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Preface

Influenza A viruses are negative-sense, single-stranded RNA viruses belonging
to the genus Influenzavirus A of the family Orthomyxoviridae. They have eight viral
RNA segments that code for at least 10 different viral proteins: haemagglutinin (HA)
protein, neuraminidase (NA) protein, matrix protein (MP), membrane-boundion
channel-like protein, nucleoprotein (NP), nonstructural (NS) protein 1, NS protein 2,
and three proteins associated with polymerase activity [polymerase acidic (PA),
polymerase basic protein 1 (PB1), and polymerase basic protein 2 (PB2)] (1). Influenza
A viruses can be classified into subtypes based on antigenicity of their HA and NA, the
major surface glycoproteins on virus envelope. There are 16 subtypes of HA (H1-16)
and 9 subtypes of NA (N1-9) in influenza A viruses found in birds and mammalian
animals (2-4). The subtype diversity of influenza A viruses recently expanded with
identification of HI7N10 and HI8N11, however they are found only in bats (5-6). Wild
waterfowls in which all subtypes of HA and NA are found are thought to be natural
reservoir hosts of the influenza A viruses (1, 7).

Influenza A viruses originating from birds are called avian influenza viruses
(AIVs) which are categorized in highly pathogenic avian influenza viruses (HPAIVs)
and low pathogenic avian influenza viruses (LPAIVs) based on their virulence in
chickens (8). HPAIVs possess a motif of multiple basic amino acid residues at the HA
cleavage site. This cleavage motif is cleaved by ubiquitous cellular proteases such as
furin, leading to a systemic infection with severe disease and high mortality in chickens
(9, 10). On the other hand, the HA cleavage site of LPAIVs is mono-basic and is cleaved
by proteases localized in specific organs or tissues. HPAI outbreaks in poultry are
caused by H5 or H7 subtype viruses which are thought to evolve from low pathogenic
precursors by introducing some mutations in gene segments and acquiring multiple
basic amino acids at the HA cleavage site while circulating in chickens (11-13). When
HPAIVs are transmitted back to wild birds, they could be carried long-distance, causing
further damage to the poultry industries.

While the migration of wild birds is a major factor in the spread of AIVs over
long distance, poultry products also contribute to the spread of AIVs long distance when
they are contaminated. In 2007, commercial deep-frozen duck carcasses contaminated
with HPAIVs caused suspected incursion into the food chain in Germany, probably
associated with following HPAI outbreaks in geographically distant chicken farms (14).
In the early 2000s, HSN1 HPAIV has been isolated from duck meat imported from
China to South Korea (15) and from China to Japan (16), and low pathogenic HON2

AlIVs have been isolated from chicken meat imported from China to Japan (17, 18).



These contaminated meat products were imported legally for commercial use under
control. To import poultry products, a health certificate issued by the exporting country
based on the “animal health requirement” is essential. As poultry products from
countries with HPAI outbreaks are not allowed to be exported basically, these
requirements prevent AIV incursion across the borders.

On the other hand, unlicensed movement of poultry products is a risk for
international AIV spread. In 2005, a low pathogenic HION7 AIV has been isolated from
one of the smuggled duck carcasses, which was later seized by official controls in
warehouses in Italy (19). However, when or how these carcasses were illegally imported
could not be determined. It is not unusual for animal products to be imported illegally.
Illegal importation in baggage by international passengers occurs at any airports and
ports, making it difficult to control. In fact, many animal products have been illegally
imported to Japan as baggage and detected via quarantine inspections at airports and
ports. Lately, the number of detected illegal animal products has been increasing along
with the growing number of overseas visitors. According to the Animal Quarantine
Service (AQS), Ministry of Agriculture, Forestry and Fisheries of Japan, the number of
detections of prohibited animal products brought by passengers was about 33,000 cases
(45,000 kg) in 2010 and about 94,000 cases (109,000 kg) in 2018 (Table 1).

In the present study, the poultry meat products brought by international
passengers and confiscated by AQS were investigated whether they were actually
contaminated with infectious AIVs or not. In the investigated period from June 2015 to
March 2016, eight AIVs, the H1, HS, and H9 subtypes, including HPAIVs were isolated
from the confiscated poultry products brought by flight passengers as hand luggage. The
results of antigenic and genetic analyses on the isolates were described in Chapter 1.

In the continuous surveillance at the point of entry in Japan from May 2016, the
novel H7N9 HPAIVs and LPAIV, and an H7N3 HPAIV were isolated from the
confiscated poultry products brought by flight passengers. The novel H7N3 HPAIV
contained the HA gene derived from the novel H7N9 HPAIVs isolated in China. The
novel strain of H7N9 AIV has emerged and isolated from poultry and human in
mainland China since March 2013 (20). Although there have not been reported human-
to-human transmission unlike in the case of HSN1 subtype (21-23), the novel H7N9
AlVs caused six epidemic waves with 1,568 laboratory-confirmed cases in human as of
16 October 2020 (24). The results of antigenic and genetic analyses on the H7N9 and
H7N3 isolates were described in Chapter II.

This is the first report of HPAIVs from raw poultry products illegally brought to
international airport by flight passengers from Asian countries. The present study clearly

demonstrated the contribution of international flight passengers carrying illegal meat



products to HPAIV spread. These results also help further understanding of the
circulation and genetic evolution of AIVs in endemic areas and provide a better

understanding of the importance of border control at the international airports.



Table 1. Amount of confiscated animal products brought in hand luggage in each year in Japan

Year Number of cases Weight (kg)
2010 32,560 45,144
2011 35,123 48,250
2012 39,318 52,607
2013 45,292 65,021
2014 57,351 85,695
2015 62,742 83,313
2016 84,025 106,351
2017 94,552 119,113
2018 93,897 109,056

The amounts in this table are based on statistical information of AQS.



Chapter I

Isolation and characterization of avian influenza viruses from raw
poultry products illegally imported to Japan by international flight

passengers



Introduction

HPAIVs of A/goose/Guangdong/1/1996 (H5N1) (Gs/GD) lineage (25), detected
in China in 1996, have circulated in poultry worldwide. Since 2003, their descendants
have spread and caused outbreaks in poultry in Asia, Europe, Africa, and North America
(26). The evolution of HSN1 viruses has led to the emergence of phylogenetic groups
classified into clades based on sequence homology of HA genes (27). Lately, viruses of
clades 2.3.2.1c and 2.3.4.4 have been prevailing in poultry of East and Southeast Asia
and caused outbreaks worldwide. In Japan, sporadic outbreaks caused by clade 2.3.4.4
have occurred in poultry farms during the winter seasons 2014-2015, 20162017, and
20172018, probably caused by migratory birds (28-30). To predict outbreaks in
poultry, a comprehensive monitoring of AIV targeting wild birds is conducted in
cooperation with various organizations in Japan.

AlVs could be transported long-distance not only by migratory birds which have
been intensively monitored as a risk factor for incursion of HPAIVs, but also by
contaminated raw poultry products which contributes to the nationwide and worldwide
spread of HPAIVs across the border (14-16). In addition to the live birds, it is important
to monitor the contamination of AIVs in raw poultry products confiscated by quarantine
at the border.

Along with the increase in the number of foreign visitors brought by the further
development of international transportation in recent years, many poultry products
including raw carcasses have been brought to international airports and ports in Japan
by flight passengers more than ever before. In order to prevent incursions of AIVs
through contaminated poultry products, luggage inspections have been conducted under
the supervision of AQS at each of the international airports and ports. However, illegal
importation of poultry products by flight passengers are never ceasing.

In this Chapter, AIVs, including HPAIVs, were isolated from raw poultry
products illegally introduced into Japan by international flight passengers and
confiscated at the animal quarantine. Isolates were characterized through genetic and
antigenic analyses, and animal experiments were performed to determine the
pathogenicity and tissue tropism in the poultry. This is the first report of HPAIVs from
raw poultry products illegally imported by flight passengers from Asian countries. The
present study should demonstrate that infectious HPAIVs are brought by flight

passengers through contaminated poultry products.



Materials and Methods

Poultry products confiscated at animal quarantine

AQS collected 149 specimens comprising of 136 raw poultry products
(including organs) and 13 raw poultry eggs (Table 2). Products were confiscated from
June 2015 to March 2016 at Tokyo Narita Airport, Tokyo Haneda Airport, Kansai
Airport, Chubu Airport, Sendai Airport and Osaka port. Species of poultry samples were
identified by visual inspection and sequencing of the mitochondrial DNA as described

previously (31).

Virus isolation

All 149 confiscated samples shown in Table 2 were used for virus isolation.
When poultry products contained organs (lung, liver, kidney, hearts, brain, etc.), they
were pooled with meat as one sample. Eggs were smashed and used a whole egg as one
sample. Each pooled sample was converted into a 20% homogenate in phosphate-
buffered saline (PBS, pH7.4) and centrifuged 10 min at 1,000 x g at 4°C. The
supernatant was filtered through a sterile 0.45 pm membrane (Millex-HV, Millipore,
Bedford, MA, USA), added with equal volume of PBS containing 20,000 U/mL
penicillin (Meiji Seika, Tokyo, Japan), 20 mg/mL streptomycin (Meiji Seika) and 15
ug/mL amphotericin B (Bristol-Myers Squibb, Tokyo, Japan), and incubated for 1 h at
15-25°C. The homogenate (0.2 mL) was inoculated into the allantoic cavities of 9- to
11-day-old embryonated chicken eggs and incubated at 35°C for 2—5 days (32). The
embryonated chicken eggs were obtained from flocks of healthy and influenza virus
antibody-negative chickens. Allantoic fluids were harvested and tested for
haemagglutination. Negative allantoic fluids were passaged and tested again using
embryonated chicken eggs as described above. For positive samples, subtypes of HA
and NA were identified by haemagglutination inhibition (HI) and NA inhibition (NI)
tests with antisera to the reference AIV strains. The titre of 50% egg infectious dose
(EIDso) was determined in embryonated chicken eggs using the method of Reed and
Muench (33).

Viruses used in antigenic analysis

Viruses were grown in 10-day-old embryonated chicken eggs, and infectious
allantoic fluids were stored at —80°C until use. A/whooper swan/Hokkaido/1/2008
(Ws/Hok/08) (H5N1) was isolated from a dead whooper swan in Hokkaido, Japan (34).
A/mallard/Hokkaido/24/2009 (Mal/Hok/09) (H5N1) was isolated from a faecal sample
of a mallard in Hokkaido, Japan (35). A/peregrine falcon/Hong Kong/810/2009



(Pf/HK/09) (H5N1) was kindly provided by Dr. Geraldine, Tai Lung Veterinary
Laboratory, Hong Kong Special Administrative Region, China.
A/chicken/Yamaguchi/7/2004 (Ck/Yam/04) (H5N1), A/chicken/Ibaraki/1/2005
(Ck/Ibr/05) (HSN2) and A/chicken/Kumamoto/1-7/2014 (Ck/Kum/14) (HSNS8) were
kindly provided by Dr. Saito, National Institute of Animal Health, Japan (36-38).
A/duck/Pennsylvania/10218/1984 (Dk/Pen/84) (H5SN2) was kindly provided by Dr.
Webster, St. Jude Children’s Research Hospital, Tennessee, USA (39).

Genetic analysis

All the AIV isolates in this study were sequenced, and three HS and four H9
isolates were used for phylogenetic analyses. Viral RNA was extracted from the
infectious allantoic fluid using QIAamp viral RNA mini Kit (Qiagen, Hilden,
Germany). MiSeq libraries were prepared using Next Ultra RNA Library Prep Kit and
Multiplex Oligos for Illumina (New England Biolabs, Ipswich, MA, USA) and
sequenced on the MiSeq using MiSeq reagent kit v3 (Illumina, San Diego, CA, USA).
Reads were de novo assembled using CLC Genomic Workbench (CLC bio, Aarhus,
Denmark).

Nucleotide sequences were phylogenetically analysed by the maximum-
likelihood method with Tamura-Nei model and bootstrap analysis (n = 1,000) using
MEGA 7.0 software (40) with default parameters. The sequences of each segment of the
H5 and H9 virus isolates obtained in the present study were compared with those of
other strains deposited in public databases, GenBank/European Molecular Biology
Laboratory (EMBL)/DNA Data Bank of Japan (DDBJ)
(https://www.ncbi.nlm.nih.gov/genbank/) and Global Initiative on Sharing All Influenza
Data (GISAID) (http://platform.gisaid.org/). The resulting alignments were used for
phylogenetic analysis. The gene sequences obtained in the present study have been
registered in GenBank/EMBL/DDBJ as shown in Table 3.

Antigenic analysis

Antigenic properties of all three HS isolates were determined to evaluate
antigenicity between and within clades via the cross-HI test using chicken (Gallus
gallus, Julia) polyclonal antisera (41, 42) and fluorescent antibody method with
monoclonal antibodies (MAbs) against HS HA, which exhibited neutralization activity.
The AIVs used in the antigenic analysis were selected based on the previous genetic
analysis of H5 isolates. Mal/Hok/09 (H5N1) is a non-pathogenic AIV isolated from a
faecal sample from migratory ducks, and the antigenicity of this strain is similar to that
of other H5 viruses isolated from migratory ducks (35). The antigenicity of Ws/Hok/08



(H5NT1) is similar to that of HPAIVs of clade 2.3.2.1 (43). Pf/HK/09 (H5N1) is an
HPALIV, and the HA gene of this strain belongs to clade 2.3.4, which is an ancestral
clade of 2.3.4.4. Ck/Kum/14 (H5NS8) was isolated from a chicken in 2014 at the
Kumamoto Prefecture, Japan, and the HA gene of this strain belongs to clade 2.3.4.4.
Ck/Yam/04 (H5NT1) is an HPAIV, which shows antigenicity of classical HPAIVs.
Ck/Ibr/05 (H5N2) is a low pathogenic AIV, and the HA gene of this strain belongs to the
North American lineage. HI tests were performed as described previously (32). For the
fluorescent antibody assay, Madin-Darby canine kidney (MDCK) cells infected with
representative AIV were fixed with cold 100% acetone 8 h post-inoculation. The
reactivity patterns of neutralizing MAbs with viruses were investigated via
immunofluorescence with a fluorescein isothiocyanate (FITC)-conjugated goat IgG to
mouse IgG (ICN Biomedicals, Inc., Costa Mesa, CA, USA) (44, 45). Fluorescence was
visualized with an Axiovert 200 inverted microscope (Carl Zeiss Microlmaging,
Thornwood, NY, USA).

Animal experiments

Two H5 and one H9 representative isolates, namely A/duck/Japan/AQ-
HE72/2015 (Dk/HE72) (H5N6), A/chicken/Japan/AQ-HE79/2015 (Ck/HE79) (HSN1)
and A/duck/Japan/AQ-HES5/2015 (Dk/HES) (HON2), were selected for animal
experiments based on the results of the genetic and antigenic characterization. Four-
week-old chickens (Gallus gallus, Julia) were obtained from Hokkai Starchick,
Hokkaido, Japan. Four-week-old domestic ducks (4nas platyrhynchos var. domesticus,
Cherry Valley) were obtained from Takikawa Shinseien, Hokkaido, Japan. Eight birds
were used in each experiment and randomly divided into two groups to compare virus
detection or virus titre at 3 days post-inoculation (dpi) and survival rate for 14 days. All
chickens and ducks were intranasally inoculated with 100 pL of virus solution
containing 10%° EIDs of either Dk/HE72 (H5N6), Ck/HE79 (H5N1), or Dk/HES
(H9N2). At 3 dpi, four birds were euthanized, and the oral and cloacal swabs, blood,
brain, trachea, lung, kidney, colon, and breast meat were collected. In case a bird died
before being euthanized, swabs, blood, and tissue samples were collected from the bird
on the day of death. To prepare a 10% suspension with minimum essential medium
(MEM; Nissui Pharmaceutical, Tokyo, Japan), tissue samples were homogenized using
a Multi-Beads Shocker (Yasui Kikai, Osaka, Japan). The infectivity titres for swabs,
blood, and tissue samples were calculated via 50% tissue culture infectious dose
(TCIDso) using MDCK cells. The other four birds were observed clinically until 14 dpi.

