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Abstract

Introduction: Highly pathogenic Asian HS5-subtype avian influenza viruses have been found in poultry and wild birds
worldwide since they were first detected in southern China in 1996. Extensive control efforts have not eradicated them.
Vaccination prevents such viruses infecting poultry and reduces the number lost to compulsory slaughter. The study showed the
efficacy of inactivated H5 vaccine from the HSNS virus against highly pathogenic HSN8 and H5N6 avian influenza viruses in
chickens. Material and Methods: Reverse genetics constructed an HS vaccine virus using the HA gene of the 2014 HSN8 avian
influenza virus and the rest of the genes from A/PR/8/34 (HIN1). The vaccine viruses were grown in fertilised eggs, partially
purified through a sucrose gradient, and inactivated with formalin. Chickens were immunised i.m. with 1 ug of oil-adjuvanted
inactivated H5 antigens. Results: Single dose HS5 vaccine recipients were completely protected from lethal infections by
homologous H5N8 avian influenza virus and shed no virus from the respiratory or intestinal tracts but were not protected from
lethal infections by heterologous HSN6. When chickens were immunised with two doses and challenged with homologous HSNS8
or heterologous H5N6, all survived and shed no virus. Conclusion: Our results indicate that two-dose immunisations of chickens
with HS antigens with oil adjuvant are needed to provide broad protection against different highly pathogenic H5 avian influenza

viruses.
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Introduction

Influenza viruses are members of
Orthomyxoviridae and are classified into four types A,
B, C, and D based on their nucleoprotein (NP) and
matrix protein (MP) (6, 38). Influenza A viruses
circulate in a variety of hosts such as humans, pigs,
horses, dogs, and wild birds (38). Influenza B and C
viruses mainly circulate in humans (38), and influenza
D virus circulates in cattle, swine, camelids, and small
ruminant populations (11, 12, 27). Among the 18
subtypes of haemagglutinin (HA) (24, 38), the H5 and
H7 subtypes of avian influenza viruses can be
converted into highly pathogenic (HP) viruses by
obtaining polybasic amino acids such as arginine (R)
and lysine (K) in the cleavage sites of HA proteins
(17,27).

Asian-origin HP HS5 avian influenza viruses
originated from the HA of A/goose/Guangdong/1/1996
(H5NT1) isolated in China (41). In 1997, HP H5NI1
influenza viruses jumped from poultry in the live bird
markets in Hong Kong to 18 humans, and 6 of these
infected humans died (4, 35, 36). Since 2003, these
viruses have spread around the world despite intensive
control measures, and they have reassorted with other
avian influenza viruses, resulting in different subtypes
(10, 19-23, 39). In 2014, huge outbreaks of HP H5NS
avian influenza viruses occurred in poultry in South
Korea, resulting in the slaughter of thousands of birds
(19, 34). HP H5N8 avian influenza viruses have been
found in migratory birds and poultry in many countries
such as the United States, Bangladesh, France, Italy,
Japan, and the Netherlands (2, 9, 13, 28, 30, 31, 33). In
2016, another huge outbreak of HP HS5N6 avian
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influenza virus occurred in poultry in South Korea,
resulting in the loss of over 30 million birds (21, 22).
HP H5NG6 avian influenza viruses have been reported in
poultry and migratory birds in many countries such as
China, Japan, Laos, and the Netherlands (3, 7, 29, 42).
Attempts have been made to develop effective
vaccines to control HP avian influenza viruses in
poultry using the inactivated whole virus, recombinant
viral vectors expressing HA proteins, and virus-like
particles containing the HA protein (5, 15, 16, 18, 32,
40). In this study, we determined whether inactivated
HS5 antigens derived from HP HS5N8 avian influenza
virus (clade, 2.3.4.4) could protect immunised chickens
from infections by HP H5N8 or H5N6 avian influenza
viruses and whether one dose or two doses of vaccine
were needed for the complete protection of chickens
from lethal infections by HSN8 and HSN6 viruses.

