hydrophobic, medium-sized residues with no charge and
therefore differ greatly from Arg and Lys. These differ-
ences may be induced by the distinct residue at the ninth
position, which lay between Asp24 and Asp73. In B15 and
B2, the ninth residue was Ser and Arg, respectively. Ser9
possessed a small-sized side chain with no charge, hence
allowing the interaction between Arg2 and Asp24/Asp73.
Meanwhile, Arg9 was positively charged and possessed a
bulged side chain. Thus, the residue would provide both
repulsive force and steric hindrance to break the interaction

Table 1 The initially predicted peptide sequence of NP from H5N1

Peptide number Position Peptide sequence
NP1 NPg6 03 GKDPKKTG
NP2 NPg7.74 RRRDGKWV
NP3 NP 12119 DKEEIRRI

NP4 NPgs_g> IRRIWRQA

NP5 NP120.128 TRALVRTG
NP6 NPi63-170 IRMIKRGI

NP7 NP03.210 DRNFWRGE
NP8 NP350.357 TRVAPRGQ
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between Arg2 and Asp24/Asp73. These theories may help
explain the difference between B2 and B1S5 at position 2.
For B14, the 73rd and 113th residues were the same as
those of B15. Therefore, position P6 of B14 should also be
positively charged. However, the P6 of B14 (4CW1) was
Pro instead of Arg or Lys. This finding may be explained
by the possibility that Lys9, instead Pro6, of the Bl4
binding peptide interacted with Asp73/Aspl113, similar to
the behavior of Arg6 of the B15 binding peptide.

Eight octapeptides were initially found in the H5N1
influenza virus NP protein by sequence analysis (Table 2).
Considering that the BF2*15 groove was extremely nega-
tively charged, the octapeptides with exceedingly numer-
ous negatively charged residues, such as “DKEEIRRI” and
“DRNFWRGE,” were excluded first. Furthermore, dock-
ing analysis indicated that Arg at P3 position considerably
facilitated octapeptide binding. Hence, “GKDPKKTG”
was also excluded for its negatively charged Asp3. To
further analyze the interaction between the peptides and
BF2*#15, the conformation in solvent of the remaining five
peptides were explored using MD simulations. Specifically,
each peptide was simulated with four trajectories for 50 ns,
and the structure with the lowest potential energy was
selected and used for molecular docking. Only the con-
formations with the highest ZDOCK scores, as well as
those with anchor residues that interacted with Asp24,
Asp73, and Aspl13 were selected because the P2 and P6
residues were identified as the anchor residues in this study.
On the basis of the MD simulation analysis, the peptide
“TRVAPRGQ” was also excluded because the octapeptide
dissociated from the BF2*15 groove rapidly. By contrast,
“RRRDGKWV” (designated as NPg;_74) formed a
stable conformation with BF2*15 (Fig. 7), which partly
occupied the BF2*15 groove. However, the peptide’s
interaction mode differed from that of the IBV octapeptide
(WRRQARYK) (Fig 6.). Specifically, the Argl side chain,
instead of the main chain, interacted with BF2*15 Glu62 as
well as Asp24. On the other hand, Arg2 interacted with
Asp73/Asp113 and replaced the position of Lys6. Although
the binding mode was dissimilar, we still retained this
peptide because the interaction was stable during the entire
simulation process, with multiple salt bridges and hydrogen
bonds formed between the peptide and BF2*15.