All infected animals were kept in self-contained isolator units (Tokiwa Kagaku, Tokyo,



Japan) at the BSL3 biosafety facility at the Faculty of Veterinary Medicine, Hokkaido

University, Japan.

Ethics statements

All animal experiments were authorized by the Institutional Animal Care and
Use Committee of the Graduate School of Veterinary Medicine, Hokkaido University
(approval numbers: 11-0152, 13-0109). All experiments were performed according to

the guidelines of the committee.
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Results

Isolation of AIV’s from illegally imported poultry products

Eight AIVs were identified from 136 raw poultry carcasses (Table 3), and no
virus was identified from 13 raw poultry eggs. Viruses including one HSN1, two H5N6,
four HON2 and one H1N2 subtype were isolated from meat and organ-pooled samples
of chicken (Gallus gallus) and duck (Anas platyrhynchos and Cairina moschata)
carcasses imported from China (Xiamen, Hong Kong, and Shanghai) and Taiwan
(Taipei). Virus titres of each pooled sample ranged from <10*° (viruses were isolated,
but the titre was not greater than the calculation limit of EIDs) to 10* EIDso/g.

Genetic analysis of HS virus isolates

Nucleotide sequences of HA genes of H5 AIVs were phylogenetically divided
into two lineages: Eurasian and North American. The HS viruses in the Eurasian lineage
were identified based on the nomenclature defined by WHO/OIE/FAO H5N1 Evolution
Working Group (27). The HA gene of Ck/HE79 (H5N1) was classified into clade
2.3.2.1c and was closely related to A/chicken/Wuhan/HAQLO07/2014 (H5N1) virus,
isolated in a live bird market (LBM) in China (Figure 1). HA and NA genes of CkK/HE79
(H5NT1) shared 98.5% and 98.9% nucleotide identity with
A/chicken/Wuhan/HAQLO07/2014 (H5N1), respectively. Internal gene segments of
Ck/HE79 (H5N1) were also genetically close to those of
A/chicken/Wuhan/HAQLO7/2014 (H5NT1) (Figure 2). HA genes of Dk/HE72 (H5N6)
and A/chicken/Japan/AQ-HE144/2015 (Ck/HE144) (H5N6) were classified into group
C in clade 2.3.4.4 and were closely related to A/duck/Guangdong/GD01/2014 (H5N6).
Group C contains HSN6 viruses identified from China and Laos during 2013-2014 and
HS5N1 viruses identified from China and Vietnam in 2014 (46) as well as several isolates
from humans (Figure 1). HA and NA genes of Dk/HE72 (H5N6) shared 98.6% and
99.0% nucleotide identity with A/duck/Guangdong/GD01/2014 (H5N6), respectively,
and internal gene segments were genetically close to those of
A/duck/Guangdong/GD01/2014 (HSN6) (Figure 2). HA and NA genes of Ck/HE144
(H5N6) shared 98.2% and 98.2% nucleotide identity with
A/duck/Guangdong/GD01/2014 (H5N6), respectively. Internal gene segments (except
the PB2 and PB1) of Ck/HE144 (H5N6) were genetically close to those of
A/duck/Guangdong/GD01/2014 (HSN6) (Figure 2). PB2 of Ck/HE144 (H5N6) was
closely related to that of A/muscovy duck/Vietnam/LBM754/2014 (H5N6), and PB1 of
Ck/HE144 (H5N6) was closely related to that of A/duck/Hunan/7/2015 (H3N®6),

isolated in Hunan Province in South China on the Eastern Asian-Australian Flyway of

11



migratory birds (47). All HS isolates contained multiple basic amino acids, arginine (R)
and lysine (K), at the proteolytic cleavage site of the HA protein, PQRERRRKR-GLF or
PLRERRRKR-GLEF, identical to the typical cleavage site motif of HS HPAIVs (Table

3).

Genetic analysis of H9 virus isolates

HA genes of H9 AIVs were phylogenetically divided into two lineages: Eurasian
and North American. The Eurasian lineage was further divided into three major
sublineages: Y280, G1 and Korean (48). All four H9 isolates were classified as Y280
sublineage of the Eurasian lineage. Three isolates, Dk/HES (HIN2), A/duck/Japan/AQ-
HE28/2015 (Dk/HE28) (H9N2) and A/chicken/Japan/AQ-HE61/2015 (Ck/HE61)
(H9N2), were closely related to the A/chicken/Guangdong/H07/2013 (H9N2) (Figure
3). A/chicken/Japan/AQ-HE14/2015 (Ck/HE14) (HIN2) was closely related to the
A/chicken/Guangdong/L.Z1.01/2012 (H9N2). These two related strains were the
dominant lineage in Guangdong province in South China in 2012-2013 (49) and
classified into another cluster in A/duck/Zhejiang/C1036/2009-like (Dk/ZJ/09-like)
strains in the phylogenetic tree (50). HA genes of Dk/HES (HON2), Dk/HE28 (HI9N2)
and Ck/HE61 (HIN2) shared 98.0%, 98.2% and 98.2% nucleotide identity with
A/chicken/Guangdong/H07/2013 (HON2), respectively, and the HA gene of Ck/HE14
(H9N2) shared 97.6% nucleotide identity with A/chicken/Guangdong/LZ1.01/2012
(H9N2). NA genes of H9 isolates were classified separately. Internal gene segments
showed diversity at the nucleotide level but were closely related to Dk/ZJ/09-like strains
(Figure 2). The cleavage site of HA protein of all H9 isolates contained a PSRSSR-GLF
motif (Table 3) corresponding to the cleavage site motif of HON2 viruses in China (49).

Antigenic analysis of HS viruses

HS5 isolates were antigenically analysed by cross-HI test and fluorescent
antibody assay to reveal antigenic variation of H5S HPAIVs. Chicken anti-serum against
the reference virus of clade 2.3.4.4, Ck/Kum/14 (H5NS), effectively inhibited
haemagglutination of Dk/HE72 (H5N6) and Ck/HE144 (H5N6). On the contrary,
chicken anti-serum against the reference virus of clade 2.3.2.1, Ws/Hok/08 (H5N1),
modestly inhibited haemagglutination of Ck/HE79 (H5N1). These viruses exhibited low
HI titres in comparison with homologous titres in reactions with antisera of different
clades (Table 4).

HS5 isolates were antigenically analysed using a panel of neutralizing MAbs
recognizing antigenic sites on the HA protein (Table 5). MAbs of Dk/Pen/84 (H5N2)
recognize amino acid residue at position 88 (D101/1), 145 (A310/39), 157 (64/1), 168
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(B220/1) and 205 (25/2) based on the H3 numbering system (45). MAbs of CK/Kum/14
(H5NS) recognize amino acid residue at position 160 (A32/2), 50 (A262/2), 47 and 287
(B3/2) and 124 (B157/1) based on the H3 numbering system (44). Each MAD of
Dk/Pen/84 (H5N2) bound low pathogenic ATV, Mal/Hok/09 (H5N1), while most of the
MADs did not bind Gs/GD-like HPAIVs, including HS isolates. On the contrary, all
MADbs of Ck/Kum/14 (HSNS8) bound Dk/HE72 (H5N6), Ck/HE144 (H5N6) and
A/chicken/Miyazaki/7/2014 (H5N8) classified in the same genetic clade as Ck/Kum/14
(H5NS). However, the reactivity of MAbs of Ck/Kum/14 (H5NS) to H5 viruses
classified in different clades was different: three out of four MAbs reacted with
Ck/HE79 (H5N1); two out of four MAbs reacted with Ws/Hok/08 (H5N1) and
Pf/HK/09 (H5N1) (Table 5). From the results of the cross-HI test using anti-serum to
Ws/Hok/08 and the fluorescent antibody assay using A32/2 MAb, H5N1 isolate of clade
2.3.2.1c further drifted from previously known viruses of clade 2.3.2.1. On the other
hand, H5NG6 isolates of clade 2.3.4.4 had the same reactivity patterns as previously

known viruses of clade 2.3.4.4.

Pathogenicity of H5S and HY9 representative isolates in chickens

To examine the pathogenicity of H5 and H9 representative isolates in chickens,
DK/HE72 (H5N6), CK/HE79 (H5N1) and Dk/HES (H9N2) were intranasally inoculated
into eight chickens. Infected chickens were divided into two groups: one group of four
chickens was euthanized at 3 dpi for collecting swabs, blood and tissue samples to
determine virus detection, while the other group of four chickens was observed for
clinical symptoms and survival for 14 days. In the former group, two chickens
inoculated with CK/HE79 (H5N1) and all chickens inoculated with Dk/HE72 (H5N6)
died within 3 dpi, and swabs, blood and tissue samples from dead chickens were taken
at the day of death. The remaining chickens were euthanized, and samples were taken at
3 dpi. Virus titres of collected samples were determined (Table 6). Viruses were
recovered from each tissue sample inoculated with Dk/HE72 (H5N6) and Ck/HE79
(H5N1), indicating that these viruses caused systemic infection in chickens. No
noticeable difference in virus detection in each tissue was observed between Dk/HE72
(H5N6) and Ck/HE79 (H5N1). Virus titres from skeletal muscles, ranging from 10*° to
10%3 TCIDso/g (10°7 TCIDso/g of the geometric mean (GM) value) of Dk/HE72 (H5N6)
and from 10°* to 107 EIDso/g (1032 TCIDso/g of the GM value) of Ck/HE79 (H5N1),
were practically equal to those of brain, trachea, lungs, kidneys and colon. Low titres of
virus were recovered from the respiratory tract of chickens inoculated with Dk/HES
(HON2). In the latter group, all chickens inoculated with Dk/HE72 (HSN6) and
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Ck/HE79 (H5N1) died at 3 dpi, whereas all chickens inoculated with Dk/HES (HIN2)

survived for 14 days without exhibiting any clinical signs (Figure 4a).

Pathogenicity of H5 and H9 representative isolates in ducks

To examine the pathogenicity of H5 and H9 representative isolates in ducks,
DK/HE72 (H5N6), CK/HE79 (H5N1) and Dk/HES (H9N2) were intranasally inoculated
into eight domestic ducks. Infected ducks were divided into two groups: one group of
four ducks was euthanized at 3 dpi for collecting swabs, blood and tissue samples for
virus detection; the other group of four ducks was observed for clinical symptoms and
survival for 14 days. In the former group, all ducks were euthanized, and samples were
taken at 3 dpi. Virus titres in collected samples were determined (Table 6). In ducks
inoculated with CK/HE79 (H5N1), frequencies of virus detection were high for trachea
(4/4), lungs (4/4), kidneys (4/4), colon (4/4), oral swab (4/4) and muscles (3/4), while
they were low for cloacal swab (1/4) and blood (0/4). In ducks inoculated with
DK/HE72 (H5N®6), frequencies of virus detection were high for trachea (3/4), lungs
(3/4), kidneys (3/4) and oral swab (3/4), while they were low for colon (1/4), muscles
(1/4), brain (0/4), cloacal swab (0/4) and blood (0/4). Virus was not recovered from any
tissues, swabs and blood samples collected from one out of the four ducks inoculated
with Dk/HE72 (H5N6). No virus was detected from the respiratory tract of ducks
inoculated with Dk/HES (HIN2). In the latter group, all ducks inoculated with
DK/HE72 (H5N6), CK/HE79 (H5N1) and Dk/HES (H9N2) survived for 14 days without
exhibiting any clinical signs (Figure 4b).
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Discussion

In the present study, eight AIVs including three HPAIVs were isolated from
poultry products illegally imported to Japan by international flight passengers. The
results suggested that contaminated meat products played a role in carrying infectious
HPAIV abroad. Most of the poultry meat products from which AIVs were isolated were
imported in disposable plastic bags, indicating their association with the origin of meat
products (LBM or backyard slaughtering). On the contrary, the poultry meat product
from which Ck/HE14 (HIN2) was isolated was packed in an airtight bag with a
commercial logo, suggesting that it may be distributed in the cold chain and underwent
a supply chain with controlled temperature to preserve virus activity. In fact, the virus
titre of this meat product was 10%° EIDso/g, which was the highest titre among those of
the meat products analysed in this study. This indicated that, when infected poultry
products entered the cold chain, they were distributed keeping AIV highly active for a
long period. The survival of AIV during long-distance transportation led to the spread of
the virus, as reported in Germany in 2007 (14).

The muscle tissue tropism of AIVs is important in spreading viruses by meat
products (15), and the level of virus detected in skeletal muscles varies with HPAIV
strain (51, 52). GM values of the virus titre of chicken skeletal muscles inoculated with
Dk/HE72 (H5N6) and Ck/HE79 (H5N1) were 10°7 TCIDso/g and 1033 TCIDso/g,
respectively. These values were almost the same as those of chicken breast tissue
(ranging from 10°3 to 1033 EIDs¢/g) inoculated with A/duck/Anyang/AVL-1/2001
(H5NT1) isolated from duck meat imported from China to South Korea in 2001 (15).
DK/HE72 (H5N6) and Ck/HE79 (H5N1) were also detected from skeletal muscles of
some experimentally infected ducks, although their virus titres were below the detection
limit or lower than those in the trachea, lungs, and kidney tissues. The tissue tropisms of
these isolates in ducks were similar to that of A/duck/Anyang/AVL-1/2001 (H5N1) as
previously reported (15). Some HPAIVs replicate systemically and cause mortality;
however, ducks are often clinically healthy or mildly diseased when infected with
HPAIVs (18, 53). Factors influencing the clinical course of HPAIV-infected ducks
depend on species, breeds, age and virus strain, and the presence of HPAIV in skeletal
muscles is not related to the ability to cause disease in waterfowl (54, 55). Thus, the
absence of clinical signs does not exclude virus detection in muscles (51). In this study,
none of the ducks inoculated with either Dk/HE72 (H5N6) or Ck/HE79 (H5N1) showed
any clinical signs during the 14-day observation period. This suggests that the risk of
contamination of HPAIV into the processed meat of ducks would be higher than that of
chickens because of the difficulty of distinguishing asymptomatic infected ducks (54).
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Unlike ducks, chickens infected with HPAIV showed clinical symptoms. However,
vaccination may lead to overlook HPAIV infection and potentially exacerbate virus
spreading by meat product. In fact, vaccination against HPAIV in poultry reduces
mortality and morbidity of flocks but does not prevent infection and virus shedding
completely (32, 56). Although chickens experimentally inoculated with Ck/HE79
(H5NT1) died within 3 dpi, Ck/HE79 (H5N1) was isolated from a chicken product.
Diseased birds are usually not used for meat consumption. Thus, it was highly possible
that the chicken was apparently healthy although infected with the HSN1 HPAIV. This
led us to hypothesize that the chicken was vaccinated, suggesting that the vaccination
may play important roles in the incursion of HPAIVs through chicken meat products by
hiding clinical signs.

