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Abstract

Background: Over the last 20 years, circulating highly pathogenic (HP) Asian H5 subtype avian influenza viruses have caused global
pandemics in poultry and sporadic infections in humans. Vaccines are a desirable solution to prevent viral infections in poultry and
reduce transmission to humans. Herein, we investigated the efficacy of an oil-adjuvanted inactivated H5N6 vaccine against highly
pathogenic H5N6 and H5N1 influenza virus infections in chickens. Methods: The polybasic amino acid cleavage site depleted HA
gene and NA gene of A/Waterfowl/Korea/S57/2016 (clade 2.3.4.4) (H5N6) was assembled with the rest of the A/PR/8/34 (H1N1) genes
to construct the vaccine virus. The vaccine virus was propagated in fertilized eggs, partially purified using a tangential flow filtration
(TFF) system, and inactivated using formalin. The chickens were intramuscularly immunized with 384 HA, 192HA, and 96HA units
of oil-adjuvanted inactivated H5N6 vaccine. Antibody titer, survival rate, and lung pathology were evaluated against the homologous
H5N6: A/waterfowl/Korea/S57/2016 (clade 2.3.4.4) and heterologous H5N1: A/Hong Kong/213/2003 (clade 1) viruses 12 and 4 weeks
post-vaccination (p.v.), respectively. Data were statistically analyzed using the Mann-Whitney U test. Results: The 384HA (n = 10) and
192HA (n = 5) antigen-immunized chickens showed 100% survival after lethal infections with homologous H5N6, and no virus shedding
was observed from tracheal and cloacal routes. All chickens that received the 384HA vaccine survived the challenge of heterologous
H5N1 after 4 weeks of immunization. The chickens that received the 384HA vaccine showed mean HI titers of 60 and 240 after 12
and 4 weeks of vaccination, respectively, against HP H5N6, whereas a mean HI titer of 80 was observed in sera collected 4 weeks after
vaccination against HP H5N1. Conclusions: Our findings indicate that one dose of 384HA oil-adjuvanted inactivated H5N6 vaccine
can induce a long-lasting immune response against both homologous H5N6 and heterologous H5N1 infections in chickens.
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1. Introduction
Avian influenza viruses (AIVs) are major viral

pathogens that cause sporadic outbreaks in poultry. Aquatic
birds, including wild waterfowl, have been identified as the
primary reservoirs of influenza A viruses. However, these
virus infections are also transmitted to other avian hosts and
mammals, including humans [1]. All AIVs are categorized
as influenza type A viruses and belong to the family Or-
thomyxoviridae. The avian influenza virion has eight seg-
ments of negative-sense, single-stranded RNA [2,3]. The
cleavage site of hemagglutinin (HA) is a critical determi-
nant of influenza virus virulence. AIV Subtypes H5 and H7
underwent intermittent mutations in HA, acquiring a poly-
basic amino acid moiety containing arginine (R) and lysine
(K) in the HA cleavage site. As a result, low-pathogenic
AIVs were converted into highly pathogenic AIVs in poul-
try [4–6].

In 1996, H5N1 HP infection was detected in a do-
mestic goose in Guangdong China (Gs/Gd lineage), and
it later developed into a panzootic disease, causing dras-
tic death rates among wild birds, poultry, and humans, and
invading four continents [7,8]. Since 2008, the evolution
of the HA backbone of the H5N1 Gs/Gd lineage and the
neuraminidase (NA) gene of low-pathogenic AIVs has led
to the development of novel H5 HP avian influenza viruses.
In early 2014, widespread infection by the novel HP avian
influenza H5N6 subclade 2.3.4.4 was seen in China, Laos
PDR, and Vietnam [9] and caused high death rates in poul-
try. Moreover, it had higher virulence than the previ-
ously reported H5N8 subtype, and the H5N6 virus crossed
from poultry to humans, causing 17 human infections and
seven deaths in China in mid-2017 [10]. In late 2016,
HP H5N6 was first reported in migratory avian and subse-
quently spread to the domestic poultry population, causing
a devastating outbreak in South Korea [11,12].
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Highly pathogenic H5N1 avian influenza viruses are
salient viral pathogens that cause recurrent epidemics in
poultry andmammals, including humans. Since 2003, there
have been several reports of HP H5N1 infections in humans
with a mortality rate of over 50% [13], which increases the
risk of recurring pandemics. The continuous presence of
HP H5N6 and H5N1 viruses in bird reservoirs poses a se-
rious threat to the public. Therefore, the establishment of
effective protective measures is imperative for a rapid re-
sponse to the emergence of pandemic strains.

