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Abstract

Highly pathogenic avian influenza (HPAI) and Newcastle disease (ND) are considered as the
most devastating poultry infections, owing to their worldwide distribution and economical
threat. Vaccines have been widely used to control these diseases in the poultry industry in
endemic countries. However, vaccination policy without differentiating infected animals from
vaccinated animals (DIVA) makes the virus surveillance difficult. In this study, we developed
a bivalent virus-like particle (VLP) vaccine that is composed of the hemagglutinin (HA) and
matrix 1 (M1) proteins of the H5SN1 HPAI virus (HPAIV) and a chimeric protein containing the
ectodomain of the ND virus (NDV) fusion (F) protein fused with the cytoplasmic and trans-
membrane domains of the HPAIV HA protein. A single immunization of chickens with the chi
meric VLP vaccine induced high levels of hemagglutination inhibition (HI) antibody titers
against H5N1 HPAI virus and anti-NDV antibody detected in ELISA and protected chickens
against subsequent lethal HPAIV and NDV infections. Furthermore, we could easily perform
DIVA test using the commercial NP-cELISA tests against HPAIV and HI assay against NDV.
These results strongly suggest that utilization of chimeric VLP vaccine in poultry species
would be a promising strategy for the better control of HPAI and ND simultaneously.

Introduction

Highly pathogenic avian influenza (HPAI) and Newcastle disease (ND) are devastating dis-
eases in poultry with mortality rates of up to 100% and are classified as OIE-listed diseases [1,
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2]. The Asian origin A/goose/Guangdong/1/1996 (H5N1) lineage of HPAI virus (HPAIV) has
spread across four continents and has become endemic in many countries after it was first
detected in China, 1996 [3, 4]. In addition, total 449 cases of H5N1 HPAI have caused fatalities
in humans until 13, November, 2015 in WHO report; thus, the HSN1 HPAIV has been consid-
ered as a pandemic virus [5]. ND is caused by the virulent avian paramyxovirus serotype 1
(APMV-1) that is transmissible to poultry and to over 240 other species of birds [6]. Mortality
from infection with virulent ND virus (NDV) can reach 100% in poultry flocks of fully suscep-
tible chickens [7].

HPAIV and NDV have become endemic in the poultry of many countries in Southeast Asia
and vaccination for both diseases are commonly used in these countries [8, 9]. In these coun-
tries, differentiating infected animals from vaccinated animals (DIVA) is important to make
virus surveillance easier. However, conventional HPAI and ND vaccines have been primarily
with killed whole virus-adjuvanted vaccines and live attenuated vaccines, respectively, DIVA
cannot be easily carried out [10, 11]. Therefore, diverse different DIVA strategies have been
proposed using appropriate vaccines and companion serologic tests for successful discriminat-
ing between naturally infected and vaccinated animals. Particularly, since the subunit vaccine
contains only immunogenic proteins, it allows DIVA with serologic test against the viral pro-
tein that is not incorporated into vaccine [12].

Virus-like particles (VLPs), which morphologically resemble authentic viral structures but are
not infectious, have been suggested as an alternative candidate for conventional vaccines [13].
VLP vaccines produced by using the most prominent immunogenic proteins of viruses have
been shown to elicit high protective efficacies against various viral pathogens [14-16]. These vac-
cines provide numerous advantages over conventional vaccines, including safety, immunogenic-
ity, and multivalency. Currently, several different VLP-based multivalent vaccine platforms have
demonstrated that chimeric VLP vaccines induce a protective efficacy against multiple viral path-
ogens simultaneously [17, 18]. In addition, since VLPs only include immunogenic and core pro-
teins of viruses, it allowed DIVA strategy by using classical diagnostic methods [19].

The influenza virus HA protein, as a major surface glycoprotein, is considered the most
important antigen and can elicit neutralizing antibodies [20]. In case of NDV, antibodies to the
F protein appear to be predominantly necessary to prevent infection and spread of the virus
[21]. The AIV M1 protein can accommodate various viral surface proteins, thus it has been
suggested as a universal core protein of VLP to incorporate foreign proteins [22-24].

In this study, we developed chimeric VLPs in insect cell lines expressing HA and M1 pro-
teins of the HPAIV and the F/HA protein, a chimeric protein containing the ectodomain of the
NDV F protein fused with transmembrane and cytoplasmic domains (TM/CT) of the HPAIV
HA protein. We evaluated its immunogenicity and protective efficacy in specific-pathogen-free
(SPF) chickens and assessed DIVA-ability of VLP vaccines by using nucleoprotein (NP) coated
ELISA test for HPAIV and Hemagglutination Inhibition (HI) test for NDV.

Materials and Methods
Ethics statement

All animal procedures carried out in this study (permit number: KU14008) were reviewed,
approved, and supervised by the Institutional Animal Care and Use Committee (IACUC) of
Konkuk University.

Cells and viruses

St9 insect cells (Gibco, USA) were maintained in suspension in SF-900 III SFM medium
(Gibco, USA) at 27°C. The HPAI A/chicken/Korea/ES/2003 (H5N1) ES03 virus and velogenic
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ND virus KR-005/00 were kindly provided by the Animal and Plant Quarantine Agency,
Korea. Viruses were propagated in 9-11-day-old SPF chicken embryonated eggs and used for
further experiment.