For the low pathogenic AIV isolates, four HON2 subtypes and one HIN2
subtype were isolated, while no virus was detected from skeletal muscles of chickens
and ducks experimentally inoculated with Dk/HES (H9N2). A previous study showed
that co-infection of an HON2 virus with bacteria enhanced the virus replication and led
to extrapulmonary infection in chickens (18), explaining the isolation of HON2 virus
from poultry meat products in this study. One HIN2 was isolated from pooled
suspension of duck meat product, including a part of intestine. It has been reported that
HI subtypes circulated in poultry in South China (57).

For the illegally imported meat products, AQS was able to confirm the flight
number of origin, but AQS could not completely trace the origin of poultry products as
passengers might transship before the last loading place. Accordingly, the present study
indicated the last land in case of transshipping as “the loading country or region” of
poultry product. In fact, an HON2 virus, Ck/HE61 (HIN2), was isolated from a chicken
meat product shipped from Taipei, Taiwan; however, there has been no report of HON2
virus isolation from poultry in Taiwan. The phylogenetic analysis suggested that the HA
gene of Ck/HE61 (HIN2) was genetically close to Chinese isolates such as
A/chicken/Guangdong/H07/2013 (HIN2) and A/chicken/Wuhan/JXQL01/2015 (HIN2).
The chicken meat product might be brought from these regions after being transshipped
in Taiwan. The remaining seven strains of H5 and H9 subtypes were directly shipped
from South China, consistent with the results of genetic analyses.

The present study showed a strong evidence of infectious HPAIV incursion into
Japan through poultry meat products illegally imported by international flight
passengers. Since sporadic avian to human infections of HS HPAIV and HIN2 ATV
have been reported, bringing poultry products contaminated with these viruses also has
the potential risk of infection to human (58-62). Besides detecting and seizing animal

products, it is necessary to publicize and increase awareness to ensure that passengers
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do not inadvertently contravene regulations. Thus, quarantine detector dogs as border
control measures since 2005 and passenger interviewing since 2011 have been
introduced to prevent the spread of transboundary diseases through animal products
confiscated at international airports in Japan. However, illegal importation is difficult to
control currently more than ever, given the growing number of passengers. To prevent
virus incursion through meat products, it is important to continue active efforts as
described above. However, to solve this problem, it is essential to encourage the phased
cleaning based on the disease control and eradication worldwide, and promote the
reduction of the risk of contamination into animal products by dealing with disease-free

status.
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Summary

The transportation of poultry and related products for international trade
contributes to transboundary pathogen spread and disease outbreaks worldwide. To
prevent pathogen incursion through poultry products, many countries have regulations
about animal health and poultry product quarantine. However, in Japan, animal products
have been illegally introduced into the country in baggage and confiscated at the airport.
Lately, the number of illegally imported poultry and the incursion risk of transboundary
pathogens through poultry products have been increasing. In this chapter, AIVs were
isolated from raw poultry products illegally imported to Japan by international
passengers. Highly (HSN1 and H5N6) and low (H9N2 and HIN2) pathogenic AIVs
were isolated from raw chicken and duck products carried by flight passengers. H5 and
HO9 isolates were phylogenetically closely related to viruses isolated from poultry in
China, and haemagglutinin genes of HSN1 and H5NG6 isolates belonging to clades
2.3.2.1c and 2.3.4.4, respectively. Experimental infections of HS and H9 isolates in
chickens and ducks demonstrated pathogenicity and tissue tropism to skeletal muscles.
To prevent virus incursion by poultry products, it is important to continue quarantine
inspection at the airports or ports. Furthermore it is essential to encourage the phased
cleaning based on the disease control and eradication, and promote the reduction of the

risk of virus contamination in poultry products.
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Table 2. Total number of the illegally imported poultry products investigated from June 2015 to March 2016

Meats Eggs

Country or region of loading® Total
Chicken Duck Quail Chicken Duck Quail

China 43 57 1 2 1 - 104
Philippines 12 - - 1 - - 13
Vietnam 6 4 1 1 6 2 20
Korea 4 2 - - - - 6
Taiwan 3 1 - - - - 4
Myanmar 1 - - - - - 1
Egypt 1 - - - - - 1

Total 70 64 2 4 7 2 149

* The last country or region of loading in case of transship

-: None
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Table 3. Avian influenza viruses isolated from poultry meat products

Titre of isolated meat

Cleavage site of

Land of loading® Species of poultry Names Accession numbers
product (log EIDso/g) haemagglutinin
Xiamen (China) Gallus gallus A/chicken/Japan/AQ-HE79/2015 (H5N1) <2.5% PQRERRRKR-GLF LC208484-91
Hong Kong (China) Anas platyrhynchos A/duck/Japan/AQ-HE72/2015 (H5N6) <25 PLRERRRKR-GLF LC208516-23
Shanghai (China) Gallus gallus A/chicken/Japan/AQ-HE144/2015 (H5N6) <25 PLRERRRKR-GLF LC208492-99
Xiamen (China) Cairina moschata A/duck/Japan/AQ-HES/2015 (HIN2) <25 PSRSSR-GLF LC208500-07
Shanghai (China) Gallus gallus A/chicken/Japan/AQ-HE14/2015 (HON2) 3.5 PSRSSR-GLF LC208468-75
Xiamen (China) Cairina moschata A/duck/Japan/AQ-HE28/2015 (HIN2) <2.8° PSRSSR-GLF LC208508-15
Taipei (Taiwan) Gallus gallus A/chicken/Japan/AQ-HE61/2015 (HIN2) <25 PSRSSR-GLF LC208476-83
Xiamen (China) Cairina moschata A/duck/Japan/AQ-HE103/2015 (HIN2) <2.5 PSVQSK-GLF -

" The last land in case of transship

® Viruses were isolated, but the titre is not greater than the calculation limit of EIDso.
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Table 4. Antigenic analysis of H5 influenza viruses with antisera by using haemagglutination inhibition (HI) test

Antiserum to

Genetic lineage Viruses Clade
Mal/Hok/09 Ws/Hok/08  Pf/HK/09  Ck/Kum/14  Ck/Yam/04  Ck/Ibr/05

A/mallard/Hokkaido/24/2009 (H5N1) - 1,280 80 40 1,280 1,280 1,280
A/whooper swan/Hokkaido/1/2008 (H5N1) 2.3.2.1 40 640 40 640 640 <20
A/chicken/Japan/AQ-HE79/2015 (H5N1) 232.1c 80 80 160 <20 1,280 40
Eurasia A/peregrine falcon/Hong Kong/810/2009 (H5N1) 234 <20 20 2.560 20 80 <20
A/chicken/Kumamoto/1-7/2014 (H5SNS) 2344 20 20 320 640 80 <20
A/duck/Japan/AQ-HE72/2015 (H5N6) 2344 <20 <20 640 640 80 <20
A/chicken/Japan/AQ-HE144/2015 (HSN6) 2344 20 <20 1,280 320 80 <20
A/chicken/Yamaguchi/7/2004 (HSN1) 2.5 320 320 80 80 5.120 320

North America A/chicken/Ibaraki/1/2005 (HSN2) - 320 20 <20 <20 1,280 20.480

Viruses isolated in this study are highlighted in bold.

Homologous titres are underlined.

-: Virus not belonging to clade 0-9
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Table 5. Antigenic analysis of HS influenza viruses with monoclonal antibodies (MAbs)

MADbs against Ck/Kum/14 (H5NS)

MADbs against Dk/Pen/84 (HSN2)

Viruses Clade

A32/2 A262/2 B3/2 B157/1 D101/1  A310/39 64/1 B220/1 25/2/5
A/mallard/Hokkaido/24/2009 (H5N1) - + + - - + + + + +
A/whooper swan/Hokkaido/1/2008 (H5N1) 23.2.1 - + + - + - - - -
A/chicken/Japan/AQ-HE79/2015 (H5N1) 2.3.2.1¢ + + + - + - - - -
Alperegrine falcon/Hong Kong/810/2009 (H5N1) 234 - + + - + - - - -
A/chicken/Kumamoto/1-7/2014 (H5NS) 2344 + + + + - - - - -
A/chicken/Miyazaki/7/2014 (H5N8) 2344 + + + + - - - - -
A/duck/Japan/AQ-HE72/2015 (HSN6) 2.3.4.4 + + + + - - - - -
A/chicken/Japan/AQ-HE144/2015 (HS5N6) 2.3.4.4 + + + + - - - - -

Viruses isolated in this study are highlighted in grey.

-: Virus not belonging to clade 0-9
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Table 6. Virus recovery from chickens and domestic ducks inoculated with each virus at 3 days post-inoculation (dpi)

. . Sampling _ Swabs (log TCIDso/ml) Blood Tissue samples (log TCIDso/g)
Species Viruses day Oral Cloacal (log TCIDso/ml) Brain  Trachea Lungs  Kidneys Colon Muscle

31 5.0 <1.0 6.8 6.0 73 8.0 6.6 5.8 5.8
DK/HET2 3f 4.8 - 4.8 4.6 53 5.8 4.8 4.8 4.6
(H5N6) 3f 5.5 - 5.8 5.6 6.5 7.0 5.8 6.3 6.3
37 4.0 - 4.8 5.8 5.8 6.8 5.8 4.8 6.1
3t 3.8 3.3 5.8 6.8 7.0 8.1 6.8 6.3 6.3
Chickens CK/HE79 3 <1.8 - - 43 3.8 4.6 4.6 3.8 3.3
(H5N1) 27 43 43 7.0 6.6 7.0 7.8 8.0 6.8 7.0
3 1.8 - 43 4.8 4.0 4.6 5.8 5.6 48

3 1.8 - - - 3.8 - - - -

Dk/HE5 3 2.0 - - - <2.0 - - - -

(HON2) 3 <1.0 - - - 2.8 - - - -

3 - - - - 2.8 - - - -

DK/HET2 3 1.8 - - - 5.6 5.3 5.0 - -
(HI5N6) 3 4.0 - - - 6.6 4.8 43 <3 <.0

3 43 - - - 4.8 43 3.6 - -
3 43 - - 33 4.0 4.6 33 1.3 <3.1
Ducks CK/HE79 3 43 <13 - 4.1 3.8 6.6 5.6 <25 3.6
(H5N1) 3 3.3 - - - 3.8 5.0 43 5.6 <26

3 4.8 - - - 5.0 43 4.1 43 -

DK/HES 3 - - - - - - - - -

(H9N2) 3 . . B . B B . . .

3

-: <0.8 (swabs and blood); <1.8 (tissue samples) 1: Day of death
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Figure 1. Phylogenetic tree for the H5 HA genes: Nucleotides 30-1,733 of the HA
gene were analysed using the maximum-likelihood (ML) method with MEGA 7.0
software. Horizontal distances are proportional to the minimum number of nucleotide
difference required to join nodes and sequences. Digits at the nodes indicate the
probability of confidence levels in a bootstrap analysis with 1,000 replications. Viruses
isolated in this study are highlighted in grey. Isolates from humans are shown

underlined.
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Figure 2. Phylogenetic tree for the N1NA (A), N2NA (B), N6NA (C), PB2 (D), PB1
(E), PA (F), NP (G), M (H), and NS (I) genes of the isolated viruses. The trees were
analysed using the maximum-likelihood (ML) method with MEGA 7.0 software
(Kumar et al., 2016). Horizontal distances are proportional to the minimum number of
nucleotide differences required to join nodes and sequences. Digits at the nodes indicate
the probability of confidence levels in a bootstrap analysis with 1,000 replications. The
viruses isolated in this study are highlighted in grey. The isolates from humans are

shown underlined.
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Figure 3. Phylogenetic tree for the H9 HA genes: Nucleotides 142-1,077 of the HA
gene were analysed using the maximum-likelihood (ML) method with MEGA 7.0

software and divided into two lineages: Eurasian and North American lineages.

Eurasian H9 viruses were clustered into three sublineages: Y280, G1, and Y439.

Horizontal distances are proportional to the minimum number of nucleotide difference

required to join nodes and sequences. Digits at the nodes indicate the probability of

confidence levels in a bootstrap analysis with 1,000 replications. Viruses isolated in this

study are highlighted in grey, and the representatives of each sublineage are indicated in

bold. Isolates from humans are shown underlined.
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Figure 4. Survival of chickens (a) and ducks (b) inoculated with each virus: Four 4-
week-old chickens and ducks were inoculated with 10%° EIDso of Dk/HE72 (H5N6),
Ck/HE79 (H5N1), and Dk/HE144 (H9N2). Survival of inoculated chickens and ducks
was observed for 14 days after the challenge.
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Introduction

The spread of AIV infections in poultry and humans, such as the H7N9 AIV of
novel Asian lineage, identified in eastern China in March 2013, has become a global
concern since 2013 (20). Phylogenetic analyses indicate that the H7N9 viruses have
been generated as a consequence of multiple reassortment events occurring in domestic
and wild birds: their HA and NA genes were derived from H7Nx or HXNO viruses of
Eurasian lineage and six internal genes were from H9N2 viruses of domestic and wild
birds in China (63, 64). The H7NO viruses are classified at least into 36 genotypes (G1—
G36), and G1, G3 and G11 are the major genotypes in the 5™ wave from October 2016
to September 2017 (65).

Although the H7N9 virus does not easily transmit to humans beyond the host
species barrier (mainly because of the difference in the receptor binding site of the HA)
(66, 67), patients infected with the virus show severe signs at a high mortality rate,
depending on their age (68). Most human cases of infection with H7N9 viruses are due
to close contact with infected poultry or contaminated environment such as LBM (69).
Except for infection in travelers (70), so far, no report of infection or virus isolation
from humans have been made outside mainland China. The emergence of H7N9 HPAIV
is not only a concern for animal health but also poses a threat to human health (71).

The migration of wild birds is a major factor in the spread of AIVs over long
distances. Although the H7NO virus has not been isolated from migratory birds in the
surveillance and monitoring in surrounding countries (72-74), Zhao et al. (75) isolated
the virus from an apparently healthy wild tree sparrow that was captured on the
Australia-East Asia migratory bird flyway in China.

In addition to migratory birds, many AIVs have been isolated from poultry
products transported across the national border (15-19). In the previous chapter, the
actual state of contribution of international flight passengers to transportation of
infectious AlIVs, including HSN1 and HSN6 HPAIVs, was described. During continued
inspection at the border, highly and low pathogenic avian influenza viruses of H7N9
subtype and HPAIV of H7N3 subtype were isolated from poultry meat products carried
by passengers boarded on flights from China to Japan from 2016 to 2018. This was the
first report of the isolation of H7N9 and H7N3 AIVs from raw poultry meat products
outside mainland China. In this Chapter, these H7N9 and H7N3 virus isolates were
characterized through genetic and antigenic analyses, and animal experiments were
conducted in order to understand the pathogenicity and tissue tropism of the virus in

chickens and ducks.
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Materials and Methods

Poultry meat products used for virus isolation

AQS collected 163 specimens of poultry meat products (some products include
organs) that were confiscated at Tokyo Narita Airport, Tokyo Haneda Airport, Kansai
Airport, Chubu Airport, New Chitose Airport, Sendai Airport, Hiroshima Airport, Naha
Airport and Osaka Port from May 2016 to March 2018 (Table 7). Species of poultry
samples were identified by visual inspection and sequencing of the mitochondrial DNA,

as described previously (31).

Virus isolation
All 163 confiscated samples shown in Table 7 were used for virus isolation,

which was performed as described in Chapter 1.

