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Preface 

 

    Influenza A virus belongs to genus Influenzavirus A of family Orthomyxoviridae 

[20].  Influenza A virus is widely distributed in birds and mammals including humans.  

On the basis of antigenic specificity of hemagglutinin (HA) and neuraminidase (NA), 

influenza A viruses are divided into sixteen HA and nine NA subtypes (H1-H16 and 

N1-N9, respectively).  Influenza A viruses of all of HA and NA subtypes have been 

isolated from water birds such as migratory ducks [10].  Ducks are infected with the 

viruses through water-borne in the lakes and marshes where they nest in summer in the 

northern territories such as Siberia, Canada, and Alaska [13].  The viruses replicate in 

the columnar epithelial cells forming crypts in the colon of ducks that do not show 

clinical signs and are shed in the feces [18].  In autumn, the ducks leave their nesting 

lakes to the south for migration in Asia.  It is known that the pathogenicity of influenza 

A viruses for chickens ranges from asymptomatic to symptomatic infections with low to 

high mortality.  Highly pathogenic avian influenza (HPAI) viruses are selected when 

avirulent viruses of wild ducks transmit to chickens through domestic water birds and 

terrestrial birds, and are passaged among chicken population [13].  HA subtypes of 

HPAI viruses are restricted to H5 and H7, although not all viruses of these subtypes 

cause HPAI. 
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There are four instances of the emergence of new pandemic strains in humans in 

the last one hundred years.  A new pandemic strain is defined as a virus possessing 

new HA and/or NA subtypes that humans have not experienced for the last several 

decades [13].  It is revealed that the A/Hong Kong/68 (H3N2) pandemic influenza 

virus emerged in 1968 via genetic reassortment in pigs concurrently infected with an 

H3Nx influenza virus circulating in migratory ducks through domestic ducks and the 

H2N2 virus that was prevailing among humans at the time.  The A/Hong Kong/68 

(H3N2) pandemic strain bare the PB1 and the HA genes from the H3Nx virus of duck 

origin and the others from a human H2N2 Asian flu virus strain.  Avian influenza 

viruses possess HA which preferentially binds to sialic acid α2,3-galactose 

sialyloligosaccharides (SAα2,3Gal), whereas swine and human influenza viruses bind to 

sialic acid α2,6-galactose sialyloligosaccharides (SAα2,6Gal) [9, 28].  Pigs play an 

important role in the generation of pandemic influenza viruses since they have both 

SAα2,3Gal and SAα2,6Gal receptors and are susceptible to infection with both avian 

and human influenza viruses [9, 14].  Receptor specificity of influenza A viruses is the 

key determinant of host range.  It is assumed that binding specificity to SAα2,6Gal 

receptor is required for efficient human-to-human transmission.  However, the 

mechanisms by which avian influenza viruses acquire binding specificity to SAα2,6Gal 

receptor and cause pandemic influenza are not fully understood.  In this study, to 



 3 

assess whether viruses recognizing the SAα2,6Gal receptor are selected, H3 avian 

influenza virus was consecutively passaged in pigs. 

Avian influenza caused by H5N1 HPAI viruses has spread in poultry in more than 

60 countries in Eurasia and Africa since 1996, when the first outbreak occurred at a 

goose farm in Guangdong province in China [32, 42].  The WHO/OIE/FAO H5N1 

Evolution Working Group has previously identified 20 new clades of viruses and 

established specific criteria for naming H5N1 clades [41].  In Japan, H5N1 HPAI 

viruses belonging to clade 2.3.2.1 were isolated from dead whooper swans in 2008 [24, 

37], fecal samples of ducks that flew from Siberia in October 2010 [12], and from wild 

birds and domestic poultry in 2011 [29].  Recently, antigenic variants of H5N1 HPAI 

viruses have appeared in poultry in Asian countries and Egypt under immunological 

selection pressure [1, 4].  It is previously demonstrated that an inactivated avian 

influenza vaccine prepared from non-pathogenic avian influenza virus, 

A/duck/Hokkaido/Vac-1/04 (H5N1) (Dk/Vac-1/04), conferred protective immunity 

against the challenge with H5N1 HPAI viruses isolated until 2008.  In this study, a 

vaccine from A/duck/Hokkaido/Vac-3/07 (H5N1) (Dk/Vac-3/07), which is 

antigenically closely related with Dk/Vac-1/04, was prepared.  Growth potential of 

Dk/Vac-3/07 in embryonated chicken eggs was higher than that of Dk/Vac-1/04 [35].  
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The potency of the Vac-3 vaccine was assessed by the challenge with antigenically 

drifted HPAI viruses prevailing recently in Asia. 
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Chapter I 

 

Selection of H3 avian influenza viruses with SAα2,6Gal 

receptor specificity in pigs 

 

Introduction 

 

Influenza A virus is widely distributed in birds and mammals including humans 

and is classified into 16 HA and 9 NA subtypes [25].  Epidemiological studies have 

revealed that a vast influenza virus gene pool for influenza exists in migratory ducks [13, 

40].  Each of the known subtypes of influenza A viruses perpetuates among migratory 

water birds and their nesting lake water in nature [10].  Avian influenza viruses 

possess HA which preferentially binds to SAα2,3Gal, whereas human influenza viruses 

bind to SAα2,6Gal [9, 28].  Each of the earliest isolates in the 1918, 1957, and 1968 

pandemics preferentially recognize the SAα2,6Gal receptor, despite the fact that those 

