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Summary 

Influenza A virus infection imposes major public health problem. In the past, 

there were several influenza pandemic outbreaks that killed millions of people. One of 

the most notable is the 1918 "Spanish Flu", followed by "Asian Flu" in 1957 and 

"Hong Kong Flu" in 1968. Since then, highly pathogenic avian influenza virus H5Nl 

outbreaks have been highlighted for the potential of the pandemic emergence. The 

emergence of high pathogenic avian influenza (HP AI) strains was resulted from the 

mutation of low pathogenic avian influenza (LPAI) strains. Similarly, H9N2 influenza 

viruses also have spread around the world, from wild birds to domestic poultry, 

especially in Asia. There is a documented evidence of the infection of H9N2 influenza 

viruses in humans, thus posing them as potential pandemic risks. Recently the 2009 

pandemic swine influenza virus also emerged in April 2009, which has reached 

pandemic level, and co-circulates with seasonal influenza virus. 

The efficacy of the influenza virus infection depends on how well the virus 

interacts with the host cells. The virus should be able to direct the host cell machinery 

to assist replication and transcription of viral genes, as well as to evade immunological 

response. Hence, the virus - host interaction is an important aspect towards 

understanding the nature of the virus, as well as the development of the therapeutic 

strategy against the influenza virus. 

We have isolated a low pathogenic H9N2 influenza virus isolated from ducks 

as a routine surveillance conducted in Singapore and performed characterization of the 

virus in vitro, which includes sequence analysis, viral growth characteristics and 

effects on host gene expression using micro arrays, using canine, chicken and human 

cells as host model in tissue culture platform. For the comparison, we also use 
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AlWSN/33 (HINI) to detennine the efficacy of the viral replication in the tissue 

culture model, since it is one of the well characterized influenza virus. We found that 

H9N2 isolate grows poorly in canine and human based cell lines, but able to grow well 

in chicken based cell lines. This is also supported by the host - interaction analysis, 

where both canine and human based cell lines exert higher immunological response to 

fight against the H9N2 infection as compared to HlNlIWSN/33. Further, cytokine 

profiling shows that the HINl infected mouse lung macrophages showed higher 

expression ofIL-la, IL-I~, IL-6, IL-l2(p70), IL-13, IL-17, G-SCF, MCP-l, while the 

H9N2 infected cells showed higher expression ofIL-13, MIP-Ib and RANTES. 

We also conducted similar experiment to 2009 pandemic swine influenza virus. 

The virus isolates were obtained from patients in Singapore which tested positive for 

2009 swine influenza virus. From those, four isolates were chosen and further 

characterized. The result showed that the isolates were able to grow and replicate in 

canine, chicken and human based cell lines, although in much lower rate than the 

laboratory strains. All of the isolates behaved similarly. Furthennore, cytokine 

profiling in mouse lung macrophages also showed that the isolates induces various 

cytokine signalling such as IL-Ia, IL-6, IL-9, KC, MIP-la, MIP-I~, MCP-I, TNF-a, 

and RANTES. The swine influenza virus generally induced higher expression of IL­

Ia, TNF-a and RANTES compared to WSN, and generally lower expression of IL-6, 

KC, MIP-la and MIP-I~. 
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Chapter One: Introduction 

1.1 Virus Classification 

Influenza virus belongs to the Orthomyxoviridae family. Orthomyxoviridae 

family is a class of virus which possesses a negative sense, single-stranded, and 

segmented RNA genome. Currently, there are five genera in this family, which are 

influenza virus A, influenza virus B, influenza virus C, Thogotovirus and Isavirus. All 

of the influenza viruses have different characteristics. Influenza A and B virus encode 

eight segments of RNA and eleven proteins, whereas influenza C only encodes seven 

segments and nine proteins (Palese, 1980). Influenza A virus can infect a wide range 

of host, mostly birds and mammals. Influenza B is known to infect humans and 

occasionally seals (Osterhaus et al., 2000). Influenza C is found in humans and pigs 

(Guo et aI., 1983). Influenza A, Band C are also distinct from each other by the 

difference in matrix protein structure and antigenicity (Biddison et aI., 1977). 

Furthermore, there are differences in their glycoproteins. Influenza A and B main 

surface glycoproteins are encoded from two genes, giving rise to hemagglutinin (HA) 

and neuraminidase (NA). Both HA and NA genes in influenza A virus encode one 

protein each. Similarly, HA gene in influenza B virus encodes one protein, but the NA 

gene encodes 2 proteins, NA and NB (Shaw et al., 1983). Influenza C virus main 

surface glycoprotein is only encoded by Hemagglutinin Esterase Fusion (HEF), which 

functions as hemagglutinin, receptor destroying and fusion (Herrler et al., 1988). 

1.2 Morphology and Genome of Influenza Virus 

Influenza A virus is an enveloped virus. The envelope contains lipid membrane 

originated from the host cell it infects. The envelope consists of two main 

glycoproteins, hemagglutinin (HA), and neuraminidase (NA). In addition, the M2 
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protein exists in lower abundance and projects from the surface of the virus. The 

matrix protein (M 1) is located beneath the virus envelope. In the viral core, there are 8 

RNA segments, packaged together with the 3 polymerase proteins (PBI, PB2, and 

PA), and the nucleoprotein (NP) to form ribonucleoprotein complex (Compans et aI., 

1974). The NEPINS2 (nuclear export protein/non-structural protein 2) protein is also 

present in purified viral preparations (Richardson and Akkina, 1991). A schematic 

representation of influenza A virus is shown in Fig. 1.1. 

The morphology of influenza A virus particles is characterized by protruding 

spikes at the surface. A representative Electron Micrograph image of influenza A virus 

is shown in Fig. 1.2. These spikes have lengths of approximately 10 to 14 nm, and 

consists of HA and NA proteins with the ratio of HA and NA is approximately 400-

500 HA compared to 100 NA. High quality images of influenza A virus morphology 

have also been successfully obtained by electron microscopy. For example, Fujiyoshi 

et al. (1994) have managed to visualize the influenza A (virus) by cryo-electron 

microscopy. The influenza A particles were grouped into the diameter of 

approximately less than 150 nm spherical particles with well organized interiors, with 

spikes protruding from the surface. Furthermore, the internal components of the 

influenza A virus have also been imaged successfully as demonstrated by Murti et al. 

(1992) by immuno-gold labelling/electron microscopy. The Electron Microscopy 

image of influenza virus A and its internal part components are shown in Fig. 1.2. 

Noda et aI., (2006) also reported spherical morphology of influenza virus in grown 

eggs. The spherical influenza virus particles have a diameter of approximately 100 nm. 

In contrast, filamentous influenza virus particles can elongate up to 300 nm in length, 

which derived from tissue culture cells (Chu et aI., 1949). 
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Fig 1.1. Schematic structure ofInfluenza virion and Viral RNPs (inset) 
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Adapted from Noda et al., 2006 

Fig 1.2. Electron microscope image of negatively stained influenza virus particle (A). Electron micrograph of 
thinned section image of influenza A particles from released cells and its magnification on the inset (B) 
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The evidence of the segmented nature of influenza A RNA was first shown by 

usmg polyacrylamide gel electrophoresis analysis, where 8 bands of RNA were 

visualized, which later was assigned as segments (Palese and Schulman, 1976). 

Additionally, each viral segment also contains 5' and 3' non-coding regions. The non-

coding regions are conserved among all segments, and this is followed by a segment-

specific coding region (Desselberger et al., 1980; Palese et al., 1980). The schematic 

representation of the genomic organization, the segment numbering referring to the 

respective gene and protein of influenza A is shown in Fig. 1.3. The segment length, 

mRNA length, protein size and functions are tabulated in Table 1.1. Most of the 

segments in the influenza A virus encode one protein, with the exceptions of segment 

2, 7 and 8, which encode PBI, M and NS genes, respectively. The segment 2 encodes 

PBI protein and the PBI-F2 protein (Mazur et aI., 2008, McAuley et al., 2007). The 

segment 7 encodes MI and M2 proteins. the NS gene translates to NSI and NS2 

proteins. Both M2 and NS2 proteins are encoded by the splicing mechanism using 

cellular spliceosome, shown in Fig. 1.3. 
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Adapted from Lamb and Krug, 2001 

Fig 1.3. The genome organization of influenza HINI/PR/8/34, with segment number written on the left 
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Table 1.1. List of RNA segments ofintluenza HINIIPR/8/34 and proteins they encodes (adapted from Lamb and 
Krug, 2001) 

Nascent Approx. 

Length 
mRNA 

Encoded 
poly Molecular Number 

length peptide weight of 
Segment (nucleo-

(nucleo-
poly 

length predicted copies 
Remarks 

tides) 
tides) 

peptide (amino (kDa) per 
acid) virion 

Host cap recognition of host cell 
1 2,341 2,320 PB2 759 85,700 30-60 RNA, component of RNA 

transcriptase complex 

Endonuclease activity, catalyzes 

2 2,341 2,320 PBI 757 86,500 30-60 
nucleotide addition, component of 
RNA transcription and replication 
complex 

264 PBI-F2 87 10,352 - Increased pathogenicity, proapoptotic 
protein, regulates polymerase activity 

3 2,233 2,211 PA 716 84,200 30-60 
Component of transcription and 
replication complex, protease activity 

Major surface glycoprotein, exist as 
4 1,778 1.757 HA 566 61,468 500 trimer for sialic acid binding, fusion 

protein, major antigenic determinant 

Form coiled ribonucleoprotein, 

5 1,565 1,540 NP 498 56,101 1000 
involved in nuclear import - export 
complex, transcription and replication 
complex 

Surface glycoprotein, neuraminidase 
6 1,413 1,392 NA 454 50,087 100 activity for viral release, antigenic 

determinant 

Major protein of virion which 

7 1,027 1,005 MI 252 27,801 3000 
underlies lipid bilayer, involves in 
nuclear import - export of cRNA and 
vRNA 

315 M2 97 11,010 20-60 
Integral membrane protein, ion 
channel activity for virus uncoating 

Non structural protein in cytoplasm 
and nucleus, inhibit cellular pre 

8 890 868 NSI 230 26,815 mRNA 3' end cleavage and - polyadenylation, pre-mRNA splicing, 
sequester dsRNA from PKR kinase to 
reduce interferon response 

130-
Exist in cytoplasm and nucleus, 

395 NS2fNEP 121 14,216 
200 

interacts with MI and involved in 
nuclear export of RNPs 

1.2.1 Polymerase Proteins 

I 

Influenza A polymerase proteins are the largest gene segments in the genome 

with over 2.2 - 2.3 kbps in size, The polymerase complex in influenza A virus consists 
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of PB 1, PB2 and P A proteins. In gene nomenclature, they are encoded as segment 1, 2 

and 3 for PB2, PB 1 and PA proteins, respectively. PA protein possesses acidic amino 

acids prevalence while PB 1 and PB2 proteins were named for their basic amino acids 

prevalence. Both PB 1 and PB2 segments encode approximately 2,341 nt in length, 

corresponding to 759 amino acids and 757 amino acids for PB2 and PBl proteins, 

respectively. In additions, there is also another open reading frame in PB 1 segment 

which encodes for PBI-F2 protein. The PA segment contains approximately 2,233 

nucleotides and 716 amino acids (Horisberger, 1980; Lamb and Choppin, 1976). In 

SDS-PAGE protein gels, PBl, PB2 and PA have the molecular weight of 

approximately 96 kDa, 87 kDa and 85 kDa, respectively. The three polymerase 

proteins, together with viral nucleoprotein (NP), form a complex with the viral RNA, 

to form the viral ribonucleoprotein (RNP) complex. The expression of the polymerase 

protein has shown that each of the polymerase proteins has the ability to migrate into 

the nucleus independently (Akkina et al., 1987, Biswas et al., 1998, Huet et al., 2009, 

Loucaides et ai., 2009), and it was found that PBl co-migrates with PA in nuclear 

import (Fodor and Smith, 2004; He et al., 2008). It was reported that the viral 

polymerase of influenza virus plays a major role in host adaptation and pathogenesis 

(Gabriel et af., 2005; Gabriel et aI., 2007; Gabriel et aZ., 2008) with nuclear and 

cytoplasmic host proteins serving as cofactors of the viral polymerase (Deng et al., 

2006; Engelhardt et al., 2005). 

1.2.1.1 P A Polymerase 

Hara et al. (2006) suggested that PA is divided into N-terminal domain and C 

terminal domain, based on the proteolytic cleavage site. The N-terminal domain 

stretches from 1 to 212 aa, while C - terminal domain lies from 213 to the end. 
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Furthermore, they also found that many of the critical function of the P A lies in the N­

terminal domain which plays critical role in protein stability, endonuclease activity, 

cap binding, and virion RNA promoter binding. They also observed that mutation 

KI02A caused a general decrease both in transcription and replication in vivo, 

whereas mutations DI08A and K134A selectively inhibited transcription. Both the 

D108A and K134A mutations completely inhibited endonuclease activity in vitro, 

explaining their selective defect in transcription. KI02A, in contrast, resulted in a 

significant decrease in both cap binding and viral RNA promoter-binding activity of 

PBl protein and consequently inhibited both transcription and replication. (Hara et at., 

2004). Recently Yuan et al. also discovered endonuclease sites in the PA with the 

motif similar to endonuclease (P)DXN(D/E)XK motif at amino acid position 107(Dias 

et al., 2009). This also has been confirmed by Yuan et al. (2009) in the X-ray 

crystallography. 

1.2.1.2 Polymerase Basic 1 (PBl) and PBl-F2 

The PB 1 protein plays important role in vRNA binding during transcription 

(see Section 1.3.3). This activity is due to RNA binding domain ofPB1 protein, which 

located at first 83 amino acids at N-terminal and last 263 amino acids in C terminal. 

(Gonzales and Ortin, 1999). Poch et al. (1989) first identified four motifs in PBl 

closely associated with other RNA dependant RNA polymerases. Mutation in these 

sites will disrupt the transcriptional activity (Biswas and Nayak, 1994). The motifs are 

named motif I (303-TGDN-306), motif II (398-(D/E)GTASLSPGM-407), motif III 

(438-WDGLQSSDDFALIVN-452) and motif IV (479-KKKS-482). 
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The influenza virus PB 1-F2 is relatively new protein which is encoded from + 1 

reading frame of PB1. It is has been found to induce apoptosis in vitro (Chen et ai., 

2001) and in vivo (Zamarin et aI., 2006). The domain critical for the apoptosis function 

is the mitochondrial targeting sequence located at amino acid position 61 - 74. This 

domain is shown to interact with ANT3 and VDAC1 to induce apoptosis (Zamarin et 

aI., 2004; Yamada et aI., 2004). It is also found that amino acid at the position 66 is 

critical for increased pathogenicity. It has been found in HPAI H5NI and "Spanish 

Flu" pandemic influenza virus contain amino acid S at position 66, while others 

typically have N (Conenello et ai., 2007). 

1.2.1.3 Polymerase Basic 2 (PB2) 

The role of PB2 protein in influenza A virus is the endonuclease activity, 

which is very critical during transcription (see Section 1.3.3). The important domain in 

PB2 includes the bipartite nuclear localization signal (NLS) located at amino acid 

residue 687-759 (Tarendeau et ai., 2007), the cap (7-methyl guanosine triphosphate)­

binding domain located at amino acid residue 318-483 (Guilligay et aI., 2008). 

Polymerase basic protein 1 (PB 1) can interact with PB2 in the presence or absence of 

PA protein. 

1.2.2 Nucleoprotein (NP) 

The nucleoprotein (NP) is the one of the major structural proteins, and is also 

one of the most abundant virus protein. In addition, NP protein is also one of the 

critical subunits of the viral ribonucleoprotein (vRNA) binding complex. The NP gene 

is encoded by RNA segment 5 of the influenza A virus. The NP protein is 

approximately 1,565 nucleotides corresponding to 498 amino acids with a molecular 
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weight of 56.1 kDa. The NP protein has abundant amounts of arginine residues, which 

are responsible for its strong contribution to RNA bindings (binding) (Winter et at., 

1981, Loucaides et at., 2009, Newcomb et at., 2009). Similar to PB2 protein, the NP 

protein also contains nuclear localization signal (NLS) in its sequence. The NP protein 

contains an unconventional NLS at amino acid position 4 - 14 , a bipartite NLS at 

amino acid position 198 - 202, cytoplasmic accumulation signal at amino acid position 

337 - 345 and tail loop at amino acid position 402 - 419 (Boulikas, 1997; Neumann et 

aI., 1997; Wang and Krug, 1996; Weber et at., 1998; Melen et at., 2003, Gabriel et al., 

2008; Elton et at., 2001; eros et aI., 2005; Wu et at., 2007). This NLS allows the 

interaction of the NP with several members of the importin family. These interactions 

allow the RNP complex of the virus to be transported inside the nucleus to initiate the 

transcription and replication of the influenza virus. The NP protein also has an RNA­

binding region at its N terminus at amino acid position I - 181, and two NP-NP self­

interaction domains, at amino acid residues 189 - 358 and 371 - 465 (Albo et at., 1995; 

Elton et aI., 1999; Kobayashi et at., 1994). NP interacts with PBl at amino acid 

position 169 - 358, and PB2 at amino acid position 371 - 465, which is critical for 

efficient replication and transcription of the virus. (Biswas et at., 1998) 

NP protein is most used for detection of viral genomic RNA because of its 

close association with viral genomic RNA and abundance (Kingsbury et aI., 1987, 

Yamanaka et aI., 1990, Baudin et at., 1994). It interacts with virus polymerase unit 

PBl and PB2 (Biswas et at., 1998; Medcalf et at., 1999, Poole et at., 2004). It is also a 

component of nuclear import protein along with three polymerase protein (Mukaigawa 

and Nayak, 1991; Nieto et at., 1994) and export protein along with Ml protein. 

(Martin and Helenius, 1991) The amount ofNP protein will only start to increase after 
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it reaches the replication and transcription state, hence it will be a good indicator for 

viral replication and viral protein expression. 

1.2.3 Hemagglutinin 

The hemagglutinin (HA) protein is named due to the specific activity of the 

protein to agglutinate erythrocytes by attaching to specific sialic acid-containing 

receptors. HA is encoded by RNA segment 4, ranging from 1,742 and 1,778 

nucleotides, encoding of 562 to 566 amino acids of polypeptide, dependent on the 

influenza A strain. The HA is a trimeric rod-shaped glycoprotein of non-covalently 

linked monomers, with the C-terminal linked to the viral membrane, and the other end 

projected away from the viral surface (Wiley and Skehel, 1977; Wiley et ai., 1977; 

Skehel et at., 1980; Wilson et al., 1981). The mature structure of HA protein consists 

of globular head and stem (Fig. 1.4). The receptor binding site and antigenic sites are 

located in the globular head, whereas the cleavage site and fusion peptide are located 

in the stem. Another major structure of HA protein is the coiled coil a-helices, which 

is comprised of two a-helices (Helix A and Helix B) located in the stem area. 

1,,,·,,-

Stem 

Hi 
V : carbohydrate attachment site H3 

Adapted from Stevens et al., 2004 Adapted from Caton et aL, 1982 

Fig. 1.4. X-Ray crystallographic structure of mature HA protein monomer of the 1918 Spanish Flu HlNI (left). The 
HA protein can be divided by 2 domains, globular head and stem. Receptor binding sites and antigenic sites are 
located on globular head. Fusion peptide and cleavage site are located in the stem region. Schematic representation 
of different antigenic sites (blue color) between HI and H3 HA protein (right). 

12 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



...... 

Gerhard et al. (1981) first identified the antigenic sites of influenza virus 

hemagglutinin by generating a panel of hybridoma antibodies targeting HA molecule. 

Their approach is especially useful to analyze mutations in the HA protein responsible 

for antigenic drift of the influenza virus. Using the same technique, they successfully 

mapped 5 antigenic sites of HI subtype, marked by Cal, Ca2, Cb, Sa, and Sb (Fig. 1.4 

(left)). It should also be noted that the antigenic architecture of the hemagglutinin from 

different influenza A subtypes varies, as demonstrated by Kaverin et al. (2004). They 

found different antigenic distributions in H3, H5 and H9 subtypes in the globular head 

of hemagglutinin. For example, the comparison of HI and H3 HA protein is shown in 

Figure 1.4 (right). 

The HA protein also undergo translational modification. Multiple 

oligosaccharide chains will be added to the ectodomain of HA in the translation stage. 

The oligosaccharide chains provide critical functions for evading immunity response 

as demonstrated by Skehel et al. (1984) by comparing the antibody binding level 

between intact oligosaccharide and the removed oligosaccharide in the HA protein of 

AlHong Kong/68 (H3N2). Moreover, three palmitate residues are added to the three 

C-terminal proximal cysteine residues via a thioether linkage (Schmidt, 1982; Barman 

et al., 2001; Veit and Schmidt, 2006). The palmitoylation of HA protein has been 

shown to be critical for influenza virus assembly by increasing HA protein association 

to lipid raft domain (Chen et al., 2005). The HA segment encode a single polypeptide 

HAO, which is a precursor form. HA is further cleaved by the host protease to yield 

HAl and HA2, with are the prerequisites to the virus' infectivity and pathogenicity. 

The HA2 sequence is conserved among influenza A strains. and is important for its 

membrane fusion activity (Skehel and Wiley, 2001). The cleavage site between HAl 

and HA2 is also a major determinant for avian influenza virus pathogenicity 
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(Alexander, 2000). HA is synthesized on the cell membrane-bound ribosomes and 

translocated into the lumen of the endoplasmic reticulum of the infected cells. 

HA has three roles during the influenza virus replication cycle: 

1. HA binds to the receptor containing sialic acid receptors on the cell membrane, 

which trigger the attachment of the virus. The HA receptor binding site is a 

grooved pocket located on each unit of HA at the distal end of the molecule. 

The residues forming the pocket (Tyr-98, Trp-153, His-183, Glu-190, Leu-194) 

are largely conserved among subtypes (Wilson et ai., 1980; Shangguan et ai., 

1998; Skehel and Wiley, 2000; Glaser et ai., 2005). The illustration of the 

nomenclature of surface sialic acid receptor is shown at Fig. 1.5. The 

recognition of HA molecules to particular sialic acid receptors expressed by 

human trachea (a2,6), avian intestine (a2,3) and pig trachea (a2,3 and a2,6) 

enables the virus to infect the host effectively (Skehel et ai., 1980; Vines et ai., 

1998; Ito et ai., 1998; Matrosovich et ai., 2000) 

Sialic acid Galactose 

4 

H OH H 
I I I 

HO-C-C-C 
I I 
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H H OH~~ 
HN 
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CHI 

OH 

0-._ 
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Adapted from Racaniello, 2009 

Fig. 1.5 Schematic diagram of surface sialic acid receptor recognized by influenza A virus. Note the 
linkage between sialic acid and galactose. In this diagram, C number 2 in sialic acid carbohydrate (blue 
circle) is linked with C number 3 of the galactose (red circle) by an a-linkage (arrow), hence the name 
a2,3 linkage. 
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2. HA mediates membrane fusion of the endocytosed virus with the host cell 

membrane to release viral genetic material into the host-cell cytoplasm (Skehel 

et ai., 2000); 

3. HA is the major antigen of the virus from which neutralizing antibodies are 

produced, which together with NA is the major determinant of influenza virus 

antigenicity (Knossow et ai., 2002; Smith et ai., 2004). Currently, there are 16 

HA subtypes (Fouchier et ai., 2006). Sui et ai. (2009) has performed large 

scale antibody neutralization to determine epitope location of all subtypes. 

(Fig. 1.6). 
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Adapted from Sui et aL, 2009 

Fig. 1.6. Epitope mapping of all 16 HA subtypes of influenza A. The strength of antibody neutralization is 
indicated by the colour of the circle below amino acid numbering (Red = strong; Yellow = moderate; Blue = 
weak). The epitope without the circle has no direct antibody neutralization. The cyan, violet, orange and yellow 
colours and the amino acid sequence denotes the pattern specific to each subtype. 
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1.2.4 Neuraminidase (NA) 

The neuraminidase (NA) is encoded by segment 6 of the influenza virus. It has 

1,413 nucleotides in length encodes a 453-residue polypeptide, which exist as a 

homotetramer with molecular weight of 220 kDa (Colman, 1984). The NA protein 

consists of a head domain at C terminal domain that is active enzymatically, and a 

stalk domain at N terminal domain which is attached to the membrane (Fig. 1.7). The 

NA polypeptide contains one hydrophobic domain to span the lipid bilayer and N-

terminal (Colman et al., 1983). This domain acts as signal domain that targets NA 

protein to the membrane of the ER and brings about its stable attachment in the 

membrane (Barman and Nayak, 2000). With regards to the biological activity of the 

virus, NA protein is responsible for removing the sialic acid from the glycoproteins by 

catalyzing the cleavage of the a-ketosidic linkage between the sialic acid and an 

adjacent D-galactose or D-galactosamine (Gottschalk, 1951). This activity allows the 

viral progeny to be released from the host cell. 

,1 . Tetramer head 

. Stalk 

Sialic Acid Binding site 

Adapted from Varghese et al., 1983 

Fig. 1.7 Schematic Diagram of influenza Neuraminidase (NA) protein, which consists of tetramer head and 
stalk (right). The crystal structure of the NA protein tetramer head (left). The blue circle in the middle indicates 
the reactive site 
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A comparison ofNA gene sequences among nine subtypes of influenza A virus 

reveals that the cytoplasmic tail -MNPNGK- is conserved among influenza A 

subtypes (Colman et al., 1983). The transmembrane domain of the influenza virus 

subtypes shares the common property of hydrophobicity, but not the sequence 

homology. It has been reported that the cytoplasmic tail of NA play an important role 

in virus packaging (Bilsel et al., 1993), and also affect virion morphology and 

virulence, but not replication (Mitnaul et al., 1996). Furthermore, both the cytoplasmic 

tail and transmembrane domain ofNA is raft associated (Barman et al., 2004). 

The insertion and deletion of stalk region was found in 1982 (Blok and Air, 

1982). The length of the stalk in influenza A is typically 62 to 82 residues in most of 

influenza virus strains, and can be as short as 24 residues, such as in HINlIWSN/33 

(Varghese et aI., 1983). Virus with deleted stalk has been found to replicate similarly 

with parental virus in tissue culture, but better replication in eggs with longer stalk 

(Castrucci and Kawaoka, 1993). Amino acid cysteine at position 76 was found to be 

critical in the formation of infectious virus (Luo et al., 1993). Furthermore, any amino 

acid additions up to 41 amino acids after position 76 do not alter the virus growth (Luo 

et al., 1993). In H5N 1 virus, it has also been confirmed that the stalk length 

contributes to the pathogenicity to cause systemic infection in avians (Matsuoka et al., 

2009; Zhou et aI., 2009; Munier et al., 2010). This signifies the importance of the stalk 

of the NA protein, although it lacks enzymatic sites. 

Currently, there are 9 subtypes of NA (Air et al., 1987). An antigenic site 

analysis done by Colman et al. (1984); Air et al. (1985, 1989) in N2 subtypes revealed 

several epitope sites in neuraminidase protein. Later, Webster et al. also (1984) first 

identified important site in N2 which prone to develop escape mutants to reduce 

antibody binding (Fig. 1.8). Fanning et al. (2000) also demonstrate antigenic site in N 1 
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subtype, along with important domain sites by using MacClade phylogenetic amino 

acid analysis together with already known domain functions (Table 1.2). 
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Adapted from Webster et aL, 1984 

Fig. 1.8 Epitope binding site in NA protein (marked in black circle) 

Table 1.2. List of important domain in NA protein Nl and N2 subtype (Fanning et al., 2000) 
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1.2.5 Matrix (M) 

The matrix (M) segment is 1,027 nucleotides in length and encodes a 51-

ntvirus specific leader sequence, a 689 nucleotide intron, and a 271-nucleotide body 

region (Allen et aI, 1980; Lamb and Lai, 1982). The M segment encodes 2 proteins, 

Ml and M2. The Ml protein has 252 amino acid residues, with molecular weight of27 

kDa. The Ml protein lies inside the lipid envelope of the virion and constitutes the 

most abundant protein in the virion (Schmidt and Lamb, 2005). The M2 protein (M) 

in influenza A is in segment 7 of the genome. The M2 protein is a minor component of 

a virion, and possesses ion channel activity (Sugrue et al., 1990). Additionally, a 

putative alternative splice ofmRNA (mRNA3) has been observed (Lamb and Choppin, 

1981). It has a 5' leader sequence of 11 virus-specific nucleotides, and possesses 3' 

splice site of the M2 mRNA. However, the predicted protein does not exist in the 

infected cells and virion. (Lamb and Chopp in, 1981) 

In influenza virus particle, M 1 and the viral RNP have close association, which 

was shown by Ml expression in the purified vRNP protein (Murti et al., 1992). In the 

virus replication cycle, the dissociation of the Ml protein and vRNP is critical to allow 

the entry of the RNP into the nucleus, as shown in an experiment using amantadine, an 

M2 ion protein channel blocker (Hay et al., 1979). The membrane fusion by HA 

protein occurs undisturbed in endosomes, but the vRNP and Ml protein are not able to 

dissociate from each other, and transport of vRNP to the nucleus is blocked 

(Bukrinskaya et al., 1983; Martin and Helenius, 1991). The transport of the M 1 protein 

into the nucleus is also critical to allow the exit of newly assembled RNPs from the 

nucleus (Martin and Helenius, 1991). M 1 consists of 252 amino acids and M2 

comprises of 97 amino acids. The M 1 protein consists of an N-terminal at amino acid 

position 1-67, a linker at amino acid position 68-87, a middle region at amino acid 
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position 88-165 (Sha and Luo, 1997; Arzt et al., 2001) and C-terminal at amino acid 

position 166-252 to mediate vRNP binding (Baudin et al., 2001). The NLS of Ml 

protein is located at the amino acid position of 101-106 with the motif of -RKLKR-

or -KKLKR- which is critical for interaction with vRNP and NS2INEP (Noton et al., 

2007). There is also an indication of the interaction of the M 1 and NS2 proteins in the 

purified virion (Yasuda et al., 1993). 

The M2 protein is abundantly expressed on the plasma membrane of the virus 

infected cells but only a small amount is incorporated into virions (Lamb et al., 1985; 

Zebedee et aI., 1985). The M2 protein is a disulfide-linked homotetramer with each 

chain consisting of97 amino acids with: 24 amino acids in the extracellular; 19 amino 

acids in the transmembrane domain; and 54 amino acids in the cytoplasmic tail. The 

M2 protein possesses pH -activated ion channel activity that flows protons, resulting in 

the uncoating on the influenza virus in the endosomal compartment (Lamb et aI., 

1985). Another interesting part in M2 protein is the amantadine resistance mutation. 

The critical points of mutation at amino acids L26, A30 and S31 have been shown to 

develop amantadine resistance among influenza virus. (Hay et al., 1986; Sugrue and 

Hay, 1991; Pinto et al., 1992; Suzuki et al., 2003) 

1.2.6 Non-structural Protein (NS) 

The NS segment is the smallest segment of the influenza A virus genes, which 

IS 890 nucleotides long. It encodes two non-structural proteins (NS), NS 1 and 

NS2INuclear Export Protein (NEP) , with molecular weights of 26 kDa (202-237 

amino acids) and 14 kDa (113 amino acids), respectively (Lamb and Choppin, 1979). 

The NS 1 is encoded by one transcript, whereas the NS2INEP is encoded by a spliced 

mRNA with 473 nucleotide intron in between (Inglis et al., 1979; Lamb and Chopin, 

1979; Inglis and Almond, 1980). NSI and NS2 mRNAs share a 56-nucleotide leader 
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sequence that contains the AUG codon used for the initiation of protein synthesis 

(Lamb and Choppin, 1979). The NS 1 and NS2 proteins also share a sequence of nine 

N-terminal amino acids before the intron. The translation of the body of the NS2INEP 

mRNA is in the + 1 ORF position, and overlaps with the NS 1 mRNA frame by 70 

residues (Lamb and Lai, 1980). The nuclear localization signals of the NS 1 is found as 

two separate signals between residue 34 to 38 and residue 203 to 237 (Greenspan et 

aI., 1988). The NS2 protein also contains nuclear export signal (NES), hence it is 

named the NS2INEP. The NES in NS2 protein consists of a short leucine-rich 

sequence mapped at residues 138 to 147 which mediates the nuclear export of proteins 

(Gorlic and Mattaj, 1996; 1996; Li et at., 1998). Recently, Robb et at. (2009) also 

proposed the possibility of the role of NS2 in regulating the replication and 

transcription of the virus. 

NSI protein has been closely associated with virulence (Noah and Krug, 2005), 

and an antagonist of host cell interferon pathway (Hayman et at., 2007; Hale et at., 

2008; Hayman et aI., 2009). NS2 serves as a nuclear export protein (Neumann et aI., 

2000) and packaged in small amount in influenza virus virion (O'neill et at., 1998). 

The NS genes are further divided into two groups called alleles A and B. Allele A 

consists of influenza viruses from human, equine, swine, and avian species, whereas 

allele B comprises one equine and many avian influenza isolates (Treanor et at., 1989; 

Ludwig et at., 1991; Guo et ai., 1992). The nucleotide sequence similarity within 

allele A and allele B have been found to be 86.5-99.4% and 89.4-99.6% respectively. 

The comparison between allele A and allele B is 72.3% (Kawaoka et ai., 1998). It has 

been shown that deleted forms in NS 1 protein would still make an infectious particle, 

but with much lower infectivity and growth (Falcon et ai., 2004) 
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The NSI protein is expressed in large amounts in influenza virus-infected cells, 

but is absent in the viral particles, hence the name non-structural (NS) (Lazarowitz et 

af., 1971; Skehel, 1972). NSI is found in the nucleus and associated with polysomes 

(Krug and Etkind, 1976; Krug and Soeiro, 1975). 

The NS1 protein plays a major role in the influenza life cycle, which IS 

documented as follows: 

1. The binding of the NS 1 protein to the Cleavage and Polyadenylation Specificity 

Factor (CPSF) and Po1y(A)-binding protein (PABU) can inhibit the 3' end 

cleavage and polyadenylation of the cellular pre-mRNAs (Nemeroff et af., 1998) . 

The CPSF binding site is mapped on position 186, and P ABU is located on 

position 223-230. (Nemeroff et af., 1998). In contrast to the cellular pre-mRNAs, 

the nuclear export of the viral mRNAs is not inhibited by the action of NS 1 

protein because the poly(A) tails of the viral mRNAs are produced by the viral 

transcriptase, and not by the cellular 3' end processing machinery (Robertson et 

af., 1981; Luo et af., 1991; Li and Palese, 1994; Poon et af., 1999) 

2. The binding of the NS1 protein can inhibit the host cell pre-mRNA by splicing to 

a specific stem-bulge in U6 snRNA (Qiu et af., 1995). However, the mechanism 

of how the NS\ protein can enhance the virus gene expression, and how the M\ 

and NS\ mRNAs splicing is unaffected needs further investigation. 

3. Host cell normally detects the presence of pathogens from the Pathogen 

Associated Molecular Pattern (PAMP). it was originally thought that influenza 

virus generates double stranded RNA as PAMP. This activates the Protein Kinase 

R as one of the important upstream of host-cell immune response. (Hatada and 

Fukuda, 1992; Hatada et af., 1999; Lu et af. 1995). However, an experiment done 

by Pichlmair et af. (2006) showed that influenza A virus does not produce double 
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stranded RNA as PAMP. Instead, they identified 5'-phosphorylated vRNA in 

infected cells as PAMP recognized by MDA5 and RIG-I as a critical trigger to the 

antiviral immunity. Their activities are also blocked by NS 1 protein by forming a 

complex. 

The NS2 protein, which originally thought to be a non-structural protein, exists 

in the virion and forms an association with the M I protein (Richardson and Akkina, 

1991; Yasuda et al., 1993). The NS2 protein is associated with the Ml protein to 

translocate viral genetic material from the nucleus by its interaction with exportin 

(O'Neill et al., 1998). The NS2 protein contains one nuclear export signal at the 

position 12-21 and two C-helical domains at amino acid position 64-81 and 94-116 

(Akarsu et al., 2003). The protein mediates RanGTP-dependent binding to crml and 

the C terminal binds to the Ml protein of the influenza virus to assist in nuclear export 

of viral RNPs with hydrophobic residue 13L and 21L in NS2 protein (Akarsu et al., 

2003; Elton et ai., 2001; O'neill et al., 1998). Further, Akarsu et ai. (2003) also 

reported by crystallography analysis that 78W is critical for binding with the Ml and 

assisting nuclear export. 

~(8) 
if 

~.~ 
~ 

Adapted from Lamb and Krug, 2001 

Fig 1.9. Replication cycle of influenza A virus. The number in parentheses denotes steps of the viral replication: (I) receptor 
binding; (2) entry; (3) membrane fusion and RNP release; (4) nuclear import ofRNP; (5) and (6) replication and transcription of 
influenza A virus; (7) migration ofHA and NA to the cellular membrane; (8) NSI inhibitory action on host pre-mRNA; (9) viral 
material packaging and release 
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1.3 Replication cycle of influenza virus 

Briefly the replication cycle step in influenza virus is as follows (Fig. 1.9): 

I) The virus binds to the host cell sialic acid receptor using HA ; 

2) The virion enters the cell via endocytosis; 

3) The low pH of the cytoplasm activates the M2 channel, which allows protons 

to enter the virion. Viral RNPs and MI are dissociated, released and imported 

to the nucleus after the HA protein performs membrane fusion with the host; 

4) The RNA- dependent RNA polymerase complex, consisting of PA, PBI and 

PB2 together with NP begins the replication and transcription of the viral 

genome; 

5) The mRNAs are transported from the nucleus for translation, with the copied 

RNAs (cRNAs) templates for replication; 

6) Newly synthesized viral envelope proteins HA and NA are transported to the 

cell surface via the Golgi apparatus, whereas other proteins, including NS 1, are 

transported back into the nucleus for packaging, exporting and optimizing virus 

replication by inhibiting host defense mechanism (Mahy et al., 1980); 

7) The packaged RNPs localize and are assembled on the plasma membrane of 

the host cell (cell) which contains the viral envelope proteins. With the aid of 

neuraminidase (NA) that cleaves the sialic acid binding with the HA protein, 

the viral progeny are released. 

1.3.1 Virus Entry and Uncoating 

Influenza virus binds to sialic acid receptor which presents in cell surface 

through HA. Different influenza viruses have different specificities for the sialic acid 

linked galactose. These specificities are determined by the HA receptor binding pocket 

(Weis et al., 1988). Ito et al. (1998) has shown that different cell lines can contain 
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different sialic acid linkages. They found that carbohydrate chains of avian intestine 

predominantly contain a2,3 sialic acid-linked galactose; human trachea carbohydrate 

chains predominantly contain a2,6 sialic acid-linked galactose, and swine trachea can 

contain both. This HA specificity is an important determinant in restricting the 

transmission of the influenza virus in different species. In situations of interspecies 

transmission to human, Kogure et af. (2006) performed lectin affinity assay and found 

that human trachea lung cells contain both a2,6 in majority and a2,3 in lesser extend. 

They also found that avian influenza viruses are able to infect human trachea cells 

with much lower affinity, with multiple low affinity binding events. 

The entry of Influenza A viruses into their host cells is mediated by endocytic 

compartments, which are pH dependent (Conner and Schmidt, 2005). The 

internalization of influenza virus cells is done by clathrin-coated pits (Matlin et af., 

1984). The ability of the influenza virus to enter the cells without clathrin-mediated 

endocytosis was also observed. This pathway of viral entry requires low pH and that 

the trafficking of late endosomes requires protein kinase C, Rab5, and Rab7 

(Sieczkarski and Whittaker, 2002). Once the virus fully enters the cells, the clathrin 

coat is removed, and the vesicles fuse with endosomes with a pH-dependent 

mechanism by the activity of H+ -ATPase (Stegmann et af., 1987). The usage of 

acidotropic weak bases and carboxylic ionophores, which raise the pH of the 

endosomes, can block the uncoating of influenza virus (Matlin et af., 1982). 

