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 Avian influenza viruses (AIVs) are highly infectious pathogen of waterfowls and 

can overcome species barriers to infect mammals by acquiring cumulative mutations. Low 
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pathogenic avian influenza viruses (LPAIVs) cause mild or moderate clinical symptoms, 

and highly pathogenic avian influenza viruses (HPAIVs) cause severe clinical symptoms 

in domestic poultry. Many subtype H5 HPAIVs have caused pandemics in poultry and wild 

birds. In Korea, H9N2 LPAIVs have caused continuous problems like decreased egg 

production since recurrent outbreaks in 1999 and an inactivated vaccine has been 

successfully applied in the field. Since 2003, seven epidemics caused by H5Nx HPAIVs 

have occurred and ‘stamping out’ policy has been conducted. However, stockpiling of 

HPAI antigen bank for emergency vaccine production has established in Korea since 2018. 

Recently, vaccine strains for inactivated avian influenza vaccines have been 

generated by adaptation of field AIVs to embryonated chicken eggs (ECEs) or by reverse 

genetics technique. The Hoffmann’s vector system adopts 2+6 reverse genetics scheme 

using hemagglutinin (HA) and neuraminidase (NA) genomes of field AIVs and 6 internal 

genomes coding PB2, PB1/PB1-F2, PA/PA-X, NP, M1/M2, and N2/NEP of A/Puerto 

Rico/8/1934 (PR8) strain, and has been broadly used for generation of productive vaccine 

strains. Although the PR8 internal genes are necessary for generation of productive 

recombinant virus, they possess important mammalian pathogenicity-related mutations in 

PB2, PA and NS1 genes. In addition, some of PR8-derived recombinant vaccine strains 

doesn’t show enough replication efficiency in ECEs to be a inactivated vaccine strain. To 

generate more efficacious vaccine strains, it is recommended to match T and B cell epitopes 

of internal proteins to field strains for better protection, but in some cases rescue of 

recombinant virus possessing 8 genomes of field strain was unsuccessful.  

Since 2007, a commercial LPAI vaccine strain A/chicken/310_E20//2001(H9N2) 
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(01310) was established by 20 times of passages through ECEs, acquiring high embryonic 

pathogenicity as well as high replication efficiency. The high pathogenicity resulted in early 

embryonic death and decrease of virus productivity because amount of harvested allantoic 

fluid were decreased. Because the PB2 gene of 01310 virus was prototypic and mammalian 

non-pathogenic, generation of complete recombinant virus containing 8 genomes of 01310 

in 293T cells was impossible. The Hoffmann’s vector system has fixed 3’end promoter 

constellation that polymerase (PB1, PB2 and PA) genes have weak (Cytidine at fourth 

nucleotide, C4) but others have strong (Uridine, U4) promoters. To solve the difficulty of 

01310 virus rescue, I changed the promoters of polymerases genes from C4 to U4 for 

compensation of weak activity of PB2 in 293T cells, and finally succeeded in virus rescue. 

Moreover, 01310 NS1/NEP gene was exchanged with a mammalian non-pathogenic 

NS1/NEP gene originated from an embryo non-pathogenic H9N2 virus (0028) to 

understand the role of NS1/NEP genes in embryo pathogenicity, and recombinant 01310 

virus bearing 0028 NS1/NEP (r310-NS28) was generated. The r310-NS28 showed 

decreased embryo pathogenicity and increased productivity in terms of mean death time of 

embryo and total hemagglutinin unit, respectively. The introduction of mammalian 

pathogenicity-related mutations G139D/N, S151T, and GSEV to EPEV into 0028 

NS1/NEP gene also increased embryo pathogenicity. 

Clade 2.3.4.4 H5Nx HPAIVs have spread world widely and clade 2.3.4.4a H5N8 

virus was selected for emergency vaccine stockpiling program in Korea. However, the 

conventional PR8-derived recombinant H5N8 vaccine strain showed poor replication 

efficiency in ECEs and could replicate in the lungs of mice. To solve these problems, 
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recombinant H5N8 viruses possessing several mutations (H103Y, K161E and L317P in HA, 

and S369N in NA) identified in previous study were generated to increase virus titer in 

ECEs. Only the H103Y increased virus titer significantly, but also increased mammalian 

pathogenicity. The increased mammalian pathogenicity was removed by replacing PR8 

PB2 with 01310 PB2 genes without change in virus titer. Interestingly, H103Y introduction 

also increased heat-stability of hemagglutinin. The optimized recombinant H5N8 virus 

completely protect from challenge with clade 2.3.4.4 H5N6 HPAIV in chickens, and 

induced age-dependent humoral immunity in ducks.  

Furthermore, evolution pattern of H5 HPAIV derived by massive vaccination was 

analyzed to find strategy for future HPAIV vaccine strain development and vaccination 

program. It is well-known that continuous vaccination against HPAIVs facilitates 

appearance of antigenic variants. Clade 2.3.2.1c H5N1 HPAIVs have evolved from clade 

2.3.2 H5N1 HPAIVs under vaccine-induced immune pressure, and amino acid sequences 

of HA proteins (n = 647) were compared to identify chronological variations. During the 

evolution clade 2.3.2.1c viruses acquired S144N and V223I mutations around the receptor 

binding site (RBS) of HA in order. The S144N mutation generated real N-linked 

glycosylation site (NGS) but it was less preferable NGS to 158N considering significantly 

higher frequency of 158NGS than 144NGS among HA proteins of H5 AIVs. The 144N and 

158N are located in separate epitopes and their glycosylation may shield epitopes to result 

in humoral immunity evasion, and acquisition of 144NGS may be result of vaccination. 

The recombinant clade 2.3.2.1c H5N1 viruses having single reverse mutation (N144S or 

I223V) and combined reverse mutations (N144S and I223V) were generated and 
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characterized. The recombinant virus with single reverse mutation had lower viral titer in 

ECEs and avian receptor binding affinity. However, both reverse mutations increased 

replication efficiency in ECEs and mammalian cells, and pathogenicity in mice. 

Interestingly, the I223V mutation dramatically decreased thermo-stability possibly by 

destabilizing heterotrimer interaction of HA proteins. Therefore, clade 2.3.2.1c H5N1 

HPAIVs may have evolved to escape avian immunity in the cost of decreased viral fitness 

and mammalian pathogenicity.  

As results of the study, the innate defects and limits of Hoffmann’s vector system 

affecting efficacy and pathogenicity of recombinant vaccine strains were improved by 

modification of 3’-end promoter constellation and exchanging PR8 genes with less 

pathogenic avian-origin PB2 and NS1/NEP genes. The common functions of NS1 and 

H103Y in chicken and mammalian cells may reinforce the important role of chickens for 

evolution of mammalian pathogenicity of AIVs. The developed highly productive and 

mammalian non-pathogenic H9N2 and clade 2.3.4.4 H5N8 vaccine strains may be useful 

and contribute to produce more efficacious vaccines, and the experimental and 

bioinformatics data from clade 2.3.2.1c virus investigation also helpful to develop more 

efficacious vaccine strains in the future. 

  

 

Keywords: Reverse genetics; Avian influenza A virus; Inactivated recombinant 

vaccine; High productivity; Mammalian non-pathogenicity 

Student number: 2015 - 21820
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General introduction 

 

  Influenza A viruses (IAVs) have eight segmented negative-sense RNA 

and are divided into subtypes according to two surface glycoprotein, hemagglutinin (HA) 

and neuraminidase (NA) (McCAULEY and Mahy, 1983; Schild et al., 1980). Aquatic birds 

are natural reservoirs of all subtypes and avian influenza viruses (AIVs) can be 

transsmitted from wild waterfowls to domestic poultry, and vice versa (Webster et al., 

1992). AIVs have two forms of pathotype, low pathogenic avian influenza virus (LPAI) 

and highly pathogenic avian influenza virus (HPAI), based on severity of disease in 

domestic poultry. LPAI causes mild and moderate clinical symptoms like decreased egg 

production, but some H5 and H7 LPAI viruses can be converted into HPAI during 

circulation in poultry (Munster et al., 2005; Stephenson et al., 2004). HA protein was 

considered as major antigenic and pathogenic determinant of AIVs, but viral pathogenicity 

was also result of complex interaction between other genes like polymerase protein gene 

(PB2, PB1, and PA) and non-structural protein gene (NS) during viral infection and 

replication in host (Hale et al., 2008b; Hatta et al., 2001). 

 Since the HPAI H5N1 outbreak in Geese in Guangdong province in 1997 

(Gs/Gd/1/96), GS/Gd-lineage HPAI H5N1 circulated in China and diversified into 

genetically distinct several lineages (Li et al., 2004; Smith et al., 2006a). During co-

circulation of multiple clades and subclades in China and South East Asia, clade 2.3.2 

became dominant and rapidly evolved into clade 2.3.2.1 and further 2.3.2.1a, b and c in 

2009 (Group, 2014; Team, 2014). Since then, clade 2.3.2.1c has spread across continents 
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and detected in some countries until now (Bi et al., 2016; Laleye et al., 2018b; Nguyen et 

al., 2019; Parvin et al., 2019). Fujian-lineage H5N1 (clade 2.3.4) dominant in China and 

South East Asia in late 2005 was diversified into clade 2.3.4.4 in 2008 and clade 2.3.4.4 

was globally reported since 2014 (Claes et al., 2016; Lycett et al., 2016; Smith et al., 2006a). 

Unlike other H5N1 HPAI viruses, clade 2.3.4.4 HA was reasserted with multiple NA 

subtypes, called clade 2.3.4.4 H5Nx, and evolved into four genetic sub-groups (Lee et al., 

2016a; Lee et al., 2017c; Lycett et al., 2016).  

 In the HPAI endemic countries, inactivated whole virus vaccines have been used 

and they were focused on eliciting anti-HA and NA neutralizing antibodies because HA 

and NA are main targets of host humoral immunity and neutralizing antibodies against 

them are the most powerful means to prevent viral infection (Johansson et al., 1989). 

However, there is need for continual updating vaccine strain to newly emerging HPAI 

viruses because neutralizing antibodies are not effective to heterologous subtypes and 

AIVs have rapid antigenic variation strategy to escape humoral immunity (Carrat and 

Flahault, 2007). 

 Most of inactivated HPAI vaccine were generated in a 6+2 reassortant of which 

only HA and NA genes were exchanged according to circulating field HPAI strains by 

reverse genetics system (Li et al., 2014). The A/Puerto Rico/8/1934(H1N1) (PR8) was 

frequently used as a donor virus of six internal genes to recombinant HPAI vaccine strain 

because PR8-derived recombinant can be generated rapidly and high growth in 

embryonated chicken eggs (ECEs) (Li et al., 2014; Webby et al., 2004a). However, internal 

genes like nucleoprotein gene (NP), and matrix protein gene (M) have conserved epitopes 
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of T cell immunity and using homologous internal genes to AIVs improve heterosubtypic 

protection and PB2 gene of PR8 have many important mammalian pathogenic mutations 

like E627K (Lee et al., 2017a).  

 The Hoffmann’s reverse genetics system and universal primers for cloning genes 

to the bi-directional plasmid (pHW2000) are also based on high growth PR8 virus 

(Hoffmann et al., 2000b; Hoffmann et al., 2001a). AIVs have non-coding regions (NCRs) 

in both 5’- and 3’-ends of all viral genomic RNA (vRNA) and the first 12 and 13 

nucleotides in NCRs are very conserved between AIVs (Neumann et al., 2004). The NCRs 

have important role in viral replication and the fourth nucleotide in the 3’-end is known as 

promoter. Genome segments having uridine at the fourth nucleotide (U4) replicate and 

transcript higher than genome with cytidine (C4) (Jiang et al., 2010; Lee et al., 2017b). 

The universal primer sets of Hoffmann’s reverse genetics system were constructed 

including the NCRs of each vRNA segments and the fourth nucleotides in NCRs were 

identical with high-growth PR8 (Hoffmann et al., 2001a).  

 In Korea, H9N2 LPAIV had been occurred since 1996 and evolved continuously 

to distinct Korean-like lineage virus (Lee et al., 2007c). Also, several times of HPAI 

outbreaks caused severe economic loss in poultry industry. After the first outbreak of clade 

2.5 HPAI H5N1 in 2003, diverse sub-clades HPAI were introduced periodically by 

migratory birds (Clade 2.2 H5N1 in 2006, clade 2.3.2.1 in 2008, and clade 2.3.2.1c in 2010) 

(Kim et al., 2010; Lee et al., 2005; Lee et al., 2008). In early 2014, clade 2.3.4.4 H5N8 

(group A and B) was reported in Korea and group A viruses was lasted until 2016, followed 

by continuous outbreaks of clade 2.3.4.4 H5N6 (group C) during 2016 -2017 (Kwon et al., 
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2018; Kwon et al., 2017a; Lee et al., 2017c).  

 In order to develop a vaccine strain for control of LPAI, the 

A/chicken/Korea/01310/2001(H9N2) (01310) virus passaged 20 times in ECEs (01310 

CE20) acquiring high replication efficiency in ECEs have been used as inactivated LPAI 

vaccine strain (Choi et al., 2008c). Though inactivated HPAI vaccine had not been 

permitted in Korea, emergency vaccine strain and rapid developing method of highly 

productive and safe vaccine should be prepared.  

 This study sought to address the limitations of the PR8-basd Hoffmann’s reverse 

genetics systems, such as the failure to produce recombinant AIV containing eight 

genomes of 01310 for elimination of high virulence in ECEs and mammalian pathogenic 

factor possessed by internal genes of PR8. It also aimed to solve the low productivity 

problem in ECEs of PR8-based recombinant H5N8 vaccine strains and to reveal the 

antigenic variation of clade 2.3.2.1c virus induced by mass vaccination.
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Literature review 

 

1. Influenza A Virus : structure and life cycle 

 Influenza A viruses (IAVs) belong to family orthomyxoviridae and contain 

eight negative-sense single-stranded RNA genome segments (Webster et al., 1992). 

IAVs are divided into subtypes according to d:fferences in surface glycoproteins, 

hemagglutinin (HA) and neuratminidase (NA), and there are 18 HA subtypes and 

11 NA subtypes (H17 and H18, N10 and N11 were isolated only in bats) (Gamblin 

and Skehel, 2010; Wu et al., 2014). Aquatic birds are natural reservoirs of IAVs but 

these viruses also infect in domestic poultry and mammals.  

 IAVs have spherical and pleomorphic virion and envelope is host-derived 

lipid bilayer that HA, NA, and M2 protein was embedded (Webster et al., 1992). 

Underneath the viral membrane, matrix is formed by M1 protein binding with viral 

ribonucleoprotein (vRNP). The vRNP consists of viral RNA (vRNA) encapsidated 

with nucleoprotein (NP) molecules and trimeric polymerase protein complex (PB1, 

PB2, and PA) at the ends (Eisfeld et al., 2015). Each RNA genomes are translated 

into 16 proteins with different functions (Shi et al., 2014).  

 Infection of IAVs start by binding of HA protein to host cell receptor and 

IAVs enter cells by endocytosis (Skehel and Wiley, 2000). The endosomal 

acidification trigger conformational change of HA protein and fusion of viral 
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membrane with endosomal membrane by exposing HA2 fusion peptide (Wiley and 

Skehel, 1987). M2 ion channel also promotes acidification of virion, and vRNP is 

released from M1 protein (Schnell and Chou, 2008). The released vRNP in 

cytoplasm are transported into cell nucleus through nuclear localization signals and 

nuclear pore complex (Boulo et al., 2007). In the nucleus, the viral RNA dependent 

RNA polymerase initiate transcription and replication of vRNA into mRNA and 

complementary RNA (cRNA). The 5’-cap of viral mRNA is originated from host 

cellular mRNA by binding of PB2 cap binding domain to host 5’-capped RNA and 

cleavage of 8-14 nucleotides downstream of the cap by PA (Dias et al., 2009; Plotch 

et al., 1981). Viral mRNA is exported from nucleus and translated into viral protein 

by cellular ribosome (Shapiro et al., 1987). Newly synthesized polymerase proteins 

and NP are transported to the nucleus and progeny vRNPs are generated. Progeny 

vRNPs are exported to cytoplasm by M1 and NEP proteins and incorporated into 

progeny virus particles with HA, NA, M2 and M1 (Boulo et al., 2007; Rossman 

and Lamb, 2011). Viral particles bud from apical plasma membrane where viral 

components (envelope, M1, and vRNP) are transported, and released from host cell 

membrane through M2-mediated membrane scission and cleavage of sialic acid off 

the cell by NA (Rossman and Lamb, 2011).
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Figure L.1.  Influenza A virus life cycle. (Te Velthuis and Fodor, 2016)



 

8 

 

2. Immune response 

2.1. Innate immunity 

 Infection of IAVs is sensed by innate immune cell through pattern-

recognition receptors (PRRs) such as toll like receptors (TLRs) and retinoic acid 

inducible gene-1 (RIG-1) recognizing viral RNA as pathogen-associated marker 

pattern (PAMP) (Pang and Iwasaki, 2011). Signal from PRRs stimulate 

proinflammatory cytokines and type I interferons having antiviral activity of 

inhibiting protein synthesis and viral replication (Heil et al., 2004). Also, interferon 

stimulated genes (ISGs) like Mx gene having antiviral activity and dendritic cells 

(DCs) are stimulated by type I interferon (Holzinger et al., 2007). DCs detect 

virions and apoptotic bodies of infected cells by their dendrite extending between 

airway epithelial cell, and they migrate to draining lymph node to present antigen 

to T cell (GeurtsvanKessel and Lambrecht, 2008). Degraded viral protein by DCs 

(epitopes) presented by MHC class I transported to cell membrane and recognized 

by CD8+ cytotoxic T cells (CTL), and MHC clad II presenting epitopes are 

recognized by CD4+ T helper (Th) cells (Watts, 1997).  

 When alveolar macrophages are activated by infection of alveoli, 

macrophage phagocyte influenza virus infected cells and produce nitric oxide 

synthase 2 (NOS2) and tumor necrosis factor alpha (TNF-α) (Jayasekera et al., 
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2006; Peper and Van Campen, 1995; Tumpey et al., 2005). The NOS2 and TNF-α 

causes pathology of influenza virus, and HPAI virus infect not only alveolar 

macrophages but also blood-derived macrophages that produce large amount of 

pro-inflammatory cytokines (Peiris et al., 2010).  

 Natural Killer (NK) cells recognize and lyse antibody bound influenza 

virus infected cells by cytotoxicity receptors, which is known as antibody 

dependent cell cytotoxicity (ADCC) (Mandelboim et al., 2001).  

 

2.2. Adaptive immunity 

2.2.1. Humoral immunity 

 Antibody responses to HA, NA, M and NP protein are induced by 

influenza virus infection, and anti-HA and NA antibodies are important for 

protective immunity (Johansson et al., 1989). The anti-HA antibodies neutralize 

influenza virus by binding to HA and inhibiting viral entry to cell, and mediate 

phagocytosis of virus by Fc receptor expressing cell and ADCC. However, 

influenza virus frequently mutates HA protein to evade humoral immunity and 

antibody formed against the relatively conserved stem region of HA have broad 

neutralizing ability (Ekiert et al., 2009). Unlike anti-HA antibodies, antibodies to 

NA protein does not have neutralizing ability but inhibit cleavage activity of NA 

and spread of progeny viruses (Webster et al., 1987; Webster et al., 1988).   
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 Matrix protein 2 (M2) present in viral membrane protein at low 

concentration. The N-terminal ectodomain (M2e) of M2 protein exposed outside 

are highly conserved between other subtypes and antibodies to M2e allow broad 

cross-protection against influenza virus (Neirynck et al., 1999).  

 NP protein is internal protein having very conserved sequences among 

influenza viruses and attractive target for developing universal vaccine like M2e 

(Epstein et al., 2005; Shu et al., 1993). Although anti-NP antibodies do not 

neutralize influenza virus, these antibodies protect against influenza infection and 

induce complement mediated infected cell lysis (Fujimoto et al., 2016; Sambhara 

et al., 2001). 

 

2.2.2. Cellular immunity 

 T cells are not able to protect against infection, but they reduced severity 

of disease by viral clearance. Naïve T cell expand and differentiate into variety of 

cells when they recognize antigen presented by MHC molecule of antigen 

presenting cell (APC) (Paul and Seder, 1994). Effector T cells migrate to lung for 

clearance of virus infected cells, and then memory T cells are established and 

respond to influenza virus re-infection. 