HA genes were avian virus origin [15, 27, 40].  Influenza viruses that preferentially 

bind to SAα2,3Gal were isolated from pigs, although most swine influenza viruses 

preferentially recognize SAα2,6Gal [16].  Experimental infection studies revealed that 

pigs are susceptible to avian and human influenza viruses of H1–H13 subtypes and 
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genetic reassortants are generated by concurrent viral infection of cells of upper 

respiratory tract in pigs [14].  Epithelial cells of the upper respiratory tract of pigs have 

both SAα2,3Gal and SAα2,6Gal receptors [9].  It has been, thus, proposed that pigs 

serve as intermediate hosts for the generation of genetic reassortants between avian and 

human influenza viruses.  Receptor specificity of H3 influenza viruses is determined 

by the amino acid at positions 226 and 228 in HA [2, 28].  Amino acids 226Gln and 

228Gly (226Gln/228Gly) in HA confer binding specificity to SAα2,3Gal receptor, 

which are found in avian influenza virus isolates, whereas amino acids 226Leu and 

228Ser (226Leu/228Ser) confer binding specificity to SAα2,6Gal receptor, which are 

found in human viruses. 

Pigs play an important role in the generation of pandemic viruses since they are 

susceptible to infection with both avian and human influenza viruses.  However, the 

mechanisms by which avian influenza viruses acquire binding specificity to SAα2,6Gal 

and cause pandemic influenza are not fully understood.  In the present study, an H3 

avian influenza virus was consecutively passaged in pigs to assess whether viruses 

recognizing the SAα2,6Gal receptor are selected. 
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Materials and Methods 

 

Viruses and cells 

A/duck/Hokkaido/5/77 (H3N2) (Hok/77-P0) was propagated in 10-day-old 

embryonated chicken eggs at 35°C for 48 h and infectious allantoic fluid was stored at 

−80°C until use.  Madin-Darby canine kidney (MDCK) cells were maintained in 

minimum essential medium (MEM) supplemented with 0.3 mg/ml L-glutamine, 10% 

calf serum, 100 U/ml penicillin G, 0.1 mg/ml streptomycin and 8 µg/ml gentamicin. 

 

Consecutive passages of duck influenza viruses in pigs 

Three-week-old crossbred (Landrace × Duroc × Yorkshire) specific pathogen-free 

pigs (Yamanaka chikusan, Hokkaido, Japan) were kept in self-contained isolator units 

(Tokiwa Kagaku, Tokyo, Japan) in a BSL-3 facility of the Graduate School of 

Veterinary Medicine, Hokkaido University, Japan.  Before virus inoculation, serum 

samples were checked for the absence of antibodies against Hok/77-P0 using 

hemagglutination-inhibition (HI) tests.  Consecutive virus passages were initiated in 2 

naïve pigs by intranasal inoculation with 2 ml allantoic fluid containing Hok/77-P0.  

Nasal swabs were collected from these pigs into MEM every 12 h for 7 days post 

inoculation (dpi).  The last isolated virus samples that were recovered from pigs were 
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propagated in MDCK cells for 48-72 h at 35°C and were intranasally re-inoculated into 

2 naïve pigs.  Passages were repeated 3 times.  The remaining supernatants were 

stored at −80°C until use.  The institutional animal care and use committee of the 

Hokkaido University authorized this animal experiment (approval number: 11-0087), 

and all experiments were performed according to the guidelines of this committee. 

 

Plaque assay 

    Serial 10-time dilutions of virus samples were inoculated onto confluent 

monolayers of MDCK cells and incubated at 35°C for 1 h.  Unbound viruses were 

removed, and cells were washed with phosphate-buffered saline (PBS, pH7.2).  Cells 

were subsequently overlaid with MEM containing 1% Bacto-agar (Difco, Sparks, MD, 

USA) and 5 µg/ml trypsin acetylated (Sigma-Aldrich, St Louis, MO, USA).  

Forty-eight hours after incubation at 35°C, cells were stained with 0.005% neutral red.  

To analyze nucleotide sequences of passaged viruses, plaques showing cytopathic 

effects were picked up using a sterile capillary pipette and suspended in MEM. 

 

Sequencing 

    Viral RNA was extracted from suspensions of picked-up plaques using Trizol-LS 

(Sigma).  Universal primer sets for influenza A virus were used for reverse 
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transcription polymerase chain reaction (RT-PCR) of all eight gene segments [6].  

PCR products were ligated with gene-specific primers and sequenced using the BigDye 

Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster city, CA, USA).  

Sequences of DNA templates were determined using the 3500 Genetic Analyzer 

(Applied Biosystems).  Sequencing data were analyzed using GENETYX version 10 

(Genetyx Corporation, Tokyo, Japan). 

 

Deep sequencing 

    For bead-bound cDNA of Hok/77-P0 and variants, emulsion PCRs (emPCRs) were 

performed using GS Junior Titanium emPCR kit (Roche, Basel, Switzerland) according 

to the manufacturer’s instructions, with 2 copies per bead.  After bead recovery and 

enrichment, beads were sequenced using the GS Junior Titanium Sequencing kit 

(Roche) and a GS Junior Bench Top System (Roche) according to the appropriate 

instrument run protocol.  The resulting reads were sorted and assembled using CLC 

Genomics Workbench software (CLC bio, Aarhus, Denmark). 