After the virus has internalized (Fig. 1.1 O( a)), to release RNPs into the cell 

cytoplasm, RNPs have to cross both the membrane of the virion as well as the cellular 

endosomes. The fusion-mediated HA will accomplish this function by fusing the viral 

membrane with the cellular endosomal membrane (Fig. 1.10(b)) (Martin and Helenius, 

1991). The fusion is triggered by the conformation change and cleavage of HA by 
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cellular proteases (Fig 1.1 O( c)). The ion channel activity of the M2 protein is also 

essential to the uncoating process as evidenced from the study using an M2 ion 

channel inhibitor, amantadine (Bukrinskaya et al., 1982). The uncoating process is 

started by the forming of membrane-fusion stalk (Fig. 1.lO( d)), and thinner structure 

of fusion diaphragm (Hemifusion diaphragm) (Fig. 1.10(e)) (Cross et al. , 2001). Once 

the particle is endocytosed, the low pH-activated ion channel activity of the M2 

protein will let the protons flow from the endosome to the virion. This process will 

cause the RNPs to dissociate with the Ml protein, which allows the transport ofRNPs 

into the cytoplasm (Fig. 1.1 O( f)) (Martin and Helenius, 1991). Early crystal structure 

for pre-fusion confirmation (Fig 1.lO(c)) had been resolved as early as 1981 (Wilson 

et al., 1981). Later, membrane fusion (Fig 1.lO(d), Fig 1.10(e)) has also been 

confirmed with structural study by several groups, for example Bullough et aI. , 1994, 

and post-fusion by Carr et al., 1997 and Chen et aI., 1999. However, the molecular 

mechanism for release of the B loop from its metastable state is still unclear (Fig 

1.lO(b)), although some rearrangement of HAl is apparently required (Godley et aI. , 

1992; Kemble et aI., 1992; Barbey-Martin et al., 2002) 
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Fig 1.10. Schematic diagram of the membrane fusion of hemagglutinin (RA) with the endosomal membrane . 
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1.3.2 Nuclear Import 

The process of RNP transportation is nuclear protein-dependant and is critical 

for viral replication and transcription. The viral RNAs (vRNAs) are synthesized in the 

nucleus, and therefore the viral genome trafficking in and out of the nucleus is a 

critical step in order to achieve good viral replication (Cros and Palese, 2003). The NP 

protein coats the RNA. The remaining proteins are the three polymerase proteins 

(PB1, PB2, and PA), which bind to the partially complementary ends of the viral 

RNA. Polymerase proteins and nucleoprotein create a distinctive panhandle structure 

together with the viral RNA (Hsu et aI., 1987). These RNPs are approximately 10-20 

nm wide (Compans et ai., 1972; Martin-Benito et ai., 2001). The width of RNPs is too 

large to allow passive diffusion for the entry of the RNPs into the nucleus. Therefore, 

they must rely on an active nuclear import mechanism, once they are released from the 

viral particle (Martin-Benito et ai., 2001). The polymerase proteins and NP protein 

possess NLSs, which mediate their interaction with the nuclear import machinery to 

assist their entry or export from the nucleus (Jones et ai., 1986; Wang et ai., 1997; 

Weber et ai., 1997; O'neill et aI., 1995; Cros et aI., 2005). 

After the dissociation with the M1 protein, the RNPs enter the nucleus through 

the nuclear pore (Fig. 1.11). Importin molecules comprise importin a and Importin 13. 

Importin a proteins recognize the NLS on the cargo proteins (Weis et aI., 1995). Once 

the cargo is bound by importin a, the complex is recognized and bound by importin ~ 

that subsequently binds to the fibrils of the NPC and is responsible for the actual 

translocation (Bayliss et aI., 2000). It should be noted that the two viral proteins, the 

matrix protein (M1) and the nuclear export protein (NS2INEP) are critical for assisting 

the nuclear export of RNPs. (eros and Palese, 2003) 

27 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Cytoplasm 

OOC ... ., 
vRNP 

N 
NE 

~ . .., 
C 

JJ1 

n 
n 
]I 
IT 

Nucleus 

c 

HesC N 

.. " 

NP 
PBl 
PB2 
PA 

Adapted from Boulon et al., 2007 

Fig 1. 11 Schematic diagram of the nuclear import of several influenza virus proteins and RNP. Tmportin a is 
marked by orange spiky circles, and Tmportin J3 is marked by blue crescent shape. Viral RNP protein components 
(PB2, PB I, PA and NP) are marked by violet circle with (+) symbol representing the NLS amino acids. The 
NS2lNEP protein is marked by two intertwined elliptical-shaped with N-terminal (N) and C terminal (C) with (-) 
and W78 together with NES signal. Note the structure before (Cytoplasm) and after (Nucleus) entry. Ml protein is 
marked with two intertwined elliptical-shaped with N-terminal (N) and C terminal (C) with (+) symbol representing 
the NLS amino acid. 

1.3.3 Transcription of Influenza virus mRNA 

Influenza virus mRNA synthesis requires the host nuclear function. This can be 

demonstrated by the addition of a-amanitin, which inhibits the cellular DNA-

dependent RNA polymerase II. The inhibition of the polymerase will halt viral mRNA 

transcription (Lamb and Choppin, 1976; Mahy et at., 1972). The host nuclear protein 

polymerase will not initiate viral mRNA synthesis until a host-capped primer is 

supplied and used by the viral mRNA. This capped primer m7GpppXm_ containing 

fragments is obtained from the cleavage of host cell RNA polymerase II transcripts. 

From the ultraviolet light-induced cross-linking studies, it was found that the PB2 

protein in this complex recognizes and catalyzes the cap binding of the host capped 

mRNA (Blass et at., 1982; Braam et aI., 1983), and the PBl protein initiates the 

elongation and maturation of the viral mRNA (Blaas et at. , 1982; Braam et aI., 1983). 
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Structure study of the influenza A polymerase by Obayashi et al. (2008) provides 

structural basis of the essential interactions of each polymerase protein to carry out 

their respective functions properly in order to undergo efficient transcription. 

The activation ofmRNA synthesis occurs in three steps (Fig. 1.12): 

1. Initiation: host-capped mRNA binding to the PB2 protein, together with the 5'­

vRNA binding to the PBl protein, activates the binding activity of the PBl to the 

3' - vRNA. (Kawakami et aI., 1985). This process will cleave capped RNAs 10 to 

13 nucleotides from their 5' ends, preferably at their purine residue (Plotch et aI., 

1981; Hagen et ai., 1994). Nakagawa et ai. (1996) discovered that PBl and PA 

can trancribe mRNA without the presence of PB2. ; 

2. Elongation : the availability of the cleaved host-capped mRNA by PB2 

(Nakagawa et aI., 1995) is used as a primer for the initiation and transcription of 

the PB 1 protein, until the polyadenylation are reached (Beaton and Krug, 1981; 

Shaw and Lamb, 1984); 

3. Termination: since the PBl protein binds both the 5'- and 3'- ends of the viral 

mRNA, the polyadenylation and termination of the vRNAs occurs before the 5' 

end is reached. The polyadenylation is formed due to the steric hindrance of the 

polymerase itself, resulting the stuttering production of the five to seven uracil 

residues (Emtage et al., 1979; Robertson et al., 1981; Luo et al., 1991; Li and Palese et 

al., 1994; Poon et ai., 1999; Zheng et al., 1999) 
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Adapted from Lamb and Krug, 2001 
Fig. 1.12 Schematic representation of the viral mRNA transcription. Three polymerase proteins (PA, PBI and 
PB2). C in the PB2 denotes cap-snatching sites. R5 and R3 in PBI denotes vRNA 5' and 3' binding 
region, respectively. (UUUUU) denotes poly-uracil sites at vRNA for mRNA polyadenylation 
(AAAAAAAAA) synthesis. The arrow in mRNA denotes direction of the transcription. The arrowhead 
in vRNA denotes 3' region. 

Apart from the full length transcription of mRNA, M and NS segments of 

influenza A virus also undergo splicing mechanism to produce 2 mRNAs from each 

gene. M gene produces M 1 and M2 mRNAs. NS gene produces NS 1 and NS2 

mRNAs. These genes have 5' - and 3' - splice sites recognized by cellular splicing 

machinery (Lamb and Lai, 1982; Lamb and Lai, 1984). 

1.3.4 Replication of vRNA 

The switch from transcription to the replication of vRNA is currently not well 

understood. It has been postulated that the availability of free and soluble NP protein 

controls the switch (Beaton and Krug, 1986). The replication of vRNA occurs in two 
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steps: (1) the synthesis of template RNAs in full length or anti-genomic, and (2) the 

copying of the template RNAs into vRNAs. The switch from viral mRNAs to template 

RNAs requires the change from capped RNA-primed initiation to unprimed initiation. 

This different initiation strategy will prevent termination and polyadenylation at the 

poly(A) site, which is used during viral mRNA synthesis (Deng et aI., 2006). 

The copying of the full-length template RNAs to vRNAs also requires the 

addition of the NP protein molecules to the elongating RNA molecules (Shapiro and 

Krug, 1988). No vRNAs are made in the absence of the NP protein, indicating that the 

elongation of vRNA chains will end as soon as the NP protein is no longer available. 

The newly synthesized vRNAs in complex with the NP are ready to be exported and 

packaged into the virus progeny (Shapiro and Krug, 1988). 

1.3.5 Nuclear Export of Ribonucleoproteins 

The vRNP nuclear export is initiated by forming a vRNP-MI-NS2 complex in 

the nucleus, with the nuclear export signal provided by NS2INEP (O'Neill et al., 

1998). The nuclear export signal also will overcome the NLS sequence in the NP and 

polymerase protein (Gorlic and Mattaj, 1996). The NS2INEP (NS2) interacts with the 

exportin molecule, a family of cellular proteins which mediate nuclear export of 

cellular rRNAs and mRNAs (Watanabe et aI., 1999). The exportin molecules will 

associate with RAN-GTP protein to mediate export of the vRNP-MI-NS2 from the 

nucleus into the cytoplasm (O'Neill et al., 1998) through CRMI mediated pathway 

(Elton et al., 2001). The CRMI - RAN-GTP - NS2INEP - Ml- vRNP protein 

complex formed from the interaction will allow the nuclear export to occur. After 

which the complex dissociates, followed by the dephosphorylation of RAN-GTP to 

RAN-GDP. (Elton et al., 2001) (Fig. 1.13) 
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Adapted from Sebastien, 2006 
Fig. 1.13 Schematic representation of the nuclear export of influenza protein and RNPs. CRMI denotes host 
exportin- I molecule which facilitates nuclear export with RAN-GTP as a cofactor. The conformational change of 
host factor CRMI (orange), RAN-GTP ---+ GDP + Pi (yellow) mediates nuclear export. Note the binding of the 
viral NEP (cyan) at C terminal to N terminal of viral MI protein (green). 

1.3.6 Extracellular Transport of the Viral Integral Membrane Protein 

The influenza virus HA, NA and M proteins are synthesized on the membrane 

bound ribosomes and are translocated across the membrane of the Endoplasmic 

Reticulum (ER) in a signal recognition particle (SRP)-dependent manner (Elder et al., 

1979; Hull et aI., 1988). there is a step-wise conformational maturation of the HA 

protein with independent folding of the specific domain in the HA monomer. The 

monomer will then trimerize and fold according to the neutral form of HA. Once 

correctly folded and assembled, HA proteins are transported out of the ER to the Golgi 

apparatus (Fig. 10). The oligosaccharide will be added to the HA during post-

translational modification (Doms et aI., 1993). Further, three C-terminal proximal 

cysteine residues of HA and the M2 protein cytoplasmic tail will undergo 

palmitoylation (Holsinger et aI., 1995; Sugrue et aI., 1990; Veit et al., 1991). If the 
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HA contains a furin cleavage site, the cleavage can occur in the Trans Golgi Network 

(TGN) (Stieneke-Grober et al., 1992). 

1.3.7 The Viral Assembly 

The interaction between the cytoplasmic tails of the integral membrane 

proteins and the internal proteins of the virus is necessary for the formation of the 

budding particle. Eleven residues at the HA cytoplasmic tail and six residues in the 

NA cytoplasmic tail are highly conserved among HA and NA subtypes (Nobusawa et 

aI., 1991). When both cytoplasmic tails are absent, the virion will possess altered 

morphology (Jin et aI., 1997). The M 1 and M2 proteins also assist viral assembly and 

budding especially in filamentous particle budding (Robert et al., 1998). The 

amphipathic helix in M2 cytoplasmic tail is shown to be able to bind cellular 

cholesterol (Rossman et aI., 2010). Antibodies targeting the M2 ectodomain reduce the 

level of cell surface expression of Ml and M2, as well as the level of viral particle 

formation (Hughey et at. 1995). The schematic representation of budding process is 

shown in Fig. 1.14. 

Packaging of an infectious influenza virus particle will require the 

incorporation of all eight segments of the viral genome. The EM analysis done by 

Noda et al. (2006) demonstrated that most of the influenza virus particles contain 8 

gene segments, although it was previously postulated that packaging occured in 

random way (Enami et al., 1991). A more advanced EM technique done by two 

different groups, Harris et al. (2006), using cryoelectron tomography and Yamaguchi 

et al. (2008), using Zernike phase-contrast electron microscopy also confirmed the 

finding of Noda et al. (2006). It suggests that an organized packaging method might 

exist to correctly incorporate eight different segments into the virion, possibly either 
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by RNA interactions or protein-protein interactions. The glycoprotein HA, NA and M2 

trans locate into ER through Trans-Golgi networking, and bud through lipid raft 

microdomain (Takeda et al., 2003 ; Leser and Lamb, 2005). The vRNP will interact 

with cytoskeleton to assist its movement to the budding virion at the apical plasma 

membrane. Ml is present under the lipid bilayer and interacts with other viral proteins 

to cause asymmetry in the lipid bilayer and facilitating membrane bending to initiate 

budding. (Ye et aI., 1999; Baudin et aI., 2001; Noton et ai., 2007) 
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Adapted from Nayak et al., 2004 

Fig 1.14 Schematic diagram of influenza virus budding. Note the migration of the surface glycoprotein HA and 
NA, the M2 protein through ER (blue box), migration of vRNP through cytoskeleton (red box), and MI complex 
with all protein and segments before the release of viral progeny. 

1.4 Nomenclature of Influenza Virus 

The polymerase enzyme of the influenza virus, just as other RNA Viruses, 

lacks the proofreading ability of RNA polymerase to correct mistakes in replication. 

This causes a high frequency of mutation, the accumulation of which causes a slight 

shift in the antigenic sites, called antigenic drift (Scholtissek, 1997). In addition, the 

34 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



IlL 

segmented nature of influenza virus also allows the reassortment of the gene elements 

to form new strains if the co-infection among different strains occurs, called antigenic 

shift (Scholtissek, 1997). Both antigenic drift and antigenic shift may alter the virus 

characteristics. 

To take antigenic drift and antigenic shift into account, along with multiple-

species infection capabilities, a standardized nomenclature is used to describe strains 

of the influenza virus that was developed by Wodd Health Organization. The 

nomenclature used is based on the hemagglutinin and neuraminidase subtypes, the 

host origin, geographic origin, strain number and year of isolation (Davenport et al., 

1972). For example, AlDucklMaiaysial62 (H5N2) denotes Influenza Virus with H5 

and N2 subtype, collected from ducks in Malaysia in 1962. Currently, there are 16 and 

9 NA subtypes identified. (Fouchier et aI, 2005). The method of the HA and NA 

subtype determination approved by WHO is the double immunodiffusion assays with 

hyperimmune animal sera (WHO, 1972). 
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Fig. 1.15 Phylogenetic tree of 16 HA (A) and 9 NA (B) subtypes of influenza virus (Fouchier et al., 2001). DNA 
maximum-likelihood trees methods were employed to generate phylogenetic trees. The scale bars represent 
approximately 10% nucleotide changes between close relatives. 
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The phylogeny of the hemagglutinin and neuraminidase of influenza virus A 

has form distinctive clades (Fig. 1.15). The HA subtypes are further grouped into five 

clades, which are Hll, H9, HI, H3 and H7. These clades suggest the origin and 

diversification of the influenza virus HAs and NAs. The phylogenetic trees also 

suggest that there are closer relatives among the HA groups compared to NA groups 

(Fouchier et al., 2001). 

1.5 Host Specificity and Pathogenicity of Influenza A Virus 

Influenza A viruses infect a wide range of species, ranging from birds, sea 

mammals, horses, pigs and humans. A phylogenetic analysis done by Gorman et al. 

(1991) suggests that aquatic birds are the natural source (reservoir) of all influenza 

viruses. These viruses manage to perform interspecies transmission through the 

frequent mutation nature of the influenza virus (Gorman et ai., 1991). The molecular 

basis for host-range restriction and pathogenicity includes the viral glycoprotein, 

polymerase proteins, matrix protein and non structural protein, which allows 

interspecies transmission to other hosts, either through intermediate hosts or direct 

transmission, like the H5Nl virus case in Asia. 

1.5.1 Viral Glycoprotein 

Influenza virus glycoprotein consists of the HA protein which mediates 

binding to its specific host cell cellular receptor sialic acid, and also promotes the 

membrane fusion to release viral RNP to cytoplasm (Harrison, 2008). The NA protein 

of the virus removes the sialic acid to release the new progeny virus (Robert and Krug, 

2001). The balanced work of both HA and NA protein is substantial for efficient virus­

host recognition and release. 
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1.5.1.1 Hemagglutinin (HA) 

The recognition of host cell by the HA protein is influenced by sialic acid 

moiety, which is N-acetylneuraminic acid (NeuAc) and N-glycolylneuramic (NeuGc) 

and the galactose linkage. The sialic acid linkage can be either by u2,6 (SAu2,6Gal) 

linkage or u2,3 linkage (SAu2,6Gal) (Rogers and Paulson, 1983). Human influenza 

viruses preferentially recognize sialyloligosaccaride containing SAu2,6Gal, which is 

abundant in human tracheal epithelial cells (Couceiro et ai., 1993). Avian influenza 

viruses preferentially recognize SAa2,3Gal which primarily exists in epithelial cells of 

the avian intestine (Rogers and Paulson, 1983). Swine trachea, contains epithelial cells 

with both SAu2,3Gal and SAa2,6Gal linkage, which explains its high susceptibility to 

both human and avian influenza viruses (Ito et ai., 1998). For this reason, it is a very 

high chance that swines can act as a reassortment vessel between the two viruses 

which can potentially generate pandemic strains (Kida et ai., 1994). Shinya et al. 

(2006) conducted study on the sialic acid population in human airway. They found that 

SAa2,3Gal was found predominantly only in particular lung cells in lower respiratory 

tract, especially on non-ciliated cuboidal bronchiolar cells at the junction between the 

respiratory bronchiole and alveolus, whereas SAu2,6Gal was found in upper 

respiratory tract. This explains the ability of the avian influenza virus to infect humans. 

The confinement of the avian influenza virus on the lower respiratory tract prevents 

the direct human to human transmission by coughing and sneezing. 

As explained previously, the activity of HA also depends on the availability of 

the host cell proteases to cleave the precursor protein of HA into two activated 

subunits : HA 1 and HA2 (Fig. 1.16). This cleavage is essential for fusion of the viral 

and endosomal membranes, and therefore influences viral infectivity (Klenk et al., 

1977). Low pathogenic avian influenza viruses possess a single Arginine residue at the 
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cleavage site, which is recognized by extracellular, trypsin-like proteases, such as 

plasmin, blood-clotting factor X like protease, clara cells, and miniplasmin (Wood et 

al., 1993). These prot eases are secreted by the respiratory and intestinal tract cells of 

avian cells, therefore the infection is limited to the tissues and organs (Steinhauer, 

1999). Conversely, the highly pathogenic influenza virus strains have multiple basic 

amino acids at the cleavage site that are recognized by intracellular, subtilisin- and 

furin-like proteases secreted by most of the host cells, which enable the virus to infect 

multiple organs, causing systemic infection (Wood et al., 1993). In addition, the 

presence of a carbohydrate side chain near the cleavage site may interfere with the 

accessibility of host proteases to the cleavage site (Garten and Klenk, 1999). 
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Fig. 1.16 The cleavage site of HA protein. HAO denotes the HA protein precursor prior to the cleavage. The 
product is HAl and HA2 linked by disulfide bonds (S-S). The monobasic and multibasic cleavage site is shown in 
arrow. 

1.5.1.2 Neuraminidase (NA) 

The efficient release of the virus progeny requires the removal of the sialic acid 

by NA (Bilsel et al., 1993). The differences in activity ofNA of the avian and human 

influenza viruses may be attributed to the length and sequence of the NA stalk. A 
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shorter stalk is less efficient in accessing its substrate (Castrucci and Kawaoka, 1993). 

However, shortened NA stalks in avian influenza are virulent in poultry including 

highly pathogenic H5Nl, which is characterized by deletion ofNA stalks (Zhou et ai., 

2009). The short NA stalk also allows H5Nl to be able to replicate efficiently in 

human intestine cells due to its higher pH tolerance (Takahashi et at., 2001). The 

important feature of the NA protein is also associated with the oseltamivir resistance 

mutation. The neuraminidase mutations in drug-resistant viruses are attributed to the 

amino acid residues of£119, R152, H274, and R292 in the N2 strain (Gubareva et at., 

2000; Zambon and Hayden, 2001; Kiso et aI., 2004). 

1.5.2 Internal Proteins 

The internal proteins, which include the RNA polymerase complex (PA, PBl 

and PB2), nucleoprotein (NP), and matrix protein (Ml and M2) contribute to the host 

range specificity, such as the efficiency of the nuclear import, viral replication and 

nuclear export (Gabriel et at., 2005; Gabriel et ai., 2007). However, the contribution of 

the individual proteins may vary based on the polymerase complex compatibility. For 

example, Gabriel et al. (2008) observed that the mutation of D701N in PB2 and 

N319K in NP caused the H7N7 virus to be efficiently replicated in mammalian cells, 

but not in avian cells. 

1.5.3 Polymerase proteins 

PB2 is the most essential polymerase for efficient viral replication, as it 

mediates the binding of two other polymerases (Obayashi et ai., 2008). Reverse 

genetic studies have shown that K627, which is commonly found in human isolates, 

determines high pathogenicity (Hatta et at., 2001; Steel et at., 2009; Gao et at., 2009; 

Jadhao et aI., 2009). On the other hand, £627, which is commonly found in avian 

isolates, determines the low pathogenicity of avian isolates in humans (Hatta et ai., 
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2001). However, several highly pathogenic cases, such as H7N7 isolated from a 

patient with fatal pneumonia in Netherlands and H5NI isolated from patients in 

Vietnam are characterized by 627K in PB2 (Fouchier et aI., 2004; Puthavathana et aI., 

2005). Other experiments using reconstituted human and avian polymerase and NP 

proteins identified residue 627 of PB2 as the major determinant of replication 

efficiency in mammalian cells (Naffakh et aI., 2000; Labadie et al., 2007). 

In addition to PB2, the remaining polymerase proteins, PB I and P A, and the 

NP may also contribute to host range restriction. Recently, de Wit et al. (2010) 

identified F666L in P A gene showed indication of increased pathogenicity in human 

cells as demonstrated by luciferase assay. Kawaoka et al. (2009) also found that 

mutating the PB2(D9N, A199S, R368K, E627K), PA(KI42N or K142E, S42II) and 

NP(V33I, RI00V or RIOOI, L283P, Q357K) of the H5NI influenza virus caused 

increased pathogenicity in mice. Although the mechanism is not fully understood, it is 

hypothesized that the interaction of polymerase proteins and nucleoprotein with host-

cell protein contributes to the increased efficiency of replication and pathogenicity. 

1.5.4 Matrix protein 

M segment encodes the MI matrix and M2 ion channel proteins. In an 

experiment, Scholltisek et al. (2002) reassorted new viruses by infecting the cells with 

human influenza virus and avian influenza virus. The result demonstrates that the 

reassortment of the M gene from early human influenza virus cooperates efficiently 

with most new avian virus HAs. 

Amantadine and rimantadine are drugs that targeted M2 protein (Pearce et aI., 

1971). Amantadine blocked the M2 protein activity by inhibiting the ion channel 

activity directly, thereby halting the uncoating and Ml-vRNP dissociation (Brown and 

Redfern, 1976; Skehel et al., 1978). The mechanism of the inhibition is by binding to 
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the physically to occlude the channel, as demonstrated by NMR (Cady and Hong, 

2008; Cady et at., 2010), and X-ray crystallography (Stouffer et at., 2008) 

1.5.5 Non-structurall (NSl) protein 

Non-structural proteins are proteins which do not exist inside the virion, but 

expressed when the virus replicates with the aim of enhancing infection (Petri et at., 

1982). NSI protein, encoded by segment 8, plays a central role of counteracting the 

cellular interferon response by: 

1. Binding to dsRNA to inhibit the activation of Protein Kinase R (PKR); 

2. Preventing activation of transcription factors such as ATF-2/c-Jun, NFlill and 

IRF-3, IRF-5 and IRF-7 (Kochs et at., 2007). 

The highly pathogenic 1918 Spanish Flu NS gene has been shown to block the 

expression of IFN regulated genes in human cells more efficiently than the NS genes 

from HINlIAIPR/8/34 (Geiss et ai, 2002). This shows that the more pathogenic strains 

can exhibit stronger inhibitory actions in counteracting the host immune response. 

Influenza virus with NS 1 from highly pathogenic strain of 1997 H5Nl can also exhibit 

resistance to IFN and TNF -a, while the growth of the parental strain was blocked by 

its induction (Seo et at., 2002). 
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1.6 Virus-Host Interaction 

Table 1.3. List of currently known influenza virus - host interaction 

Viral protein Interacting partner Function References 

HA Sialic acid on the cell Receptor recognition Skehel and Wiley, 2000 
surface 

Endocytosis initiation and Matlin et at., 1981; Patterson 
mediation et al., 1979; Sieczkarski and 

Whittaker, 2002a 
Membrane fusion Skehel and Wiley, 2000 Cross 

et al., 2001 
NA Sialic acid on the cell Progeny viral release Wagner et al., 2002 

surface bound on HA 
of progeny virus 

PB2 Hsp90 Stimulatory factor for efficient Momose et, al. 2002; 
transcription and replication 

PA hCLE Regulating the replication activity Huarte et al., 200 I ;Perez-
ofthe polymerase (putative) Gonzalez et al., 2006 

H ypophosphorylated Enhance viral transcription by the Rodriguez et al., 2007 
RNA Pol II large degradation of the 
subunit hypophosphorylated RNA Pol II 

large subunit 
Minichromosome Stimulating ViruS genome Kawaguchi et al., 2007 
Maintenance (MCM) replication 
complex 

PBI Ebpl Selective inhibitor of viral Honda, A. et al., 2007 
polymerase 

Polymerase Hsp90 (with PBI Assembly and nuclear transport of Naito et al., 2007 
complex alone and PBI-PB2) polymerase subunits 

RanBP5 (with PBI Imports RNA polymerase complex Deng et al., 2006 
and PBI-PA) to the nucleus 
(Importin ~) 

NP Nucleoprotein Facilitates the nuclear imports O'Neill at. AI, 1995 
Interactor - I (NFl -I) along with viral vRNA 
and Nucleoprotein 
Interactor - 3 (NPI-3) 
RAF-2p48,NPI-5, Facilitates the formation of NP- Momose et al., 2001 
BATt, UAP56 RNA complexes 
CRMI (with MI) Nuclear transport Elton et al., 200 I 
Nucleosomes Facilitates host pre-mRNAs cap- Garcia-Robles et al., 2005) 
(together with vRNP, snatching 
Ml) 

MI Cytoskeletal elements Viral morphogenesis Avalos et al., 1997 
M2 Caveolin-I Virus release (via lipid rafts) Sun et al., 2010 

Hsp40 Inhibits PKR signalling pathway Guan etal., 2010 
NSI CPSF Inhibits 3' end cleavage and Nemeroff et al., 1998 

polyadenylation of host pre-mRNA 
Poly-A Binding Inhibits polyA tail synthesis Chen et al., 1999 
Protein (P ABII) 
hStaufen Assists viral mRNA localisation for Falconetal.,1999 

efficient translation (putative) 
p85~ Stimulates PI3K signalling Hale et al., 2008 
PKR Blocks PKR - dependent immunity Li et al., 2006 

pathway 
NS2 Nucleoporins Mediates exports of viral RNAs O'Neill et al., 1998 

When a virus infects a host cell, numerous signalling cascades are initiated as 

host cell responds to the infection. This response creates interaction among viral and 
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host proteins, and therefore alters the transcriptional machinery. This change of gene 

expression can be either in favour of the viral replication as a host defence against 

viral invasion. To enhance infectivity and replication, viruses have evolved several 

strategies, such as evasion and inactivation of immunological pathways, and shutdown 

of host cellular transcription machinery. The difference in interactions among viruses 

will give more insights on how the virus operates, and from it, novel vaccines and 

antiviral strategies can be developed. A partial list of the currently known influenza 

virus protein - host cell protein interacting partners can be seen in Table 1.3. 

Studying the interaction between virus and host-cell could pose several 

challenges. Animal models are generally considered good models for its close 

resemblance to anatomical and physiological environment, which will be useful to 

study species adaptation mechanism, and interspecies transmission. However, these 

models are difficult to control over experimental variables, methods, adaptation and 

homogeneity. Using tissue culture models to replace animal models will gain 

advantages for more detailed understandings of the mechanism as compared to the 

animal models. Besides that, the tissue culture models allow the infection of a variety 

of cell lines with very high percentage of cells being infected. The high rate of 

infection will greatly facilitate the ability to measure the changes of gene expression 

patterns more accurately. 

The genome wide analysis technology, such as DNA microarrays is able to 

analyze the pathogen-host interaction, which allows us to elucidate the global host 

response by investigating changes of thousand of genes simultaneously. This method 

is particularly useful for monitoring influenza virus evolved mechanisms of interacting 

with host-cells, such as evading interferon response, the blocking of mRNA 

translation. With this technology, it is also interesting to determine viral and cellular 
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factors responsible for the increased virulence of the HP AI and pandemic strains 

(Korth et al., 2006). 

Among the first use of the technology mentioned above was to monitor gene 

expression changes HeLa cells infected with influenza virus. The cells were mock 

infected or infected with either active or heat inactivated human AIWSN/33 (H1N1) 

influenza virus. The aim of the experiment was to determine distinct subsets of genes 

whose regulation is replication dependent or independent events during influenza 

infection, using cDNA microarrays with dual-labelling technique. Further, they found 

that the replication dependent genes could be classified into five major categories: 

protein synthesis, cytokine and growth factor signalling, transcription factors and 

DNA binding proteins, processing and export of mRNA, and the ubiquitin pathway. 

The replication independent genes were grouped into five categories as well, which are 

metallothioneins, cell cycle related, transcriptional regulators, ubiquitin pathways and 

cellular kinases (Geiss et al., 2001). 

Further studies using cell culture method using cDNA microarray were aimed 

to study the NS 1 protein, which plays a role in subverting the host response to the 

virus. In this study, to better understand the effect of NS 1 on virus-host interactions, 

human lung epithelial cell line, A549, was infected with AlPRlS/34 (H1N1), 

AlPRlS/34 with deleted NS 1 and AlPRlS/34 with NS 1 contained a deletion in the C­

terminus. Numerous genes were preferentially upregulated in response to infection 

with the mutant viruses compared to parental strain with NS 1 present. Many of which 

were related to the antiviral and interferon responses. This data clearly suggests the 

role of NS 1 of AlPRlS/34 as an antagonist to the interferon response to the virus 

(Geiss et at., 2002). 
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This study was also used to examine the role of the specific genes from the 

pandemic 1918 strain. In this study, A549 cells were infected the viruses from 1918 

strain, AlWSN/33 and a recombinant in which the NSI of AlWSN/33 was replaced 

with the NS 1 of the pandemic 1918 virus. There was greater suppression of interferon 

stimulated genes in the cells infected with 1918 NS 1 recombinant virus than in cells 

infected with AlWSN/33. This suggests that the NSI of the 1918 virus is more capable 

of suppressing interferon responses. 

The study of influenza - host interaction using the animal models by means of 

high throughput genomic technology is also necessary to be used to complement the 

data from the study using the cell cultured models. This is mainly due to the ability of 

animal models to correlate genes expression with clinical data, finding key 

mechanisms in viral clearance, tissue pathology and the response of the infected cells. 

One of such study was the investigation of the virulence of engineered virus from 

1918 strains by using the non-human primate models for their close resemblance and 

high nucleotide sequence homology with humans. With this advantage, several studies 

has been done, such as the study of the infection of pigtailed macaques (Macaca 

nemestrina) with AlTexas/36/91 (Baskin et al., 2004), pathogenesis of 1918 virus 

using cynomolgus macaques (Macaca fasicularis) , the effect of influenza infection on 

the early innate immune response in the lung of pigtailed macaques (Kobasa et aI, 

2007). 

Although mice are not a natural host for influenza A virus. But many influenza 

A strains are adapted to be able to infect mice, and hence can be used as a model host, 

although some alterations in amino acid sequence occur. There are several studies that 

indicate HA protein is critical in mouse adaptation, for example N137D and T89A in 

HI subtype, and T167L and N246S in H3 subtype (Gitelman et at., 1984; Gitelman et 
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aI., 1986; Kaverin et al., 1989; Brown, 1990; Brown and Smeenk, 1994). Kosh et al. 

(2006) utilized mouse as a host model infected with 1918 influenza virus for genomic 

analysis. They found that mice infected with the reconstructed 1918 influenza virus 

showed an increased and accelerated activation of host immune response and cell 

death related genes associated with severe pulmonary pathology. 

1.6.1 Cytokine Response on Influenza Virus Infection 

Influenza A virus-infected epithelial cells have the ability to respond to the 

infection by upregulating proinflammatory, chemotactic (chemokines), and other 

immunoregulatory cytokines. To date, more than 100 proteins of cytokine family are 

identified (Feldmann, 2008). Representative list of the most common cytokine found 

in viral infection can be seen in Table 1.4. The chemokines are usually produced 

constitutively or in response bacterial and/or viral infections. Chemokines attach to the 

specific cell surface receptors, which lead to a differentiation of immune related cells 

such as B cells, T cells, NK cells and dendritic cells, and migration to the site of 

inflammation (Zlotnik and Yoshie, 2000). Influenza A virus-infected macrophages 

typically secrete numerous cytokines such as RANTES, MCP-1, MCP-3, MIP-l a, 

MIP-1~, MIP-3a and IP-10, and low amount of IL-8 (Sprenger et aI., 1996; 

Matikainen et al., 2000). Whereas influenza A virus-infected epithelial cells produce 

RANTES, MCP-l and IL-8 in response to influenza A virus infection (Matsukura et 

al., 1996; Adachi et al., 1997). CCL5/RANTES is a chemokine produced upon 

influenza virus infection, which then recruits leucocytes to the infected sites, and 

enhance the production of Natural Killer (NK) cells and T cell IFN-y production and 

the development of Th I-type immune response (Matsukura et aI., 1996; Adachi et al., 

1997). 
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Table 1.4 List of cytokines, producing cells, target cells and their function, as summarized by Decker (2006) 

Cytokine Producing Cell Target Cell Function 

GM-CSF Th cells progenitor cells growth and differentiation of monocytes and DC 

monocytes 
Th cells co-stimulation 

IL-1u macro phages Bcells maturation and proliferation 

IL-1 f} Bcells NK cells activation 
DC 

various inflammation, acute phase response, fever 

IL-2 Th1 cells f t d T d BliNK II growth, proliferation, 
ac Iva e an ce s, ce s activation 

Th cells stem cells growth and differentiation 
IL-3 

NKcelis mast cells growth and histamine release 

activated B cells 
proliferation and differentiation 
IgG, and IgE synthesis 

IL-4 Th2 cells macrophages MHCClass II 

Tcells Proliferation 

IL-5 Th2 cells activated B cells 
prOliferation and differentiation 
IgA synthesis 

monocytes 
activated B cells differentiation into plasma cells 

IL-6 
macro phages plasma cells antibody secretion 

Th2 cells stem cells Differentiation 
stromal cells 

tissue acute phase response 

IL-7 
marrow stroma stem cells differentiation into progenitor Band T cells 
thymus stroma 

IL-8 
macro phages 

neutrophils Chemotaxis 
endothelial cells 

IL-10 Th2 cells 
macrophages 

Bcells 

inhibit cytokine production 

Activation 

activated Tc cells 
differentiation into CTL 

macrophages (with IL-2) IL-12 B cells 
NK cells Activation 

IFN-u leukocytes tissue 
inhibit viral replication 
MHC I expression 

IFN-J3 fibroblasts tissue 
inhibit viral replication 
MHC I expression 

tissue inhibit viral replication 

macro phages MHC expression 

IFN-y 
Th1 cells, 

activated B cells Ig class SWitch to IgG,. 
Tc cells, NK cells 

Th2 celis Proliferation 

macro phages pathogen elimination 

MIP-1u macro phages monocytes, T cells Chemotaxis 

MIP-1f} lymphocytes monocytes, T cells Chemotaxis 

monocytes, macrophages Chemotaxis 

TGF-f} T celis, monocytes 
activated macrophages IL-1 synthesis 

activated B cells IgA synthesis 

tissue inhibit proliferation 

TNFu macrophages, mast cells, NK cells 
macrophages CAM and cytokine expression 

tumour cells cell death 

TNF-f} Th1 and Tc cells 
phagocytes phagocytosis, production 

tumour cells cell death 

Interferon alpha and beta (IFN-a and IFN-~) are the important cytokines 

produced to fight against influenza A virus infection (Ronni et al., 1997). Epithelial 

cells and macrophage have different ability to fight against influenza A infection, for 

example, human lung epithelial cell lines show poor expression of IFN-a/~ and 
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pro inflammatory cytokines (IL-l, IL-6, TNF -(l) during influenza A VIruS infection 

(Ronni et al., 1995). However, influenza A virus-infected monocytes / macrophages 

efficiently produce large quantities of IFN-a/~, IL-l~, IL-6 and TNF-(l (Ronni et al., 

1995; Ronni et al., 1997; Nain et al., 1990 ; Gong et aI., 1991; Bender et al. 1993, 

Pirhonen et aI., 1999).Influenza virus infection has been found to activate numerous 

transcription factors involving the expression of cytokine and chemokine gene, for 

example, Nuclear factor kappa B (NF-KB), activating protein (AP)-I, interferon 

regulatory factors (IRFs), signal transducers and activators of transcription (ST A Ts) 

and nuclear factor-IL-6 (NF-IL-6 or C/EBP~) (Fig. 1.17). These proteins will 

trans locate into the nucleus to initiate transcription of immune response related genes 

(Matikanen et aI., 2000; Ronni et aI., 1997; Choi et aI., 1996; Hofmann et al., 1995; 

Pahl et aI., 1997; Flory et aI., 2000). 

Adapted from Julkunen et al., 2001 

JAK 
linactivel ~ .. r ~ 

--\l ~ 

Adapted from Imada and Leonard, 2000 

Fig. 1.17 Immunological pathway signalling by Influenza A virus. The viral dsRNA from replication activates 
several cytokine genes precursor, such as Protein Kinase R (PKR), lICK, and Janus Kinase (JNK). Leading to 
transcription of chemokine and cytokine genes. This leads to production of IFN -aJ-~ (left). The acti vation of Jak­
STAT pathway is indicated in inset (right). The binding of the IFN to the receptors activates the JAK (1). The JAK 
phosphorylates the Stat protein to activate it (2). The activated Stats dimerize (3) to be translocated to nucleus to 
initiate transcription (4). 
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The Jak-Stat pathway (Fig. 1.17) demonstrates the activation of STATs protein 

by Jak proteins. Jak proteins are activated by interferons and interleukins. After the 

binding into the receptors, the J ak proteins phosphorylate the S T AT 1 proteins 

(PSTATl), turning them into activated form. pSTATI proteins dimerize and 

trans locate to the nucleus (Imada and Leonard, 2000). 

Mitogen-activated protein (MAP) kinases are also critical in regulating 

cytokines. Influenza A virus infection has been shown to upregulate MAP kinases 

such as the extracellular signal-regulated kinase (ERK), p38 MAP kinase, and c-Jun­

NH2-terminal kinase (JNK) (Fig. 1.18) (Kujime et al., 2000). During influenza virus 

infection, p38, JNK and ERK5 MAPK cascades are primarily activated by viral 

dsRNA. The RaflMEKIERK signalling cascade is activated at early and late time of 

infection. Early activation is initiated by binding of the virus to the cell surface, and 

late activation is mediated by assembly of the HA to the lipid raft domains. While the 

Raf/MEKIERK cascade, the p38 pathway and different PKC isoforms exhibit virus­

supportive functions, the JNK pathway acts primarily antiviral. The ERK5 pathway, 

although activated upon infection has no effect on viral replication. NF-KB activation 

is also important in influenza A virus-induced cytokine production. The activation of 

NF-KB in Influenza A virus can occur in early phase of infection and viral 

replication/transcription phase (Ronni et aI, 1997). Influenza A vRNA can activate 

NF-KB due to a stress response in the endoplasmic reticulum (Pahl et al., 1997; Flory 

et al., 2000). Protein Kinase R(PKR) is previously thought to be activated by double­

stranded RNA of the virus and involved in the activation of IFN-a/~ and NF-KB 

(Kumar et aI., 1994), and PKRlIKK-mediated NF-KB activation takes place also in 

influenza A virus infection (Kujime et al., 2000), although influenza A virus infection 

can activate a cellular inhibitor ofPKR, p58IPK, as well (Lee et al., 1994). However, 
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Pichlmail et al. (2006) and Rehwinkel et al. (2010) found that IFN-a/~ is not induced 

by PKR binding with dsRNA, but by MDA5/RlG-I binding with 5'-phosphorylated 

RNA. Similarly, Ludwig et al. (2010) suggests that the PKR does not act by inducing 

IFN-a/~ gene transcription, but rather by maintaining the integrity of IFN-a/~ mRNA 

to allow its translation. 