 CD4+ T cells are activated by recognizing antigen on MHC II molecule 

and polarized into T helper 1 (Th1) cells producing IFN-γ or T helper 2 (Th2) cells 
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secreting IL-4, IL-5 and IL-13 (Romagnani, 1994). The dominant function of 

CD4+ T cells is promoting B cell immunity and enhancing effector CD8+ T cell 

response through cell to cell interaction and secretion of cytokines (Swain et al., 

2012). CD4 +T cells, called TFH cells, help B cells in B cell follicles and efficient 

CD8+ T cell priming of APC through PRR-independent activation of APCs (Crotty, 

2011). Additionally, CD4+ T cells develop into effector T cell and showed anti-

viral functions. Effector CD4+ T cells secret cytokines regulating inflammation or 

activating macrophage to drive further inflammation, and directly lyse influenza 

infected cells through FAS-dependent and perforin-dependent manners (Brown et 

al., 2006; Román et al., 2002).  

 Viral clearance is mainly dependent of CD8+ T cell and the CD8+ 

cytotoxic T lymphocytes (CTL) recognize epitopes from conserved internal 

proteins like NP, M and polymerase proteins (Bender et al., 1992; Gotch et al., 

1987). After antigen presented MHC I molecule of APC activates CD8+ T cell, 

primed CD8+ T cell divided into Tc1, Tc2 and Tc17 cells. Tc1 and Tc2 have Fas 

and perforin dependent cytolytic activity, and Tc17 recruit other immune cells by 

producing cytokines and chemokines (Hamada et al., 2013; Topham et al., 1997).   

 Following influenza virus clearance, the memory T cell immunity is 

established and rapidly react to subsequent influenza virus infection. The memory 

CD8+ T cells remain stable in the secondary lymphoid organs but they are also 

found in lung and other organs for a while (Masopust et al., 2001). In secondary 
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influenza infection, antigen-specific CD8+ T cell in lung mediate the first immune 

response that reducing viral amplification and the memory CD4+ T cell enhance 

protection from influenza infection by secreting IFN-γ (Hikono et al., 2006; 

Teijaro et al., 2010). Unlike neutralizing antibodies that are inefficient to protection 

of heterosubtypic strains, cellular immunity formed against relatively conserved 

internal proteins contributes to cross protection.  
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Figure L.2. The adaptive immune response during infection with influenza virus. 

(Subbarao and Joseph, 2007)
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3. Avian influenza vaccine 

3.1. Inactivated vaccine 

 The oil-emulsion inactivated whole AIV vaccine is the most widely used 

in poultry. The seed virus is selected among field strains and propagated in 

embryonated chicken eggs (ECEs). However, there are variation of replication 

efficiency in ECEs between AIVs and high antigen yield in ECEs is important for 

vaccine productivity and immunogenicity. Classically, a seed virus poorly growing 

in ECEs is passaged several times to increase quantity of antigen, but egg-adapted 

virus have potential of acquiring antigenic and pathogenic change (Choi et al., 

2008a). Whole inactivated vaccines are generally cross-protective against diverse 

field strains and more immunogenic than other vaccine types because immune 

responses are stimulated not only in producing neutralizing HA and NA antibodies 

but also in cellular immunity about internal proteins (Lin et al., 2006; Swayne et 

al., 2000).  

 Commercial inactivated whole virus vaccines are prepared by chemical 

inactivation with formalin, β-propiolactone, or binary ethyleneimine, and 

produced as water-in-oil formulations. The oil emulsion vaccine is released slowly 

and continuously boost immune response. Also, local inflammation is induced at 

vaccine injecting site, which attract APCs and activate antigen specific humoral 

immunity (Jansen et al., 2005).    



 

15 

 

3.2. Recombinant vaccine generated by reverse genetics 

 Currently used inactivated whole virus HPAI vaccines in poultry are 6+2 

recombinant vaccine generated by mixing HA and NA genes of circulating strain 

and six internal genes of good-growing strains (Li et al., 2014). Using reverse 

genetics technique allows rapid generation of vaccine seed virus and manipulating 

genomes to have desired traits such as mutating cleavage site of HA. Helper virus-

independent plasmid-based reverse genetics system of AIVs needs co-transfection 

of plasmids for viral RNP with eight plasmids for viral RNA at first (Neumann and 

Kawaoka, 2002). However, recently developed reverse genetics system reduced 

numbers of transfecting plasmids by using bi-directional vector (Hoffmann et al., 

2000a).  

 The H5 and H7 subtype live attenuated vaccines are not recommended in 

poultry because adaptation or reassortment with field strains have potential to make 

novel HPAI viruses. However, live LPAI vaccines can protect HPAI viruses and 

induced stronger immune response than inactivated vaccine (Beard, 2003). The 

problems like respiratory symptoms and egg-drop caused by live LPAI vaccination 

can be solved by the reverse genetics system (Lee and Suarez, 2005). The NS 

truncated AIVs showed decreased replication and attenuation of infectivity that are 

suitable traits for live LPAI vaccine because NS1 protein evade host immune 

system (Cauthen et al., 2007). Chimeric AIV vaccine expressing the HA-NA 
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ectodomain of NDV instead of NA of H5N1 AIVs generated by reverse genetics 

system provides immunity about both NDV and AIV (Park et al., 2006).
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 Figure L.3.  Schematic representation of bi-directional plasmid and eight plasmid based reverse genetics system. 

(Hoffmann et al., 2000b)
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3.3. AIV protein subunit vaccine 

 The HA protein is the most protective antigen to use subunit vaccines, and 

baculovirus expressed HA protein is protective in chickens (Chambers et al., 1988; 

Crawford et al., 1999). However, neutralizing antibodies to HA protein protect 

against closely matched HA and supplementation of NA protein induced balanced 

and broad immune response (Johansson et al., 2002). The M2 protein and NP 

protein have highly conserved sequence among AIVs and evaluated as universal 

vaccine, but they do not show enough protective activity in chickens (Epstein et al., 

2005; Neirynck et al., 1999). However, baculovirus derived M1 protein produce 

virus-like-particles with HA and NA protein and it is immunogenic in muscovy 

ducks (Prel et al., 2007). 

 

3.4. Vector vaccine expressing AI proteins 

 Vector vaccine induce rapid and broad immunity to bivalent antigens 

(vector virus and AIV), and have less risk in production process. Fowlpox virus 

(FPV) vector and Newcastle disease virus (NDV) vector are used for AI vector 

vaccine in poultry. FPV vector AI vaccines are designed to use in 1-day-old chick, 

and have several advantages; high level biosecurity of hatchery, automatic 

administration system (in ovo), and protection at younger age (Bublot et al., 2005). 

Also, FPV-based AI vaccine has short onset of protection and longer duration of 
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immunity (Swayne et al., 1997). NDV vector AI vaccine is administered by spray 

or drinking water, stimulating mucosal immunity (Ge et al., 2007). However, 

repeated administrations of NDV-based AI vaccine are need to provoke enough 

immunity in field conditions, and administration timing must be carefully 

considered to allow replication of NDV vector virus without inhibition of maternal 

antibodies against NDV. 

  

3.5. DNA vaccine 

 Plasmid DNA vaccine expressing HA protein of AIVs provide protection 

in poultry and protective level is variable according to promoter, inserted gene, 

administration routes, and presence of adjuvants (Robinson et al., 1993; Suarez and 

Schultz-Cherry, 2000). The HA gene transcribed and translated in host cell, and HA 

protein is presented as antigen by MHC I molecule stimulating cytotoxic T cell. 

Thus, HA protein expressed DNA vaccine stimulate both humoral immunity and 

cellular immunity like live AI vaccine, but it is not used in poultry because of high 

manufacturing costs and multiple vaccinations requirement to achieve enough 

immunity. 
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Chapter I 

 

Generation of highly productive recombinant H9N2 

avian influenza viruses by 3′-end promoter optimization 

of polymerase genomes and NS genome replacement
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Abstract 

 We developed an A/PR/8/34 (PR8) virus-based reverse genetics system in which 

six internal genes of PR8 and attenuated hemagglutinin and intact neuraminidase genes of 

field avian influenza viruses (AIVs) were used for generating highly productive 

recombinant vaccine strains. The 6+2 recombinant vaccine strains can induce protective 

humoral immunity against intended field AIVs; however, the epitopes of B and T cells 

encoded by internal genes may be important for heterosubtypic protection. Therefore, it is 

advantageous to use homologous internal genes of field AIVs for recombinant vaccine 

strains. However, rescue of recombinant viruses having whole internal genes of field AIVs 

using the PR8-based reverse genetics system was unsuccessful in some cases. Although 

partial replacement of an internal gene has been successful for generating highly 

productive and recombinant viruses that are non-pathogenic in mammals, complete 

replacement of internal genes may be more favorable. In this study, we successfully 

generated complete recombinant H9N2 AIVs possessing 8 genomes of H9N2 AIVs by the 

3′-end promoter optimization of polymerase genomes, and the NS genome. All the 

generated recombinant viruses were highly productive but some of them showed high virus 

titers in embryonated chicken eggs. Additionally, we found that the same mutations of NS1 

gene determined the pathogenicity of AIVs in chicken embryos as well as in mammals. 

Thus, 3′-end promoter optimization, and highly productive and mammalian nonpathogenic 

internal genes may be useful to develop vaccines against AIVs.
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1.1. Introduction 

 Influenza A viruses (IAVs) have eight negative-sense, single-stranded RNA 

segments that encode polymerases (PB2, PB1, and PA), hemagglutinin (HA), 

nucleoprotein (NP), neuraminidase (NA), matrix (M), and non-structural (NS) proteins 

(McCAULEY and Mahy, 1983). Non-coding regions (NCRs) are present at the 5′- and 3′-

ends of the viral genomic RNA (vRNA), and the first 12 and 13 nucleotides at each end 

are highly conserved and play important roles in viral replication (Neumann et al., 2004). 

The fourth nucleotide at the 3ʹ-end of vRNA is known as a promoter and an origin of 

replication, and genome segments with uridine at the fourth nucleotide of the 

promoter/origin (U4) have shown higher replication and transcription levels than those 

with cytidine (C4) (Jiang et al., 2010; Lee et al., 2017b; Lee et al., 2003). 

 Hoffmann’s reverse genetics vector system is based on the high growth 

A/PR/8/34 (PR8) genome segments and possesses C4 in the polymerase genome segments 

(PB2, PB1, and PA) and U4 in the others (HA, NP, NA, M, and NS) (Hoffmann et al., 

2002a; Hoffmann et al., 2001a). Therefore, recombinant viruses generated through this 

system have the same promoter constellation; however, the same constellation in different 

IAVs can cause different phenotypic results (Jiang et al., 2010; Lee et al., 2017b; Ping et 

al., 2015). Moreover, internal genes of PR8 are mostly used for recombinant vaccines 

because they are easily adaptable, its sequence is fully verified, and it shows high growth 

in embryonated chicken eggs (ECEs) (Webby et al., 2004b; Wood and Robertson, 2004). 

However, the use of internal genes homologous to those of field viruses is favorable to 

improve the heterosubtypic protection efficacy of vaccine strains because internal genes 
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are important for stimulating humoral and cellular immunity (Fujimoto et al., 2016; 

Townsend et al., 1984).  

 A/chicken/Korea/01310/2001(H9N2) (01310) was passaged 20 times (01310 

CE20) through ECEs, and 01310 CE20 has been used as a low-pathogenic avian influenza 

(LPAI) vaccine strain in Korea (Choi et al., 2008a). However, rescue of a complete 

recombinant virus possessing 8 genomic segments of 01310 CE20 could not be achieved 

using Hoffmann’s vector system. PB2 gene of 01310 CE20 is a prototypic avian gene with 

decreased integrity of the polymerase trimer and may cause reduced viral replication and 

pathogenicity in mammalian hosts (Kim et al., 2014a; Lee et al., 2017a). A human cell line, 

293T, has been used for generating recombinant viruses by reverse genetics, but the host 

barrier may hinder replication of prototypic avian genomes thus resulting in unsuccessful 

virus rescue. Another Korea H9N2 strain, A/chicken/Korea/KBNP-0028/2000(H9N2) 

(0028), was also passaged 20 times in ECEs to increase productivity (Kwon et al., 2009). 

PR8-derived recombinant viruses possessing the PA or NS gene of 0028 did not cause a 

loss in body weight but could replicate in the lungs of BALB/c mice (Kim et al., 2014a; 

Kim et al., 2015a). Therefore, investigating the effect of less competent PA and NS genes 

on the rescue of recombinant 0028 strains in 293T cells may be valuable. Furthermore, 

0028 did not cause mortality even after 72 h post inoculation via the allantoic cavity unlike 

01310 CE20, and may improve the productivity of vaccine strains by increasing the virus 

titer and amount of harvested allantoic fluid (Kwon et al., 2009). WHO and the World 

Organization for Animal Health (OIE) also recommend low embryonic pathogenicity of 

vaccine strains (Dobbelaer et al., 2005; OIE, 2009). Therefore, investigations regarding 
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the molecular determinants affecting embryonic pathogenicity may be valuable to improve 

vaccine productivity. 

 In this study, we hypothesized that optimal combinations of C4 and U4 in 

polymerase genomes might compensate for less competent avian polymerases and 

facilitate the rescue and replication of complete recombinant H9N2 viruses possessing 6 

internal genes of their own. We successfully rescued complete recombinant H9N2 viruses 

that are more replicative in ECEs. We also demonstrated the common roles of NS1 gene 

and its mutations in embryonic as well as mammalian pathogenicity.
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1.2. Materials and Methods 

Viruses, cells, eggs, and plasmids 

 The 01310 CE20 and 0028 (CE20) strains were propagated in 10-day old SPF 

ECEs (Charles River Laboratories, North Franklin, USA). The 01310 CE22 and 0028 

CE21 strains have the same sequences as 01310 CE20 and 0028 CE20, and are used in this 

study. 293T, A549, and MDCK cells were purchased from the Korean Collection for Type 

Cultures (KCTC, Daejeon, Korea). The 293T and MDCK cells were maintained in DMEM 

(Life Technologies, CA, USA) supplemented with 10% fetal bovine serum (Life 

Technologies), and A549 cells were maintained in DMEM/F12 supplemented with 10% 

FBS. To generate recombinant viruses, a Hoffmann vector system was used as described 

previously (Hoffmann et al., 2002a; Hoffmann et al., 2001a). Recombinant viruses were 

generated and passaged twice in 10-day old SPF ECEs and then stored at -80°C until 

experimental use. 

 

 

Cloning and site directed mutagenesis of genes 

 Eight genome segments of 01310 CE22 and 0028 CE21 were amplified using 

Hoffmann’s universal primer sets and cloned into Hoffmann’s bi-directional transcription 

vector, pHW2000, as reported previously (Hoffmann et al., 2002a; Hoffmann et al., 2001a). 

The nucleotide sequences of the inserts were confirmed by sequencing with cmv-SF and 

bGH-SR primers listed in Table 1.1 (Macrogen Co, Seoul, Korea). The fourth nucleotide 
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in the 3′-ends of PB2, PB1, and PA genomes was mutated from C4 to U4 (C4U) by site-

directed mutagenesis using the Muta-direct site directed mutagenesis kit (iNtRON 

Biotechnology, Seongnam-si, Korea). The mutagenesis primer sets used in this study are 

listed in Table 1.1. The mutated 0028 NS genome possessing a single amino acid mutation 

in NS1 [G139D, G139N, S151T, or PL motif mutation (GSEV to EPEV)] was previously 

cloned into the pHW2000 vector (Kim et al., 2015a); we used the same plasmids after 

confirming the sequence of the inserts (Macrogen Co, korea). 
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Table 1.1. Primer sets used for sequencing and mutagenesis of polymerase gene promoters  

Primer Sequence (5′–3′) 

cmv-SF TAAGCAGAGCTCTCTGGCTA 

bGH-SR TGGTGGCGTTTTTGGGGACA 

mPB2-F AGTTGGGGGGGA AGCAAAA GCAGGTCAAATA 

mPB2-R TATTTGACCTGC TTTTGCT TCCCCCCCAACT 

mPB1-F AGTTGGGGGGG AGCAAAA GCAGGCAAACCA 

mPB1-R TGGTTTGCCTGC TTTTGCT CCCCCCCAACT 

mPA-F GAAGTTGGGGGGG AGCAAAA GCAGGTACTGATC 

mPA-R GATCAGTACCTGC TTTTGCT CCCCCCCAACTTC 
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Generation of recombinant viruses by reverse genetics 

 Eight plasmids possessing eight genomes were transfected into 293T cells for 

generating recombinant viruses. One day before transfection, 293T cells were cultured in 

6-well plates (5 × 105 cells/well) and 300 ng of each plasmid was transfected together into 

the cells using Lipofectamine and PLUS reagent (Life Technologies) in 1 mL of Opti-

MEM (Life Technologies). After overnight incubation, 1 mL of Opti-MEM and 0.5 µg/mL 

of L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-

Aldrich, USA) were added. After another overnight incubation, 0.2 mL of the harvested 

culture medium was inoculated into 10-day old SPF ECEs through the allantoic cavity. 

Allantoic fluid was harvested from inoculated ECEs after incubation at 37°C for 72h and 

checked for the presence and titer of recombinant viruses using a 96-well plate 

hemagglutination test with 1% (v/v) chicken red blood cells according to the WHO Manual 

on Animal Influenza Diagnosis and Surveillance. Transfection was repeated three times to 

generate recombinant viruses independently. 

 

Titration of viruses 

 The suspension containing recombinant viruses (E1) was diluted 100-fold and 

inoculated into three 10-day old ECEs for virus propagation (E2). The harvested allantoic 

fluid was aliquoted and maintained at -80ºC until use. To measure the virus titer of allantoic 

fluid, each sample was serially diluted 10-fold and 0.1 mL of each dilution from 10-6 to 10-

9 was inoculated into five 10-day old ECEs. The 50% chicken embryo infectious dose 

(EID50/mL) was calculated using the Spearman-Karber method (Hamilton et al., 1977). 
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Mini-genome assay 

 Promoter activity of recombinant viruses was determined using a minigenome 

assay as described previously (Lee et al., 2017a). Briefly, 293T cells in 12-well plates were 

co-transfected with polymerase and NP genes of 01310 CE22, 0028 CE21, or PR8 together 

with pHW-NP-Luc and the Renilla luciferase plasmid pRL-TK (Promega, USA). After 24 

h, luminescence was measured using the Dual-Glo Luciferase Assay System (Promega, 

USA) according to the manufacturer’s instructions, on a TECAN Infinite200 pro machine 

(Tecan Benelux, Giessen, Netherlands). The results are shown as the average from three 

experiments, and the standard deviation. 

 

 

 

Replication efficiency of recombinant viruses in MDCK cells 

 To compare the replication efficiency of recombinant viruses in MDCK cells, 107 

EID50/0.1 mL of each recombinant virus was diluted 10-fold and inoculated into confluent 

MDCK cells in a 96-well plate (1 × 105 cells/well; 3 repeats for each diluted virus). After 

72 h of incubation in a CO2 incubator at 37°C, the 50% tissue culture infectious dose 

(TCID50/mL) was calculated using the Spearman-Karber method (Hamilton et al., 1977). 
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Growth kinetics of recombinant 01310 CE22 viruses in A549 cells 

  The replication efficiency of AIVs in A549 cells is too low, and replication of the 

recombinant viruses was investigated by a growth kinetics study. Confluent A549 cells in 

a 6-well plate were infected with 1 multiplicity of infection of recombinant 01310 viruses. 

After 1 h of incubation, viruses were washed away with PBS, and 1 mL of fresh DMEM 

and 0.2 µg/mL TPCK-trypsin were added. During 3 days incubation in a CO2 incubator at 

37°C, the supernatant was harvested at 24, 48, and 72 h post-infection (hpi) and TCID50 

was measured. 

 

 

Effect of NS genome on the pathogenicity and productivity of AIVs 

in ECEs 

  The pathogenicity of the recombinant virus was evaluated by measuring the mean 

death time (MDT) of chicken embryos (Hanson and Brandly, 1955). Each virus was diluted 

to 100 EID50/0.1 mL and inoculated into ten 10-day old ECEs via the allantoic cavity. 