Material and Methods

Viruses and animals. The HP avian influenza
viruses, A/Waterfowl/S005/Korea/2014 (H5N8) (clade
23.44), and A/Waterfowl/Korea/S57/2016 (clade
2.3.4.4.) were isolated from faecal samples from wild
birds in our laboratory. Ten-day-old fertilised eggs
were used to amplify these viruses. The studies on HP
avian influenza viruses were performed in a BSL-3
facility which was certified by the Korean Center for
Disease Control and Prevention. Fertilised eggs from
healthy chickens (White Leghorn) were purchased from
a local farm in Korea and were hatched in our
laboratory. Three-week-old grown chickens were used
for starting vaccinations with the inactivated HS5
antigens.

Generation of reassorted HS vaccine virus.
Reassorted vaccine viruses were generated according to
methods by Hwang ef al. (14). Robert G. Webster from
St. Jude Children’s Research Hospital, Memphis, USA,
provided plasmids of A/PR/8/34 (HIN1), PB2, PBI,
PA, NP, NA, M, and NS. The HA genes which did not
have polybasic amino acids were derived from
A/Waterfowl/S005/Korea/2014 (HSNS) (clade 2.3.4.4).
Vero cells were transfected with 1 pg of each plasmid
for 48 h before 300 pL of supernatant was treated with
L-(tosylamido-2-phenyl) ethyl chloromethyl ketone
(TPCK)—treated trypsin (1 pg/mL). The treated
supernatants were injected into the allantoic cavity of
10-day-old fertilised eggs from healthy chickens. The
reassorted viruses were identified by genetic analysis
and haemagglutination inhibition (HI) assay. Regarding
the vaccine strain, this reassorted virus was designated
as Vaccine-H5N8-RG-CNUK4-2014 (HSRG).

Preparation and antigen measurement of
HSRG inactivated vaccines. HSRG vaccine viruses
were amplified in 10-day-old fertilised eggs (35°C,
60 h). The harvested fluid was reduced to 1/10 of its
original volume by an Amicon concentrator apparatus
(Merck Millipore, USA). A 20% to 75% continuous

sucrose gradient was used for purification of virus-
containing fluid (26,000 rpm, 4°C, 2 h). Formalin
(0.01% per volume) was used to inactivate viruses
(4°C, overnight). Virus inactivation was determined by
injection into hens’ eggs. The HSRG protein amount
was measured with the Bradford method (Bio-Rad,
USA) using the standard formula of bovine serum
albumin (BSA).

Inoculation of chickens with oil-adjuvanted
HSRG antigens and infection of immunised
chickens with HP H5N8 and H5N6 viruses. Three-
week-old chickens (n = 10 per group), negative for
HS5N8, H5N6, and HON2 viruses, were injected
intramuscularly (i.m.) with 300 pL of 1.0 pg/mL oil-
adjuvant inactivated HSRG antigens in 70%:30% oil
composition (Montanide IMS 1313 NPR, Seppic,
France). The second boosting dose was inoculated into
chickens three weeks after the first inoculation.
The inoculated chickens were intranasally (i.n.)
infected four weeks after vaccination with 500 pL of
10°EIDso/mL of A/Waterfowl/S005/Korea/2014 (H5NS)
or A/Waterfowl/Korea/S57/2016 (H5H6) strains.

Antibody titre measurement in vaccinated
chickens. An HI assay was performed. Receptor-
destroying enzyme (RDE) (Denka Seiken, Japan) was
used to treat sera from vaccinated chickens diluted
twofold in PBS (pH 7.4) and pipetted into V-bottomed
96-well plates. Twenty microlitres (8 HA units) of
A/Waterfowl/S005/Korea/2014 (H5NS8) or A/Waterfowl/
Korea/S57/2016 (HSN6) viruses was added and the
plates were reacted for 15 min at room temperature.
Red blood cells from turkeys (0.5%, 50 uL.) were added
next and then the plates were reacted for 40 min at
room temperature. HI titre was measured by reciprocal
dilutions which prevented haemagglutination.