 

Solid-phase direct binding assay 

    Receptor binding specificity of the viruses was assessed using a solid-phase direct 

binding assay with sialylglycopolymers (6′-Sialyllactose-PAA, 6′-SL and 
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3′-Sialyllactose-PAA, 3′-SL) (Cosmo Bio Co., Ltd., Tokyo, Japan) as previously 

described by Totani et al. (36) with some modifications.  Briefly, each 

sialylglycopolymer was serially diluted and added to each well of a Universal-BINDTM, 

96-well polystyrene stripwell microplate (Corning, NY, USA).  Each well was blocked 

with 1% bovine serum albumin (BSA) at room temperature for 3 h.  After washing 

with PBS containing 0.05% Tween 20 (PBST), a solution containing influenza viruses 

(8 HAU in PBST and 0.5% BSA) was added to each well and the plates were incubated 

at 4°C for 16 h.  After washing with cold PBST, mouse anti-HA monoclonal 

antibodies were added to each well and the plates were incubated at 4°C for 2 h.  The 

wells were subsequently washed with cold PBST and incubated with goat anti-mouse 

IgG-HRP conjugate (Bio-Rad, Carlsbad, CA, USA) at 4°C for 2 h.  After washing with 

cold PBST, the substrates 0.5 mM 3,3’-tetramethylbenzidine (TMB) and 0.04% H2O2, 

were added to each well.  After incubation at room temperature for 10 min, the 

reactions were stopped using 100 µl of 2N H2SO4, and absorbance at 450/630 nm was 

measured using a SunriseTM Microplate Reader (TECAN Group Ltd., Mannedorf, 

Switzerland). 



 11 

Results 

 

Consecutive passages of Hok/77-P0 in pigs 

    Hok/77-P0 was passaged in pigs to assess whether human-type receptor binding 

specificity could be acquired.  Virus titers in nasal swabs of infected pigs are shown in 

Table 1.  Passaging of the virus was initiated in 2 pigs by intranasal inoculation of 2 ml 

allantoic fluid containing Hok/77-P0 at 107.7 PFU.  Viruses recovered from the swab 

from pig #1 at 5 dpi (Hok/77-P1) were used for the next passage.  Hok/77-P1 was 

grown in MDCK cells and the yielded viruses were inoculated into 2 naïve pigs (#3 and 

#4) at 107.6 PFU.  Viruses were recovered from swab of pig #3 at 5 dpi (Hok/77-P2) 

were used for next passage.  Hok/77-P2 was grown in MDCK cells and the yielded 

viruses were inoculated into 2 naïve pigs (#5 and #6) at 107.3 PFU.  Viruses were 

recovered from swab of pig #5 at 7 dpi (Hok/77-P3) were used for next passage. 

 

Amino acid substitutions of the viruses during consecutive passages in pigs 

    To assess whether variants were selected in pigs, 10 plaque-picked virus clones 

were obtained from the nasal swabs of pigs, and amino acid sequence at the receptor 

binding site of HA was determined (Fig. 1).  Nucleotide sequences of the HA genes  
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Fig. 1.  The proportions of vatiants with the amino acid substitutions at positions 

226-228 in HA.  Ten plaque-picked virus clones were collected from allantoic fluid 

containing Hok/77-P0 and from nasal swabs containing the last-recovered viruses from 

each passage (indicated by asterisk in Table 1).  Deduced amino acids at position 226 

and 228 in HA of plaque-picked virus clones were identified. 
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from plaque-picked virus clones were compared with those of Hok/77-P0.  All 10 

plaque-picked virus clones in Hok/77-P0 had amino acid residues of 226Gln/228Gly at 

the HA receptor binding site.  Variants with 226Gln/228Ala, 226Gln/228Ser, and 

226Leu/228Ser at the receptor binding site of HA were recovered from Hok/77-P1 and 

Hok/77-P2.  In Hok/77-P3, all variants contained 2 amino acid substitutions, 

226Leu/228Ser, in HA.  Seven amino acid substitutions in addition to amino acids 226 

and 228 in HA were found in Cys196Tyr and Ala716Val in PB2, Asp78Glu in PB1, 

Asp431Asn in PA, Thr87Ile in HA2, Ala156Thr in NP, and Glu101Glu/Lys in NS1 

from Hok/77-P3.  To examine whether the variants were selected in MDCK cells, 

Hok/77-P0 was passaged 3 times in MDCK cells and 10 plaque clones in each passage 

were obtained from supernatants to identify deuced amino acid sequences.  Each of the 

plaque-picked virus clones has amino acid residues at 226Gln/228Gly in HA (data not 

shown), indicating that the variants with 226Leu/228Ser were selected in pigs, but not 

in MDCK cells. 

    Single-nucleotide polymorphism (SNP) analysis was performed using a deep 

sequence method (Table 2).  Deduced amino acid substitutions at positions 226 and 

228 in HA were not observed in Hok/77-P0.  In Hok/77-P1, substitution was observed 

in 78.6% at 226Gln or in 21.0% at 226Leu and in 3.5% at 228Gly, in 54.2% at 228Ala, 

or in 41.4% at 228Ser of the deduced amino acid sequence in HA.  In Hok/77-P2, 
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substitution was observed in 76.2% at 226Gln or in 23.6% at 226Leu, and in 6.7% at 

228Gly, in 68.8% at 228Ala, or in 24.2% at 228Ser of the deduced amino acid sequence 

in HA.  Nucleotides encoding the deduced amino acids at position 226Leu and 228Ser 

in HA were predominantly detected in Hok/77-P3 at 97.2% and 99.6%, respectively.  

These results indicate that avian influenza viruses recognizing SAα2,6Gal were selected 

during multiple replication in pigs. 