In viral infection, IRF-l was suggested to be an important virus-induced and 

virus-activated transcription factor that controls the expression of IFN -a/~ and IFN-

inducible genes (Harada et aI., 1989). Presently, the IRF family constitutes nine 

members, numbered from IRF-l to IRF-9. From these, IRF-l, IRF-3 and IRF-7 have 

been shown to be expressed upon IFN-a/~ or IFN-related gene expression (Mamane et 

aI., 1999). IRF-3 activation is followed by the translocation to nucleus and the 

activation of IFN-a/~ genes (Yoneyama et aI., 1998; Weaver et ai., 1998; Schafer et 

aI., 1998). IRF -7, which is under the regulation of IFN -a/~, also regulates the 

expression of many interferon regulatory genes upon response to infection (Sato et aI., 

1998; Marie et ai., 1998; Wathelet et aI., 1998). 

OV.r.lllmpact on 
v i rus repliceUon: 

Influenz. ViruS . 
~·I."d. ANA 

IFNlI •• .,.. ••• 10" RANTES •• pr ••• lon vRNP 
RANTES •• p,.. •• lon TNFa. .xpt'".'on •• port 
Apoplo.l. regulation 

AnUv.,.. aupportlve no .... 

endocytosl. 

Adapted from Ludwig, 2007 
Fig. I. 18 Schematic representation of influenza A virus inducing MAP kinase pathways. Upon the attachment of 
influenza virus hemagglutinin and/or the detection of viral RNA, several MAP kinase pathways are activated, such 
as Janus Tyrosine Kinase (INK), p38, and Extracellular-signal-Regulated Kinases (ERKs). All of the MAP kinases 
are activated by dual phosphorylation (red P circle) at threonine (T) and tyrosine (Y). The function of each MAP 
kinases member families is shown by arrow above with the resulting effect of the activation of the MAP kinases. 
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Besides cytokine and chemokines, the viral infection also induces several 

antiviral genes closely associated to cytokine and chemokines activation. The most 

well known antiviral genes associated with influenza virus infection are myxovirus 

resistance genes (Mx), 2' - 5' oligoadenylate synthase (OAS), RNase Land Viperin 

(RSAD2). These genes will be discussed in the next section. 

1.6.1.1 Myxovirus Resistant (Mx) protein 

As discussed previously, the interferon can assist to obstruct the propagation of 

ViruS in the potential target cells by enhancing immune responses (Stetson and 

Madzhitov, 2006). Mx gene is one of antiviral gene induced by the interferons. It has 

shown antiviral activity against influenza A viruses (Haller et at., 1998). Mx proteins 

are classified into the dynamin superfamily of large GTPases and are expressed in 

many species, mainly vertebrates, for examples mouse (Horisberger et at., 1988), 

chicken (Seyama et aI., 2006) and pigs (Palm et at., 2007). 

The murine Mx 1 protein accumulates in the nucleus and inhibits pnmary 

transcription and replication of influenza A virus (Krug et aI., 1985; Pavlovic et at., 

1992), with the exception of Balb/c mice which contain a deletion in Mx 1 gene in the 

chromosome (Jin et at., 1998). This indicates that the Mx1 targets vRNP. Several 

studies has shown high inhibitory effect of influenza A virus replication by Mx1 has 

been observed in tissue cultures (Staeheli et aI., 1986) and in vivo using mouse model 

that possess the Mx1 resistance gene (Haller et at., 1987; Salomon et at., 2007; 

Tumpey et at., 2007). The human MxA protein also exhibits similar effects to murine 

Mx1 protein (Pavlovic et at., 1992). However, human MxA protein and murine Mx1 

protein have different mechanism. Human MxA protein inhibits steps involved in viral 

replication and transcription, which develop in the later phase of viral replication. 
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Murine Mxl inhibits in the early viral transcription steps (Pavlovic et al., 1992). In 

spite of the difference in mechanism of Mx in different species, it shows that the Mx 

proteins of the two species act in a comparable way by recognizing the same or similar 

viral target structures. Dittmann et al. (2008) demonstrated that different strains of 

influenza virus might have different degree of sensitivity against the Mx protein. 

1.6.1.22' - 5' Oligoadenylate Synthase (OAS) and RNase L 

The 2',5'-0Iigoadenylate synthetase (OAS)/RNase L system is an innate 

immunity pathway that responds to a pathogen-associated molecular pattern (PAMP). 

IFN signalling induces transcription of the OAS genes through IFN -stimulated 

response elements in the promoters (Rutherford et aI., 1988). Further, the degradation 

of viral and cellular RNAs is initiated upon the binding of nuclear factors induced by 

the interferon (Rutherford et al., 1988). Later, RNase L will recognize this pattern, 

which results in viral RNA degradation and termination of viral infections 

(Hovanessian and Justesen, 2007). In humans, OAS family consists of 10 isoforms, 

but with three genes known to play role in antiviral activity (OASI to OAS3) and a 

single OASL gene encoding a related protein with two C-terminal ubiquitin-like 

domains that does not synthesize 2'-5' A (Justesen et al., 2000; Mashimo et aI., 2003). 

In mice, there are eight oas} genes, in addition to oas2, oas3, and two oasl genes 

(Kakuta et al., 2004). However, Balb/c mice do not express all of oasl gene isoforms 

(Kakuta et aI., 2004) Characteristics wise, all isoforms of OAS exist in different 

protein conformation and oligomers state. OASI isoforms (p40/p46) have one 

catalytic domain and tetramerize, OAS2 isoforms (p69/p71) have two catalytic 

domains and form dimers in native state, while OAS3 (p 1 00) has three catalytic 

domains and is a monomer (Hovnanian et aI., 1998; Rebouillat et al., 1999). 
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Human RNase L is 741 amino acids in length. it possesses nine ankyrin 

repeats, several protein kinase-like motifs, and the RNase domain. 2' - 5' A binds to 

ankyrin repeats 2 and 4 (Tanaka et al., 2004) causing catalytically inactive RNase L 

monomers to form activated dimers with potent RNase activity (Cole et aI., 1996; 

Dong and Silverman, 1995). Specifically, RNase L cleaves within single-stranded 

regions of RNA, principally on the 3' sides ofUpAp and UpUp dinucleotides, leaving 

3'-phosphoryl and 5'-hydroxyl groups at the termini of the RNA cleavage products 

(Wreschner et al., 1981). Therefore, 2' -5' A is an "alarm signal" that signals antiviral 

innate immunity through RNase L activation. 

1.6.1.3 Viperin (RSAD2) 

Viperin is a protein inducible by both type I and type II IFNs (Chin and 

Cresswell, 2001). It has been identified in various organisms, mostly vertebrates, such 

as fishes (Boudinot et aI., 2000;Sun and Nie, 2004), rodents (Gre\Val et aI., 2000), and 

several primates (Chin and Cresswell, 2001; Zhu et aI., 1997). It has also been shown 

in various studies that virus infections induce viperin expression (Boudinot et al., 

2000; Chin and Cresswell, 2001; Helbig et al., 2005; Zhu et al., 1997), suggesting its 

role in antiviral response. 

An extensive study done by Wang et al. (2007) showed that viperin possesses 

one of the key role in host defence against influenza virus infection. Viperin inhibits 

the release of the viral particles from the plasma membrane by disrupting lipid rafts. It 

has been shown as well that raft microdomain is associated with virus HA (Schmitt 

and Lamb 2005). Further, Wang et al. (2007) also conducted yeast two hybrid 

screening to determine viperin interacting partner. They found that famesyl 

diphosphate synthase, as a viperin-interacting protein, catalyzes formation of famesyl 
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diphosphate (FPP). FPP is a precursor of many essential metabolites, such as sterols, 

dolichols, carotenoids and ubiquinones (Szkopinska and Plochocka, 2005). FPPS is 

also one of the crucial enzymes involved in cholesterol metabolism pathway (Fig. 

1.19). They also found that the viperin interacted in antagonistic way to FPPS, where 

an overexpression of one causes decrease in the other. It was also shown that the 

downregulation of FPPS inhibited viral release. 

1.6.2 Cholesterol Metabolism 

Cholesterol is a sterol compound found in cell membranes of all animals, and 

blood in mammals. Cholesterol is required for cell membrane integrity (Ikon en, 2008). 

Cellular membranes in most eukaryotes contain varying amount of cholesterol 

depending on the cell types, which are controlled by lipid transport in both vesicular 

and protein-bound pathways (Ikonen, 2008). Schematic representation of cholesterol 

metabolism pathway is shown in Fig 1.19. Cholesterol synthesis is initiated from 

acetyl CoA molecule, and processed through multiple form of intermediates. An 

important enzyme for irreversible cholesterol synthesis is catalyzed by 3-hydroxyl-3-

methylglutaryl Co-Enzyme A Reductase (HMGCR), and the transcription of which is 

regulated by sterol regulatory element binding protein (SREBP) which resides in ER 

(Brown and Goldstein, 1997). This protein is essential in cellular lipid homeostasis. 

When cells are low on cholesterol, transcription of genes required for the synthesis and 

uptake of cholesterol, such as HMG-CoA Reductase and LDL receptor, is upregulated 

through the action of SREBP. When the cells are abundant on cholesterol, SREBP will 

be inactivated by the binding of cholesterol to the SREBP-Scap complex, which will 

halt the transport of SREBP into the nucleus and therefore, the cholesterol synthesis is 

halted, reducing cholesterol levels to normal (Goldstein et ai., 2006). Cellular 
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cholesterol levels are controlled not only by cholesterol, but also by oxysterols. 

Oxysterols are intennediates in bile acid synthesis and function in elimination of 

excess sterol from tissues. Oxysterols are present at low concentrations in ceLLs relative 

to cholesterol and play an important role in the regulation of systemic cholesterol 

homeostasis of mammalian cells (Beaven and Tontonoz, 2006). Oxysterols, such as 

25-hydroxycholesterol (25-HC), have long been recognized as potent inhibitors of 

sterol synthesis, which are catalyzed by 25-hydroxycholesterol hydroxylase (Chang 

and Limanek, 1980). 
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Fig 1.19 Schematic Diagram of Cholesterol Metabolism (left), activated by SREBP-Scap molecule in the low 
sterol condition (- Sterols) and excess sterol condition (+ Sterols). The SREBP-Scap complex will travel through 
Golgi in COPII vesicle, which then transported to the nucleus to bind the SRE. 

Many of the cellular cholesterol research are done by manipulating cholesterol 

leveL The methods used are the statin drugs, which inhibit the HMGCR, thus blocking 

the cholesterol synthesis (Frishman and Rapier, 1989; Alberts, 1990), cyclodextrins to 

remove intracellular cholesterol (Favier et ai., 1995; Francis et al., 1999; Shogomori 
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and Futerman, 2001), cholesterol complexed with cyclodextrin to increase intracellular 

cholesterol (Tomeczkowski et aI., 1993). 

Cholesterol have been implicated for its importance in viral infection, for 

example virus internalization in HIV-l virus (Liao et al., 2001; Liao et al., 2003), 

Viral entry in Hepatitis B virus (Kremer et al., 2009), Replication in Dengue virus 

(Rothwell et al., 2009; Puerta-Guardo et al., 2010), infection and budding of Semliki 

Forest Virus(Kielian and Helenius, 1984; Chatterjee et al., 2000; Chatterjee et al., 

2002) , budding in respiratory syncytial virus (Yeo et al., 2009). In Influenza A virus 

infection, several critical function of cholesterol have been documented, such as to 

assist entry and fusion (Nussbaum et aI., 1992; Keller and Simons, 1998; Sun and 

Whittaker, 2003; Biswas et al., 2008), and maturation of M2 protein to assist 

membrane localization (Schroeder et al., 2005) and viral particle release (Barman and 

Nayak, 2007). 

1. 7 Influenza Virus in Different Hosts 

1.7.1 Influenza in Human 

According to Centre for Disease Control (CDC) terminology, human influenza 

A viruses refer to those subtypes that generally infect humans and can be found 

widespread throughout the world (CDC, 2007). The most known subtypes of influenza 

A viruses with common pattern of circulation among humans are HINl, H3N2 and 

HlN2, which termed "currently" circulating influenza virus (CDC, 2007). CDC also 

sets a rule, where any case of human infection with a novel influenza A virus that is 

different from currently circulating human influenza HI and H3, such as H5 strain 

classified as a "recently" circulating virus with the confirmation process from CDC 

laboratory (CDC, 2010). Due to antigenic drift and antigenic shift, the current 

circulating human influenza virus will be different antigenic ally from those circulating 
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in the past year. This type of influenza is commonly refered as seasonal influenza, or 

"seasonal flu", "common flu" or "annual flu" (CDC, 2007). It generally causes annual 

influenza epidemics that are mostly not lethal to humans except to the elderly (>65 

years old) or young «5 years old) (CDC, 2007). The seasonal influenza is a recurring 

time period characterized by the prevalence of outbreaks of influenza in a specific 

region. This occurs during the winter period in both northern and southern 

hemispheres (CDC, 2007). With genetic analysis, seasonal influenza activity can 

sometimes be predicted according to geographic regions (NIAID, 2009). The 

beginning of the seasonal influenza emergence may vary by location. The disease will 

take approximately 3 weeks to reach the peak, followed by another 3 weeks to 

diminish (NIAID, 2009). 

Currently, there are two HA subtypes (HI and H3) and two NA subtypes (Nl 

and N2) that are circulating and transmit efficiently among humans (CDC, 2009). This 

will increase the possibility for genetic reassortment between the two viruses. The 

human seasonal influenza prevalence of different subtypes may vary between different 

seasons. For example, the H3N2 strain has been the predominant influenza A strain 

worldwide for the last two decades, with the exception of the 1988-1989 and 2000-

2001 seasons where HINI infections mostly dominated (Lin et al., 2004). A new 

reassorted human strain from two dominant human influenza virus HI N 1 and H3N2 to 

form HIN2, had emerged in Europe continent and became dominant in the September­

November 2001 in the Northern hemisphere (Ellis et al., 2004; Paget et aI., 2002). 

1.7.1.1 Human Influenza Virus HIN2 

The HINI influenza virus subtype continued to reoccur and cause disease 

primarily in children and young adults together with H3N2 subtype (Cox and 
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Subbarao, 2000). Due to genetic reassorting of influenza virus, these 2 subtypes of 

human influenza A viruses have a potential to form a new strain of influenza virus. 

This generally occurs when mixed infection takes place in an individual with both 

viruses. Initially, the reassortant human influenza A (HIN2) viruses were first 

documented in 1983 (Nishikawa et al., 1983). These reassortants have been identified 

in several cases, as demonstrated in research done by Yamane et al. (1978), Bean et al. 

(1980), Guo et al. (1992) and Xu et al. (1993). 

More recently, a HIN2 reassortant virus reemerged in North America. It was 

identified by the WHO and CDC in Atlanta, and named AlWisconsinl12/2001 (Choi et 

al., 2001). This virus was detected in December 2001 from a 6-month-old baby with a 

respiratory illness and fever as the main symptoms (Choi et al., 2001). The study was 

performed on HIN2 viruses in order to elucidate the origin of the virus and its spread. 

A total of 51 HI N2 viruses acquired from various regions in the world, including such 

as Singapore, Malaysia, Canada, India, Egypt, Oman, Romania, the United Kingdom, 

and the United States, were identified among 890 seasonal influenza viruses screened 

from 41 countries. The following year, the WHO and the Public Health Laboratory 

Service reported the emergence of HIN2 viruses from humans in England, Israel, and 

Egypt (CDC, 2003). During this season, genetic (genetic) analysis of HIN2 showed 

that the HA of the circulating HIN2 viruses was similar to that of the AlNew 

Caledonial20199 (HINl) vaccine strain antigenically and genetically (Gregory et al., 

2002). The HIN2 virus NA was antigenically and genetically related to that of 

circulating human influenza H3N2 reference viruses such as A/Moscow/l0199 

(Gregory et aI., 2002). So far, neither fatality cases nor high rate of human to human 

transmission have been reported (Xu et aI., 2004). 
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1.7.1.2 Human Influenza HtNt 

Human Influenza A HINI virus is one ofthe influenza A virus subtypes that is 

currently endemic in the human population. The typical seasonal influenza virus 

infects approximately 5% of total population with 100,000 death anually (CDC, 2007) 

The first HINI subtype was first successfully isolated by Wilson and Smith in 1933, 

which is named AlWS/33 (HINI) (Wilson and Smith, 1933). There was a major 

influenza pandemic caused by HINI influenza virus strain in 1918, commonly known 

as "Spanish Flu" (Cox and Subbarao, 2000). After the 1918 "Spanish Flu" pandemic, 

the HINI subtype of virus diminished rapidly for almost 50 years, the pandemic 

occured with H2N2 and H3N2 in 1957 and 1968 (Cox and Subbarao, 2000). The first 

re-emergence of the HI N I was on 1977 which was called "Russian Flu" (Webster et 

al., 1992). Since then, both H3N2 and HINI recirculate in human population. 

Based from the knowledge that waterfowl is the natural reservoir of the 

influenza virus, the genetics analysis have been carried out on the HI strain of the 

influenza circulating in 1930s by Hinshaw et al. (1978) in order to determine the 

origins and relationships of the HINI virus with the older HINI strain from other 

species. They found that the H I variants circulating in humans in the early 1930s were 

closely related to swine influenza viruses and were later shown to be similar to viruses 

from wild ducks antigenically. 

1.7.1.3 Human Influenza H3N2 

H3N2 Influenza A virus is currently the important seasonal human influenza 

causing higher morbidity and mortality worldwide than HINI (CDC, 2007). On 

average, H3N2 influenza viruses infect 5-15% of the total population, resulting in 

500,000 deaths annually (Stohr, 2002). Since 2002, the antigenic evolution of A 
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(H3N2) viruses has followed from previously dominating the AlSydney/5/1997 -like 

viruses and AlFujian/44112002-like viruses to the AlCalifomia/7/2004-like viruses and 

to the AlWisconsin/6712005-like strains in a 5 year span (Russell et al., 2008). 

Russell et al. (2008) conducted a study on the circulation of the H3N2 

influenza virus worldwide by analyzing the genetic and antigenic aspects of the 

hemagglutinin of 13,000 human derived H3N2 from 2000 - 2007 periods. They found 

out that there was continuous circulation in east and Southeast Asia via a region-wide 

network of temporally overlapping H3N2 epidemics, and those epidemics in the 

temperate regions were seeded from this network each year. This suggests that the new 

strain of seasonal H3N2 emerging worldwide may have originated from and appeared 

initially in this area. Additionally, Okada et al. (2009) also classified the human H3N2 

influenza virus into three distinct groups based on the neutralizing human monoclonal 

antibody: 1968-1973, 1977-1993 and 1997-2003. 

1.7.2 Influenza in Birds 

Ducks are believed to be the natural reservoirs of influenza A viruses. The H3 

and H6 subtypes of influenza A viruses are found most predominantly in ducks, H7 

subtype is found in chickens, H4, H9, Hll, and H13 subtypes are observed more 

frequently in shorebirds and gulls, the H5 subtypes have been found in wide range of 

both domesticated and wild birds, especially in Southeast Asia region (Webster and 

Kawaoka, 1988). The N2, N6, and N8 subtypes of the NA gene predominate in ducks, 

while N6 and N9 are more prevalent in shorebirds and gulls. In the process, Influenza 

A viruses have also been isolated from domesticated poultry such as turkey, chicken, 

quail, pheasant, goose, and duck (Webster and Kawaoka, 1988). 
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In ducks, avian influenza A viruses replicate well in the epithelial cells in the 

intestines and the respiratory tract (Webster et al., 1977; Webster et al., 1978). The 

viruses are resistant to the low pH environment in the digestive tract. The infection of 

ducks with influenza A viruses is asymptomatic (Webster et aI., 1978). This suggests 

that the virus may adapt in ducks without showing symptoms. However, there is a case 

where the avian H5Nl are lethal to ducks in Hong Kong (Strum-Ramirez et aI., 2004). 

Several avian influenza virus strains have also been shown to infect humans. Some of 

those even have a very high mortality rate. (Table 1.5) 

Table 1.5. Examples of subtypes ofInfluenza A virus which have infected humans 

Subtype and year Remarks Selected Reference 
H5NI 1998 Originated from avian in Hong Kong, highly Cox and Subbarao, 2000; 

pathogenic to avians, human case confirmed, no Capua and Alexander, 
efficient human to human transmission observed. 216 2004 
deaths out of 349 reported case in human (CDC, 
2007) 

H7N72003 Originated from poultry farm in Netherlands, 89 Fouchier et al., 2003; 
people confirmed for the infection with one death Koopmans et al., 2004 

Munster et al., 2007; 
H9N21999 Infection confirmed, 2 children infected and Peiris et al., 1999; Capua 

recovered and Alexander, 2004; Butt 
et al., 2003; 

1.7.2.1 Avian Influenza Virus Classification 

The avian influenza A viruses can be grouped based on their pathogenicity. This 

classification is based on their lethality in chickens. Avian influenza viruses can be 

classified as high pathogenic avian influenza (HP AI) or low pathogenic avian 

influenza (LPAI) viruses. LPAI viruses may have been considered of negligible risk, 

but there us evidence that HP AI might arise from LP AI by mutations (Horimoto and 

Kawaoka, 1995). An avian influenza virus is classified as HP AI if it exerts following 

characteristics (Alexander, 2000): 
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1 ). Avian influenza virus that is lethal for at least 6 out of 8 "8-week-old susceptible 

chickens" in 10 days following intravenous inoculation with 0.2 ml of a 1110 

dilution of an infective allantoic fluid; 

2). If the influenza virus kills less than 6 out of 8 chickens, the growth test in cell 

culture will be done without the addition of trypsin. If there is growth, it will be 

considered HP AI. This classification is made for avian influenza virus with the 

exception of the H5 and H7 subtypes of virus; 

3). For all H5 and H7 viruses, if growth is observed in cell culture without trypsin, the 

amino acid sequence of the HA must be determined. If the sequence is similar to 

that observed for other HP AI isolates, it will be classified as HP AI, which can be 

characterized by the multiple basic cleavage site. 

1.7.2.2 Outbreaks of High Pathogenic Avian Influenza Virus 

Among the most well known HP AI outbreaks was HP AI H5N 1. The first 

outbreak of H5Nl HPAI was reported in Hong Kong in 1997 in poultry (Shortridge et 

af., 1998). Later, this virus was classified as HP AI because of its high mortality rate 

(70%-100%) in chickens (Suarez et aI., 1998; Subbarao et al., 1998). It also possess 

60% mortality rate in humans (Gambotto et at., 2008). The main characteristic of the 

HPAI H5N1 viruses is its multibasic sequence at the cleavage site in the HA, which is 

a characteristic of highly pathogenic viruses (Shortridge et af., 1997). Many of the 

H5Nl isolates contain a shortened NA stalk. This characteristic of viruses is found in 

an adapted influenza virus in land-based poultry (Matrosovich et aI., 1997). Later, the 

infection of the HPAI H5Nl to the human population also shows high mortality rate 

(>60%) (Subbarao et at., 1998). 
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Table 1.6. Clade classification by CDC in 2010 (CDC, 2010) 

Isolation 
Clade Year Geographic location source Description and strain name 

0 1996-- PRC, Hong Kong Avianlhuman Early progenitors ofH5NI; HKlPRC 1997 avian 
2002 influenza outbreak 

Gs/Guangdong/1I96 

3 2000- PRC, Hong Kong, Vietnam Avian Ck/Hong Kong/YU562/2001 
2001 

4 200212003 PRC, Hong Kong Avian Gs/Guiyang/337/2006 

2005/2006 Guiyang, PRC Avian Described as Guiyang 1 

5 2000- PRC, Vietnam Avian GsiGuangxil914/2004 
2009 

2004 Guangxi, PRC Avian 

6 2002/2004 PRC Avian Ck/Hunan/O 112004 

7 2002/2004 PRC Avianlhuman Human case from Beijing in 2003 

2005/2006 Yunnan, Hubei, and Shanxi, PRC Avian Described as Yunnan 2 
CkiShanxi/2/2006 

8 2001- Hong Kong, PRC Avian CklHong Kong/YU777/2002 
2004 

9 2003- PRC Avian DkiGuangxi/2775/2005 
2005 

200212003 Hong Kong, PRC Avianlhuman Described as Guangdong 

Vietnam, Cambodia, Thailand, Avianlhuman Spread of H5NI to southeast Asia; described as 
Laos, Malaysia VietnamlThai landlMalaysia 

Vietnaml1203/2004 

2.1.1 2003- Eastern Indonesia Avian Described as Indonesia 
2010 CkiIndonesiaIBL/2003, CklCDC12IBLl201O 

2.1.2 2005- Western Indonesia Avianlhuman Primarily avian with human cluster from Medan; 
2009 described as Indonesia 

Indonesial538H/2006, East Java/CDC212/2007. 

2.1.3 2004- Eastern and western Indonesia Avianlhuman Described as Indonesia 
2009 Indonesial5/2005 

2.1.4 2009-2010 Western Indonesia Avian Id/CDC202/2010 

2.2 2005 Qinghai Lake, Jiangxi, PRC Avian Progenitors from Qinghai Lake outbreak; described as 
Qinghai-like 

2005- Mongolia, Europe, Middle East, Avianlhuman Long-distance spread of H5NI; described as EMA clade 
2007 Africa BHGs/Qinghai/lAl2005 

2.3.1 2003- Hunan and Guangdong, PRC Avian Described as Hunan 
2005 DklHunan/303/2004 

2.3.2 2004- Hong Kong, southern PRC Avian Described as MixedlVietnam 
2006 

2005 Vietnam Avian Described as MixedlVietnam 2 
CkiGuangxi/2461/2004 

2.3.3 2004 Hunan,PRC Avian CkiGuiyang/3055/2005 

20 Guiyang, PRC Avian Described as Guiyang 2 

2.3.4 2005- Hong Kong, PRC, Thailand, Laos, Avianlhuman Described as Fujian-like 
2006 Malaysia DklFujian/1734/2005 

2.3.5 2007-2010 Western PRC Avian DklNanjing/34/2010 

2.4 2002- PRC (predominantly Yunnan and Avian Described as Yunnan 
2005 Guangxi) CklYunnanll15/2004 

2.5 2003/2004 PRC, Korea, Japan Avian Spread ofH5NI to east Asian countries 

2006 Shantou, PRC Avian Described as Guangdongl2006 
CklKorealES/2003 
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HPAI H5Nl was classified based on the HA and NA protein characteristics, Z 

and Z+ genotype (Li et al., 2004; Kou et al., 2005). Genotype Z is characterized by a 

multibasic HA cleavage site, a 20-amino acid deletion in the NA stalk, and a 5-amino 

acid deletion in NSl. Genotype Z+ lacks the NA stalk deletion as compared to 

Genotype Z (Sims et al., 2005). 

Since 2003, HPAI H5Nl viruses have become widespread in Southeast Asia, 

spanning from Vietnam, Indonesia, Thailand, Cambodia, Laos, South Korea, Japan, 

China, Malaysia, and Myanmar (CDC, 2009). Further, numerous cases of direct avian­

to-human transmission have been reported. Another interesting finding by Chen et al. 

(2004) is that the HPAI H5Nl is widespread among domestic ducks in Southern 

China. These viruses are not pathogenic in birds. From this finding, they suggest that 

ducks may play a crucial role as a reservoir of H5N 1 viruses by transmitting the 

viruses to wild birds and mammals (Chen et al., 2004). Until recently, there is no 

evidence of effective and efficient human to human transmission of HPAI H5Nl virus, 

unless the virus manages to adapt to the human host (Gambotto et aI., 2008). Due to 

rapid divergence and wide geographical spread, World Health Organization (WHO), 

the World Organization for Animal Health (OlE), and the Food and Agriculture 

Organization (F AO) grouped the H5Nl into clades based from genetic relatedness. 

1.7.2.3 Outbreak of LPAI H9N2 virus 

H9N2 subtype avian influenza viruses (AIV) have been circulating worldwide. 

The first detection of the H9N2 was from turkeys in Wisconsin in 1966 (Homme and 

Easterday, 1970). In North America, many of the H9N2 viruses were detected in gulls 

and wild ducks (Kawaoka et ai., 1988; Shaw et aI., 2002), but no H9N2 viruses have 

been reported in chickens (Perez et al., 2003). 
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Before 1990, H9N2 viruses were isolated from only ducks in Asia (Shortridge, 

1992). Since then, infections of H9 subtype have been reported in many Asian 

countries, especially in chickens (Alexander, 2000, Guo et al., 2000 and Naeem et al., 

1999). The H9N2 viruses have also been found in swines (Cong et a!., 2007; Peiris et 

al., 2001; Shi et al., 2008). This may suggest a swine potential as "mixing vessel" 

method for the generation of potentially pandemic H9N2 influenza viruses. 

Later, the H9N2 viruses were also isolated from humans with influenza-like 

illness in Hong Kong and Mainland China (Guo et al., 1999 and Peiris et a!., 1999). 

Two distinct sublineages have become established in Asia, represented by the parent 

viruses AlduckIHong KongN280/97 and AlquaillHong Kong/G1I97, which were 

predominantly isolated from chickens or quail, respectively (Guan et al., 2000). LPAI 

viruses generally cause merely mild to moderate symptoms. But the co-infection with 

other respiratory pathogens such as pneumococcus may cause high morbidity (Brown 

et al., 2006; Nili and Asasi, 2002). The analysis of H9N2 virus genome isolated from 

the last 20 years showed that these viruses are evolving rapidly and have reassorted 

with other avian influenza viruses to produce novel genotypes of virus (Li et a!., 2003; 

Li et aI., 2005; Xu et a!., 2004; Xu et al., 2007). 

Many H9N2 field isolates contain human virus-like receptor specificity, with 

binding preference to a2-6 linked sialic acid (SAa2-6) receptors, in contrast to the 

classic avian virus-like receptor specificity which preferentially binds a2-3 linked 

sialic acid (SAa2-3) receptors (Matrosovich et al., 2001; Choi et a!., 2004; Butt et al., 

2005; Wan and Perez, 2006). Only a few of the H9N2 viruses that recognize SAa2-6 

receptors actually have infected humans (Saito et al., 2001; Lin et a!., 2000). The 

symptoms are relatively mild, only causing mild flu-like illness. However, their 

preferential binding to both human and avian cells may bring a potential to cause 
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interspecies transmission (Peiris et al. 1999; Guo et aI., 1999; Lin et al., 2000; Butt et 

aI., 2005). Several species of poultry and mammals have been used to study H9N2 

viruses (Saito et al., 2001; Humberd et al., 2006; Nili et al., 2007; Kaverin et al., 

2004; Aamir et al., 2007). None of these models demonstrate evidence of the potential 

transmission of the virus in humans. Recently, Iqbal et al. (2009) discovered that the 

H9N2 viruses in Indian sub-continent have undergone extensive genetic reassortment. 

This leads to a new genotype of H9N2 virus with NS protein from highly pathogenic 

H7N3 and H5N 1 viruses. 

1.7.3 Influenza in Swine 

The first swine influenza virus Alswine/Iowal15/30 (H1N1) was isolated by 

Shope in 1930 (Shope, 1931). Since then, swine influenza has become one of the most 

prevalent respiratory illnesses in swines. Swines also have a big role to contribute the 

emergence of pandemic influenza virus based on several findings (Hinshaw et aI., 

1978; Kida et al., 1994; Ito et al., 1998): 

1). Swines can be naturally or experimentally infected with avian viruses; 

2). Epithelial cells in swine trachea contain both human- and avian-type receptors 

(a2,6- and a2,3-linked sialic acid); 

3). In nature, replication of an avian virus in pigs continuously can lead to influenza 

virus variants that preferentially recognize human-type receptors; (Scholtissek et al., 

1983) 

4). Swine viruses and avian-human reassortant viruses can infect humans and 

potentially cause fatal disease. 

Three major types of influenza viruses are circulating in pigs (Brown, 2000): 

the classical swine H1N1 viruses found in pigs since its isolation in 1930 (Hinshaw et 
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al., 1978), the human-like H3N2 viruses causing frequent infections to pigs. (Castrucci 

et a!', 1993; Hinshaw et al., 1978), and the avian-like HINI viruses which were 

introduced into European Pigs from birds, detected in 1979 (Scholtissek et al., 1983). 

A prominent human outbreak of swine influenza in humans was described in 1976 

(Sencer et al., 2006). A swine HINI influenza virus infected soldiers at Fort Dix, New 

Jersey, resulting in death of one soldier (Nachamkin et al., 2008). Based on concerns 

that this might be the indicator of a new pandemic, a vaccine was developed and a 

country-wide vaccination program was established. After the vaccination was done in 

more than 40 million people, it became clear that vaccination was associated with 

Guillain-Barre syndrome in about lout of 100,000 vaccines indicating a five to 

tenfold higher incidence than usually observed (Nachamkin et ai., 2008). Since the 

virus was no longer circulating, the vaccination program was stopped. Antibodies that 

cross-react against peripheral nerve antigen have been suspected to be responsible for 

the high rate of Guillain-Barre syndromes (Nachamkin et ai., 2008). 

1.7.3.1 Classical Swine HINI Viruses 

The descendents of the HINI 1918/1919 isolate, now referred to as "classical 

swine viruses" continue to circulate in most parts of the world (Hinshaw et al., 1983; 

Gorman et al., 1991; Dunham et al., 2009). In Europe, these viruses disappeared for 

nearly 20 years but were reintroduced in 1976, probably by imported pigs from the 

United States, starting in Italy (Nardelli et al., 1978). Since their reintroduction, HI N 1 

viruses have spread and become endemic in Europe with a seroprevalence of 

approximately 20 - 25 % (Zhang et al., 1989), reported by several studies, for example 

in the UK (Roberts et al., 1987), The Netherlands (Masurel et ai., 1983) and Sweden 

(Abusugra et al., 1983). For about 60 years since the pandemic 1918, classical swine 
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viruses were extremely stable, both antigenic ally and genetically (Easterday, 1980). 

The emergence of avian-like HINI viruses was introduced to European pig from birds 

in 1979, replacing the dominance of classical swine HIN1 virus (Pensaert et ai., 

1983). Apart from Europe, various regions in the world also detected classical swine 

H1Nl virus in local farms, for example, Canada (Morin et ai., 1981), Hong Kong 

(Yip, 1976), Japan (Yamane et ai., 1978), India (Das et ai., 1981), China and Taiwan 

(Shortridge and Webster, 1979). 

1.7.3.2 Avianlike HtNt Viruses 

In 1979, an avian HINI virus, closely related to a duck virus, was introduced 

into pigs in Europe (Pensaert et ai., 1982). In European pigs, co circulating avian and 

human H3N2 viruses reassorted. The resultant virus that possessed humanlike HA and 

NA genes and avian-like internal genes were transmitted to two children in the 

Netherlands (Castrucci et ai., 1993; Claas et aI., 1994). Infections of swine with H3N2 

viruses containing humanlike surface glycoproteins, but internal genes derived from 

HINI avian origin, are common in Europe (Castrucci et ai., 1993). The recent 

introduction of an avian-like HIN1 virus into pigs in Southern China has not replaced 

the classical swine viruses, and both lineages continue to cocirculate (Guan et ai., 

1996). 

1.7.3.3 Humanlike H3N2 Viruses 

Humanlike viruses of the H3N2 subtype were first isolated from pigs In 

Taiwan in 1970 (Kundin, 1970). The prevalence of H3N2 viruses in North American 

pigs is low (Chambers et aI., 1991; Bikhor et aI., 1994). Since 1984, a humanlike 

H3N2 influenza virus has caused disease and replaced the original H3N2 virus in 
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Europe. This resulted from a reassortment of the virus with the avian-like swine HINI 

virus (Castrucci et ai., 1993). In 1998, several outbreaks were observed in the swine in 

the USA, and two antigenically distinct reassortant viruses (H3N2) were isolated: a 

double-reassortant virus containing genes similar to those of human and swine viruses 

and a triple-reassortant virus containing genes similar to those of human, swine, and 

avian influenza viruses (Webby et aI., 2000). 

1.7.3.4 Pandemic 2009 HtNt Swine influenza virus 

Initially, the 2009 HINI swine influenza virus was detected from two 

specimens in California (Fraser et aI., 2009). Retrospectively, the outbreak of 

pandemic 2009 HINI swine influenza virus was reported in the Mexican town of La 

Gloria, Veracruz, in mid-February of 2009 (Fraser et aI., 2009; Kowalczyk and 

Markowska-Daniel, 2010; Abdel-Haq and Asmar, 2011). Two months later, high 

numbers of pneumonia/influenza-like illness were observed among the patients. In 

about the same time, two specimens positive for 2009 swine influenza virus were 

identified from the outbreak in Southern California in mid-April. Later, the Public 

Health Agency of Canada also detected 2009 swine influenza virus in specimens 

received from Mexico. The similarity of all the isolates found in various places in 

America triggered an alert by the CDC and WHO on 24 April. Not long after that, 

international spread and clusters of human-to-human transmission prompted the WHO 

to increase the pandemic alert from phase 3 to phase 5 (human-to-human spread in at 

least two countries, and signs of an imminent pandemic). Most cases outside Mexico 

and the United States have been caused by travellers from Mexico. Most infections 

seem to be mild and do not require hospitalization (Novel Swine-Origin Influenza A 

(HIN!) Virus Investigation Team). Careful monitoring is critical during the winter 
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season in order to overcome more virulent variants, as observed with the "Spanish 

Flu" 1918 pandemic (Fraser et at., 2009). 

The pandemic 2009 HINI swine influenza virus is a reassortant of triple-

reassortant swine influenza A (HINI) virus that contains classic swine RNA-segments 

from the North America lineage (HA, NP, non-structural proteins (NS)), avian 

influenza RNA segments from the North America lineage (polymerase basic protein 2 

(PB2), polymerase acidic protein (PA)), and PB I of human seasonal H3N2 viruses 

(Neumann et at., 2009) (Table 1.7, Fig. 1.20). Moreover, the NA and M segments, that 

are of classic North America lineage swine origin in triple-reassortant swine influenza 

A (HINI) viruses, were exchanged by NA and M from the Eurasian influenza A 

(HINI) swine lineage (Neumann et at., 2009). 

Table 1.7. The Origin of Swine Influenza Virus Segments 

Segment Origin 

HA Classical Swine, North American Lineage 

NA Eurasian Swine Lineage 

M Eurasian Swine Lineage 

PB2 Avian, North American Lineage 

PBl Human derived H3N2 Swine Lineage 

PA Avian, North American Lineage 

NP Classical Swine, North American Lineage 

NS Classical Swine, North American Lineage 
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Classical swine North American Human (H3N2) Eurasian avian­
like swine avian 

Influenza A (H1Nl) 

Fig 1.20. The origin 0[2009 swine influenza virus 

PB2 - North American 
avian 
PBl - Human H3N2 
PA - North American 
avian 
H 1 - Classical swine 
NP - Classical swine 
N 1 - Eurasian avian­
like swine 
M - Eurasian avian-like 
swine 
NS - Classical swine 

Taken from Neumann et aL, 2009 

As of November 2, 2009, the infection of swine influenza virus have been 

expanded to more than 440,000 cases of pandemic swine HINI influenza virus, with 

more than 5,700 deaths worldwide as documented by WHO (2009). According to 

Smith et al. (2009), the low diversity gives indication that the virus only emerged and 

infected human in early 2009. The relatively large genetic distance between pandemic 

swine HINI influenza virus and other closely related swine influenza viruses indicates 

that the gene segments have been circulating around without any detection for more 

than 10 years, with the estimation of the Times to the Most Recent Common Ancestor 

(TMRCA) for individual genome segments approximately 9 to 17 years. The attempt 

of large-scale molecular characterization and the dynamics of the transmission of the 

virus in human are still at early stage. Nelson et al. (2009) found at least 7 
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phylogenetically distinct clades of swine HlNl influenza virus have been identified 

and disseminated globally. The clades are possibly formed because the swine 

influenza virus co-circulated in with local seasonal strain, hence introducing the 

genetic materials of the virus. Further, they also analyse the influenza virus outbreak in 

New York and Wisconsin. They found out that the swine influenza virus derived from 

those locations was mostly come from two different clades. The clades are both 

distinct phylogenetically from the viruses first identified in California and Mexico, 

suggesting an important role for founder effects in determining local viral population 

structures. Furuse et al. (2010) also perform internal genes analysis from 673 strains of 

influenza A virus derived from human, avian and swine host. Based from their finding, 

they suggested that the adaptation of 2009 swine influenza virus in human host was 

due to mutations from continual genetic reassortment. 