A majority of epizootic diseases caused by influenza
viruses have been restrained through stamping-out pro-
grams. However, vaccines are currently considered a sur-
rogate solution for the protection of poultry from HP in-
fluenza virus infections and the prevention of transmission
of the virus to humans. Numerous attempts have beenmade
to develop vaccines against the HP H5 subtype viruses for
use in poultry, and their cross-reactivity has also been eval-
uated against the H5N6 influenza virus [14,15].

The effectiveness of the vaccine against H5 HP in-
fluenza virus infections seems to depend on the high ho-
mology between HA and NA antigenic factors. Therefore,
recombinant vaccines have been developed through engi-
neering HA and/or NA antigens from HP influenza viruses
with the primary influenza virus PR8–H1N1. Depletion of
the polybasic amino acid motifs of HA in highly pathogenic
influenza viruses is one of the strategies practiced on a lab-
oratory scale and has shown a remarkable immune response
in the short-term [14,16]. However, a vaccine that is effec-
tive against both HP H5N6 and HP H5N1 is lacking.

Therefore, we developed an inactivated vaccine with
an oil adjuvant by depleting the polybasic amino acid cleav-
age site of the HP H5N6 influenza virus. We evaluated
the efficacy and long-term immune response triggered by
the vaccine against homologous HP H5N6 virus infection
and the effectiveness of the vaccine against heterologous
HP H5N1 virus infection.

2. Materials and Methods
2.1 Viruses and Animals

Healthy fertilized White Leghorn eggs were pur-
chased from a local farm in Korea and hatched in our labo-
ratory. Chickens aged 4 weeks were used in the immuniza-
tion experiments. Immunized chickens (384HA, 192HA
and 96HA) were housed separately in cages arranged in
the animal center of Chungnam National University. The
chickens were moved to a Biosafety Level-3 (BSL-3) poul-
try isolator to perform the challenge study with HP H5N6
and HP H5N1 viruses, and each group of infected chickens
was housed separately in a poultry isolator during the study
period.

HP H5N6; A/Waterfowl/Korea/S57/2016 (clade
2.3.4.4) was isolated in our laboratory from the feces
of wild birds and was used as a seed strain for vaccine
development and homologous virus challenge studies.

Dr. Malik Peiris of the University of Hong Kong kindly
provided the HP H5N1 A/Hong Kong/213/2003 (clade 1)
virus. Virus strains were propagated in the allantoic fluid
of 10-day-old embryonated chicken eggs at 37 °C for 72 h.

All experiments related to highly pathogenic influenza
viruses were conducted in BSL-3 facility certified by the
Korean government.

2.2 Generation of Reassorted H5N6 Vaccine Virus
A reassorted virus was generated using a plasmid-

based reverse genetic system, as described by Hwang
et al. [16]. Briefly, RNA was extracted from
A/Waterfowl/Korea/s57/2016 (H5N6) cells using an
RNeasy mini kit (Qiagen, Germany). The gene sequence
of HA, which encodes a polybasic amino acid cleavage
site, was deleted using overlapping primer PCR. The
polybasic amino acid-depleted HA of H5N6 and NA of
H5N6 were cloned into the pHW 2000 vector. PB2, PB1,
PA, NP, M, and NS plasmids of A/Puerto Rico/8/34 (PR8)
(H1N1) were kindly provided by Dr. Robert Webster of St.
Jude Children’s Research Hospital, Memphis, TN, USA.
One microgram of each plasmid was introduced into Vero
cells at 80% confluency in 6-well cell culture plates, and
then the Vero cells were transfected for 48 h. The cell
supernatant (300 µL) was treated with L-1-tosylamido-
2-phenylethyl chloromethyl ketone (TPCK)-trypsin (1
µg/mL) and inoculated into the allantoic cavity of 10-day-
old embryonated chicken eggs. The reassorted viruses
were validated through genetic analysis, and the viral titer
was determined using a hemagglutination assay (HA).