During incubation at 37°C, the eggs were candled twice a day and the death time of 

embryos was recorded. The MDT of each virus was calculated by average death time of 

all infected ECEs. To compare the productivity of recombinant viruses, the same 

experiment was performed as above except with 3 days of incubation and chilling of dead 

ECEs at 4°C. The volume and hemagglutination titer (HAT) of the harvested allantoic fluid 

were then measured and multiplied to calculate the total HAT of each virus. 
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Statistical analysis 

 Polymerase activity and virus titer were compared using one-way analysis-of-

variance (IBM SPSS Statistics ver. 23; IBM, USA). Results were considered statistically 

significant if p < 0.05 and p < 0.001. 
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1.3. Results 

Generation of recombinant 01310 CE22 and 0028 CE21 viruses by 

C4U mutation of promoter/origin in polymerase genomes 

 The PR8-derived 01310 CE22 virus (r310-PR8) possessing 6 internal genes of 

PR8 was generated in every transfection trial; however, we could not generate r310-C4 

possessing 6 internal genes of 01310 CE22. The C4U mutations PB2 and/or PB1 (r310-

U4-PB21, r310-U4-PB2, and r310-U4-PB1), PB1/PA (r310-U4-PB1A), and PB2/PB1/PA 

(r310-U4) facilitated virus rescue. However, the U4 promoter mutation in only PA and in 

both PB2 and PA (r310-U4-PA and r310-U4-PB2A) did not facilitate virus rescue (Table 

1.2). In contrast, recombinant 0028 CE21 viruses (r0028-C4, r0028-U4-PB2, r0028-U4-

PB1, r0028-U4-PA, r0028-U4-PB21, r0028-U4-PB1A, r0028-U4-PB2A, and r0028-U4) 

were successfully generated in all kinds of promoter combinations together with PR8-

derived 0028 CE21 virus (r0028-PR8) (Table 1.3).
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Replication efficiency of recombinant 01310 CE22 and 0028 CE21 

viruses in ECEs 

 Titers of the generated recombinant viruses were measured in ECEs. The titers 

(log10 EID50/mL) of recombinant 01310 CE22 viruses ranged from 8.92 ± 0.14 to 9.58 ± 

0.29, and the titers of r310-U4-PB1 and r310-U4-PB21 were higher than those of the others 

including r310-PR8 (Table 1.2). However, an additional C4U mutation in the PA of these 

two viruses (r310-U4-PB1A and r310-U4) decreased their titer in ECEs (Table 1.2). The 

titers of recombinant 0028 CE21 viruses ranged from 8.67 ± 0.29 to 10.13 ± 0.15, and the 

titers of r0028-U4-PB21 and r0028-PR8 were higher than those of the others (Table 1.3). 

Therefore, C4U mutations in both PB2 and PB1 increased the titers of both recombinant 

01310 CE22 and 0028 CE21 viruses in ECEs. 
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Table 1.2. Genotype, rescue, and titer of recombinant 01310 CE22 viruses 

Recombinant virus 
3′-end promotera 

Internal genesb Rescuec EID50/mL (log10) d 
PB2 PB1 PA 

r310-PR8 C4 C4 C4 PR8 + 8.83 ± 0.14 

r310-C4 C4 C4 C4 01310 CE20 - NT 

r310-U4-PB2 U4 C4 C4 01310 CE20 + 9.00 ± 0.43 

r310-U4-PB1 C4 U4 C4 01310 CE20 + 9.58 ± 0.29e 

r310-U4-PA C4 C4 U4 01310 CE20 - NT 

r310-U4-PB21 U4 U4 C4 01310 CE20 + 9.50 ± 0.50e 

r310-U4-PB1A C4 U4 U4 01310 CE20 + 9.00 ± 0.00 

r310-U4-PB2A U4 C4 U4 01310 CE20 - NT 

r310-U4 U4 U4 U4 01310 CE20 + 8.92 ± 0.14 
a C4: the fourth nucleotide of the 3′-end promoter is cytidine, weak promoter; U4: the fourth nucleotide of the 3′-end promoter is 

uridine, strong promoter. 

b The origin of six internal genes (PB2, PB1, PA, NP, M, and NS). 

c The result of virus rescue after three times transfection; +: successful (3/3), -: unsuccessful (0/3). 

d EID50/mL, mean 50% chicken embryo infection dose/mL with standard deviation; NT, not tested. 

e Significant difference from other recombinant viruses (p < 0.05).
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Table 1.3. Virus rescue and titer of recombinant 0028 CE21 viruses 

Recombinant virusa Rescueb EID50/mL (log10)c 

r0028-PR8 + 9.95 ± 0.14d 

r0028-C4 + 8.67 ± 0.29 

r0028-U4-PB2 + 9.08 ± 0.18 

r0028-U4-PB1 + 9.10 ± 0.30 

r0028-U4-PA + 8.69 ± 0.13 

r0028-U4-PB21 + 10.13 ± 0.15d 

r0028-U4-PB1A + 8.93 ± 0.21 

r0028-U4-PB2A + 9.25 ± 0.50 

r0028-U4 + 8.75 ± 0.25 
a C4: the fourth nucleotide of the 3′-end promoter is cytidine, weak promoter; U4: the 

fourth nucleotide of the 3′-end promoter is uridine, strong promoter. 

b The origin of six internal genes (PB2, PB1, PA, NP, M, and NS). 

c EID50/mL, mean 50% chicken embryo infection dose/mL with standard deviation. 

d Significant difference from other recombinant viruses (p < 0.05) 
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Comparison of polymerase activity between different 

combinations of C4U mutations in polymerase genomes  

 To investigate the effects of different combinations of C4U mutations in 

polymerase genomes on virus rescue, polymerase activity was compared using a mini-

genome assay (Fig. 1.1). The polymerase activities of 01310 CE22 and 0028 CE21 mini-

genomes were considerably weaker than that of PR8. It was difficult to differentiate 

between the activities of virus rescue-facilitating (r310-U4-PB2, r310-U4-PB1, r310-U4-

PB1A, r310-U4-PB21, and r310-U4) and non-facilitating (r310-C4 and r310-U4-PB2A) 

C4U combinations of polymerases. Although the relative luciferase activities of both 

01310 CE22 and 0028 CE21 mini-genomes were very low, all the 0028 CE21 mini-

genomes showed slightly higher activities than those of the 01310 CE22 mini-genomes. 

Thus, the polymerase activity of 0028 CE21 may be enough to produce recombinant 0028 

CE21 viruses independent of the combinations of C4U mutations.
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Figure 1.1. Comparison of polymerase activity from 01310 CE22 and 0028 CE21 

mini-genomes with different combinations of C4U mutations in the polymerase 

genomes. pHW plasmids possessing polymerase genes (PB2, PB1, and PA) and NP were 

transfected into 293T cells with pHW-NP-Luc and the Renilla luciferase plasmid pRL-TK, 

and luminescence was measured. *, significant difference from the 01310 CE22 mini-

genome (p < 0.05); **, significant difference from the 01310 CE22 and 0028 CE21 mini-

genomes (p < 0.05). 
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Comparison of replication efficiency of recombinant viruses in 

MDCK and A549 cells 

 As recombinant 01310 CE22 and 0028 CE21 viruses were successfully generated 

from 293T cells, we evaluated their replication efficiency in mammalian cell lines, MDCK 

and A549 cells. Although no significant difference in virus titer was observed between the 

recombinant and parent viruses, recombinant 01310 CE22 viruses showed higher titers 

than the 01310 CE22 virus in MDCK cells (Fig. 1.2). Furthermore, the titers of 

recombinant 01310 CE22 viruses were higher than that of recombinant PR8. However, 

recombinant 0028 CE21 viruses except for r0028-PR8 showed significantly lower virus 

titers than recombinant 01310 CE22 and PR8 viruses. For this reason, the viral replication 

efficiency of recombinant 01310 CE22 viruses in A549 cells was further evaluated. All the 

recombinant and parent 01310 CE22 viruses could not replicate in A549 cells during 72 

hpi; however, recombinant PR8 virus showed the highest titer within 48 hpi (Fig. 1.3). 
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Figure 1.2. Comparison of virus titers of recombinant 01310 CE22 and 0028 CE21 

viruses in MDCK cells. 1 × 107 EID50/100 μl of each virus was diluted 10-fold and 

inoculated into confluent MDCK cells. After incubation at 37°C for 72 h, the virus titer 

(TCID50/0.1 mL) was calculated. *, significant difference from parental 01310 CE22 and 

recombinant 0028 CE21 viruses; **, significant difference from other viruses (p < 0.05).
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Figure 1.3. Growth kinetics of recombinant 01310 CE20 viruses in A549 cells. One 

multiplicity of infection (moi) of each virus was inoculated into confluent A549 cells and 

the supernatant was harvested at 24, 48, and 72 h post-inoculation (hpi). TCID50 in the 

supernatant was determined in MDCK cells. *, significant differences from other viruses 

at 48 hpi (p < 0.05).
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Effect of 0028 NS genome on the pathogenicity and productivity of 

recombinant 01310 CE22 viruses in ECEs 

 Previously, we demonstrated that mutation of mammalian non-pathogenic 0028 

NS1, GSEV to EPEV, S151T, and G139D increased the mammalian pathogenicity of PR8-

derived recombinant viruses possessing mutated 0028 NS1 genes, and the mammalian 

pathogenic mutations are shared by the 01310 NS1 gene (Kwon et al., 2009). To investigate 

the effect of NS genome on the embryonic pathogenicity of 01310 CE22, we generated 

recombinant 01310 viruses by replacing the NS genome with the parental (mammalian 

non-pathogenic) or mutated (mammalian pathogenic) 0028 NS genome. Recombinant 

viruses with the parental (r310-NS28) and mutated 0028 NS genomes (r310-NS28-EPEV, 

r310-NS28-S151T, r310-NS28-G139D, and r310-NS28-G139N) were also generated by 

C4U mutations in PB2 and PB1 genomes. The MDT of each recombinant virus was 

measured to compare their embryonic pathogenicity (Table 1.4). r310 was pathogenic and 

caused embryonic death within 48.8 ± 8 h, whereas r310-NS28 did not cause embryonic 

death even after 72 h incubation (94.4 ± 5). Recombinant viruses possessing EPEV (r310-

NS28-EPEV), S151T (r310-NS28-S151T), G139D (r310-NS28-G139D), and G139N 

(r310-NS28-G139N) mutations showed a lower MDT than that with r310-NS28. Although 

the titers of r310-NS28-EPEV, r310-NS28-S151T, and r310-NS28-G139D were 

significantly less than those of r310 r310-NS28 and r310-NS28-G139N, they showed titers 

similar to r310 (Table 1.4). To compare the productivity of r310 and r310-NS28 in ECEs, 

the total HA units were calculated by multiplying the HA unit/mL and the volume of the 

harvested allantoic fluid (Table 1.5). The total volume and HAU of r310 was less than that 
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of r310-NS28. Thus, r310-NS28 was more productive than r310 in ECEs. 
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Table 1.4. Mean death time (MDT) and virus titer of 01310 CE22-derived recombinant 

viruses 

Recombinant virus MDT 
(Mean Death Time, h)c 

Virus titer 
(log10 EID50/mL)d 

r310 48.8 ± 8 9.17 ± 0.29 

r310-NS28 94.4 ± 5a 9.37 ± 0.12 

r310-NS28-EPEV 61.6 ± 6a 8.70 ± 0.23b 

r310-NS28-G139D 75.7 ± 1a 8.40 ± 0.12b 

r310-NS28-G139N 82 ± 2.5a 9.33 ± 0.24 

r310-NS28-S151T 67.6 ± 3a 8.53 ± 0.39b 
a, b Significant difference from r310 (p < 0.05). 

 

 

Table 1.5. Comparison of virus productivity between r310 and r310-NS28 in ECEs. 

a Mean volume of harvested allantoic fluid from 10 ECEs. 
b Mean hemagglutination units (HAU)/25 µL of allantoic fluid from 10 ECEs.  
c Median total HAU of allantoic fluid from 10 ECEs.  
d Significant difference from r310 (p < 0.05).

Harvested allantoic fluid r310 r310-NS28 

Volume (mL)a 11.9 13.3d 

HAU (log 2)b 8.3 8.8 

Total HAUc 3975.7 6412.8d 
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1.4. Discussion 

 H9N2 AIVs became endemic in Asia, the Middle East, and North Africa after 

severe outbreaks in poultry during the 1990s (Alexander, 2007). They caused direct 

infection in humans and provided internal genes to human-lethal H5N1, H5N6, H7N9, and 

H10N8 AIVs (Gu et al., 2014; RahimiRad et al., 2016). Vaccines against H9N2 AIVs have 

been developed and used in poultry farms (Choi et al., 2008a; Sun et al., 2012). However, 

new vaccine strains have been recommended due to the appearance of antigenic variants 

(Lee and Song, 2013). 

 A PR8-based reverse genetics vector system has been successfully used for the 

development of vaccines for humans and animals. As the 6 internal genes of PR8 have 

improved the replication efficiency of 6+2 vaccine strains in ECEs, they have been 

favorably used for vaccine development. However, the internal genes of PR8 contain 

various mammalian pathogenicity related mutations including the E627K mutation in PB2 

(Kim et al., 2014a; Kim et al., 2015a; Lee et al., 2017a; Lee et al., 2017b). Therefore, the 

innate mammalian pathogenicity of internal genes could be inherited by the vaccine strains. 

Although inactivated vaccine strains are produced under controls of strict biosecurity 

measures, mammalian non-pathogenic vaccine strains may be more favorable (Liu et al., 

2012).  

 Single replacement of the PB2 genomes of PR8 with 01310 CE20 increased the 

replication efficiency of recombinant viruses in ECEs with decreased pathogenicity in 

BALB/c mice (Jang et al., 2017a; Kim et al., 2014a). The heterosubtypic protection 

efficacy of internal proteins may encourage efforts to replace all the internal genes of PR8, 
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but optimal 6 avian internal gene sets supporting the generation of highly replicative and 

mammalian non-pathogenic recombinant viruses are not frequent (Liu et al., 2012; Shi et 

al., 2007). 

 In this study, we successfully generated a complete recombinant 01310 virus by 

optimization of C4U mutations in polymerases. The C4U mutation of the PB2 or PB1 

genome may be the minimum essential to compensate the incompetent PB2 activity of 

01310. However, C4U mutation only in the PA genome was not sufficient for virus rescue 

and even inhibited virus rescue when paired with a C4U mutation of the PB2 genome. PB2 

is imported from the cytoplasm to the nucleus independently, but PB1 and PA form a dimer 

in the cytoplasm for efficient import into the nucleus. PB2 forms a trimer with the PB1/PA 

dimer in the nucleus (Huet et al., 2010). The PB2 of 01310 CE20 was suspected to decrease 

the integrity of the polymerase trimer and we speculated that the low integrity could be 

overcome by increased expression of PB2 and PB1 (Lee et al., 2017a).  

 No effect of C4U mutation in the PA genome supports the importance of PB1 in 

nuclear translocation and trimer formation, but the negative effect of the C4U mutation in 

PA together with PB2 was unexpected. Recently, PA-X generated by ribosomal frameshift 

of PA was reported to contain only endonuclease activity (Jagger et al., 2012). PA-X 

spreads in the nucleus and cytoplasm, and degrades host mRNAs (Hayashi et al., 2016). 

Despite the contradiction, PA-X showed generally negative effects on viral replication and 

pathogenicity (Gao et al., 2015; Jagger et al., 2012). Although we did not examine this in 

detail, we speculate that increased PA expression might also increase PA-X expression and 

its negative effects. Additionally, more efficient replication of r310-U4-PB21 and r0028-
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U4-PB21 than that of r310-U4 and r0028-U4 in ECEs may also support the negative effect 

of increased PA and PA-X concentration (Ping et al., 2015). However, C4U mutations in 

all polymerases notably conferred positive and neutral effects on the replication efficiency 

of WSN and PR8 in mammalian cells, respectively (Jiang et al., 2010; Ping et al., 2015). 

Therefore, these effects may be strain-specific. 

 Although C4U mutation in polymerases of 01310 PB2 facilitated virus rescue, 

we could not find any difference in polymerase activity between the virus rescue-

facilitating and non-facilitating mutations in 293T cells (Fig. 1.1). However, the titers of 

recombinant viruses possessing the virus rescue-facilitating mutations were higher than 

those of 01310 CE22 in MDCK cells (Fig. 1.2). Interestingly, the polymerase activities of 

0028 CE21-derived mini-genomes were significantly higher than those of 01310 CE22-

derived mini-genomes; however, the virus titers of 0028 CE21-derived recombinant 

viruses were significantly lower than those of 01310 CE22-derived recombinant viruses in 

MDCK cells. The relatively high polymerase activities of 0028 CE21 mini-genomes may 

be due to more competent PB2 compared to that of 01310 CE22 mini-genomes and the 

low replication efficiency of 0028 CE21-derived recombinant viruses can be explained by 

the low activities of PA and NS1 in mammalian hosts (Kim et al., 2014a; Kim et al., 2015a). 

Therefore, virus rescue and efficient replication of AIVs in different mammalian cells may 

be affected by multigenic traits.  

 MDCK cells are permissible to both avian and mammalian IAVs owing to the 

expression of both avian and human receptors, and the missing anti-viral activity of Mx 

proteins (Seitz et al., 2010). However, A549 cells express only human receptors and 
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possess active MxA, a potent antiviral protein (Holzinger et al., 2007). BALB/c mice have 

been used for the mammalian pathogenicity evaluation of AIVs but are an incomplete 

model owing to their lack of Mx proteins (Staeheli et al., 1988). For these reasons, A549 

cells have been used for evaluating the preliminary mammalian pathogenicity of IAVs (Lee 

et al., 2017a; Taft et al., 2015). Therefore, we verified the preliminary mammalian 

pathogenicity of recombinant 01310 CE22 viruses using the A549 cell model. In contrast 

to recombinant PR8, all the recombinant 01310 CE22 and parent 01310 CE22 viruses did 

not replicate in A549 cells, and may have lower mammalian pathogenicity compared to 

other viruses replicating in A549 cells. 

 The embryonic pathogenicity of highly pathogenic (HP) AIVs is higher than that 

of low pathogenic (LP) AIVs due to systemic replication of HP AIVs, which is supported 

by multi-basic amino acids in the cleavage site of HA (Scholtissek et al., 1988). However, 

the reason why some LPAIVs such as 01310 CE20 show embryonic pathogenicity without 

multi-basic amino acids has been unclear (Choi et al., 2008a). In this study, we 

demonstrated the role of NS genome in the embryonic pathogenicity of AIVs. NS1 protein 

is a virulence factor that antagonizes host antiviral responses mediated by type I interferons 

(IFN) and IFN-induced proteins (Hale et al., 2008a). Several mammalian pathogenic 

mutations in NS1 gene were reported in a previous study (Kim et al., 2015a) and 

interestingly, mammalian pathogenicity related mutations in NS1 such as GSEV to EPEV, 

S151T, and G139D also increased the embryonic pathogenicity. To our knowledge, this is 

the first report demonstrating the relationship between NS1 and embryonic pathogenicity, 

and sharing of the same mutations for embryonic and mammalian pathogenicity . 
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  In this study, we generated highly productive H9N2 vaccine strains by optimizing 

the 3′-end promoter of polymerase genomes and NS genome replacement. The 

optimization method and internal genes investigated in this study may be useful for 

generating more productive and safer vaccine strains against HPAIVs as well as antigenic 

variants of H9N2 AIVs. 
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Chapter II 

 

Bioengineering a highly productive vaccine strain in 

embryonated chicken eggs and mammals from a non-

pathogenic clade 2·3·4·4 H5N8 strain 
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Abstract 

 The clade 2.3.4.4 H5Nx is a highly pathogenic avian influenza (HPAI) virus, 

which first appeared in China and has spread worldwide since then, including Korea. It is 

divided into subclades a - d, but the PR8-derived recombinant clade 2.3.4.4 a viruses 

replicate inefficiently in embryonated chicken eggs (ECEs). High virus titer in ECEs and 

no mammalian pathogenicity are the most important prerequisites of efficacious and safer 

vaccine strains against HPAI. In this study, we have synthesized hemagglutinin (HA) and 

neuraminidase (NA) genes based on the consensus amino acid sequences of the clade 

2.3.4.4a and b H5N8 HPAIVs, using the GISAID database. We generated PR8-derived 

H5N8 recombinant viruses with single point mutations in HA and NA, which are related 

to efficient replication in ECEs. The H103Y mutation in HA increased mammalian 

pathogenicity as well as virus titer in ECEs, by 10-fold. We also successfully eradicated 

mammalian pathogenicity in H103Y-bearing H5N8 recombinant virus by exchanging PB2 

genes of PR8 and 01310 (Korean H9N2 vaccine strain). The final optimized H5N8 vaccine 

strain completely protected against a heterologous clade 2.3.4.4c H5N6 HPAIV in 

chickens, and induced hemagglutination inhibition (HI) antibody in ducks. However, the 

antibody titer of ducks showed age-dependent results. Thus, H103Y and 01310 PB2 gene 

have been successfully applied to generate a highly productive, safe, and efficacious clade 

2.3.4.4 H5N8 vaccine strain in ECEs.
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2.1. Introduction 

 Clade 2.3.4.4 H5Nx highly pathogenic avian influenza viruses (HPAIVs) with 

different neuraminidase (NA) subtypes have emerged in China and spread globally through 

multiple genetic reassortments of clade 2.3.4.4 H5N1 and other subtypes (Claes et al., 2016; 

Lee et al., 2015; Lee et al., 2014; Smith et al., 2015a). Clade 2.3.4.4 H5N8 HPAIV was 

first reported in Korea in early 2014 (Lee et al., 2014) and since then, several subclades (a 

to d) have been reported as of 2017 (Kwon et al., 2018). H5N8 HPAI clades 2.3.4.4a and 

b were detected in 2014. Clade 2.3.4.4a viruses are predominant and have caused 

substantial economic loss in the Korean poultry industry (Song et al., 2017). Five different 

reassorted H5N6 HPAI clade 2.3.4.4c viruses were isolated from poultry and wild birds in 

Korea in 2016. The clade 2.3.4.4b H5Nx viruses spread worldwide from 2014 to 2018 

(Kwon et al., 2018; Kwon et al., 2017a; Lee et al., 2017d). Clade 2.3.4.4 HPAI viruses 

cause asymptomatic infection in Muscovy ducks and fatal infections in chickens and 

humans (Kang et al., 2017; Lee et al., 2016b; Yang et al., 2015).  