Viral titre measurement in swab samples from
the trachea, cloaca, and lung tissues. The swabs were
taken from the trachea and cloaca of live chickens after
challenge with HP H5N6 or H5N8 viruses. Swab
samples were treated with PBS (pH 7.4) supplemented
with Antibiotic-Antimycotic Solution (2x) (Sigma-
Aldrich, USA). Lung tissues were collected from
chickens three days post infection and were
homogenised in PBS (1 g/mL). Tenfold serial dilutions
of swab and lung samples were performed with PBS
(pH 7.4) before they were injected into four 10-day-old
fertilised eggs. Virus growth in the injected eggs was
identified by haemagglutination assay. Logio egg
infectious dose 50/mL (logio EIDso/mL) was used for
measurement of viral titres. The virus detection limit
was over 1.0 logio EIDso/mL.

Histopathology of lung tissues. Lung tissues of
chickens used for detecting viral titres were fixed in
neutral buffered formalin (10%) and then embedded in
paraffin. Sections (5 pm) were stained with
haematoxylin and eosin (H&E) (1).

Analysis of data. The Mann—Whitney U test was
used for determining statistical significance.
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Results

HI titres and survival rate of chickens
vaccinated with oil-adjuvanted HSRG antigens. The
mean HI titres for the one-dose vaccine against the
homologous H5NS influenza virus and heterologous
H5N6 influenza virus were 160 and less than 10,
respectively. The mean HI titres for the two-dose
vaccine against the viruses were 480 and 40, respectively
(Fig. 1A).

The survival rate of vaccinated chickens differed
between the group which received homologous and the
group which received heterologous HP influenza viruses
(Fig. 1B, 1C). The survival rate in the one-dose or two-
dose vaccinated chickens infected with the homologous
HP H5N8 was 100%, while all PBS mock-vaccinated
chickens infected with HSN8 HP influenza virus died
within five days (Fig. 1B). When the immunised
chickens were challenged with the heterologous HP
H5N6 influenza virus, no one-dose or PBS mock-
immunised chickens survived, while all two-dose
immunised chickens did (Fig. 1C).

Viral detection in chickens vaccinated with oil-
adjuvanted HSRG antigens. Viral titres in swabbed
samples from the trachea and cloaca of surviving
chickens were found for seven days after infection.
Viruses were not detected in the trachea and cloaca of
one-dose or two-dose vaccinated chickens that were

infected i.n. with the homologous HP HSNS influenza
virus, while viral titres in tracheal and cloacal swab
samples from PBS mock-immunised chickens infected
with the virus were 5.5 and 3.0 EIDsy/mL three days
after infection, respectively (Fig. 2A, A-1). When the
immunised chickens were challenged with heterologous
HP H5NG6 influenza virus, viruses were shed through the
trachea and cloaca of one-dose immunised chickens, but
were not shed this way by two-dose immunised birds.
The viral titres in the tracheal and cloacal swab samples
of one-dose immunised and infected chickens were 5.0
and 4.0 EIDso/mL five days after infection, respectively,
while those in the tracheal and cloacal swab samples
from PBS mock-immunised chickens infected with the
virus were 5.0 and 3.5 EIDso/mL three days after
infection, respectively (Fig. 2 B, B-1).

No virus was detected in the lung tissues of one-
and two-dose vaccinated chickens infected with the
homologous HP H5NS influenza virus or in the tissues
of two-dose immunised chickens challenged with the
heterologous HP H5N6 influenza virus (Fig. 3). The
mean viral titre in the lung tissues of one-dose
vaccinated chickens challenged with the heterologous
HP H5NG6 influenza virus was 5.0 EIDsy/mL three days
after the infection. The mean viral titres in the same
tissues of PBS mock-vaccinated chickens infected with
HSN8 and H5N6 viruses were 5.5 and 6.0 EIDsy/mL
three days after the infection, respectively.
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Fig. 1. Antibody titres in immunised chickens and survival rate of chickens challenged with HP H5N8 and H5N6 avian
influenza viruses. Three-week-old chickens (n = 10 per group) were immunised i.m. with 1.0 pg of oil-adjuvant inactivated
H5RG in the pectoral muscle. The second dose was inoculated into chickens three weeks after the first inoculation. Three
and four weeks after immunisation, sera were collected from the chickens and HI antibody titres were measured (A). Data
were mean HI titre of immunised chickens +standard deviation. Statistical analysis was performed using data from H5N8
and H5N6 HI titres. **P < 0.001. The immunised chickens (n = 10 per group) were infected i.n. with 10°EIDso/mL of
A/Waterfowl/S005/Korea/2014 (H5N8) (B) or A/Waterfowl/Korea/S57/2016 (H5N6) (C) four weeks after vaccination.