Cloning of HA, M1, and F/HA chimeric genes

HA (Genbank AY676035) and M1 (Genbank AY676047) genes of A/chicken/Korea/ES/2003
and the F gene (Genbank AV630423) of KR-005/00 were extracted from virus infected allan-
toic fluid and amplified by two-step reverse transcription-polymerase chain reaction (RT-PCR;
RNeasy® Mini Kit, Omniscript™ RT Kit, Qiagen, Germany). For cDNA synthesis, Unil2
primer was used for HA and M1 genes and a 5'-ATGGGCTCCAAACTTTC-3' primer for F
gene, as previously described [25, 26]. To enhance the interaction between the ectodomain of
the NDV F and the AIV M1 proteins in particle assembly, we constructed a chimeric F/HA
protein. The ectodomain of the F gene was generated by PCR and the codon optimized HA
TM/CT domain was synthesized by Bioneer, Korea. The two products were mixed equally and
F/HA chimeric gene was constructed by overlap PCR using primers EcoRI-F-1 and HindIII--
HA-TM/CT-2 (Fig 1A and Table 1). Sequences of primers used to amplify each segment are
shown in Table 1. Amplified genes were cloned into the TA vector (RBC Bioscience, Taiwan)
and sequenced. The three resulting plasmid vectors were designated as vHA, vM1, and vF/HA.

Construction of expression vector

The plasmid vector vHA was digested with BamHI/HindIII and vectors vM1 and vF/HA were
digested with EcoRI/HindIIL The resulting fragments were ligated into a pFastBac' ™1 bacmid

( A) ectodomain ™ CT
< 1300 a2 >
S 327-365aa -
- 1-500 aa T 527-565aa -

NDV F  LTSTSA LITYIV
AlV HA  ESIGTY QILSIY
(B) F/HA LTSTSA LITYIV

Fig 1. Baculovirus construct for production of chimeric virus-like particles. (A) construction of a F/HA fusion gene containing ectodomain of the NDV
KR-005/00 strain F gene and TM/CT domain of the H5N1 avian influenza virus ES03 strain HA gene. The schematic diagram shows the location of the
ectodomain, transmembrane (TM) domain, and cytoplasmic tail (CT) domain of the F and HA genes and their junction. The TM/CT domain of the HA gene
was fused to the carboxyl terminal of the F gene to form the full-length F/HA fusion gene; (B) HA, M1, and chimeric F/HA genes with its own polyhedrin
promoter (Pph) and transcription termination sequences are indicated.

doi:10.1371/journal.pone.0162946.9001
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Table 1. Primer sets used for RT-PCR amplification of genes of HPAIV ES03 and NDV KR-005/00.

Target gene Primer (5°-3°) Expected size(bp)

HA BamHI-HA-1:GGA TCC ATG GAG AAA ATA GTG C 1695
Hindlll-HA-2:AAG CTT AGT AGA AAC AAG G

M1 EcoRI-M1-1:GAA TTC ATG AGT CTT CTA ACC GAG G 759
HindllI-M1-2:AAG CTT TCA CTT GAA TCG CTG C

F(TM/CT removed) | EcoRI-F-1:GAA TTC ATG GGC TCC AAA CTT TC 1500
Xhol-F-2:CTC GAG AGC AGA TGT GCT GGT TAG

HATM/CT Xhol-HA-TM/CT-1:CTC GAG CAG ATC CTG TCC ATC TAC 117

HindllI-HA-TM/CT-2:AAG CTT TTA GAT GCA GAT ACG GCA C
doi:10.1371/journal.pone.0162946.t001

transfer vector (Invitrogen, USA) that had been digested with the same enzymes, resulting in
plasmid vectors pHA, pM1, and pF/HA. Plasmid vectors pHA and pF/HA were digested by
SnaBI/Hpal, and digested fragments were ligated into SnaBI and Hpal sites of pM1, respec-
tively, to generate pHAMI1F/HA. The resulting plasmid containing the influenza virus HA,

M1, and chimeric F/HA genes with its own polyhedrin promoter and transcription termination
sequences was confirmed in its entirety to ensure that no additional changes were introduced
(Fig 1B).

Transfection and generation of recombinant baculovirus

pHAMIF/HA vector was transformed into DH10Bac™ competent cells (Invitrogen) to generate
a recombinant bacmid according to manufacturer’s instructions. The recombinant bacmid was
isolated by PureLink™ HiPure Plasmid Miniprep Kit (Invitrogen) and transfected into Sf9 cells
by using the Cellfectin® II Reagent (Invitrogen). At 72 h post-transfection, budded recombi-
nant baculoviruses (rBVs) released into the media were harvested and inoculated into Sf9 cells
to generate a high-titer rBV stock. Titration of baculovirus stock was performed by plaque
assay according to user manufacturer’s recommendation (Invitrogen).

Production of chimeric VLP

For chimeric VLP production, Sf9 cells at a concentration of 2 x 10° cells/ml were infected with
rBVs expressing HA, M1 and F/HA proteins at a multiplicity of infection (MOI) of 5 for 3
days. The cultured media were collected and centrifuged at 2000 x g for 10 min to remove cell
debris.