Viruses used in antigenic analysis

Viruses were grown in 10-day-old embryonated chicken eggs, and infectious allantoic
fluids were stored at —80°C until use. A/Anhui/1/2013 (H7N9) was kindly provided by
Dr. Masato Tashiro, National Institute of Infectious Diseases, Japan. A/chicken/North
Korea/7916/2005 (H7N7) and A/chicken/New South Wales/327/1997 (H7N2) were
kindly provided by Dr. Paul Selleck, Australian Animal Health Laboratory.
A/turkey/Italy/4580/1999 (H7N1) was kindly provided by Dr. Ilaria Capua, Istituto
Zooprofilattico Sperimentale delle Venezie. A/Seal/Massachusetts/1/1980 (H7N7) was
kindly provided by Dr. Webster, St. Jude Children’s Research Hospital, Tennessee, USA
(76). A/mallard/Netherlands/12/2000 (H7N3) was kindly provided by Dr. AD.
Osterhaus, Erasmus University. A/Guangdong/17SF003/2016 (H7N9) was kindly
provided by Drs. Y. Shu and D. Wang, Chinese Center for Disease control and
Prevention. A/duck/Hokkaido/Vac-2/2004 (H7N7) was generated from two
nonpathogenic avian influenza viruses isolated from migratory ducks and was obtained
as a vaccine candidate strain against H7N7 virus (77). A/duck/Hokkaido/1/2010
(H7N7), A/duck/Hokkaido/W19/2013 (H7N2) and A/duck/Taiwan/Yal103/1993 (H7N7)
were representative strains in H7 Far-Eastern sublineage, European-Asian sublineage

and H7 Historical Europe lineage, respectively (41).

Genetic analysis
All the ATV isolates in this chapter were sequenced and subjected to
phylogenetic analysis. Viral RNA was extracted from the infectious allantoic fluid using

QIAamp viral RNA mini kit. MiSeq libraries were prepared using Next Ultra RNA
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Library Prep Kit and Multiplex Oligos for Illumina and sequenced on the MiSeq, using
MiSeq reagent kit v3. Reads were de novo assembled using CLC Genomic Workbench.
Nucleotide sequences were phylogenetically analyzed by the maximum-

likelihood method with Tamura—Nei model and bootstrap analysis (z = 1,000) using
MEGA 7.0 software (40) with default parameters. The sequences of each segments of
the H7 and H9 virus isolates obtained in the present study were compared with those of
other strains deposited in public databases, GenBank/EMBL/DDBJ and GISAID, and
incorporated into the phylogenetic analysis. The gene sequences in the present study
have been registered in GenBank/EMBL/DDBJ as indicated in Table 8.

Antigenic analysis

Antigenic properties of H7N9 virus isolates, A/duck/Japan/AQ-HE28-3/2016
(Dk/HE28-3) (H7N9) and A/duck/Japan/AQ-HE29-22/2017 (Dk/HE29-22) (H7N9),
were determined via the HI test using polyclonal antisera, prepared from chickens
(G. gallus, Julia) immunized with reference H7 AIV strains (41, 78, 79). Antigenic
properties of A/duck/Japan/AQ-HE30-1/2018 (Dk/HE30-1) (H7N3) was determined via
the HI test using polyclonal antisera, prepared from ferret immunized with reference H7
AV strains. The HI test was performed as previously reported (79). Test antisera were
mixed with 10% chicken red blood cell suspension for 16 h at 4°C, and the centrifuged
supernatant was diluted with PBS. The diluted test antisera of 0.025 ml were mixed with
equal volume of the test virus with a concentration of 8 HA units per 0.05 ml and
incubated for 30 min at room temperature. The 0.5% chicken red blood cell suspension
of 0.05 ml was added, and they were incubated for 60 min at room temperature. HI titre
was decided as the reciprocal of the highest dilution of antisera that completely

inhibited hemagglutination.

1VPI test for H7N9 and H7N3 virus isolates

The pathogenic phenotype of Dk/HE29-22 (H7N9) and Dk/HE30-1 (H7N3)
were assessed in 10 six-week-old chickens (G. gallus, Julia), which were obtained from
Hokkai Starchick, Hokkaido, Japan. Virus stock with 64 HA titre had been diluted 1:10
in sterile PBS before injection. Each of 10 chickens was inoculated intravenously with
0.1 ml of diluted virus stock, and clinical symptoms were observed and scored for 10
days. Clinical score was given to each chicken based on observation: score 0 if normal,
1 if sick, 2 if severely sick and 3 if dead. Intravenous pathogenicity index (IVPI) was

decided as the mean score per bird per 10 days observation (8).

38



Intranasal inoculation experiment for H7N9 virus isolates

Dk/HE29-22 (H7N9) and Dk/HE28-3 (H7N9) were selected for animal
experiments. Four-week-old chickens (G. gallus, Julia) were obtained from Hokkai
Starchick, Hokkaido, Japan. Four-week-old domestic ducks (4nas platyrhynchos var.
domesticus, Cherry Valley) were obtained from Takikawa Shinseien, Hokkaido, Japan.
Eight birds were used in each experiment and randomly divided into two groups of four
birds, sample-collection and observation groups, to assess the pathogenicity and tissue
tropism in birds. All chickens and ducks were intranasally inoculated with 0.1 ml of
virus solution containing 10%° EIDso of Dk/HE29-22 (H7N9) or Dk/HE28-3 (H7N9).
The birds of the sample-collection group were euthanized at 3 dpi for the collection of
trachea swab, cloacal swab, blood, brain, trachea, lung, kidney, colon and breast meat
samples. To prepare the 10% suspension with MEM, tissue samples were homogenized
using a Multi-Beads Shocker. The infectivity for each swab, blood, and tissue sample
was titrated via EIDso using embryonated chicken eggs. The birds of the observation
group were observed clinically until 14 dpi. All infected birds were kept in self-
contained isolator units at the BSL3 biosafety facility at the Faculty of Veterinary
Medicine, Hokkaido University, Japan.

Ethics statements

All animal experiments were authorized by the Institutional Animal Care and
Use Committee of the Graduate School of Veterinary Medicine, Hokkaido University
(approval number: 13-0108). All experiments were performed according to the

guidelines of the committee.
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Results

Isolation of AIV's from poultry products illegally carried into the airports in Japan
Seven AIVs (three H7N9 and one H7N3 and three HON2 subtypes) were
isolated from meat- and organ-pooled samples of chicken (Gallus gallus) or Muscovy
duck (Cairina moschata) meat products brought by passengers who were boarded on
flights from China and Vietnam to Japan in 20162018, as listed in Table 8. All
embryonated chicken eggs inoculated with the meat- and organ-pooled samples, from
which Dk/HE29-22 (H7N9) or Dk/HE29-52 (H7N9) was isolated, died within 48 hours.
The infectivity for each meat- and organ-pooled sample was titrated via EIDso using
embryonated chicken eggs. Virus titres of these pooled samples ranged from <10 to
1038 EIDso/g (Table 8). In the titres of <10'%, viruses were isolated, but the titre was less

than the calculation limit of EIDsy.

Genetic analysis of H7N9 virus isolates

The complete genome sequences of three H7NO virus isolates, Dk/HE28-3
(H7N9), Dk/HE29-22 (H7N9) and Dk/HES52-22 (H7N9) (available at the
GenBank/EMBL/DDBJ), were determined to analyze genetic relationship with other
H7N9 AlVs. Phylogenetic analysis of the HA gene revealed that Dk/HE28-3 (H7N9)
was classified into the genetic clade W4/5-3 of the Yangtze River Delta Lineage, and
Dk/HE29-22 (H7N9) and Dk/HE29-52 (H7N9) were classified into the genetic clade
W4/5-4 of the Yangtze River Delta Lineage, based on the recent classification system
(Figure 5) (80-82). All eight gene segments of Dk/HE28-3 (H7N9) shared 97.2%—
99.8% nucleotide sequence identity with those of A/duck/Zhejiang/S1375/2016 (H7N9),
isolated in eastern China. All eight gene segments of Dk/HE29-22 (H7N9) and three
gene segments (HA, NA and MP genes) of Dk/HE29-52 (H7N9) shared 99.4%—100.0%
nucleotide sequence identity with A/chicken/Heinan/ZZ01/2017 (H7N9), isolated in
central China, and the other five internal gene segments of Dk/HE29-52 (H7N9) shared
>97.3% nucleotide sequence identity with AIVs isolated from waterfowls in east Asia or
Alaska (Figure 6). Dk/HE29-52 (H7N9) is a reassortant virus that contains the PB2,
PBI1, PA, NP and NS genes derived from wild waterfowls. Dk/HE29-22 (H7N9) and
DKk/HE29-52 (H7N9) were confirmed to possess multiple basic amino acid residues,
PEVPKRKRTAR/GLF, at the cleavage site in the HA, which is the major motif of
H7N9 HPAIVs (65, 71). In the putative amino acid sequences, Dk/HE29-22 (H7N9) and
Dk/HE29-52 (H7N9) possess the amino acid sequence QSG at positions 226228 (H3
numbering) of the HA, which is associated with specificity to the avian-type receptor
(83). In contrast, Dk/HE28-3 (H7N9) contains the amino acid 226L in the HA as
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observed in many H7N9 LPAIVs, which is known to increase binding to the human-
type receptor. The amino acid 368V in PB1, which is closely associated with the
virulence and transmissibility of the virus in ferrets, was observed in Dk/HE29-22
(H7N9) and Dk/HE28-3 (H7N9), as it has been in H7N9 AIVs since 2013, but
Dk/HE29-52 did not have this amino acid (82). According to the recent genotype
classification by Quan et al. (65), Dk/HE28-3 (H7N9) and Dk/HE29-22 (H7N9) were
classified into G11 (A/Anhui/40094/2015-like) and G3
(A/chicken/Zhongshan/ZS/2017-like) genotype, respectively. However, Dk/HE29-52
(H7N9) is not classified into either of G1-G36 genotypes.

Genetic analysis of H7N3 virus isolate

The complete genome sequence of Dk/HE30-1 (H7N3) was determined to
understand its genetic properties and to analyze its genetic relationship with other AIVs
that have been isolated in North and South America, Europe, and Asia and listed in
GenBank/EMBL/DDBJ and GISAID. Sequence analysis showed that the HA and MP
gene segments of Dk/HE30-1 (H7N3) shared 98.6-99.5% nucleotide sequence identity
with those of A/chicken/Heinan/ZZ01/2017 (H7N9) isolated in central China, while its
NA gene segment shared 99.1% nucleotide sequence identity with that of
A/environment/Fujian/S1XA33/2017 (H11N3) isolated in poultry slaughterhouses in
southeast China. Its remaining five internal gene segments were closely related to those
of other AIVs isolated from poultry originating from China, i.e., the PB2 gene segment
of Dk/HE30-1 (H7N3) shared 97.8% nucleotide sequence identity with that of
A/duck/Ganzhou/GZ148/2016 (H6N6); the PB1 and NP gene segments of Dk/HE30-1
(H7N3) shared 97.6-98.8% nucleotide sequence identity with those of
A/duck/Japan/AQ-HE103/2015 (H1N2), which was isolated from a duck meat product
that was illegally brought to Japan by a flight passenger from China as described in
Chapter [; the PA gene segment of Dk/HE30-1 (H7N3) shared 97.6% nucleotide
sequence identity with that of A/duck/Guangxi/135D20/2013 (H3N2); and the NS gene
segment of Dk/HE30-1 (H7N3) shared 98.2% nucleotide sequence identity with that of
A/chicken/Guangxi/125C8/2012 (H3N2). Phylogenetic analysis classified Dk/HE30-1
(H7N3) into the same clade as the H7N9 HPAIVs in the Yangtze River Delta Lineage
based on the HA gene (Figure 7A) and into the same clade as HxN3 AIVs that have
recently been isolated from poultry or the environment in China based on the NA gene
(Figure 7B), demonstrating that Dk/HE30-1 (H7N3) was a multiple reassortant virus
that contained the HA gene of H7N9 HPAIVs.
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Genetic analysis of H9 virus isolates

To clarify the genetic relationship of HON2 AIVs, the complete genome
sequences of three HON2 virus isolates were determined: A/chicken/Japan/AQ-HE28-
28/2016 (Ck/HE28-28) (HON2), A/chicken/Japan/AQ-HE28-50/2016 (Ck/HE28-50)
(H9N2), and A/chicken/Japan/AQ-HE28-57/2016 (Ck/HE28-57) (HON2) (available at
the GenBank/EMBL/DDBJ). Phylogenetic analysis of the HA gene showed that all
three isolates belonged to the Y280 sublineage of the Eurasian lineage and were closely
related to HIN2 viruses isolated from poultry in China and Vietnam (Figure 8).
Ck/HE28-28 (H9N2) was closely related to A/chicken/Yuhuan/YH15/2016 (HON2),
isolated in eastern China, with identities ranging from 96.9% to 99.7% for all eight gene
segments. Ck/HE28-50 (H9N2) was closely related to HON2 viruses isolated from
poultry in Vietnam, with identities >98.3% in each segment, except for the NS gene,
which shared >98.5% nucleotide identity with HON2 viruses isolated from poultry in
eastern China. Ck/HE28-57 (HIN2) was closely related to HON2 viruses isolated from
poultry in Vietnam, with similarities >97.4% in each segment. The cleavage site of HA
protein of all HON?2 isolates contained a PSRSSR/GLF motif (Table 8), corresponding

to the cleavage site motif of HON2 viruses isolated in China in recent years (49).

Antigenic analysis of representative H7N9 virus isolates

Dk/HE29-22 (H7N9) and Dk/HE28-3 (H7N9) were antigenically analyzed by
HI test, using a panel of polyclonal chicken antisera (Table 9). Chicken antisera against
A/Anhui/1/2013 (H7N9), A/duck/Hokkaido/W19/2013 (H7N2) and old H7 virus strains
isolated in the 1990s (A/duck/Taiwan/Ya103/1993 (H7N7), A/chicken/New South
Wales/327/1997 (H7N2) and A/turkey/Italy/4580/1999 (H7N1)) effectively inhibited
hemagglutination of Dk/HE28-3 (H7N9). On the contrary, the antisera against the above
strains showed low inhibition of hemagglutination of Dk/HE29-22 (H7N9), in
comparison with that of Dk/HE28-3 (H7N9), indicating that the HA antigenicity of
Dk/HE29-22 (H7NO9) slightly drifted from that of A/Anhui/1/2013 (H7N9) or Dk/HE28-
3 (H7N9).

Antigenic analysis of representative H7N3 virus isolate

Dk/HE30-1 (H7N3) was antigenically analyzed by cross HI test, using a panel of
post-infection ferret antisera (Table 10). The ferret antiserum against A/Anhui/1/2013
(H7NO) reacted equally with Dk/HE28-3 (H7N9), a low pathogenic H7NO strain of
Yangtze River Delta (YRD) linage to the homologous antigen, and that against
A/Guangdong/17SF003/2016 (H7N9) did so with Dk/HE29-22 (H7N9) and Dk/HE29-
52 (H7ND9), highly pathogenic H7NO strains of YRD HPAI linage. On the contrary,
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those against A/Anhui/1/2013 (H7N9) and A/Guangdong/17SF003/2016 (H7N9)
showed more than 16-fold and 4-fold lower HI titres, respectively, with Dk/HE30-1
(H7N3), indicating that the HA antigenicity of Dk/HE30-1 (H7N3) slightly differed
from that of A/Anhui/1/2013 (H7N9) and A/Guangdong/17SF003/2016 (H7N9).