Survival was observed for seven days after challenge
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Fig. 2. Viral titres in tracheal and cloacal swab samples in chickens infected with HP HSN8 or H5N6 avian influenza viruses. Viral titres were
measured by log;oEIDso/mL. Data were mean viral titre of surviving chickens +standard deviation. A — tracheal viral titres in chickens infected
with A/Waterfowl/S005/Korea/2014 (HSN8); A-1 — cloacal viral titres in chickens infected with A/Waterfowl/S005/Korea/2014 (H5N8); B —
tracheal viral titres in chickens infected with A/Waterfowl/Korea/S57/2016 (H5N6); B-1 — cloacal viral titres in chickens infected with
A/Waterfowl/Korea/S57/2016 (HSN6)
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Fig. 3. Viral titres in the lung tissues of chickens infected with HP HSN8 or H5N6 avian influenza viruses. Viral titres
were measured by log o EIDs¢/g. Data were mean viral titre of surviving chickens + standard deviation
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Lung pathology in chickens vaccinated with oil-
adjuvanted HSRG antigens. No sign of pneumonia
was observed in the lung tissues of one-dose or two-
dose vaccinated chickens infected with homologous
HS5NS8 HP influenza virus (Fig. 4) or in the lung tissues
of two-dose vaccinated chickens challenged with
heterologous HP H5NG6 influenza virus (Fig. 5). When
the chickens were challenged with the homologous HP
HSNS influenza virus (Fig. 4), the lung tissue of PBS
mock-immunised infected chickens showed signs of
severe interstitial pneumonia with many infiltrated
inflammatory cells (Fig. 4B), while the lung tissues of

uninfected chickens (Fig. 4A), one-dose immunised
chickens (Fig. 4C), or two-dose immunised chickens
(Fig. 4D) did not show any signs of pneumonia. When
the chickens were infected with the heterologous HP
H5N6 (Fig. 5), as with homologous H5NS, the lung
tissues of PBS mock-immunised and infected chickens
(Fig. 5B) or one-dose immunised and infected chickens
(Fig. 5C) showed signs of severe interstitial pneumonia
with many infiltrated inflammatory cells, while those of
uninfected chickens (Fig. 5A) or two-dose immunised
chickens (Fig. 5D) did not show any signs of the
disease.

100 um

Fig. 4. Lung pathology in chickens infected with HP HSNS8 avian influenza virus. A — uninfected
chicken lung tissue; B — H5N8-infected PBS mock-immunised chicken lung tissue; C — H5N8-
infected one-dose immunised chicken lung tissue; D — HS5NB8-infected two-dose immunised

chicken lung tissue; arrow — pneumonia

100 um

100 difi

Fig. 5. Lung pathology in chickens infected with HP H5N6 avian influenza virus. A — uninfected
chicken lung tissue; B — H5N6-infected PBS mock-immunised chicken lung tissue; C — H5SN6-
infected one-dose immunised chicken lung tissue; D — HS5N6-infected two-dose immunised

chicken lung tissue; arrow — pneumonia
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Discussion

Asian HP HS5 avian influenza viruses have been
circulating in poultry worldwide for over 20 years.
Intensive monitoring and eradication efforts have not
been successful. Infections of chickens and ducks by
the viruses have resulted in huge economic losses for
the poultry industry. The vaccination of poultry with
HS5 antigens could help to reduce the number of poultry
that must be killed and limit the spread of H5 virus
among poultry and from poultry to wild birds, as
a complementary policy to slaughter to remove infected
animals. In this study, we explored the efficacy of HS
antigens from the recent HP HSNS (clade 2.3.4.4) avian
influenza virus in chickens. The vaccinated chickens
were protected from infections by both HP H5N8 and
H5N6 avian influenza viruses in a dose-dependent
manner.