 A/Puerto Rico/8/1934(H1N1) (PR8)-derived clade 2.3.4.4 (6:2 reassortant) and 

H5N8 vaccines have been developed for poultry and humans. They have been evaluated 

concerning their efficacy in protecting from death caused by homologous and heterologous 

viruses (Jin et al., 2018; Kandeil et al., 2018; Lee et al., 2019; Santos et al., 2017). PR8-

derived vaccine strains contain six internal protein coding genes of PR8 that confer high 

replication efficiency to embryonated chicken eggs (ECEs). The PB2 gene is one of the 

most important mammalian pathogenicity-determinants in AIVs and various mutations 
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have been identified in this gene (Subbarao et al., 1993; Taubenberger et al., 2005). The 

PB2 gene in PR8 has even more mammalian pathogenicity-related mutations (E627K, 

A199S, A674T, T271A, and A588T) than those of the 1918 pandemic H1N1 virus (E627K, 

A199S, and K702R). Thus, the potential mammalian pathogenicity of conventional PR8-

derived vaccine strains against HPAI need to be improved (Lee et al., 2017a; Taubenberger 

et al., 2005). In addition, the E627K mutation negatively affects efficient replication in 

ECEs (Lee et al., 2017a). The PB2 gene of the A/chicken/Korea/01310/2001(H9N2) 

(01310) was successfully used for the generation of PR8-derived vaccine strains with high 

replication efficiency in ECEs and mammalian non-pathogenicity (An et al., 2019a; Choi 

et al., 2008b; Jang et al., 2017b; Kim et al., 2015b). 

 In order to increase virus titers of HPAIVs, successive virus passage through 

ECEs has been used and various mutations in hemagglutinin (HA) and neuraminidase (NA) 

have been identified (Choi et al., 2008b; Kim et al., 2013a; Kwon et al., 2009). HPAIVs 

replicate with high efficiency in ECEs due to polybasic amino acid residues at the cleavage 

site of HA. Few studies have sought to improve HA and NA genes in HPAIVs for better 

replication efficiency in ECEs (Stieneke-Grober et al., 1992). The H103Y mutation 

increases the acid stability of HA by decreasing the pH at which HA undergoes irreversible 

conformational changes. This mutation is regarded as a mammalian pathogenicity-related 

mutation, which facilitates air-borne transmission of H5N1 AIVs between mammals (de 

Vries et al., 2014a; Herfst et al., 2012; Linster et al., 2014; Zhang et al., 2013a). However, 

H103Y was also postulated to increase replication efficiency in ECEs, and a restricted role 

of H103Y in mammalian hosts was suspected (Kim et al., 2013a; Richard et al., 2017). 
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 In this study, we aimed to engineer an optimized PR8-derived clade 2.3.4.4 H5N8 

HPAI vaccine strain to be highly replicative in ECEs and non-pathogenic to mammalian 

hosts. We synthesized the consensus HA and NA genes from clade 2.3.4.4 H5Nx HPAIV 

genes, and inserted single point mutations into genes related to high replication efficiency 

(H103Y, K161E, and L317P in HA; S369N in NA) (Kim et al., 2013a). We generated PR8-

derived parent and mutant H5N8 recombinant viruses with PB2 genes of PR8 or 01310, 

and compared the replication efficiency in ECEs and mammalian pathogenicity in mouse 

and mammalian cells. We also evaluated the immunogenicity of the selected vaccine strain 

in specific pathogen-free (SPF) chickens and commercial ducks, and the protective 

efficacy in SPF chickens by infecting them with a heterologous clade 2.3.4.4c H5N6 

HPAIV.
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2.2. Materials and Methods 

Plasmids, cells, and eggs 

 Recombinant H5N8 viruses were generated using the Hoffmann reverse genetics 

vector system and the bidirectional pHW2000 vector (Hoffmann et al., 2000b). The 293T, 

MDCK, and A549 cells were purchased from the Korean Collection for Type Cultures 

(KCTC, Daejeon, Korea). HEK293T and MDCK cells were maintained in Dulbecco’s 

modified Eagles’ medium (DMEM) containing 10% fetal bovine serum (FBS, Life 

Technologies Co., Carlsbad, CA, USA) and were used for plasmid transfection and 

recombinant virus generation. A549 cells were maintained in DMEM/F12 supplemented 

with 10% FBS (Life Technologies). The recombinant viruses generated were used in 

experiments after three passages in 10 day-old SPF ECEs (Charles River Laboratories, 

North Franklin, CT. USA). All recombinant viruses were confirmed by RT-PCR and 

genome sequencing. 

 

 

Synthesis and cloning of consensus HA and NA genomes and site-

directed mutagenesis 

 The Global Initiative on Sharing All Influenza Data (GISAID) and 

Influenza Research Database (IRD) databases were used to obtain the HA and NA 

genome sequences of subtype H5N8 clade 2.3.4.4 HPAIVs isolated in Asia from 
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2014 to 2016 (n = 80). They are listed in Supplementary Table 2.S1. The BioEdit 

program (v7.2.5) was used for nucleotide sequence translation, amino acid 

comparison, and calculation of amino acid identity. The HA and NA sequences 

were compared and the consensus amino acid sequences were synthesized on the 

basis of the HA and NA genomes of A/broiler duck/Korea/Buan2/2014(H5N8) 

(Buan2) (Cosmo Genetech, Seoul, Korea). The multi-basic cleavage site of the 

HPAI clade 2.3.4.4 HA gene was substituted by a nucleotide sequence coding for 

ASGR in the synthetic HA genome for virulence attenuation, as previously reported 

(Jang et al., 2017b). Amino acid at position 499 (H5, Buan2, numbering) was 

mutated from asparagine (N) to threonine (T) to remove putative N-glycosylation. 

This likely decreases immunogenicity of the universal epitope in the stalk region 

of HA2 without affecting replication efficiency (Ekiert et al., 2009; Kwon, 2014). 

Synthetic HA and NA genomes were cloned into the pHW2000 vector using 

universal primer sets. Site-directed mutagenesis was performed to introduce 

mutations related to replication efficiency of HA (H103Y, K161E and L317P) and 

NA (S369N) with a commercial kit (iNtRON Biotechnology, Gyeonggi-do, Korea) 

as previously reported (Hoffmann et al., 2001b; Kim et al., 2013a). The 

mutagenesis primers used in this study are listed in Table 2.1. 
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Table 2.1. Primer sets used for the single point mutagenesis of the consensus H5N8 

genome  

Primera  Sequence (5’- 3’) 

H5N8 – hmH103Y – F TGAAGA ACTGAAATACCTATTGAGCAGAATA 

H5N8 – hmH103Y – R TATTCTGCTCAATAGGTATTTCAGTTCTTCA 

H5N8 – hmK161E – F CATACCCAACAATAGAAATAAGCTACAATAA 

H5N8 – hmK161E – R TTATTGTAGCTTATTTCTATTGTTGGGTATG 

H5N8 – hmL317P – F CTTGCGACTGGGCCCAGAAATAGTCCTC 

H5N8 – hmL317P – R GAGGACTATTTCTGGGCCCAGTCGCAAG 

H5N8 – nmS369N – F  GTCGAACCTCCAGAAATGGATTTGAAATAATAAG 

H5N8 – nmS369N – R CTTATTATTTCAAATCCATTTCTGGAGGTTCGAC 
ahm primer sets were used for HA mutation, and nm primer sets were used for NA mutation  
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Recombinant virus generation 

 PR8-derived H5N8 recombinant viruses were generated by combining eight 

genome segments and cloning them into a bidirectional reverse genetics vector (pHW2000) 

as previously described (An et al., 2019a). The PB2 genome of PR8 was replaced using 

the pHW2000 plasmid containing the 01310 PB2 gene, as previously described (Kim et 

al., 2014b). Briefly, 300 ng each of the eight plasmids was mixed with Lipofectamine 2000 

and Plus reagents (Life Technologies) and transfected into 293T cells (1×106 cells/well in 

a 6-well plate). Following overnight incubation, 1 ml of Opti-MEM (Life Technologies) 

and 4 µg/well of L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK)-treated 

trypsin (Sigma-Aldrich, St. Louis, MO, USA) were added and incubated for another 24 h. 

200 µl of the harvested culture media were injected into 10-day-old SPF ECEs via the 

allantoic cavity. Inoculated ECEs were incubated for 3 days with candling twice a day, 

after which the allantoic fluid was harvested. The presence of recombinant virus was 

confirmed by the HA assay using 1% (v/v) chicken red blood cells (RBCs), according to 

the World Health Organization (WHO) Manual on Animal Influenza Diagnosis and 

Surveillance, and specific nucleotide sequences of recombinant viruses were confirmed by 

RT-PCR and sequencing (Kim et al., 2014b; Kim et al., 2013a).
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Virus titration  

 The rescued viruses were inoculated into 10-day-old SPF ECEs and harvested 

(embryo passage 2, E2). The E2 viruses were serially diluted from 10-1 to 10-9 and injected 

into five 10-day-old SPF ECEs to determine viral titer. The 50% chicken embryo infectious 

dose (EID50) was calculated using the Spearman-Karber method (Hamilton et al., 1978). 

 

 

 

Comparative replication efficiency in ECEs and mammalian cells 

 Replication efficiency in ECEs was compared by inoculating 100 EID50/0.1 ml of 

each recombinant virus (E2) into 10-day-old ECEs via the allantoic cavity route. Following 

incubation for 3 days, the inoculated virus was harvested and EID50 of each virus was 

measured as described above. The growth kinetics in MDCK and A549 cells were 

estimated by harvesting supernatants of cells inoculated with 5 × 105 EID50/0.5 ml of virus 

in a 12-well plate, at 0, 24, 48, and 72 h post inoculation (hpi) in MDCK cells, and 51 and 

71 hpi in A549 cells. The 10-fold diluent of each supernatant was inoculated into confluent 

MDCK cells in 96-well plates and the 50% tissue culture infective dose (TCID50) was 

calculated by the Spearman-Karber method.
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Mouse pathogenicity test 

 The mouse pathogenicity test was approved by the Institutional Animal Care and 

Use Committee (IACUC) of Seoul National University (IACUC-SNU-171214-1-1) and 

conducted in a biosafety level 2 facility at the Animal Center for Pharmaceutical Research 

of Seoul National University (Seoul, Korea) according to the national guidelines for the 

care and use of laboratory animals. Eight 6-week-old female BALB/c mice (KOATEC, 

Pyeongtaek, Korea) of each group were sedated by an intraperitoneal injection of Zoletil 

50 (15 mg/kg; Virbac, Carros, France), and 106 EID50/0.1 ml of each recombinant virus 

was inoculated via the intranasal route. The negative control group (mock) was inoculated 

with the same volume of sterile phosphate buffered saline (PBS). Three of eight mice in 

each group were euthanized through CO2 asphyxiation to test virus replication and virus 

titers in the lungs at 3 days-post-inoculation (dpi). The remaining mice were observed for 

weight loss and mortality over 2 weeks. The mice were euthanized by CO2 asphyxiation 

when the body weight of each mouse was reduced by more than 20%. The collected lungs 

were homogenized using a TissueLyzer 2 (Qiagen, Valencia, CA, USA) equipped with 5 

mm diameter stainless steel beads and mixed with PBS (10 volumes of lung weight). 

Following centrifugation at 13,000 rpm for 10 min, 0.1 ml of each supernatant and 10-fold 

diluted pooled supernatants were inoculated into ECEs as described above. The presence 

of virus in harvested allantoic fluid was tested by the plate HA test with 1% chicken RBCs. 

The virus titer of pooled lung specimens was calculated as described above.
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Immunogenicity of inactivated recombinant vaccine in chickens 

and ducks 

 Ten milliliters of the candidate vaccine strain in undilute allantoic fluid was 

inactivated with 1 ml of 1 M binary ethylenimine (BEI; final concentration 0.1 M) and 

incubated at 37°C for 24 h. The virus inactivation reaction was completed by adding 0.1 

M sodium thiosulfate and was confirmed by inoculation into 10-day-old ECEs. The 

inactivated virus was mixed with ISA70 at an oil-to-virus ratio of 7:3 to make an 

inactivated oil emulsion vaccine. Allantoic fluid of uninfected 10-day-old ECEs was mixed 

with ISA70 and used as the negative control group.  

 The duck vaccination experiment was approved by the Institutional Animal Care 

and Use Committee of Seoul National University (IACUC-SNU-181205-6). Seven 1-day-

old ducks and 2-week-old ducks were vaccinated with 0.5 ml of the oil-adjuvant 

inactivated vaccine, and serum was collected at 0, 3, and 4 weeks post vaccination (wpv). 
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Protection efficacy test of inactivated oil emulsion vaccine in 

chickens 

 Protection efficacy test in chickens was approved by the IACUC of Konkuk 

University (IACUC-KU18179) and was conducted in a biosafety level 3 facility at Konkuk 

University. Nine 3-week-old SPF chickens (Namduck Sanitek, Korea) in each group were 

vaccinated with the inactivated oil emulsion vaccine (0.5 ml/chicken) and challenged intra-

nasally with the 106 EID of A/Mandarin duck/Korea/K16-187-3/2016 (H5N6) (K16-187-

3) at 3 wpv. The serum of vaccinated chickens was collected at 0 and 3 wpv and 1 week-

post-challenge (wpc) for serum antibody analysis. Oropharyngeal and cloacal swab 

samples were collected at 1, 3, 5, and 7 days-post-challenge (dpc) and virus shedding 

through oropharyngeal and cloacal routes was evaluated by RT-PCR using an Applied 

Biosystems 7500 Real-Time PCR System (Life Technologies, Carlsbad, CA, USA) as 

previously described (Kwon et al., 2017b). 

 

 

Serological test 

 Serum antibodies of vaccinated chickens and ducks were estimated by the 

hemagglutination inhibition (HI) assay following the WHO Manual on Animal Influenza 

Diagnosis and Surveillance. Chicken and duck serum samples were treated at 56°C for 30 

min, and duck serum samples were mixed with three volumes of Receptor Destroying 

Enzyme II (RDE II; Denka Seiken Co., Ltd., Tokyo, Japan) and incubated for 24 h before 
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heat treatment. The treated serum was diluted 2-fold with PBS, and 25 µl of the diluted 

serum was mixed with the same volume of rH5N8-H103Y-310PB2 antigen with a 

hemagglutination titer (HAT) of 4. After incubation for 30 min at 4°C, 25 µl of 1% (v/v) 

chicken RBCs was added and the serum antibody titer was recorded after 40 min of 

incubation at 4°C. 

 

 

Heat stability test 

 The HAT of each virus was measured before heat treatment as described above. 

Each virus was diluted to an HAT of 64 with PBS. Aliquots of each dilution were dispensed 

into three tubes and incubated for 30 min at 50, 55, and 60°C. The HAT of each virus was 

determined after the heat treatment. 

 

 

Statistical analyses 

 The significance of replication efficiency and body weight changes were 

evaluated by one-way analysis-of-variance, and the difference of average body weight was 

assessed by the Student’s t-test (log-rank test, 95 % confidence intervals) using SPSS 

statistical software (IBM, Armonk, NY, USA). A p-value < 0.05 indicated statistical 

significance. 
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2.3. Results 

Genetic characteristics of synthesized consensus HA and NA genes 

of clade 2.3.4.4 H5N8 recombinant viruses 

 The variable amino acid residues in the synthesized consensus HA and NA 

sequences from other clade 2.3.4.4 viruses are summarized in Tables 2.2 and 2.3. The 

amino acid sequences of representative H5N8 Korean isolates Buan2 (clade 2.3.4.4a) and 

Gochang1 (clade 2.3.4.4b) from 2014, the more recent H5N8 strain from 2017, and the 

challenge strain (H5N6, clade 2.3.4.4c) were compared with the synthetic consensus HA 

and NA sequences. The sequence identity with the HA1 amino acid sequence of Buan2, 

Gochang1, the recent H5N8, and the challenge strains bearing the cleavage site sequences 

was 99.1%, 97.6%, 97.3%, and 95.9%, respectively (Table 2.2). Among the variable amino 

acid residues, 145 and 156 residues were the components of known epitopes and were 

variable in the challenge virus (145L deletion), Gochang1, and the recent H5N8 strain 

(A156T) (Kaverin et al., 2007; Velkov et al., 2013).  

 The sequence identity of Buan2, Gochang1, and the recent H5N8 strain with the 

NA amino acid sequence was 99.4%, 98.5%, and 98.9%, respectively (Table 2.3). The NA 

stalks of the viruses were compared, including the synthetic consensus NA sequence. The 

stalks were intact with no amino acid deletion when compared with the earliest H5N8 

isolate, A/turkey/Ireland/1378/1983 (H5N8) (accession no. EPI129564). 
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Table 2.2. Comparison of variable amino acid sequences between clade 2.3.4.4 H5 

proteins and the synthetic consensus H5 used in this study. 

Variable  
residue a Buan2  Gochang1 Recent H5N8 b Challenge 

strain c 
Consensus 
H5 d 

Subgroup a b b c a 
10 V I I V I 
16 S S G S S 
30 K E E E K 
110 T S S N T 
130 T I I T I 
140 N D N N N 
145 e L L L - f L 
149 A A A S A 
156 e A T T V A 
157 S P P P S 
167 I I I T I 
178 I I I M I 
185 R R R G R 
201 A A E A A 
211 D T T T N 
214 V V I V V 
239 R R R Q R 
285 V V V M V 
298 I V V I I 
336 S N S S S 
% identity 
with the 
consensus 
HA1g 

99.1 97.6 97.3 95.9 100.0 

a H5 numbering including signal peptide.  
b Recent H5N8: recently isolated H5N8 strains in Korea since 2017 
c Challenge strain: A/Mandarin duck/Korea/K16-187-3/2016 (H5N6)  
d Consensus H5: synthetic consensus H5 sequence used in this study 
e Amino acid residue in reported epitope. 
f -: deletion  
g Homology with the consensus H5 sequence barring the cleavage site sequences 
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Table 2.3. Comparison of the variable amino acid sequences between natural N8 and the 

synthetic consensus N8 sequence used in this study. 