Pathogenicity of representative H7N9 and H7N3 virus isolates in chickens

To assess the pathogenicity of Dk/HE29-22 (H7N9) and Dk/HE30-1 (H7N3),
their IVPI were determined, according to the manual of the World Organization for
Animal Health (8). Ten 6-week-old chickens were intravenously inoculated with the
allantoic fluid containing Dk/HE29-22 (H7N9) or Dk/HE30-1 (H7N3) and monitored
for 10 days. All chickens died within 3 dpi, and the values of IVPI for Dk/HE29-22
(H7N9) and Dk/HE30-1 (H7N3) were 2.88 and 2.99 respectively, based on the score of
clinical signs.

To examine their pathogenicity and tissue tropism in chickens, each of
Dk/HE28-3 (H7N9) and Dk/HE29-22 (H7N9) was intranasally administered in eight
chickens which were divided into two groups of four chickens for sample-collection and
observation groups. In the chickens of the sample-collection group inoculated with
Dk/HE28-3 (H7N9), virus was recovered from each of the four chickens. The
frequencies of virus detection in the samples were high for tracheas (4/4), trachea swabs
(4/4), lungs (3/4) and colons (3/4), while they were low for kidney (1/4) and muscle
(1/4). No virus was recovered from blood, brain tissue or cloacal swab samples (Table
11). The geometric mean (GM) virus titres of positive samples, were higher in the
samples of the respiratory organs, 10°2 EIDso/ml in trachea swabs, 10*® EIDso/g in
trachea and 10*° EIDso/g in lungs, compared with that in kidney, colon and muscle
samples (ranging from <10*? to 10* EIDso/g). In the chickens of the sample-collection
group inoculated with Dk/HE29-22 (H7N9), all chickens died on 3 dpi, and swabs and
tissue samples were taken from dead chickens. Virus was recovered from each of the
samples of four dead chickens, and the GM virus titres of each sample were 107
EIDso/g in brain, 107 EIDso/g in trachea, 107 EIDso/g in lungs, 1077 EIDso/g in kidney,
10%4 EIDso/g in colon, 103 EIDso/g in trachea swab and 10*! EIDs/g in cloacal swab
(Table 11). In the chickens of the observation group, all chickens inoculated with
Dk/HE28-3 (H7N9) survived for 14 days without exhibiting any clinical signs, while
each of the chickens inoculated with Dk/HE29-22 (H7N9) showed depression and
anorexia and died on 3 dpi (Figure 9a).
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Pathogenicity of representative H7N9 virus isolates in ducks

To assess the pathogenicity and tissue tropism in ducks, each of Dk/HE28-3
(H7N9) and Dk/HE29-22 (H7N9) was intranasally administered in eight ducks which
were divided into two groups of four ducks for sample-collection and observation
groups. In the ducks of the sample-collection group inoculated with Dk/HE28-3
(H7NO), virus was recovered only from the respiratory tract of two ducks. The
frequencies of virus recovery in the samples were 2/4 of the lungs, 2/4 of the tracheal
swabs, and 1/4 of the trachea, and each virus titre in positive samples was close to the
detection limit (Table 11). In the ducks of the sample-collection group inoculated with
Dk/HE29-22 (H7N9), virus was recovered from all of the samples from one duck and
some tissue samples of the remaining three ducks. One of the ducks had systemic
infection demonstrated high viral titres (10”7 EIDso/g in lungs) without showing any
clinical signs. Two ducks of this group demonstrated low virus titres in the local tissue,
trachea, muscle and colon, and the other duck demonstrated higher virus titres in the
kidney and muscle samples than in the lung tissue sample. Some individual differences
were observed in virus recovery from tissues of ducks compared with chickens (Table
11). In the ducks of the observation group, all ducks inoculated with Dk/HE29-22
(H7N9) or Dk/HE28-3 (H7N9) survived for 14 days without showing any clinical signs
(Figure 9b).
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Discussion

In Chapter I, it was revealed that HS HPAIV-contaminated meat products were
brought into the international airports by flight passengers in their hand luggage, which
suggested that they must play a role in transporting infectious HPAIVs abroad. As in the
case of wild birds, continued monitoring of AIVs in meat products brought across the
border is effective in raising passengers’ awareness and predicting the risk of ATV
infections.

Three H7N9, one H7N3 and three HON2 AIVs were isolated from poultry
products illegally brought to Japan by international flight passengers as the result of this
continuous monitoring from May 2016 to March 2018. Phylogenetic analysis showed
that all of the virus isolates were closely related to AIVs isolated in eastern China or
Vietnam in recent years. The two Muscovy duck meat products, from which Dk/HE29-
22 (H7N9) or Dk/HE29-52 (H7N9) were isolated, were transported in the hand luggage
of flight passengers who had boarded international flights at Fuzhou, China, and were
detected at Tokyo Narita Airport, Japan, by quarantine detector dogs. It was found from
interviewing the carriers of these contaminated products that each of the two Muscovy
duck meat products originated from backyard breeding poultry flocks. The slaughtering
of poultry in backyard or wholesale market environments (where veterinary supervision
and hygiene management are generally insufficient compared with public
slaughterhouses) might be one of the leading causes of virus circulation in the region
(84). Unlike chickens, ducks inoculated with HPAIV Dk/HE29-22 (H7N9) discharged
viruses in major organs and muscle tissues without showing any symptoms, suggesting
that the Muscovy ducks infected with Dk/HE29-22 (H7N9) were slaughtered for
consumption without symptoms and carried long distance while contaminated with
virus. As well as by the transportation of live poultry, H7N9 AIVs may be spread via
infected poultry products. Since the numbers of detected cases of illegal importation of
meat products by passengers are increasing in Japan, it is important for border control to
maintain continued vigilance.

The results from the intranasal inoculation experiment, HPAIV Dk/HE29-22
(H7NO9) is thought to have been adapted in chickens compared with LPAIV Dk/HE28-3
(H7NO). Viral adaptation to chickens should be gained through the accumulation of
genetic mutation by repeated passage in chickens, which could allow AIVs to acquire
high pathogenicity (85-87) or virus replication efficiency in chickens (88). Compared
with the previous study which was performed using the same protocol, equipment and
facilities as this study, the frequency of virus recovery and GM virus titre in the tissues
of chickens inoculated with Dk/HE28-3 (H7N9) were higher than those of chickens
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inoculated with A/Anhui/1/2013 (H7N9), the representative strain isolated in 2013 (53).
Moreover, the frequency of virus recovery and GM virus titre in the samples of chickens
inoculated with HPATV Dk/HE29-22 (H7N9) was even higher than those of chickens
inoculated with Dk/HE28-3 (H7N9). The virus replication efficiency of Dk/HE29-22
(H7N9) or Dk/HE28-3 (H7N9) in chickens is assumed to be increased during
circulation in chicken flocks, which indicates that the adaptation of novel H7N9 viruses
to chickens has progressed steadily in the field chicken flocks and has led to the
emergence of the novel H7TN9 HPAIVs by the presumed mechanism, as previously
reported (86). In addition to chickens, the virus replication efficiency of HPAIV
Dk/HE29-22 (H7N9) in ducks was also higher than that of LPAIV Dk/HE28-3 (H7N9),
indicating the increasing risk of spreading virus intercontinentally via migratory birds
(89, 90).

In contrast to Dk/HE28-3 (H7N9), antigenicity of the HA of Dk/HE29-22
(H7N9) was slightly different from that of A/Anhui/1/2013 (H7N9),
A/duck/Hokkaido/W19/2013 (H7N7), and older H7 HPAIV strains. In addition, the
antigenicity of the HA of Dk/HE30-1 (H7N3) was also slightly different from that of
A/Anhui/1/2013 (H7N9) and A/Guangdong/17SF003/2016 (H7N9), indicating that the
antigenic drift of the novel H7Nx HPAIV might have progressed in the field. The
antigenic variation of AIV is mainly attributed to amino acid change in the globular
head region of the HA protein, and vaccination in poultry is thought to be the main
driver of antigenic drift of AIVs because of its contribution to generate immune-
escaping viral mutants (91). The progress of antigenic variation might lead to further
human infection and outbreaks in poultry, such as in the case of the
A/goose/Guangdong/1/1996 lineage HS HPAIVSs that have been demonstrated antigenic
diversity (44, 92) and spread in human and bird populations around the world. Further
precise antigenic analysis of H7Nx viruses is necessary to monitor the antigenic
diversity of the viruses.

AlVs isolated from poultry are thought to have evolved gradually from wild-
bird-derived AIVs during the successive adaptation process in poultry, especially quails
or domestic ducks (88, 93). AIVs isolated from poultry products can replicate efficiently
and have a high possibility of being shed into the environment when they are carried
into poultry farms. In addition to the risk of infection to the poultry, repeatedly bringing
contaminated meat products into a gathering place increases the risk of human infection.
Although the HA amino acid 226L have mutated back to 226Q in the novel H7Nx
HPAIVs, some reports have suggested that the H7N9 HPAIVs have retained human-
type and avian-type receptor binding properties (94) and possessed the ability to
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transmit among ferrets (95) as observed in the H7N9 LPAIVs. Further study is
necessary to analyze these mammalian adaptation of the novel H7Nx viruses.

Illegal importation of meat products in hand luggage by international passengers
would continue to occur at any port and airport, regardless of the implementation of a
variety of border control measures. To prevent passengers carrying infectious AIVs via
contaminated products, it is important to increase publicity and awareness to ensure that
passengers, particularly from areas where the virus is prevalent, comply with import
regulations. Continued control and monitoring at the border are essential for the
prevention of virus circulation and spread, as is disease control based on the detection

and culling of infected poultry in endemic areas.
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Summary

H7N9 highly and low pathogenic avian influenza viruses and H7N3 HPAIV
have been isolated from duck meat products that were brought illegally into Japan by
flight passengers in their hand luggage. These novel H7Nx virus isolates were
phylogenetically closely related to those prevailing in China. Antigenic analysis
revealed that the hemagglutinin of the H7N9 and H7N3 HPAIV isolates were slightly
different from those of the H7N9 LPAIV and older H7 strains. Experimental infections
of H7N9 HPAIV or LPAIV isolates in chickens or ducks demonstrated that the virus
replication efficiency of H7N9 HPAIV isolate was higher than that of H7N9 LPAIV
isolate, indicating the risk of the virus spreading is increasing. These meat products
contaminated with AIVs repeatedly brought into Japan lead to increased risks of poultry
and public health. Continuous border disease control based on the detection and culling
of infected poultry and meat products is, thus, essential for the prevention of
introduction and spread of AIVs.
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Table 7. Total number of illegally carried poultry products investigated from May 2016 to March 2018

. ) Meat products
Country or region of loading? Total

Chicken Duck Quail

China 33 61 - 94
Vietnam 46 6 2 54
Korea 6 2 - 8
Taiwan 5 - - 5
Russia - 1 - 1
United Arab Emirates 1 - - 1
Total 91 70 2 163

6V

“The last country or region of loading in case of transship
-: None
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Table 8. Avian influenza viruses isolated from poultry meat products

Titre of isolated meat Cleavage site of Accession
Land of loading® Arrival day®  Species of poultry Names
product (log EIDso/g) haemagglutinin numbers
Fuzhou (China) 05/23/2016  Cairina moschata A/duck/Japan/AQ-HE28-3/2016 (H7N9) 2.5 PEIPKGR-GLF LC374914-21
Nanjing (China) 06/16/2016 Gallus gallus A/chicken/Japan/AQ-HE28-28/2016 (HON2) <2.0¢ PSRSSR -GLF LC374922-29
Ho Chi Minh (Vietnam) 08/09/2016 Gallus gallus A/chicken/Japan/AQ-HE28-50/2016 (HON2) 2.5 PSRSSR -GLF LC374930-37
Hanoi (Vietnam) 08/09/2016 Gallus gallus A/chicken/Japan/AQ-HE28-57/2016 (HIN2) <1.5° PSRSSR-GLF LC374938-45
Fuzhou (China) 06/23/2017  Cairina moschata A/duck/Japan/AQ-HE29-22/2017 (H7N9) 3.0 PEVPKRKRTAR-GLF  LC315921-28
Fuzhou (China) 09/21/2017  Cairina moschata A/duck/Japan/AQ-HE29-52/2017 (H7N9) 3.8 PEVPKRKRTAR-GLF  LC374946-53
Lanzhou/Shanghai (China) ~ 03/01/2018  Cairina moschata A/duck/Japan/AQ-HE30-1/2018 (H7N3) NT PEVPKRRRTAR-GLF  LC416563-70

“The last land in case of tranship

®Arrival date of poultry meat products at airport in Japan.

“Viruses were isolated, but the titre is not greater than the calculation limit of EIDso.

NT: Not tested
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Table 9. Antigenic analysis of H7 influenza viruses with antisera using hemagglutination inhibition test

Antiserum to

Viruses Subtypes Dk/Hok/ Anhui/ Ck/NK/ Dk/Hok/ Ty/lItaly/ Dk/Tw/ Ck/NSW/ Sl/Mass/

Vac-2/04 1/13 7916/05 W19/13 4580/99 Yal03/93 327/97 1/80
A/duck/Japan/AQ-HE29-22/2017* H7N9 320 640 640 640 320 80 640 40
A/duck/Japan/AQ-HE28-3/2016* H7N9 5,120 2,560 5,120 5,120 1,280 1,280 5,120 160
A/duck/Hokkaido/1/2010 H7N7 5,120 1,280 2,560 10,240 1,280 640 5,120 320

A/duck/Hokkaido/Vac-2/2004 H7N7 20.480 2,560 5,120 20,480 2,560 1,280 10,240 1,280
A/Anhui/1/2013 H7N9 10,240 5.120 5,120 5,120 2,560 640 5,120 320
A/chicken/North Korea/7916/2005 H7N7 640 1,280 1.280 5,120 1,280 320 2,560 160
A/duck/Hokkaido/W19/2013 H7N2 5,120 1,280 1,280 2,560 1,280 320 2,560 320
Alturkey/Italy/4580/1999 H7N1 160 80 320 320 1,280 80 320 80
A/duck/Taiwan/Ya103/1993 H7N7 160 160 320 320 80 2.560 160 40
A/chicken/New South Wales/327/1997 H7N2 1,280 640 1,280 5,120 1,280 320 5,120 320

A/seal/Massachusetts/1/1980 H7N7 20,480 2,560 10,240 10,240 2,560 320 10,240 2.560

#Viruses isolated in this study
Homologous titres are underlined.
HPAIVs are shown in bold.



Table 10. Hemaggulutination inhibition assay of A(H7) influenza viruses.

Antiserum to

Viruses Subtype Lineage
Ma/NL12 Anhuil GD17SF003
A/mallard/Netherlands/12/2000 H7N3 - 320 40 320
A/Anhui/1/2013 H7N9 - 160 160 160
A/Guangdong/17SF003/2016 H7N9 YRD HPAI 20 10 160
A/duck/Japan/AQ-HE28-3/2016 H7N9 YRD 80 160 640
A/duck/Japan/AQ-HE29-22/2017 H7N9 YRD HPAI 20 20 160
A/duck/Japan/AQ-HE29-52/2017 H7N9 YRD HPAI 20 20 160
o A/duck/Japan/AQ-HE30-1/2018 H7N3 YRD HPAI 10 <10 40

™ Homologous titres are underlined.
HPAIVs are shown in bold.
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Table 11. Virus recovery at 3 days post-inoculation from chickens and domestic ducks inoculated with each virus.