2.3 Preparation of the Inactivated Vaccine
The H5N6 vaccine virus was propagated in 10-day-

old embryonated eggs (37 °C). The allantoic fluid was har-
vested 72 h post-inoculation and centrifuged at 14,981 ×
g for 10 min at 4 °C to remove the cell debris. The har-
vested fluid was filtered using 0.45-µm and 0.22-µm bot-
tle top vacuum membrane filters (Corning Inc., Corning,
NY, USA). The clarified vaccine virus was concentrated
to 1/10th (v/v) of the original volume using a tangential
flow filtration (TFF) system (Millipore Corporation, Bed-
ford, MA, USA). The virus was inactivated by incubating
with 0.02% formaldehyde (Sigma-Aldrich Inc., St. Louis,
MO, USA) for 24 h at 4 °C. Diafiltration of the vaccine
virus with phosphate-buffered saline (PBS; pH 7.40) was
performed using the TFF system.

Complete inactivation of the vaccine virus was con-
firmed by inoculating the vaccine virus into the allantoic
fluid of 10-day-old embryonated eggs, followed by the
hemagglutination (HA) assay using 0.5% Turkish erythro-
cytes.
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2.4 Immunization of Chickens Using Inactivated H5N6
Vaccine and Challenge with HP H5N6 and H5N1
Influenza Viruses

The inactivated vaccine virus (antigen) titer was deter-
mined using an HA assay with 0.5% turkey blood. Antigen
doses were selected based on the HA units. The 384HA,
192HA, and 96HA units of antigen-containing solutions
were prepared using PBS (pH = 7.40). The oil-adjuvanted
inactivated H5N6 vaccine was formulated by mixing 30%
antigens diluted in PBS and 70% oil adjuvant (Montanide
ISA 70 VG, SEPPIC Co., Puteaux, France). Three groups
of 4-week-old chickens (n = 10) were immunized intramus-
cularly (i.m.) using 500 µL of the vaccine formulation con-
taining three inactivated H5N6 antigen doses of 384 HA,
192HA, and 96HA units. Further, 10, 5, and 5 chickens
were immunized i.m. using 384HA, 192HA, and 96HA
vaccines. Unimmunized chickens (n = 1 per group) were
used as a negative control.

To determine the long-term efficacy of an immune re-
sponse elicited by the vaccine against homologous virus
infections, each group of immunized chickens (384HA
(n = 10), 192HA (n = 5), and 96HA (n = 5)) was in-
tranasally (i.n.) challenged using 1 mL of 100 TCID50/mL
of A/Waterfowl/Korea/s57/2016 (H5N6) (clade 2.3.4.4)
after 12 weeks of vaccination. To evaluate the cross-
clade protective immunity of the inactivated H5N6 vac-
cine, 384HA inactivated H5N6 antigens containing vac-
cine immunized chickens (n = 4) were i.n. challenged
with 1 mL of 100 TCID50/mL of A/Hong Kong/213/2003
(H5N1) (clade 1) 4 weeks after vaccination. Five unimmu-
nized chickens infected with 1 mL of 100 TCID50/mL of
A/Waterfowl/Korea/s57/2016 (H5N6) (clade 2.3.4.4) and
4 unimmunized chickens i.n. infected with 1 mL of 100
TCID50/mL of A/Hong Kong/213/2003 (H5N1) (clade 1)
were maintained as positive controls with each virus chal-
lenge group simultaneously.

To further examine the effectiveness of the 96HA vac-
cine, we infected five chickens that had received two doses
of the 96HA H5N6 vaccine with 1 mL of 100 TCID50/mL
of HP H5N6 virus after 12 weeks of vaccination. A sepa-
rate group of unimmunized chickens (n = 3) i.n. infected
with1 mL of TCID50/mL of HP H5N6 homologous virus
was used as a control.

2.5 Determination of Antibody Titer in Immunized
Chickens Using the Hemagglutination Inhibition (HI)
Assay

Blood was collected from chickens in each vaccinated
group at 2-week intervals two weeks after immunization.
Sera were extracted from each blood sample and heat-
inactivated at 56 °C for 30 min. An HI assay was performed
to determine the antibody titer in chickens against homol-
ogous HP H5N6 and heterologous HP H5N1 virus infec-
tions. Briefly, sera were diluted 10-fold before performing
2-fold serial dilutions in PBS (pH 7.40) in V-bottom 96-well

plates. Eight hemagglutination (HA) units (25µL) of H5N6
viruswere added and the plates were incubated at room tem-
perature for 30 min. Then, 50 µL of 0.5% Turkey’s red
blood cells were added, followed by incubation for 30 min
at room temperature. HI titers were calculated as the recip-
rocal of the dilution factor that showed complete inhibition
of hemagglutination.