Variable residue 
Strain 

Buan2 Gochang1 Recent 
H5N8 Consensus N8 

8 V M V V 

18 V A V V 

30 I T I I 

46 N K K N 

136 S A A S 

190 A T T T 

264 R Q T G 

303 I V V I 

329 T A A T 

397 S L L L 
% identity with the 
consensus N8 sequence 99.4 98.5 98.9 100.0 
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Comparison of replication efficiency of H5N8 recombinant viruses 

in ECEs 

 PR8-derived parent (rH5N8) and mutant H5N8 recombinant viruses containing a 

single mutation in HA (rH5N8-hmH103Y, rH5N8-hmK161E, and rH5N8-hmL317P) and 

NA (rH5N8-nmS369N), combined mutations in HA and NA (rH5N8-wm), and single point 

HA mutation and 01310 PB2 (rH5N8-hmH103Y-310PB2) were successfully generated 

(Table 2.4). The virus titer of rH5N8 of 108.3 EID50/ml was slightly higher than that of 

rH5N8-hmL317P (108.0 EID50/ml), rH5N8-nmS369N (108.1 EID50/ml), and rH5N8-wm 

(107.8 EID50/ml). However, the difference was not significant (p > 0.05). Similarly, rH5N8-

hmK161E showed a slightly higher virus titer than that of rH5N8, which was also not 

significant. However, rH5N8-hmH103Y and rH5N8-hmH103Y-310PB2 showed 

significantly higher virus titers than that of rH5N8 (p < 0.05) (Table 2.4).
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Table 2.4. Genome segments used for recombinant virus generation and the viral titer 

Recombinant virus 
Mutation 

PB2 EID50/mlb 
HA a NA 

rH5N8 -a - PR8 8.3 ± 0.3 

rH5N8-hmH103Y H103Yb - PR8 9.3 ± 0.3* 

rH5N8-hmK161E K161E - PR8 8.8 ± 0.3 

rH5N8-hmL317P L317P - PR8 8.0 ± 0.4 

rH5N8-nmS369N - S369N PR8 8.1 ± 0.5 

rH5N8-wm H103Y, K161E, L317P S369N PR8 7.8 ± 0.4 

rH5N8-hmH103Y-310PB2 H103Y - 01310 9.3 ± 0.1* 
a H3 numbering  
b Viral titer measurement after inoculation of each virus with 100 EID50 into 10 do SPF 
ECEs 

*significant difference compared to rH5N8 (p < 0.05).
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Comparison of replication efficiency of the H5N8 recombinant 

viruses in mammalian cells  

 The replication efficiency of recombinant viruses, rH5N8, rH5N8-hmH103Y, 

rH5N8- rH5N8-hmH103Y-310PB2, and rPR8 in mammalian cells was compared on the 

basis of the growth kinetics in MDCK and A549 cells. In MDCK cells, only rH5N8-

hmH103Y-310PB2 did not replicate, and rH5N8-hmH103Y replicated better than rH5N8 

did, with a significantly higher virus titer. Moreover, rPR8 virus replicated efficiently in 

A549 cells, while rH5N8 and rH5N8-hmH103Y-310PB2 did not. Interestingly, rH5N8-

hmH103Y replicated in A549 cells and showed significantly higher virus titer at 24 hpi 

(102.50 TCID50) and 51 hpi (102.33 TCID50) compared to rH5N8 (100.67 TCID50) and rH5N8-

hmH103Y-310PB2 (undetectable level of TCID50) (p < 0.05, Fig. 2.1).
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Figure 2.1. Growth kinetics of recombinant viruses in mammalian cells. Each recombinant virus (5 × 105 EID50/0.5 ml) was 

inoculated into MDCK and A549 cells. Supernatants were harvested at 0, 24, 48, and 72 hpi in MDCK cells and at 51 and 71 hpi in 

A549 cells following 72 h incubation at 37°C in a CO2 chamber. The viral titer at each time point was titrated as TCID50 in MDCK 

cells. Significant difference is denoted by an asterisk (p < 0.05). The data was the average of three independent experiments. 
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Comparison of pathogenicity of H5N8 recombinant viruses in mice 

 Pathogenicity of rH5N8, rH5N8-hmH103Y, rH5N8-hmH103Y-310PB2, and rPR8 was 

compared in 6-week-old female BALB/c mice on the basis of virus titer in the lungs and changes in 

body weight (Table 2.5 and Fig. 2.2). All recombinant viruses, except rPR8, showed no loss in body 

weight, but rH5N8 and rH5N8-hmH103Y were detected in all inoculated mice at 3 dpi. The virus titer 

of rH5N8-hmH103Y (104.5 EID50/0.1 ml) was significantly higher than that of rH5N8 (103.7 EID50/0.1 

ml), but rH5N8-hmH103Y-310PB2 was not detected in any of the inoculated mice.  

 

 

 

Table 2.5. Virus isolation rate and viral titer isolated from mouse lung at 3 dpi.  

Recombinant virus Virus isolation rate Log10 EID50/0.1 mla 

rH5N8 3/3 3.70 

rH5N8-hmH103Y 3/3 4.50 

rH5N8-hmH103Y-310PB2 0/3 0.00 

rPR8 3/3 7.25 

mock 0/3 0.00 

a EID50 /0.1 ml was measured with pooled lung samples.
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Figure 2.2. Pathogenicity of recombinant viruses in mice. Five 6-week-old BALB/c mice were challenged with 106 EID50 of each 1 

virus or PBS (mock) via the intranasal route and body weight was measured for 2 weeks. (a) Change in the body weight of mice and (b) 2 

survival rate of virus infected mice groups. Statistical significance was assessed by Student’s t-test (p < 0.05). 3 
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Effect of H103Y mutation on heat stability of HA protein 

 HAT of 64 of rH5N8-hmH103Y did not decrease, but the HAT of 2 of rH5N8 

decreased after heat treatment at 55°C for 30 min. Moreover, the HAT of rH5N8 decreased 

to an undetectable level, but rH5N8-hmH103Y showed residual hemagglutination activity 

(HAT of 4) after incubation at 60°C for 30 min (Fig. 2.3). 

 
 
 

 
Figure 2.3. Heat stability of rH5N8 and rH5N8-hmH103Y. Each virus was diluted with 

PBA to an HAT of 64, and three aliquots of each virus were incubated at 50, 55, and 60°C 

for 30 min. After heat treatment, HAT was determined by the HA assay using 1% (v/v) 

chicken RBCs 
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Heterologous protection efficacy of inactivated oil emulsion 

vaccine in chickens 

Chickens inoculated with the inactivated oil emulsion vaccine of rH5N8-

hmH103Y-310PB2 showed geometric mean HI titers with 95 % confidence interval (CI) 

at 3 wpv (before challenge) of 174.2 (95% CI, 85.60 – 354.4) and at 1 wpc (after 1 week 

of challenge) of 94.06 (95% CI, 46.23 – 191.4). Surprisingly, the HI titer decreased after 

challenge, instead of increasing. The vaccinated chickens were challenged with 

heterologous clade 2.3.4.4c H5N6 HPAI virus, K16-187-3, at 3 wpv. Eight chickens in the 

mock group died at 2 dpc and one at 3 dpc. All chickens in the vaccine group were 

protected from mortality. However, virus shedding through the oro-pharynx and cloaca 

was not protected and virus was detected in the oro-pharynx (5/9) and cloaca (1/9) until 

the end of the experiment at 7 dpc (Table 2.6).
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Table 2.6. Serum antibody titer, survival rate and viral shedding rate after wild-type H5N6 HPAI virus challenge in chickens  

Inactivated 
vaccine stain 

GMT HI titer a 

Survival 
rate 

Viral shedding rate 

Oro-pharynxb Cloaca 

0 3 wpv 1 pc 1c 3 5 7 1 3 5 7 

rH5N8-
hmH103Y-
310PB2 

< 2d 174.2  
(85.60 - 354.4) 

94.06 
(46.23 – 191.4) 9/9 (100 %) 0/9 3/9 6/9 5/9 1/9 4/9 4/9 1/9 

Mock < 2 < 2 < 2 0/9 
(0 %) 9/9 1/1e ntf nt 7/9 1/1e nt nt 

a Geometric mean HI titer with 95 % confident interval  
b Viral shedding was confirmed by real-time RT-PCR with oro-pharyngeal and cloacal swab samples. 
c dpc: day post challenge. 
d < 2 : undectectable titer 
e Eight and one chickens were dead at 2 and 3 dpc, respectively. 
f nt: not tested. 
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Immunogenicity of inactivated oil emulsion vaccine of rH5N8-

hmH103Y- 310PB2 in ducks 

Ducks that were vaccinated at 1-day-of-age showed undetectable HI titers at 3 and 

4 wpv. However, ducks vaccinated at 2-weeks-of-age showed significantly higher HI titers 

of  21.5 (95% CI, 15.3 – 30.3) at 3 wpv and 23.8 (95% CI, 9.7 – 58.2) at 4 wpv. HI 

antibody was not detected in any chicken and duck before vaccination in the vaccine 

groups and before and after vaccination in the mock groups (Table 2.6 and 2.7). 
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Table 2.7. Serum antibody titer of duck vaccination groups 

Host  Vaccinated age Vaccine 
GMT HI titer a 

0 wpv b 3 wpv 4 wpv 

Duck 

1-day-old 
rH5N8-hmH103Y-310PB2 < 2c < 2 < 2 

mock < 2 < 2 < 2 

2-week-old 
rH5N8-hmH103Y-310PB2 < 2 21.5 (15.3 – 30.3) 23.8 (9.7 – 58.2) 

mock < 2 < 2 < 2 
a Serum antibody titer was measured against 4 HAU of rH5N8 – hmH103Y– 310PB2 antigen 
b wpv: week-post-vaccination 
c < 2 : undectectable titer 
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2.4. Discussion 

The HA and NA surface glycoproteins are the main targets of host humoral 

immunity (Potter and Oxford, 1979). Clade 2.3.4.4b is currently prevalent in wild birds 

and poultry, and clade 2.3.4.4c has evolved to become more pathogenic in mammals (Poen 

et al., 2019; Yang et al., 2015). The synthesized consensus HA gene showed higher amino 

acid identity of HA1 to clade 2.3.4.4a than clades 2.3.4.4b and c (Supplementary Table 

2.S2). In addition, clades 2.3.4.4b and c include NA subtypes other than N8. Therefore, 

updating HA and NA to match the outbreak virus may be better than using only consensus 

HA (Giles and Ross, 2011; Kapczynski et al., 2017). 

A/wild duck/Korea/SNU50-5/2011 (H5N1) (50-5) showed increased viral titer in 

ECEs after 20 passages and acquired multiple mutations in PA, HA, NA, M1, and M2 

genes. The mutations in HA and NA genes were sufficient to increase the titer of PR8-

derived recombinant viruses (Kim et al., 2013a). In this study, the single H103Y and 

K161E mutations increased virus titers, but the single L317P and S369N mutations and all 

combined mutations decreased virus titer only slightly in ECEs (Table 2.3). The H103Y 

mutation has been reported to enhance the air-borne transmission of H5N1 viruses in 

mammalian hosts by enhancing thermo- and pH stability (de Vries et al., 2014a; Herfst et 

al., 2012; Linster et al., 2014; Zhang et al., 2013a), but it was also related to high virus 

titers in ECEs (Kim et al., 2013a). AIVs and recombinant viruses were typically passaged 

and incubated at 37.3-37.8°C, and the pH of the allantoic fluid may be decreased at higher 

incubation temperature (McLean, 1945). The H103Y mutation is related to thermo- and 
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pH stability, which may have helped in maintaining active HA and virus infectivity during 

temperature and pH variations in the incubation environment of the ECEs. Lower 

incubation temperatures of 33-37°C achieve higher virus titers of PR8 than those achieved 

at 37-39°C (Miller, 1944). However, the optimal temperature for chicken embryo 

development is 37.8°C (Lourens et al., 2005), and the H103Y mutation may support virus 

replication at the optimal embryonic cell condition by buffering the negative effect of 

acidic condition at higher incubation temperatures. Although we did not test pH stability, 

the correlation of H103Y with thermo-stability was also verified in this study. 

In the Y161F mutation in pandemic H1N1 (pdmH1N1) in 2009, H3N2 and H3N8 

viruses increased virus titer in MDCK and ECEs and also increased thermo-stability of HA 

(Wen et al., 2018). The K161E mutation in this study (Kim et al., 2013a) is located three 

amino acids from Y161F (Wen et al., 2018), but their proximal locations may be 

noteworthy. However, our 161 residue is close to the HA1 epitope site group 2, and 

therefore, we excluded the K161E mutation for the generation of the vaccine strain (Velkov 

et al., 2013). T318I mutation was reported to stabilize fusion peptide and helix A resulting 

in thermo- and pH stability, and it is located in close proximity to the 52 residue of HA2 

(de Vries et al., 2014a; Imai et al., 2012; Xiong et al., 2013). The L317P mutation occurs 

immediately before the 318 residue and was first observed together with the R51K 

mutation in HA2 of 50-5 (Kim et al., 2013a). As the R51K mutation was not included, a 

single L317P mutation and the combined mutations may be not enough to increase the 

virus titer without the epistatic R51K or in the context of different amino acids of the clade 

2.3.4.4 HA (Lyons and Lauring, 2018).  
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Although PR8 PB2 gene already possesses multiple mammalian pathogenicity-

related mutations, including the fatal E627K mutation, it has been used for the generation 

of vaccine strains against human fatal AIVs (Subbarao et al., 1993; Takahashi et al., 2009). 

Biosecurity and biosafety have been well-controlled during vaccine strain development 

and vaccine production, but efforts to reduce potential risks should be continued. The PB2 

gene of 01310 is a prototypic PB2 gene without mammalian pathogenicity-related 

mutations, and also increases the viral titer of recombinant viruses in ECEs (Jang et al., 

2017b; Kim et al., 2014b; Kim et al., 2015b; Lee et al., 2017a). As expected, replacement 

of PR8 PB2 gene with the 01310 PB2 gene (rH5N8-hmH103Y-310PB2) removed the 

replication capacity of rH5N8-hmH103Y in mammalian cells and the lungs of BALB/c 

mice, while maintaining high viral titer in ECEs. Therefore, the broad applicability of the 

01310 PB2 gene to generate more productive and safer vaccines was demonstrated again 

(Jang et al., 2017b; Kim et al., 2015b).  

Vaccination with rH5N8-hmH103Y-310PB2 completely protected against the 

lethal challenge of heterologous clade 2.3.4.4c viruses, but did not prevent virus shedding. 

Several clade 2.3.4.4 vaccine strains have been evaluated. None has shown any defense 

from virus shedding or high mortality after challenge (mostly heterologous) (Jin et al., 

2018; Kandeil et al., 2018; Kapczynski et al., 2017). The virus shedding after vaccination 

observed in this study may be related to an antigenic mismatch between the vaccine and 

challenge strains, relatively low amino acid identity (95.9%), and heterologous NA (N8 vs. 

N6) (Kapczynski et al., 2017; Takahashi et al., 2009). All the reported clade 2.3.4.4 vaccine 

strains possess an HA that is identical to the corresponding parent field strains, except at 
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the cleavage site. However, information on vaccine virus titers was not available. As 

different experimental conditions may affect vaccine efficacy including inactivation 

methods, vaccine strain titer and inoculation volume per dose, we could not directly 

compare the relative efficacy of our vaccine to others. However, our vaccine formulation 

showed higher mean HI titer at 3 wpv than previous reports (Jin et al., 2018; Kapczynski 

et al., 2017). In addition, the mean HI titer did not change after challenge at 1 wpc. 

Therefore, the humoral immunity induced by single inoculation of rH5N8-hmH103Y-

310PB2 may be sufficient to be no longer activated by the challenge virus (Kapczynski et 

al., 2017). 

Ducks are more resistant than chickens to HPAI viruses and excrete virus 

asymptomatically (Alexander et al., 1986; van den Brand et al., 2018). Since asymptomatic 

ducks can transmit HPAI viruses to chickens, vaccination of ducks can be a strategy to 

control HPAI infection in domestic poultry. However, ducks show poor antibody responses 

to influenza viruses and the immune systems of ducks and chickens react differently to 

AIV infection (Kida et al., 1980; Kuchipudi et al., 2014; Middleton et al., 2007; Smith et 

al., 2015b; Webster et al., 2006). Earlier induction of acquired humoral immunity in ducks 

is desirable, but different and age-dependent humoral immunity of ducks was apparent in 

this study. Although our vaccine formulation induced HI antibody in 2 w-o ducks, 

protective behavior of the HI antibody titers could not be predicted (Ohmit et al., 2011; 

Pantin-Jackwood and Suarez, 2013). Since efficacious live vector vaccines are available, 

prime-boost strategy by using rH5N8-hmH103Y-310PB2 needs to be verified in the future 

protection efficacy study (Kapczynski et al., 2017; Pantin-Jackwood and Suarez, 2013). 
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In this study, we successfully bioengineered a PR8-derived highly productive in 

ECEs and mammalian-nonpathogenic clade 2.3.4.4 H5N8 recombinant vaccine strain by 

introducing H103Y mutation and replacing PR8 and 01310 PB2 genes. The established 

molecular formulation to bioengineer better vaccine strains may be useful for vaccine 

development. 
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2.5. Supplementary Materials 

Table 2.S1. Accession number and name of H5N8 HPAI clade 2·3·4·4 viruses (2014 ~ 

2016 isolates in Asia) used in consensus HA genome synthesis 

Segment ID Segment Country Isolation name 
EPI509698 HA Korea A/breeder duck/Korea/Gochang1/2014 
EPI 509704 HA Korea A/broiler duck/Korea/Buan2/2014 
EPI 509709 HA Korea A/baikal teal/Korea/Donglim3/2014 
EPI 517161 HA Korea A/mallard/Korea/W452/2014 
EPI 543002 HA China A/duck/Beijing/FS01/2014 
EPI 548485 HA Japan A/duck/Chiba/26-372-48/2014 
EPI 553208 HA Japan A/crane/Kagoshima/KU1/2014 
EPI 553343 HA Japan A/chicken/Miyazaki/7/2014 
EPI 561187 HA Korea A/waterfowl/Korea/S005/2014 
EPI 561336 HA Korea A/broiler duck/Korea/H48/2014 
EPI 561508 HA Korea A/bean goose/Korea/H53/2014 
EPI 561556 HA Korea A/Coot/Korea/H81/2014 
EPI 561577 HA Korea A/breeder chicken/Korea/H122/2014 
EPI 561626 HA Korea A/mallard/Korea/H207/2014 
EPI 561633 HA Korea A/white-fronted goose/Korea/H231/2014 
EPI 561646 HA Korea A/breeder duck/Korea/H249/2014 
EPI 561667 HA Korea A/Korean native chicken/Korea/H257/2014 
EPI 561674 HA Korea A/bean goose/Korea/H328/2014 
EPI 561681 HA Korea A/tundra swan/Korea/H411/2014 
EPI 561690 HA Korea A/common teal/Korea/H455-30/2014 
EPI 561697 HA Korea A/spot-billed duck/Korea/H455-42/2014 
EPI 573197 HA Korea A/chicken/Korea/H881/2014 
EPI 573204 HA Korea A/goose/Korea/H1296/2014 
EPI 573208 HA Korea A/gadwall/Korea/H1351/2014 
EPI 573236 HA Korea A/spot-billed duck/Korea/H1981/2014 
EPI 573638 HA Japan A/crane/Kagoshima/KU13/2014(H5N8) 
EPI 583680 HA Japan A/mallard 

duck/Kagoshima/KU116/2015(H5N8) 
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Segment ID Segment Country Isolation name 
EPI 588952 HA Taiwan A/goose/Taiwan/a015/2015 
EPI 588976 HA Taiwan A/duck/Taiwan/a068/2015 
EPI 595055 HA Korea A/common teal/Korea/KU-12/2015 
EPI 595066 HA Korea A/mallard/Korea/KU3-2/2015 
EPI 595107 HA Korea A/mandarin duck/Korea/K14-367-1/2014 
EPI 595146 HA Korea A/greater white-fronted goose/Korea/K14-

374-1/2014 
EPI 646105 HA China A/goose/Jiangsu/WX202/2014 
EPI 659623 HA China A/goose/Shandong/GD-GS/2014(H5N8) 
EPI 662624 HA Japan A/chicken/Saga/1-1/2015 
EPI 662632 HA Japan A/chicken/Okayama/1-2/2015 
EPI 662640 HA Japan A/chicken/Yamaguchi/6/2014 
EPI 662648 HA Japan A/chicken/Miyazaki/2-4/2014 
EPI 672795 HA China A/duck/Guangdong/s14044/2014 
EPI 675774 HA China A/duck/Liaoning/S1001/2014 
EPI 681297 HA China A/duck/Zhejiang/925019/2014 
EPI 681300 HA China A/goose/Zhejiang/925104/2014 
EPI 690792 HA China A/goose/Jiangsu/QD5/2014 
EPI 690800 HA China A/goose/Shandong/WFSG1/2014 
EPI 690808 HA China A/goose/Yangzhou/0420/2014 
EPI 703602 HA China A/duck/Eastern China/S0215/2014 
EPI 703607 HA China A/goose/Eastern China/S0408/2014 
EPI 718280 HA Korea A/ostrich/Korea/H829/2014 
EPI 762150 HA China A/duck/Eastern China/JY/2014 
EPI 774410 HA China A/Bar-headed Goose/Qinghai/BTY18-

LU/2016 
EPI 774426 HA China A/Brown-headed Gull/Qinghai/ZTO1-B/2016 
EPI 774506 HA China A/Great Black-headed Gull/Qinghai/YO1-