. . Sampling Swabs (log EIDso/ml) Blood Tissue samples (log EIDso/g)
Species Viruses - -
day trachea Cloacal (log EIDso/ml) Brain  Trachea Lungs  Kidneys Colon Muscle

3 6.3 - - - 6.8 6.8 - - <2.0

Dk/HE28-3 3 5.0 - - - 4.3 - - <2.0 -

(H7N9) 3 4.5 - - - 3.0 2.8 - <2.0 -

3 B B . B}

Chickens 5.0 5.0 4.8 3.0 5.3

31 4.5 3.5 NT 6.8 7.5 7.8 6.3 4.5 NT
DK/HE29-22 3f 5.8 4.5 NT 6.5 5.5 6.5 9.8 8.5 NT
(H7N9) 3t 6.3 3.8 NT 73 7.8 7.3 7.5 6.5 NT
37 5.8 4.8 NT 7.3 7.5 7.5 7.5 6.8 NT

3 <0.8 - - - <.0 <.0 - - -

DK/HE28-3 3 - - - - - - - - -

(H7N9) 3 B} . B . B B B} B} B}

Ducks <03 2.0

3 - - - - <1.8 - - - <1.8

DK/HE29-22 3 - - - - - - - <1.8 -
(H7N9) 3 3.0 <1.0 2.7 <2.0 3.8 7.7 5.0 4.5 2.7
3 - - - - - <3 5.0 - 3.5

-: <0.8 (swabs and blood); <1.8 (tissue samples)
1: Day of death
NT: Not tested
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Figure 5. Phylogenetic trees of the HA gene segments of H7N9 highly pathogenic
and low pathogenic avian influenza viruses isolated in Japan: The nucleotide
sequences of the H7 HA genes were analyzed by the maximum-likelihood method along
with the corresponding genes of reference strains using MEGA 7.0 software
(http://www.megasoftware.net/). The horizontal distances are proportional to the
minimum number of nucleotide differences required to join nodes and sequences. Digits
at the nodes indicate confidence levels in a bootstrap analysis with 1,000 replications.
The viruses isolated in this study are highlighted in gray. The viruses isolated in birds
are underlined. Highly pathogenic avian influenza viruses are indicated in bold. The H7
HA gene sequences are classified into genetic clades as defined by Su et al. (2017) or

WHO (2017).
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Figure 6. Phylogenetic tree for the NA (A), PB2 (B), PB1 (C), PA (D), NP (E), M
(F), and NS (G) genes of the H7N9 isolated viruses. The trees were analyzed by the
maximum-likelihood method using MEGA 7.0 software
(http://www.megasoftware.net/). The horizontal distances are proportional to the
minimum number of nucleotide differences required to join nodes and sequences. Digits
at the nodes indicate confidence levels in a bootstrap analysis with 1,000 replications.
The viruses isolated in this study are highlighted in gray. The viruses isolated in birds

are underlined. Highly pathogenic avian influenza viruses are indicated in bold.
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Figure 7. Phylogenetic analysis of the HA gene of H7 avian influenza virus (A) and
the N3 NA gene of avian influenza virus (B): The nucleotide sequences of the H7 HA
and N3 NA genes were analyzed by the maximum-likelihood method with the
corresponding genes of reference strains using MEGA 7.0 software
(http://www.megasoftware.net/). The horizontal distances in the trees are proportional to

the minimum number of nucleotide differences that are required to join nodes and
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sequences, and the values at the nodes indicate the confidence levels in the bootstrap
analysis with 1,000 replications. The virus that was isolated in this study is highlighted
in gray, while highly pathogenic avian influenza viruses are indicated in bold. Viruses

that have been isolated from illegally brought meat products are marked with black

dots.
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Figure 8. Phylogenetic tree for the H9 HA genes: The nucleotide sequences of the H9
HA genes were analyzed by the maximum-likelihood method along with the
corresponding genes of reference strains using MEGA 7.0 software and divided into two
lineages: Eurasian and North American. Eurasian H9 viruses were clustered into three
sublineages: Y280, G1, and Y439. Horizontal distances are proportional to the
minimum number of nucleotide differences required to join nodes and sequences. Digits
at the nodes indicate confidence levels in a bootstrap analysis with 1,000 replications.
Viruses isolated in this study are highlighted in gray, and the representatives of each

sublineage are indicated in bold.
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Figure 9. Survival of chickens (a) and ducks (b) inoculated with each virus: Four 4-
week-old chickens and ducks were inoculated with 10%° EIDso of Dk/HE29-22 (H7N9)
or Dk/HE28-3 (H7N9). Survival of inoculated chickens and ducks was observed for 14

days after inoculation.
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Conclusion

Avian influenza is highly contagious disease in poultry and wild birds. AIVs
cause a mild or asymptomatic infection in their natural reservoir of wild aquatic birds.
However, especially H5 and H7 subtypes of viruses they have the potential to mutate
into highly pathogenic avian influenza viruses when they are circulating in poultry. In
addition to a cause of a great loss to the poultry industry, HPAIVs pose a great threat to
the human health since it is capable to infect humans.

In the present study, surveillance of avian influenza virus in poultry products
which illegally brought into airports or ports in Japan by passengers and confiscated by
baggage inspection was conducted from 2015 to 2018. The HPAIVs of HSN1 and H5N6
subtypes were isolated from poultry products as described in Chapter I, which is the
first report of HPAIVs isolated from raw poultry products illegally brought by flight
passengers. Genetic analysis revealed that these isolates were closely related to the
HPALIV strains reported in the region where the contaminated poultry products were
thought to be brought from. The results demonstrate that contaminated poultry products
play a role in carrying infectious AIVs including HPAIVs across the border.

In the surveillance from May 2016, the novel H7N9 subtype began to be isolated
from poultry products illegally brought from China as described in Chapter II. The
H7N9 subtype of LPAIV was isolated earlier than that of HPAIV in accordance with the
epidemic situation in China. The present LPAIV, Dk/HE28-3 (H7N9) isolated in 2016
showed more efficient replication in chicken respiratory tissues than A/Anhui/1/2013
(H7N9) which was the ancestor of the novel H7N9. Furthermore, the frequency of virus
recovery and GM virus titre in chicken tissues inoculated with HPATV Dk/HE29-22
(H7NO) isolated in 2017 was even higher than those of chickens inoculated with
Dk/HE28-3 (H7N9), indicating that the viral adaptation of novel H7N9 viruses to
chickens has progressed steadily in the field.

In addition to the novel H7N9 AIVs, a multiple reassortant H7N3 HPAIV was
isolated for the first time from confiscated poultry product brought from China. These
continuous detections of AIVs which are capable to infect humans in poultry products
indicate the potential risk of infection to human who treat the contaminated products.
The number of confiscated cases of illegally brought animal products into Japan has
been increasing and reached 110, 000 cases in 2019. In responding to this situation,
AQS has strengthened quarantine measures. In order to prevent a recurrence of bringing
animal products, AQS has begun to issue written warning to those who illegally brought
animal products and created a database of them. When they were deemed to have

committed malicious violation of law, AQS shall report to the police; nine people in six
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cases have been arrested on suspicion of violating the Act on Domestic Animal
Infectious Diseases Control in fiscal year 2019
(https://www.maff.go.jp/ags/languages/attach/pdf/info-35.pdf). Since July 2020, the
maximum possible fine of this law was raised from 1 million yen to 3 million yen. In
addition, the number of the quarantine detector dogs also will be increased to 140 by the
end of fiscal year 2020.

These results of this study clearly demonstrated that infectious HPAIVs were
brought by international flight passengers through contaminated poultry products. These
results also help further understanding of the circulation and genetic evolution of AIVs
in endemic areas and provide the scientific basis for strengthening border control at the

international airports and ports in Japan.

67


https://www.maff.go.jp/aqs/languages/attach/pdf/info-35.pdf

Acknowledgements

I would like to extend my deep gratitude Prof. Y. Sakoda (Laboratory of
Microbiology, Department of Disease Control, Faculty of Veterinary Medicine,
Hokkaido University) for kindly supporting me with valuable guidance, suggestions,
comments and encouragements during the course of this work.

I would like to express my extremely grateful to Prof. H. Kida (Research Center
for Zoonosis Control, Hokkaido University), Prof. K. Ohashi (Laboratory of Infectious
Diseases, Department of Disease Control, Faculty of Veterinary Medicine, Hokkaido
University), Dr. M. Okamatsu (Laboratory of Microbiology, Department of Disease
Control, Faculty of Veterinary Medicine, Hokkaido University), Dr. N. Isoda
( Laboratory of Microbiology, Department of Disease Control, Faculty of Veterinary
Medicine, Hokkaido University), Dr. K. Matsuno (Laboratory of Microbiology,
Department of Disease Control, Faculty of Veterinary Medicine, Hokkaido University),
and Dr. T. Hiono (National Institute of Advanced Industrial Science and Technology)
for their valuable advice, supports and encouragements throughout the present study.

My heartfelt thanks are to Dr. J. Tanaka (Animal Quarantine Service), Dr. H.
Osaka (Animal Quarantine Service), Dr. H. Fukuhara (Animal Quarantine Service), Ms.
R. Sumiyoshi (Animal Quarantine Service), Ms. R. Harada (Animal Quarantine
Service), Dr. A. Ohkawara (Laboratory of Microbiology, Department of Disease
Control, Faculty of Veterinary Medicine, Hokkaido University), and Dr. Zu-Jyun Wang
(Laboratory of Microbiology, Department of Disease Control, Faculty of Veterinary
Medicine, Hokkaido University) for their helpful suggestions and comments and
technical supports.

My special thanks are to Dr. T. Odagiri (National Institute of Infectious
Disease), Dr. M. Shirakura (National Institute of Infectious Disease), Dr. T. Arita
(National Institute of Infectious Disease), Dr. Y. Suzuki (National Institute of Infectious
Disease), Dr. T. Saito (National Institute of Animal Health), Dr. Y. Uchida (National
Institute of Animal Health), and Dr. N. Takemae (National Institute of Animal Health)
for their helpful advice and support in the present study.

I earnestly appreciates all colleagues of Animal Quarantine Service, Ministry of

Agriculture, Forestry and Fisheries of Japan for their invaluable helps and supports.

6 8



References

Webster R. G., Bean W. J., Gorman O. T., Chambers T. M., Kawaoka Y., 1992:
Evolution and ecology of influenza A viruses. Microbiol. Rev., 56, 152-179.

Kawaoka Y., Yamnikova S., Chambers T. M., Lvov D. K., Webster R. G, 1990:
Molecular characterization of a new hemagglutinin, subtype H14, of influenza A
virus. Virology, 179, 759-767.

Rohm C., Zhou N., Suss J., Mackenzie J., Webster R. G., 1996: Characterization
of a novel influenza hemagglutinin, H15: criteria for determination of influenza A
subtypes. Virology, 217, 508-516.

Fouchier R. A. M., Munster V., Wallensten A., Bestebroer T. M., Herfst S., Smith
D., Rimmelzwaan G. F., Olsen B., Osterhaus A. D. M. E., 2005: Characterization
of a novel influenza A virus hemagglutinin subtype (H16) obtained from black-
headed gulls. J. Virol., 79, 2814-2822.

Tong S., Li Y., Rivailler P., Conrardy C., Castillo D. A. A., Chen L. M., Recuenco
S., Ellison J. A., Davis C. T., York I. A., Turmelle A. S., Moran D., Rogers S., Shi
M., Tao Y., Weil M. R., Tang K., Rowe L. A., Sammons S., Xu X., Frace M.,
Lindblade K. A., Cox N. J., Anderson L. J., Rupprecht C. E., Donis R. O., 2012:
A distinct lineage of influenza A virus from bats. Proc. Natl. Acad. Sci. U.S.A.,
109, 4269-4274.

Tong S., Zhu X., Li Y., Shi M., Zhang J., Bourgeois M., Yang H., Chen X.,
Recuenco S., Gomez J., Chen L. M., Johnson A., Tao Y., Dreyfus C., Yu W.,
McBride R., Carney P. J., Gilbert A. T., Chang J., Guo Z., Davis C. T., Paulson J.
C., Stevens J., Rupprecht C. E., Holmes E. C., lan A. Wilson I. A., Donis R. O.,
2013: New world bats harbor diverse influenza A viruses. PLoS Pathog., 9,
e1003657.

Kida H., 2008: Ecology of influenza viruses in nature, birds, and humans. Global
Environ. Res., 12, 9-14.

World organization for animal health, 2019: Manual of diagnostic tests and
vaccines for terrestrial animals 2019, Chapter 3.3.4., Avian influenza (Infection
with avian influenza viruses). Available at
http://www.oie.int/fileadmin/Home/eng/Health standards/tahm/3.03.04 Al pdf
(accessed October 3, 2020).

Stieneke-Grober A., Vey M., Angliker H., Shaw E., Thomas G., Roberts C., Klenk
H. D., Garten W., 1992 : Influenza virus hemagglutinin with multibasic cleavage
site is activated by furin, a subtilisin-like endoprotease. EMBO J., 11, 2407-2414.

69



10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Steinhauer D. A., 1999: Role of hemagglutinin cleavage for the pathogenicity of
influenza virus. Virology, 258, 1-20.

Banks J., Speidel E. S., Moore E., Plowright L., Piccirillo A., Capua I., Cordioli P.,
Fioretti A., Alexander D. J., 2001: Changes in the haemagglutinin and the
neuraminidase genes prior to the emergence of highly pathogenic H7N1 avian
influenza viruses in Italy. Arch. Virol., 146, 963-73.

Horimoto T., Rivera E., Pearson J., Senne D., Krauss S., Kawaoka Y., Webster R.
G., 1995: Origin and molecular changes associated with emergence of a highly
pathogenic HSN2 influenza virus in Mexico. Virology, 213, 223-230.

Nao N., Yamagishi J., Miyamoto H., Igarashi M., Manzoor R., Ohnuma A., Tsuda
Y., Furuyama W., Shigeno A., Kajihara M., Kishida N., Yoshida R., Takada A.,
2017: Genetic predisposition to acquire a polybasic cleavage site for highly
pathogenic avian influenza virus hemagglutinin. mBio, 8, €02298-16.

Harder T. C., Teuffert J., Starick E., Gethmann J., Grund C., Fereidouni S.,
Durban M., Bogner K. H., Neubauer-Juric A., Repper R., Hlinak A., Engelhardt
A., Nockler A., Smietanka K., Minta Z., Kramer M., Globig A., Mettenleiter T.
C., Conraths F. J., Beer M., 2009: Highly pathogenic avian influenza virus
(H5NT1) in frozen duck carcasses, Germany, 2007. Emerg. Infect. Dis., 15, 272-
279.

Tumpey T. M., Suarez D. L., Perkins L. E., Senne D. A., Lee J. G., Lee Y. J., Mo
I. P., Sung H. W., Swayne D. E., 2002: Characterization of a highly pathogenic
H5N1 avian influenza A virus isolated from duck meat. J. Virol., 76, 6344-6355.

Mase M., Eto M., Tanimura N., Imai K., Tsukamoto K., Horimoto T., Kawaoka
Y., Yamaguchi S., 2005: Isolation of a genotypically unique HSN1 influenza virus
from duck meat imported into Japan from China. Virology, 339, 101-109.