VLPs in the supernatants were pelleted by ultracentrifugation at 18,000 rpm for 1.5 h at 4°C
by using a 19 Ti rotor (Beckman, USA) to concentrate, resuspended in phosphate-buffered
saline (PBS), and purified by sucrose gradient using 20% and 50% sucrose solutions (g/ml) at
35,000 rpm for 1.5 h at 4°C by using a SW 41 Ti rotor (Beckman). The VLP bands were col-
lected and analyzed by Western blots using mouse anti-H5 monoclonal antibody (#12E73B,
Bionote, Korea) and mouse anti-Kr-005/00 F monoclonal antibody (#10C66, Median Diagnos-
tics, Korea). HRP-conjugated goat anti-mouse IgG antibody (Bethyl, USA) was used as the sec-
ondary antibody for detection. The total protein concentrations of the VLP vaccine
preparations were determined by using Bradford protein assay (Thermo Scientific, USA).

Electron microscopy analysis

Chimeric VLPs were absorbed by flotation onto a freshly discharged 400-mesh carbon-coated
copper grid. The grids were rinsed, negatively stained with 2% uranyl acetate, and dried by
aspiration. The VLPs were visualized using a transmission electron microscope (BIO-TEM,
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Tecnai G2 Spirit, installed at Korea Basic Science Institute) operating at 120 kV at 100,000x
magnification.

For immunoelectron microscopy of chimeric VLPs, samples were absorbed and blocked
with 1% BSA in PBS. VLPs were probed with the mixture of 1:10 diluted mouse anti-H5 mono-
clonal antibody (#12E73B, Bionote, Korea) and 1:2 diluted chicken antiserum against NDV
KRO005. Secondary antibodies were mixture of 1:10 diluted goat anti-mouse IgG labeled with
10nm gold particles (G7652, Sigma Aldrich, U.S.) and 1:2 diluted rabbit anti-chicken IgG
labeled with 25nm gold particles (25593, Electron Microscopy Science, U.S.).

Preparation of VLP vaccine

VLP vaccines were prepared by emulsifying purified VLP with Montanide ISA 70 adjuvant
(SEPPIC, France) at a ratio of 30:70 (w/w) to obtain final vaccine concentrations of 10 pg/
chicken and 2 pg/chicken. Mock vaccine was prepared with PBS by using same method as with
VLP vaccines.

Animals and experimental design

Thirty 6-week-old SPF chickens were divided into 3 groups (n = 10) and housed in different
isolators under biosafety level 3 conditions. Two groups of chickens were immunized intra-
muscularly with 0.5 ml of the 10 pg/chicken or 2 pg/chicken HAM1F/HA VLP vaccine, and
the challenge control group was vaccinated with mock vaccine.

Three weeks after a single immunization, chickens were challenged intranasally with 100 pl
of 10°°EIDs,/dose of wild-type ES03 HPAIV. To evaluate protective efficacy of the HAM1F/
HA VLP vaccine, mortality and clinical signs were observed twice daily for 14 days post-chal-
lenge (dpc) without analgesic or anaesthetics and chickens were euthanized by cervical disloca-
tion when they were reached a predetermined humane endpoint. A humane endpoint was
determined when chickens showed neurological signs like head tilt and ataxia, or sever edema
and cyanosis of wattles, comb, periorbital tissue, or markedly reduced activity. In addition,
virus shedding was quantified at 2, 3, 5, and 7 dpc by real-time RT-PCR (rRT-PCR) in oropha-
ryngeal and cloacal swabs to determine the level of shedding. In detail, swab samples were col-
lected and suspended in 1 ml of PBS supplemented with gentamycin (400pg/ml) and stored at
-70°C before further process. Of this suspension, 150 pl was used for RNA extraction with
Viral Gene-spin™ (Intron, Korea) according to the manufacturer’s instructions. The total
amount of RNA was quantified by the cycle threshold (Ct) method by using M gene-based
rRT-PCR, as previously described [27].

Similarly, thirty 6-week-old SPF chickens were divided into 3 groups (n = 10) and housed in
different isolators under biosafety level 2 conditions. Two groups of chickens were immunized
intramuscularly with 0.5 ml of the 10 pg/chicken or 2 pg/chicken chimeric VLP vaccine. The
challenge control group was vaccinated with mock vaccine.

Three weeks after a single vaccination, all groups of chickens were challenged intramuscu-
larly with 1 ml of 10>°EIDso/ml of the velogenic NDV Kr-005/00. To assess the protective effi-
cacy, mortality and clinical symptoms were observed twice daily for 14 dpc and euthanized
when chickens were reached same criteria with HPAI experiment.

Serology

In order to determine the efficacy of VLP vaccine, serum samples were collected prior to vacci-
nation and at 3 weeks after vaccination for the HI test for AIV and ELISA for NDV. For AIV,
collected serum samples were tested for the presence of HI antibodies according to the OIE
standard method using formalin-inactivated homologous AIV. For NDV, sera were analyzed
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using a commercially available ELISA kit (Median Diagnostics) pre-coated with the NDV La
Sota strain (Genbank JF950510.1) according to manufacturer’s instructions.

DIVA

For serological differentiation of chimeric VLP-vaccinated chickens from vaccinated and then
infected chickens, commercial competitive NP-ELISA was used for AIV according to manufac-
turer’s instructions (BioNote) and the HI test for NDV La Sota strain was done according to
OIE standard method. Because the chimeric VLPs developed in this study do not contain AIV
nucleoproteins (NP) and NDV hemagglutinin-neuraminidase (HN) proteins, levels of anti-NP
antibodies for AIV and HI antibodies for NDV were expected to increase only after virus infec-
tion. Serum samples were collected at 0 dpc, which is 3 weeks post-vaccination, and at 14 dpc
from all surviving chickens challenged with lethal HPAIV or NDV.