Many researches have been done to try to elucidate the mechanism of action of 

the novel 2009 swine influenza virus. This includes growth characteristics in vitro and 

in vivo (Itoh et al., 2009), transmission study in ferrets and mice (Maines et ai., 2009), 

Cytokine profiling of swine influenza virus (Woo et al., 2009). More recently, Shapira 

et at. (2009) performs yeast-two hybrid combined with genome-wide analysis of the 

host cells infected with 2009 swine influenza virus in primary lung cells. Their found 

that, along with antiviral and apoptotic related genes responses, they found some 

unanticipated host and viral protein interactions, including a network of RNA binding 

proteins and Wnt signalling. 

1.8 Research Objective 

It was known that different strains of influenza virus interact with the host in 

various ways. It is interesting to note that some strains of influenza virus are able to 
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infect and replicate well in particular host, but not the others. This suggests there are 

specific interactions between the virus and the host to either assist or inhibit the virus 

growth. It has been reported that the LP AI viruses have the potential to develop into 

HP AI. Therefore, the characterization of the host response in the LP AI viruses is as 

vital as that of HP AI viruses. Most of the host response studies done nowadays focus 

on HPAI. There are still relatively few studies on LPAI. 

The aim of the research is to characterize low pathogenic avian influenza virus 

H9N2 which has been isolated from ducks imported to Singapore, and current 

circulating 2009 swine influenza virus currently circulating in Singapore as a routine 

surveillance conducted by Agri-Food and Veterinary Authority of Singapore (AVA). 

The characterization is based on the infection profiles in different tissue culture 

models which represents human, chicken and canine, retaining properties of the 

species they are derived from. The analysis will be carried out based on: 

1. Sequence analysis of the virus for to analyze sequence similarity and clustering 

pattern of the virus, drug resistance, epitope sites determination, and host 

signature using phylogenetic tree and sequence comparison, 

2. Growth characteristics, assessed by immunofluorescence assay (IF A), Growth 

Curve, and Plaque Assay to determine virus growth, 

3. Host cell response, analyzed by cDNA microarray and cytokine assay to 

determine global gene response, 

4. Viral kinetics for both replication (vRNA) and transcription (mRNA), analyzed 

by qRT-PCR to determine virus replication efficiency. 

The virus growth and replication efficiency relates closely to the virus efficiency 

to counteract host-cell response and defense mechanism. Therefore, analyzing and 

comparing the growth characteristics and viral kinetics of different influenza A virus 
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strains conducted in different cell lines is critical to determine the preference of the 

influenza virus strains to the particular hosts. Together with the genomic and cytokine 

analysis, the main keys behind the virus growth preference, virus host-adaptation and 

interspecies transmission can be revealed. 
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Chapter Two. Materials and Methods 

2.1 General Reagents 

All general reagents used in this experiment were of analytical grade obtained 

from Sigma Adrich Chemical Company Ltd, Becton-Dickenson Ltd, Bio-Rad Ltd., 

Invitrogen Ltd., USB Corp., unless otherwise stated. For work where sterility is 

required, all of the reagents are either autoclaved at 121°C for 20 min or passed 

through 0.22 !lm filter-sterilization (Nalgene). 

2.1.1 Cells 

MDCK (Madin Darby Canine Kidney) 

Embryonated Chicken Eggs 

A549 (Human Adenocarcinomic Lung cells) 

E. coli One-shot® TOP10 

Lung Macrophage from Balb/c Mice 

2.1.2 Virus 

AlWSN/33 (HINI) 

AlDuckiMalaysia/l101 (H9N2) 

A/Singapore/276/2009 (H1NI) 
A/Singapore/47112009 (HIN1) 
A/Singapore/478/2009 (HIN1) 
A/Singapore/527/2009 (H1N1) 
A/Califomial7/2009 (H1N1) 

ATCC 

Yeo Chew Farm 

ATCC 

Invitrogen 

Laboratory Animals 
Centre, Singapore 

ATCC 

AVA 

DSO 
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2.1.3 Tissue Culture Reagents 

DMEM+GlutaMAX Gibco 

Foetal Bovine Serum Gibco 

Sterile 1 x Phosphate Buffer Saline pH 7.2 Gibco 

Penicillin-Streptomycin 100X (10,000 U.I Penicillin and Gibco 

10,000 Ilg Streptomycin) 

Trypsin-EDTA 0.25% Gibco 

Trypsin 2.5% Gibco 

Bovine Serum Albumin (BSA) Fraction V 7.5% Gibco 

Trypsin-TCPK Worthington 

RNAlater Ambion 

2.1.4 Antibodies 

Mab 8257 (mouse anti-influenza A nucleoprotein), Chemicon 
usage 1: 1 00 (immunofluorescence assay), 1 : 500 
(microplaque assay) 

AP124F (Goat anti-mouse IgG, FITC conjugated), Chemicon 
usage 1: 100 (immunofluorescence assay) 

Anti-mouse Horseradish Peroxidase, usage 1 10,000 Sigma Aldrich 
(western blotting), 1 : 500 (microplaque assay) 

Monoclonal anti Mxl, usage 1 :500 (western blotting) 

Mouse anti-STAT 1 , usage 1:3,000 (western blotting) 

Gift by Prof Koch, 
University of Freiburg 

Transduction Laboratory 
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Mouse anti-phosphorylated STAT} (pY704), usage Transduction Laboratory 

} :3,000 

JNK and phosphorylated JNK 

p38 and phosphorylated p38 

~-actin, usage }:} ,000 (western blotting) 

ERKI, ERK2 and pERKII2 

Gift by Dr. Peter Cheung, 
NTU 

Gift by Dr. Peter Cheung, 
NTU 

Chemic on 

Cell Signalling 

2.1.5 Immunofluorescence and Immunostaining Reagents 

3-amino-9-ethyl carbazole Sigma Aldrich 

Paraformaldehyde ICN Biochemicals, Inc. 

lOx Phosphate Buffer Saline pH 7.2 1 sl Base 

Triton X-IOO Chemicon 

H20 2 3% Fluka 

2.1.6 Commercially available kit 

RNAeasy Mini Kit QIAGEN Ltd. 

Gel Extraction Kit QIAGEN Ltd. 

GeneChip® One-Cycle Target Labelling Affymetrix 

and Control Reagents 

Hybridization, Wash and Stain Kit Affymetrix 
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QIAprep Spin Miniprep Kit QIAGENLtd. 

SuperScript™ First Strand Invitrogen 

2.1. 7 Cloning Vector and E. coli growth medium 

pDrive QIAGENLtd. 

pCR2.1 - TOPO Invitrogen 

Difco LB Broth, Miller Becton-Dickinson, Ltd. 

Difco LB Agar, Miller Becton-Dickinson, Ltd. 

SOC Medium Invitrogen 

2.1.8 Tissue Culture Media and Solution 

Cell Propagation Medium 

Cell Infection Medium for single cycle of 
infection 

Cell Infection Medium for multiple cycle 
of infection 

Fixing Solution 

Standard Overlay 

DMEM+GlutaMAX(Gibco) 
supplemented with 10% v/v Fetal Calf 
Serum (Gibco) and Penicillin 100 UI/ml 
and Streptomycin 100 Jlg/ml (Gibco) 

DMEM+GlutaMAX(Gibco) 
supplemented with 10% v/v Fetal Calf 
Serum (Gibco) and Penicillin 100 UI/ml 
and Streptomycin 100 Jlg/ml (Gibco) 

DMEM + GlutaMAX supplemented 
with 0.21% BSA (Gibco, USA), 1 
Jlg/ml trypsin-TPCK (Worthington, 
USA) and antibiotics (streptomycin 100 
mg/ml and penicillin 100 U/ml) (Gibco, 
USA) 

4% Para formaldehyde (lCN) in PBS 

DMEM (Gibco) and 1% Low 
Temperature Agarose (Invitrogen), 
0.21% BSA (Gibco) and 1 Jlg/ml 
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Microplaque Overlay 

trypsin-TPCK (Worthington) 

DMEM (Gibco) with 1.2% Avicel RC-
591 (FMC Biopolymer), supplemented 
with 0.21 % BSA (Gibco) and 1 Ilg/ml 
trypsin-TPCK (Worthington). 

2.1.9 Bacterial Culture Media and Solution 

100 mgiml ampicillin 

LA broth 

LA plate 

100 mgiml in ddH20, filtered (0.22 11m) 
and stored at -20°C 

LB medium containing 100 Ilgiml 

ampicillin 

LB agar plate containing 100 Ilgiml 

ampicillin 

LA plate for blue/white colony screening 100 III of 0.1 M IPTG and 250 III of 40 
mg/ml X-Gal in Dimethylformamide 
were spread on the plate and incubated 
in 37°C for 1 h. Plate was prepared 
fresh 

2.1.10 DNA Analysis 

Ix TBE 

0.1 % Ethidium Bromide 

Agarose gels 

100 ml lOx TBE dissolved in 900 ml of 
ddH20 to make 1 L of 1 x TBE stock 

10 mg of Ethidium Bromide dissolved 
in 10 ml of ddH20 

0.5 g of Agarose in 50 ml1x TBE 

2.1.11 Protein Analysis by SDS-PAGE gel 

12% Resolving Gel 1.6 ml of30% Bis-Acrylamide (C : N = 1:29.9) 
1.4 ml H20 
I ml Tris-Cl pH 8.8 
60 III 10% SDS 
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4% Stacking Gel 

Boiling Mix (5x) 

Boiling Mix (Ix) 

SDS-PAGE Running Buffer (Ix) 

2.1.12 Western Blotting 

Transfer Buffer 

5% Skim Milk Blocking Solution 

WB Wash Buffer 

2.2 Methods 

60 ~110% APS 
6 ~l TEMED 

266 ~l of30% Bis-Acrylamide (C : N = 1:29.9) 
1333 ~l H20 
375 ~l Tris-Cl pH 6.8 
15 ~llO% SDS 
15 ~11O% APS 
1.5 ~l TEMED 

31.25 ml 1M Tris-HCl pH 6.8 
10 g SDS 
25 ml Glycerol 
750 ~l Bromophenol Blue 2% in ethanol 
5 m12-mercaptoethanol 
Add ddH20 to 100 ml 

Dissolve Boiling Mix (5x) in ddH20 in I :5 
ratio. 

57.6 g Glycine 
12 g Tris base 
4gSDS 
Add ddH20 to 4 litres 

3.03 g Tris base 
14.41 g glycine 
200 ml methanol 
water to 1 L 

5 g Skim Milk powder mixed in 100 ml Ix 
Wash Buffer 

400 ml lOx PBS, add 2 ml of Tween-20, top up 
with ddH20 to 4 L. 

2.2.1 General Methods for Biochemistry and Molecular Biology 

2.2.1.1 RNA extraction 

All starting materials for RNA extraction were 100 ~l in liquid form. Pellets or 

sample lower than 100 ~l were added with RNase free water. QIAGEN® RNA Easy 
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Mini Kit was used for this step according to manufacturer's protocol. The final step of 

elution used in all of the experiment was approximately 40 III of RNase free water. 

The RNA samples were kept in -80°C freezer until ready for use. 

2.2.1.2 Reverse Transcription 

The starting RNA material was 8 Ill. The sample was mixed with 1 III dNTP 10 

mM and 1 III of primer, and incubated at 65°C for 15 mins, followed by cooling down 

on ice for at least 2 mins. RT reaction mix was then added into the sample (one RT 

reaction contains 2 III lOx RT buffer, 4 III MgCh 25 mM, 2 III DTT 0.1 M, 1 III 

RNAseOVT®(Invitrogen» and incubated for 2 mins at 42°C. 1 III RT enzyme 

SuperScript II (Invitrogen) was added into the sample reaction mix and same 

incubation condition was continued for 1 hour, followed by RT enzyme inactivation 

by heating at 70°C for 15 mins. The sample reaction mix was cooled down on ice for 

2 mins. 1 III of RNase H (Invitrogen) was added to the sample reaction mix and 

incubated for 20 mins at 37°C. The sample reaction mix will be in the form of cDNA 

and ready for next step analysis. 

2.2.1.3 Polymerase Chain Reaction (PCR) 

The PCR done in this experiment was influenza virus gene segment 

amplification with the protocol as described in Hoffmann et al. (2001). The primers 

used in this experiment are shown in Appendix 1. 4 III of cDNA template was used in 

this experiment. The PCR mix per reaction (50 Ill) was: 5 JlI lOx HiFi buffer, 5 III 

dNTP 2 mM, 2 III MgS04 50 mM, 2 III of forward primer 10 IlM, 2 III of reverse 

primer 10 IlM, 0.5 III of HiFi Platinum Taq (Invitrogen) 100 VillI, 29.5 III of nuclease 

free water. The PCR temperature run setting was set as follows : Initial denaturation at 
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95°C for 2 min, followed by 30 cycles of denaturation at 95 °C for 30 sec, annealing 

at 58°C for 30 sec, and elongation at 68 °C for 7 mins. The final elongation was set at 

68°C for 10 mins, followed by cooling. 

2.2.1.3 DNA separation by Agarose Gel Electrophoresis 

The 1% Agarose gel (BioRad) in Ix TBE buffer (1 st Base) was used in DNA 

separation. The sample was prepared in 250 ml Erlenmeyer flask. The agarose was 

then heated in microwave until completely dissolved and cooled with water until 

evaporation disappeared. 3 III of 0.1 % ethidium bromide (BioRad) was added into the 

agarose, and poured into 8 cm gel casting cassette. The appropriate DNA comb was 

applied and let the agarose sit for 1 hour. The Agarose was loaded into DNA Agarose 

gel tank PowerPak (BioRad) and was run at IOV/cm for 45 mins. The agarose were 

then viewed with UV Transilluminator. The DNA band of interest was excised for gel 

extraction. 

2.2.1.4 Gel Extraction 

The excised gel was then processed using QIAGEN® Gel Extraction Kit, 

following manufacturer's protocol. The final elution step was 30 - 50 III in Nuclease 

Free Water. The sample was then measured with NanoDrop® to determine its 

concentration. The samples were kept in -20°C freezer until further use. 

2.2.1.5 Ligation 

The ligation done in this experiment were done using pDrive 

vector(QIAGEN®) and pCR2.1-TOPO vector (lnvitrogen®). Both vector maps are 

displayed in Appendix. pDrive vector ligation was done for M, NS, NP, NA, and HA, 
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and pCR2.I-TOPO was done for P A. Each of the vector system came with its own 

ligation reaction mix and was done according to the manufacturer's protocol. The 

ligation reaction mix was stored at -20°C freezer until further use. PBI and PB2 were 

unable to be put into both vectors, hence direct PCR product sequencing were utilized. 

2.2.1.6 Transformation of Ligation Mix into Competent Cells 

4 ).11 of ligation reaction mix was used for transformation by incubating the mix 

into TOPlO® competent cells (Invitrogen) in ice for 30 mins. The cells were then heat 

shocked at 42 DC for 45 sec, and put on ice for 3 mins. The cells were then topped up 

with 250 ).11 SOC Media (Invitrogen) and were incubated in a shaker incubator at 37 

DC for I hour. Meanwhile, the LB Agar plate was pre-warmed. If pDrive transfonnant 

was used, 100 ).110.1 M IPTG and 250 ).11 of X-GAL 40 mg/ml in dimethylfonnamide 

was added into the plate, spread evenly and let absorbed for I hour. 100 ).11 of the 

transformant were added into the plate, spread evenly and incubated at 37 DC for 16 

hours. 

2.2.1.7 Positive gene insertion by colony screening 

For pDrive transfonnant, white colonies were selected and picked for positive 

gene insertion in the vector, and blue colonies were selected for negative control. For 

pCR2.I-TOPO transfonnant, all colonies were selected for colony screening. The 

colony screening was done using primers used in PCR amplification. The PCR 

reaction mix in PCR tube was prepared as follows (per reaction(20 ).11)) : 2 ).11 of lOx 

PCR buffer, 2 ).11 of dNTP 2 mM, I ).11 of MgCh 50 mM, 0.8).11 of forward primer 10 

mM, 0.8 ).11 of reverse primer 10 mM, 0.5 ).11 Platinum Taq polymerase (Invitrogen) in 

12.9 ).11 of nuclease free water. The colony was picked with tooth-picks and submerged 
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evenly into the PCR reaction mix. The tubes were then placed into PCR machine. The 

PCR incubation settings were set with the same condition mentioned in Section 

2.2.1.3. The PCR amplicons were then run into DNA Agarose Gel to check for 

positive bands. For positive colonies, they were grown in 5 ml LB broth at 37°C for 

16 hours. 1 ml was stored as glycerol stock and the rest would be spun down. Pellet 

obtained was used for plasmid extraction. 

2.2.1.8 Plasmid Extraction 

4 ml of the grown E. coli culture of positive gene insertion gene were lysed and 

from this process, purified plasmid was obtained. QIAGEN® MiniPrep was used. The 

extraction was done according to the manufacturer's protocol. The final elution was 40 

~l in Nuclease Free Water. 

2.2.1.9 Sequencing Reaction Preparation 

200 ng of plasmid, and 30 ng ofPCR product (for PBl and PB2) were used as 

materials for sequencing. The sequencing reaction mix was prepared as follows : 4 ~l 

BIG-DYE Terminator v3.1 ® (ABI), 1 ~l primer, samples, and later adds nuclease free 

water at final volume of 1 0 ~l. The reaction mix was loaded into the PCR machine and 

run with the condition as follows: 95°C for 5 min, [95°C for 30 sec, 55°C for 20 sec, 

65 °c for 2 min for 30 cycles], ended with 65°C for 4 min. The samples were then 

sent to 1 sl Base® for sequencing. 

2.1.2.10 Sequence Alignment and Phylogenetic Tree 

Nucleotide and translated amino acid (aa) sequences for each gene segment were 

compared between the isolates and other published sequences from GeneBank 
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(http://www.ncbi.nlm.nih.gov.ezlibproxyI.ntu.edu.sg/genomes/FLU/FLU.html) with 

Megalign (DNASTAR, Lasergene Version 7) using the Clustal X algorithm. Percent 

(%) sequence homology was calculated for each of the full-length gene. Phylogenetic 

tree was constructed using the neighbour-joining method at the nt level, with bootstrap 

analysis performed on 1000 replicates. Phylogenetic trees were viewed with TreeView 

v1.6. 

2.2.1.11 Protein Separation by SDS-PAGE 

The gel was cast inside a cassette in advance with appropriate percentage of 

acrylamide. After the gel were set, loaded into the SOS-PAGE Tank (BioRad) and 

filled with Ix SOS-PAGE running buffer. Samples in Ix Boiling Mix were then 

loaded into the wells. The separation was run at 200 V for 50 - 60 mins (until the 

bromophenol blue migrated to the bottom of the gel close to the edge). The gel was 

carefully removed from the cassette. 

2.2.1.12 Western Blotting 

Initially, the PVDF membrane (Poll laboratories) was soaked into methanol for 

approximately 2 mins. The gel processed by SOS-PAGE was carefully picked up. 

Transfer unit cassettes were assembled in this order: Red pole> clear plate> pad> 3 

MM filter paper> PVDF membrane> gel > 3 MM filter paper> pad> black plate> 

neg. pole (Black). The cassettes were the loaded into the tank together with one block 

of frozen iced water. Ix Transfer Buffer was laded into the tank until the cassettes 

were submerged. The run was at 100 V for 60 mins. After that, the POVF membrane 

was carefully removed from the cassette and washed with I x WB Washing Buffer for 

2 times. The membrane was blocked with 5% Skim Milk Agar overnight at 4 °C with 
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slow shaking. The membrane was washed with 1 x WB Washing Buffer for 5 mins, 3 

times, and incubated with primary antibody for 1 hour at room temperature. The 

membrane was washed with Ix WB Washing Buffer for 5 mins, 3 times. The 

membrane was incubated with secondary antibody for 1 hour at room temperature. 

After the incubation was finished, the membrane was washed with Ix WB Washing 

Buffer for 5 mins, 3 times. The membranes were then dried and put into Western Blot 

cassettes. Enhanced Chemiluminescense (Amersham) was applied into the membrane 

and spread evenly and carefully. The exposure was done with KODAK O-MAT X-ray 

film in the dark room, and exposed. The films were developed in Kodak Developer 

Machine. Adjustment of the exposure time was required to make satisfactory result. 

2.2.2 Tissue Culturing and Infection 

2.2.2.1 Culture and maintenance of MDCK and A549 cells 

MDCK and A549 cells were maintained and propagated using Cell 

Propagation Medium, which contain DMEM+GlutaMAX(Gibco) supplemented with 

10% v/v Fetal Calf Serum (Gibco) and Penicillin 100 UI/ml and Streptomycin 100 

Ilg/ml (Gibco). The cells were kept in medium or large flasks (Coming, USA). When 

the cells reached approximately 90% confluency, the cells were passaged. Briefly, the 

cells were washed with sterile PBS pH 7.2, incubated in Trypsin-EDTA 0.25% (w/v) 

until the cells dislodged with tapping the flask. Trypsin was inactivated by adding cell 

propagation medium, and cells were directly seeded into new flasks or dishes with 

desired cell density. The cells were then kept in incubator at 37°C, 5% C02. 

86 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



2.2.2.2 Harvesting and Culture of CEF cells 

CEF were obtained from embryonated chicken eggs, which were 

approximately 8-10 days old. Before the harvesting, the eggs were wiped clean using 

70% ethanol. The embryos were taken out from the eggs by using forceps. The heads, 

limbs, internal organs and viscera were removed from the embryos, leaving the intact 

body part. It was then minced using forceps, washed with PBS and decanted to remove 

blood and yolk. It was then trypsinized with 0.1 % Trypsin in PBS for 20 min until the 

minced parts became slightly slimy and the solution was turbid. Trypsin was 

inactivated by addition of DMEM+GlutaMAX(Gibco) supplemented with 10% v/v 

Fetal Calf Serum (Gibco) and Penicillin 100 VI/ml and Streptomycin 100 Jlg/ml 

(Gibco). The trypsinized cells were then passed through a strainer to be separated from 

larger untrypsinized cell clumps. The cells were then spun down at 400xg for 10 min. 

The supernatant was removed and the cells were resuspended in fresh cell propagation 

medium. The cells were seeded into wells and dishes for experiments and kept at 

incubator at 37°C, 5% CO2. 

2.2.2.3 Mouse Macrophage Harvesting 

Balb/c mice aged from six to eight weeks old were purchased from the 

Laboratory Animals Centre, Singapore and maintained under standard pathogen-free 

(SPF) conditions. After keeping for one week in the SPF room the mice were 

sacrificed and the lungs were dissected for cell harvest. 

Macrophages from the mouse lungs were harvested using positive selection for 

CD 11 b+ cells. The lungs were dissected from the mice and digested using collagenase 

D (Gibco #11088866001, Img/mL in application for lung tissues). After meshing 
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using 100J.tm strainer, the medium (DMEM + 2% FBS + Pen-Strep) containing cells 

was collected. The cells were pelleted, and resuspended in F ACS buffer(0.5% BSA + 

1 x PBS + 2mM EDT A), and filtered through a 30J.tm filter into single-cell suspension. 

The single-cell suspension obtained was incubated with CD 11 b microbeads 

(MACS #130049601) and applied to LS positive selection column (MACS 

#130042401) for magnetic separation according to company specification. Briefly, the 

cell suspension was incubated together with the CD 11 b magnetic microbeads. Cells 

expressing CD 11 b receptors were attached by the microbeads. The cell suspension 

was applied into a LS column under a strong magnetic field. The cells labelled by the 

magnetic microbeads were picked up by the column due to magnetic force, while the 

non-labelled cells were not picked. The collected macrophages were seeded onto 

13mm glass covers lips in 24-well plates at a density of 2 x 105 cells per coverslip and 

cultured in L929 medium for around 3 to 5 days before infection. 

2.2.2.4 Virus Propagation 

The H9N2 virus was isolated from duck originated from Malaysia, which 

imported to Singapore and tested positive by Agri-food and Veterinary Authority of 

Singapore (AVA) as part of the routine surveillance for Avian Influenza Virus. the 

HINI 2009 pandemic strains isolates were obtained from patients in Singapore which 

had been confirmed positive by qRT - PCR method and Immunofluorescence Assay 

done by Detection and Diagnostic Laboratory in DSO National Laboratories. 

The swine influenza viruses used in this experiment derived from the patients 

in Singapore tested positive from swine influenza virus. The sample collection was 

done by nasal swab method stored in viral transport medium. The specimens were then 

tested by qRT-PCR for the presence of swine influenza virus genes. To confirm the 
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result further, MDCK cells were infected with the specimens with the shell vial 

method (Reina et al., 1996). The cells were then incubated for 3 days and stained with 

anti-NP (Mab 8257) (Chemic on, USA) for the presence of virus antigens. Four 

strongest signals were selected for further analysis. Four specimens with the strongest 

signal, labelled as AlSingapore/276/2009 (HINI), AlSingapore/47112009 (HINl), 

AlSingapore/47812009 (HINI) and AlSingapore/527/2009 (HINI). 

The viruses were propagated in 12 day-old embryonated chicken eggs. Before 

inoculation, all of the eggs used were checked for the viability using candling 

equipment. The eggs were cleaned with 70% ethanol and then punctured to create 

small holes just approximately 5 mm above air pocket layer. Virus inoculum of 

approximately 104 pfu or approximately I 10 dilution was injected to the eggs 

through the holes created previously using syringe. The holes were then sealed with 

tapes and the eggs were incubated for 2 days in 37°C incubator. The seal tapes and the 

egg-shells were carefully removed using scissors and forceps. The allantoic fluid was 

then carefully harvested without breaking the yolk and veins. The fluid was pooled 

inside 50 ml Falcon Tubes and spun down at 500 xg for 15 min to remove debris and 

blood clots. The clarified fluid containing virus was then ali quoted into cryotubes for 

future use. 

2.2.2.5 Infection of the cells with virus and the determination of multiplicity of 

infection used 

The determination of the moi to infect MDCK, CEF and A549 cells was done 

to assess the efficacy of each virus strain used in this experiment to infect the majority 

of the cells (>95%) in the experiment. To fulfill this, the amount of the virus inoculum 

required to infect the cells was adjusted accordingly, and the percentage of the cell 
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infected was monitored using the immunofluorescence method. Based from the 

observation, at moi of3, all virus strains used in this experiment (AlWSN/33 (HINI), 

AlDuck/MalaysialllO 1 

AlSingapore/47112009 

(H9N2), 

(HINI), 

AlSingapore/276/2009 

A/Singapore/478/2009 (HINI) 

(HINl), 

and 

AlSingapore/52712009 (HINI)) showed >95% infection at 16 hpi in MDCK, CEF and 

A549 cells. Based from this, moi of 3 was used as a baseline to achieve all-cell 

infection. 

After the cells reached desired confluency level, the cells were then infected 

with the virus inoculum. Briefly, the cell propagation medium was removed from the 

cells, and the virus inoculum was dissolved in PBS, and directly applied to the cells. 

The cells were then rocked regularly for every 10 mins to evenly distribute the virus 

inoculum for I hour. After the incubation was done, the virus inoculum was then 

removed and replaced with cell infection medium. For the infection at multiplicity of 

infection (moi) of 3 or more, the cells are maintained using DMEM + GlutaMAX 

supplemented with 2% Fetal Calf Serum and antibiotics (streptomycin 100 mg/ml and 

penicillin 100 Vlm1), incubated in 37°C, 5%C02. For infection at moi lower than 1, 

the cells are maintained using DMEM + GlutaMAX supplemented with 0.21 % BSA 

(Gibco, USA), 1 l1g/ml trypsin-TPCK (Worthington, USA) and antibiotics 

(streptomycin 100 mg/ml and penicillin 100 U/ml) (Gibco, USA) , incubated in 37°C, 

5% CO2• 

2.2.2.6 Cells harvesting for RNA extraction 

All medium were removed completely, washed with Ix PBS pH 7.2 for 2 

times. RNAlater (Ambion) was applied on the cells sufficient enough to cover the 

dishes or plates surface. The cells were then scrapped, collected in an eppendorf tube 
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and spun for 10,000 xg for 15 mins. The supernatant was drained and the pellet 

obtained was kept in -80°C freezer until further use. 

2.2.2.7 Cells harvesting for SDS-PAGE or 35S-radiolabel imaging 

All medium were removed completely, washed with Ix PBS pH 7.2 for 2 

times. Ix Boiling Mix was applied on the cells sufficient enough to cover the dishes or 

plates surface. The cells were then scrapped and collected in an eppendorf tube. The 

lysates were homogenized using 9.5 mm syringe until water-like viscosity was 

obtained. The lysate obtained was kept in -20°C freezer until further use. The samples 

were then loaded and run in SDS-PAGE setup similar to 2.2.1.10 protocol. The gel 

was then fixed with 10% acetic acid. The gel were then dried and embedded in a filter 

paper using a gel drier set at 80°C for 1 hour. The gel were put into Radiolabelling 

cassette with KODAK O-MA T X-ray film, and incubated at -80°C for at least 

overnight (or until satisfactory result was obtained). The X-ray film was then 

developed in Kodak developer machine. 

2.2.3 Immunofluorescence Assay 

Each cell line used was seeded into ±50% confluency at coverslips in 24-well 

plates, infected with the viruses at moi of 3 at various time points, the cells were 

incubated at 37°C, 5% CO2, fixed with 4% paraformaldehyde (w/v) in PBS, 

permeabilized with 0.1% Triton X-I00 in PBS for 10 minutes, followed by incubation 

antibody targeted against NP protein (Chemicon, USA) with the dilution of 1 :200 in 

PBS as a primary antibody, which were probed using goat anti-mouse fluorescin 

isothiocyanate (FITC) (Chemicon, USA) with the dilution of 1: 100. The coverslips 

were washed with PBS pH 7.2 three times for 5 minutes in between the incubation 
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steps. The cells were mounted using Dakocytomation Fluorescence Mounting Medium 

(Dako, USA) on glass slide, sealed with nail polish and viewed under Nikon Eclipse 

80i Microscope with emission of 532 nm. 

2.2.4 Plaque Assay 

2.2.4.1 Overlay Assay 

The monolayers of MDCK in 6-well plate were infected with the viruses in 

PBS pH 7.2, incubated for 1 hour with shaking every 10 minutes. The virus inoculum 

were then removed and the cells were overlayed with DMEM (Gibco) and 1 % Low 

Temperature Agarose (Invitrogen), 0.21% BSA (Gibco) and 1 f.!g/ml trypsin-TPCK 

(Worthington). The infected cells were incubated in 37°C, 5% CO2 for 3-4 days until 

plaque was visible, Plaque formation was monitored under phase contrast microscope. 

The plaque numbers were counted and the titres were determined using the formula 

specified below : 

( ) 
Plaque count 1000 1 

Plaque titre pfU
/ ml = 2 x 500 x dilution factor 

After the plaque assay we obtained the titre number of NWSN/33(H1N1) and 

AlDucklMalaysia/OI (H9N2) to be 2.0 x 108 pfu/ml and 1.1 x 107 pfu/ml, 

respectively. The 2009 pandemic strains isolates failed to form plaque in the assay, 

therefore, we utilized microplaque immunofluorescence assay to quantify the 2009 

swine virus titre. This will be elaborated in Section 2.2.4.3. 
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2.2.4.2 Microplaque Assay 

The mono layers of MDCK in 96-well plate were infected with the viruses in PBS 

pH 7.2, incubated for 1 hour. after which the virus inoculum were removed, and the 

cells were overlayed with DMEM (Gibco) and 1.2% Avicel RC-591 (FMC 

Biopolymer), 0.21% BSA (Gibco) and 1 ~g/ml trypsin-TPCK (Worthington), and 

incubated in 37°C, 5% CO2 for 24-48 hours, after which the cells were fixed with 4% 

paraformaldehyde in PBS at room temperature. All subsequent steps of the staining 

procedure were performed at room temperature and washed with PBS three times. The 

cells were permeabilized with 0.5% Triton X-I00 and 20 mM glycine in PBS, and 

incubated with primary antibody targeted against NP (Chemic on, USA), and probed 

with anti mouse Horseradish Peroxidase (Sigma, USA). The monolayers were later 

stained with 0.4 mg/ml 3-amino-9-ethyl carbazole (Sigma, USA), 0.09% H20 2 in 50 

mM Acetate buffer. 

2.2.4.3 Immunofluorescence Microplaque Assay 

The MDCK cells were seeded into 96-well plates until cell confluency was 

reached. The cells were then infected with swine influenza virus in a serial dilution 

manner, incubated for 24 hours without the presence of trypsin in order to restrict the 

infection into single cycle of infection, when one stained virus equals to 1 pfu. The 

cells were fixed with 4% paraformaldehyde and permeabilized with 0.1 % Triton-X. 

They were stained with influenza anti-NP (Mab 8257) (Chemic on, USA), continued 

by anti-mouse FITC. The cells were observed under under Nikon Eclipse 80i 

Microscope with emission of 532 nm. The cells with obvious pattern of influenza virus 

infection staining were counted and the titre was determined. For comparison, we used 
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HINIIA/Californial2009 swine influenza virus strain, along with WSN and PR8 

HINI virus. Using this method, the plaque titre obtained is as follows: 

AlSingapore/276/2009(H 1 N 1 ) 
AlSingapore/4 71/2009(H 1 N 1) 
AlSingapore/4 78/2009(H 1 N 1) 
AlSingapore/527/2009(H 1 N 1) 
AlCalifornia/7/2009(H 1 N 1) 
AlPR/8/34 (H1N1) 

2.2.4 Growth curve of influenza virus 

4 x 105 pfu/ml 
7 x 105 pfu/ml 
6.4 x 105 pfu/ml 
3.9 x 106 pfu/ml 
4 x 105 pfu/ml 
1.2 x 108 pfu/ml 

The cells was seeded into 35 mm-dishes until confluent and infected with the 

viruses at moi of 0.1, 0.01, and 0.001. The supernatant was harvested every for 72 

hours with 12 hours interval, The supernatant in each well would be replaced with 

fresh media. The virus harvested from the supernatant will be titered using the 

microplaque assay described above. 

2.2.5 eSS]-Methionine Metabolic Radiolabelling 

The cells was seeded into 35 mm-dishes until confluent and infected with the 

viruses at moi of 3. After 6 hpi, the media then was replaced with methionine and 

cysteine free DMEM (Sigma Aldrich) and incubated for I hour. Radiolabelling with 

35S will be done by adding the isotope at the concentration of 10 /lCi/well and 

incubated for 1 hour. The radio labelled media was then removed and replaced with 

infection media. 150 JlI Boiling Mix (Ix) was added after the infection media was 

removed, followed by scrapping the cells and collecting the cell lysate. The lysate was 

sonicated until the viscosity was approximately similar to water. The lysate were run 

on SDS-PAGE, followed by gel drying on a filter paper. The gel were then exposed in 

an X-ray film for 16 hours and then developed and scanned. 
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2.2.6 Viral Kinetics 

2.2.6.1 Cell Infection and Harvesting 

Confluent cells were infected with a multiplicity of Infection (moi) of 3 in 35 

mm dishes with either HINI (AlWSN/1933), or H9N2. Cells were harvested in one 

hour interval from 0 to 10 hours post infection (hpi) hourly, plus at 24 hpi. Treatment 

with RNALater™ (Invitrogen, Carlsbad, CA, USA) in Ix PBS was used to help 

preserve the harvested RNA. The pelleted cells and viruses as well as the supernatant 

and 1 ml of the corresponding culture medium have been stored immediately at -80°C. 

The RNA from the harvested samples was extracted using the RNeasy kit (Qiagen, 

Valencia, CA, USA) according to the manufactures instruction. 

2.2.6.2 Reverse Transcription 

The extracted RNA amounts were reverse transcribed using the Superscript II 

Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions. 

Reverse transcription was performed either for all mRNAs by the use of Oligo d(T) 

primer (Invitrogen) or for all Influenza A segments by the use of a modified Uni12 

primer ("Chan-Primer" or "UniI2(M)") (Hoffmann et aI., 2001). The sequence is 5'­

AGRAAAAGCAGG-3' . 

2.2.6.3 qRT-PCR 

The primer list can be seen in A. Real-time PCR was carried out with the 

LightCycler ® 2.0 System, software version 5.32 (Roche, Mannheim, Germany) and 

followed the protocol as described by manufacturer. Amplification and detection of 

viral genes based on a combination of forward and reverse primers plus an 8-mer of 
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the Universal Probe Library (UPL) (Roche) located within the expected amplification 

product, generated with the default settings of the recommended Probefinder software 

(http://gpcr.probefindcr.com/organism.jsp). The threshold cycle (CT) value was 

determined by "Fit Points Methods" in the software. 

The qPCR assays with the samples were optimized with 5 mM MgCb and 

annealing temperature of 55°C for all primer sets. The 20 ~l of the sample mixture 

was prepared using the Taq polymerase (Invitrogen) in microcapillary tube. Each tube 

contains 4 ~l of samples with reagent mixtures as follows: 6.8 ~l dH20, 2 ~l lOx 

Buffer -MgCb, 2 ~l dNTP 2 ~M, 1 ~l BSA, 1 ~l MgCb 50 mM, 1 ~l of each primer 

(final concentration 0.5 ~M), 1 ~l UPL and 0.2 ~l Taq polymerase. The thermal 

cycling protocol was as follows: initial denaturation at 95°C for 10 min, followed by 

50 cycles of 10 s at 95°C, 10 s at 55°C and 10 s at 72 °C. The fluorescent signal was 

measured at the end of the extension step at 72 0c. After the cycling was completed, 

the samples were cooled down to 40°C for 30 s. 

2.2.6.4 Data Analysis 

2.2.6.4.1 Viral kinetics 

Relative quantification method was used to quantify the kinetics of vRNA and 

mRNA of the virus in the cells using the r~~CT method as described by Livak and 

Schmittgen (2001) with the formula as follows: 

Relative amount (at x hpi) = (2) -MGt 

The CT value denotes the number of cycles needed for the system to detect 

fluorescence signal of the amplification product with the assumption of 2 fold increase 

in eact cycle. The calculation was done as follows: 
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1. Determine the ~CT value with the formula CT of the sample - CT of elongation 

factor, 

2. Determine ~~CT value with the formula ~CT of sample from (1) - ~CT of 

sample at 10 hpi 

All time points will be measured in relative to 10 hpi time point. The elongation factor 

of the respective cell lines was used to normalize the relative calculation of each time 

point. 

2.2.6.4.2 Copy number of M genes 

The combination of absolute and relative quantification methods were used to 

calculate the copy number of M gene in each experiment. (Klein, 2002; Livak and 

Schmittgen, 2001). The method of calculated will be described below. 

2.2.6.4.3 Construction of Standard Curve 

For the M gene, PCR amplification of M full length is generated as a template 

for the standard curve. For the Elongation Factor gene, A fragment of elongation 

factor of each cell line with size approximately 337 bp, 466 bp and 350 bp for canine, 

chicken and human, respectively, was generated as a template for measurement to 

construct a standard curve. The fragments were PCR amplified using the HiFi 

Platinum Taq polymerase (Invitrogen). The fragments were then gel purified and 

measured in ng. A 10-fold dilution series up to 107 times dilution of the fragment was 

generated to be measured. The amount of the fragment used in ng was converted to 

copy number using the formula as follows (Whelan et al. 2003) : 

6.02 x 1023 copy/mol x DNAmount (g) 
DNA (M copy) = DNA length (bp)x 660 (g/mol/bp) 
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The CT values in each dilution were measured in duplicate using a real time 

qPCR to generate the standard curve. The CT values were plotted against the logarithm 

of the copy number. Standard curve of M and elongation factor gene were generated 

by a linear regression of the plotted points. For the slope of each standard curve, the 

amplification efficiency was performed to ensure that the M and elongation factor is 

comparable (Rasmussen, 2001). From the standard curve, the conversion from CT 

value to copy number was obtained. 

2.2.6.4.4 Copy number calculation 

The copy number of the M gene from the samples at 10 hpi will be calculated 

first in relative to 104 copy numbers of the corresponding cell lines elongation factor 

as a basis of normalization. For the rest of the time points, relative quantification 

methods was used in relative to the 10 hpi samples as base-line calculation. It is also 

necessary to normalize this result with the 104 copy numbers of elongation factor at 

corresponding time points. 

2.2.7 eDNA Mieroarray 

2.2.7.1 Experimental Design and Preparation 

Each cell line was seeded into two 100-mm dishes until confluent and infected 

and incubated with the viruses at the moi of 3 with several time points with 2-hour 

interval, which will represent the viral entry, nuclear localization and nuclear export of 

the virus in the cells. The dishes were washed with sterile PBS for two times to 

remove media and unbound virus particles, 0.5x RNAlater (Ambion) in PBS were 

applied for the dishes and the cells were scrapped, pooled and aliquoted, which was 

spun at 10,000 rpm (9,300 xg) for 10 mins in table-top microcentrifuge. The RNAlater 
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was removed and the aliquots were stored on -80°C immediately. Each of the 

experiment was done in triplicates. All harvesting were done in 4 DC. 