 

Receptor binding specificity of the viruses passaged in pigs 

    To assess receptor binding specificity of variants, direct binding assays of 

plaque-picked virus clones to SAα2,3Gal and SAα2,6Gal sialylglycopolymers were 

performed.  Hok/77-P0, which has 226Gln/228Gly residues in HA, preferentially 

bound to 3′-SL than 6′-SL (Fig. 2).  Plaque-picked virus clones from nasal swabs of 

the pigs, Hok/77-P2 clone 4 (226Gln/228Ala) or Hok/77-P1 clone 7 (226Gln/228Ser), 

showed preferential binding specificity to 3′-SL.  Plaque-picked virus clone from pig, 

Hok/77-P3 clone 5 (226Leu/228Ser), preferentially bound to 6′-SL.  Therefore, these 

data confirmed that HA of Hok/77-P0 acquired SAα2,6Gal receptor binding specificity 

after consecutive passages in pigs. 
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Fig. 2.  Binding of Hok/77-P0 and variants to either 3′-SL or 6′-SL.  Binding to 3′-SL 

(black square) and 6′-SL (white square) of Hok/77-P0 (226Gln/228Gly) and variants, 

Hok/77-P2 clone 4 (226Gln/228Ala), Hok/77-P1 clone 7 (226Gln/228Ser), and 

Hok/77-P3 clone 5 (226Leu/228Ser), were compared using solid-phase binding assays.  

Data are presented as the mean �  s.e. of triplicate experiments.  Significant 

differences between the absorbance of 3′-SL and 6′-SL were calculated using the t test; 

*P<0.05. 
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Discussion 

 

    HAs of avian influenza viruses preferentially bind to SAα2,3Gal receptor, whereas 

those of human influenza viruses bind to SAα2,6Gal receptor.  Pigs are susceptible to 

both avian and human influenza viruses.  Experimental infection studies revealed that 

genetic reassortants were generated on concurrent infections with avian and human 

viruses in cells of the upper respiratory in pigs, which have both SAα2,3Gal and 

SAα2,6Gal [9, 14].  Pandemic strains bind to SAα2,6Gal receptors, although HAs 

originated from avian influenza viruses.  It is assumed that preferential recognition of 

SAα2,6Gal by influenza virus HAs is required for efficient human-to-human 

transmission.  In the present study, it is demonstrated that variants that preferentially 

bind to SAα2,6Gal were selected during consecutive passages in pigs, indicating that 

avian influenza viruses acquire the potential to infect humans after multiple passages in 

pig. 

    Plaque-picked virus clones with amino acid substitutions at positions 

226Leu/228Ser, binding to SAα2,6Gal, were recovered from Hok/77-P2 and Hok/77-P3.  

Previous studies indicate that SAα2,6Gal is more abundant than SAα2,3Gal in the cells 

of the respiratory tract of pigs [21, 39].  The A/Hong Kong/68 (H3N2), which has 

amino acid residues 226Leu/228Ser in HA, dominantly replicated in the respiratory 
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tracts of pigs compared with variants carrying 226Gln/228Gly mutations [38].  These 

results indicate that acquisition of preferential binding to SAα2,6Gal is advantageous 

for virus replication in respiratory tracts of pigs.  In addition to 226Leu/228Ser, seven 

other amino acid substitutions were found in Hok/77-P3.  These amino acid 

substitutions also provided advantages for Hok/77-P0 to replicate in pigs, and 

SAα2,6Gal receptor binding variants were selected in pigs. 

    Receptor specificity of influenza viruses is the key determinant of host range.  It 

is assumed that binding specificity to SAα2,6Gal receptor is required for efficient 

human-to-human transmission.  This is the first study to demonstrate the selection of 

avian influenza viruses with HA that preferentially binds to SAα2,6Gal receptor after 

successive passages in pigs.  Influenza viruses of each HA subtype replicate in the 

respiratory tracts of pigs [14].  None of the HA subtypes can be ruled out as possible 

pandemic strain by the introduction into pig population.  It is, thus, stressed that 

intensive surveillance of swine influenza is important to prepare for future pandemics. 
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Brief summary 

 

    Avian influenza viruses possess hemagglutinin (HA) which preferentially binds to 

SAα2,3Gal receptor.  In contrast, human influenza viruses bind to SAα2,6Gal receptor.  

The A/Hong Kong/68 (H3N2) virus preferentially binds to SAα2,6Gal receptor, 

although its HA gene was derived from an avian influenza virus strain.  To elucidate 

the mechanisms behind acquisition of binding specificity for the human-type receptor, 

an avian influenza virus, A/duck/Hokkaido/5/77 (H3N2), which carries HA with 

SAα2,3Gal receptor specificity, was consecutively passaged in pigs.  Viruses that 

preferentially bind to the SAα2,6Gal receptor were predominantly recovered from the 

nasal swabs of pigs after three passages.  The present results indicate that avian 

influenza viruses can acquire the potential to infect humans after multiple passages in a 

pig population.  Intensive surveillance of swine influenza is, thus, important for the 

preparedness for the future pandemics. 
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Chapter II 

 

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 

 

Introduction 

 

    Highly pathogenic avian influenza caused by H5N1 HPAI virus has spread in 

poultry in more than 60 countries in Eurasia and Africa since 1996 since the first 

outbreak occurred at a goose farm in Guangdong province in China [32, 42].  In recent 

intensive surveillance studies in Asia, especially in China, genetically different viruses 

of clades 2.3.2, 2.3.4, and 7 were characterized as dominant isolates from poultry and 

wild birds [11, 17, 33].  In the updated grouping of H5 HPAI viruses, it was reported 

that the clades of H5N1 viruses were divided into one or more newly defined second-, 

third-, and/or fourth-order clades, e.g. recent H5N1 isolates that had been categorized 

into clade 2.3.2 were defined as clade 2.3.2.1 [41].  In Japan, H5N1 HPAI viruses 

belonging to clade 2.3.2.1 were isolated from dead whooper swans in 2008 [24, 37], 
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fecal samples of ducks that flew from Siberia in October 2010 [12], and from wild birds 

and domestic poultry in 2011 [29].  Antigenicity of H5N1 HPAI viruses belonging to 

clades 2.3.2.1 and 2.3.4 was distinct from that of other HPAI viruses and 

non-pathogenic avian influenza viruses [24, 33], suggesting that antigenic variants of 

H5N1 HPAI viruses have been selected during circulation in poultry populations under 

immunological selection pressure. 