Statistical Analysis

Analysis of variance (ANOVA) along with a Tukey—Kramer post-hoc test was performed for
comparison of serum antibody titers between groups. Results with P values < 0.05 were consid-
ered statistically significant.

Results
Chimeric VLP expression

Chimeric VLP containing HA and M1 proteins of A/Chicken/Korea/ES/2003 (H5N1) and the
F/HA chimeric protein of KR-005/00 and A/Chicken/Korea/ES/2003 (H5N1) was successfully
produced and secreted from Sf9 cells. The HA titer of VLP from culture supernatant was 256
HAU/50ul and VLPs were purified from the culture supernatant. HA, F/HA and M1 proteins
were detected by Western blot analysis (Fig 2A and 2B) and VLPs were detected by transmis-
sion electron microscopy (TEM) (Fig 2C).

Immune response

For HPAIV, at three weeks after a single vaccination, all VLP-vaccinated groups showed signif-
icantly increased HI antibody titers (GMT = 222.8) to homologous H5 HPAIV compared to
the mock vaccinated group (GMT = 0) (P < 0.001). Additionally, the 10 pg/chicken-vaccinated
group showed higher HI antibody titers than the 2 ug/chicken-vaccinated group (GMT = 52.0)
in dose-dependent manner (P < 0.01) (Fig 3A).

For NDV, at three weeks after a single vaccination, the 10 pg/chicken-vaccinated group
showed significantly increased antibody titers in ELISA compared to the 2 pg/chicken-vacci-
nated and mock vaccinated groups (P < 0.001). The 2 pg/chicken-vaccinated group showed
higher antibody titers than the mock vaccinated group, but it was observed lower than positive
cutoff (0.2) (Fig 4A).

Protection and virus shedding

To examine the protective efficacy of the vaccine against HPAIV infection, chickens were chal-
lenged intranasally with a lethal dose of HPAI ES03 virus at 3 weeks after vaccination. Mock-
vaccinated chickens showed 100% mortality within 4 dpc. However, all of the VLP-vaccinated
chickens were protected from mortality and presented no clinical signs (Fig 3B). All vaccinated
birds showed reduced virus shedding, both in the oropharynx and cloaca, than mock-vacci-
nated chickens (Tables 2 and 3). In oropharyngeal shedding, only one chicken in the 10 pg/
chicken-vaccinated group showed little viral shedding at 3 dpc and no chicken in the 2 pg/
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Fig 2. Analysis of concentrated chimeric VLP: (A) Western blot identification of the HA protein using anti-H5 monoclonal antibody. M, standard molecular
size marker (EBM-1032, Elpisbio), HA, chimeric VLPs; (B) Western blot identification of the F/HA chimeric protein using anti-NDV F monoclonal antibody; (C)
Western blot identification of the M1 protein using anti-H5N1 anti-serum; (D) TEM identification of chimeric VLP with scale bar; (E) immunogold-labelled
chimeric VLP: VLP were probed with anti-H5 monoclonal antibody, counterstained with 10nm gold spheres coupled to anti-mouse IgG and anti-NDV anti-
serum, counterstained with 25nm gold spheres coupled to anti-chicken IgG.

doi:10.1371/journal.pone.0162946.9002

chicken-vaccinated group showed virus shedding throughout the experiment period. In cloacal
shedding, all vaccinated chickens shedded the virus at 3 dpc, but a relatively low titer of the
virus was detected than mock-vaccinated chickens; none of the chickens shed the virus after 5
dpc in oropharynx and cloaca.

For NDV, chickens were intramuscularly infected with a lethal dose of NDV KR-005/00 at 3
weeks after vaccination. Vaccination protected chickens in a dose-dependent manner. 10 pg/
chicken-vaccinated group was fully protected from mortality and no clinical signs were
observed. Two chickens of the 2 pg/chicken-vaccinated group died 5 days after challenge, but
the surviving chickens presented no clinical signs. Mock-vaccinated chickens showed 100%
mortality within 4 days after challenge (Fig 4B).

DIVA

For differentiating vaccinated chickens from vaccinated and infected chickens, sera were col-
lected at 0 and 14 dpc for avian influenza NP-cELISA and HI tests against NDV. For AIV, all
VLP-vaccinated groups showed HI antibody titers to homologous H5 HPAIV but were nega-
tive for NP-cELISA before challenge. In contrast to pre-challenge sera, 2 of 10 and 3 of 10 sam-
ples of post-challenge sera of 10 pg/chicken-vaccinated and 2 pg/chicken-vaccinated birds
were positive (Fig 3C).