Our results showed that an oil-adjuvant one-dose
(1 pg) inactivated vaccination provided complete
protection of chickens against infection with
homologous HS5N8 HP avian influenza virus
(A/Waterfowl/S005/Korea/2014, clade 2.3.4.4), but it
did not protect them against infection by heterologous
H5N6 HP avian influenza virus (A/Waterfowl/
Korea/S57/2016 (clade 2.3.4.4). The HP H5NS8 and
HS5NG6 avian influenza viruses used in this study belong
to the same clade 2.3.4.4, but the similarity between
amino acid sequences of the H5 HA protein was only
95%. The HI antibody titre against HSN6 virus was
also less than 10 (Fig. 1A). It is regarded that HI
antibody titres over 40 can be protective immunity
against influenza viruses. A previous study on the
inactivated vaccines in chickens showed that
inactivated H5 antigens provided quite good protection
against lethal challenge by HSN8 and HSN2 HP avian
influenza viruses (15). Chickens receiving the
inactivated HA antigens of A/gyrfalcon/Washington/
2014 (HSNS, clade 2.3.4.4) were 100% protected
against infections with A/gyrfalcon/Washington/2014
(H5NS8, clade 2.3.4.4) and A/northern pintail/
Washington/40964/2014 (H5N2, clade 2.3.4.4). The
discrepancy in the cross-subtype protection rate
between our study and this previous study may be due
to differences in the extent of similarity between amino
acid sequences of the H5 HA proteins. The HA
nucleotide difference between A/Waterfowl/S005/
Korea/2014 (H5N8, clade 2.3.4.4) and A/Waterfowl/
Korea/S57/2016 (H5N6, clade 2.3.4.4) is about 5%,
while that between A/gyrfalcon/Washington/2014
(H5NS8, clade 2.34.4) and A/northern pintail/
Washington/40964/2014 (H5N2, clade 2.3.4.4) is only
about 1%.

Two doses of inactivated HS5 antigens provided
sterile protection of chickens from infections by both
HP H5N8 and HS5N6 avian influenza viruses. This
result suggests that inactivated antigens could elicit
broader protection immunity when chickens were
immunised with a double dose of them. Considering

that inactivated vaccines have been used to protect
chickens from HP HS5 avian influenza viruses in some
countries such as China, Italy, and Vietnam (8, 37), the
prime-boosting strategy in which chickens are
immunised with inactivated HS5 antigens on farms
would be practical to protect them from infections by
more diverse HP HS avian influenza viruses.

The two-dose HS5-antigen immunised chickens
that were lethally infected with HP H5SN8 and H5N6
avian influenza viruses did not shed viruses from the
respiratory or intestinal tracts. This result suggests that
oil-adjuvant two-dose HS antigens could elicit strong
immunity against the homologous and heterologous
HP HS5 avian influenza viruses. A previous study on
Newcastle disease virus-based HS antigen of
A/chicken/lowa/04-20/2015 (H5N2, clade, 2.3.4.4)
demonstrated that immunised chickens were 100%
protected  from  A/turkey/Minnesota/9845-4/2015
(H5N2, clade 2.3.4.4). However, some immunised
chickens that were infected with the turkey isolate shed
viruses through the respiratory tract (25).

In conclusion, two doses of HS antigens from HP
HS5NS8 avian influenza virus provided chickens with
sterile immunity against both HP homologous H5N8
and heterologous HS5N6 avian influenza viruses,
suggesting that this vaccine could be useful to minimise
the number of infected poultry and to prevent further
transmission among poultry during outbreaks of HP HS
avian influenza viruses.
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