2.6 Determination of Viral Titer in Trachea and Cloacae
Using Real-Time Quantitative PCR (RT qPCR)

The trachea and cloacae of surviving chickens were
swabbed at 1, 3, 5, and 7 days post infection (p.i.). Tracheal
and cloacal swab samples were collected in 250 µL and 500
µL PBS (pH 7.40) (per sample), respectively. The swab
samples were homogenized through vortexing and filtered
using a 0.22-µmMinistart syringe filter (Sartorius Stedium
Biotech GmbH, Goettingen, Germany).

Viral RNA was extracted from tracheal and cloacal
swab samples of immunized and unimmunized chickens
challenged with HP H5N6 or HP H5N1, which were col-
lected on day 3 p.i. using a HiGeneTM Viral RNA/DNA
prep kit (column type) (BIOFACT Co., Ltd., South Korea).
Briefly, 250 µL of VL buffer and 20 µL of proteinase K
were added to 150 µL of each tracheal or cloacal sample
collected on day three p.i. The samples were then vortexed
for 1 min and incubated at room temperature for 10 min
before 350 µL of 100% ethanol was added to each sample.
The lysate/ethanol mixture was transferred to a capsule col-
umn and centrifuged at 13,000 rpm for 1 min. The column
was washed with 500 µL of VW1 buffer which was fol-
lowed by centrifugation at 13,000 rpm for 1 min. Five hun-
dred microliters of 100% ethyl alcohol were washed twice
followed by centrifugation at 13,000 rpm for 1 min. RNA
was eluted using 30 µL of nuclease-free water.

To detect the virus, real-time quantitative fluorescent
PCR was performed using the TOPrealTM one-step RT
qPCR kit (TaqMan probe) (Enzynomics, Daejeon, South
Korea) and H5 influenza primers and probes. A total of
20 µL of PCR reaction mixture was prepared by mixing 5
µL of TOPrealTM one-step RT qPCR kit (TaqMan probe), 1
µL of 10 pmol of each primer (H5 1504 Forward, 5′-ACA
TAT GAC TAC CCA CAR TAT TCA G – 3′, H5 1655 Re-
verse; 5′- AGA CCA GCT AYC ATG ATT GC-3′), 1 µL
of H5 probe (5′-FAM-TCW ACA GTG GCG AGT TCC
CTA GCA-TAMRA-3′), 10 µL of template RNA, and 2
µL of nuclease-free water. RNA was amplified in a Rotor-
Gene 6000 system (QIAGEN, Hilden, Germany) using the
RT qPCR cycle with reverse transcription at 50 °C for 30
min, initial denaturation at 95 °C for 10 min, followed by
45 cycles of denaturation at 95 °C for 5 s, annealing, and
elongation at 60 °C for 30 s. A standard curve for H5 in-
fluenza virus was generated using the plaque assay data of
stock viruses.
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2.7 Hematoxylin and Eosin Staining of Lung Tissues
To determine tissue histopathology, on day 6 p.i., lung

and tracheal tissues were collected from immunized chick-
ens challenged with HP H5N6 or HP H5N1 viruses. Tis-
sues from HP H5N6 infected unimmunized chickens and
HPH5N1 infected unimmunized chickenswere obtained on
days 1 and 3 p.i., respectively. The tissues were immersed
in phosphate-buffered formalin (10%) (Triangle Biomedi-
cal Sciences, Durham, USA) and fixed for 6 h while shak-
ing. The tissues were then washed under running tap water
and embedded in paraffin. Tissues were prepared into 5-
µm sections. The sections were stained with Harris hema-
toxylin (H) for 1 min and counterstained with 1% eosin Y
solution (E) for 1 min. The stained tissue sections were pre-
served using Canada balsam, observed under an Olympus
DP70 microscope (Olympus Corporation, Tokyo, Japan),
and photographed.