For NDV, pre-challenge sera from VLP-vaccinated chickens did not show any increase in
HI titers. In contrast to pre-challenge sera, post-challenge sera of all VLP-vaccinated chickens
showed significantly higher HI antibody titers (GMT = 776.0, 1024.0 repectively), indicating
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Fig 3. HPAIV Experiments in SPF chickens. (A) Hl titers after three weeks post vaccination and two weeks
after HPAIV challenge: serum samples were analyzed with the standard HI test for the presence of HI
antibodies against ES03 H5 AIV. Error bars represent standard deviations. *** P < 0.001, **, P <0.01, (B)
Survival curve after lethal HPAIV challenge. Three weeks after immunization, SPF chickens were intranasally
infected with a lethal dose of ES03 HPAI virus. The chickens were observed daily for a period of 14 days for
survival. (C) Differentiation of vaccinated chickens from vaccinated and infected chickens. Serum samples
were taken before challenge (3 weeks post-vaccination) and 14 days post challenge. NP antibody levels
were tested with a commercially available NP-cELISA kit. Each dot represents the NP-specific antibody value
of each chicken.

doi:10.1371/journal.pone.0162946.9003

that VLP vaccine with companion serologic test could accomplish successful DIVA strategy
(Fig 4C).

Discussion

In this study, a chimeric VLP containing the influenza HA, M1, and chimeric F/HA proteins
was successfully produced. A single vaccination with the chimeric VLP vaccine induced high
levels of effective antibodies against both HPAIV and NDV and protected SPF chickens against
subsequent lethal infection.

Vaccination of poultry with effective bivalent vaccines against HPAI and ND has potential
advantages because a single immunization could protect chickens against both devastating
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Fig 4. NDV Experiments in SPF chickens. (A) Mean levels of antibody against NDV in serum. Levels of
antibody against NDV in serum were determined using a commercially available ELISA kit after three weeks
post vaccination. The cut-off value was presented as dot line. Statistical significance was determined by
ANOVA with the Tukey-Kramer post hoc test. *** P < 0.001; **, P < 0.01 (B) Survival curve after lethal NDV
challenge. Three weeks afterimmunization, SPF chickens were intramuscularly infected with a lethal dose of
KR-005/00 strain NDV. The chickens were observed daily for a period of 14 days for survival. (C) HI titers
after two weeks post challenge for DIVA: Serum samples were analyzed with the standard HI test for the
presence of Hl antibodies against the La Sota NDV strain. Error bars represent standard deviations. ***,

P <0.001,

doi:10.1371/journal.pone.0162946.9004
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Table 2. Challenge HPAI virus shedding from oropharyngeal swab samples.

Days post-challenge

HAM1F/HA 10 ug HAM1F/HA 2 ug Mock vaccinated

No. of positive/total Avg. Ct No. of positive/total Avg. Ct No. of positive/total Avg. Ct
0/10 - 0/10 - 3/8 30.72
1/10 33.98 0/10 - 2/2 30.24
0/10 - 0/10 - N.A.
0/10 - 0/10 - N.A.

N oW N

N.A., Not applicable

doi:10.1371/journal.pone.0162946.t002

diseases and reduce vaccine costs and labor. Previously, several bivalent vaccines against HPAI
and ND viruses have been produced in forms of live attenuated vector vaccines, inactivated
vaccines, and VLP vaccines [28-31]. These bivalent vaccines provided efficient clinical protec-
tion against both HPAI and ND, but DIVA approach has been successfully applied to ALV,
and not been proposed to NDV. However, with chimeric VLP vaccine produced in this study,
DIVA tests as well as protection for both HPAIV and NDV infections were successfully per-
formed by using commercial influenza NP-cELISA kits and anti-NDV HI tests. Because the
use of influenza NP-cELISA and the HI test for NDV are one of the most common and useful
methods for confirming virus infection and subsequent antibody production [32, 33], DIVA
based on these tests with VLP vaccine is advantageous in that no additional serological meth-
ods will need to be developed.

Interestingly, 2 pg/chicken VLP-vaccinated group showed low S/P ratio in ELISA after 3
weeks post-vaccination for NDV. Additionally, two chickens were dead in 2 pg/chicken VLP-
vaccinated group after virulent NDV challenge. However, 10 pg/chicken VLP-vaccinated
group showed high S/P ratio and none of the chickens were dead, it is assumed that 10 pg/
chicken dose is required for efficient protection for NDV. There are some possibility that F/HA
protein was relatively low expressed than HA protein according to Western blot and TEM pic-
ture of Fig 2.

In case of HPAIV, all vaccinated chickens showed some levels of virus shedding from cloaca.
However, serological tests after HPAIV challenge revealed that not all the vaccinated chickens
showed detectable seroconversions against the AIV NP protein and most of the chickens
showed no increase in HI titers. These results are in common with some previous studies that
no seroconversion was shown after HPAIV infection in vaccinated chickens [34, 35]. This is
possibly due to suppressed viral replication which means that virus could not reach sufficient
titer to induce immune response against HPAIV. This could confirm that chimeric HAMI1F/
HA VLP vaccines were well developed and demonstrated complete protection against the virus
challenge. However, lack of seroconversion in some chickens could be a potential issue for

Table 3. Challenge HPAI virus shedding from cloacal swab samples.

Days post-challenge HAM1F/HA 10 pg HAM1F/HA 2 pg Mock vaccinated
No. of positive/total Avg. Ct No. of positive/total Avg. Ct No. of positive/total Avg. Ct
2 8/10 33.05 7/10 32.78 5/8 31.33
3 10/10 30.99 10/10 30.13 1/2 27.28
5 0/10 - 0/10 - N.A.
7 0/10 - 0/10 - N.A.
N.A., Not applicable
doi:10.1371/journal.pone.0162946.t003
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implementing DIVA strategies because it is hard to detect virus infection by monitoring anti-
body levels of individual birds. Therefore, for successful DIVA strategies, virus surveillance
needs to be based on flock analysis and the use of unvaccinated sentinel birds is recommended.