B/2016 
EPI 837541 HA Korea A/breeder duck/Korea/H2086/2015 
EPI 837546 HA Korea A/broiler duck/Korea/H2278/2015 
EPI 837550 HA Korea A/mallard/Korea/H2321/2015 
EPI 837555 HA Korea A/breeder chicken/Korea/H2496/2015 
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Segment ID Segment Country Isolation name 
EPI 837558 HA Korea A/chicken/Korea/H2553/2015 
EPI 837561 HA Korea A/korean native chicken/Korea/H2598/2015 
EPI 837565 HA Korea A/duck/Korea/H2628/2015 
EPI 845903 HA Japan A/mandarin duck/Gifu/2112D001/2014 
EPI 845956 HA Japan A/tundra swan/Tottori/C6nk/2014 
EPI 858836 HA India A/duck/India/10CA01/2016 
EPI 858844 HA India A/painted stork/India/10CA03/2016 
EPI 888264 HA Korea A/domestic mallard/Korea/LBM176/2014 
EPI 926621 HA Kazakhstan A/graylag goose/Kazakhstan/KR/2016 
EPI 961933 HA Taiwan A/chicken/Taiwan/x37/2016 
EPI 974364 HA Iran A/chicken/Iran/Tehran-F-2/2016 
EPI 1070026 HA China A/wildfowl/Shandong/SD04/2016 
EPI 1159809 HA China A/Von Schrenck's bittern/Jiangxi/Y9/2014 
EPI 1159817 HA China A/Cygnus atratus/Hubei/2Z2-O/2016 
EPI 1176517 HA Israel A/turkey/Israel/1045/2016 
EPI 1176519 HA Israel A/chicken/Israel/1048/2016 
EPI 1176524 HA Israel A/cormorant/Israel/1035/2016 
EPI 1176525 HA Israel A/great egret/Israel/1088/2016 
EPI 1176529 HA Israel A/grey goose/Israel/986/2016 
EPI 1176530 HA Israel A/peregrine falcon/Israel/1086/2016 
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Table 2.S2. Amino acid homology (%) of consensus H5, Buan2, and Gochang1 to clade 2·3·4·4 viruses 
Strain name Segment ID subtype subgroup consensus 

H5N8 
buan2 
(clade2.3.4.4a) 

gochang1 
(clade2.3.4.4b) 

A/duck/Beijing/FS01/2014 EPI543002 H5N8 clade 2·3·4·4a 99.11 99.70 97.04 
A/goose/Taiwan/01019/2015 EPI750122 H5N8 clade 2·3·4·4a 97.63 98.52 95.56 
A/crane/Kagoshima/KU21/2014 EPI573646 H5N8 clade 2·3·4·4a 97.93 98.82 95.86 
A/goose/Zhejiang/925037/2014 EPI681299 H5N8 clade 2·3·4·4b 97.63 97.04 98.82 
A/duck/Wenzhou/YHQL22/2014 EPI682915 H5N6 clade 2·3·4·4b 97.34 96.75 99.70 
A/Bar-headed Goose/Qinghai/BTY1-B/2016  EPI774113 H5N8 clade 2·3·4·4b 97.63 97.04 98.82 
A/duck/India/10CA01/2016 EPI858836 H5N8 clade 2·3·4·4b 96.45 95.86 97.63 
A/chicken/Korea/H903/2017 EPI952639 H5N8 clade 2·3·4·4b 96.75 96.15 97.93 
A/black swan/Germany-BW/R1364/2017 EPI988345 H5N8 clade 2·3·4·4b 96.45 95.86 97.63 
A/grey heron/W779/2017 EPI1034974 H5N8 clade 2·3·4·4b 97.34 96.75 97.93 
A/Mute swan/Hungary/3137/2017 EPI954837 H5N8 clade 2·3·4·4b 97.04 96.45 98.22 
A/spoonbill/Taiwan/DB645/2017 EPI1119065 H5N6 clade 2·3·4·4b 95.86 95.27 97.34 
A/chicken/Greece/39_2017b/2017 EPI1122893 H5N6 clade 2·3·4·4b 96.15 95.56 97.34 
A/duck/Korea/HD1/2017 EPI1123317 H5N6 clade 2·3·4·4b 96.15 95.56 97.34 
A/Great Black-backed 
Gull/Netherlands/1/2017 

EPI1131088 H5N6 clade 2·3·4·4b 95.86 95.56 97.04 

A/Mallard/Korea/K17-1825/2017 EPI1190339 H5N6 clade 2·3·4·4b 96.75 96.15 97.34 
A/mute swan/Shimane/3211A001/2017 EPI1127538 H5N6 clade 2·3·4·4b 96.15 95.56 97.34 
A/chicken/Guangxi/04.10 NM140/2015 EPI661903 H5N6 clade 2·3·4·4c 96.15 96.75 96.15 
A/Mandarin_duck/Korea/K16-187-3/2016 EPI861484 H5N6 clade 2·3·4·4c 95.56 96.15 95.86 
A/common teal/Korea/W559/2017 EPI1006737 H5N6 clade 2·3·4·4c 95.56 95.86 95.56 
A/chicken/Gifu/1-10C/2017 EPI885308 H5N6 clade 2·3·4·4c 95.56 95.86 95.27 
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Chapter III 

 

Novel Mutations Evading Avian Immunity around 

the Receptor Binding Site of the Clade 2.3.2.1c 

Hemagglutinin Gene Reduce Viral Thermostability and 

Mammalian Pathogenicity 



 

87 

 

Abstract 

 Since 2007, highly pathogenic clade 2.3.2 H5N1 avian influenza A (A(H5N1)) 

viruses have evolved to clade 2.3.2.1a, b, and c; currently only 2.3.2.1c A(H5N1) viruses 

circulate in wild birds and poultry. During antigenic evolution, clade 2.3.2.1a and c 

A(H5N1) viruses acquired both S144N and V223I mutations around the receptor binding 

site of hemagglutinin (HA), with S144N generating an N-glycosylation sequon. We 

introduced single or combined reverse mutations, N144S and/or I223V, into the HA gene 

of the clade 2.3.2.1c A(H5N1) virus and generated PR8-derived, 2 + 6 recombinant 

A(H5N1) viruses. When we compared replication efficiency in embryonated chicken eggs, 

mammalian cells, and mice, the recombinant virus containing both N144S and I223V 

mutations showed increased replication efficiency in avian and mammalian hosts and 

pathogenicity in mice. The N144S mutation significantly decreased avian receptor affinity 

and egg white inhibition, but not all mutations increased mammalian receptor affinity. 

Interestingly, the combined reverse mutations dramatically increased the thermostability 

of HA. Therefore, the adaptive mutations possibly acquired to evade avian immunity may 

decrease viral thermostability as well as mammalian pathogenicity. 

Keywords: clade 2.3.2.1c H5N1 virus; immunity evasion; HA trimer stability; 

thermostability; mammalian pathogenicity 
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3.1. Introduction 

 Highly pathogenic H5N1 avian influenza A [HP A(H5N1)] viruses are fatal to 

poultry and cause high human fatality after dead-end transmission from infected poultry 

(Lai et al., 2016; Sonnberg et al., 2013). HP A(H5N1) viruses spread from Asia to Africa 

and Europe by migratory birds, and antigenic evolution has continued under immune 

pressure by vaccination and natural infection in Asia (Le and Nguyen, 2014; Smith et al., 

2006b; Sonnberg et al., 2013). The ancestral HP A(H5N1) virus A/goose/Guangdong/1/96 

(clade 0) has evolved into multiple clades from clade 1 to 9 (Smith et al., 2015a). Some 

clade 2.3.2 viruses evolved into clade 2.3.2.1 and further diversified into 2.3.2.1a, b and c 

in 2009 (Smith et al., 2009b; World Health Organization/World Organisation for Animal 

and Agriculture Organization, 2014). Clade 2.3.2.1c viruses have spread from Far East and 

South East Asian countries to Dubai, Bulgaria, Romania, and Nigeria and have become 

enzootic in Asian countries (Bi et al., 2016; Laleye et al., 2018a; Naguib et al., 2015; 

Nguyen et al., 2017). 

Hemagglutinin (HA) is a surface glycoprotein exposed on the outside of virus 

particles and forms a noncovalent homotrimer composed of a distal globular head and 

proximal stalk (Wilson et al., 1981). The receptor binding site (RBS) on the globular head 

of HA is a shallow pocket-like structure consisting of three secondary structure elements 

(130-loop, 190-helix and 220-loop) and a base (Y98, W153, H183 and Y195 in H3 

numbering) (Wilson et al., 1981). HA binds to cell surface receptors to infect the host cell, 

and avian and human influenza A viruses (IAVs) preferentially bind to sialic acid α2,3-

linked (α2,3 SA) and α2,6-linked (α2,6 SA) to galactose in avian and mammalian receptors, 
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respectively. However, mutations in the RBS of avian IAVs can change receptor affinity 

from affinity only to α2,3 SA to both α2,3 SA and α2,6 SA or only α2,6 SA to overcome 

host barriers, resulting in interspecies transmission and adaptation (Imai et al., 2012; Mair 

et al., 2014; Weis et al., 1988). Several mutations that increase pathogenicity and affinity 

to mammalian receptors have been reported in the 220-loop of H5 subtype HA (Q226L, 

G228S, etc.) (Zhang et al., 2013b). 

The globular head of HA is a major target of humoral immunity and is a hotspot of 

cumulative missense mutations to escape host immune responses (Kaverin et al., 2007; 

Kaverin et al., 2002; Swayne and Kapczynski, 2008; Wiley and Skehel, 1987). Epitope 

mapping and escape mutant studies with mouse monoclonal antibodies have revealed 

antigenic variations of H5N1 IAVs (Kaverin et al., 2007; Kaverin et al., 2002). The evasion 

mutations identified in H5 were distributed in epitope sites A (140-145 residues, H3 

numbering) and B (155-166, H3 numbering) of H3 and Sa of H1 (129-133, H3 numbering) 

(Caton et al., 1982; Kaverin et al., 2007; Kaverin et al., 2002; Wiley et al., 1981). 

Acquisition of N-glycosylation sequon (NGS) in epitope not only shields the epitopes from 

antibody binding but also affects the binding affinity of HA to mammalian receptors 

(Wang et al., 2010; Zhang et al., 2013b). 

The HA trimer is stabilized by polar and nonpolar interactions between the three stems 

and intermolecular salt bridges between the globular heads at low pH (Copeland et al., 

1986; DuBois et al., 2011; Rachakonda et al., 2007). The H103Y and T318I mutations 

increase low pH stability and thermostability, as well as droplet transmission of H5N1 

viruses between ferrets (Imai et al., 2012; Linster et al., 2014; Xiong et al., 2013; Zhang et 
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al., 2013b). Therefore, multiple mutations of HA acquired stepwise that play roles in 

receptor affinity, immunity evasion and structural/functional stability may cooperatively 

affect the mammalian pathogenicity of avian IAVs. 

 Therefore, in this study, we compared the HA amino acid sequences of clade 2.3.2 

and clade 2.3.2.1a, b and c viruses and found two cumulative mutations (S144N and V223I) 

around the RBS. Most clade 2.3.2.1a and c viruses acquired both mutations. Previously, 

the PR8-based recombinant virus with HA and NA of a clade 2.3.2.1c HP A(H5N1) virus 

isolated in Korea, A/mandarin duck/Korea/K10-483/2010 (K10-483), did not replicate 

well in embryonated chicken eggs (ECEs) and had low pathogenicity in mice (Jang et al., 

2017b; Lee et al., 2011). To understand the effects of the mutations on replication 

efficiency in ECEs and mammalian cells and on pathogenicity in mice, we generated PR8-

derived mutant viruses and compared their biological characteristics. In addition, we 

compared the effects of the mutations on egg white resistance and thermostability of HA. 
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3.2. Materials and Methods 

Viruses, Plasmids, Cells, and Eggs 

 The attenuated HA (mutation from multi-basic RERRRKR to mono-basic ASGR) 

and NA genome segments of a clade 2.3.2.1c HP A(H5N1) virus, A/mandarin 

duck/Korea/K10-483/2010 (K10-483), were previously cloned into a bidirectional reverse 

genetics vector, pHW2000, and 6 other internal genomes of A/Puerto Rico/8/34 (H1N1) 

(PR8) cloned into pHW2000 were used (Hoffmann et al., 2002b; Hoffmann et al., 2001b; 

Jang et al., 2017b). The amino acid sequences of HA and NA of K10-483 did not have 

known mutations affecting the biological traits tested in this study. 293T, MDCK and 

A549 cells were purchased from Korean Collection for Type Cultures (KCTC, Daejeon, 

Korea). 293T and MDCK cells were maintained in DMEM supplemented with 10% FBS 

(Life Technologies Co., CA, USA), and A549 cells were maintained in DMEM/F12 

supplemented with 10% FBS. Virus was propagated with 10-day-old SPF embryonated 

chicken eggs (ECEs, Charles River Lab., CT, USA). 

 

Data Mining and Analysis of HA Genes and In Silico Analysis of 

HA Trimer Structure and N-Glycan Profiles 

 The HA gene sequences of clade 2.3.2, clade 2.3.2.1, and clades 2.3.2.1a, b, and 

c HP A(H5N1) viruses were collected from the Influenza Virus Database 

(https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go=database) and 

Global Initiative on Sharing All Influenza Data (GISAID, https://www.gisaid.org/) (n = 
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647) on April 14, 2018. The collected nucleotide sequences were translated and compared 

with the BioEdit program (ver. 7.2.5). Additionally, HA sequences of all A(H5) viruses 

were collected (n = 4189), and amino acid sequences and frequencies of 144NGS and 

158NGS and residue 223 (V or I) were analyzed. In addition, HA genes (n = 513) of HP 

A(H5N1) strains from laboratory-confirmed human cases were analyzed as above. 

Residues 144N and 223 V/I were localized and analyzed for intermolecular interactions 

with other residues in the 3D structure of the H5 trimer (modified 4juk.pdb and 6e7g.pdb) 

using PyMOL (Molecular Graphis System version 2.3.1, Delano Scientific LLC, South 

San Francisco, CA, USA). The N-glycosylation prediction at position 144 was performed 

by the NetNGlyc program (DTU Bioinformatics, Lyngby, Denmark). 

 

Site-Directed Mutagenesis and Generation of Viruses by Reverse 

Genetics 

 To generate mutated H5N1 recombinant viruses, the cloned HA genome of K10-

483 was mutated with a Muta-direct Site Directed Mutagenesis Kit (iNtRON, Gyeonggi, 

Korea) and specific primer sets (Table 3.1). Hoffmann’s reverse genetics system with a 

few modifications was used for recombinant virus generation (Hoffmann et al., 2002b). 

Briefly, 300 ng of each of the 8 plasmids were transfected together into confluent 293T 

cells in 6-well plates (106 cells/well) with Lipofectamine 2000 and PLUS reagents (Life 

Technologies Co.). After overnight incubation, 1 mL of Opti-MEM (Life Technologies 

Co.) and 1 µg/mL of TPCK-treated trypsin (Sigma-Aldrich, MO, USA) were added to 

transfected cells. The supernatant was harvested after another overnight incubation, and 
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200 μL of the supernatant was inoculated into 10-day-old ECEs. The presence of the 

recombinant viruses in allantoic fluids was checked by HA assay according to the WHO 

Manual on Animal Influenza Diagnosis and Surveillance and the genome segments were 

confirmed by RT-PCR and sequencing as previously described (Kim et al., 2013a). 

 

 

 

 

Table 3.1. Primers used in this study for site-directed mutagenesis. 

Primer Sequence (5′–3′) 

N144S-F GTTCATACCAGGGAAGTTCCTCCTTCTTCAGAAATG 

N144S-R CATTTCTGAAGAAGGAGGAACTTCCCTGGTATGAAC 

I223V-F CACTAGATCCAAAGTAAACGGGCAAAGTGGC 

I223V-R GCCACTTTGCCCGTTTACTTTGGATCTAGTG 
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Comparative Replication Efficiency in ECEs and Growth Kinetics 

in MDCK and A549 Cells 

 The generated recombinant viruses (E1) were passaged in 10-day-old SPF ECEs, 

and the titers of the recombinant viruses (E2) were measured to obtain the EID50. Each 

virus was diluted 10-fold and inoculated into ECEs. Virus replication was confirmed by 

plate hemagglutination test with 1.0% chicken RBCs, and the EID50 was calculated by the 

Spearman-Karber method (Hamilton et al., 1978). To compare the replication efficiency 

of the recombinant viruses, the same amount of viruses were used to infect ECEs and 

mammalian cells. One hundred EID50 of recombinant virus (E2) were inoculated into 10-

day-old SPF ECEs, and after 3 days, the EID50 of harvested allantoic fluid was measured 

as above. In MDCK and A549 cells, 105 EID50 of each virus were used to infect confluent 

MDCK and A549 cells in 12-well plates. The supernatant of the infected cells was 

harvested at 0, 12, 24, 48, and 72 hours post inoculation (hpi), and 10-fold diluted 

supernatant was used to inoculate confluent MDCK cells in a 96-well plate to measure the 

50% tissue culture infectious dose (TCID50) at each time point. Virus replication was 

confirmed by a hemagglutination assay, and TCID50 was calculated using the Spearman-

Karber method as above.  

 

Mouse Pathogenicity Test 

 The mouse pathogenicity test was approved by the Institutional Animal Care and 

Use Committee (IACUC) of Seoul National University (IACUC-SNU-171214-1-1). The 

approved experiment was performed in a biosafety level 2 facility at the Animal Center 
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for Pharmaceutical Research of Seoul National University (Seoul, Korea) according to the 

national guidelines for the care and use of laboratory animals. Six-week-old female 

BALB/c mice (n = 8) (KOATEC, Pyeongtaek, Korea) were anesthetized by Zoletil 50 (15 

mg/kg, IP) (Virbac, Carros, France), and 106 EID50/50 μL of each recombinant virus was 

inoculated intranasally. Five mice from each group were weighed for 2 weeks, and three 

mice were euthanized to obtain lung samples at 3 days post inoculation (dpi). During the 

experiment, mice with 20% or more body weight loss were euthanized. The sampled lungs 

were ground with TissueLyzer 2 and 5 mm stainless steel beads (Qiagen, CA, USA) and 

suspended in PBS. The virus titer (EID50) was measured as previously described (Lee et 

al., 2018b).  

 

Solid-Phase Receptor Binding Assays 

 To evaluate the receptor binding affinity of recombinant viruses, a solid-phase 

assay was used as previously described with some modifications (Lee et al., 2018a; 

Matrosovich and Gambaryan, 2012). In short, 96-well enzyme-linked immunosorbent 

assay plates (SPL, Gyeonggi, Korea) coated with 10 µg/ml fetuin (Sigma-Aldrich) were 

bound with the recombinant viruses overnight. After washing the virus-bound plates 3 

times with PBS + 0.05% Tween 20 (PBST), the plates were blocked with 0.1% desialylated 

BSA + 10 µM oseltamivir (Sigma-Aldrich) for 1 h at 4°C. The blocked plates were washed 

3 times again with PBST, and the biotinylated sialylglycopolymers (Neu5Acα2-3Galb1-

4GlcNAcb-PAA-biotin, 3’SLN-PAA, and Neu5Acα2-6GalNAca-PAA-biotin, 6’SLN-

PAA) (Glycotech Corporation, MD, USA) were serially diluted and added to the plates for 
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1 h at 4°C. Then, the plates were washed 3 times with PBST and incubated with 

horseradish peroxidase (HRP)-conjugated streptavidin (Thermo Fisher Scientific, MA, 

USA) for 1 h at 4°C. Finally, HRP was developed with TMB substrate (SurModics, MN, 

USA), and the chromogenic reaction was stopped by adding 0.1 M sulfuric acid. The 

absorbance at 450 nm was measured by a microplate reader (TECAN, Männedorf, 

Switzerland). 