Mase M., Eto M., Imai K., Tsukamoto K., Yamaguchi S., 2007: Characterization
of HON2 influenza A viruses isolated from chicken products imported into Japan
from China. Epidemiol. Infect., 135, 386-391.

Kishida N., Sakoda Y., Eto M., Sunaga Y., Kida H., 2004: Co-infection of
Staphylococcus aureus or Haemophilus paragallinarum exacerbates HON2
influenza A virus infection in chickens. Arch. Virol., 149, 2095-2104.

Beato M. S., Terregino C., Cattoli G., Capua 1., 2006: Isolation and
characterization of an HION7 avian influenza virus from poultry carcasses
smuggled from China into Italy. Avian Pathol., 35, 400-403.

Zhou L., RenR., Yang L., Bao C., Wu J., Wang D., Li C., Xiang N., Wang Y., Li
D.,Sui H.,, Shu Y., Feng Z., Li Q., Ni D., 2017: Sudden increase in human

70



21.

22.

23.

24.

25.

26.

27.

28.

29.

infection with avian influenza A(H7N9) virus in China, September-December
2016. Western Pac. Surveill. Response J., 8, 6-14.
Ungchusak K., Auewarakul P., Dowell S. F., Kitphati R., Auwanit W.,
Puthavathana P., Uiprasertkul M., Boonnak K., Pittayawonganon C., Cox N. J.,
Zaki S. R., Thawatsupha P., Chittaganpitch M., Khontong R., Simmerman J. M.,
Chunsutthiwat S., 2005: Probable person-to-person transmission of avian
influenza A (H5N1). N. Engl. J. Med., 352, 333-340.
Wang H., Feng Z., Shu'Y., Yu H., Zhou L., Zu R., Huai Y., Dong J., Bao C., Wen
L., Wang H., Yang P., Zhao W., Dong L., Zhou M., Liao Q., Yang H., Wang M.,
LuX., Shi Z., Wang W., Gu L., Zhu F., Li Q., Yin W., Yang W., Li D., Uyeki T.
M., Wang Y., 2008: Probable limited person-to-person transmission of highly
pathogenic avian influenza A (H5N1) virus in China. Lancet, 371, 1427-1434.
Zhou L., Chen E., Bao C., XiangN., Wu J., Wu S., Shi J., Wang X., Zheng Y.,
Zhang Y., Ren R., Greene C. M., Havers F., [uliano A. D., Song Y., Li C., Chen T.,
Wang Y., Li D., Ni D., Zhang Y., Feng Z., Uyeki T. M., Li Q., 2018: Clusters of
human infection and human-to-human transmission of avian influenza A(H7N9)
virus, 2013-2017. Emerg. Infect. Dis., 24, 397-400.
World organization for animal health, 2020: Avian influenza weekly update
Number 763. Available at https://www.who.int/docs/default-source/wpro---
documents/emergency/surveillance/avian-influenza/ai-
20201015.pdf?sfvrsn=30d65594 78 (accessed October 3, 2020).
Xu X., Subbarao, Cox N. J., Guo Y., 1999: Genetic characterization of the
pathogenic influenza A/Goose/Guangdong/1/96 (HSN1) virus: similarity of its
hemagglutinin gene to those of HSN1 viruses from the 1997 outbreaks in Hong
Kong. Virology, 261, 15-19.
OIE 2020: Avian influenza portal. Available at http://www.oie.int/animal-health-
in-the-world/web-portal-on-avian-influenza/ (accessed October 3, 2020).
Smith G. J. D., Donis R. O., WHO/OIE/FAO H5 Evolution Working Group, 2015:
Nomenclature updates resulting from the evolution of avian influenza A(H5) virus
clades 2.1.3.2a, 2.2.1, and 2.3.4 during 2013-2014. Influenza Other Respir.
Viruses, 9, 271-276.
Saito T., Tanikawa T., Uchida Y., Takemae N., Kanehira K., Tsunekuni R., 2015:
Intracontinental and intercontinental dissemination of Asian H5 highly pathogenic
avian influenza virus (clade 2.3.4.4) in the winter of 2014-2015. Rev. Med. Virol.,
25, 388-405.
Okamatsu M., Ozawa M., Soda K., Takakuwa H., Haga A., Hiono T., Matsuu A.,
Uchida Y., Iwata R., Matsuno K., Kuwahara M., Yabuta Y., Usui T., Ito H.,

71



30.

31.

32.

33.

34.

35.

36.

37.

38.

Onuma M., Sakoda Y., Saito T., Otsuki K., Ito T., Kida H., 2017:
Characterization of highly pathogenic avian influenza virus A(H5N6), Japan,
November 2016. Emerg. Infect. Dis., 23, 691-695.

Mine J., Uchida Y., Nakayama M., Tanikawa T., Tsunekuni R., Sharshov K.,
Takemae N., Sobolev 1., Shestpalov A., Saito, T., 2019: Genetics and
pathogenicity of HSN6 highly pathogenic avian influenza viruses isolated from
wild birds and a chicken in Japan during winter 2017-2018. Virology, 533, 1-11.
Matsunaga T., Chikuni K., Tanabe R., Muroya S., Shibata K., Yamada J.,
Shinmura Y., 1999: A quick and simple method for the identification of meat
species and meat products by PCR assay. Meat Sci., 51, 143-148.

Isoda N., Sakoda Y., Kishida N., Soda K., Sakabe S., Sakamoto R., Imamura T.,
Sakaguchi M., Sasaki T., Kokumai N., Ohgitani T., Saijo K., Sawata A.,
Hagiwara J., Lin Z., Kida H., 2008: Potency of an inactivated avian influenza
vaccine prepared from a non-pathogenic HSN1 reassortant virus generated
between isolates from migratory ducks in Asia. Arch Virol., 153, 1685-1692.
Reed L. J., Muench H., 1983: A simple method of estimating fifty per cent
endpoints. Amer. J. Hyg., 27, 493-497.

Okamatsu M., Tanaka T., Yamamoto N., Sakoda Y., Sasaki T., Tsuda Y., Isoda
N., Kokumai N., Takada A., Umemura T., Kida H., 2010: Antigenic, genetic, and
pathogenic characterization of HSN1 highly pathogenic avian influenza viruses
isolated from dead whooper swans (Cygnus cygnus) found in northern Japan in
2008. Virus Genes, 41, 351-357.

Yamamoto N., Sakoda Y., Motoshima M., Yoshino F., Soda K., Okamatsu M.,
Kida H., 2011: Characterization of a non-pathogenic H5SN1 influenza virus
isolated from a migratory duck flying from Siberia in Hokkaido, Japan, in October
2009. Virol. J., 8, 65.

Mase M., Tsukamoto K., Imada T., Imai K., Tanimura N., Nakamura K.,
Yamamoto Y., Hitomi T., Kira T., Nakai T., Kiso M., Horimoto T., Kawaoka Y.,
Yamaguchi S., 2005: Characterization of HSN1 influenza A viruses isolated
during the 2003-2004 influenza outbreaks in Japan. Virology, 332, 167-176.
Okamatsu M., Saito T., Yamamoto Y., Mase M., Tsuduku S., Nakamura K.,
Tsukamoto K., Yamaguchi S., 2007: Low pathogenicity HSN2 avian influenza
outbreak in Japan during the 2005-2006. Vet. Microbiol., 124, 35-46.

Kanehira K., Uchida Y., Takemae N., Hikono H., Tsunekuni R., Saito T., 2015:
Characterization of an HSNS influenza A virus isolated from chickens during an
outbreak of severe avian influenza in Japan in April 2014. Arch. Virol., 160, 1629-
1643.

72



39.

40.

41.

42.

43.

44,

45.

46.

47.

Nettles V. F., Wood J. M., Webster R. G., 1985: Wildlife surveillance associated
with an outbreak of lethal HSN2 avian influenza in domestic poultry. Avian Dis.,
29, 733-741.

Kumar S., Stecher G., Tamura K., 2016: MEGA7: Molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol., 33, 1870-1874.
Hiono T., Ohkawara A., Ogasawara K., Okamatsu M., Tamura T., Chu D. H.,
Suzuki M., Kuribayashi S., Shichinohe S., Takada A., Ogawa H., Yoshida R.,
Miyamoto H., Nao N., Furuyama W., Maruyama J., Eguchi N., Ulziibat G.,
Enkhbold B., Shatar M., Jargalsaikhan T., Byambadorj S., Damdinjav B., Sakoda
Y., Kida H., 2015: Genetic and antigenic characterization of H5 and H7 influenza
viruses isolated from migratory water birds in Hokkaido, Japan and Mongolia
from 2010 to 2014. Virus Genes, 51, 57-68.

Shichinohe S., Okamatsu M., Yamamoto N., Noda Y., Nomoto Y., Honda T.,
Takikawa N., Sakoda Y., Kida H., 2013: Potency of an inactivated influenza
vaccine prepared from a non-pathogenic H5N1 virus against a challenge with
antigenically drifted highly pathogenic avian influenza viruses in chickens. Vet.
Microbiol., 164, 39-45.

Okamatsu M., Nishi T., Nomura N., Yamamoto N., Sakoda Y., Sakurai K., Chu
D. H., Thanh L. P., Van Nguyen L., Van Hoang N., Tien T. N., Yoshida R.,
Takada A., Kida H., 2013: The genetic and antigenic diversity of avian influenza
viruses isolated from domestic ducks, muscovy ducks, and chickens in northern
and southern Vietnam, 2010-2012. Virus Genes, 47, 317-329.

Ohkawara A., Okamatsu M., Ozawa M., Chu D. H., Nguyen L. T., Hiono T.,
Matsuno K., Kida H., Sakoda Y., 2017: Antigenic diversity of H5 highly
pathogenic avian influenza viruses of clade 2.3.4.4 isolated in Asia. Microbiol.
Immunol., 61, 149-158.

Soda K., Ozaki H., Sakoda Y., Isoda N., Haraguchi Y., Sakabe S., Kuboki N.,
Kishida N., Takada A., Kida H., 2008: Antigenic and genetic analysis of H5
influenza viruses isolated from water birds for the purpose of vaccine use. Arch.
Virol., 153, 2041-2048.

Lee D. H., Bahl J., Torchetti M. K., Killian M. L., H. Ip H. S., DeLiberto T. J.,
Swayne D. E., 2016: Highly pathogenic avian influenza viruses and generation of
novel reassortants, United States, 2014-2015. Emerg. Infect. Dis., 22, 1283-1285.
Li X., YangJ., LiuB., Jia Y., Guo J., Gao X., Weng S., Yang M., Wang L., Wang
L. F., CuilJ., Chen H., Zhu Q., 2016: Co-circulation of HSN6, H3N2, H3NS, and
emergence of novel reassortant H3N6 in a local community in Hunan province in
China. Sci. Rep., 6, 25549.

73



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Butt A. M., Siddique S., Idrees M., Tong Y., 2010: Avian influenza A (HIN2):
computational molecular analysis and phylogenetic characterization of viral
surface proteins isolated between 1997 and 2009 from the human population.
Virol. J., 7, 319.

Shen H. Q., Yan Z. Q., Zeng F. G, Liao C. T., Zhou Q. F., Qin J. P., Xie Q. M., Bi
Y. Z., Chen F., 2015: Isolation and phylogenetic analysis of hemagglutinin gene
of HIN2 influenza viruses from chickens in South China from 2012 to 2013. J.
Vet. Sci., 16, 317-324.

Li X., ShiJ., Guo J., Deng G., Zhang Q., Wang J., He X., Wang K., Chen J., Li
Y., FanJ., Kong H., Gu C., Guan Y., Suzuki Y., Kawaoka Y., Liu L., Jiang Y.,
Tian G., Bu Z., Chen H., 2014: Genetics, receptor binding property, and
transmissibility in mammals of naturally isolated HON2 avian influenza viruses.
PLoS Pathog, 10, €1004508.

Beato M. S., Capua L., Alexander D. J., 2009: Avian influenza viruses in poultry
products: a review. Avian Pathol., 38, 193-200.

Swayne D. E., Beck J. R., 2005: Experimental study to determine if low-
pathogenicity and high-pathogenicity avian influenza viruses can be present in
chicken breast and thigh meat following intranasal virus inoculation. Avian Dis.,
49, 81-85.

Hiono T., Okamatsu M., Yamamoto N., Ogasawara K., Endo M., Kuribayashi S.,
Shichinohe S., Motohashi Y., Chu D. H., Suzuki M., Ichikawa T., Nishi T., Abe
Y., Matsuno K., Tanaka K., Tanigawa T., Kida H., Sakoda Y., 2016:
Experimental infection of highly and low pathogenic avian influenza viruses to
chickens, ducks, tree sparrows, jungle crows, and black rats for the evaluation of
their roles in virus transmission. Vet. Microbiol., 182, 108-115.

Pantin-Jackwood M. J., Suarez D. L., 2013: Vaccination of domestic ducks
against HSN1 HPALI: a review. Virus Res., 178, 21-34.

Pantin-Jackwood M. J., Suarez D. L., Spackman E., Swayne D. E., 2007: Age at
infection affects the pathogenicity of Asian highly pathogenic avian influenza
H5N1 viruses in ducks. Virus Res., 130, 151-161.

Swayne D. E., Beck J. R., Garcia M., Stone H. D., 1999: Influence of virus strain
and antigen mass on efficacy of H5 avian influenza inactivated vaccines. Avian
Pathol., 28, 245-255.

Peng Y., Xie Z. X., Liu J. B., Pang Y. S., Deng X. W., Xie Z. Q., Xie L. J., Fan
Q., Luo S. S., 2013: Epidemiological surveillance of low pathogenic avian
influenza virus (LPAIV) from poultry in Guangxi Province, Southern China.
PLoS One, 8, e77132.