    A reassortant influenza virus, Dk/Vac-1/04, was generated using two 

non-pathogenic avian influenza viruses, A/duck/Mongolia/54/01 (H5N2) and 

A/duck/Mongolia/47/01 (H7N1).  Both viruses were isolated from fecal samples of 

migratory ducks [35].  Vac-1 vaccine prepared from Dk/Vac-1/04 conferred immunity 

to suppress the manifestation of clinical signs and the amount of virus shed in chickens 

after the challenge with H5N1 HPAI viruses belonging to clades 2.2 and 2.5 [8].  

Vac-1 vaccine induced a high level of HI antibody response in chickens, lasting as long 

as 138 weeks after vaccination [31].  Vac-1 vaccine conferred protective immunity 

against antigenically drifted H5N1 HPAI virus, A/whooper swan/Hokkaido/1/08 

(H5N1) (Ws/Hok/08), belonging to clade 2.3.2.1 in chickens [24]. 

In the present study, a vaccine from Dk/Vac-3/07, which is antigenically closely 

related with Dk/Vac-1/04, was prepared.  Growth potential of Dk/Vac-3/07 in 

embryonated chicken eggs was higher than that of Dk/Vac-1/04 [35].  The potency of 
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the Vac-3 vaccine was assessed by the challenge with antigenically drifted HPAI 

viruses prevailing recently in Asia. 
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Materials and Methods 

 

Viruses 

Dk/Vac-3/07 was generated in our laboratory as a reassortant influenza virus 

between A/duck/Hokkaido/101/04 (H5N3) and A/duck/Hokkaido/262/04 (H6N1), 

isolated from fecal samples of migratory ducks [35].  The following HPAI virus 

isolates were used: A/muscovy duck/Vietnam/OIE-559/11 (H5N1) (Mdk/VN/11) [23], 

isolated from an apparently healthy muscovy duck in Vietnam in 2011, A/whooper 

swan/Hokkaido/4/11 (H5N1) (Ws/Hok/11), isolated from a dead whooper swan found 

in the Kushiro area in Hokkaido, Japan [29], and A/peregrine falcon/Hong Kong/810/09 

(H5N1) (Pf/HK/09), kindly provided by Dr Luk S. M. Geraldine, Tai Lung Veterinary 

Laboratory (Hong Kong SAR, China).  All viruses used in the present study were 

propagated in 10-day-old embryonated chicken eggs at 35oC for 30 to 48 h and 

infectious allantoic fluids were stored at −80oC until use. 

    The complete nucleotide sequence of Dk/Vac-1/04 and Dk/Vac-3/07 have been 

registered in GenBank/EMBL/DDBJ (Accession numbers: AB259709-AB259716 and 

AB355926-AB355933, respectively) [35].  It is also revealed that the deduced amino 

acids of Dk/Vac-1/04 were closely related to those of Dk/Vac-3/07 (98% similarity in 

HA gene, 97% similarity in NA gene, and more than 99% similarity in the other genes). 
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Generation of recombinant viruses 

In addition to Dk/Vac-3/07, another test vaccine was prepared from attenuated 

Pf/HK/09.  Viral RNA was extracted from the allantoic fluid of embryonated chicken 

eggs infected with Pf/HK/09 using a commercial kit (TRIzol LS Reagent, 

Sigma-Aldrich, St Louis, MO, USA) and reverse transcribed with the Uni12 primer [3] 

and M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA).  PCR-based 

amplification of the full-length HA and NA gene segments was performed using 

universal primer sets [6].  The PCR products were inserted into the vector pHW2000 

[5] using an In-Fusion HD Cloning Kit (Takara Bio Inc., Shiga, Japan).  To generate a 

mutant virus with deletions of polybasic amino acid residue RRRK at the HA cleavage 

site, nucleotide mutation residue T (codon ACA) were substituted into the HA cleavage 

site of the Pf/HK/09 strains using a Quick Change II site-directed mutagenesis kit 

(Stratagene, La Jolla, CA, USA).  Attenuated Pf/HK/09, Pf/mut (H5N1), was 

generated by reverse genetics methods according to Hoffmann et al. [5].  Pf/mut 

(H5N1) possesses the gene encoding the mutant HA of Pf/HK/09, in which polybasic 

amino acids at the cleavage site was deleted, NA of Pf/HK/09, and the backbone of 

Dk/Vac-1/04 internal genes.  To confirm attenuation of Pf/mut, the IVPI test was 

carried out according to the OIE (World Organization for Animal Health) manual [22]. 
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Vaccine preparation 

Vac-3 and Pf/mut vaccines were prepared from Dk/Vac-3/07 or Pf/mut (H5N1), 

respectively.  Dk/Vac-3/07 or Pf/mut (H5N1) was inoculated into the allantoic cavity 

of 10-day-old embryonated chicken eggs and the eggs were then incubated at 35oC for 

48 h.  After the allantoic fluid was harvested, formalin was added to a final 

concentration of 0.2%, and the mixture was incubated at 4oC for 7 days to inactivate the 

viruses.  Virus inactivation was confirmed by the inoculation of the formalin-treated 

samples into embryonated chicken eggs.  The inactivated Dk/Vac-3/07 and Pf/mut 

virus suspensions were concentrated by ultrafiltration using the Vivaflow 200 (Sartorius 

AG, Goettingen, Germany), and then diluted with PBS to give the required HA titer.  