 

HA and Hemagglutination Inhibition (HI) Tests 

 The HA test and HI test with chicken RBCs and guinea-pig RBCs were performed 

according to the WHO manual for the laboratory diagnosis and virological surveillance of 

influenza. The recombinant virus was serially diluted 2-fold in 96-well plates, and chicken 

RBCs (1%) or guinea-pig RBCs (1%) were added. After 40 min of incubation at 4°C, the 

hemagglutination unit (HAU) of each virus was recorded. Chicken RBCs have similar 

amounts of sialic acids bound to galactose by α2,3 linkage (SAα2,3Gal) and sialic acid 

linked to galactose by α2,6 linkage (SAα2,6Gal), and guinea pig RBCs have more 

SAα2,6Gal than SAα2,3Gal (Ito et al., 1997). The HI test of recombinant viruses was 

conducted with chicken egg white to compare the resistance of the recombinant viruses 

against egg white. Chicken egg white was serially diluted as in the HA test, and 4 HAU of 

each virus were added to each well and incubated for 30 min at 4°C. Then, chicken RBCs 

or guinea pig RBCs were added, and the HI titer was recorded after 40 min of incubation 

at 4°C. All experiments were repeated three times independently.  
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Heat Stability Test 

 Recombinant viruses were diluted to the same HA titer (24) and aliquoted for heat 

treatment. Each aliquot was incubated at 60 °C for 0, 5, 15, and 30 min, and the HA titer 

was measured. 

 

SDS-PAGE and Western Blotting 

 To confirm the 144N glycosylation, 4 µL of each recombinant virus (CE3) treated 

or untreated with PNGase F enzyme (New England Biolabs, Ipswich, MA, USA) was 

mixed with Protein 5X Sample Buffer (ELPIS BIOTECH, Daejeon, Korea) to denature it 

for 5 min at 95 °C, and SDS-PAGE was performed using NuPAGE 4%–12% Bis-Tris 

Protein Gels (Life Technologies Co.). The proteins were transferred to a nitrocellulose 

membrane (Life Technologies Co.), and the membrane was incubated with anti-H5N1 

virus (A/Vietnam/1194/2004), HA rabbit IgG (Sino Biological Inc., Beijing, China), 

followed by incubation with horseradish peroxidase conjugated-goat anti-rabbit IgG 

(Bethyl Laboratories Inc., Montgomery, AL, USA). Then, HA proteins were visualized 

with BioFX TMB One Component HRP Membrane Substrate (SurModics IVD, INC., 

Eden Prairie, MN, USA) and sulfuric acid stop solution (Sigma-Aldrich). 

 

Statistical Analysis 

 All data were analyzed with IBM SPSS Statistics version 23 (IBM., Armonk, NY, 

USA). The statistical significance of viral titers in ECEs, growth kinetics in cells, and 

receptor binding affinity were evaluated by one-way analysis of variance (p < 0.05). 
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Survival rates were compared by Kaplan–Meier survival analysis, and the differences in 

frequency were assessed by chi-square test (p < 0.05).
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3.3. Results 

Comparison of Amino Acid Sequences of Clade 2.3.2, Clade 2.3.2.1, 

and Clade 2.3.2.1a, b, and c Proteins 

 All the amino acid sequences of HA proteins of clade 2.3.2 and clade 2.3.2.1 

strains in database were compared, and we found variations at 144NGS and 158NGS and 

at amino acid residue 223 around the RBS (Table 3.2). We summarized the genetic profiles 

of representative early strains of each clade in Table 3.2. The early strains of clade 2.3.2 

and clade 2.3.2.1b contained neither 144NGS nor 158NGS, or only 144NGS with 223V in 

common, but clade 2.3.2.1a (none or only 144NGS) and clade 2.3.2.1c (only 144NGS) did 

have in common the V223I mutation. The frequencies of 144NGS and 158NGS were 

similar in strains of clade 2.3.2, but most of the 2.3.2.1a, b and c viruses had 144NGS 

rather than 158NGS (data not shown).  
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Table 3.2. Comparison of 144NGS, 158NGS, and the residue 223 amino acid of hemagglutinin (HA) proteins from early clade 2.3.2, 

clade 2.3.2.1, clades 2.3.2.1.a, b, and c highly pathogenic (HP) A(H5N1) viruses. 

Clade Strain Accession No. 144NGS 158NGS 223 Reference 

2.3.2 A/duck/China/E319-2/03 AY518362 − b − V (Lee et al., 2007a) 

2.3.2.1 A/chicken/Hunan/3/07 GU182142 − − V Direct submission to 
GenBank 

 A/common buzzard/Hong Kong/9213/07 CY036221 + c − V (Smith et al., 2009a) 

2.3.2.1a A/environment/Chang Sha/25/2009 JN543378 − − I Direct submission to 
GenBank 

2.3.2.1b A/chicken/Guangxi/S2039/09 KT762439 + − V (Feng et al., 2016) 
2.3.2.1c A/great crested-grebe/Qinghai/1/2009 CY063318 + − I (Li et al., 2011) 

 A/ruddy shelduck/Mongolia/X42/09 HM006736 + − I (Kang et al., 2011) 
a H3 numbering 

b -, absence 

c +, presence. 
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Analysis of 144NGS, 158NGS, and Residue 223 Profiles among H5 

Sequences in the Database 

 According to the mutation profiles (MPs) of 144NGS, 158NGS, and residue 223, 

the H5 sequences deposited in the Influenza Virus Database (n = 4189) were classified into 

7 MPs (Table 3.3). MP1-1 characterized by the presence of 223V without either 144NGS 

or 158NGS was the most frequent (56.7%, wild-type), and MP2-1, containing 158NGS 

and 223V, was the second most frequent (26.8%). MP3-2, containing 144NGS and 223I, 

similar to clades 2.3.2.1a and c, was 11.4%. MP1-1 was significantly more frequent than 

other MPs (p < 0.05) (Table 3.3). We classified the 144–146 and 158–160 amino acid 

sequences according to the required number of point mutations to become putative NGS 

(precursor NGS) (Table 3.S1). The frequency of 144NGS + 1 was 16.5% and was less 

frequent than 158NGS+1 (44.9%). The frequency of 144NGS + 2 was 61.1% and was 

more frequent than 158NGS + 2 (24.5%). To confirm the preferred selection of 158NGS 

to 144NGS, we counted the total number (188) of HA genes with both amino acid 

sequences converting to 144NGS (144NGS + 1) or 158NGS (158NGS + 1) by a single 

point mutation. In addition, we counted the numbers of genes harboring 144NGS or 

158NGS with 158NGS + 1 (117) or 144NGS + 1 (406), respectively. The frequency of 

144NGS/158NGS+1 was 16.5% (117/711, the total number is the sum of 188, 117, and 

406), and 2.4% (17/711) and 14.1% (100/711) possessed V and I at residue 223, 

respectively. The frequency of 144NGS+1/158NGS was 57.1% (406/711), and 54.6% 

(388/711) and 2.5% (18/711) possessed V and I at residue 223, respectively (Table 3.2). 

Therefore, 158NGS was significantly more frequent than 144NGS, and 223V was more 
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frequent than 223I in the 144NGS + 1/158NGS group (p < 0.05). However, 223I was more 

frequent than 223V in the 144NGS/158NGS+1 group (p < 0.05).
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Table 3.3. Mutation profiles (MPs) of 144NGS, 158NGS, and residue 223 in HA genes of A(H5) viruses. 

MP 144NGS 158NGS 223 n (4189) Frequency (%) n (711) e Frequency (%) 

1-1 − a − V 2376 56.7 b   

1-2 − − I/others 115 (I(40), others (75)) 1.0 (I)   

2-1 − + a V 1122 26.8 c 388 54.6 c,f 

2-2 − + I/L/R 18/1/1 0.4 (I) 18 2.5 

3-1 + − V 73 1.7 17 2.4 

3-2 + - I 478 11.4 d 100 14.1 c 

4 + + V/I 3/2 0.1   

a +/− used for marking presence/absence of N-glycan in HA 

b Significant difference from other MPs (p < 0.05) 

c Significant difference from MP2-2 (p < 0.05) 

d Significant difference from MP3-1 (p < 0.05) 

e Total number of 144NGS/158NGS + 1, 144NGS + 1/158NGS, and 144NGS + 1/158NGS + 1 

f Significant difference from MP3-1 and MP3-2 (p < 0.05). 
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Generation of PR8-derived clade 2.3.2.1 H5N1 recombinant 

viruses and comparison of viral replication efficiency in ECEs.

 PR8-derived H5N1 recombinant viruses containing single (N144S or I223V) and 

combined (N144S and I223V) mutations were generated (Table 3.4). The replication 

efficiency of the recombinant viruses was compared in terms of 50% chicken embryo 

infection dose (EID50). The virus titer of rH5N1-N144S-I223V (109.05±0.18 EID50/ml) 

was significantly higher than those of rH5N1-N144S (108.20±0.17 EID50/ml) and rH5N1-

V223I (107.48±0.23 EID50/ml) (p < 0.05) but insignificantly higher than that of rH5N1 

(Table 3.4).  
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Table 3.4. Gene constellation and viral titers in ECEs of the H5N1 recombinant viruses. 

a Significant difference from rH5N1-N144S and rH5N1-I223V (p < 0.05). 

Recombinant virus HA NA Internal genes EID50 / 0.1 ml (log10) 

rH5N1 K10-483 K10-483 PR8 7.43 ± 0.28 

rH5N1-N144S K10-483-N144S K10-483 PR8 6.48 ± 0.23 

rH5N1-I223V K10-483-I223V K10-483 PR8 7.20 ± 0.17 

rH5N1-N144S-I223V K10-483-N144S-I223V K10-483 PR8 8.05 ± 0.18a 
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Comparison of replication efficiency in mammalian cells and 

mouse pathogenicity of the H5N1 recombinant viruses. 

 The replication efficiency of H5N1 recombinant viruses was compared in MDCK 

and A549 cells. The viral titers in MDCK cells were similar among the recombinant viruses 

at 24 and 48 hpi, but rH5N1-N144S-I223V showed a significantly higher titer than other 

H5N1 recombinant viruses at 72 hpi (Fig. 3.1A). In A549 cells, rH5N1-N144S-I223V 

showed significantly higher viral titers at 48 and 72 hpi (Fig. 3.1B).  

 All the H5N1 recombinant viruses replicated in the lungs of infected BALB/c 

mice at 3 dpi, but rH5N1-N144S-I223V showed a significantly higher virus titer than other 

H5N1 recombinant viruses (Table 3.5). In addition, rH5N1-N144S-I223V infection 

resulted in apparent body weight loss in all mice, and the mice died (100% mortality) 

within 4 dpi (Fig. 3.2). However, rH5N1-N144S, rH5N1-I223V and rH5N1 did not cause 

significant body weight loss during the observation period. 
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Figure 3.1. Growth kinetics of recombinant H5N1 viruses in MDCK and A549 cells. Each recombinant virus was diluted to 105 

EID50/0.1 mL, and 0.5 mL of diluents were inoculated into confluent MDCK and A549 cells in 6-well plates for 1 h. After 1 h, the 

inoculated virus was removed, and 1 mL of fresh medium was added. During 72 h of incubation, the supernatant was harvested at 0, 

24, 48 and 72 hpi, and TCID50/0.1 mL of each time point was measured in MDCK cells. The TCID50/0.1 mL values are the average 

of three independent experiments. #, *, significant differences of rH5N1-N144S-I223V(#) and rPR8(*) in comparison with other 

viruses (p < 0.05). 
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Figure 3.2. Mouse pathogenicity of recombinant H5N1 viruses. Mortality and weight loss of mouse experimental groups infected 

with recombinant H5N1 viruses. Five 6-week-old female BALB/c mice per group were inoculated with 106 EID50 of virus or an 

equivalent volume PBS (mock) intranasally. Weight loss was monitored for 2 weeks, and mice with more than 20% weight loss were 

euthanized. The weight loss was calculated based on the body weight measured at 0 dpi, and the data are the average of each group; 

*, significant difference of the rH5N1–I223V and rH5N1-N144S groups compared to the mock groups (p < 0.05).
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Table 3.5. Replication efficiency of the H5N1 recombinant viruses in mice. 

 

 

 

 

 

 

 

a EID50/0.1ml was average of three independent replicate experiments 

b Significant difference from other H5N1 recombinant viruses (p < 0.05)  

c Not detected 

Recombinant virus Virus isolation rate EID50/0.1ml (log10)a 

rH5N1 3/3 5.75 

rH5N1-N144S 3/3 5.25 

rH5N1-I223V 3/3 5.00 

rH5N1-N144S-I223V 3/3 7.75b 

rPR8 3/3 8.00 

Mock (PBS) 0/3 NDc 
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Comparison of binding affinity of the H5N1 recombinant viruses 

to avian (3’-SLN) and mammalian (6’-SLN) receptors and egg 

white. 

 We compared the receptor binding affinity of recombinant viruses to 3’-SLN and 

6’-SLN (Fig. 3.3). All the recombinant viruses bound to 3’-SLN more strongly than to 6’-

SLN. rH5N1 and rH5N1-N144S-I223V showed significantly higher binding affinities than 

other viruses, and rH5N1-N144S had the weakest binding affinity to the avian receptor 

(Fig. 3.3). When chicken RBCs were used to measure HI titers in egg white for the H5N1 

recombinant viruses, only rH5N1-N144S showed slightly lower HI titers than other viruses 

(64 vs. 128, Table 3.6). However, the difference was much higher when we used guinea 

pig RBCs (<8 vs. 64). Therefore, rH5N1-N144S was significantly less inhibited by egg 

white, and 223I may play a role in the resistance to egg white.
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Figure 3.3. Receptor binding affinity of recombinant H5N1 viruses. The two types of serially diluted biotinylated 

sialylglycopolymers (Neu5Acα2-3Galb1-4GlcNAcb-PAA-biotin [3’SLN-PAA] and Neu5Acα2-6GalNAca-PAA-biotin [6’SLN-

PAA]) were incubated with the same concentration (105 EID50) of recombinant viruses. After development with HRP-conjugated 

streptavidin and TMB substrate, the reaction was stopped by adding stop solution, and the absorbance at 450 nm was measured. (a) 

Receptor binding affinity of recombinant viruses to 3’SLN-PAA and (b) Receptor binding affinity of recombinant viruses to 6’SLN-

PAA. The absorbance data are the average of three independent experiments, #, significant difference of rH5N1 and rH5N1-N144S-

I223V compared to the other viruses, *, significant difference compare to rH5N1–N144S (p < 0.05).
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Table 3.6. Comparison of HI titers of egg white against the H5N1 recombinant viruses. 

Recombinant virus 
HI titer of chicken egg white 

Chicken RBC (1%) Guinea-pig RBC (1%) 

rH5N1 128 64 

rH5N1-N144S 64 < 8 

rH5N1-I223V 128 64 

rH5N1-N144S-I223V 128 64 
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Comparison of thermostability of the H5N1 recombinant viruses.

 The HA titers of the H5N1 recombinant viruses decreased to zero within 5 

(rH5N1-N144S), 15 (rH5N1) and 30 min (rH5N1-I223V) after heat treatment, but that of 

rH5N1-N144S-I223V was maintained even after heat treatment for 30 min (Fig. 3.4). 

Therefore, the V223I mutation may decrease HA thermostability. 
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Figure 3.4. Heat stability of recombinant H5N1 viruses. Each of the recombinant 

viruses was diluted to a 24 HA titer, and aliquots were incubated at 60 °C for 0, 5, 15 and 

30 min. After heat treatment, the HA titer of each aliquot was measured by HA assay with 

1% chicken RBCs. 
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Intra- and intermolecular interactions of residue 223 in the HA 

trimer and confirmation of the 144N-glycosylation. 

 Residue 223 is located in the 220-loop, and both 223I and 223V interact 

intramolecularly with 226Q via hydrogen bonding. Interestingly, residue 223 is located 

close to 207S of another neighboring HA monomer. Considering the larger side chain of I 

than V, the V223I mutation may affect the integrity of the HA trimer (Fig. 3.5). So far, 

144NGS is considered to be a real N-glycosylation site, and our western blotting data also 

agree with previous report (Fig. 3.6) (Herve et al., 2015). 
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Figure 3.5. Location and intermolecular interaction of 144N and 223V/I residues in 

the 3D structure of the HA trimer. HA and HA trimer structure were modified from 

4juk.pdb and 6e7g.pdb using PyMOL. (a) 223I and (c) 223V were located in the 220-loop 

of the receptor binding site (RBS) of the globular head. Position 223 was close to position 

226Q, and both 223I and 223V were interacting with 226Q by hydrogen bond (dotted line). 

(a), (c) 144N followed by 145S and 146S was located near the RBS, and 144N 

glycosylation was formed by N-X-S/T. (b) 223I and (d) 223V were close to the 207S of 

another HA monomer, and 223I had more side chains extruding and was much closer to 

207S than 223V.
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Figure 3.6. Verification of 144N-glycosylation by western blotting. Recombinant viruses untreated and treated with PNGase F 

enzyme were denatured and separated by SDS-PAGE. Transferred membranes were incubated with rabbit anti-influenza A H5N1 

(A/Vietnam/1194/2004) HA IgG, followed by goat anti-rabbit IgG HRP-conjugated secondary antibody. Then, HRP was developed 

by TMB substrate. HA proteins of rH5N1 and rH5N1-I223V had 144N-glycan, and they had higher molecular weight than rH5N1-

N144S and rH5N1-N144S-I223V in the absence of PNGase F enzyme treatment (-). However, the difference was disappeared after 

treatment of PNGase F enzyme (+). 
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3.4. Discussion 

 Clade 2.3.2 viruses were isolated from ducks and wild birds in mainland China 

and Hong Kong in 2004, but they might have been already present in mainland China in 

2003 due to virus isolation from Muscovy ducks smuggled from China to Taiwan (Group, 

2012; Lee et al., 2007b; Smith et al., 2009b). New clade 2.3.2.1 viruses derived from clade 

2.3.2 viruses appeared in 2007, and clade 2.3.2.1a, b and c viruses appeared in 2009 (Group, 

2012; World Health Organization/World Organisation for Animal and Agriculture 

Organization, 2014). In Viet Nam clade 2.3.2.1a, b and c viruses used to cocirculate, but 

clade 2.3.2.1b viruses have disappeared (Nguyen et al., 2017). Clade 2.3.2.1 viruses 

acquired 144NGS, and this mutation was conserved in most of the clade 2.3.2.1a, b and c 

viruses. Considering the significantly higher frequency of 158NGS than 144NGS among 

A(H5) viruses having the same possibility of acquiring either 144NGS or 158NGS (Table 

3.S1), the acquisition of 144NGS may reflect the presence of certain selection pressure or 

other circumstances.  

HA glycosylation to evade humoral immunity may be the most effective but final 

choice because it reduces viral fitness (Das et al., 2011). The variability of NGS precursors 

and their higher frequencies than NGS at 144-146 (86.5% vs. 13.5%) and 158-160 (71.9% 

vs. 28.1%) may be in line with the above notion (Table 3.S1). 144N-glycan reduced the 

replication efficiency in ECEs and the a2,3 SA affinity of rH5N1-I223V in comparison 

with rH5N1-N144S-I223V. Therefore, 144N-glycan in H5 reduced viral fitness, similar to 

the findings in a previous report in H1 (Das et al., 2011). However, circumstantial evidence 
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explaining why clade 2.3.2.1 viruses chose 144NGS instead of the more prevalent and 

preferable 158NGS needs to be discussed further.  

Humoral immunity induced by vaccination may facilitate the appearance of mutants 

evading vaccine immunity (Lee et al., 2004). The vaccine program was implemented with 

A/chicken/Mexico/232-CPA/1994 (H5N2) in HK during 2002-2003 and with 

A/turkey/England/N28/1973 (H5N2) during 2004-2006 in mainland China. Monovalent 

[Re-1 (clade 1) during 2004-2008, Re-4 (clade 7.2) during 2006-2012, Re-5 (clade 2.3.4) 

during 2008-2012, Re-6 (clade 2.3.2) in 2012] and bivalent (Re-1/Re-4 during 2007-2008, 

Re-4/Re-5 during 2008-2012 and Re-4/Re-6 in 2012) inactivated PR8-derived 

recombinant vaccines have been used (Chen and Bu, 2009; Ellis et al., 2004). Among them, 

Re-1, Re-4 and Re-5 were the major vaccines in mainland China during the evolution 

period (2005-2009) of clade 2.3.2 to clade 2.3.2.1a, b and c, and Re-4 and Re-5 contained 

only 158NGS, and other viruses, except Re-6 (only 144NGS), contained neither 144NGS 

nor 158NGS (Li et al., 2014). Therefore, vaccine-induced antibodies might have targeted 

the shielded epitope site B (group 2, 155-166) rather than epitope site A (group 1, 140-

145), and mutant viruses acquiring 144NGS to shield epitope site B might have been 

selected (Herve et al., 2015). Re-6 with 144NGS might have been effective against clade 

2.3.2.1a, b and c viruses not only due to antigenic similarity but also due to the restricted 

acquisition of additional 158NGS. The very low frequency of A(H5) viruses possessing 

both 144NGS and 158NGS (0.1%) may reflect the inferior competitiveness of such HA in 

nature (Table 3.3). In Viet Nam where clade 2.3.4 and clade 2.3.2.1a, b and c viruses had 

cocirculated, Re-1 during 2005-2010 and Re-5 (clade 2.3.4) since 2011 had been used for 
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vaccinations (WHO, 2011). Clade 2.3.4 viruses declined after vaccination, but clade 

2.3.2.1c viruses became enzootic, possibly due to antigenic mismatch and the shielding 

effect of 144N-glycan (FAO, 2011; Nguyen et al., 2017; Nguyen et al., 2019).  