2.8 Statistical Analysis
Experimental data were analyzed using the Wilcoxon

signed-rank test and multiple t-tests in GraphPad Prism
software (Version 8.0.1) (GraphPad software. Inc., San
Diego, CA, USA). Statistical p-values less than 0.05 (p <

0.05) were considered significant.

3. Results
3.1 Survival of Chickens Immunized with Oil-Adjuvanted
Inactivated H5N6 Vaccine

Chickens immunized with a single dose of the 384HA,
192HA, and 96HA vaccines and two doses of the 96HA
vaccine were challenged with homologous HP H5N6 at 12
weeks p.v. Survival of chickens was observed up to 14 days
p.i. The 384HA- or 192HA-immunized chickens exhibited
100% survival rate, while survival of the 96HA vaccinated
chickens dropped to 20% on day 6 p.i. and remained con-
stant until day 14 p.i. Chickens that received two doses
of the 96HA vaccine also showed 100% survival up to 14
days p.i. When unimmunized chickens were infected with
the homologous HP H5N6 virus, all chickens (n = 5) died
within two days of infection (Fig. 1A).

Interestingly, all chickens immunized with the 384HA
oil-adjuvanted inactivated vaccine and infected with het-
erologous HP H5N1 virus (n = 4) four weeks p.v. survived
throughout the 14 days of observation. All unimmunized
chickens infected with heterologous HP H5N1 (n = 4) sur-
vived until day 6 p.i. (Fig. 1B).

3.2 Antibody Titers of Immunized Chickens
Sera were extracted from blood collected from the im-

munized chickens starting at 2 weeks p.v. up to 12 weeks
p.v. The HI assay was performed to determine antibody
titers in immunized chickens. The mean hemagglutina-
tion inhibition (HI) titer was 240 against homologous HP
H5N6 and 80 against heterologous HP H5N1 influenza
virus (clade 1) 4 weeks p.v. in 384HA-vaccinated chick-
ens (Fig. 2A,C).

Fig. 1. Survival Rate of immunized chickens after the chal-
lenge. Immunized chickens were intranasally infected with
100 TCID50/mL of homologous A/waterfowl/Korea/s57/2016
(H5N6) (clade 2.3.4.4) or heterologous A/Hong Kong/213/2003
(H5N1) (clade 1) viruses. Survival was observed until 14 days af-
ter infection. (A) Survival rates of chickens challenged with the
homologous H5N6 virus. (B) Survival rate of chickens challenged
with the heterologous H5N1 virus.

The mean HI titer peaked 6 weeks after vaccination
and was reported to be 156 against homologous HP H5N6
infection. The vaccinated chickens showed a mean HI titer
of 60 against A/waterfowl/Korea/s57/2016 (H5N6) at 12
weeks p.v., which was significantly higher than the HI titers
in unimmunized chickens (Fig. 2B).

3.3 Determination of Viral Titer in Swabs Samples of
Immunized Chickens

To determine the viral titer, the trachea and cloacae
of surviving chickens were swabbed on day 3 p.i. No virus
was detected in the tracheal and cloacal samples of 384HA-
,192HA-, and 96HA-vaccinated chickens that were chal-
lenged with the homologous H5N6 virus (Fig. 3A). Cloa-
cal and tracheal swabs from chickens vaccinated with two
doses of the 96HA vaccine and challenged with HP H5N6
virus did not show any viral titers. However, unimmunized
chickens exposed to HP H5N6 showed a significantly high
viral titer of (411.9 PFU/mL) in the trachea on day 1 p.i.
and no viruses were shed through the cloacae 1 day p.i.
(Supplementary Fig. 1). We could not measure the vi-
ral titer of unimmunized chickens in subsequent days since
they died 2 days p.i. Interestingly, no virus was detected in
tracheal and cloacal swabs when the 384HA vaccine was
administered to chickens infected with HP H5N1, while
HP H5N1 infected unimmunized chickens showed signifi-
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Fig. 2. Antibody titers in immunized chickens. 4-week-
old chickens were injected with 500 µL of 384HA units of oil-
adjuvanted inactivated H5N6 vaccine into the pectoral muscle.
2 weeks after vaccination, sera were collected from chickens for
12 weeks. Antibody titers in the sera were determined using the
HI assay. (A) Mean HI titers in sera of vaccinated chickens 4
weeks after immunization against HP H5N6 (clade 2.3.4.4) and
HP H5N1 (clade 1) viruses. (B) Mean HI titer of 384HA vac-
cinated chickens up to 12 weeks p.v. against HP H5N6 (clade
2.3.4.4). (C) Individual antibody titers of 192HA and 96HA
vaccine-immunized chickens at week 12 p.v. against HP H5N6
(clade 2.3.4.4) infection. Data are presented as mean titers of vac-
cinated chickens ± standard deviation. * p < 0.05. The limit of
detection was 10HI.