The cells were later extracted using RNAeasy Mini Kit (Qiagen). Prior to eDNA 

and cRNA synthesis, the quality of the RNA sample for hybridization was checked 

with the clear bands ofrRNA in agarose gel and the value of A260/280 was between 1.9 

- 2.2. Three Ilg of the RNA samples were used to synthesize biotin-labelled cRNA 

and hybridized into GeneChip® Canine Genome 2.0 Array for MDCK, GeneChip® 

Chicken Genome Array for CEF and GeneChip® Human Genome V133 for A549 

according to the manufacturer protocols (Affymetrix). The samples were washed and 

stained in GeneChip® Fluidic Station 450 using Hybridization Wash and Stain Kit 

(Affymetrix) and scanned on GeneChip® Scanner 3000. 

2.2.7.2 Data Analysis 

GeneChip® Operating Software was used to collect the intensity signal of each 

gene in the experiments, which were then processed using Genespring 7.3.1. Firstly, 

the data was normalized using external genes control or spike-in normalization, which 

includes dap, iys, phe and thr for Poly-A controls to normalize cRNA synthesis 

variability, and bioB, bioe, bioD and ere for Hybridization controls to normalize chip 

hybridization variability. After the signal intensity of each chip was normalized, the 

data sets were normalized to mock to obtain the fold-change value. The genes from the 

data set were considered significantly changed if there were more than 2-fold changes 

in at least two out of three replicate experiments with the False Discovery Rate less 

than 0.05, using Benjamini-Hochberg False Discovery Rate, and the p-value was less 

than 0.05. The genes from the data set were considered unchanged across time-points 
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if there were less than O.3-fold changes in at least two out of three replicates. The 

members of genes were grouped based on biological function and cellular component 

as annotated by Gene Ontology (GO) SLIMS. 

2.2.7.3 Confirmatory Experiment 

2.2.7.3.1 qRT-PCR 

The fold-change of the genes of interest was further measured for verification 

purpose using qRT-PCR. The RNA samples from the Mock and 10 hpi time point was 

reverse transcribed as described in the section 2.2.5.1 and qPCR was performed as 

described in the section 2.2.5.2. Each sample was run in duplicates. The fold change 

value was obtained using the relative quantification method as described in section 

2.2.5.3.1. 

2.2.7.3.2 Western Blotting 

The cells were seeded until confluency in 35 mm dish, infected with the virus 

with the moi of 3. The media was removed, and the cells were treated with 1 mM 

sodium orthovanadate and 50 mM sodium fluoride in PBS for 30 mins. The solution 

was then removed and Ix Boiling Mix was applied to the cells. The cells were 

scrapped, collected in the eppendorf tube and sonicated when necessary. The samples 

were ready to be processed for separation by SDS-PAGE and Western Blotting, with 

the protocols described previously. 

2.2.8 Cytokine Assay 

Supernatant from the macrophages during the infection time was collected and 

stored at -20°C. Before the cytokine assay, the stored suspension was centrifuged at 

1000 rpm for 10 mins after thawing. After that the supernatant was used for cytokine 
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assay according to according to the manufacturer's instructions. Cytokines present in 

the media were analyzed with the Bio-Plex Protein Array System (BioRad) using the 

Bio-Plex Mouse Cytokine 23-Plex Panel(l x 96-well, # M60009RDPD, Bio-Rad), 

including antibodies for interleukin (IL) family members (ILIa, ILI~, IL2, IL3, IL4, 

IL5, IL6, IL9, ILlO, IL12 (p40), IL12 (p70), IL13, IL17], Eotaxin (CCLII), 

granulocyte colony-stimulating factor (GCSF), granulocyte-macrophage colony 

stimulating factor (GMCSF), interferon y (IFNy), keratinocyte-derived chemokine 

(KC), monocyte chemotactic protein 1 (MCPI, CCL2), macrophage inflammatory 

protein la (MIPla, CCL3), MIPI~ (CCL4), RANTES (Regulated upon Activation, 

Normal T-cell Expressed and Secreted; CCL5), and tumour necrosis factor a (TNFa). 

The levels of these cytokines were measured for infected and mock cells at different 

time points. 
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Chapter Three. Sequence Analysis of H9N2 isolates 

The outbreak of avian influenza virus in both wild and domesticated birds had 

been monitored over past decade. The first detection of the H9N2 was from turkeys in 

Wisconsin in 1966 (Homme and Easterday, 1970). In North America, many of the 

H9N2 viruses were detected in gulls and wild ducks (Kawaoka et at., 1988; Shaw et 

at., 2002), but no H9N2 viruses have been reported in chickens in North America 

(Perez et aI., 2003). Mostly, the emphasis has been put on the avian influenza virus 

strain H5 and H7. It has been shown that both of those subtypes have the ability to 

adapt and infect non-avian species and to mutate from LP AI to HP AI variant. 

Although no high pathogenic variant of the H9 strain has been discovered yet. it has 

shown the ability to infect human, both in China and Hong Kong (Guo et aI., 1999; 

Peiris et at., 1999). The study of the occurrence ofH9N2 influenza virus, together with 

the molecular characterization of the currently circulating H9N2 will be critical to 

assess their replication, pathogenicity and pandemic potential. H9N2 has been 

endemic in many Asian countries causing economic loss to poultry industry by egg 

reduction and approximately 30% of mortality rate in chicken. 

In Singapore area, Agri-Food and Veterinary Authority of Singapore (AVA) 

conducted the routine surveillance and isolation of currently circulating avian 

influenza virus, including imported poultries, on the annual basis. In this chapter, the 

characterization of AlDucklMa1aysia/01 (H9N2) was conducted in order to gain more 

information about the H9 strain of virus, since there is no characterization of the H9 

strain done in the region. The characterization and analysis of the AlDucklMa1aysia/0 1 

(H9N2) consists of phylogenetic tree analysis, and protein sequence analysis. From the 

information given, we will be able to assess the virus origin, species specificity, and 
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pathogenicity. The molecular characterization was assessed on all eight genes and 

eleven proteins. These sequences will be further compared with highly pathogenic 

avian influenza strain, laboratory-adapted strain and human-infected H9N2 strain in 

order to elaborate further on each gene sequence and its function. It should be noted 

that different H9N2 subtypes have different combination of internal genes, for 

example H9N2 with H5Nl internal genes in China (Zhang et aI, 2009), H9N2 

subtypes with H7N3 and H5NI internal genes originating from Pakistan (Iqbal et ai., 

2009). 

The aim of the phylogenetic analysis comparison done in this chapter is to 

determine the origin and lineage of the virus. The origin determination and lineage 

grouping is important to access reassortment and spreading pattern of the virus. 

Furthermore, host signature and epitope binding sites are also investigated. This allows 

the study of amino acid associated with host adaptation in order to determine the 

probability of antibody escape mutation, host adaptation, and interspecies 

transmission. More importantly, drug resistance mutation associated amino acids is 

also accessed to confer the isolate ability to resist currently circulating drugs. 

Together, this information is critical for assessing the pandemic potential of the H9N2 

virus itself. 

3.1 Nucleotide and Amino Acid Sequence Similarity Comparison 

Each gene of the A/Malaysia/01(H9N2) isolate was sequenced and analyzed 

for closest similarity with other strains of influenza virus stored in GeneBank using 

BLAST program by NCBI (http://www.ncbi.nlm.nih.govlblastiBlast.cgi). The three 

subtypes with highest Max Score are shown in Table 3.1. The sorting of the highest 

similarity is based on the Max Score, which determined by how many similar 
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nucleotides in the sequences compared and the length of the gene covered for the 

comparison. The E-value (or Expect value) is a parameter that calculates the amount 

of hits one can expect to see just by chance when searching a database of a particular 

size. It decreases exponentially with the total score that is assigned to a match between 

two sequences. The high E-value also describes the high random background noise 

that exists for matches between sequences. In this experiment, low E-value denotes 

high similarity and low random background noise in the sequence comparison. 

Based on the nucleotide sequence similarity analysis presented on Table 3.1, 

we can observe that all genes of the H9N2 isolate have highest similarity with the 

avian influenza virus strain in both Hong Kong and China, with the exception of NP 

and NS which originated from European avian influenza virus strain. All of the 

internal genes (NS, M, P A, PB 1 and PB2) generally have high percentage of identity 

compared to the other similar isolates. Further, we can also observe that the three 

highest similarity sequence picked up by BLAST result belongs to avian influenza 

VIruS groups. 

Based from the finding above, this suggests that the H9N2 isolate most likely 

reassorted and obtained its gene exclusively from other influenza virus strains. 

Furthermore, it also shows that based from BLAST search the reassortment most 

likely occured in East Asia area and Taiwan. For NP and NS genes, there is a 

probability that H9N2 isolate obtain during the migration of the waterfowls which 

occur during seasonal change in the Northern Hemisphere, based from the sequence 

similarity information. 
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Table 3.1 Nucleotide comparison of eight genes of AlMalaysiaJOI(H9N2) with the three most similar isolates from 
GenBank 

NS 

Accession Description Max score Total score Query coverage E value 
Max 
ident 

00376771.1 Alduckffaiwan!WB29/99(H6NI) 1583 1583 100% 0.0 98% 

00251446.1 Almallard/Denmark/64650/03(HSN7) 1578 1578 100% 0.0 98% 

FJ432766.1 Alduck/Italy/194659/2006(H3N2) 1572 1572 100% 0.0 98% 

M 

Accession Description Max score Total score Query coverage E value 
Max 
ident 

EF681873.1 AlchickenlTaiwanl2838N/00(H6NI) 1773 1773 99% 0.0 97% 

GU052803.1 Alduck/Singapore/F119/3/1997(H5N3) 1757 1757 94% 0.0 98% 

00376657.1 AlchickenlTaiwanl0824/97(H6NI» 1753 1753 97% 0.0 97% 

NP 

Accession Description Max score Total score Query coverage E value 
Max 
ident 

CY064951.1 AlmallardlNetherlands/5/1999(H2N9) 2562 2562 98% 0.0 96% 

CYO 15118.1 Alchickenlltaly/312!l997(H5N2) 2543 2543 99% 0.0 95% 

FJ750568.1 Alchicken!Belgiumll 50VB/I 999(H5N2) 2542 2542 99% 0.0 95% 

NA 

Accession Description Max score Total score Query coverage E value 
Max 
ident 

00092870.1 AlPekin duck/Singapore/F59/04/98(H5N2) 2316 2316 96% 0.0 95% 

CY005532.1 AlducklNanchanglI749/1992(HII N2) 2287 2287 99% 0.0 94% 

HM 144566.1 Alduck/Shantou/83/2000(H6N2) 2228 2228 95% 0.0 95% 

HA 

Accession Description l\1ax score Total score Query coverage E value 
Max 
ident 

CY005632.1 AlduckIHK/784!l979(H9N2) 2287 2287 99% 0.0 90% 

AY206673.1 AlduckIHong Kongl448178(H9N2) 2239 2239 95% 0.0 90% 

CY005639.1 AlduckIHKlI47!l977(H9N6) 2178 2178 99% 0.0 89% 

PA 

Accession Description Max score Total score Query coverage E value 
Max 
ident 

CY005451.1 AlChicken/Nanchangl7 -01 0/2oo0(H3N6) 3808 3808 100% 0.0 97% 

CY005458.1 AlQuailINanchangl7 -026/2000(H3N6) 3797 3797 100% 0.0 97% 

Almigratory duck/Jiang 
EF597428.2 Xi/8624/2004(H6N2) 3757 3757 98% 0.0 97% 

PBI 

Accession Description Max score Total score Query coverage E value 
Max 
ident 

CY005477.1 AlduckINanchanglI941/1993(H4N4) 3964 3964 99% 0.0 97% 

CY005443.1 AlDuckINanchangl4-184/2000(H2N9) 3792 3792 99% 0.0 95% 

CY005474.1 AlduckINanchanglI68111992(H3N8) 3786 3786 99% 0.0 95% 

PB2 

Accession Description Max score Total score Query Coverage E value 
Max 
ident 

00376879.1 Alduckffaiwan!WB29/99(H6NI) 3986 3986 98% 0.0 97% 

00376878.1 AlchickenlTaiwanlI65/99(H6NI) 3975 3975 98% 0.0 97% 

CY005453.1 AlChicken/Nanchangl7-010/2000(H3N6) 3973 3973 98% 0.0 97% 

Note : 
Max Score. and Total Score denotes level of similarity among the compared sequences. 
Query Coverage denotes the percentage of the H9N2 sequence length covered in this comparison 
E value denotes the degree of similarity among the compared sequences, low value denotes very similar sequence 
Max identity denotes the percentage of similarity among the compared sequences 
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3.2 Phylogenetic and amino acid sequence analysis 

In order to characterize the isolate AlducklMalaysialOl(H9N2) phylogenetic 

tree construction was performed. Sequence data of other influenza virus strains 

representing particular regional groups were also used to determine the clustering of 

the isolate AlducklMalaysialOI(H9N2). The grouping pattern on the isolate 

AlducklMalaysialOI(H9N2) in the phylogenetic tree will provide clues on the origin of 

the virus. 

The amino acid sequence analysis was performed to access several important 

aspects of the isolate AlduckiMalaysialOI(H9N2), including host signatures, epitope 

binding sites and drug resistance mutations. The sequence obtained was compared 

with AlWSN/33 strains and human derived H9N2, and HPAI H5NI viruses to assist 

sequence characterization of the isolate AlduckiMalaysia/O I (H9N2). 

3.2.1 Non-structural protein (NS) 

From the phylogenetic tree (Fig. 3.1), it could be seen that some of the H9N2 

strain in China and Hong Kong clustered together with the highly pathogenic H5NI 

lineage from the same area. However, the isolate AlduckiMalaysialOI (H9N2) 

clustered together with European strains of influenza virus. The isolate 

AlducklMalaysialOI(H9N2) also clustered separately from AlWSN/33 (HINI) and 

"Spanish Flu" strain, and H5NI high pathogenic strain. Both H9N2 and AIWSN/33 

(HINI) fell into Allele A class of non-structural genes. Allele A and Allele B are main 

group ofNS based on the clustering pattern, which is discussed in Section 1.2.6. 
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Fig. 3.1 Phylogenetic tree of non-structural (NS) genes. The red box denotes AlDuck/MaJaysia/O I (H9N2), green 
box denotes human H9N2 virus, yellow box denotes the strains from BLAST search, and blue box denotes 
AlWSN/33(H I N I) indicates the isolate used in the experiment. The 0.1 with a line beneath denotes 10% nucleotide 
difference per line length. 

The companson of NSI protein of the isolate AlducklMalaysia/01(H9N2) 

with other reference strains is shown below (Fig. 3.2). The nuclear localization signal 

(NLS) on amino acid position 34-38 of H9N2 isolate has the sequence of -DRLRR-

motif, which is typical to the allele A NS1, in which the AlWSN/33(HlNl) also 

belongs to (Suarez et ai., 1998). The isolate AlducklMalaysialOI(H9N2) also contains 

R38 and K41, which is critical for dsRNA binding activity and interferon antagonist 

(Wang et aI., 1999; Donelan et ai., 2003). All of the The H9N2 isolate has the NLS 

sequence motif of 216-PKQKRK-221. There are no deletions of the NSI protein on 

H9N2 protein, as observed in HPAI AlCklIndonesiaiP Al2003(H5Nl). Deletions on 

amino acid position 80-84, as reported by Long et ai. (2008), contributed to the 

pathogenicity. 
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Fig. 3.2 Amino acid sequence NSI from AlDuck/Malaysia/Ol(H9N2) compared to human derived H9N2 and H5Nl 
avian influenza virus sequence. Note the important domains location as marked by an underline on the numbering. 
Also note the red box which shows PDZ domain. 

The isolate AlducklMalaysia/01(H9N2) possesses 3 hydrophobic residues at 

144L, 146L and 147L, which is similar to the nuclear export signal sequences found 

by Gorlic and Mattaj (l996). The NS I protein also contains 186E, which is similar to 

all of the reference strains shown (Fig. 3.2). The isolate AlducklMalaysialOl(H9N2) 

contains -ARTIESEV sequence motif at PABII binding domain. The PDZ domain, 

which lies inside the PABII binding domain at amino acid position 227-230 is 

attributed to influence various signalling pathways, mostly immunological pathways. 

The PDZ domain of human influenza viruses has the pattern of either KSEV, RSEV or 

EPEV (Sheng and Sala, 2001). The H9N2 strains derived from humans, 

AlHKl210812003 (H9N2) and AlHong Kong/1074/99 (H9N2), as shown above, 

contain human motif EPEV and A1WSN/33(HINl) shows RSEV motif. 

The comparison of the NS2 protein of the isolate A/ducklMalaysialOl(H9N2) 

with human derived H9N2, and other reference strain is shown in Fig. 3.3. The isolate 

AlducklMalaysialOl(H9N2) and all other isolates contain 78W which is critical for its 

ability to bind with Ml for the nuclear export. The nuclear export signal of the isolate 

AlducklMalaysialOl(H9N2) contains 2 hydrophobic residues at position 13L and 21L 
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to confinn its ability to undergo nuclear export. This ability has been discussed 

previously (See Section 1.2.6). 

AIDuck/Malaysia/Ol [&9M2) 
A/HlC/I074/99 [89M2J 
A/HK/2108!2003 [89M2J 
A/WSN/33 [BINI] 
A/Ck/HlC/728/97 [85Kl] 
A!Ck/lndoneaia/PA/2003 (85Kl] 

A/Ducll/Malaysia/Ol [89M2] 
A!HlC!1074/99 [89M2] 
A/RK/21De/200) (89M2) 
A/WSN/33 [HINl] 
A/Ck/Kf(/729/97 [8SHl) 
A!Ck/Indonesia/PA/2003[H5Hl] 
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., • • •• • • A . 

Fig. 3.3. Amino acid sequence NS2 from AlDucklMalaysiaJOI (H9N2) compared to human derived H9N2 and 
H5Nl avian influenza virus sequence. Note the domains location as marked by an underline on the numbering. Note 
the red box indicated above with shows important sequence for nuclear export 

3.2.2 Matrix Protein (M) 

Based from the phylogenetic tree of matrix gene (Fig. 3.4), it can be concluded 

that the level of conservation of the M gene among influenza A virus is high. The M 

gene of H9N2 avian influenza virus in Asia, particularly in China and Hong Kong 

virus, have been grouped into three sub-lineages, based from the region they dominate 

: Y439 like lineage, Gl like lineage and Y280 like lineage (Guan et aI., 1999; Xie et 

ai., 2008). The H9N2 isolate clustered together in the Y439 like sub-lineage. This 

suggests that M gene of the isolate AlducklMalaysialO1 (H9N2) most likely came from 

avian influenza virus gene pools in Taiwan, and human derived H9N2 M gene most 

likely came from Northern China. 
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Gl 

Fig. 3.4. Phylogenetic tree of matrix (M) genes. The red box denotes NDucklMalaysialOI (H9N2), yellow box 
denotes strains from BLAST search, green box denotes human H9N2 virus and blue box denotes 
AlWSN/33(H1 NI) indicates the isolate used in the experiment. The 0.1 with a line beneath denotes 10% nucleotide 
difference per line length. 
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A/Ck/lndonea1a/ ll/2003 [85HIJ 

A/ Duck/Malay.iaIOl (89N2] 
A/BlC/1073/99 [89N2) 
1./ 111(/2108/ 2003 [89N2) 
A/WSN!1933 [BINI] 
A!Clt/mc/140/ U97 [85HIJ 
A/ Clt/lndoneaia! 1l/ 2003 [85Hl] 
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Fig. 3.5 Amino acid sequence Ml from NDucklMalaysialOI(H9N2) compared to human and avian influenza virus 
sequence. Note the domain location as marked by an underline on the numbering. 

The amino acid sequence alignment ofMl and M2 proteins are shown in Fig. 

3.5 and Fig. 3.6, respectively. According to Shaw et aI., (2002) and Chen et aI., 

(2006), host signatures in the MI protein are located in the amino acid positions 115, 
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121 and 13 7 . Avian has signatures of 115V, 121 T and 13 7T, while human has 

signatures of 1151, 121A and 137A. All of the H9N2 isolates compared in Fig. 3.5 

have 115V, 121 T and 13 7T, which are all avian signatures. As expected, the 

AlWSN/33 (HINl) possesses human-like signature 1151, 121A and 137A. 

Table 3.2. Host signature ofM protein in influenza A virus (Gorman et at. , 1990; Shaw et at. , 2002; Chen et at. , 
2006). 

Position Avian 
Signature 

Human 
Signature 

A/Duck/Ma\aysia 
1H9N2(2001) 

AIHKII0731 
I 999(H9N2) 

A1HK121081 
2003(H9N2) 

AlWSN/33 
(HINI) 

II 
16 
20 
55 
57 
78 
86 

T 
E 
S 
L 
Y 
Q 
V 

I 
G 
N 
F 
H 
K 
V 

Note: Residues in parenthesis denotes human signatures 

T 
E 
S 
L 
Y 
Q 
V 

T 
E 

(R) 
(F) 
Y 

Q 
V 

T 
E 
S 

(F) 
Y 
Q 
V 

I 
G 
N 
F 
Y 
K 
V 

The host signature of the M2 protein lies in the amino acid position 11, 16, 20, 

55,57, 18, and 86, as shown in Table 3.2. Avian signatures have 11 T, 16E, 20S, 55L, 

57Y, 78Q, and 86V amino acids in the position mentioned above, respectively. Human 

signatures have Ill, 16G, 20N, 55F, 57H, 18K, and 86V, respectively. The H9N2 

isolate contain all amino acids belonging to the avian signature. AlHong 

Kong/1073/99(H9N2) contains two human signatures F55 and R20. 

AlHKl2108/2003(H9N2) contains one human signature amino acid 55F as well. The 

laboratory strain AlWSN/33 (HINl) contains 110, G 16, N20, F55, Y57, K78 and V86. 

All of those amino acid signatures belong to human signatures, with the exception of 

Y57, which belongs to avian signatures. 

A!Duck/Malay.ia/Ol [H9N2] 
A/HX/I013/99 (89N2) 
A/HIt/2108/2003 (89M2) 
A/WSN/33IBINIJ 
A/Ci/HX/220/97 (85H1) 
A!Ck/lndoneda/MS/200.f, [85Ml) 
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Fig. 3.6. Amino acid sequence M2 from AlDucklMalaysialOl (H9N2) compared to human and avian influenza 
virus sequence. The host signatures are marked by a black box. Amantadine resistance mutation sites are marked by 
red box. Rimantadine resistance mutation sites are marked by green box. 
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Another point of interest of doing sequence analysis of the RNA segment 7 is 

the amantadine drug resistance mutation (see Section 1.2.5 and 1.5.2.2). The M2 

protein of all isolates compared in Fig 3.6 possess the L26, A30 and S31 which is the 

critical amino acid to exhibit amantadine resistance (Hay et al., 1986). In the same 

time, all isolates showed above also exhibit rimantadine resistance, marked by L40, 

142, and L43 (Pielak et al., 2009) 

3.2.3 Neuraminidase (NA) 

From the phylogenetic tree of the NA gene shown (Fig. 3.7), the isolate 

AlducklMalaysialOI(H9N2) clustered together most closely with avian influenza virus 

of the Eurasian geographical region. Together with the human infected H9N2, this 

clustering is also similar with that for the M gene. 

The amino acid sequence of NA protein sequence comparison is shown below 

(Fig. 3.8). A close examination of the isolate AlducklMalaysialOI(H9N2) NA protein 

reveals that it does not have a stalk deletion, which is observed in highly pathogenic 

strain A/cklPennsyI/1370/1983(H5N2) at the amino acid position of63 - 82. The stalk 

deletion of the NA protein is known to be associated with virulence in avian, as they 

can infect the intestinal area due to the pH resistance (Castruci and Kawaoka, 1993; 

Zhou et aI., 2009). Another important feature of the NA protein is concerning the 

oseltamivir resistance mutation (see Section 1.5.1.2). The potential oseltamivir 

resistant sites of the isolate AlducklMalaysialOl(H9N2) and the other isolates 

compared do not show any indication of oseltamivir, and peramivir resistant mutation, 

as observed at amino acid position 119E, 152R, 274H and 293R. These amino acids 

are located at the the sialic acid binding site in the NA protein (Kobasa et al., 1999; 

2001). Also, there is no Q 136K mutation observed in all the strains below which 

confers to zanamivir resistance (Hurt et al., 2009). 
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, American 

Eurasian 

Fig .. 3.7. Phylogenetic tree of neuraminidase (NA) gene. The red box denotes AlDuck/Malaysia/OI (H9N2), yellow 
box denotes strains from BLAST search and green box denotes human H9N2. The 0.1 with a line beneath denotes 
10% nucleotide difference per line length. 
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Fig. 3.8. Amino acid sequence NA from AlDuck/MaJaysia/OI(H9N2) compared to other avian and human 
influenza virus sequence. Stalk deletion is marked by blue box. Oseltamivir resistance mutation sites are marked 
by red box. Peramivir mutation sites are marked with yellow box. Zanamivir resistance mutation sites are marked 
by green box. 
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signatures (Table 3.3). Based on the list below, the entire host signatures of the isolate 

AlDucklMalaysialO 1 (H9N2) belong to avian signatures. This confirms the specificity 

of the isolate AlDucklMalaysialOI(H9N2) to avian host. This finding is unlike that for 

human derived A/HKlI07411999(H9N2), which contained one human signature at 

position 136, while the rest belong to avian signatures. The HPAI 

AlChickenlHKl220197(H5NI) also contains similar to the human signature at ammo 

acid position 136. This implication also suggests that both AlHKl1074/1999 (H9N2) 

and HPAI A/ChickenIHKl220197 (H5Nl) have the potential to be adapted for human 

transmission. 
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A/HIC/I074/99 (89M2 ] 
A./HIt/21CS/03 [89M2] 
A/WSN/1933 (RINl] 
A/Ck/HfC/220/97 (8SK1) 
A/Ck/lndonea1a/UTI006/03 (8SHIJ 

A/ duck/Malaysia/Ol [89M2) 
A/ HIC/I074/99 (89H21 
A/HIt/21DS/a) [89M2] 
A/WSN/1933 [BINI) 
A/o./HIC/220/n [85Kl) 
A/Ck/lndon •• i./trrl006/03 [85Nl] 

AI duck/Malayaia/Dl [89M2 ] 
A/HK/I074/n [B9N2] 
A/HK/2108/03 [89N2) 
A/WSN/1933(HINl] 
A/Ck/IJI(/220/97 [85NIJ 
A/Clt/lndoneaia/UTl006/03 (B5Hl1 

A/duck/Malaysia/Ol [89M2] 
A/HlC/1014/99 (89N2] 
A/HJC/2108/03 [B9N2] 
A/WSN/1933 (B1N1] 
A/o./HJC/220/97 [85N1) 
A/Ck/lndon •• 1a/U'l'1006/03{85N1] 

10 20 30 ' 0 50 6~ 70 80 90 1 . I 1 .. 1 I. I .. 1 1 .. . 1 .. . . 1 . . I . 1. I I. . 1 .. 1 ... . 1 .. I .. 1 . 1 I 

K\SQG~YE~~~QNAT~~RASVIIG~FY~~~~~~~:IU.IQNS ~~SA~~~HP=AC~P~T.iGPIY 
. L . . . . . ... • It • . • •• . H C ... • •• . • R •• S • • . • • 
H. . .. .. . . .. . .. . . . .. . .. 5 . . . 

. . .. . . . .. . . Q. . . . . . .. R .. S , . ,' . 
• . • . • • • . . •• •• • •• •• R . •• S • • • 

110 120 130 14 0 150 160 170 180 190 200 

~"1<. :: ~~I~!R~~: : ~~~GL~:r·· 1 S~~TY~mL~T~pRi.:i~"iTLP~oAA~r~G~i7:n~ 
R . . . . . .• . , , . " . .. .• " . . .. . , ... , ,. , 

. . V . . . . . .. . . . . . . . . 1 . .. 
• V , . , . • 

... I .. . ~~~ . I . . 2~0 ... I ... :~~ . .. I ... :~~ .. , I .. ~~~ .. . I ... :~~ ... I. ,~ ~~ .. I . ~~~~ I " ~~~~ • I .. ~~o 
INDRHFWR~ENC. RlAYERMCNILIt ItFQTAAQRAMMDQ'VRES RNP <aNAEI EDLI FLARSALILR';SVAHltSCLPACVY VAS ';YD GYSLVG 

• D • • •• • •• ., • •• . . , . . , • 
. . .. . . v . . . . .. . .. . 1 .. 
• . • •• • • .1' V . . . . . . F .. . . • • • . .. . . . . . . . . 

. . . . . . Ie . .. . . . .. . . . . . . . 
. .. .. . 

···t·· ~:o .1 .. ~~~ .. I .. ~~o .. 1 . . ~:~ . . . I .. . 3~O . 1 ~3~0 . I .. ~.; t l . . 3:~. 1 ... 3~~ .. 1 ... ' :0 
I DP NSQ LIRSNZNPAHlCSQLVWMACHSAAFEDLRVSSFI R::iTRVVPR s n ;;VOlASN SrLELIlSRYWAlRTRSGGNTNQQR 
, . . P . . . . .. . 1 ., . . . .. . 

. . I . .. . . . H 
,P . . . . . .. . .. Ie... . . . . . , . 
, P • . . .. • 1 . . i\ . . • . ,. 

.. . P • . . • N . K 

•• 1 .. 4~~ ... 1 '~~~ '1 ... 4~ ~ "'1 .~.~ "1 . .. 4~ ~ .. ~ . 4~ 0 ... 1 • 4 ~0 ... 1 .4~ ~ .. I .. ~~ O .. I • 
ASAGQISVQPl'FSVQRNL PF T FT'>NTEGRTS E IIRMME P VSFQ<-RGVFZLSDEltATNPIVPS FDMSNE GS YFFrDNA.EJ:YDN 

S it . . . • • . • . . . ••• • . . • •• •• 
.S .• • • It • •• . •• • •• 

S 1 . P . . . . . . L . . . . . • . •• • s . .. .. . .. 
. . Ie. . . . . .. . . . •• . . . . . . 

. • . . . •• • • . • • • • . N • • • • . • 

Fig .. 3.10 Amino acid sequence NP from AlDuck/Malaysia/OI (H9N2) compared to other avian influenza virus 
sequence. Host signature is marked with black box. 
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Table 3.3 Host signature ofNP protein in influenza A virus (Gorman et al., 1990; Shaw et al., 2002; Chen et al., 
2006). 

Position Avian Human Affiuck/Malaysia AlHKI 10 741 AlHKl21 081 AlWSN/33 
Si!E!ature Si!1E;ature IH9N2!2001! 1999(H9N2) 2003!H9N2) (HIN1) 

16 G D G G G (D) 
31 R K R R R (K) 
33 V 1 V V V (I) 
61 1 L 1 1 1 (L) 
100 R V R R R (V) 
109 1 V 1 1 1 1 
127 E D E E E (D) 
136 L M L (M) L (M) 
214 R K R R R R 
283 L P L L L S 
293 R K R R R R 
305 R K R R R R 
313 F Y F F F (Y) 
357 Q K Q Q Q (K) 
372 E D E E E E 
375 D G/E D D D (E) 
422 R K R R R R 
442 T A T T T T 
455 D E D D D D 

Note: Residues in parenthesis denotes human signatures 

3.2.5 Hemagglutinin (HA) 

Guo et al., (1997) classified the H9 HA distributions in Central China region 

into three sub-lineages, based from the regions of China they dominate: Y280-like 

strain, G I-like strain and G9-like strain. From the phylogenetic tree analysis (Fig. 

3.11), the human-derived H9N2 AlHong Kong/l073/99 (H9N2) could be grouped into 

Gl-like strain, which clustered together with Western Asia and Middle East H9 strain. 

AlDuck/Malaysia/O 1 (H9N2), however, did not cluster together with these sub-

lineages. It clustered together with the 1979 Hong Kong strain. This suggests that the 

HA gene from AlDuck/Malaysia/OI (H9N2) might be derived from classic H9 strain 

originated in Hong Kong. 
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Y280-like strain 

G9-l ike st rain 

GI -like strain 

European post 2000 
H9 strain 

Post 1997 Centra l Ch ina strain 

} HS strain 

} HI strain 

Fig. 3.11 Phylogenetic tree of hemagglutinin (HA) genes. The red box denotes AlDucklMalaysialOI (H9N2), 
yellow box denotes strains from BLAST search and green box denotes human H9N2 virus. The 0.1 with 
a line beneath denotes 10% nucleotide difference per line length. 

The potential N-linked glycosylation sites of influenza viral HA protein is 

identified by NXS or NXT (X = any ammo acids), as shown in Fig. 3.12. The 

glycosylation serves three biological functions, which include the protein structure 

stability for virus assembly (Nakamura and Compans, 1978), recognition of antigens 

(Ertl and Ada, 1981 ; Thomas et al., 1990) and protection from proteolytic degradation 

(Reading et aI., 2007). The potential N-linked glycosylation sites of 

AlDucklMalaysia/O 1 (H9N2) isolate is identified at 6 positions, which are located at 

amino acid position 30N, 82N, 141N, 298N, 305N, and 492N. It is also noted that one 

of the glycosylation site, 298N, is located on one of the neutralizing epitope, which 

might implicate the reduced sensitivity to antibody in that particular site. 
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Transmembrane domain 

Fig. 3.12 Amino acid sequence ofHA from AlDucklMalaysialO 1 (H9N2) compared to human H9N2. The area 
marked by yellow highlight denotes potential N-linked glycosylation sites. The area in black box denotes epitope 
sites. Cleavage site is marked by arrow to the red box. 

The HA protein cleavage site is shown in Fig 3.13. It is required for membrane 

fusion and also is a main feature of pathogenicity (Klenk et aI., 1977). The cleavage 

site for the NDucklMaiaysial01 (H9N2) isolate and human H9N2 isolate have single 

amino acid -R cleavage site, hence the isolates are classified as low pathogenic avian 

influenza virus. NIndonesialCDC 1 0478/2007 (H5N 1) is classified as high pathogenic 

avian influenza, since it contains multiple amino acid RRKK. cleavage site. 

A/duok/Malaysia/Ol(H9N2) 
A/WSN/l933 (HlNl) 
A/ld/CDCl047S/2007(H5Nl) 
A/South Carolina/l/l8 (HlNl) 
A/duok/HK/784/l979 (H9N2) 
A/duck/HK/702/l979 (H9N2) 
A/duok/HK/l47/l977 (H9N6) 
A/HK/1073/99 (H9N2) 

GLFGAIAGFI 
GLFGAI AGFI 

~RR~~GLFGAIAGFI 
GLFGAIAGFI 
GLF GAI AGFI 
GLFGAIAGFI 
GLFGAI AGFI 
GLFGAI AGFI 

Fig. 3.13 HA Cleavage sites (red arrow) ofHA from AlDucklMalaysialOl (H9N2) compared to other human and 
avian influenza virus sequence, boxed area denotes monobasic/polybasic area. 

3.2.6 P A polymerase 

The phylogenetic tree ofPA gene is shown III Fig. 3.14. The clustering of the 

NDucklMaiaysial01 (H9N2) isolate clustered with LPAI Asian strain post 2000. The 
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human-derived H9N2 strain, however, clustered closer to the LP AI European strain 

pre 2000. This finding suggests that the PA gene of the AlDucklMalaysialOl (H9N2) 

was originated from the circulating AIV in Asia. The PA gene of the human-derived 

H9N2 isolates, however, most likely originated from the European strain of AIV. This 

clustering also rise a possibility that the human-derived H9N2 isolates may reassort 

with the circulating viruses in the European area to emerge a new H9N2 isolates 

capable of infecting human. 

LFtAI Ameri can St rain 

lPAI European Strain pre 2000 

~~~~~~~~~~~;;il!~~~;: Human Hl Str ai n 

~ M .. _m"",", 

~~~.;~ 

I HPAI AsI.n Str.,n post 2000 

lPAI European Strain post 2000 

lPAI Asia n St rain post 2000 

01 

Fig. 3.14 Phylogenetic tree ofPA genes. The red box denotes AlDuck/MalaysiaJOI (H9N2), yellow box denotes 
strains from BLAST search, green box denotes human H9N2 virus and blue box denotes NWSN/33(HINl) 
indicates the isolate used in the experiment. The 0.1 with a line beneath denotes 10% nucleotide difference per line 
length. 

The amino acid sequence analysis of the P A protein is shown below (Fig 3.15). 

It is important to note that the critical amino acid positions 102K, 108D, and 134K of 

the isolates are not mutated to ensure PA protein activity to complex with PBl and 

PB2 proteins (Hara et aI., 2004). All of the isolates have 102K, 108D, and 134K, 
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which implicate that the PA activity in replication, transcription, cap binding and viral 

RNA promoter is not impaired due to mutation. (See Section 1.2.1.1) 
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Fig. 3.15. Amino acid sequence ofPA from A/DuckiMalaysiaJOI(H9N2) compared to other human and avian 
influenza virus sequence. The host signature is marked by black box. The critical amino acids is marked by red box. 

There are 15 host signatures In the P A gene (Okazaki et aI, 1989; Shaw et aI., 

2002; Tautenberger et ai., 2005; Chen et aI., 2006). The host signature motif of PA 

protein IS shown In Table 3.4. All 15 signatures of the AlDucklMaiaysia (H9N2) 

isolate were avian signatures. However, the human-derived H9N2 isolates contains 

human signature 400L. The lab strain A/WSN/33 (HINl) has mixed host signatures. It 
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has human signatures on amino acid position 28, 57, 65, 100,241,312,356, 382,400, 

409 and 553, and avian signatures on amino acid position 55, 225, 268 and 404. 

Table 3.4. Host signature ofPA protein in influenza A virus (Okazaki et al., 1989; Shaw et al., 2002; Tautenberger 
et at., 2005; Chen et aI., 2006) 

Position Avian Human AlDuckIM aJaysia NHongKong/ NHongKong/ AlWSN/33 
Signature Signature /0 1 (H9N2) 1073/99(H9N2) 1074/1997(H9N2) (HINI) 

28 P L P P P (L) 
55 D N D D D D 
57 R Q R R R (Q) 
65 S L S S S (L) 
100 V A V v V (A) 
225 S C S S S S 
241 C Y C C C (Y) 
268 L I L L L L 
312 K R K K K R 
356 K R K K K R 
382 E D E E E (D) 
400 QITIS L S (L) (L) (L) 
404 A S A A A A 
409 S N S S S (N) 
552 T S T T T (S) 

Note: Residues in parenthesis denotes human signatures 

3.2.7 Polymerase protein I (PBI) 

The phylogenetic tree analysis of the PB1 gene is shown in Fig 3.16. The 

AlDuck/MalaysialOl (H9N2) clustered together with the PB1 gene from Guang Xi and 

Nanchang area. The human-derived A/Hong Kong/1074/99 (H9N2) strain, as 

expected, clustered together with the LP AI Asian H9 strain, together with the HP AI 

AlChickeniHong Kong/220/97 (H1N1). This shows that the PBl gene of the 

AlDuck/Malaysia/Ol (H9N2) might be originated from the central China area. 
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Fig. 3.16 Phylogenetic tree of PB I genes. The red box denotes AlDuck/Malaysia/O I (H9N2), yellow box denotes 
strains from BLAST search, green box denotes human H9N2 virus and blue box denotes NWSN/33(HINI) 
indicates the isolate used in the experiment. The 0.1 with a line beneath denotes 10% nucleotide difference per line 
length. 

The ammo acid sequence alignment of the PBI protein is shown below (Fig. 

3.17). Firstly, it is important to ensure the the motifs I, II, III and IV of the PB 1 protein 

do not contain any mutations which cause the functional impairment. The H9N2 

isolates possesses motifs I, II, III and IV without any mutations (see Section 1.2.1.2). 

There are 3 host signatures discovered in PB 1 protein. They are located at position 

327, 336 and 375. The PBI protein of avian influenza virus typically contains 327R, 

336V and 375(N/S/T), whereas PBl of human influenza virus contains 327K, 3361 

and 375S. The isolate NDucklMalaysia (H9N2) isolate contains 327R, 336V and 

375N. All of the signatures of the isolate NDucklMalaysia (H9N2) and human H9N2 

isolates belong to the avian signatures. 
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Fig. 3.17 Amino acid sequence ofPB 1 from AlDucklMalaysia/O 1 (H9N2) compared to other human and avian 
influenza virus sequence. Host signatures are marked by black box. The four RNA dependant RNA polymerase 
conserved motifs have been marked with an underline above the sequence. 