The inactivated viruses, light liquid paraffin, sorbitan monooleate, and polysorbate 80 

were mixed in a volume ratio of 9:36:4:1 and then agitated to obtain emulsion.  The 

Vac-3 vaccine of 2.4-times antigen concentration was also prepared and designated as 

Vac-3 conc. vaccine.  Vac-3 vaccine contains inactivated virus of 756 HA per dose and 

was prepared from the dilution of infectious allantoic fluid 1:1 with PBS, 378 HA per 

dose of Pf/mut vaccine at 1:1, and 1843 HA per dose of Vac-3 conc. vaccine at 2.4:1, 

respectively.   
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Antigenic analysis of the viruses 

Polyclonal antisera were prepared from chickens immunized with inactivated 

Dk/Vac-3/07, A/chicken/Yamaguchi/7/04 (H5N1) (Ck/Yamaguchi/04), A/whooper 

swan/Mongolia/3/05 (H5N1) (Ws/Mon/05), Mdk/VN/11, Ws/Hok/11, or Pf/HK/09.  

Each virus inactivated with formalin was inoculated once or twice into the lower thigh 

muscle of chickens.  Two weeks after the final immunization, sera were obtained from 

each vaccinated chicken and used for HI test to assess antigenic relationships among H5 

influenza viruses.  HI test was performed according to Isoda et al. [8].  The 

differences within 4-times HI titers were determined as antigenically related, whereas 

over 4-times determined as antigenically different. 

The antigenic specificities of H5 viruses, Mdk/VN/11, Ws/Hok/11, and Pf/HK/09, 

were assessed by the fluorescent antibody method using monoclonal antibodies (MAb) 

to HA according to the method of Soda et al. [34].  MDCK cells infected with each of 

the H5 influenza viruses were fixed with 100% acetone at 8 h post-inoculation.  

Reactivity patterns of the H5 viruses with MAbs were investigated with 

FITC-conjugated goat anti-mouse IgG (ICN Biomedicals Inc., Irvine, CA, USA) using a 

fluorescent microscope (Axiovert 200; Carl Zeiss, Oberkochen, Germany). 
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Potency of test vaccines in chickens 

One hundred and ten chickens (White leghorn) were hatched and raised in our 

laboratory.  Half a milliliter of Vac-3 vaccine was injected into the lower thigh muscle 

of 54 four-week-old chickens.  Three weeks later, 18 vaccinated and 4 non-vaccinated 

seven-week-old chickens in 3 groups were challenged intranasally with 100 50% 

chicken lethal dose (CLD50) of Mdk/VN/11, Ws/Hok/11, or Pf/HK/09.  One hundred 

times CLD50 of Mdk/VN/11, Ws/Hok/11, and Pf/HK/09 was 106.3, 105.7, and 105.5 50% 

egg infectious dose (EID50), respectively.  Twelve out of 18 vaccinated chickens in 

each group were monitored for their clinical signs for 2 weeks, and 6 chickens in each 

group were sacrificed at 3 days post challenge (dpc). 

Pf/mut and Vac-3 conc. vaccines were injected into the lower thigh muscle of 2 

groups of 18 four-week-old chickens.  Three weeks later, 18 vaccinated and 4 

non-vaccinated chickens in the 2 groups were challenged intranasally with 100 CLD50 

of Pf/HK/09.  Twelve out of 18 vaccinated chickens in each group were monitored for 

their clinical signs for 2 weeks, and 6 chickens in each group were sacrificed at 3 dpc. 

When chickens died or were sacrificed, tracheal and cloacal swabs were collected 

and soaked in MEM containing antibiotics for virus isolation, and their tissues (trachea, 

lungs, kidneys, and colon) were collected aseptically.  To make 10% suspensions with 

MEM, the collected tissue samples were homogenized using a Multi-Beads Shocker 
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(Yasui Kikai, Osaka, Japan).  Serial 10-time dilutions of the suspentions with PBS 

were inoculated into 10-day-old embryonated chicken eggs and incubated at 35oC for 

48 h.  EID50 of viruses was determined by the method of Reed and Muench [26] and 

expressed as EID50 per milliliter of swab or gram of tissue, respectively.  Sera were 

collected from all of the 90 vaccinated and 20 non-vaccinated chickens just before 

challenge and examined for the presence of antibodies against the vaccine strains and 

challenge virus stains by the HI tests.  Challenge studies were carried out in 

self-contained isolator units (Tokiwa kagaku, Tokyo, Japan) at a BSL3 biosafety facility 

at the Graduate School of Veterinary Medicine, Hokkaido University, Japan.  Animal 

experiments were authorized by the Institutional Animal Care and Use Committee of 

Hokkaido University (approval numbers: 09-0119 and 10-0007) and all experiments 

were performed according to the guidelines of this committee. 
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Results 

 

Antigenic analysis 

H5N1 HPAI viruses used as the vaccine strain and challenge viruses in the present 

study were antigenically analyzed by the HI tests (Table 3).  Dk/Vac-3/07 is 

antigenically closely related to Ck/Yamaguchi/04 and Ws/Mon/05, but is different from 

Ws/Hok/11 and Pf/HK/09.  The recent H5N1 HPAI virus isolates belonging to clades 

2.3.2.1, and 2.3.4 were antigenically different. 

    H5N1 HPAI viruses used as the vaccine strain and challenge viruses in the present 

study were antigenically analyzed using a panel of MAbs recognizing six different 

epitopes on HA of A/duck/Pennsylvania/10218/84 (H5N2).  Most of the MAbs tested 

bound to the LPAI viruses and HPAI viruses isolated before 2005, but not to the 

antigens of Mdk/VN/11, Ws/Hok/11, and Pf/HK/09.  It was demonstrated that the 

epitopes recognized by these MAbs were conserved in LPAI viruses and HPAI viruses 

isolated before 2005, but not in recent HPAI viruses prevailing recently in Asia (Table 

4). 