cantly higher viral titers in the cloacal (Log10 4.09 PFU/mL,
p< 0.0001) and tracheal (Log10 5.06 PFU/mL, p< 0.0001)
swabs (Fig. 3B).

3.4 Histopathology of Lung Tissues
None of the 384HA-immunized chickens that were in-

fected with homologous HP H5N6 virus exhibited signs
of pneumonia in the lung tissue (Fig. 4A). However, lung
tissues of 192HA- and 96HA-vaccinated chickens that
were challenged with homologous HP H5N6 virus showed
symptoms of mild pneumonia (Fig. 4B,C) when compared
with the lung tissues of only HP H5N6 infected chick-
ens, which showed signs of severe pneumonia (Fig. 4D).
When 384HA-immunized chickens were infected with the
HP H5N1virus, their lung tissues showed mild pneumo-
nia (Fig. 5A) compared to the lung tissues of HP H5N1-
infected, unimmunized chickens, which showed signs of
severe pneumonia (Fig. 5B). The lung tissues of unimmu-
nized and non-infected chickens did not show any signs of
pneumonia (Figs. 4E,5C).

Fig. 3. Viral titers in tracheal and cloacal swabs of vaccinated
chickens after challenge with HP H5N6 or HP H5N1 viruses.
Tracheal and cloacal swabs were collected in PBS on day 3 p.i.
from chickens that received the vaccine and were challenged with
HP H5N6 A/Waterfowl/Korea/S57/2016 (clade 2.3.4.4) and HP
H5N1 A/Hong Kong/213/2003 (clade 1) viruses. RNA was ex-
tracted from the swab samples, and RT qPCRwas performed using
H5 influenza primers and probes. (A) Viral titers of immunized
chickens challenged with HP H5N6 (clade 2.3.4.4) (384HA; n =
10, 192HA; n = 5, and 96HA; n = 4). (B) Viral titers in immunized
chickens challenged with HP H5N1 (clade 1) (n = 4). Unimmu-
nized chickens infected with HP H5N6 homologous virus (n = 5)
and unimmunized chickens infected with HP H5N1 heterologous
virus (n = 4) were used as controls. Data are represented as Log10
plaque forming units (PFU)/mL of viral titers in vaccinated chick-
ens± standard deviation. **** p< 0.0001. The limit of detection
was 2.2 Log10 PFU/mL.

4. Discussion
Over the last 20 years, circulating highly pathogenic

H5 subtype avian influenza viruses have caused global out-
breaks in poultry populations and sporadic infections in hu-
mans. Hence, the development of a vaccine with long-
term effectiveness against these virus infections is cru-
cial not only to minimize economic losses in the poul-
try industry but also to decrease the magnitude of in-
fection by reducing viral shedding into the environment.
In this study, we found that an oil-adjuvanted inacti-
vated H5N6 vaccine containing 384HA units could in-
duce sterile immunity in chickens against homologous
HP H5N6 A/Waterfowl/Korea/S57/2016 (clade 2.3.4.4) up
to 12 weeks after vaccination and cross-clade immunity
against A/Hong Kong/213/2003 (H5N1) (clade 1) infec-
tion.
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Fig. 4. Pathology of lung tissues of immunized chick-
ens challenged with HP H5N6: A/Waterfowl/Korea/S57/2016
(clade2.3.4.4). (A) Lung tissue from 384HA-immunized chicken.
(B) Lung tissue from 192HA-immunized chicken. (C) Lung tissue
from 96HA-immunized chicken. (D) Lung tissue from HP H5N6-
challenged, unimmunized chicken. (E) Uninfected chicken lung
tissue.