The V223I mutation is unlikely to stand alone without 144NGS due to its very low 

frequency in nature, and stepwise acquisitions of 144NGS and V223I mutations during 

clade 2.3.2.1a, b and c diversification from clade 2.3.2.1 are noteworthy (Table 3.3). 

Similarly, cooperating mutations with N-glycans, K147 with 144NGS and N227S with 

158NGS, have been reported (Kim et al., 2013b; Wang et al., 2010). The biological effects 

and roles of the V223I mutation are unclear, but a single V223I mutation decreased the 

virus replication efficiency of rH5N1-N144S in ECEs. Additionally, rH5N1-N144S 

showed resistance to egg white due to a relatively steep decrease in HI titer and 

significantly lower a2,3 SA affinity than those of the other viruses in this study (Table 3.6, 

Fig. 3.3). Ovomucin in egg white is an effector molecule of innate immunity present on 

the surface of mucous membrane, and a different mutation reducing the inhibition has been 

reported (Lanni and Beard, 1948; Lee et al., 2018a). Therefore, characterization of egg 

white resistance may be useful to understand the evolutionary status of IAVs. Mutations 

such as S223N (S224N according to our H3 numbering), N224K, G225D, Q226L, G228S, 

and S227N directly or indirectly increase a2,6 SA affinity, and their side chains are located 

in or near the RBS. However, the side chain of residue 223 is located at the interface of the 

globular heads of the HA trimer (Fig. 3.5). The amino acid residues located between the 

interfaces of the HA trimer affect structure and pH stability, and the electrostatic 

intermolecular interaction between T212 and N216 and the increased rigidity of the S221P 
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mutation stabilized the HA trimer to increase pH stability (DuBois et al., 2011; 

Rachakonda et al., 2007). The lower thermostability of rH5N1-N144S than rH5N1 and 

rH5N1-I223V may imply a negative effect of the intermolecular interaction between 223I 

and 207S on HA thermostability (Fig. 3.5). V/I223 did not interact with S207 via hydrogen 

bonding, and the bulkier side chain of I may cause steric hindrance at the interface. 

Although we did not test pH stability, a pH stability-related mutation (H103Y) showed 

increased thermostability by stabilizing the HA trimer in previous reports (An et al., 2019b; 

de Vries et al., 2014b). Therefore, the V223I mutation acquired in addition to S144N 

during adaptation in vaccinated poultry might have improved viral fitness in terms of a2,3 

SA receptor affinity at the cost of decreased HA trimer stability.  

The mammalian pathogenicity of HP A(H5N1) viruses is a multigenic trait, and the 

human pathogenicity of clade 2.3.2.1 viruses has been regarded as lower than that of other 

clades (Creanga et al., 2017). In our previous studies, a PR8-derived clade 2.3.2.1c 

recombinant vaccine strain showed less pathogenicity in mice than another PR8-derived 

recombinant virus containing HA and NA genes from low pathogenic (LP) A(H5N1) virus 

(Jang et al., 2017b; Kim et al., 2015b). Although the amino acid sequences of the two HA 

proteins are only 89% identical, the HA of LP A(H5N1) virus has V223 and neither 

144NGS nor 158NGS. The higher mouse pathogenicity and replication efficiency of 

rH5N1-N144S-V223I than other H5N1 recombinant viruses in MDCK and A549 cells 

may indicate a reduction in mammalian pathogenicity during poultry adaptation to evade 

immune responses. Poorly glycosylated HA was recognized by an ER stress pathway and 

induced strong lung injury (Hrincius et al., 2015). The relatively high mammalian 
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pathogenicity of viruses without 144NGS and 158NGS has been verified (Wang et al., 

2010). As we did not directly compare the pathogenicity of 144NGS- or 158NGS-bearing 

recombinant viruses, we cannot conclude which virus is more pathogenic in humans. 

However, a significantly higher frequency of 158NGS- (70.0%) than 144NGS-bearing 

(1.6%) HA in human cases compared with the frequencies of single 158NGS- (27.2%) or 

144NGS-bearing (13.1%) HA in nature may reflect a higher risk of 158NGS than 144NGS 

in human infection (Table 3.S2). 

In conclusion, intensive inoculation of certain types of vaccines may distort natural 

evolutionary pathways, and the acquired novel adaptive mutations may reduce viral fitness 

by destabilizing the HA trimer as well as affect mammalian pathogenicity. Our results may 

provide clues for future studies to develop more effective vaccine strains and programs 

that reduce the appearance of antigenic or more human-pathogenic variants. 
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3.5. Supplementary Materials  
Table 3.S1. Classification and frequency of 144NGS, 158NGS, and their precursors of A(H5) viruses. 

No. of mutations to become 144NGS (4075) No. of mutations to become 158NGS (4065) 
0 (551) +1(658) +2 (2489) +3 (377) 0 (1141) +1 (1824) +2 (996) +3 (104) +4 (2) 
NSS (551) KSS (550) RSS (1812) GPS (130) NNT (490) NNA(927) DNA(841) DNV(56) ENV(1) 
 NPS (36) TPS (292) MPS (92) NDT (49) NDA(596) NNV(54) GNA(29) GNE(1) 
 SSS (55) SPS (115) RPS (68) NST (563) NSA(217) DDA(21) DGV(6)  
 TSS (10) ASS (74) VPS (39) NSS (30) DNT(53) DSA(18) DDV(4)  
 SHS (1) KPS (73) APS (20) NNS (5) NAA(9) SNA(18) DNM(3)  
  QSS (51) EPS (19) NGT (2) NGA(8) NNE(16) QNA(2)  
  GSS (15) RSA (6) NDS (1) DST(3) NDV(10) INV(1)  
  MSS (14) ASA (1) NHT (1) NNI(2) SDA(6) DNE(1)  
  GLS (12) KPF (1) NTT (1) NSI(2) DSS(3) ANA(1)  
  ESS (8) RSF (1)  NDK(1) GST(2) GDA(1)  
  ISS (7)   NDP(1) NDE(1)   
  RTS (6)   NNK(1) NNQ(1)   
  RAS (3)   NNM(1) DTA(1)   
         
  VSS (2)   DNS(1) ENA(1)   
  DPS (1)   SNS(1) SNT(1)   
  ELS (1)   SST(1) YNA(1)   
  GRS (1)       
  MLS (1)    KNN(1)   
  RFS (1)       
% of 144NGS % of precursor 144NGS % of 158NGS % of precursor 158NGS 
13.5% 
(551/4075) 

86.5% (3524/4075) 28.1% 
(1141/4065) 

71.9% (2924/4065) 
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Table 3.S2. Frequency of 144NGS and 158NGS in HA of A(H5) viruses from laboratory-confirmed human cases. 

NGS Human (n=513) Avian (n=4,189) 

144NGS 1.6% 13.1%a 

158NGS 70.0%b 27.2% 

144NGS/158NGS 0.4% 0.1% 

None 28.1% 57.7%c 
a significant difference with 144NGS in human (p < 0.05). 

b significant difference with 158NGS in avian (p < 0.05). 

c significant difference with none in human (p < 0.05). 
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General Conclusion 

 

 In these studies, several genetic modifications were adopted without affecting 

antigenicity of viruses to improve recombinant avian influenza vaccine strains using 

reverse genetics system and antigenic evolution of clade 2.3.2.1c H5N1 HPAIV related 

with mass vaccination in poultry was studied. 

 Generation of the H9N2 LPAI vaccine strain, 01310, using reverse genetics was 

hard, but it was successfully achieved by optimization of 3’-end promoter of polymerase 

genes. High replication of PB2 and PB1 by C4U mutation compensated low integrity of 

polymerase complex and facilitate viral recue, but C4U mutation in PA also increased PA-

X expression which was negative effects on viral replication and didn’t facilitate viral 

rescue. However, another H9N2 LPAIV, 0028, was generated without C4U mutation in 

polymerase gene and effect of C4U mutations was strain-specific. To eliminate embryonic 

pathogenicity of 01310, recombinant 01310 virus having mammalian non-pathogenic NS 

gene of 0028 was generated through 3’-end promoter modification. The recombinant 

01310 with NS (0028) showed decreased embryonic pathogenicity and increased 

productivity in ECEs, and several mammalian pathogenic mutation found in NS gene 

(G139D, S151T, GSEV to EPEV) were also pathogenic factor in chicken embryo. The 3’-

end promoter optimization and mammalian non-pathogenic genes can be a strategy to 

improve safety and productivity of vaccine strains generated by reverse genetics system.  

 In recombinant clade 2.3.4.4 H5N8 vaccine, H103Y single mutation in HA 

protein increased viral replication in ECEs and recombination of prototypic PB2 gene of 
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01310 virus eliminated mammalian pathogenicity. The H103Y mutation was related with 

structure stability of HA protein and H103Y mutant had heat-stability which was 

advantageous for storage and transport of vaccine in countries with poor cold chain 

systems. Two useful methods for effective vaccine production in this study were found to 

have same effect on LPAI H5N1 and clade 2.3.2.1c H5N1 viruses, and they can be usefully 

applied to other H5 vaccine development. However, a single dose of the recombinant 

H5N8 vaccine didn’t prevent viral shedding even with high serum antibody titer, and it is 

necessary to improve the antigenicity of the recombinant H5N8 vaccine strain to prevent 

viral shedding.  

 At last, two adaptive mutations appeared during viral evolution of clade 2.3.2.1 

H5N1 HPAIVs were found, and analyzed their effect in viral characteristics by reverse 

mutation of clade 2.3.2.1c HA protein and generation of recombinant viruses. Considering 

most of HPAI vaccine strains used in HPAI endemic countries had 158N-glycosylation, 

the 144N-glycosylation in clade 2.3.2.1 was result of antigenic evolution for shielding 

epitopes. After then, V223I mutation was accumulated to adapt to the natural host because 

N-glycosylation decreased binding affinity of HA protein and required compensation 

mutations. Clade 2.3.2.1c H5N1 could remained and spread broadly by two adaptive 

mutations, but it lost structural stability of HA protein and high replication efficiency in 

mammalian host. Thus, intensive vaccination with certain subtypes can diversified HPAIV 

strains having distinct antigenicity, and antigenic evolution pattern of clade 2.3.2.1c in this 

study may be helpful to developing HPAI vaccine strains and vaccination programs. 

 Through several strategies found in these studies, avian influenza vaccine strain 
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with improved productivity and biosafety using reverse genetics system was developed, 

and mammalian non-pathogenic evolutionary pattern can be helpful to develop HPAI 

vaccination program. In order to produce vaccines with increased immunogenicity, further 

studies on inactivated vaccines with internal genes of avian influenza A virus, and not PR8, 

and whether this will improve cellular immunity are required.
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조류 인플루엔자 바이러스는 물새류에서 강한 전염성을 지닌 병원체

이지만, 변이의 축적을 통해 종간 장벽을 넘어 포유류에 감염될 수 있다. 저

병원성조류인플루엔자 바이러스 (Low pathogenic avian influenza viruses, LPAIVs)

는 호흡기 증상과 산란율 저하 등 약한 임상 증상을 유발하지만 고병원성조

류인플루엔자 바이러스 (highly pathogenic avian influenza viruses, HPAIVs)는 닭과 
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칠면조에서 심한 임상 증상을 일으키며, H5 아형의 HPAIV는 가금과 야생조류

에서 대유행을 초래할 수 있다. 국내에서는 1999년 H9N2 LPAI의 재발생 이후 

지속적으로 피해를 일으켰으며, 불활화 백신이 개발되어 농장에 성공적으로 

적용되었다. 2003년 이후로는 7번의 H5 HPAIV가 발생하였으며, 살처분 정책이 

시행되고 있으나 최근에는 긴급 백신 생산을 위한 백신주 배양액을 비축하고 

있다. 

불활화 조류인플루엔자 백신을 위한 백신주는 발육란에서 야외주를 

적응시키거나 역유전학기술을 이용하여 재조합 바이러스로 작출되고 있다. 

Hoffmann의 역유전학 벡터시스템은 야외주의 hemagglutinin (HA)와 

neuraminidase (NA)와 A/Puerto Rico/8/1934 (PR8) 바이러스의 내부 유전자들(PB2, 

PB1/PB1-F2, PA/PA-X, NP, M1/M2, and N2/NEP genes)을 이용한 2 + 6 역유전학 체

계를 가지고 있으며, 사람과 동물의 백신주 제작에 널리 사용되고 있다. PR8

의 내부 유전자들이 생산성 좋은 재조합 바이러스 제작에 필요하지만 PB2, PA, 

NS1 유전자에는 포유류 병원성과 관련된 중요한 돌연변이들이 존재하고 있다. 

또한, 일부 PR8 기반 재조합 백신주들은 발육란에서 불활화 백신주로 사용할 

정도의 증식성을 보이지 않는다. 더 효과적인 백신주를 만들기 위해서는 야외

주의 내부 유전자에 존재하는 T cell과 B cell epitope들을 맞춰주는 것이 좋지만, 

야외주의 8개 게놈을 모두 갖는 재조합 바이러스의 작출은 늘 성공적인 것은 

아니다.    

상업용 백신주인 A/chicken/Korea/310_E20//2001(H9N2) (01310)은 발육란
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에서 20번의 계대를 통해 확립되었으며, 높은 증식성과 동시에 높은 계태아 

병원성을 획득했다. 높은 병원성은 계태아의 조기 폐사를 유발하며 요막액의 

수득량을 감소시켜 바이러스의 생산성을 떨어뜨린다. 01310 PB2 유전자는 포유

류 병원성이 없는 원시유전자(prototypic gene)로 293T 세포주에서의 01310의 8

개 게놈을 갖는 재조합 바이러스의 작출은 불가능했다. Hoffmann의 벡터시스

템은 바이러스 게놈 RNA의 3’-말단에 존재하는 프로모터 조성이 polymerase 

(PB1, PB2, PA) 게놈은 약한 프로모터 (4번째 염기가 cytidine, C4)이고, 그 외의 

게놈은 강한 프로모터 (4번째 염기가 Uridine, U4) 이다. 01310의 작출이 어려운 

문제를 해결하기 위해서 polymerase 유전자의 promoter를 C4에서 U4로 변경하

여 293T 세포주에서의 약한 PB2의 활성을 보완한 결과 성공적으로 바이러스

를 작출하였다. 또한, 01310의 NS1/NEP 유전자를 계태아에 병원성이 없는 

A/chicken/Korea/KBNP-0028/2000 (H9N2) (0028) 바이러스에서 유래한 포유류 무

병원성 NS1/NEP 유전자로 교체한 재조합 01310 바이러스 (r310-NS28)를 작출

하였다. r310-NS28은 증가한 계태아 평균폐사시간을 보여 계태아 병원성이 감

소했고, 요막액 수득량 증가로 인한 총 항원량 증가로 생산성이 향상되었다. 

포유류 병원성과 관련된 G139D/N, S151T, GSEV에서 EPEV로의 돌연변이들은 

0028의 NS1/NEP 유전자에 이식한 경우 계태아 병원성이 증가하였다.  

Clade 2.3.4.4 H5Nx HPAIVs는 전세계적으로 확산되었으며, clade 2.3.4.4a 

H5N8 바이러스는 국내 비상용 백신주로 선발되었다. 그러나 기존방식의 PR8 

기반 재조합 H5N8 백신주는 발육란에서 낮은 증식성을 보였고, 마우스의 폐
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에서 증식할 수 있어 잠재적인 병원성을 보유하고 있다. 이러한 문제들을 해

결하기 위해 우선 선행연구를 통해 발육란 고증식성과 관련된 돌연변이(HA 

유전자의 H103Y, K161E, L317P 변이와 NA 유전자에서 S369N 변이)를 갖는 재

조합 H5N8 바이러스들을 작출하여 발육란에서의 증식성을 비교하였다. 그 결

과 H103Y 변이만이 유의적으로 바이러스 역가를 증가시켰으나 포유류 병원

성 또한 증가시켰다. H103Y는 HA의 내산성과 내열성을 증가시키며 조류인플

루엔자 바이러스의 포유류 호흡기 전염성을 증가시키는 것으로 알려져 있다. 

그러나 PR8의 PB2 유전자를 01310의 유전자로 교체한 결과 증가된 포유류 

병원성이 성공적으로 제거되었다. 이렇게 최적화된 재조합 H5N8 바이러스로 

사독오일백신을 제조하여 닭에 접종한 결과 이종인 clade 2.3.4.4 H5N6 HPAIV 

공격 접종 시 폐사를 완벽하게 방어하였고, 오리에서 주령에 비례하는 체액성 

면역을 유도하였다.  

HPAIVs에 대한 지속적인 백신 접종은 항원성 변이주 출현을 촉발한

다는 사실이 보고되어 있으므로 미래의 HPAIV 백신주 개발과 백신 프로그램

을 위한 전략을 탐색하고자 H5N1 HPAIV의 진화 과정을 분석하였다. Clade 

2.3.2.1c H5N1 HPAIVs는 백신으로 형성된 면역 하에서 clade 2.3.2로부터 진화해 

왔으므로 바이러스 분리 시기에 따른 HA 단백질 아미노산 서열(n=647)의 변

화를 분석하였다. 그 결과 Clade 2.3.2.1c H5N1 HPAIVs의 HA 단백질은 진화 과

정에서 수용체 결합 부위 근처에서 S144N과 V223I 돌연변이를 순서대로 획득

하였다. S144N 돌연변이로 144N-linked glycosylation site (NGS)가 새로 생성되는
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데 데이터베이스의 H5 아형의 HA 단백질 서열을 분석한 결과 158NGS 보다 

144NGS의 빈도가 유의적으로 높으므로 자연계에서는 144NGS가 덜 선호되는 

것으로 추정하였다. 144N과 158N은 서로 다른 에피톱에 위치하며 이들에 당

쇄 결합이 일어나는 경우 인근 에피톱을 가려 체액성 면역을 회피하게 된다. 

따라서 144NGS의 획득은 백신 면역 회피 과정에서 나타난 인공적인 결과로 

추정된다. 단일 역변이 (N144S 또는 I223V)와 조합 역변이 (N144S와 I223V)를 

적용한 재조합 clade 2.3.2.1c H5N1 바이러스를 제작하여 특성을 분석하였다. 그 

결과 단일 역변이를 갖는 재조합 바이러스들은 낮은 바이러스 역가와 조류 

수용체 결합력을 보였으나, 조합 역변이는 높은 발육란과 포유류세포주에서의 

증식성과 마우스 병원성을 보였다. V223I 돌연변이는 HA 단백질의 내열성을 

매우 감소시켰는데 223번 아미노산의 위치상 heterotrimer간 상호작용을 불안

정화 시키기 때문인 것으로 추정되었다. 따라서 clade 2.3.2.1c H5N1 HPAIVs는 

조류 면역을 회피하고자 진화하였으나 그 대가로 바이러스의 fitness와 포유류 

병원성을 잃은 것으로 판단된다.  

본 연구에서는 재조합 백신주의 효능과 병원성에 영향을 주는 

Hoffmann 벡터시스템의 내재적 결함과 한계를 바이러스 게놈 3’-말단의 

promoter 변경과 조류인플루엔자 바이러스 유래의 저병원성 PB2, NS1/NEP 유

전자로 PR8의 해당 유전자를 대체함으로써 개선하였다. 닭과 포유류에서 공

통적으로 관찰되는 NS1과 H103Y의 기능은 닭이 조류인플루엔자 바이러스의 

포유류 병원성 진화에 중요하다는 것을 의미한다. 본 연구에서 개발한 발육란 
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고생산성, 포유류 무병원성 H9N2 및 clade 2.3.4.4 H5N8 백신주는 효과적인 백

신 생산에 유용하며 clade 2.3.2.1c 바이러스 연구로부터 얻은 실험 및 생물정

보학 데이터는 향후 보다 개선된 백신주 개발에 활용 할 수 있다.  

주요어: 역유전학, 조류 인플루엔자 A 바이러스, 불활화 재조합 백신, 고생산

성, 포유류 무병원성 
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