 

Efficacy of the Vac-3 vaccine in chickens 
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    Fifty-four vaccinated chickens and 12 non-vaccinated chickens were challenged 

intranasally with each of the HPAI viruses, Mdk/VN/11, Ws/Hok/11, or Pf/HK/09.  

The serum HI titers of the vaccinated chickens varied with each of the challenge viruses.  

The survival rates of the chickens challenged with each of three HPAI viruses are 

shown in Fig. 3.  All vaccinated chickens survived without showing any disease signs 

after the challenge either with Mdk/VN/11 or Ws/Hok/11, whereas two vaccinated 

chickens died after the challenge with Pf/HK/09.  All non-vaccinated chickens 

challenged with any of HPAI viruses died within 2 to 4 dpc (Fig 3A, B, and C). 

    To evaluate the potential of Vac-3 vaccine to induce immunity for the prevention 

of virus shedding, viruses were recovered from swabs and tissues of the vaccinated and 

non-vaccinated chickens after the challenge with each of HPAI viruses, Mdk/VN/11, 

Ws/Hok/11, and Pf/HK/09 (Table 5).  Infectivity titers of the recovered viruses from 

vaccinated chickens were lower than those of non-vaccinated chickens after the 

challenge with Mdk/VN/11 or Pf/HK/09 at 3 dpc.  Infectious viruses were recovered 

from tracheal swabs and the organs of vaccinated chickens at 3 dpc with Ws/Hok/11, 

although the titers of viruses recovered from these birds were lower than those from 

non-vaccinated chickens.   

 

Efficacy of the Vac-3 conc. vaccine against Pf/HK/09 in chickens 



 34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  Survival rates of chickens vaccinated with Vac-3 vaccine after the challenge 

with H5N1 HPAI viruses.  Twelve four-week-old chickens from each group were 

immunized intramuscularly with 0.5 ml of Vac-3 vaccine.  Three weeks after 

vaccination, the vaccinated chickens were challenged with 100 CLD50 of Mdk/VN/11 

(A), Ws/Hok/11 (B), and Pf/HK/09 (C), respectively. 
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    In order to enhance the efficacy of Vac-3 vaccine, the antigen concentration of 

Vac-3 vaccine was increased 2.4 times and designated as Vac-3 conc. vaccine.  The 

Vac-3 conc. was assessed for its efficacy against the challenge with Pf/HK/09.  Pf/mut 

vaccine prepared from Pf/mut (IVPI=0.00) was also assessed for its potency as the 

homologous control.  Thirty-six chickens immunized either with Vac-3 conc. or 

Pf/mut vaccine and 8 non-vaccinated chickens were challenged intranasally with 

Pf/HK/09.  HI titer to Pf/HK/09 of the sera of the chickens immunized with Vac-3 

conc. vaccine was 4-16 HI, which is similar to those of the chickens immunized with 

Vac-3 vaccine.  The survival rates of the chickens challenged with Pf/HK/09 are 

shown in Fig. 4.  All vaccinated chickens survived without showing any disease signs 

after the challenge with Pf/HK/09 (Fig 4A, B).  All non-vaccinated chickens 

challenged with Pf/HK/09 died within 3 dpc.  Viruses were not recovered from swabs 

or the organs of any of the chickens immunized with Pf/mut vaccine after the challenge 

with Pf/HK/09 (Table 6).  Viruses were scarcely recovered from the trachea swabs of 

chickens immunized with Vac-3 conc. vaccine and the viral titer was lower than in 

non-vaccinated chickens after challenge with Pf/HK/09. 
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Fig. 4.  Survival rates of chickens vaccinated with Pf/mut vaccine (A) and Vac-3 conc. 

vaccine (B) after the challenge with Pf/HK/09.  Twelve four-week-old chickens from 

each group were immunized intramuscularly with 0.5 ml of Pf/mut vaccine or Vac-3 

conc. vaccine.  Three weeks after vaccination, these vaccinated chickens were 

challenged with 100 CLD50 of Pf/HK/09. 
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Discussion 

 

Antigenic variants of H5N1 HPAI viruses have been selected in poultry under 

immunological selection pressure [1, 4].  In the present study, it was demonstrated 

that H5N1 HPAI viruses prevailing recently in Asia were antigenically different from 

non-pathogenic avian influenza viruses and H5N1 HPAI viruses isolated before 2005 

(Table 3).  It is previously demonstrated that an inactivated avian influenza vaccine 

prepared from Dk/Vac-1/04 conferred protective immunity and reduced the amount of 

virus shedding when challenge with Ck/Yamaguchi/04, Ws/Mon/05, and Ws/Hok/08 

[8, 24].  In the present study, an inactivated influenza vaccine was prepared from 

Dk/Vac-3/07, which is a reassortant generated between non-pathogenic avian influenza 

viruses isolated from wild water birds [35].  It is assumed that Vac-3 vaccine has 

similar potency with Vac-1 vaccine against recent H5N1 HPAI viruses since 

Dk/Vac-3/07 is antigenically similar to Dk/Vac-1/04.  However, since the growth 

potential of Dk/Vac-3/07 was better than that of Dk/Vac-1/04, it was possible to 

generate concentrated Vac-3 vaccine using Dk/Vac-3/07 in this study.  The potency 

of Vac-3 vaccine was assessed by the challenge with antigenically drifted H5N1 HPAI 

viruses isolated in 2009 and 2011.  Vac-3 vaccine conferred protective immunity to 

suppress the manifestation of clinical signs and virus shedding in chickens challenged 
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with antigenically drifted H5N1 HPAI viruses belonging to clades 1.1, 2.3.2.1, and 

2.3.4.  In order to clarify why the efficacy of Vac-3 vaccine was not sufficient to 

protect all vaccinated chickens from the challenge with Pf/HK/09, Pf/mut vaccine 

which was antigenically homologous with Pf/HK/09 was prepared (data not shown).  