In conclusion, chimeric VLPs expressed by baculovirus system provide complete protection
against HPAIV and NDV in SPF chickens and enable DIVA strategies for both diseases by
using conventional serological methods. It is expected that similar approaches will expand the
utility of chimeric VLPs in preventing multiple viral diseases by a single vaccination with
implementation of DIVA strategies.

Acknowledgments

We are grateful to Ha-Na Youn, Hyo-Seon Joo, and Kyung-Min Kim for their technical
assistance.

Author Contributions

Conceived and designed the experiments: JYN JKP DHL CSS.
Performed the experiments: JYN JKP SSY JHK.

Analyzed the data: JYN.

Contributed reagents/materials/analysis tools: SWL JBL SYP ISC CSS.
Wrote the paper: JYN JKP DHL CSS.

References

1. Alexander DJ. Newcastle disease and other avian paramyxoviruses. Revue scientifique et technique.
2000; 19(2):443-62. PMID: 10935273.

2. Alexander DJ. A review of avian influenza in different bird species. Veterinary microbiology. 2000; 74
(1-2):3—-13. PMID: 10799774.

3. Webster RG, Hulse-Post DJ, Sturm-Ramirez KM, Guan Y, Peiris M, Smith G, et al. Changing epidemi-
ology and ecology of highly pathogenic avian H5N1 influenza viruses. Avian diseases. 2007; 51(1
Suppl):269-72. PMID: 17494564.

4. Lee DH, Torchetti MK, Winker K, Ip HS, Song CS, Swayne DE. Intercontinental Spread of Asian-Origin
H5N8 to North America through Beringia by Migratory Birds. Journal of virology. 2015; 89(12):6521—4.
doi: 10.1128/JV1.00728-15 PMID: 25855748; PubMed Central PMCID: PMC4474297.

5. World-Health-Organization. Cumulative number of confirmed human cases of avian influenza A(H5N1)
reportedto WHO. 2015.

6. Alexander DJ. Gordon Memorial Lecture. Newcastle disease. British poultry science. 2001; 42(1):5-22.
doi: 10.1080/713655022 PMID: 11337967.

7. Brown C, King DJ, Seal BS. Pathogenesis of Newcastle disease in chickens experimentally infected
with viruses of different virulence. Veterinary pathology. 1999; 36(2):125-32. PMID: 10098640.

8. Tiensin T, Chaitaweesub P, Songserm T, Chaisingh A, Hoonsuwan W, Buranathai C, et al. Highly path-
ogenic avian influenza H5N1, Thailand, 2004. Emerging infectious diseases. 2005; 11(11):1664—72.
doi: 10.3201/eid1111.050608 PMID: 16318716; PubMed Central PMCID: PMC3367332.

9. Mc LM, Priyono W, Bett B, Al-Qamar S, Claassen |, Widiastuti T, et al. Antibody response and risk fac-
tors for seropositivity in backyard poultry following mass vaccination against highly pathogenic avian
influenza and Newcastle disease in Indonesia. Epidemiology and infection. 2015; 143(8):1632—42. doi:
10.1017/S0950268814002623 PMID: 25316261.

10. Suarez DL. DIVA vaccination strategies for avian influenza virus. Avian diseases. 2012; 56(4
Suppl):836—44. doi: 10.1637/10207-041512-Review.1 PMID: 23402101.

11. Senne DA, King DJ, Kapczynski DR. Control of Newcastle disease by vaccination. Developments in
biologicals. 2004; 119:165—70. PMID: 15742628.

PLOS ONE | DOI:10.1371/journal.pone.0162946 September 14,2016 11/13


http://www.ncbi.nlm.nih.gov/pubmed/10935273
http://www.ncbi.nlm.nih.gov/pubmed/10799774
http://www.ncbi.nlm.nih.gov/pubmed/17494564
http://dx.doi.org/10.1128/JVI.00728-15
http://www.ncbi.nlm.nih.gov/pubmed/25855748
http://dx.doi.org/10.1080/713655022
http://www.ncbi.nlm.nih.gov/pubmed/11337967
http://www.ncbi.nlm.nih.gov/pubmed/10098640
http://dx.doi.org/10.3201/eid1111.050608
http://www.ncbi.nlm.nih.gov/pubmed/16318716
http://dx.doi.org/10.1017/S0950268814002623
http://www.ncbi.nlm.nih.gov/pubmed/25316261
http://dx.doi.org/10.1637/10207-041512-Review.1
http://www.ncbi.nlm.nih.gov/pubmed/23402101
http://www.ncbi.nlm.nih.gov/pubmed/15742628

@° PLOS | ONE

VLP Vaccine Protects Chickens from HPAI and ND with DIVA

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Suarez DL. Overview of avian influenza DIVA test strategies. Biologicals: journal of the International
Association of Biological Standardization. 2005; 33(4):221-6. doi: 10.1016/j.biologicals.2005.08.003
PMID: 16257543.

Roldao A, Mellado MC, Castilho LR, Carrondo MJ, Alves PM. Virus-like particlesin vaccine develop-
ment. Expert review of vaccines. 2010; 9(10):1149-76. doi: 10.1586/erv.10.115 PMID: 20923267.