The PB1-F2 protein IS associated with apoptosis, and the apoptosis inducing 

sites are located in amino acid position 61-74 (see Section 1.2.1.2). The ammo acid 

sequence of the selected isolates is shown m Fig. 3.18. The H9N2 isolate has amino 

acid reside 66N, which confers to the low pathogenic variant of PBI-F2. (see Section 

1.2.1.2) 
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Fig. 3.18 Amino acid sequence ofPB I-F2 from AlDuck/Malaysia/OI (H9N2) compared to other human and avian 
influenza virus sequence 

3.2.8 Polymerase Protein 2 (PB2) 

c::~~~~~~~:: } ~~~~~.nd Swine strain 

} 
HPAI + lPAI Hong Kong 
Strain 

HPAI HS South 
East Asian Strain 

Fig. 3.19 Phylogenetic tree of PB2 genes. The red box denotes AlDuck/Malaysia/O I (H9N2), yellow box denotes 
the strains from BLAST search, green box denotes human H9N2 virus and blue box denotes AlWSN/33(HINI) 
indicates the isolate used in the experiment. The 0.1 with a line beneath denotes 10% nucleotide difference per line 
length. 

The phylogenetic tree of the PB2 gene is shown above (Fig. 3.19). The PB2 gene 

of AlDuck/Malaysia/OI (H9N2) clustered closely to various LPAI East Asia strains 

which circulated in 1990 - 2000. The PB2 gene of human-derived H9N2 strain 

clustered together with the AIV s circulating in Hong Kong area for both LP AI and 

HPAI. 
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The amino acid sequence alignment is shown below (Fig. 3.20). Neither H9N2 

isolate nor human H9N2 isolate possess the mutation E627K, which confers to high 

pathogenicity in human (See Section 1.5.3). This mutation has also been found in 

H5N1 strain infecting human (Hatta et al., 2001; Steel et al., 2009; Gao et aI., 2009) 

and H7N7 strain in Netherlands (Fouchier et al., 2004). 

Table 3.5. Host signature ofPB2 protein in influenza A virus (Shaw et al., 2002; Tautenberger et al., 2005; Chen et 
al., 2006). The non-avian signature in the isolate is marked by parenthesis. 

Position Avian Human A/DuckiMalaysiaJ A/Hong A/Hong AlWSN/33 
Signature Signature 01 (H9N2) Kong/l 07411997 Kong! 1073/99 (HINl) 

(H9N2) ~H9N2) 

44 A S A A A A 
81 T M T T T (M) 
199 A S A A A (S) 
271 T A T T T T 
475 L M L L L (M) 
567 D N D E E (N) 

588 A I A A A V* 
613 V T V V V A* 
627 E K E E E (K) 
661 A T A (T) (T) (T) 
674 A T A A A p* 
702 K R K K K (R) 

Note: Residues in parenthesis denotes human signature; asterisk (*) denotes neither human nor avian signatures 

The list of the host signature of PB2 protein is shown at Table 3.5. The 

AlDucklMalaysialOl (H9N2) isolate has all of the avian signature in PB2, including 

the position 627, which confers to low virulence and pathogenicity. The human-

derived H9N2 isolates, however, possess one novel signature at E567 and human 

signature at T661. The laboratory strain AIWSN/33 (H1N1) contains mixed 

signatures. It has human signature at amino acid position 81, 199,475, 567, 588, 627 

661 and 702, and avian signature at amino acid positions 44 and 271. 
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Fig. 3.20 Amino acid sequence ofPB2 from A1DucklMalaysialOI (H9N2) compared to other human and avian 
influenza virus sequence. Host signatures are marked by black box. 

3.3 Conclusion 

Based on the sequence similarity search of the isolate AlDucklMalaysia 

(H9N2) isolate, all of the genes are highly similar with the isolates from the Asian 

origin, with the exception of NP and NS gene, which are most similar with European 

origin (Table 3.6). The clustering pattern of isolate AlDuckiMalaysia (H9N2) isolate 

shows that all of the genes mostly grouped together with Asian lineage of the avian 

influenza virus. This suggests that the H9N2 isolate found III Malaysia was already 

126 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



circulating in Asian area, mostly China and Hong Kong. Further, the strain underwent 

reassortment with other subtypes in the same area. 

Table 3.6 The summary of the origins ofH9N2 isolate. 

Segment Origin 
HA Asian G I-like Lineage 
NA Eurasian Swine Lineage 
M East Asian Y 439 Lineage 
PB2 East Asian Lineage 
PBI Asian Lineage 
PA Asian Lineage 
NP European Lineage 
NS European Lineage 

Based from drug resistance analysis, the isolate AlDuckiMalaysia (H9N2) 

contains amantadine resistance signature in the M2 protein which shows that the 

isolate is an amantadine and rimantadine resistance strain. However, there is no 

indication of oseltamivir, zanamivir and peramivir resistance signature on the isolate 

AlDucklMalaysia (H9N2). 

The host signature of the isolate A/DucklMalaysia (H9N2) analysis shows that 

all of the host signatures in all proteins belong to the avian signatures. However, the 

human derived H9N2 strains possess several human signatures in M2, NP, PA, and 

PB2 proteins, which explains the host adaptation capability of the human derived 

H9N2 strains. In the HA protein, the potential N-linked glycosylation at amino acid 

position 298 overlaps with the neutralizing epitope binding site. These findings might 

suggest that the isolate A/DucklMalaysialOl (H9N2) is speculated to develop antibody 

escape mutations important for vaccination by altering the potential N-linked 

glycosylation site. Similar N-linked glycosylation site were also observed in both 

human derived AlHKl1073/99 (H9N2) and AlHKI 10741 1 997 (H9N2). To confirm this, 

it is necessary to establish HA antibody binding test to address this matter more 

accurately. 
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Chapter Four. Growth Characteristics of H9N2 

Virus replication efficiency can be assessed in different ways to gain insight 

into the virus growth characteristics in different cell lines. In this chapter, the growth 

characteristics of H9N2 avian influenza virus (AIV) was monitored by using several 

techniques, such as the immunofluorescence assay (IF A), growth curve, plaque 

morphology and kinetics of both replication and transcription of the virus in both 

single cycle and multiple cycles manner. Single cycle is the period where a virus 

particle from inoculum infects a cell, replicates and buds out as a new progeny, 

whereas the multiple cycle is the period where a virus particle originated from single 

cycle of infection infects the surrounding cells. Furthermore, single cycle of infection 

is also done in high multiplicity of infection (moi) where at least more than one virus 

particle will infect one cell, which means the cell population will be entirely infected 

with the virus. The statistical prediction of the rate of infection using Poisson 

distribution to infect all cells is critical to determine the minimum amount of cells 

infected. Theoretically, by using moi of 3, the proper amount of infected cells is 95% 

(McDonalds et at., 1977). In our experiment, we demonstrated that > 95% were 

infected which fulfill Poisson distribution minimum requirement, as described in 

Section 2.2.2.5 (Fig. 4,1; Fig 4.2; Fig 4.3). Therefore we used moi of 3 as a basis to 

infect all host cells for subsequent studies. In contrast, multiple cycle of infection is 

carried out with low moi (i.e less than I). This means that not the entire cell population 

will be infected with the virus at the same time. Laboratory human influenza virus 

strain AIWSN/33 (HIN!) will be used as a comparison of the growth characteristics of 

the H9N2 AIV, as the A/WSN/33 (HINl) is among the best characterized influenza A 

VIruS. 
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The immunofluorescence assay can assess the infection cycle of a virus in an 

infected cell, using antibodies specific to NP protein. This assay is used to investigate 

viral replication rate in one cycle of infection, which means the observation period was 

terminated after strong nuclear export signal are observed, which denotes the virus is 

ready to be released, marking the completion of one cycle of infection. The efficiency 

of the replication inside the nucleus and the nuclear export can also be assessed in this 

assay by the examination of intensity and location of the fluorescence signal, which 

denotes the end point of the single cycle infection. 

While the infectivity of the virus during one cycle of infection can be observed 

with immunofluorescence assay, the growth curve is useful to assess the virus release 

through multiple cycles of infection. The growth curve experiment has the advantage 

to assess multiple cycles of virus infection by titering infectious viral particles using 

plaque assay. Two patterns could be observed in this experiment, which were log or 

exponential growth and stationary phase. The exponential growth observed in the early 

time point shows that the virus is capable of replicating in the cells, and able to infect 

surrounding cells. Similar to the growth curve assay, plaque morphology is also 

employed to investigate the rate of the viral replication, which can be observed either 

by an area of dead cells, cells with cytopathic morphology of cells, or immuno-stained 

infected cells. In this chapter, virus quantification by plaque assay was carried out 

using standard method and immuno-stained method. 

To access the replication kinetics in more details, the quantification of vRNA 

and mRNA over period of time was carried using quantitative PCR (qPCR). In this 

experiment, the replication or the synthesis of both vRNA and mRNA replication for 

all segments were investigated and quantified over a period of time. This finding can 

be used to elucidate the rate of viral replication and transcription rate in different cells. 
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This method is especially useful to assess replication efficiency where the released 

virus may not be infectious, hence can not be detected in the plaque assay method. 

4.1 Immunofluorescence Assay 

4.1.1 Madin-Darby Canine Kidney (MDCK) 

The immunofluorescence image of MOCK infected cells with moi of 3 is 

shown below (Fig. 4.1). Here, the replication kinetics of AlOuckiMalaysia/Ol (H9N2) 

in MOCK cell lines was monitored by IF A, using anti NP to observe the rate of 

replication, as compared to A1WSN/33 (HlNl). MOCK is a canine based kidney cell 

line, which possesses both the NeuAc2,6Ga and NeuAc2,3Ga sialic acid receptors at 

cell surface, and therefore can be infected by both human influenza virus and avian 

influenza virus (Hatakeyama et al., 2005). This allows both human and avian influenza 

virus to grow well in MOCK cells. For this reason, MOCK cells are widely used for 

influenza virus isolation and growth. From this experiment, it was observed that 

A1WSN/33 (HlNl) had faster entry and replication kinetic, which could be seen by 

earlier nuclear localization at 4 hpi. It was then developed into extensive nuclear 

export from 6 hpi onwards. In AlOuckiMalaysia/Ol (H9N2), there was no signal 

detected up to 4 hpi, which shows that there was little expression of the NP protein 

until 4 hpi. 

Only by 6 hpi, there was weak nuclear localization in approximately 10% of 

the cell population. Subsequently, more cells had nuclear localization detected with 

minimal export at 8 hpi. The nuclear export intensified by 10 hpi, although not as 

strong as in A1WSN/33 (HINI) infected cells. Based from the observation above, it is 

clear that A1WSN/33 (HINl) infected cells showed faster progression of infection 

than AlDuck/Malaysia/Ol (H9N2). This demonstrates that AlWSN/33 (HlNl) has bet-
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ter capability to infect and replicate in MDCK cells than AlDuckiMalaysia/OI (H9N2). 

4.1.2 Chicken Embryo Fibroblast (CEF) 

Chicken Embryo Fibroblast (CEF) is a primary avian fibroblast cells, and 

possesses mainly of a-2,3 linked glycan which is recognized by avian influenza virus 

(Gambaryan et ai., 2002; Matrosovich et ai., 1997, 2000). The immunofluorescence 

image of CEF infected cells with moi of 3 is shown below (Fig. 4.2). It can be seen 

that AIWSN/33 (HINl) could bind to the cell and replicate although the nuclear 

localization was a bit slower than that for AlDuckiMalaysia/O 1 (H9N2) infected cells. 

For the nuclear export, both AlWSN/33 (HINl) and AlDucklMalaysialOI (H9N2) 

infected cells showed strong signal at around 8 hpi with almost the same intensity, 

although AlDucklMalaysialO 1 (H9N2) showed earlier nuclear localization and nuclear 

export. The nuclear emptying was only observed in AIWSN/33 (HINl), which 

suggests that the protein expression was lowered significantly towards the late time 

point of infection. 

These results show that human influenza virus AlWSN/33 (HINl) is able to 

infect CEF, although AlWSN/33 (HINl) required more time from the entry until the 

initiation of replication and transcription as compared to AlDucklMalaysialOI (H9N2). 

Gambaryan et al. (1999) reported that the human influenza viruses grown in 

embryonated chicken eggs can eventually adapt and grow through the chicken embryo 

chorio-allantoic membrane, resulting from the selection of variants with amino acid 

substitution around the receptor binding site of the hemagglutinin. The similar rate of 

nuclear export signal development, which peaked at 8 hpi, as shown in Fig. 4.2, 

suggests that the rate of viral nuclear export protein complexes of both human and 

avian influenza virus are approximately similar. 
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Based from sequence study in Chapter 3, it is shown that all of the H9N2 

signatures belong to the avian, while AlWSN/33 (HINl) only possesses some avian 

signature. This explains the more rapid signal development in H9N2 isolate than 

AlWSN/33 (HINl), and at the same time, the ability of AlWSN/33 (HINl) to infect 

chicken based cells. Guan et at., 1999 and Shaw et at., 2002 showed that even 

incorporation of an amino acid belonging to human signatures in the internal gene of 

the human-derived H9N2 strain from HPAI H5Nl circulated in China did not impair 

the replication efficiency. To correlate with our experiment, it is possible that WSN 

isolate can undergo host signature sequence alteration without changing the efficiency 

of the initial host, showed by its ability to develop infection in CEF cells. 

4.1.3 Human Lung Adenocarcinoma cells (A549) 

A549 is a human adenocarcinomic lung cells that possesses predominantly the 

a2,6 sialic acid receptor, which is ideal for human influenza virus recognition by 

hemagglutinin. Shinya et aI., (2006) reported that majority of the human respiratory 

tract contain a2,6 sialic acid receptor with the exception of non-ciliated cuboidal 

bronchiolar cells at the junction between the respiratory bronchiole and alveolus 

located at lowermost of human respiratory tract. The immunofluorescence image of 

A549 infected cells with moi of 3 is shown in Fig. 4.3. The AlWSN/33 (HINl) 

infected cells showed nuclear localization signal as early as 4 hpi. In 

AlDucklMalaysia/Ol (H9N2) infected cells, A549 was much slower in showing 

nuclear colocalization signal, which only appeared at 8 hpi with approximately 20% of 

the cells showed the signal. The nuclear export signal of both AlWSN/33 (HINI) 

infected cells could be detected at 6 hpi. In A/Duck/Malaysia/Ol (H9N2) infected 
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cells, the rate of nuclear export was much slower, which could be observed from the 

weak cytoplasmic staining around the nucleus in approximately 20% of the cells, 

starting at 10 hpi, which shows as the cells were not entirely infected. Only by 16 hpi 

we could observe nuclear export signal in approximately 90% of the cells. 

The slow signal development of the H9N2 isolate, if to be correlated with the 

sequence information elaborated in Chapter 3, can be explained by the absence of the 

human signature in all gene segments in H9N2. However, there is an evidence that a 

single mutation in the internal genes host signature site, PBI, PB2 and NP from human 

derived H5Nl, is sufficient for the H9N2 strain to be able to infect human (Lin et aI., 

2000; Butt et al., 2005). A single mutation on G226Q in H9N2 HA protein also 

confers to its ability for infecting human (Wan et at., 2007). Lee et al., 2010 assessed 

this finding by infecting the cells with H9N2 strain mentioned above in A549 cells. 

They found that the small change of the mutation indeed improved the replication 

efficiency quite significantly by rapid signal development in immunofluorescence 

assay. This shows the potential ability of the H9N2 isolate to undergo mutation to 

improve the replication rate. 

4.2 Growth Curve 

The growth curve experiment aims to observe the rate of viral replication 

inside the cells within multiple cycles of infection time frame. Hence trypsin was 

added into the medium. This experiment measures the amount of the infectious viral 

particles released within a period of time in different cell lines. For titration, 

hnmunostaining method with AEC (See Section 2.2.4.2) was used to calculate the 

virus titre harvested from the supernatant. 
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4.2.1 MDCK 

The growth curve on both AIWSN/33 (H1N1) and AlDuckiMalaysialOl 

(H9N2) infected MDCK with moi of 0.1, .01, and 0.001 is shown below (Fig. 4.4). 

The titres of A/WSN/33 (HINI) reached the peak after 1 day, reaching 108 pfulml at 

30 hpi. In AlDucklMalaysialO 1 (H9N2), the replication endpoint was reached after I 

day with maximum titre of 106 pfulml. This slower rate concorded with the data in 

immunofluorescence assay (Section 4.1.1). Although the replication of 

AlDucklMalaysialOI (H9N2) was slower by 2 log (100-fold), both viruses reached the 

replication endpoint in approximately the same infection time. Most of the cells died 

after 3 days showing that the virus had reached its maximum growth and no more viral 

particles were made. The higher titre in AlWSN/33 (HINI) in this experiment 

demonstrates the higher rate of the growth of the virus in MDCK cells compared to 

AlDucklMalaysia/OI (H9N2). In MDCK cells, HINI showed >50% CPE as early as 

~24 hpi, and H9N2 showed >50% CPE at ~36 hpi. 

The ability of both AlWSN/33 (HINI) and H9N2 strain in MDCK cells is due 

to the receptor of the MDCK cells which recognizes both human and avian sialic acid 

(Gambaryan et ai., 2003; Matrosovich et ai., 2004). It is also shown that both avian 

and human influenza virus can replicate more efficiently in MDCK cells than BHK 

and Vero cells, although the both BHK and Vero cells possess both sialic acid 

receptors (van Wielink et al., 2011). 

4.2.2 CEF 

The growth curve of A/WSN/33 (HINI) and AlDucklMalaysia/OI (H9N2) in 

CEF is shown below (Fig. 4.5). HINI reached the replication endpoint in 36 hpi with 

the maximum titre of 105 pfulml. On the other hand, AlDuckiMalaysialO 1 (H9N2) had 
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significantly higher titre of approximately two to three log higher compared to 

AlWSN/33 (HINl). In CEF cells, HINI showed >50% CPE at ~36 hpi, and H9N2 

showed >50% CPE at ~ 24 hpi. Consistent with the result obtained in the 

immunofluorescence assay (Section 4.1.2), the AIV AlDucklMalaysia/OI (H9N2) had 

better growth in CEF compared to human influenza virus AlWSN/33 (HINl). 
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Fig 4.4 The growth curve profile ofMDCK cells infected with AWSN/33(HINI) and AlDucklMalaysialOI (H9N2) 
with moi of (A) 0.1, (B) 0.01, and (C) 0.001 

The high growth of the H9N2 isolate was highly attributed to the possession of 

the avian signatures. To assess cell to cell replication and transmissibility, Shi et al., 

2010 evaluated the transmission route and replication efficiency of the H9N2 influenza 

virus in chicken, they found that the compatibility of the HA and NA genes is critical 

for generating efficient multiple cycle of infection, even among avian H9N2 strains. In 

this context, it suggests that the H9N2 used in this study possesses HA and NA protein 

sufficient for efficient replication in chicken. Lee et al., 2010 also demonstrated that 

H9N2/G 1 strain, which obtained its internal gene from human H5Nl were able to 
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replicate in human cell lines efficiently while still retained its growth in chicken. This 

raises the issue of reassortment with human-derived strains to create H9N2 strain 

capable of infecting human. 
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Fig 4.5 The growth curve profile ofCEF cells infected with A1WSN/33 (HINI) and AlDuck/Malaysia/OI (H9N2) 
with moi of (A) 0.1, (B) 0.01, and (C) 0.001 

4.2.3 A549 

The growth curve of AlWSN/33 (HINI) and AlDucklMalaysia/OI (H9N2) in 

A549 is shown below (Fig. 4.6). Unlike the other two cell lines, only A549 infected 

with AlWSN/33 (HINI) moi 0.1 had detectable infectious viral particle, whereas as 

AlDucklMalaysia/OI (H9N2) and AlWSN/33 (HINl) with moi 0.01 had no infectious 

viral particle detected. A549 cells showed distinctive cytopathic effect (CPE) at 3 days 

post infection, which indicate that the cells had been infected. It was previously 

thought that the cell death was due to the trypsin, but the mock-infected A549 cells did 

not show any indication of CPE._These observations suggest that the virus is unable to 
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undergo efficient budding from the host cells, possibly due to host factor inhibiting the 

efficient budding. Regardless of the budding condition, the higher titre ofHlNl in this 

experiment shows that the AlWSN/33 (HINI) have better growth which may strongly 

correlate to the human signatures possessed by the strain, as explained in Chapter 3. 

The H9N2 strain, however, do not possess any human signatures to confer good yeild 

in A549 cells, similar with exclusively avian signature strains tested by Lee et aI., 

2010. There were no marked change in HINI WSN and H9N2 even after 72 hpi, 

which suggested higher infectious dose of the viruses in this cell line. 

~ 

1 ((I 

S I)) 

'CO 

'5. t. L(I 

__ ·j~t,;ll~1<",\(1 ~ 

--*-- '!',~N:! 1"'.'1(11 

]' ~ C'J 

~:L · · · · ~ . ., 
V> 

2 
:> 

: LIJ 

1 ((I 

3 (.) ------.. --------tl-------.-------.-------tl--------tI 
o ill ·10 hU 

hpi 

~(l 

Fig 4.6 The growth curve profile of A549 infected with AJWSN/33 (HINI) and AlDuck/Malaysia/OI (H9N2) with 
moi of 0.1 

Table 4.1 Virus Titre at 72 hpi 

MDCK CEF A549 

Virus moiO.l moi 0.01 moi moi 0.1 moi 0.01 
moi 

moi 0.1 moi 0.01 
moi 

0.001 0.001 0.001 
HINI 1.7 x 10 2.2 x 10 8.8 x 10 2.2 x 10' 2.8 x 10' 3.1 x 10' 2.1 X 10' ND ND 
H9N2 8.5 x 10' 5.7 X 104 6.2 x 10' 8.5 x 10 1.1 X 10' 9.1 x 10 ND ND ND 

Note: 
ND (Non Detected) denotes no virus detected in the supernatant with plaque assay method 

The summary of the growth curve experiment is shown in Table 4.1. Based on 

the virus titre measured at 72 hpi, the AlWSN/33 (HINl) has higher titre in MDCK 

cells. AlDuck/Malaysia/Ol (H9N2) shows higher titre in CEF cells. This data suggests 

that AlWSN/33 (HINl) is more capable of releasing infectious virus particle m 

MDCK cells. AlDuckiMalaysia/Ol (H9N2) shows more release in CEF cells. 
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4.3 Plaque Morphology 

In this experiment, only MDCK cells were used for infection because of its 

ability to form distinctive CPE and uniform plaque morphology when infected with all 

subtypes of influenza viruses. Hence, MDCK is used as the standard cell line for 

plaque assay. A549 and CEF cells were also attempted in this experiment. The 

extensive cell death was observed in high concentration of virus (l05 - 107 pfulwell). 

The intensity is less with lower concentration without any indication of plaque 

formation, and no cell death was observed at non-infected cells. 

A B 

C D 

Fig 4.7 The plaque morphology of AlWSN/33 (HINI) in (A) and (C), AJDuck/Malaysia/Ol (H9N2) in (B) and 
(D) developed in 48 hours (A and B) and 72 hours (C and D) using agarose overlay. Note the accumulated 
blackened dots which mark the area of dead cells, as indicated by arrows. 

The plaque morphology of the MDCK cells infected with A/WSN/33 (HINI) 

and AlDuck/Malaysia/O I (H9N2), using agarose overlay as medium is shown below 

(Fig. 4.7). The plaque morphology observation using agarose overlay is based on a 

collection of clearing zones consisting of dead cells in 6-well plate format. The 

A/WSN/33 (HINI) plaque was visible to the eye after approximately 48 hpi. 
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However, the AlDucklMalaysialOI (H9N2) plaque only showed microscopic size at 4 

dpi. The AlWSN/33 (HINt) plaque continued to enlarge rapidly in size, and at 72 hpi, 

there was a noticeable increase. The AlDucklMalaysialOI (H9N2) had no significant 

growth in plaque size at 72 hpi. From this experiment, it can be concluded that in 

MDCK cells, AlWSN/33 (HINI) undergoes more rapid replication with multiple 

cycle of infection than H9N2. 

A. 10'4 10'5 10'6 

~. < ",>. 

,.. ~.~' ,....~. ,~ : .' ~ ~ . 
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~/' 
7 

Fig 4.8 The immuno-staining of infected with AlWSN/33 (HINI) (A), AlDuck/Malaysia/02 (B) for 24 
hours. The number above the picture denotes the virus dilution used. Note the visible red stained 
punctates at the two rightmost of each figure, pointed by the arrows, except for H9N2, which is not 
clearly visible for their small size. 
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The plaque morphology of MDCK infected cells, visualized by 

immunostaining is shown in Fig. 4.8. This method of plaque formation shows different 

plaque morphology observation with agarose overlay. In this experiment semi-solid 

micro crystalline cellulose Avicel® RC-591 was used as an overlay in 96 well-plate 

formats as demonstrated by Matrosovich et al. (2006). The plaque was visualized after 

the overlay was removed, followed by cell fixation and immunostaining using anti-NP 

antibody to detect virus NP protein and AEC to stain detected virus NP protein. The 

plaque was visible as red punctate staining inside the well plate. In this experiment, the 

AlWSN/33 (HINI) plaque staining was noticeable after 24 hpi, even with naked eyes. 

The AlDuck/Malaysia/O 1 (H9N2) plaque yielded much smaller size. Hence, although 

with different plaque morphology visualization method, it can be seen that AlWSN/33 

(HINI) is capable of producing plaques more rapidly than A/Duck/Malaysia/Ol 

(H9N2) in MDCK cells. This result concorded with the standard plaque assay method. 

4.4 Viral Genes Expression Profiles in Different Cell Lines 

In this experiment, we measured the rate of vRNA and mRNA 

synthesis for both viruses within up tp 10 hpi. This method is different from the virus 

release measured in 4.3, where only vRNA and mRNA produced within a cell is 

measured. All of the vRNA and mRNA measurement in qPCR method was carried out 

in two different sets, measured in triplicates independently (n=6). To produce cDNA 

specific from either vRNA or mRNA, strand-specific primer in the reverse 

transcription step was used, for example: conserved UniI2 site for vRNA, and poly-A 

for mRNA. RNase-H was also used after RT to remove any contaminating RNA 

template to ensure there is no cross-contamination between vRNA and mRNA that 
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would interfere with qRT-PCR. The result shown below is the representative of one 

experiment. 

4.4.1 Replication (vRNA) Profiling in Different Cell Lines 

The relative expression profile of AlWSN/33 (HINI) is represented in Fig. 4.9, 

and H9N2 in Fig. 4.10. The overall vRNA expression of AIWSN/33 (HINI) in all 

three cell lines generally showed a rapid increase starting from 5 hpi, except for PB 1 

vRNA which rose from 6 hpi onwards in MDCK and CEF cells, while PB2 gene in 

A549 and MDCK peaked later at approximately 7 hpi and 8 hpi, respectively. NS 

started to show an increase as early as 3 hpi in CEF cells. Compared to MDCK and 

CEF, A549 had the slowest increase of the vRNA expression. The expression of 

vRNA is closely associated with the replication of the viral genomic material before 

packaging with the new virion. The slower increase of the vRNA expression profile in 

A549 cells infected with AlWSN/33 (HINl) resulted in low viral titres in the growth 

curve experiment (Section 4.2.3). This result concorded with that from other groups 

where the vRNA synthesis rate of AlWSN/33 (HINI) in all viral segments generally 

peaked at approximately 5 hpi (Smith et aI., 1982), and also demonstrated in 

H7NIIFPV strain (Berrett et al., 1971; Hay et aI., 1977) 

The vRNA expression of AlDucklMalaysia (H9N2) differed among the cell 

lines, irregular increase was observed as early as 1 hpi in MDCK and A549 cells. In 

CEF, a steady increase was observed starting from 5 hpi in PB2 vRNA and NP vRNA, 

6 hpi in HA vRNA and NA vRNA, and 4 hpi in M vRNA and NS vRNA. Based on the 

IF A and growth curve data, it was observed that AlDucklMalaysia (H9N2) had better 

growth kinetics in CEF cells than in MDCK and A549 cells. The rise and drop pattern 

of AlDucklMalaysia (H9N2) was not observed in CEF, and this suggests that the 
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AlDucklMalaysia (H9N2) virus may be able to counteract the antiviral pathway to 

prevent the degradation of the viral RNA in CEF cells, of which it is likely that NS 1 

plays a major factor (de la Luna et ai., 1995). 

The fluctuation found in generally all gene segments in H9N2 infected MDCK 

and A549 cells, was highly attributed to stagnancy of the poor and stagnant replication 

rate. Although the difference is only + 1.4 fold-change at 2 hpi and -0.5 fold-change at 

7 hpi, since linear unit was used as opposed to log unit in absolute measurement (Fig 

4.13), the difference was exaggerated and therefore created an artifact as if the 

measurement was unusual or inconsistent. 

It has been reported that partial changes from avian to human signatures in 

H9N2 strain confers its ability to infect human cells (Lee et ai., 2010), but not 

otherwise. The same group also observed that the H9N2 strains which did not reassort 

with human-derived strains A/DuckIHong KongN280/97 (H9N2/Y280) and 

AlChickeniHong Kong/G9/97 (H9N2/G9) showed poor replication. Further, the H9N2 

isolate used in this study did not possess V226Q mutation in the HA protein to support 

H9N2 replication in human, as described by Wan et ai., 2007. 

4.4.2 Transcription (mRNA) Profiling in Different Cell Lines 

The relative mRNA expression profiling of AlWSN/33 (HINl) is shown in 

Fig. 4.11 and H9N2 in Fig. 4.12. Based on findings by Mikulasova et al. (2000), the 

mRNA transcription and protein expression will occur in influenza virus infection 

first, which then followed by vRNA synthesis. 
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Fig 4.9 Relative vRNA expression of 8 viral segments in HlNI (moi =3) in MDCK ( ••• tit·· ), CEF C-"'--) 
and A549 C -. ) . All measurement is normalized at 10 hpi as 1.0 relative measurement unit for each 
cell lines. The experiment was carried out in two sets of experiments, measured in triplicates. Here, the 
representative of one experiment is shown (n=3). 
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Fig 4.10 Relative vRNA expression of8 viral segments in H9N2 in MDCK ( ....... ), CEF (---r-) and A549 

C - .. l (moi =3). All measurement is normalized at 10 hpi as 1.0 relative measurement unit for each 
cell lines. The experiment was carried out in two sets of experiments, measured in triplicates Here, the 
representative of one experiment is shown (n=3). 
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The mRNA profiling of AlWSN/33 (HINl) in all cell lines generally show an 

increase at 4 hpi to 5 hpi, with the exception of HA mRNA where the rapid rise in 

infected MDCK were seen as late as 9 hpi and 6 hpi in infected A549 cells. The late 

rise was also observed at M mRNA in infected MDCK, which is approximately at 8 

hpi. In general, the results obtained from this experiment were consistent the results 

from in immunofluorescence assay (Section 4.1.1, 4.1.2 and 4.1.3 for MDCK, CEF 

and A549, respectively), where nuclear localization signal were detected in the cell 

lines at approximately 4 hpi. 

Similar to the vRNA expression profile in AlDuckiMalaysia/OI (H9N2), there 

was a use of most of the gene mRNA expression in MDCK cells, which rose at 

approximately 2 to 3 hpi, dropped subsequently, and rose again starting from 8 hpi. In 

CEF and A549 cells, no such fluctuation was observed. Instead, most of the genes 

started to show a rapid rise at 4 to 5 hpi, with the exception of PB 1 mRNA and HA 

mRNA which rose at 6 hpi in CEF cells, while most genes in A549 cells rose only at 8 

hpi. 

The possession of exclusively avian host signatures in all of the H9N2 strain 

segments may affect the slower transcription rate of the H9N2 strain, compared to the 

AlWSN/33 (HINI). The studies conducted on human-derived H9N2 strain showed 

that the internal genes NP, PB 1 and PB2 is the key factors to confer the H9N2 

transmissibility of the strain in human (Lin et al., 2000; Butt et aI., 2005). It is shown 

in this experiment that the mRNA ofNP, PBI, and PB2 in H9N2 strain peaked at 7-8 

hpi, much later than those of AlWSN/33 (HINI), which peaked as early as 5 hpi. This 

also shows the lower compatibility of H9N2 isolate compared to the human strain. 
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Fig 4.11 Relative mRNA expression of 8 viral segments in AlWSN/33 (HINI) in MDCK ( • • •••• ). CEF 

C-~) and A549 C - .. j (moi =3). All measurement is normalized at 10 hpi as 1.0 relative 
measurement unit for each cell lines. The experiment was carried out in two sets of experiments, 
measured in triplicates. Here, the representative of one experiment is shown (n=3). 
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Fig 4.12 Relative mRNA expression of 8 viral segments in AlDuck/MalaysiaJO I (H9N2) in MDCK ( •••••• ), 

CEF (-a--) and A549 C - .. j (moi =3). All measurement is normalized at 10 hpi as 1.0 relative 
measurement unit for each cell lines. The experiment was carried out in two sets of experiments, 
measured in triplicates. Here, the representative of one experiment is shown (n=3). 
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4.4.3 Comparison of Viral Replication and Transcription in Infected Cell Lines 

In this experiment, we quantify the absolute amount of vRNA and mRNA 

based on the normalization with the host cell elongation factor, and focus on the M 

gene copies as the parameter. The results can be seen in Fig. 4.13, and the tabulated 

form of the M copy number at 10 hpi is shown in Table 4.2. The M gene in influenza A 

is highly conserved among influenza A virus (Lamb and Lai., 1981). The PCR target 

for quantitative RT-PCR is based on the conserved region of the M gene, and was used 

for both the absolute quantification of the vRNA and mRNA expression profiling. 

However, this absolute quantification can only be normalized with the same host cell 

elongation factor to be compared within the same cell lines. The 0 hpi refers to the 

non-infected controls (mock) used in the experiment, hence, no virus was introduced to 

it, and no addition steps were taken to remove the inocula. No substraction was 

introduced in the formula since no virus was added in the 0 hpi. This formula has also 

been applied on the other RNA segments described previously. 

In MDCK cells, the A/WSN/33 (HIN1) infection showed an earlier rise in 

vRNA compared to mRNA, and in term of copies number, the vRNA level is greater as 

well. The AlDuckiMalaysia (H9N2) infected MDCK cells showed approximately 2 log 

less copy numbers ofvRNA starting from 4 hpi and a log less copies number ofmRNA 

towards 9 hpi. This result suggests that the HINI infected MDCK cells could produce 

and package more viral particles than AlDucklMalaysia (H9N2) infected MDCK cells, 

with the assumption of one copy number of M vRNA represents one virion. 

In CEF cells, the AlDucklMalaysia (H9N2) produce approximately a log more 

for both vRNA and mRNA than to AlWSN/33 (HINI) infected cells. From these 

results, it is shown that the H9N2 strain have better replication and transcription in 

CEF cells. Nevertheless, both A1WSN/33 (HINI) and H9N2 isolate showed relatively 
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high copy number at 10 hpi (> I 06 M copy numberll 04 EF). This is likely due to the 

possession of avian signatures in all gene segments of H9N2 strain, and partially avian 

signatues in some gene segments of A/WSN/33 (HINI) strain. This also may explain 

the reason of the small difference in both mRNA and vRNA copy number in 

A/WSN/33 (HINI) and H9N2 strain. 

In A549 cell lines, there were 3 log less copy number of H9N2 strain vRNA 

compared to A/WSN/33 (HINI) vRNA, and 2 log less copy number of 

AlDucklMalaysia (H9N2) mRNA compared to AlWSN/33 (HINI) vRNA. Compared 

to all other cell lines, the A549 cell lines M vRNA and mRNA copy number showed 

the biggest difference between AlWSN/33 (HINI) and AlDuckiMalaysia/OI (H9N2) 

infected A549 cells, which shows that AlDucklMalaysia/O I (H9N2) can replicate in 

A549 cells, but with rather low replication rate. This result is expected, because based 

from the sequence analysis, no human signatures found in gene segments of H9N2 

strain. Further, there is no indication of reassortment of human-derived HPAI H5Nl 

internal genes as demonstrated by Lin et at., 2000 and Butt et at., 2005, and V226Q in 

the HA protein to allow efficient human infection. Similar study had also been 

conducted by Lee et at., 2010 to show that original H9N2 strains were not capable to 

infect human cells efficiently. 

Table 4.2 Tabulated copy number of AlWSN/33 (HINI) and AlDucklMalaysia (H9N2) infected MDCK, CEF and 
A549 cells at 10 hpi, as shown in Fig 4.13. The result shown was based on the copy number of the M segment per 
104 EF. 

MDCK CEF A549 
vRNA mRNA vRNA mRNA vRNA mRNA 

HINI 4.29xI0' 3.95x 104 2.27xlOb 9.50xlOb 8.38x104 1.44 x 10' 
H9N2 3.86x1OJ 2.26x 10' 1.84x1O' 1.58xlO' 1.15xI0' 4.26x102 
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Fig 4.13 The absolute quantification ofM vRNA and mRNA in MDCK, CEF and A549 infected with AlWSN/33 

(HINI) ( ..... ), and AlDuck/Malaysia/OI (H9N2) ( ) (moi =3). All of the graphs shown are 
normalized to 104 EF copy number. The experiment was carried out in two sets of experiments, measured in 
triplicates (n=6). Here, the representative of one experiment is shown (n=3). 
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4.5 eSS]-Methionine Metabolic Radioabelling 
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Fig 4.14 The C5S] - methionine metabolic radiolabelling image of MDCK, CEF and A549 infected with 
A/WSN/33 (HINI) and AlDuck/Malaysia/OI (H9N2) (moi =3), after 8 hpi, with radiolabelling time conducted at 6 
to 7 hpi . The samples were run on 12% SDS-PAGE gel and visualized with 16h exposure time. 

The e5S]-methionine metabolic radio labelling is a method to label virus 

infected cells, where total viral and host protein expressions can be observed. This 

labelling can detect protein expression by the incorporation of radiolabelled 35S at 

approximately 6 hpi for one hour until cell harvesting at approximately 8 hpi. The 

radiolabelling image is shown in Fig. 4.14. In all cell lines, generally 5 proteins could 

be observed. Three polymerase proteins, P A, PB 1 and PB2 proteins, with the size of 

approximately 85 kDa, were not detected by this method notably due to the low 

abundance of the proteins as compared to the other viral and host proteins. A higher 

exposure time might be required in order to visualize these polymerase proteins, but 

the host proteins might mask the appearance of these polymerase proteins due to their 

lower abundance. The protein bands representing NS2 and M2 proteins were not be 

observed, as they are 14 kDa and 11 kDa, respectively. Therefore it is possible that the 

proteins have run towards the buffer front on the gel. The HAD protein was present at 
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approximately 80 kDa in AIWSN/33 (HINI) and 72 kDa in NDucklMalaysia 

(H9N2). No HAl and HA2 proteins were observed since no trypsin was used in this 

experiment. Both NA and NP protein bands overlapped in NWSN/33 (HINI) and 

H9N2 with similar size at approximately 58 kDa. Both MI and NSI protein bands 

overlapped in NWSN/33 (HINl) and AlDuck/Malaysia (H9N2) at approximately 28 

kDa, and slightly separated with 28 kDa and 27 kDa for MI and NS I proteins 

respectively in A549 cells. In both MDCK and A549 cells, all 5 bands were at higher 

intensity than those of A/Duck/Malaysia (H9N2). In CEF cells, NAINP bands showed 

approximately similar intensity, whereas HA and MIINSI bands showed higher 

intensity in H9N2 than NWSN/33 (HINI) infected cells. This result is similar to the 

observation in viral kinetics study, where NWSN/33 (HINI) replicates better in 

MDCK and A549 cells, and NDucklMalaysia (H9N2) replicates better in CEF cells. 

In other experiment done by Geiss et al. (200 I) observed overall decrease in host 

cellular protein expressions in their e5S]- methionine metabolic radiolabelling image 

in HeLa infected with NWSN/33 (HINI) cells with moi of 50, marked by lighter 

background. In our experiment, both MDCK and CEF did not exert any obvious 

decrease in host cellular expression. In A549 cells however, we observed a slight 

decrease of host cellular expression in AIWSN/33 (HINI) infected cells. This suggests 

that the NWSN/33 (HINI) is more active in "cap-snatching" in human cell lines than 

the rest. There is no evidence of decrease in host cellular expression in 

NDucklMalaysia (H9N2) infected cells. 

4.6 Conclusion 

The growth characteristics of NWSN/33 (HINI) and NDucklMalaysialOI 

(H9N2) were accessed in various methods in three different cell lines, which are 
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MDCK, CEF and A549 representing canine, chicken and human based cell lines, 

respectively. The experiments done in this chapter aimed to investigate the virus 

ability to replicate in different host cells. From the result obtained, the species 

specificity of the viruses can be further determined. 

In immunofluorescence assay, the AlWSN/33 (HINI) virus showed better 

replication in MOCK and A549 cell lines. However, AlDucklMalaysialOI (H9N2) 

showed better replication in CEF cell lines. The growth curve experiment also shows 

similar result, where AlWSN/33 (HINI) shows higher virus release in MOCK than 

AlDucklMalaysia (H9N2). On the contrary, in CEF, AlDuckiMalaysia/OI (H9N2) 

shows higher virus release than AlWSN/33 (HINI). Consistent with growth curve 

experiment, in plaque morphology assay, it could be observed that the plaque 

formation of AlWSN/33 (HINI) was much faster than AlDucklMalaysialOI (H9N2) 

in MOCK cell lines. 