All chickens immunized with Pf/mut vaccine survived for 14 days without showing 

any clinical signs and viruses were not recovered from the swabs and tissues of the 

chickens.  These results correspond to the findings that Pf/HK/09 is antigenically 

different from Dk/Vac-3/07 compared with Mdk/VN/11 and Ws/Hok/11.  To improve 

the efficacy of Vac-3 vaccine, antigen concentration was increased for Vac-3 conc. 

vaccine preparation.  HI antibody responses of vaccinated chickens correlated with 

the antigen concentration in H5N1 [30] or H7N7 [19] influenza virus vaccine.  

Inactivated whole particle vaccine confers protective immunity against the challenge 

with viruses antigenically different from the vaccine strain to chickens by increasing 

the antigen concentration [7].  Vac-3 conc. vaccine conferred protective immunity to 

all vaccinated chickens after the challenge with Pf/HK/09.  The vaccine with 

increased antigen concentration induced sufficient immunity to protect from infection 

with H5N1 HPAI variants in chickens.  

In the present study, it was demonstrated that the vaccine prepared from 

non-pathogenic avian influenza virus conferred protective immunity against the 
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challenge with antigenically drifted H5N1 HPAI viruses, indicating that Vac-3 vaccine 

induces sufficient immunity in chickens.  The results of the antigenic analysis 

indicate broad antigenic diversity among H5N1 HPAI viruses prevailing recently in 

Asia (Table 3).  Thus, the vaccine prepared from recent H5N1 HPAI viruses may not 

be completely effective against HPAI viruses belonging to different clades.  Since the 

misuse of vaccines lead to the silent spread of antigenically drifted viruses, it is 

recommended that avian influenza vaccine should be applied very carefully in addition 

to the stamping-out policy.  There is an urgent need to eradicate H5N1 HPAI viruses 

from Asia by stamping-out without misuse of vaccines. 
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Brief Summary 

 

Antigenic variants of H5N1 highly pathogenic avian influenza (HPAI) virus have 

selected and are prevailing in poultry populations in Asia.  In the present study, the 

potency of inactivated influenza vaccine prepared from a non-pathogenic H5N1 avian 

influenza virus, A/duck/Hokkaido/Vac-3/07 (H5N1), was assessed by the challenge 

with H5N1 antigenic variants, A/muscovy duck/Vietnam/OIE-559/11 (H5N1), 

A/whooper swan/Hokkaido/4/11 (H5N1), and A/peregrine falcon/Hong Kong/810/09 

(H5N1) belonging to clades 1.1, 2.3.2.1, and 2.3.4, respectively.  All chickens 

immunized with the Vac-3 vaccine survived without showing any clinical signs after 

intranasal challenge either with A/muscovy duck/Vietnam/OIE-559/11 (H5N1) or 

A/whooper swan/Hokkaido/4/11 (H5N1).  After challenge with A/peregrine 

falcon/Hong Kong/810/09 (H5N1), 10 out of 12 vaccinated chickens survived and the 

other 2 died on 4 or 7 dpc.  The Vac-3 vaccine of 2.4-times antigen concentration 

conferred complete protective immunity in chickens against the challenge with 

A/peregrine falcon/Hong Kong/810/09 (H5N1). 
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Conclusion 

 

    There are four instances of naturally occurring emergence of new pandemic 

strains in humans in the last one hundred years.  Each of the earliest isolates in the 

pandemics preferentially recognize SAα2,6Gal receptor, although the HA genes were 

derived from avian influenza viruses.  It is assumed that binding specificity to 

SAα2,6Gal receptor is required for efficient human-to-human transmission.  However, 

the mechanisms by which avian influenza viruses acquire binding specificity to 

SAα2,6Gal and cause pandemic influenza are not fully understood.  In the present 

study, it is revealed that H3 avian influenza virus with SAα2,6Gal receptor binding 

specificity was selected after three-time passages in pigs.  These results show that 

avian influenza viruses can acquire the potential to infect humans after multiple 

passages in pigs.   

H5N1 HPAI viruses are prevailing in poultry populations in Asia.  It is 

important to assess the potency of stockpile avian influenza vaccine against the viruses 

prevailing recently in Asia.  In the present study, inactivated whole particle vaccine, 

Vac-3 vaccine, was prepared from non-pathogenic avian influenza virus.  All 

chickens immunized with the Vac-3 vaccine survived without showing any clinical 

signs after intranasal the challenge either with A/whooper swan/Hokkaido/4/11 
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(H5N1) or A/muscovy duck/Vietnam/OIE-559/11 (H5N1).  The Vac-3 conc. vaccine 

of high antigen concentration conferred complete protective immunity in chickens 

against challenge with A/peregrine falcon/Hong Kong/810/09 (H5N1).  It was 

demonstrated that the test vaccine prepared from non-pathogenic avian influenza virus 

induced sufficient immunity in chickens against the challenge with antigenically 

drifted H5N1 HPAI viruses.  Antigenic variants of H5N1 HPAI viruses have been 

selected in poultry under immunological selection pressure.  Avian influenza vaccine 

should be applied as an optional measure in cases where the disease spreads widely, in 

addition to the stamping-out policy.   
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