Lee DH, Park JK, Song CS. Progress and hurdles in the development of influenza virus-like particle
vaccines for veterinary use. Clinical and experimental vaccine research. 2014; 3(2):133-9. doi: 10.
7774/cevr.2014.3.2.133 PMID: 25003086; PubMed Central PMCID: PMC4083065.

Li TC, Yamakawa Y, Suzuki K, Tatsumi M, Razak MA, Uchida T, et al. Expression and self-assembly of
empty virus-like particles of hepatitis E virus. Journal of virology. 1997; 71(10):7207-13. PMID:
9311798; PubMed Central PMCID: PMC192060.

Buonaguro L, Tornesello ML, Tagliamonte M, Gallo RC, Wang LX, Kamin-Lewis R, et al. Baculovirus-
derived human immunodeficiency virus type 1 virus-like particles activate dendritic cells and induce ex
vivo T-cell responses. Journal of virology. 2006; 80(18):9134—43. doi: 10.1128/JV1.00050-06 PMID:
16940524; PubMed Central PMCID: PMC1563937.

LvL,LiX, Liu G, Li R, LiuQ, Shen H, et al. Production and immunogenicity of chimeric virus-like parti-
cles containing the spike glycoprotein of infectious bronchitis virus. Journal of veterinary science. 2014;
15(2):209-16. PMID: 24378590; PubMed Central PMCID: PMC4087222.

Wang W, Chen X, Xue C, Du Y, Lv L, Liu Q, et al. Production and immunogenicity of chimeric virus-like
particles containing porcine reproductive and respiratory syndrome virus GP5 protein. Vaccine. 2012;
30(49):7072-7. doi: 10.1016/j.vaccine.2012.09.048 PMID: 230364 96.

Starick E, Werner O, Schirrmeier H, Kollner B, Riebe R, Mundt E. Establishment of a competitive
ELISA (cELISA) system for the detection of influenza A virus nucleoprotein antibodies and its applica-
tion to field sera from different species. Journal of veterinary medicine B, Infectious diseases and veteri-
nary public health. 2006; 53(8):370-5. doi: 10.1111/j.1439-0450.2006.01007.x PMID: 17010040.

Swayne DE. Avian influenza vaccines and therapies for poultry. Comparative immunology, microbiol-
ogy and infectious diseases. 2009; 32(4):351-63. doi: 10.1016/j.cimid.2008.01.006 PMID: 18442853.

Toyoda T, Gotoh B, Sakaguchi T, Kida H, Nagai Y. Identification of amino acids relevant to three anti-
genic determinants on the fusion protein of Newcastle disease virus that are involved in fusion inhibition
and neutralization. Journal of virology. 1988; 62(11):4427-30. PMID: 2459417; PubMed Central
PMCID: PMC253888.

Tretyakova |, Pearce MB, Florese R, Tumpey TM, Pushko P. Intranasal vaccination with H5, H7 and
H9 hemagglutinins co-localized in a virus-like particle protects ferrets from multiple avian influenza
viruses. Virology. 2013; 442(1):67—73. doi: 10.1016/j.virol.2013.03.027 PMID: 23618102.

Deo VK, Kato T, Park EY. Chimeric virus-like particles made using GAG and M1 capsid proteins provid-
ing dual drug delivery and vaccination platform. Molecular pharmaceutics. 2015; 12(3):839-45. doi: 10.
1021/mp500860x PMID: 25627427

Xue C, Wang W, Liu Q, Miao Z, Liu K, Shen H, et al. Chimeric influenza-virus-like particles containing
the porcine reproductive and respiratory syndrome virus GP5 protein and the influenza virus HA and
M1 proteins. Archives of virology. 2014; 159(11):3043-51. doi: 10.1007/s00705-014-2178-0 PMID:
25064513.

Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR. Universal primer set for the full-length amplifica-
tion of all influenza A viruses. Archives of virology. 2001; 146(12):2275-89. Epub 2002/01/29. PMID:
11811679.

Park JK, Lee DH, Yuk SS, Tseren-Ochir EO, Kwon JH, Noh JY, et al. Virus-like particle vaccine confers
protection against a lethal newcastle disease virus challenge in chickens and allows a strategy of differ-
entiating infected from vaccinated animals. Clinical and vaccine immunology: CVI. 2014; 21(3):360-5.
doi: 10.1128/CVI1.00636-13 PMID: 24403523; PubMed Central PMCID: PMC3957659.

Spackman E, Senne DA, Bulaga LL, Myers TJ, Perdue ML, Garber LP, et al. Development of real-time
RT-PCR for the detection of avian influenza virus. Avian diseases. 2003; 47(3 Suppl):1079-82. doi: 10.
1637/0005-2086-47.s3.1079 PMID: 14575115.

Liu Q, Mena |, Ma J, Bawa B, Krammer F, Lyoo YS, et al. Newcastle Disease Virus-Vectored H7 and
HS5 Live Vaccines Protect Chickens from Challenge with H7N9 or H5N1 Avian Influenza Viruses. Jour-
nal of virology. 2015; 89(14):7401-8. doi: 10.1128/JV1.00031-15 PMID: 25926639; PubMed Central
PMCID: PMC4473557.

Kim SH, Paldurai A, Xiao S, Collins PL, Samal SK. Modified Newcastle disease virus vectors express-
ing the H5 hemagglutinin induce enhanced protection against highly pathogenic H5N1 avian influenza
virus in chickens. Vaccine. 2014; 32(35):4428-35. doi: 10.1016/j.vaccine.2014.06.061 PMID:
24968158.