The vRNA and mRNA quantification of each gene segment in AIWSN/33 

(HINI) and AlOucklMalaysialOI (H9N2) also generally concurs with the result 

obtained from the immunofluorescence assay and growth curve assays. The vRNA and 

mRNA synthesis of AlWSN/33 (HINI) could be detected at earlier time point in 

MOCK and A549 cells than that of AlOucklMalaysialOI (H9N2). On the contrary, the 

AlWSN/33 (HINI) virus could only be detected at late time point of infection in CEF 

cells compared to AlDuckiMalaysia/OI (H9N2). Similarly, the M vRNA and mRNA 

copy number quantification also showed that AlWSN/33 (HINI) had higher copy 

number in MOCK and A549, and A/OucklMalaysialOI (H9N2) had higher copy 

number in CEF. 
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In the esS ]-methionine metabolic radiolabelling, the A/WSN/33 (HINI) viral 

bands were generally more intense than those of AlDuckiMalaysialOI (H9N2) in 

MDCK and A549 cell lines, which shows that AlWSN/33 (HINI) has more efficient 

translation of virus mRNA in those cells. However in CEF, AlDuckiMalaysialOI 

(H9N2) showed more intense viral bands than AlWSN/33 (HINI). Various 

experiments done in this chapter has shown consistent results to determine the species 

specificity of AlWSN/33 (HINI) and AlOucklMalaysialOI (H9N2). It can be 

concluded that AlWSN/33 (HINI) has better replication rate in A549 and MOCK 

cells, which suggests that the virus grows better in canine and human cells. However, 

AlDucklMalaysialO I (H9N2) possesses better replication rate in CEF, which shows 

that the virus grows better in chicken. 
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Chapter Five. Analysis on Host Response upon Influenza Virus A 
Infection 

The interaction of virus and host upon infection is an important aspect to study 

mainly with a focus on the host defence mechanism and how the virus can manipulate 

the host cell to allow efficient replication. In this chapter, we used cDNA microarrays 

to monitor the progression of the host gene expression over a period of time. The 

factors that we would aim to examine in this experiment are the upregulated or 

downregulated popUlation of genes, and their progression toward time. 

The Affymetrix® cDNA microarrays were employed to monitor the global host 

gene response of different cell lines infected by the H9N2 isolate. As a comparison, 

we also used the HlNlIWSN/33 infected cell lines, both with the moi of 3 based on 

Section 2.2.2.5 validation. The gene expression would then compared to the 

expression of the mock-infected cells, which was the uninfected allantoic fluid. To 

ensure the efficient infectivity, immunofluorescence assay was also carried prior to the 

analysis, as demonstrated in Fig 4.1,4.2 and 4.3. The parameter observed in this study 

help us to determine the virus replication ability, the difference of the host defence 

mechanism and the ability of the virus to counteract it. This strategy also measures the 

signal intensity in probe sets, which is approximately equivalent to the upregulated or 

downregulated genes. Probe set is a collection of probes attached in Affymetrix system 

designed to interrogate a given sequence in an mRNA. One mRNA may be 

represented by several probe sets depending on the length in order to ascertain the 

expression intensity. The usage of probe sets for the measurement is useful to identify 

and include unknown and non-annotated genes as well, and for confirmatory purpose 

by qRT-PCR and Western Blotting to confirm the biological activity. 
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To analyze cytokine response, mouse lung macrophages were used as a model 

cell line. The cells were infected with the viruses, the supernatant harvested, and 

further analyzed to determine the level of each cytokine. The difference level of 

cytokine is critical to assess the host immunological response to the virus infection. 

5.1 Host Response in MDCK 

In this gene expression study, all cells in all time points were infected at moi of 

3, where similar number of cells were infected by each virus to enable timepoint by 

timepoint comparison. The number of the upregulated, downregulated and unchanged 

probe sets in infected MDCK cells are shown in Fig 5.1. Overall, the amount of 

downregulated probe sets was much higher in both HINI and H9N2 infected cells, 

which is shown by different scales of the probe sets in the Y-axis. The number of 

probe sets in the Y-axis refers to the number of differentially expressed mRNAs in the 

system. This pattern confirms the influenza virus infection characteristics to degrade 

the host-cell mRNA. This pattern was also found in CEF and A549 cells, as well. 

In the upregulated genes, generally there was a steady increase of the number 

of probe sets in both of the viruses starting from as early as 2 hpi. At 2 hpi, the amount 

of up regulated probe sets in both HINI and H9N2 infected MDCK cells were similar. 

From 4hpi to 6 hpi, the numbers of upregulated probe sets in the H9N2 isolate were 

fewer than HINI, where a significant increase of approximately 50 probe sets from 8 

hpi to 10 hpi. The increase in probe sets in HINI was observed starting from 6 hpi. At 

10 hpi, more than 100 probe sets were upregulated in H9N2, whereas only about 80 

probe sets were upregulated in HINI. This shows that the H9N2 infected cells induces 

more response than HINI infected cells at 10 hpi. 
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Fig 5.1 The number of upregulated (A), down regulated (B) and unchanged (C) probe sets in MDCK 
infected with HINI and H9N2 isolate. (Note that there is no 8 hpi for for HINI) (p-value < 0.05 , FDR < 0.05, 
n=3) 

From the amount of downregulated probe sets, initially, there were small number 

of downregulated genes observed in HI N 1 infected cells at 2 hpi, and there were 

insignificant number of downregulated genes observed in H9N2 infected cells. 

However, starting from 6 hpi, the number of downregulated genes in HINI infected 

cells rose significantly until up to approximately 8,000 probe sets. This increase of 

downregulated genes in HINI infected cells continued until close to 10,000 probe sets 

at 10 hpi. The H9N2-infected cells did not show any significant increase of 

downregulated genes until 8 hpi, which also showed slow increase at 10 hpi at 

approximately 1,000 probe sets. This suggests that the virus is capable of degrading 

the cellular mRNA in a higher rate in HINl-infected cells than in H9N2-infected cells. 

As described in Section 1.3.3, the degradation of the cellular mRNA is due to the 
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activity of the influenza polymerase complex activity. The polymerase activity is 

critical to exhibit endonuclease activity towards host cell mRNAs and using the 

degraded mRNA as primer to transcribe viral mRNA. To relate with the observation 

found in Section 4.1.1, it is clear that the HtNt infected MDCK cells started to show 

nuclear export at 6 hpi, which also indicate the higher activity of the viral polymerase 

to synthesize new viral mRNA and protein, which suggests high activity of cellular 

mRNA cap snatching, while H9N2 infected cells only showed steady development 

only starting from 6 hpi onwards. The more cellular mRNAs are taken over by the 

virus, the less cellular mRNAs will be detected. This finding is consistent with the 

observation of the massive decrease of downregulated genes in HINI-infected MDCK 

cells, and the slow rise of downregulated genes in H9N2-infected MDCK cells. 

It is also interesting to examine the number of unchanged genes in influenza 

virus infected cells, since the effect of the activity of the viral polymerase protein to 

cap-snatch the cellular mRNAs is non-specific (Hagen et at., 1994). The definition of 

unchanged probe sets is that the change in expression does not exceed 1.3 fold change 

found in all three replicates. The number of unchanged probe sets shown in Fig. 5.2 

may indicate the rate of cap snatching activity of the virus. It is noted that the number 

of unchanged genes in H9N2-infected cells is much more than HINI-infected cells by 

approximately 5,000 probe sets in 10 hpi. This finding is also similar to the finding of 

the number of downregulated genes observed in both HINI and H9N2 infected 

MDCKcells. 

The comparison of the upregulated gene grouping in percentage is shown in Fig. 

5.2. In both viruses at all time points, the upregulation of each group of genes did not 

exceed 1 % of the total number of probe sets. This is due to the low number of probe 

sets being upregulated as compared to the total population, for example: total number 
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of upregulated probe sets in host-pathogen interaction was 15 out of 3310 total probe 

sets detecting host-pathogen interaction related genes. Similarly, the total number of 

upregulated probe sets globally was only ~ 1 00 out of 22,000 expressed probe sets, 

which comprised of ~0.45% of the total probe sets. However, the amount of 

downregulated probe sets showed otherwise where the downregulation could reach up 

to ~40% of the total probe sets globally in HINI infected MDCK cells. The variability 

and reproducibility of the trends in the graphs below has also been confirmed by 

statistical significance of p-value < 0.05, FDR < 0.05 in three replicates. 

_There were no upregulated lipid metabolism, and cell death group of genes 

observed in both HINI and H9N2-infected MDCK cells, while there is no upregulated 

protein metabolism observed in H9N2. This may suggests to the viral activity to halt 

the progression of apoptosis induction in MDCK cells to optimize the rate of 

replication. The steady rising number of upregulated genes were clearly observed in 

H9N2-infected MDCK cells on all groups. However, the HINI gene groups showed a 

slight decrease in the amount of upregulated transcription factors, signal transduction 

and host-pathogen interactions gene groups from 6 hpi to 10 hpi, and only energy 

pathways group of genes was detectable at 2 hpi. At 10 hpi, the signal transduction, 

RNA binding and transcription factor groups of genes also showed more increase in 

H9N2-infected MDCK cells than HINI infected MDCK cells. This activity suggests 

that the MDCK cells responds and activates more pathways to counteract H9N2 

infection that HINl, which also shows higher cellular activity to counteract viral 

infection, as shown in higher host-pathogen interaction. In host-pathogen interaction 

group of genes, the H9N2-infected MDCK cells could be observed as early as 2 hpi, 

and rose steadily until 10 hpi. At 10 hpi, the percentage of the host-pathogen 

interaction gene groups in H9N2-infected MDCK cells was also higher than HINI 
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infected MDCK cells. This finding suggests that the MDCK cell exhibit higher 

defense mechanism against H9N2 than HINI. 
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Fig 5.2 The percentage of up regulated gene expression ofMDCK cells infected with HINI (A) and H9N2 (B) over 
time, grouped based on the gene function. (p-value < 0.05, FDR < 0.05, n=3) 
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Fig 5.3 The downregulated gene expression ofMDCK cells infected with HINI (A) and H9N2 (B) over time, 
grouped based on the gene function. Note the different scaling between the two graphs. (p-value < 0.05, 
FDR < 0.05, n=3) 

The comparison of the downregulated gene grouping in percentage is shown in 

Fig. 5.3. Generally, most of the gene groups described had already shown a small 

amount of downregulation in HINl-infected MDCK cells in as early as 2 hpi. While 

in H9N2 infected MDCK cells, most of the gene groups were only able to be detected 
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at 8 hpi, with the exception of the host-pathogen interaction and RNA binding protein 

which is at 6 hpi. The number of downregulated genes in HINI-infected MDCK cells 

rose significantly starting from 6 hpi ranging from 15% in host pathogen interaction 

gene groups up to 40% in cell death gene groups. This continued up to 10 hpi. In 

H9N2-infected MDCK cells, the rise could only be observed by less than 2% starting 

from 8 hpi. 

Most of the gene groups exhibit similar trends of the increased number of 

downregulated genes in both HINI and H9N2-infected MDCK cells. It is also 

interesting to note that the cell death gene groups in HINI-infected MDCK cells 

peaked at 6 hpi by 40%, and lowered down to 25% at 10 hpi. The H9N2-infected 

MDCK cells however, showed a significant increase from approximately 0.4% at 8 

hpi, to approximately 2.5% at 10 hpi. In both HINl and H9N2-infected MDCK cells, 

cell death and cell cycle gene groups showed the most downregulated genes. 

The unchanged gene expression pattern ofMDCK cells infected with HINI and 

H9N2 virus was shown in Fig 5.4. Generally, in all gene groups selected, H9N2-

infected MDCK cells had more percentage of unchanged genes compared to HINI­

infected MDCK cells. In HINI-infected MDCK cells, protein metabolism and energy 

pathways group of genes had the highest percentage of unchanged genes detected. In 

H9N2-infected MDCK cells, protein metabolism, energy pathways, cell death and cell 

cycle gene groups had the most unchanged genes detected. 
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Fig 5.4 The unchanged gene expression ofMDCK cells infected with HINI and H9N2 over time, grouped based 
on the gene function. (p-value < 0.05, FDR < 0.05, n=3) 

Although it is known that many of the cellular mRNAs are downregulated upon 

influenza A virus infection, it is interesting to observe the genes that are upregulated 

asof host response identification. Here, We examined the upregulation of both HINI 

and H9N2-infected MDCK cells at 10 hpi in order study gene profiling of the infected 

cells related to the virus replication. The representative of which is shown in Fig. 5.5. 

In this analysis, the observation was focused on which probe sets were common to 

both virus, and which were unique. The result of those was tabulated in Table 5.1. 

Then Venn Diagram was classified into cytokine and innate immune response/antiviral 

gene groups, and cell death gene groups. In the cytokine gene groups, both HINI and 

H9N2 shared similar up regulated genes, which are CCL5 and CXCLl O. In the 

antiviral gene groups, there were 5 upregulated probe sets in HINI and H9N2-infected 

cells, which comprised of interferon induced proteins, MxI and RSAD2 genes. It can 

also be seen that both HINI and H9N2 upregulates specific interferon induced protein 
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III infected cells, suggesting different cellular response towards infection of both 

viruses in MDCK cells. 

A. B. 
H1N1 H9N2 H1N1 H9N2 

Fig. 5.5 The Venn Diagram of the amount of up regulated genes in HINI and H9N2 infected MOCK cells in 
cytokine genes (A), antiviral/innate immune related genes (8) 

Table 5.1 List of up regulated cytokine, antiviral/innate immune related genes in MOCK cells 

Cxtoklne 

GeneSank 
Gene 

Description H1Nl H9N2 
HINl and 

Symbol H9N2 
C0676693 CCL4 chemokine (C-C motif) ligand 4 A A 

NM_OO1003010 CeLS chemokine (C-C motif) ligand S 

pmma10679 LOC463406 similar to Interferon regulatory factor 7 (IRF-7) A A 

SU746616 CXCL10 chemokine (C-X-C motif) ligand 10 p 

pmma11663 LOC46290S toll-like receptor 3 A A 

Antivlrat 

GeneBank 
Gene DeSCription H1Nl H9N2 

H1Nland 
Symbot H9N2 

BU74S61S OAS1 2',S'-otigoadenylate synthetase 1, 40146kDa P 

pmma13997 OAS2 2'-S'-otigoadenylate synthetase 2, 69171kDa A A 

pmma163S6 OASL 2'-S'-otigoadenylate synthetase~ike A A 

DN266079 LOC490196 interferon4nduced protein 44 A A 

DN267S74 LOC479960 interferon4nduced protein 44~ike 

pmma1S021 LOC466947 
interferon-induced protein with tetratJicopeptide 
repeats 1 

pmma1S016 LOC479163 
interferon4nduced protein with tetratrieopeptide 

A A repeats 2 
DN272024 LOC479S7S tSG1S ubiquitin~ike modifier A A 

C0694611 LOC609006 LIM domain onty 2 (rhombotin-tike 1) A A 

pmma1S620 MX1 myxovirus (influenza virus) resistance 1 p P 

NM_OO1003133 MX2 myxovirus (influenza virus) resistance 2 (mouse) A A 

RSAD2 radical S-adenosyl methionine domain containing 2 

pmma267S2 LOC490461 S100 catcium binding protein A6 A A 

pmma19S10 LOC60667S simitar to immunity-retated GTPase family, cinema 1 A A 

pmma160S LOC461471 simitar to interferon gamma inducible protein 47 A A 

CNOO2479 LOC476170 similar to interferon induced 6-16 protein isoform a A A 

COS6S2S0 LOC477402 similar to Nudear autoantigen Sp-100 A A 

pmma1603 LOC476406 SON DNA binding protein A A 

Note: 
P: gene is upregulated 
A : gene is not upregulated 
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Furthermore, we studied the upregulation pattern of the cytokine gene groups 

of the H9N2 and HINI infected cells, which was shown in Fig. 5.6. In this 

experiment, although the period of life-cycle in both viruses are different, we chose up 

to 10 hpi with 2 hpi interval in order to cover one single cycle of infection from the 

initial step of infection until the virus budding step, which is up to 10 hpi, as shown in 

immunofluorescence assay. The reason of the same time point usage, rather than the 

equivalent time points is to monitor gene expression difference in the same time point, 

which later could explain the more rapid replication of HINI WSN than H9N2. It is 

interesting to observe that Toll - like receptor 3 is not significantly upregulated in 

HINI-infected MDCK cells. Toll - like receptor 3 recognizes dsRNA molecular 

pattern associated with viral infection, which leads to the activation of NF-KB and 

type I interferon (Alexopoulou et aI., 2001). Both IRFI and IRF7 genes was not 

upregulated in HINl, but IRF7 gene upregulated slightly in H9N2. The antiviral genes 

MXl, OASI and OAS2 genes were detected in HINI as early as 6 hpi, whereas in 

H9N2, most of them were only detected at 10 hpi. The MXI, and OAS genes 

functions have been discussed in detail in Section 1.6.1.1,and 1.6.1.2, respectively. It 

could also been observed that HINI infected cells can upregulate these genes with 

higher fold change of these antiviral genes than H9N2-infected cells. 

The expression of CCL5lRANTES in H9N2-infected cells was much higher 

compared to that in HIN1. Furthermore, it could be detected as early as 2 hpi in 

H9N2-infected cells. CCL5lRANTES is initiated after the cells detected dsRNA of the 

virus, and the downstream activation depends on the activation of PKR and RIG-l 

genes, which can be inhibited by NSI protein of influenza virus. It is possible that NSI 

protein of HINI is more potent of inhibiting the chemokine production of 
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CCL5/RANTES than H9N2. It also can be observed that the RSAD2 was expressed as 

early as 4 hpi in HINI-infected cells, and can only be found in H9N2-infected cells in 

10 hpi. The delayed expression in H9N2 might be due to lower interferon response. 

But in the end, the RSAD2 expression of both HINI and H9N2 cells were similar. 

Cvtokine 
H1N1 H9N2 

Probe 10 
Gene 

Description 2h 4h 6h 10h 2h 4h 6h 8h 10h Symbol 

Cfa.15795.1ACs_at CCL4 chemokine (C-C motif) ligand 4 

Cfa.21 .1.S1_s_at CCLS chemokine (C-C motif) ligand S 

cra.16590.1.S,_s_at CXCL10 chemokine (C-X-C motif) ligand 10 

Cfa.16590.1.S2_at CXCL10 chemokine (C-X-C motif) ligand 10 

CfaAffx.l0179.1.S1_ot LOC483406 Interferon regulatory factor 7 (IRF-7) 

CfaAffx.11983.1.S1_at LOC48290S toll~ike receptor 3 

Antiviral 
H1N1 H9N2 

Probe 10 
Gene 

Description 2h 4h 6h 10h 2h 4h 6h 8h 10h Symbol 

Cfa.21183.1.S1_s_at OAS1 2',S'-oligoadenylate synthetase " 40/46kDa 

Cfa.21191 .1.S1_at OAS1 2',S'-oligoadenylate synthetase 1, 40/46kDa 

Cfa.21191 .1.S1_a_at OAS1 2',S'-oligoadenylate synthetase 1, 40/46kDa 

Cfa.21191 .2.S1_a_at OASl 2',S'-oligoadenylate synthetase 1, 40/46kDa 

CfaAffx.14097.1.S1_s_at OAS2 2'-S'-oIigoadenyiate synthetase 2, 69171kDa 

CfaAffx.16456.1.S1_s_at OASL 2'-S'-oIigoadenyiate synthetase-like 

Cfa.18892.1.S1_s_at LOC479980 interferon-induced protein 44-1ike 

Cfs.3380.1.S '_at LOC479980 interferon-induced protein 44-1ike 

CfaAffx.31150.1.S1_at LOC479980 interferon-lnduced protein 44-1ike 
interferon..jnduced protein with 

CfaAffx.1S121 .1.S1_al LOC488947 tetratricopeptide repeats 1 
interferon-lnduced protein with 

CfaAffx.1511 6.1.S1_at LOC479183 tetratricopeptide repeats 2 

CfaAffx.15920.1.S1_s_BI MX1 myxovirus (influenza virus) resistance 1 

Cfa.3609.1.S1_s_at MX2 myxovirus (influenza virus) resistance 2 
similar to interferon gamma inducible protein 

CfaAffx.1705.1.S1_Bt LOC481471 47 
similar to interferon induced 6·16 protein 

Cfa.20456.1.S1_Bt LOC478170 isoform a 
radical S·adenosyl methionine domain 

CfaAffx.5863.1.S1_at RSAD2 containing 2 
similar to interferon induced 6·16 protein 

Cfa.20456.1.SCs_at LOC478170 isoform a 

CfaAffx.1703.1.S1_x_at LOC478406 SON DNA binding protein 

20 18 16 14 12 10 -2 -4 -6 -8 

Fig. 5.6 The heatmap of the host-gene response in HI NI and H9N2 infected MDCK cells. The heatmap scale bar 
represents fold change value from -8 to 20. (p-value < 0.05, FDR < 0.05, n=3) 

Generally the HINI-infected MDCK cells are prone to downregulate more 

genes in cholesterol metabolism pathway than H9N2-infected MDCK cells (Fig. 5.7). 

From the heatmap shown, the downregulation pattern was apparent from as early as 6 

hpi in HINI-infected cells, while H9N2-infected cells only showed 2 downregulated 
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H1Nl H9N2 
Probe Sets GeneBank Gene Name Description 

Cfa.18313.1.SCat lOC489573 DN350844 24-<1ehydrocholeslerol reductase 
Cfa.11625.1A1_s_at lOC479182 C0606617 J..hydroxy·J.methylglutaryl·CoenzymeA reductase 
Cfa.11625.1.A2_at LOC479182 CK998370 3-hydroxy':HTlethylglutaryl-Coenzyme A reductase 
Cfa.16390.1.S1_s_at L0C479182 DN426192 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 

Cfa.16390.2A1 _at LOC479182 C0614270 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 
Cfa.3293.1.A1_at lOC479182 AJ536931 3-hydroxy· 3-methylglularyl-Coenzyme A reductase 
Cfa.11398.1.A1_at LOC479344 C0585054 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (soluble) 

Cfa.17863.1.S1_s_at LOC479344 CF408018 l-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (soluble) 
Cfa.17863.2.S1_s_at LOC479344 DN265597 3-hydroxy-J..methylglutaryl-Coenzyme A synthase 1 (soluble) 
Cfa.14368.1.A1_at LOC607923 C0675901 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (mitochondrial) 
CfaAffx.15828.1.S1_8t LOC607923 pmma15728 3-hydroxy-l-methylglutaryi-Coenzyme A synthase 2 (mitochondrial) 
CfaAffx.15828.1.S1_s_at LOC607923 pmma15728 3-hydroxy-3-methylglutaryl.coenzyme A synthase 2 (mitochondrial) 

CfaAffx.16305.1.S1_at LOC483675 pmma16205 7-dehydrocholesterol reductase 
Cfa.1502.1.S1_at LOC489421 BU745416 acetyl-Coenzyme A acetyltransferase 1 (acetoacetyl Coenzyme A thiolase) 
CfaAffx .22496.1.S1_at LOC489421 pmma22396 acetyl-Coenzyme A acetyltransferase 1 (acetoacetyl Coenzyme A thiolase) 
CfaAffx .22504.1.S1_s_at LOC489421 pmma22404 acetyl-Coenzyme A acetyltransferase 1 (acetoacetyl Coenzyme A thiolase) 

Cfa.20904.1.S1_s_at LOC484063 DN393619 acetyl-Coenzyme A acetyltransferase 2 (acetoacetyl Coenzyme A thiolase) 

CfaAffx .2011 .1.S1_s_at LOC484063 pmma1911 acetyl-Coenzyme A acetyltransferase 2 (acetoacetyl Coenzyme A thiolase) 

LOC491280 DN322950 carboxyl ester lipase (bile salt-stimulated lipase) - -- -Cfa.14406.1.A1_at LOC477362 C0716803 famesyl-diphosphate famesyltransferase 1 
CfaAffx.20454.1.S1_at LOC609364 pmma20354 hydroxysteroid (17-beta) dehydrogenase 7 

CfaAffx.24089.1 .SCat LOC610650 pmma23989 lipase A, lysosomal acid, cholesterol esterase (Wolman disease) 

CfaAffx.30427.1.S1_at LOC489663 pmma30327 mevalonate (diphospho) decarboxylase 

CfaAffx.16930.1.S1_at LOC486309 pmma16830 mev9lonate kinase (mevalonic aciduria) 
CfaAffx.16948.1 .S1_at LOC486309 pmma16848 mevalonate kinase (mevalonic aciduria) 
CfaAffx.16948.1.S1_s_at LOC486309 pmma16848 mevalonate kinase (mevalonic aciduria) 
Cfa.15066.1.S1_at LOC481079 DN394168 NAD(P) dependent steroid dehydrogenase-like 
CfaAffx.1385.1.S1_at LOC481133 pmma1285 similar to 2~hydroxyv itamin 0-1 alpha hydroxylase, mitochondrial precursor ( 
Cfa.8S25.1.A 1_at LOC609430 DN744248 similar to 3-beta-hydroxysteroid-delta(8),delta{7Hsomerase 
CfaAffx.26973.1.S1_at LOC489163 pmma26873 similar to CG1998-PA 

Cfa.20054.1.S1_s_at LOC475225 CF411978 sim ilar to Cytochrome P450 51A1 (CYPLI) (P450Ll ) 

CfaAffx.18581 .1.SCs_at LOC491611 pmma18481 similar to Lanosterol synthase (Oxldosqualene-Ianosterol cyclase) (OSC) 

Cfa.9175.1 .S1_at LOC608021 C0590323 squalene epoxidase 

CfaAffx21458.1.S1_at LOC490325 pmma21358 sterol O-acy1transferase (acyt-Coenzyme A: cholesterol acyltransferase) 1 
Cfa.6227.1.ACat LOC486511 C0662150 sterol O-acy1transferase 2 

Cfa.9367.1 .A1_at LOC475491 C0682460 sterol-C4-methyl oxidase-like 
Cfa.21D47.1.S1_s_at LOC610411 DN373017 sterol-CS-desaturase (ERG3 delta-5-desaturase homolog, S. cerevisiae}-l ike 

CfaAffx21536.1.S'_at LOC476027 pmma21436 transmembrane 7 superfamily member 2 

10 -2 -4 -6 -8 -10 

Fig_ 5.7 Heatmap on Cholesterol Metabolism related genes in HINl and H9N2 infected MDCK cells. Highlighted 
in yellow is 3-hydroxyl-3-methylglutaryl-Coenzyme A reductase (HMGCR), and highlighted in red is cholesterol 
25-hydroxylase (C25H)_ The heatmap scale bar represents fold change value from -10 to 10_ (p-value < 0.05, 
FDR < 0_05, n=3) 

probe sets_ To examine the activity of the HMGCR, HINI-infected cells 

downregulated the gene for approximately more than 8 fold, while H9N2 did not show 

any significant downregulated. In the experiment, the cholesterol 25-hydroxylase only 

showed slight downregulation at 6 hpi in HINI-infected cells, and there was no 

downregulation of the gene in H9N2-infected cells_ It is known that the decrease of 

cellular cholesterol will increase viral budding, but with lower infectious viral particles 

(Barman and Nayak, 2007). It is also known that RSAD2 protein interacts with 

famesyl diphosphate famesyl transferase (FPPS) in antagonistic way (Wang et al., 

2007) In Fig 5.6, it is shown that HINI-infected MDCK cells upregulates RSAD2 
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more than H9N2-infected cells. Consistent with Wang et at. (2007) finding, the 

downregulation of FPPS is greater in HINI-infected cells. To conclude, the 

downregulation of the cholesterol metabolism pathwayis is controlled by the host to 

reduce the infection rate ofHINl. 

5.2 Host Cells Response in CEF 

The amount of up regulated, downregulated and unchanged probe sets in HINI 

and H9N2-infected CEF cells is shown in Fig. 5.8. This result is contrary to what has 

been observed in MDCK-infected cells. In addition, there were more upregulated 

probe sets in HINI infected CEF cells compared to H9N2 infected CEF cells. There 

were also more downregulated probe sets in H9N2 infected CEF cells compared to 

HINI-infected CEF cells. In HINI-infected CEF cells, increase of the quantity of 

upregulated probe sets were gradual, starting from approximately 18 probe sets at 2 

hpi, which then rose to approximately 60 probe sets at 8 hpi. The rise then increased 

dramatically to 140 probe sets at 10 hpi. In H9N2 infected CEF cells, 

the rise started from approximately 8 probe sets at 2 hpi, and rose steadily until the 

number of upregulated genes reached 60 probe sets at 6 hpi. 

No downregulated genes were observed at 2 hpi and 4 hpi in both HINI and 

H9N2 infected CEF cells. At at 6 hpi, both HINI and H9N2 infected CEF cells only 

showed less than 100 probe sets of downregulated genes. The dramatic rise of 

downregulated probe sets were observed for both HINI and H9N2 infected CEF cells 

at 8 hpi onwards, and increased steadily from 8 hpi to 10 hpi. The H9N2 infected CEF 

cells showed slight decrease from 8 hpi to 10 hpi. The number of downregulated probe 

sets in H9N2 reached as high as approximately 2,250 probe sets at 10 hpi, whereas 

HINI almost reached 1,000 probe sets at 8 hpi, which then decreased to 
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approximately 650 probe sets at 10 hpi. Based from these result, it could be concluded 

that CEF cells have a better antiviral defence mechanism against HINI infection 

better than H9N2. At the same time, the H9N2 replicated better in CEF cells. To relate 

the result shown in Section 4.1.2, where HINI did not show any significant 

fluorescent signal until 6 hpi and H9N2 had shown signal as early as 4 hpi, this 

indicates the faster rate of replication of H9N2 than HINI in CEF cells, which in tum 

degrades more cellular mRNA. 

A. 160 • H1Nl B • 2500 

140 
. H9N2 2000 

120 
III 100 III ... ... 1500 cu cu 
VI VI 

cu 80 cu 
..Q ..Q 

0 0 1000 ~ 60 
~ 

Co - Co 

40 500 
20 

0 0 

2 4 6 8 10 2 4 6 8 10 

hpi hpi 

C. 
4000 

3500 

3000 

~ 2500 
VI 

~ 2000 
0 
~ 1500 

1000 

500 

0 

H1N1 H9N2 

Fig. 5.8 The amount of up regulated (A), down regulated (B) and unchanged (C) probe sets in CEF infected with 
HINI and H9N2 isolate. (p-value < 0.05, FDR < 0.05, n=3) 
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The number of unchanged genes was higher in HlNl-infected CEF cells than 

H9N2-infected CEF cells, which was approximately 3,700 and 2,500 probe sets in 

HlNl and H9N2-infected cells, respectively. Consistent with the result shown in 

Chapter 5, the slower growth of HlNl-infected CEF cells may be attributed to higher 

amount of intact mRNAs, as compared to H9N2-infected CEF cells. 

The upregulated gene groups in CEF infected with HlNl and H9N2 is shown 

in Fig. 5.9. In HlNl-infected CEF cells, there was a steady increase of almost all gene 

groups up to 8 hpi with the exception of cell cycle, cytoskeleton and energy pathways. 

The cell cycle and energy pathways were only detected at 10 hpi. There were no 

cytoskeleton gene groups detected in HlNl-infected CEF cells. Most of the genes 

showed a sharp rise from 8 hpi to 10 hpi in upregulated gene groups of cell death, 

host-pathogen interaction, and lipid metabolism and transcription factor. The cell 

death and host pathogen interaction gene groups dominated the upregulated genes 

profile. In contrast, H9N2-infected CEF cells, the amount of upregulated gene groups 

did not show steady rise with the increase of infection time as observed in HINl­

infected CEF cells. However, host-pathogen interaction, protein metabolism and 

transcription factor gene groups can be detected as early as 2 hpi. There were no 

cytoskeleton and energy pathways gene groups being upregulated in H9N2 infected 

CEF cells. Cell death and cell cycles gene groups were only detected in H9N2-infected 

CEF cell lines at 6 hpi and 8 hpi, respectively. The protein metabolism and host 

pathogen interaction gene groups dominated the upregulated genes profile in H9N2-

infected CEF cells. 
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Fig 5.10 The downregulated gene expression ofCEF cells infected with HI NI (A) and H9N2 (B) over time, 
grouped based on the gene function. Note the different scaling between the two graphs. (p-value < 0.05, FDR < 
0.05, n=3) 

The comparison of the downregulated gene groups in CEF infected with HINl 

and H9N2 is shown in Fig. 5.10. For CEF infected with both HINI and H9N2, all the 

downregulation gene groups were observed at 6 hpi except for cytoskeleton and cell 

death. In HINI infected CEF cells, the downregulated gene groups were observed at 6 

hpi, rose significantly at 8 hpi, and decreased slightly at 10 hpi. Cytoskeleton, cell 
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death and cell cycle gene groups only showed significant rise at 6 hpi, but with 

approximately equal amount with all other gene groups. Cytoskeleton and lipid 

metabolism gene groups had the highest amount of downregulated genes in HINI 

infected CEF cells. In H9N2 infected CEF cells, the downregulated genes were only 

be able to be seen at 6 hpi in all gene groups except cytoskeleton and cell death gene 

groups. The amount of downregulated gene started rising significantly from 8 hpi for 

all gene groups, and steadily increased in 10 hpi. The cell cycle gene groups showed 

highest amount of downregulated genes in H9N2 infected CEF cells. 

The comparison of unchanged gene groups between HINt and H9N2 infected 

CEF cells is shown in Fig 5.11. It could be seen that for both HINI and H9N2 infected 

CEF cells, protein metabolism and energy pathways gene groups had the highest 

percentage of unchanged genes. Generally, H9N2 infected CEF cells had higher 

amount of unchanged genes as compared to HINI infected CEF cells. 
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Fig SoIl The unchanged gene expression ofCEF cells infected with HINI and H9N2 over time, grouped based on 
the gene function. (p-value < 0005, FDR < 0.05, n=3) 
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Three classes of probe sets were selected for grouping in the CEF infected with 

HINI and H9N2, and the result is shown in Fig. 5.12. The groupings consist of 

cytokine gene groups, antiviral/innate immune gene groups and cell death gene groups. 

The complete list of the genes is listed in Table 5.2. From the cytokine gene groups, it 

can be seen that H9N2 only upregulated 3 probe sets which was also upregulated in 

HI N I, and these are TLR3 IRF I and IRF7. The genes that were upregulated only in 

HINI infected CEF cells were IRF genes, and IL8. Similarly, in the antiviral/innate 

immune gene groups, HINI upregulates more probe sets than H9N2. There were only 

8 probe sets that were upregulated in both H9N2 and HINI infected CEF cells, and 

these are Mx I, OASL, and mature cGMF gene. The antiviral/innate immune genes 

expressed exclusively in HINI infected CEF cells are mostly interferon induced genes. 

In the cell death genes, the HINI upregulated 4 probe sets while H9N2 does not have 

upregulated probe set. To relate with the finding in Chapter 4, it can be seen that the 

H9N2, which is shown to replicate better in CEF cells, upregulates less cytokine and 

antiviral/innate immune related genes and cell death genes. 

A. B. c. 
H1N1 H9N2 H1N1 H9N2 H1N1 H9N2 

Fig. 5.12 The Venn Diagram of the amount of upregulated genes in HI NI and H9N2 infected CEF cells in 
cytokine genes (A), antiviral/innate immune related genes (B) and cell death (C) 
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Table 5.2 List of up regulated cytokine, antiviral/innate immune, and cell death related genes in CEF cells 

Cvtoklne 

GeneBank 
Gene Description 

H1Nl and 
Symbol 

HINl H9N2 
H9N2 

ENSGAL TOOOOO018067 IFIH1 interferon induced with helicase C domain 1 A A 

NM_205415 IRF1 interferon regulatory factor 1 p 

NM_204558 IRF10 interleron regulatory factor 10 A A 

NM_205372 IRF7 interferon regulatory factor 7 

NM_204524 IL1B interleukin 1, beta A A 

AJ564201 IL12B interleukin 12B A A 

NM_204628 IL6 interleukin 6 (interferon, beta 2) A A 

M16199 IL8 interleukin 8 A A 

ENSGALTOOOOO021950 TLR3 toll~ike receptor 3 

Antiviral 

GeneBank 
Gene 

Description H9N2 
HINl and 

Symbol 
HINl 

H9N2 

NM_204487 EIF2AK2 eukaryotic translation initiation factor 2~alpha kinase 2 A A 

NM_205018 K60 K60 protein 

NM_205279 LOC396216 maturecMGF 

BU120914 LOC417053 similar to dass I alpha chain A A 

AY257166 LOC417055 similar to MHC Rfp.Y class I alpha chain 

ENSGALTOOOOO015431 LOC420559 similar to KIAA2005 protein A A 

ENSGALTOOOOO010311 LOC423790 
similar to Interferon·jnduced protein with telratricopeptide 
repeats 5 (IFIT-5) 

ENS GAL TOOOOOO05376 LOC424402 
similar to E-selectin precursor (Endothelial leukocyte 

A A 
adhesion molecule 1) 

NM_204775 LY6E lymphocyte antigen 6 complex, locus E 

NM_204609 MX Mx protein 

NM_205041 OASL 2'-5'-oligoadenylate synthetase-like 

ENSGALTOOOOO012390 STAT4 signal transducer and activator of transcription 4 

BU351319 VCAM1 vascular cell adhesion molecule 1 A A 

CR389298 ZC3HAV1 zinc finger CCCH-type, antiviral 1 A A 

Cell Death 

GeneBank 
Gene Description HINl H9N2 

HiNi and 
Symbol H9N2 

ENSGALTOOOOO024241 LOC427224 similar to programmed cell death 1 ligand 1 A A 

BU246920 LOC421684 similar to Tumor necrosis factor, alpha~induced protein 3 A A 

BU313956 SOCS1 suppressor of cytokine signaling 1 A A 

BU426375 TNFSF15 tumor necrosis factor (ligand) superfamily, member 15 A A 

Note: 
P denotes the gene is upregulated 
A denotes the gene is not upregulated 

The host interferon response gene expression in CEF infected cells is shown in 

Fig. 5.13. Generally, the responses in HINI-infected cells could be detected as early as 

2 hpi, whereas for H9N2-infected cells, some of the genes actually became less 
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upregulated, and for the antiviral Mxl and aASL gene expression, it could be seen 

that HINI infected CEF cells upregulates in much higher amount than H9N2 infected 

CEF cells. This similar trend was also observed in the EIK2AK2/PKR, TLR3, IRFI, 

IRF7 and STAT4. Furthermore in HINI-infected cells, most of the gene expression 

continued to peak until 10 hpi, whereas in H9N2-infected cells, most of them peak 

only until 6 hpi and then steadily decline. The IRF7 gene in H9N2-infected cells did 

not show upregulation anymore at 8 hpi. This pattern of expression explained the 

ability of H9N2 to counter with CEF cells antiviral defence mechanism better than 

HINl. This result is also consistent with the viral kinetics experiment, where H9N2 

was found to be more efficient in replication and transcription in CEF cells compared 

to HINl. 

In the cell death group, the expression of saCSI in HINI was apparent at 10 

hpi. However, the sacs 1 expression was downregulated in H9N2 infected cells. 