Fig. 5. Pathology of lung tissues of immunized chickens chal-
lenged with HP H5N1: A/ Hong Kong/213/2003 (clade 1).
(A) Lung tissue from 384HA-immunized chicken. (B) Lung tis-
sue from H5N1 infected unimmunized chicken. (C) Uninfected
chicken lung tissue.

Our results demonstrate that a prime boost with
384HA units of oil-adjuvanted inactivated H5N6 vaccine
could completely protect chickens from homologous H5N6
virus, A/Waterfowl/Korea/S57/2016 (clade 2.3.4.4) infec-
tion after 12 weeks of vaccination. Even though inacti-
vated vaccines require several boosters to activate protec-
tive immunity, one dose of the vaccine developed herein
could elicit an immune response in chickens for as long
as 12 weeks, with a mean HI titer of 60. This demon-
strates that our vaccine can effectively provide sterile im-
munity in chickens, even with prime boosting. Moreover,
the H5N6 vaccine elicited humoral immunity, which was
higher than the protective immunity level of 1:40 HI. A
previous study on an inactivated vaccine prepared using
HA andNA antigens of H5N1 (A/Vietnam/1203/04 (H5N1)
(clade 1) showed a mean HI titer of 147 for homologous
viruses 12weeks p.v. [16]. This difference inmeanHI titers
could be due to the level of vaccine purity. The assorted
H5N1 vaccine used in the study by Hwang et al. [16] was
completely purified and the HA protein content was mea-
sured in µg, while our vaccine was partially purified and
used HA units of antigens for vaccination.

Our vaccine provided cross-clade immunity against
A/Hong Kong/213/2003 (H5N1) (clade 1) in immunized

chickens 4 weeks after vaccination. A previous study also
showed that a vaccine containing H5N1 antigens (clade 1)
is effective in immunizing chickens against heterologous
challenges (clade 2.3.4) when vaccinated with 5.0 µg of
HA antigens [16]. Another study conducted using mice
and ferrets also demonstrated the cross-protective immu-
nity elicited by H5N1 based vaccines [17,18]. The high
cross-clade immune activity of our vaccine may be caused
by its ability to induce the production of antibodies tar-
geting the stalk region of the HA protein (HA2). We an-
alyzed the similarities between the amino acid sequences
of the HA proteins in HP H5N1 and H5N6 viruses. The
HA proteins in HP H5N1 and H5N6 viruses showed 92.6%
amino acid sequence similarity, while the HA2 proteins in
the two viruses showed 98.6% amino acid sequence simi-
larity (Supplementary Figs. 2,3).

Infections by highly pathogenic H5Nx, including
H5N6 and H5N1, have been reported to cause severe dis-
ease symptoms and 100% mortality within 2–3 days [19–
22]. However, 192HA vaccinated HP H5N6 homologous
virus-infected and 384HA vaccinated HP H5N1 heterolo-
gous virus-infected chickens showed a 100% survival rate,
even though chickens showed signs of mild pneumonia in
lung tissues on day 6 p.i. Elevated levels of virus-induced
pro-inflammatory cytokines in HP H5N6 and HP H5N1 in-
fected chickens and other susceptible poultry could result in
severe disease symptoms [21–23]. As reported previously,
induced pro-inflammatory immune responses could be the
reason for mild pneumonia in immunized chickens. More-
over, the 96HA vaccinated and HP H5N6 challenged chick-
ens showed 80%mortality (Fig. 1A) andmild pneumonia in
the lung tissues (Fig. 4C). However, no viral shedding was
observed from either the trachea or cloacae on day 3 p.i.
Disease severity and associated deaths could be due to the
overexpression of inflammatory cytokines in the lung tis-
sues and not due to the complications driven by increased
viral replication in host organs.

In summary, a single dose of oil-adjuvanted inacti-
vated H5N6 vaccine may be a potential solution for protect-
ing poultry from recurring highly pathogenic H5 influenza
virus infections.

5. Conclusions
In conclusion, our findings show that a prime

boost of the 384HA H5N6 vaccine can completely
protect chickens from lethal infection by HP H5N6,
A/waterfowl/Korea/S57/2016 (clade 2.3.4.4) for long-
term and is also effective against HP H5N1, A/Hong
Kong/213/2003 (H5N1) (clade 1) influenza infections.
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