74



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Nunez I. A., Ross T. M., 2019: A review of HSNx avian influenza viruses. Ther.
Adv. Vaccines Immunother., 7,2515135518821625.
Peacock T. P., James J., Sealy J. E., Igbal M., 2019: A global perspective on HON2
avian influenza virus. Viruses, 11, 620.
WHO 2020: Cumulative number of confirmed human cases of avian influenza
A(H5N1) reported to WHO. Available at
http://www.who.int/influenza/human_animal interface/HSN1 cumulative table
archives/en/ (accessed October 3, 2020).
Pan M., Gao R., Lv Q., Huang S., Zhou Z., Yang L., Li X., Zhao X., Zou X., Tong
W., Mao S., Zou S., Bo H., Zhu X., Liu L., Yuan H., Zhang M., Wang D., Li Z.,
Zhao W.,MaM.,,LiY.,LiT., Yang H., Xu J., Zhou L., Zhou X., Tang W., Song
Y., ChenT., Bai T., Zhou J., Wu G., Li D., Feng Z., Gao G. F., Wang Y., He S.,
Shu Y., 2016: Human infection with a novel, highly pathogenic avian influenza A
(H5N6) virus: Virological and clinical findings. J. Infect., 72, 52-59.
Huang Y., Li X., Zhang H., Chen B., Jiang Y., Yang L., Zhu W., Hu S., Zhou S.,
Tang Y., Xiang X., Li F., Li W., Gao L., 2015: Human infection with an avian
influenza A (HON2) virus in the middle region of China. J. Med. Virol., 87, 1641-
1648.
Wu A, SuC., Wang D., Peng Y., Liu M., Hua S., Li T., Gao G. F., Tang H., Chen
J., Liu X., Shu Y., Peng D., Jiang T., 2013: Sequential reassortments underlie
diverse influenza H7N9 genotypes in China. Cell Host Microbe., 14, 446-452.
GaoR., Cao B.,,Hu Y., Feng Z., Wang D., Hu W., Chen J., Jie Z., Qiu H., Xu K.,
Xu X., Lu H., Zhu W., Gao Z., Xiang N., Shen Y., He Z., Gu Y., Zhang Z., Yang
Y., Zhao X., Zhou L., Li X., Zou S., Zhang Y., Yang L., Guo J., Dong J., Li Q.,
Dong L., Zhu Y., Bai T., Wang S., Hao P., Yang W., Han J., Yu H., Li D., Gao G.
F., WuG., Wang Y., Yuan Z., Shu Y., 2013: Human infection with a novel avian-
origin influenza A (H7N9) virus. N. Engl. J. Med., 368, 1888-1897.
Quan, C., Shi W, Yang Y., Yang Y., Liu X., Xu W., Li H., Wang Q., Tong Z.,
Wong G., Zhang C., Ma S., Ma Z., Fu G., Zhang Z., Huang Y., Song H., Yang L.,
LiuW.J,LiuY., Liu W., Gao, G. F., 2018: New threats of H7N9 influenza virus:
the spread and evolution of highly and low pathogenic variants with high genomic
diversity in Wave Five. J. Virol, 92, €00301-18.
Kuiken T., Holmes E. C., McCauley J., Rimmelzwaan G. F., Williams C. S.,
Grenfell B. T., 2006: Host species barriers to influenza virus infections. Science,
312, 394-397.
Shi Y., Zhang W., Wang F., Qi J., Wu Y., Song H., Gao F., Bi Y., Zhang Y., Fan
Z.,Qin C., Sun H., Liu J., Haywood J., Liu W., Gong W., Wang D., Shu Y.,

75



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Wang Y., Yan J., Gao G. F., 2013: Structures and receptor binding of
hemagglutinins from human-infecting H7N9 influenza viruses. Science 342, 243-
247.

Dudley J. P., Mackay I. M., 2013: Age-specific and sex-specific morbidity and
mortality from avian influenza A(H7N9). J. Clin. Virol., 58, 568-570.

Zhou X., Li Y., Wang Y., Edwards J., Guo F., Clements A. C., Huang B.,
Magalhaes R. J., 2015: The role of live poultry movement and live bird market
biosecurity in the epidemiology of influenza A (H7N9): A cross-sectional
observational study in four eastern China provinces. J. Infect., 71, 470-479.

Yang J. R, Liu M. T., 2017: Human infection caused by an avian influenza A
(H7N9) virus with a polybasic cleavage site in Taiwan, 2017. J. Formos. Med.
Assoc., 116, 210-212.

Ke C., Mok C. K. P., Zhu W., Zhou H., He J., Guan W., Wu J., Song W., Wang
D, LiuJ., Lin Q., Chu D. K. W., Yang L., Zhong N., Yang Z., Shu Y., Peiris J. S.
M., 2017: Human infection with highly pathogenic avian influenza A(H7N9)
Virus, China. Emerg. Infect. Dis., 23, 1332-1340.

Karmacharya D., Manandhar S., Sharma A., Bhatta T., Adhikari P., Sherchan A.
M., Shrestha B., Bista M., Rajbhandari R., Oberoi M., Bisht K., Hero J. M.,
Dissanayake R., Dhakal M., Hughes J., Debnath N., 2015: Surveillance of
influenza A virus and its subtypes in migratory wild birds of Nepal. PLoS One,
10, e0133035.

KimY.I,KimS. W.,Si1Y.J.,Kwon H. I, Park S. J., Kim E. H., Kim S. M., Lee
I. W, Song M. S., Choi Y. K., 2016: Genetic diversity and pathogenic potential of
low pathogenic H7 avian influenza viruses isolated from wild migratory birds in
Korea. Infect. Genet. Evol., 45, 268-284.

Tenzin T., Tenzin S., Tshering D., Lhamo K., Rai P. B., Dahal N., Dukpa K.,
2015: Emergency surveillance for novel influenza A(H7N9) virus in domestic
poultry, feral pigeons and other wild birds in Bhutan. Rev. Sci. Tech., 34, 829-36.
Zhao B., Zhang X., Zhu W., Teng Z., Yu X., Gao Y., Wu D., Pei E., Yuan Z.,
Yang L., Wang D., Shu Y., Wu F., 2014: Novel avian influenza A(H7N9) virus in
tree sparrow, Shanghai, China, 2013. Emerg. Infect. Dis., 20, 850-853.

Webster R. G., Hinshaw V. S., Bean W. J., Van Wyke K. L., Geraci J. R., St
Aubin D. J., Petursson G., 1981: Characterization of an influenza A virus from
seals. Virology, 113, 712-724.

Soda K., Sakoda Y., Isoda N., Kajihara M., Haraguchi Y., Shibuya H., Yoshida
H., Sasaki T., Sakamoto R., Saijo K., Hagiwara J., Kida H., 2008: Development
of vaccine strains of H5 and H7 influenza viruses. Jpn. J. Vet. Res., 55, 93-98.

76



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kida H., Brown L. E., Webster R. G., 1982: Biological activity of monoclonal
antibodies to operationally defined antigenic regions on the hemagglutinin
molecule of A/Seal/Massachusetts/1/80 (H7N7) influenza virus. Virology, 122,
38-47.

Sakabe S., Sakoda Y., Haraguchi Y., Isoda N., Soda K., Takakuwa H., Saijo K.,
Sawata A., Kume K., Hagiwara J., Tuchiya K., Lin Z., Sakamoto R., Imamura T.,
Sasaki T., Kokumai N., Kawaoka Y., Kida H., 2008: A vaccine prepared from a
non-pathogenic H7N7 virus isolated from natural reservoir conferred protective
immunity against the challenge with lethal dose of highly pathogenic avian
influenza virus in chickens. Vaccine, 26, 2127-2134.

SuS., GuM,, LiuD., CuiJ., Gao G. F., Zhou J., Liu X., 2017: Epidemiology,
evolution, and pathogenesis of H7N9 influenza viruses in five epidemic waves
since 2013 in China. Trends Microbiol., 25, 713-728.

Wang D, Yang L., Zhu W., Zhang Y., Zou S., Bo H., Gao R., Dong J., Huang W.,
GuoJ., Li Z., Zhao X., Li X., Xin L., Zhou J., Chen T., Dong L., Wei H., Liu L.,
Tang J., Lan Y., Yang J., Shu Y., 2016: Two outbreak sources of influenza A
(H7NO) viruses have been established in China. J. Virol., 90, 5561-5573.

WHO, 2017: Analysis of recent scientific information on avian influenza
A(H7ND9) virus.

http://www.who.int/influenza/human_animal interface/avian_influenza/riskassess
ment AH7N9 201702/en/

de Vries R. P., Peng W., Grant O. C., Thompson A. J., Zhu X., Bouwman K. M.,
de la Pena A. T. T., van Breemen M. J., Ambepitiya Wickramasinghe 1. N., de
Haan C. A. M., Yu W., McBride R., Sanders R. W., Woods R. J., Verheije M. H.,
Wilson 1. A., Paulson J. C., 2017: Three mutations switch H7N9 influenza to
human-type receptor specificity. PLoS Pathog., 13, €1006390.

Sims L. D., Peiris M., 2013: One health: the Hong Kong experience with avian
influenza. Curr. Top. Microbiol. Immunol., 365, 281-298.

Ito T., Goto H., Yamamoto E., Tanaka H., Takeuchi M., Kuwayama M., Kawaoka
Y., Otsuki K., 2001: Generation of a highly pathogenic avian influenza A virus
from an avirulent field isolate by passaging in chickens. J. Virol., 75, 4439-4443.
Soda K., Asakura S., Okamatsu M., Sakoda Y., Kida H., 2011: HON2 influenza
virus acquires intravenous pathogenicity on the introduction of a pair of di-basic
amino acid residues at the cleavage site of the hemagglutinin and consecutive
passages in chickens. Virol. J., 8, 64.

Soda K., Cheng M. C., Yoshida H., Endo M., Lee S. H., Okamatsu M., Sakoda Y.,
Wang C. H., Kida H., 2011: A low pathogenic HSN2 influenza virus isolated in

77



88.

89.

90.

91.

92.

93.

94.

95.

Taiwan acquired high pathogenicity by consecutive passages in chickens. J. Vet.
Med. Sci., 73, 767-772.

Perez D. R., Lim W., Seiler J. P., Yi G., Peiris M., Shortridge K. F., Webster R.
G., 2003: Role of quail in the interspecies transmission of H9 influenza A viruses:
molecular changes on HA that correspond to adaptation from ducks to chickens. J.
Virol., 77, 3148-3156.

Delesus E., Costa-Hurtado M., Smith D., Lee D. H., Spackman E., Kapczynski D.
R., Torchetti M. K., Killian M. L., Suarez D. L., Swayne D. E., Pantin-Jackwood
M. J., 2016: Changes in adaptation of HSN2 highly pathogenic avian influenza H5
clade 2.3.4.4 viruses in chickens and mallards. Virology., 499, 52-64.

Bevins S. N., Dusek R. J., White C. L., Gidlewski T., Bodenstein B., Mansfield K.
G., DeBruyn P., Kraege D., Rowan E., Gillin C., Thomas B., Chandler S., Baroch
J., Schmit B., Grady M. J., Miller R. S., Drew M. L., Stopak S., Zscheile B.,
Bennett J., Sengl J., Brady C., Ip H. S., Spackman E., Killian M. L., Torchetti M.
K., Sleeman J. M., Deliberto T. J., 2016: Widespread detection of highly
pathogenic H5 influenza viruses in wild birds from the Pacific Flyway of the
United States. Sci. Rep., 6, 28980.

Nguyen L. T., Nishi T., Shichinohe S., Chu D. H., Hiono T., Matsuno K.,
Okamatsu M., Kida H., Sakoda Y., 2017: Selection of antigenic variants of an
HS5NI1 highly pathogenic avian influenza virus in vaccinated chickens. Virology,
510, 252-261.

Peeters B., Reemers S., Dortmans J., de Vries E., de Jong M., van de Zande S.,
Rottier P. J. M., de Haan C. A. M., 2017: Genetic versus antigenic differences
among highly pathogenic HSN1 avian influenza A viruses: Consequences for
vaccine strain selection. Virology, 503, 83-93.

Wang B., Liu Z., Chen Q., Gao Z., Fang F., Chang H., Chen J., Xu B., Chen Z.,
2014: Genotype diversity of HON2 viruses isolated from wild birds and chickens
in Hunan Province, China. PLoS One 9, e101287.

Zhu W., ZhouJ.,Li Z., Yang L., Li X., Huang W., Zou S., Chen W., Wei H.,
Tang J., Liu L., Dong J., Wang D., Shu Y., 2017: Biological characterisation of
the emerged highly pathogenic avian influenza (HPAI) A(H7N9) viruses in
humans, in mainland China, 2016 to 2017. Euro Surveill., 22, 30533.

Imai M., Watanabe T., Kiso M., Nakajima N., Yamayoshi S., Iwatsuki-Horimoto
K., Hatta M., Yamada S., Ito M., Sakai-Tagawa Y., Shirakura M., Takashita E.,
Fujisaki S., McBride R., Thompson A. J., Takahashi K., Maemura T., Mitake H.,
Chiba S., Zhong G., Fan S., Oishi K., Yasuhara A., Takada K., Nakao T.,
Fukuyama S., Yamashita M., Lopes T. J. S., Neumann G., Odagiri T., Watanabe

78



S., Shu Y., Paulson J. C., Hasegawa H., Kawaoka Y., 2017: A highly pathogenic
avian H7N9 influenza virus isolated from a human is lethal in some ferrets
infected via respiratory droplets. Cell Host Microbe., 22, 615-628.

79



Summary in Japanese (FIXCEEF)

BA VTN IANNRTARIA, TN P RTHEESN, B E
RFE AT L TR 2 R TIREERTH D, TEHICRBSN D HADKE
ABEIT/A VIV T UL NV ADOERELELEEZEZOLNTEY, 29 LA
KREAFATHET DA TNV U PO A NV RIIEFREETH D 2 ERmbN
TWb, LML, ZEA~DFEEEZBEVIETZ LKD), =V NV ICxT 55
VIREME ST S 208, I hETo L A HS R L OV HT RO B
ATV TANRZEBNTEFEEET 2 2 EnmESnTng, =V
FUICK LEWIREEE R B A v 7 U A L R ERRMEE A 7L
TP TANRAEMETN, TV, G—ryN 77U ALROFE AR
BICHER L, BEMREEZ L5 LTV, BA I P oA L AT
D EN L CIEREZ B CTREMMERET 2130, B LIZZE AN EZT
TICHEY I SRR SN GA1cb, BREEHRE T2 ER L2 5,

AR, [ERR 2SI BRI DIAE N D S EY ORI EIIEM L TH 0 |
RENGHEDEN LIZBA v TN P I A L ADRATONWTER IS,
D7, AR TIIREOZZHEICEET & L TR GIAEN, BWRIERTIC
BT OMAE TEEMFE S NI RINEAD R & VR EM & MBI /A 7 v o
0 A IV ATEGLIR IO TR % Tk L 7=,

2015 A-~2016 FIZ FE i L 72 & TlImmstEo HS A2 5T 8 Bk BA
TNT T A NV ANGEES I, SEERRITY R E A D & T H T U7 TR
ITLTCWARREBEFEMIZERTHD Z N ghnolz, =V MU Ikt L CTEE
RO 7R ER 2 7R3 HS di8 S R AR S R B FEM ) D B ST 2 & 1E, MRk
PN EZ T TN IN, SEDUBIN-EEZRL TS, FESC—
EOETRD GNDHFEE DU 7 F BRI TR D% B 2 Rk a4
fEH, Fio, HS B EHREMERIIKE A TH D) 7 OFEDMNH S H 5y
BESNTRY, BEERBROEREND 20 OKIT N Y 7 A2k 2 RS
WZEWRBENT, 9 LEFEE A~DRRYTER R MR & i & 8 5 2K
ERDHIEND, AV INZ P TANADWATE S BR DI AR T2
21, MBI — A T AL T T F UL RO - Ik O I E F
b,

2016 4=~2018 4FIZ FEii L 7R Tl EAR LS TR E AN LD T
H7NO HRIEE 2N 3B S dv, HIN9 iRl U 7 Y —% > b7 A LA TH % HIN3 il
BR O IID THBES Tz, WITNbNRNY 7 OEEMN LSBT D | &
AR TRZZ T TICEEDLHE SN b0 B2 6N, =7 MU ZHN
T REFERRER > D 2016 A2 0B S AU 72199 4 H7NO diAUA% Dk/HE28-3 (H7N9)
1L, 2013 4EIC b MIEBERYEYL & fd = L 7= H7NO #fi7RE A/Anhui/1/2013 (H7N9)
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L, =V N OFERELRICB T AT E W E R Iz, F

7oy 2017 AELARRIZ 0B & 7= i dn R H7NO iR Dk/HE29-22 (H7N9) % W
THEELZ=T b ~OEFEHARTIL, =V MY OEERIFITI T D H5EME
SIHIZELS > TEL, MITHUZEE T 5 HIN9 iRk =7 K VizE T 58Ik
DETLTWAZ LRIz, =V F VT 2EMEICEBWTE 2017
RS0 S 472 DK/HE29-22 (H7TN9)?D IVPI A3 2.88 TH -7 Z L 12xf L, 2018
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