PLOS ONE | DOI:10.1371/journal.pone.0162946 September 14,2016 12/13


http://dx.doi.org/10.1016/j.biologicals.2005.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16257543
http://dx.doi.org/10.1586/erv.10.115
http://www.ncbi.nlm.nih.gov/pubmed/20923267
http://dx.doi.org/10.7774/cevr.2014.3.2.133
http://dx.doi.org/10.7774/cevr.2014.3.2.133
http://www.ncbi.nlm.nih.gov/pubmed/25003086
http://www.ncbi.nlm.nih.gov/pubmed/9311793
http://dx.doi.org/10.1128/JVI.00050-06
http://www.ncbi.nlm.nih.gov/pubmed/16940524
http://www.ncbi.nlm.nih.gov/pubmed/24378590
http://dx.doi.org/10.1016/j.vaccine.2012.09.048
http://www.ncbi.nlm.nih.gov/pubmed/23036496
http://dx.doi.org/10.1111/j.1439-0450.2006.01007.x
http://www.ncbi.nlm.nih.gov/pubmed/17010040
http://dx.doi.org/10.1016/j.cimid.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18442853
http://www.ncbi.nlm.nih.gov/pubmed/2459417
http://dx.doi.org/10.1016/j.virol.2013.03.027
http://www.ncbi.nlm.nih.gov/pubmed/23618102
http://dx.doi.org/10.1021/mp500860x
http://dx.doi.org/10.1021/mp500860x
http://www.ncbi.nlm.nih.gov/pubmed/25627427
http://dx.doi.org/10.1007/s00705-014-2178-0
http://www.ncbi.nlm.nih.gov/pubmed/25064513
http://www.ncbi.nlm.nih.gov/pubmed/11811679
http://dx.doi.org/10.1128/CVI.00636-13
http://www.ncbi.nlm.nih.gov/pubmed/24403523
http://dx.doi.org/10.1637/0005-2086-47.s3.1079
http://dx.doi.org/10.1637/0005-2086-47.s3.1079
http://www.ncbi.nlm.nih.gov/pubmed/14575115
http://dx.doi.org/10.1128/JVI.00031-15
http://www.ncbi.nlm.nih.gov/pubmed/25926639
http://dx.doi.org/10.1016/j.vaccine.2014.06.061
http://www.ncbi.nlm.nih.gov/pubmed/24968158

@° PLOS | ONE

VLP Vaccine Protects Chickens from HPAI and ND with DIVA

30.

31.

32.

33.

34.

35.

Lee DH, Park JK, Kwon JH, Yuk SS, Erdene-Ochir TO, Jang YH, et al. Efficacy of single dose of a biva-
lent vaccine containing inactivated Newcastle disease virus and reassortanthighly pathogenic avian
influenza H5N1 virus against lethal HPAI and NDV infection in chickens. PloS one. 2013; 8(3):e58186.
doi: 10.1371/joumal.pone.0058186 PMID: 23469269; PubMed Central PMCID: PMC3585801.

ShenH, Xue C, LvL, Wang W, Liu Q, Liu K, et al. Assembly and immunological properties of a bivalent
virus-like particle (VLP) for avian influenza and Newcastle disease. Virus research. 2013; 178(2):430—
6. doi: 10.1016/j.virusres.2013.09.009 PMID: 24050994.

Shafer AL, Katz JB, Eernisse KA. Development and validation of a competitive enzyme-linked immuno-
sorbent assay for detection of type A influenza antibodies in avian sera. Avian diseases. 1998; 42
(1):28—-34. PMID: 9533078.

Beach JR. The application of the hemagglutination-inhibition test in the diagnosis of avian pneumoen-
cephalitis (Newcastle disease). Journal of the American Veterinary Medical Association. 1948; 112
(851):85-91. PMID: 18906195.

Kalthoff D, Giritch A, Geisler K, Bettmann U, Klimyuk V, Hehnen HR, et al. Immunization with plant-
expressed hemagglutinin protects chickens from lethal highly pathogenic avian influenza virus H5N1
challenge infection. Journal of virology. 2010; 84(22):12002-10. doi: 10.1128/JV1.00940-10 PMID:
20810729; PubMed Central PMCID: PMC2977904.

Terregino C, De Nardi R, GubertiV, Scremin M, Raffini E, Martin AM, et al. Active surveillance for avian
influenza viruses in wild birds and backyard flocks in Northern Italy during 2004 to 2006. Avian pathol-
ogy: journal of the WVPA. 2007; 36(4):337—44. doi: 10.1080/03079450701488345 PMID: 17620182.

PLOS ONE | DOI:10.1371/journal.pone.0162946 September 14,2016 13/13


http://dx.doi.org/10.1371/journal.pone.0058186
http://www.ncbi.nlm.nih.gov/pubmed/23469269
http://dx.doi.org/10.1016/j.virusres.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24050994
http://www.ncbi.nlm.nih.gov/pubmed/9533078
http://www.ncbi.nlm.nih.gov/pubmed/18906195
http://dx.doi.org/10.1128/JVI.00940-10
http://www.ncbi.nlm.nih.gov/pubmed/20810729
http://dx.doi.org/10.1080/03079450701488345
http://www.ncbi.nlm.nih.gov/pubmed/17620182