Table 2 The sequence com-
parison of B15, B2, B4, B14 and
B21 24 73 113

Amino acid position

B15  Asp Asp Asp
B2 Asp Asp Met
B4 Thr Gln Ser

B14  Thr Asp Asp
B21  Asp Gln Ala
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The peptide “TRALVRTG” (named NP5y j55) also
bound with BF2*15 in a similar way to that of the IBV
octapeptide. The peptide fully occupied the groove with a
more extended conformation than that of the latter
octapeptide. Two anchor residues, Arg2 and Arg6, inter-
acted with Asp24/Asp73 and Asp73/Aspl13, respectively.
The free amino moiety of Thrl formed a salt bridge with
Glu62 and a hydrogen bond with Tyr156. Arg2 formed
another hydrogen bond with Tyr97. Finally, the free car-
boxyl moiety of Gly8 produced an electrostatic interaction
with Lys143. The third peptide “IRMIKRGI” (denoted as
NP63-170) also bound with BF2*15 (Fig 9.). However, the
binding ability was weak, mainly due to the peptide’s
cyclic conformation. Specifically, the free carboxyl moiety
of Ile8 interacted with Arg2 and Argb6, leading to weaker
electrostatic interactions of Arg2/Arg6 and Asp24/Asp73/
Aspl13. Furthermore, the free carboxyl moiety of Ile8
failed to interact with Lys83 or Lys143.

The detection of antibodies against NP indicates that
DNA vaccination with pPCAGGS-NP likely drives the dif-
ferentiation of memory B cells, which are subsequently
activated following the booster immunization. Such a
phenomenon may have resulted in increased NP-specific
antibody titers, which is consistent with the result from the
previous study [43]. On the basis of previous studies
[42, 43], IFN-y mRNA generated by spleen cells following
peptide stimulus was evaluated using real-time RT-PCR.
IFN-y production of cell supernatants was detected using
capture ELISA. The results showed that the peptide
NPg7_74 not only induced the highest level of IFN-y mRNA
but also stimulated IFN-y production relative to that in the
control (P < 0.01). The subsequent CD8" T-lymphocyte
proliferation assay confirmed this result. By combining
these results with those of computational analysis, the
NP67-74 peptides were identified bioinformatically as the
CTL epitope in chickens of the BF2*15 haplotype.

The mapping of CTL epitopes is very important in the
design of synthetic vaccines and understanding the immune
mechanisms involved in the clearance of viral infection. To
the best of our knowledge, understanding is limited on the
specific H5N1-derived peptides targeted by T cells in
chickens. To date, only two reports have discussed T-cell
epitopes from the NP and HA of the H5NI1 virus in
chickens [42, 43]. However, these peptides have not been
identified to specific haplotypes, except for the HS5546 260
from the HA1 domain, which was identified as the dual-
specific epitope for both major MHC class I and II mole-
cules of the B'® haplotype in chicken [42]. In this study,
through computational analysis of the interaction between
the IBV octapeptide and BF2*15, we explored the binding
motif of BF2*15, predicted the CTL epitopes from the NP
of H5N1 (A/Goose/Gongdong/1/96) virus for MHC class I
(BF2*15) in chickens based on the explored motif. We then

eventually identified the NPg; 74 peptide as the CTL epi-
tope of the BF2*15 haplotype in chickens using experi-
mental methods. These results will help to increase our
understanding of the immune mechanism of the H5NI1
virus in chickens. Influenza viruses are known to evade
host immunity frequently via antigenic drift and shift
despite previous influenza virus infection and/or vaccina-
tion [55]. Therefore, vaccines that match circulating viral
strains are needed for optimal protection [56]. This notion
implies that the development of a universal influenza virus
vaccine providing broadly cross-protective immunity is of
great importance. The NP of influenza A virus is highly
conserved among all strains of influenza A viruses and has
been explored as an antigen for the development of a
universal influenza virus vaccine [56]. The most recent
study on this topic showed that the incorporation of a
conserved NP of the H5N1 virus into influenza virus-like
particles (VLPs) could provoke more-robust humoral and
cellular immune responses in chickens when compared
with the VLPs without NP [57]. This finding means that the
immune responses against the conserved NP might play an
important defensive role against influenza virus. The pep-
tide NPg7_74, which was identified in this study as the CTL
epitope in BF2*15 of chickens, may help interpret these
immune mechanisms.

By using homology modeling, MD simulation, and
molecular docking approaches, this study explored the
motif of BF2*15 MHC class I and further identified the
peptide NPg;_74 as the CTL epitope in chicken BF2*15.
The study methods can also aid in predicting CTL epitopes
for other pathogens of chickens. Furthermore, the results of
this study also help in achieving a deeper understanding of
the immune mechanisms of avian influenza virus.
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