Suppressor of cytokine signalling (SaCS) is a pivotal negative regulator for cytokine 

signalling (Krebs and Hilton, 2001). Pothlichet et at. (2008) demonstrated that sacs 1 

and saCS3 up-regulation requires a TLR3-independent, RIG-I1MAVS/IFNARI­

dependent pathway. Further, they also revealed that the molecules inhibit antiviral 

responses. This observation suggests that the upregulation of sacs 1 in HI N 1 could 

be a result from the high expression of all interferon related genes. In H9N2, the 

interferon-related genes were not expressed as high, and this probably explains the 

absence of the sacs 1. Similar experiment was conducted by Xing et al., 2008, where 

they conducted microarray experiment on H9N2 and H6N2 viruses on chicken 

macrophages, they found that In H9N2 virus-infected chicken macrophages, Toll-like 

receptor 7 responded to infection and mediated the cytokine responses. Many of the 

pro-inflammatory cytokines were largely upregulated such as IRF3 and IRF7. 
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Interestingly, they also found that the interferon (IFN) response was fairly weak, but 

with the differentially regulated ofIFN-inducible gene, which was similar to the expe-

~ 

H1Nl H9N2 

Gene 2h 4h 6h 8h 10h 2h 4h 6h 8h 10h 
Probe 10 Symbol Description 

Gga.16457.1.S 1_s_at IFIHI interferon induced 'With he/iease C domain 1 

GgaAffx.23449.1.S 1_at IFIH1 interferon induced with helicase C domain 1 

Gga.791.1 .S 1_at IRFI interferon regulatory factor 1 

Gga.158.1.S 1_a_at IRF10 interferon regulatory factor 10 

Gga.1087.1.S 1_st IRF7 interferon regulatOfY factor 7 

Gga.19.1.S 1_at IlIB interleukin 1, beta 

Gga.I4433 .1.S2_at IlI 2B interteukin 128 

Gga. I5024 .1.Al _at IL6 interteukin 6 (interferon, beta 2) 

Gga.2769.1.S1_at IL6 interteukin 6 (interferon, beta 2) 

Gga.826.1.S 1_s_ot IL8 interteukin 8 

GgaAffx.8585.3.S1 _s_st TLR3 toll -like receptor 3 

Antlylral 

H1Nl H9N2 

Gene 2h 4h 6h 
Probe 10 Symbol Description 

8h 10h 2h 4h 8h 8h 10h 

EIF2AK2(P 8UkaryOtiC translation initiation factor 2-alpha 
Gga.9292.1.S1_ot KR) kinase 21Prote in Kinase R 

Gga.71 2.1.SCat LOC396216 mature cMGF 
Interteron.induced protein with 

GgaAtfx.21915.1.S1_at LOC423790 tetratricopepUde repeats 5 

GgaAffx.4650.1.S 1_s_at LOC424402 similar to E-selectin precursor 

Gga.1171.1.S1_81 LY6E lymphocyte antigen 6 complex, locus E 

Gga .131 .1.S 1_at MX Mx protein 

Gga.536.1.S1_a_at OASL 2'-5'~igoadeny1ate synthetase-like 

signal transducer and activator d 
Gga.11S97.1.S1 _5_at STAT4 transcript ion 4 

signal transducer and activator d 
Gga.11597.2.S1_s_at STAT4 transcript ion 4 

signal transducer and activator d 
Gga.12662.1.S1_at STAT4 transcription 4 

signal transducer and activalor d 
GgaAttx.22313.1.S1_s_at STAT4 transcription 4 

Gga.12928.1.S1_al VCAM I vascular celi adhesion molecule 1 

Gga.17993.1.S 1_at ZC3HAVI zinc finger CCCH-type, antiviral 1 

GgaAffx. 11 358.1.S 1_s_at ZC3HAVI zinc finger CCCH-type, antivi ral 1 

GgaAffx.20602.1.S 1_ot ZC3HAVI zinc finger CCCH-type, antiviral 1 

~ 

H1Nl H9N2 

Gene 2h 4h 8h 8h 10h 2h 4h 6h 8h 10h 
Probe 10 Symbol Description 

GgaAffx.24574 .1.S 1_at LOC427224 sim ilar to programmed cell death 1 ligand 1 

GgaAffx.24574.1.S1_at LOC427224 sim ilar to program med cel l death 1 ligand 1 

sim ilar to Tumor necrosis factor, alpha-
Gga.1025.1.S1_at LOC421684 induced protein 3 

Gga.l 0606.1.S1_at SOCSI suppressor of cytokine signaling 1 

lumor necrosis factor (ligand) superfamily, 
Gga.12614.1.S1_at TNFSF15 member 15 

20 18 16 14 12 10 8 6 2 1 -2 -4 -6 -8 

Fig. 5.13 The heatmap of the host-gene response in HINI and H9N2 infected CEF cells. The heatmap scale bars 
denotes the fold change value from -8 to 20. (p-value < 0.05, FDR < 0.05, n=3) 
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riment conducted. Among the regulated genes, major histocompatibility complex 

(MHC) antigens II were downregulated, which also occurred in the lungs of H9N2-

infected chickens. Additionally, interleukin (IL)-4, IL-4 receptor and CD74 (MHC 

class II invariable chain) were also downregulated, all of which are pivotal in the 

activation of CD4+ helper T cells and humoral immunity. Remarkably, in H9N2 virus-

infected chickens, the antibody response was severely suppressed. 

Probe Set Gene Symbol GeneBank Gene Name 

GgaAffx.12935.1.S1_s_at OHCR24 

Gga.2785.1.S1_s_at HMGCR 

GgaAffx.12414.1.S1_s_at HMGR 

GgaAffx.21726.1.SCat HMGR 

Gga.15337.1.S1_s_st HMGCS1 

Gga.3173.1.S1_at ACAT1 

Gga.6379.4.S1_8_at CEL 

Gga.6379.4.S1_x_8t eEL 

Gga.6379.6.S 1_8_at eEL 

Gga.6379.B.S1_x_at e EL -HS0 17B7 

1011 

1011 

1011 

AJ720832 24-dehydrocholesterol reductase 

NM_204485 3-hydroxy-3-melhylglutaryl-Coenzyme A reductase 

AJ720311 3-hydroxy-3-methylglutaryI-Coenzyme A reductase 

CR522889 3-hydroxy-3-methy1g1utaryl-Coenzyme A reductase 

BU307906 ~-h.y~r.~y-3-methy1g1utaryl-Coenzyme A synthase 1 

BX930988 ~cetyl-Coe~~e. A a~tyltransferase 1 (acetoacetyl 

BU417017 carboxyl ester lipase (bile salt-stimulated lipase) 

BU41 7017 carboxyl ester lipase (bile salt-stimulated lipase) 

CR386746 carboxyl ester lipase (bile salt-stimulated lipase) 

BX931584 carboxyl ester lipase (bile salt-stimulated lipase) -BX935618 hydroxystero id (17-bela) dehydrogenase 7 

CD735561 isopentenyl-diphosphate delta isomerase 1 

CD735561 isopentenyl-diphosphate delta isomerase 1 

BU131710 isopentenyl-diphosphate del ta isomerase 1 

Gga.7215.1.S, _at 

Gga.8851.1,S ' _8_at 

Gga.6851 .1.S1_s_at 

Gga.8851 .2 .S1_a_at 

Gga.1922.3.S1_s_at LSS CN216822 lanosterol synthase (2,3-oxidosqualene-lanosterol cydase) 

GgaAffx.12964.1.S1_s_al LSS AJ720861 lanosterol synthase (2,3-0xidosqualene-Ianosterol cydase) 

GgaAffx.3863.1.S1_s_at LSS ENSGALTOO lanosterol synthase (2,3-oxidosquatene-lanosterol cydase) 

Gga.14426. 1.S1_at LlPA 8U427337 lipase A, lysosomal acid, chotesterol esterase 

Gga.9879.1.S'_at LlPA 8Q484192 lipase A, lysosomal acid, cholesterol esterase 

Gga.9879.1.S1_s_at LlPA 8Q484192 lipase A, lysosomal acid, cholesterol esterase 

GgaAffx.11785.1.S 1_at lIPA AJ719682 lipase A. lysosomal acid. cholesterol esterase 

GgaAffx.11785.1.S1_s_at LlPA AJ719682 lipase A. lysosomal acid, cholesterol esterase 

L0C422982 8U35221 9 similar to della7-sterol reductase 

L0C420548 BU138507 similar to lanosterol 14-demethy1ase 

L0C426286 ~~_~~~!.90 similar to mevalonate kinase 

L0C425156 CR353683 similar 10 Mevalonale kinase (MK) 

L0C425359 BU1411 52 similar to mevalonate pyrophosphate decarboxylase 

Gga.15541.1.S1_at 

Gga .9613.1.S ' _at 

GgaAffx.8001.1.S1_at 

Gga.13062.1.S1_st 

Gga.7444.1.SCat 

Gga .9949.1.S 1_at 

GgaAffx.2598.1.S1_at 

L0C422302 8U436084 similar to NAO(P) dependent steroid dehydrogenase-like 

L0C424424 ~~_~~~!_OO sim!lar to.Steroi ~-acyltransferase 1 (Cholesterol 

GgaAffx.11821 .1.S1_s_at SC4MOL AJ719718 sterol-C4-methyl oxidase-like 

10 6 -2 -4 

HI N1 

2h 4h 6h 8h lOh 

• • 
-6 -8 -10 

H9N2 

2h 4h 6h 8h 1011 

Fig_ 5.14 Heatmap on Cholesterol Metabolism related genes in HlNl and H9N2 infected CEF cell s_ Highlighted in 
yellow is 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR), and highlighted in red is cholesterol 25-
hydroxylase (C25H)_ The heatmap scale bars denotes the fold change value from -10 to 10. (p-value < 0 _05, FDR 
< 0 _05, n=3) 
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The list of cholesterol metabolism pathways gene of H1N1 and H9N2 infected 

CEF cells are shown in Fig. 5.14. The H1N1 infected CEF cells did not show any 

significant downregulation even until 10 hpi. The H9N2 infected CEF cells showed 

downregulation in approximately 50% of the genes responsible in the cholesterol 

pathways from 6 hpi onwards. This finding correlates with both the HMGCR and 

CH25H gene profiling. In H1N1 infected CEF cells, there were no downregulation of 

the HMGCR gene, while there was slight increase of CH25H gene at 10 hpi by 

approximately 2 fold. In H9N2 infected cells, HMGCR was downregulated by 

approximately 5 fold at 6 hpi and it progressed up to lO hpi. There was no significant 

change in the CH25H gene profiling. It has been documented that CH25H can inhibit 

the cholesterol biosynthesis, and the influenza virus exhibits better budding in 

cholesterol depleted cells. This finding suggests that the upregulation of CH25H gene 

in HINl infected CEF cells is the virus attempt to reduce the cholesterol amount in the 

cells due to their inability to downregulate the cholesterol biosynthesis. The H9N2 

infection in CEF cells, however, does not require an upregulation of the CH25H gene, 

as the virus itself is capable to downregulate the cholesterol biosynthesis. 

5.3 Host Cells Response in A549 

The number of upregulated, downregulated and unchanged probe sets of A549 

infected with H1Nl and H9N2 is shown in Fig. 5.15. In H1N1-infected A549 cells, the 

increase in the upregulated genes could be observed as early as 2 hpi and steadily 

increased until up to lO hpi, which reached approximately 70 probe sets. The amount 

of up regulated probe in H9N2-infected cells, however, showed a very different profile. 

There were not many upregulated probe sets detected until up to 4 hpi. At 6 hpi, the 

amount of upregulated probe sets increased significantly exceeding lOO probe sets. 
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The amount of upregulated probe sets continued to rise significantly until more than 

200 and 300 probe sets at 8 hpi and 10 hpi respectively. The upregulation profile 

clearly shows higher response in H9N2 infected A549 cells . 

• H1N1 
A. 8. 

!-'OOO 

400 . H9N2 200 uooo 
350 150 
300 ... 10000 

<II .. ... 
250 QI ...., 100 QI 

I 
'" '" JI QI 200 !iOOO 50 .c e 0 150 .. ct J 
Q. 

""'" 0 100 
50 ;000 2 4 6 8 

0 -
2 4 6 8 10 2 4 6 8 10 

hpi hpi 

C. 10000 

9000 

8000 

<II 
7000 ... 

QI 6000 

'" QI 5000 .c 
!:! 4000 
Q. 

3000 

2000 

1000 

0 

H1N1 H9N2 

Fig 5.15 . The amount of upregulated (A), downregulated (B) and unchanged (C) probe sets in A549 infected with 
AlDuck/Malaysia/OI (H9N2). (Note that there is no 8 hpi for for HINI ). The inset in the graph (B) denotes the 
smaller scale of the probe sets. (p-value < 0.05, FDR < 0.05, n=3) 

There were only a few of downregulated probe sets detected in HINI infected 

A549 cells until 4 hpi. The amount rose by almost 200 probe sets at 6 hpi. However, at 

10 hpi, the number of downregulated probe sets increased dramatically reaching more 

than 12,000 probe sets. The increase of the amount of downregulated probe sets in 

H9N2-infected A549 cells was much slower as compared to HINl. Only a few of 

downregulated probe sets were observed in H9N2-infected A549 cells until 6 hpi. The 
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amount rose up by approximately 100 probe sets at 8 hpi to 600 probe sets at 10 hpi. 

As discussed previously in Section 5.1 and 5.2, the much lower amount of 

downregulated probe sets in H9N2 suggests that the amount of cellular mRNAs 

degradation was less in H9N2-infected A549 cells, which in turn also showed the 

lower replication activity of H9N2 in A549 cells. 

The amount of unchanged probe sets was observed in higher amount in H9N2-

infected A549 cells. There were approximately 9,000 probe sets of unchanged probe 

sets in H9N2-infected A549 cells and approximately 600 probe sets in H1N1 infected 

A549 cells. The higher amount of unchanged probe sets in H9N2 infected A549 cells 

shows that the mRNA degradation rate in H9N2 infected A549 cells is much less than 

that of H1N1 infected A549 cells, which can be correlated into lower virus yield in 

H9N2 infected A549 cells. 

The percentage of upregulated gene grouping were compared between A549 

cells infected with H1N1 and H9N2, and the result is shown in Fig. 5.16. In H1N1-

infected A549 cells, there were no changes in genes associated with lipid metabolism 

groups and energy pathways from 6 hpi up to 10 hpi. Most of the genes were also 

upregulated starting from 6 hpi onwards, with the exception of energy pathways gene 

groups, which was only observed in 4 hpi. The rise pattern of all gene groups was 

gradual starting from 6 hpi up to 10 hpi, and the host pathogen interaction showed the 

most significant increase in the number of upregulated gene groups. The highest 

percentage of increased upregulated genes in HIN1-infected A549 cells were the cell 

death and host pathogen interaction gene groups. In H9N2-infected A549 cells, the 

upregulation patterns were observed as early as 4 hpi with steady increase up to 10 hpi 

in all genes. The early rise of the number of upregulated probe sets can be observed in 

transcription factor, signal transduction, RNA binding, cell death and cell cycle gene 
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groups. A significant rise in the number of upregulated gene groups was observed 

starting from 6 hpi and this continued to 10 hpi. This pattern is observed in all gene 

groups listed with the exception of RNA binding gene groups where the significant 

rise was only observed at 10 hpi. Both host pathogen interaction and cell death gene 

groups had the most percentage of genes being upregulated in both HINl and H9N2-

infected A549 cells. 
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Fig 5.16, The upregulated gene expression of A549 cells infected with HI NI (A) and H9N2 (B), grouped based on 
the gene function. (p-value < 0.05, FDR < 0.05, n=3) 
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Fig 5.17 The upregulated gene expression of A549 cells infected with HI NI (A) and H9N2 (B), grouped based on 
the gene function. Note the different scaling between the two graphs, (p-value < 0.05, FDR < 0,05, n=3) 
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The percentage of downregulated gene groups were compared for both HINI 

and H9N2, as shown in Fig 5.17. Generally, the rise in the amount of the 

downregulated gene groups could be observed at 6 hpi in both HINI and H9N2-

infected A549 cells. A closer look at the percentage of downregulated gene groups in 

HINI-infected A549 cells showed that there was a dramatic rise from 6 hpi to 10 hpi 

in all gene groups. At lO hpi, all of the gene groups showed more than 20% in the 

downregulated gene groups with the exception of host-pathogen interaction. In H9N2-

infected A549 cells, the transcription factor gene groups showed a rise as early as 4 

hpi. Furthermore, the energy pathway gene groups did not show any downregulated 

probe sets until 10 hpi. The significant rise of the number of downregulated probe sets 

were observed from 8 hpi to 10 hpi. Similar to HINI-infected A549 cells, the cell 

cycle gene groups showed the most amount of downregulated gene groups. 

The comparison of the unchanged gene grouping between HINI and H9N2 is 

shown in Fig. 5.18. In HINl-infected A549 cells, there were much less unchanged 

genes than H9N2-infected A549 cells. H9N2-infected A549 cells had approximately 

similar level of unchanged genes among different groups, which were around 16 -

20%. The HINI-infected cells, however, had less than 4% unchanged genes, except 

for genes in protein metabolism. The high replication rate in HINI-infected cells 

might be attributed to the recruitment of host mRNA, which resulted in a large amount 

of genes that were grouped into downregulated genes. 
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Fig 5.18 The unchanged gene expression of A549 cells infected with HINI and H9N2 over time, grouped based on 
the gene function. (p-value < 0.05, FDR < 0.05, n=3) 

The grouping of the 3 classes probe sets of the A549 infected with HINI and 

H9N2 is shown in Fig. 5.19. The groupings consist of cytokine gene groups, 

antiviral/innate immune gene groups and cell death gene groups. The complete list of 

the genes is shown in Table 5.3. 

A. B. c. 
H1N1 H9N2 H1N1 H9N2 HIN1 H9N2 

Fig. 5.19 The Venn Diagram of the amount of upregulated genes in HI NI and H9N2 infected A549 cells in 
cytokine genes (A), antiviral!innate immune related genes (D) and cell death 

188 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Table 5.3 List of up regulated cytokine, antiviral/innate immune, and cell death related genes in A549 cells 

Cytoklne H1Nl H9N2 
HINl and 

H9N2 

GeneBank 
Gene 

Description 
Symbol 

M21121 CCL5 chemokine (C-C motif) ligand 5 

NM_001565 CXCL10 chemokine (C-X-C motif) ligand 10 

AF030514 CXCLll chemokine (C-X-C motif) ligand 11 

NM_005101 G1P2 inlerferon. alpha-inducible protein (clone IFI-15K) 

NM_022873 G1P3 interferon. alpha-inducible protein (clone IFI-6-16) 

NM_005532 IFI27 interferon, alpha-inducible protein 27 

NM_002176 IFNBl interferon, beta 1, fibroblast A A 

NM_022147 IFRG28 28kD interferon responsive protein A A 

NM_172139 IL28A interleukin 28A (interferon, lambda 2) 

NM_172140 IL29 interleukin 29 (interferon, lambda 1) 

NM_OO0880 IL7 interleukin 7 A A 

U88964 ISG20 interferon stimulated exonuclease gene 20kDa A A 

BC002704 STAn signal transducer and activator of transcription 1, 91 kDa A A 

AW474434 TNFSF10 tumor necrosis factor (ligand) superfamily. member 10 

AF134715 TNFSF13B tumor necrosis factor (ligand) superfamily, member 13b A A 

NM_003265 TLR3 tolHike receptor 3 A A 

Al!Ill!!!!! 
GeneBank 

Gene Description H1Nl H9N2 
H1Nl and 

Symbol H9N2 

NM_014314 
DDX58 (RIG-

DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 
I) 

NM_005531 IFI16 interferon, gamma-inducible protein 16 

NM_005532 IFI27 interferon, alpha-inducible protein 27 

BE049439 IFI44 Interferon-induced protein 44 A A 

NM_OO6820 IFI44L interferon-induced protein 44-like P 

NM_022168 IFIHl interferon induced with helicase C domain 1 

NM_001548 IFITl interferon-induced protein with tetratrlcopeptide repeats 1 

AA131041 IFIT2 interferon-induced protein with tetratricopeptide repeats 2 

A1075407 IFIT3 interferon-induced protein with tetratricopeptide repeats 3 

N47725 IFIT5 interferon-induced protein with tetratricopeptide repeats 5 A A 

NM_003641 IFITMl interferon induced transmembrane protein 1 (9-27) p 

M34455 INDO indoleamine-pyrrole 2,3 dioxygenase A A 

NM_242863 MXl myxovirus (influenza virus) reSistance 1 

NM_002463 MX2 myxovirus (influenza virus) reSistance 2 (mouse) A A 

NM_002534 OASl 2',5'-oIigoadenyiate synthetase 1, 40/46kDa 

AI651594 OAS2 2'-5'-oligoadenylate synthetase 2, 69171kDa 

AF063612 OASL 2'-5'-oligoadenylate synthetase-like 

A1608902 PDCD1LGl CD274 antigen 

AW189843 RSAD2 radical S-adenosyl methionine domain containing 2 

AB005043 SOCSl suppressor of cytokine signaling 1 A A 

AA286940 SP100 nuclear antigen Spl00 A A 

AF280095 SPll0 SPll0 nuclear body protein P 

Cell Dealh 

GeneBank Gene Description H1Nl H9N2 
H1Nl and 

Symbol H9N2 
NM_016109 ANGPTL4 angiopoietin-like 4 A A 

AI43782 BIRC4BP XIAP associated factor-l A A 
(XIAP) 

NM_052889 CASPl 
caspase 1, apoptosis-related cysteine peptidase (interteukin 1, 

A A 
beta, convertase) 

T81422 CD38 CD38 antigen (p45) A A 

AB005043 SOCSl suppressor of cytokine signaling 1 A A 

A124490B SOCS3 suppressor of cytokine signaling 3 A A 

AL136607 THAP2 THAP domain containing, apoptosis associated protein 2 

NM_006290 TNFAIP3 tumor necrosis factor, alpha-induced protein 3 A A 

NM_007115 TNFAIP6 tumor necrosis factor, alpha-induced protein 6 A A 

U57059 TNFSF10 tumor necrosis factor (ligand) superfamily, member 10 

AFl14012 TNFSF13 tumor necrosis factor (ligand) superfamily, member 13 A A A 

AF134715 TNFSF13B tumor necrosis factor (ligand) superfamily, member 13b 

Note: 
P denotes the gene is upregulated 
A denotes the gene is not upregulated 
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The Venn Diagram in Fig. 5.18 shows that there were no exclusively 

upregulated genes in HlNl-infected A549 cells in all three groups at 10 hpi. H9N2-

infected A549 cells upregulated more genes in the same groups, suggesting that H9N2-

infected A549 cells expressed a variety of interleukins and chemokines than HlNl­

infected A549 cells. The H9N2-infected cells also upregulated a more diverse group of 

interferon induced genes, antiviral genes, and cell death gene groups. To relate with 

the finding in Chapter 4 where HlNl is shown to replicate better in A549 cells, it is 

apparent that the A549 cells exhibit better antiviral defence mechanism against H9N2 

infection by up regulating more cytokine, antiviral and cell death gene groups. 

The host cell interferon response in infected A549 cells is shown in Fig. 5.20. 

Generally, most of the interferon related genes in H9N2 are expressed from as early as 

6 hpi. In HlNl-infected cells, many of those genes are either upregulated at 10 hpi, or 

not significantly upregulated. The upregulated genes in HlNI-infected cells at 10 hpi 

are mostly the interferon downstream pathways which mostly are antiviral response 

(Mx, RSAD2 and OAS family). The interferon upstream pathways (TLR3, IRFl, IRF2 

and IRF7) are mostly found not significantly upregulated in HINl. The low response 

of the interferon in HlNI also explains why both SOCSI and SOCS3 are not 

significantly upregulated. The BIRC4BP protein is not significantly upregulated in 

HlNl, but upregulated significantly in H9N2. BIRC4BP protein has been reported to 

stop apoptotic cell death induced either by viral infection or by overproduction of 

caspases, such as caspase 3, 7 and 9 (Deveraux and Reed, 1999). Further, Wurzer et al. 

(2003) found that caspase 3 is essential for efficient influenza virus propagation. This 

suggests that the expression of BIRC4BP will inhibit the replication of virus. This 

finding explains the low replication rate of H9N2 in A549 cells. Our finding is also 

consistent with gene expression study using microarray experiment was conducted by 
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Cvtoklne 

H1N1 H9N2 
Probe 10 Gen.Srmbof Dncrlption 2h 4h 6h 10h 2h 4h 6h 8h 10h 

1405J_at CCl5 chemoldne (C-C motif) ligand 5 

1555759_a_8t CCl5 chemokine (CC motif) ligand 5 

204655_at CCLS chemokine (C-C motif) ligand 5 

204533_al CXCL10 chemokine (C-X-C motif) ligand 10 

210163_at CXCL11 chemokine (CX-C motif) ligand 11 

211122_s_al CXCL11 chemokine (CX-C motif) ligand 11 

202411_at IFI27 interferon, alpha-lnducible protein 27 

208173_al IFNBl interferon, beta 1, fibroblast 

219684_al IFRG28 28kO interferon responsive protein 

1552915_al 1L28A interleukin 28A (interferon, lambda 2) 

1552609_s_al 1L28A inteneukin 28A (interferon, lambda 2) 

1552917_at 1L29 inter1eukin 29 (interferon, lcmbda 1) 

206693_at Il7 inter1eukin 7 

204698_at ISG20 interferon stimulated exonudease gene 20kDa 

33304_8t ISG20 interferon stimulated exonudease gene 2OkOa 

200887 _s_at STATt signal transducer and activator of transcription 1 

209969_s_at STATt signal transducer and activator of transcription 1 

206271_8t TlR3 toll-like receptor 3 

206271_9t TlR3 toll-like receptor 3 

~ 
H1N1 H9N2 

Probe 10 Gene DescriptIon 2h 4h 6h 10h 2h 4h 6h 8h 10h 
218943_s_at RIG.I DEAD (Asp-Glu-Ala·Asp) box poIypept;de 58 

222793_al RIG·I DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 

202411_81 IFI27 interferon, alpha-lnducible protein 27 

214453_s_81 IFI44 inlerfefon-induced protein 44 

214059_at IFI44 Inlerferon-lnduced protein 44 

204439_al IFI44l interferon-induced protein 44· like 

1555464_81 IFIHl interferon induced with ~icase C domain 1 

219209_al IFIHI interferon induced with helicase C domain 1 

203153_8t IFITI interferon-induced protein tetratricopeptide repeats 1 

217502_al IFIT2 interferon-induced protein letratricopeptide repeats 2 

226757_81 IFIT2 inlerfer00--4nduced protein letratricopeptide repeats 2 

204747_at IFIT3 interferon-induced prolein letratricopeptide repeals 3 

204747_at IFIT3 Interferon-induced protein tetratricopeptide repeats 3 

202086_01 MXl myxovirus Onfluenza virus) resistance 1 

204994_81 MX2 myxovirus Onfluenza virus) resistance 2 (mouse) 

202869_8t OASI 2',5'-oHgoadenyiate synthetase 1, 40/46kOa 

205552_s_al OASI 2' ,5'-oligoadenylate synthetase 1, 40/46kOa 

204972_al OAS2 2'-5'-oIigoadenyl8te synthetase 2, 69171kDa 

228607_8t OAS2 2'-5'-oI igoadenylate synlhetase 2, 69171kOa 

213797_al RSAD2 rad ical S·adenosyl methionine domain containing 2 

~ 

H1N1 H9N2 
Probe 10 Gene Description 2h (h 6h 10h 2h 4h 6h 8h 10h 

206133_81 BIRC4BP XIAP associated factor-1 

228617_al BIRC4BP XIAP associated factor-1 

210001_s_al SOCSI suppressor of cytoklne signaling 1 

206359_al SOCSJ suppressor of cytokine signaling 3 

50 45 40 35 30 25 20 15 10 -5 -10 -15 -20 

Fig. 5.20. The heatmap of the host-gene response in HlNl and H9N2 infected A549 cells. The scale bar denotes the 
fold change range from -20 to 50. (p-value < 0.05, FDR < 0.05, n=3) 

Xing et aI., 2011 to measure the host immune response on avian-H9N2 strain and 

human-H9N2 strain infection, they found that IFN-beta was the prominent antiviral 
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component, whereas interferon gamma-induced protein IP-1O, chemokine (C-C motif) 

ligand (CCL)-S and TNF-a may be critical in pro inflammatory responses especially in 

human derived-H9N2 strains. IL-I~, IL-8, and even IL-6 did not show significant 

upregulation. Other antiviral related proteins such as Toll-like receptor TLR-3, TLR-7, 

and melanoma differentiation-associated gene S (MDA-S) also contributed to the 

innate immunity against the H9N2 viruses, and MDA-S was important in the induction 

of IFN-~. They also found that avian H9N2 strains induced apoptosis through the 

mitochondria/cytochrome c-mediated intrinsic pathway, in addition to the caspase 8-

mediated extrinsic pathway, as evidenced by the cytosolic presence of active caspase 9 

and cytochrome c, independent of truncated BH3 interacting domain death agonist 

(Bid) activation. Further, FLICE-like inhibitory protein (FLIP), an apoptotic dual 

regulator, and the pS3-dependent Bc1-2 family members, Bax and Bc1-x(s), was shown 

to be involved in the regulation of extrinsic and intrinsic apoptotic pathways. 

The cholesterol metabolism pathway of infected AS49 cells is shown in Fig. 

S.21. The downregulation of the cholesterol metabolism pathway is apparent in HINI­

infected AS49 cells from 10 hpi. The H9N2 infected AS49 cells, however, did not 

show any apparent downregulation on the cholesterol metabolism related genes. This 

is also consistent with the downregulation of HMGCR on HINI-infected AS49 cells, 

and no significant change of HMGCR gene on H9N2-infected AS49 cells. The FPPS 

gene is more downregulated in HINI infected cells, which reversely related to the 

expression of RSAD2 gene (Fig. S.20), as demonstrated by Wang et al. (2007). The 

CH2SH gene, however, showed high increase in H9N2-infected AS49 cells starting 

from as early as 2 hpi, which suggests an attempt of the cells to halt the 

downregulation of the cholesterol metabolism pathway to enhance the virus 

replication. This pattern is absent in HINI-infected AS49 cells. 
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Probe Set Gene Symbol GeneBank Gene Name 

200862_8t oHCR24 NM_014762 24-dehydrocholesterol reductase 

202539_5_at HMGCR 

202540_5_at HMGCR 

202540_8_01 HMGCR 

202539_5_al HMGCR 

205822_8_al HMGCS1 

221750_01 HMGCS1 

204607 _al HMGCS2 

240110_al HMGCS2 

201790_5_al oHCR7 

201791_5_al oHCR7 

201790_s_al oHCR7 

201791_5_al oHCR7 

AL518627 3-hydroxy·3-methyiglutaryl-Coenzyme A reductase 

NM_000859 3-hydroxy-3-methyiglutaryl-Coenzyme A reductase 

NM_000859 3-hydroxy-3-methyiglutaryl-Coenzyme A reductase 

AL518627 3-hydroxy·3-methyiglularyt-Coenzyme A reductase 

NM_002130 3-hydroxy-3-methylglutaryl·Coenzyme A synthase 1 (soluble) 

BG035985 3-hYdroxy-3-methylglutaryl-Coenzyme A synthase 1 (soluble) 

NM_OO5518 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (mitochondrial) 

AI090874 3-hydroxy-3-methy1glutaryl-Coenzyme A synthase 2 (mitochondrial) 

AWI50953 7·dehydrocholesterot reductase 

NM_OO1360 7-dehydrocholesterot reductase 

AWI50953 7-dehydrocholesterot reductase 

NM_OO1360 7·dehydrocholesterol reductase 

1554947_al ACAT1 

205412_al AGAn 

BC010942 acetyl-Coenzyme A acetyltransferase 1 (aceloacetyl Coenzyme A Ihiolase) 

NM_000019 acetyl·Coenzyme A acetyltransferase 1 (acetoacetyl Coenzyme A thiolase) 

1559239_5_al ACAT1 

209608_s_al ACAT2 

202982_s_at ACOT2 
AFFX-

AW75J.X)26 Acetyl-Coenzyme A acetyltransferase 1 (acetoacetyl Coenzyme A thiotase) 

BCOOO408 acelyl·Coenzyme A acetyltransferase 2 (acetoacetyl Coenzyme A thiolase) 

hum_atu_at AoAR --205676_al CVP27Bl 

216607_s_8t CVP51A1 

202314_at CVP51Al 

202735_at EBP 

213787_8_al EBP 

231320_at EBP 

201275_at FOPS 

217344_al FOPS 

239358_al FoFT1 

208647_al FoFTI 

238666_al FoFTI 

243658_at FOFT1 

NM_006821 acyl·CoA thioeslerase 2 
AFFX-
hum_alu adenosine deaminase, RNA·specffic -NM_OOO785 cytochrome P450, family 27, subfcmily B, polypeptide 1 

U40053 cytochrome P450, family 51, subfamily A, polypeptide 1 

NM_OOO786 cytochrome P450, family 51 , subfamily A, polypeplide 1 

NM_OO6579 emopamil binding protein (sterol isomerase) 

AV702405 emopamil binding protein (sterol isomerase) 

AWI38842 emopamil binding protein (5lerol isomerase) 

NM_OO2004 famesyl diphosphate synthase 

AL022163 famesyl diphosphate synthase 

BE645256 Farnesyl-<liphosphate famesyltransferase 1 

AAB72727 famesyl-diphosphale farnesyltransferase 1 

BF438300 Famesyl-diphosphate famesyllransferase 1 

AA873729 Famesyl-dlphosphale famesyltransferase 1 

217631_at GTPBP4, tOI2At081107 GTP binding protein 4 ; isopenlenyl-diphosphate delta isomerase 2 

22008Cx_al HSo17B7 

204615_x_al 1011 

242255_ot tOt1 

208881_x_al 1011 

204615_x_al lott 

242255_al 1011 

230198_at tOt1 

228002_at 1012 

1552491_al 1012 

228002_al IDI2 

202245_al LSS 

211018_ot lSS 

203027 _s_al MVD 

203027 _,_at MVD 

204056_s_al MVK 

236686_al MVK 

36907_al MVK 

204056_s_al MVK 

215649_s_91 MVK 

209279_'_91 NSD+-IL 

215093_al NSDHL 

201468_8_al NOOl 

210519_s_at NOOl 

201467 _s_al NOOI 

NM_016371 hydroxysleroid (17·beta) dehydrogenase 7 

NM_004508 isopenlenyl-diphosphate delta isomerase 1 

R491 02 lsopentenyl-dlphosphale delta isomerase 1 

BCOO5247 isopenlenyl-diphosphate delta isomerase 1 

NM_OO4508 isopenlenyl-diphosphate delta isomerase 1 

R49l02 lsopenlenyi-diphosphale delta isomerase 1 

AA166617 lsopentenyl-diphosphate delta isomerase 1 

A1814569 isopentenyl-diphosphale delta isomerase 2 

NM_033261 isopentenyl-diphosphate delta isomerase 2 

A1814569 isopenlenyl-diphosphate delta isomerase 2 

AW084510 lanosterol 5ynthase (2,3--0xidosqualene-lanosterol cyclase) 

063807 lanosterol , ynlhase (2,3-0xjdo'qualene-lanosterol cyclase) 

AI189359 mevalonale (diphospho) decarboxylase 

AI189359 mevalonate (diphospho) decarboxylase 

NM300431 mevalonale kinase (mevalonic aciduria) 

AU150926 mevalonate kinase (mevalonic aciduria) 

M88468 mevalonale kinase (mevalonic aciduria) 

NM_000431 mevalonale kinase (mevalonic aciduria) 

AF217536 mevalonate kinase (mevalonic 9ciduria) 

BCOOO245 NAo(P) dependent sleroid dehydrogenase-like 

U82671 NAo(P) dependent steroid dehydrogenase-like 

NM_OOO903 NAo(P)H dehydrogenase, quinone 1 

BCOOO906 NAo(P)H dehydrogenase, Quinone 1 

A1039874 NAo(P)H dehydrogenase, quinone 1 

216755_at OSBPL10 AK024945 oxysterol binding protein-like 10 

241693_at OSBPL1A BF246603 Oxysterol binding protein-like lA 

203515_,_at PMVK 

209218_ot SalE 

213562_s_al SOLE 

1557352_al saLE 

213577 _at SalE 

209146_al SC4MOL 

243543_at SC4MOL 

211423_,_at SC5DL 

215064_at SC5DL 

21013O_,_al TM7SF2 

214226_at VKORC1 

217949_,_al VKORCI 

NM_006556 phosphomevalonate kinase 

AF098865 squalene epoxidase 

BF979497 squalene epoxidase 

BU754109 Squalene epoxidase 

AA639705 squalene epoxidase 

AV704962 sterol-C4-methyl oxidase-like 

BF508288 Slerol-C4-methyloxidase-like 

085181 sterol-C5-desaturase (ERG3 delta-5-desaturase homolog, fungalHke 

AK027246 Sierol-CS--desalurase (ERG3 delta-S--desaturase homolog, fungal)-like 

AF096304 transmembrane 7 superfamily member 2 

AA528252 vitamin K epoxide reductase complex, subunit 1 

NM_024006 vitamin K epoxide reductase complex, subunit 1 

10 -2 -4 -6 

H1Nl H9N2 

2h 4h 6h lOh 2h 4h 6h 8h lOh 

-8 -10 

Fig 5.21 Heatmap on Cholesterol Metabolism related genes in HINI and H9N2 infected A549 cells. Highlighted 
in yellow is 3-hydroxy - 3 - methylglutaryl-Coenzyme A reductase (HMGCR), and highlighted in red is cholesterol 
25-hydroxylase (C25H). The scale bar denotes the fold change range from -10 to 10. (p-value < 0.05, FDR < 
0.05, n=3) 
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5.4 Validation of eDNA mieroarray result 

5.4.1 qRT -peR 

The value of the fold change obtained in the cDNA microarray analysis was 

based on the hybridized host mRNA on the chip. In order to confirm the consistency of 

the value, the quantitative RT-PCR is used to validate the result obtained in cDNA 

micro array data. Quantitative RT-PCR calculates the amount of fold change based on 

the detection threshold (CT) value on the PCR amplified mRNA product. The value 

obtained for microarray value is shown at Table 5.4, 5.5, and 5.6 for A549, MDCK 

and CEF, respectively. The qPCR graphs are also shown for A549 (Fig. 5.22), MDCK 

(Fig. 5.23), and CEF (Fig. 5.24). 

Based from the data above, the fold change value obtained between cDNA 

microarray analysis and qRT-PCR analysis is different. It should be noted that the 

difference in values was not due to the variability among different measurements. This 

is due to two different methods employed in order to obtain the fold changes. The 

cDNA microarrays collect the data based on hybridization, and qRT-PCR fold-change 

calculated is based on threshold point detected from PCR amplification. Despite such 

differences, there is a consistency in comparison in most the measurement. The higher 

fold change in HINI infected virus in cDNA micro array measurement as compared to 

H9N2 is also indicated similarly in the qRT-PCR measurement. 
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Table 5.4 Fold change value of genes on A549, to be compared with qPCR result. 

Gene GenBank Accession 

MXl NM_002462 

OASI 
NM 016816 
NM- 002534 

OAS2 
NM- 016817 

AI651594 
RSAD2 AW189843 

AA142842 

BIRC4BP N M_O 17523 

AI859280 

IFN-J31 
NM_002176 

Note: 
number in brackets: p-va lue of designated genes 
NC : No change 
a : Number in parenthesis denotes p.value 
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8.3 (0.003) 
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2.3 (0.010) 
8.9 (0.005) 
7.8 (0.050) 
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NC 
NC 
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HINI 

H1Nl 
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10ha 

84.9 (0.000) 
13.3 (0.001) 
11.4 (0.000) 
49.3 (0.003) 
22.3 (0.018) 

147 (0.002) 

242 (0.013) 

27.6 (0.004) 

3.4 (0.011) 

104.0 (0.001) 

IFN-1J1 

RSAD2 

HSN2 

BIRC4BP 
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Fig. 5.22. The qPCR result of various genes in A549 infected with A1WSN/33 (H I N I) and AlDuck/Malaysia/O I 
(H9N2). The experiments were based on six replicates (n=6) with the bars as the average value, and error bars and 
the standard deviations among replicates. The error bars denotes the deviation of the measurement (n=6) 
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Table 5.5 Fold change value of genes on MDCK, to be compared with qPCR result 

Gene GenBank Accession 

MX1 pmrna15820 

OAS1 
BU745815 
DN744143 

RSAD2 pmma5763 

IFN-131 
pmma2761 

Note: 
number in brackets : p-value of designated genes 
NC : No change 

: Number in parenthesis denotes p-valuc 

6 
Mx1 

~ 12.8 
C 
m 6 9.6 

"CJ 
o 6.4 
11. 

3.2 

0 

H1Nl H9N2 

7.0 OAS1 

GI 5.6 
Cl 
c 
l!! 4.2 
u 
"CJ o 2.8 
11. 

.4 

0.0 • 1 

H1Nl H9N2 

H1N1 

10h' 

10.9 (0.001) 
4.4 (0.006) 
5.7 (0.003) 
19.5 (0.002) 

NC 
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(1)2.4 
Ol c 
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(1) 36 
Ol 
C 
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10ha 

5.4 (0.049) 
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2.1 (0.031) 
8.6 (0.034) 

NC 

mFN-(H 

H1N1 HSN2 

RSAO.2 

H1Nl H9N2 

Fig. 5.23 The qPCR result of various genes in MDCK infected with AlWSN/33 (HINI) and AlDucklMalaysialOI 
(H9N2). The experiments were based on six replicates (n=6) with the bars as the average value, and error bars and 
the standard deviations among replicates.The error bars denotes the deviation of the measurement 
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Table 5.6 Fold change value of genes on CEF, to be compared with qPCR result 

Gene GenBank Accession 

MX1 NM_204609 

OASL NM_205041 

IFN-J31 NM_227573 

Note: 
number in brackets : p-value of designated genes 
NC : No change 

: Number in parenthesis denotes p-value 

45 - Mx 

(1)36 
OJ c 
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(I) 480 
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H1N1 

10ha 

193 (0.012) 

144 (0.000) 
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OASl 

H1Nl H9N2 

5.0 

~4.0 
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CD £ 3.0 

"C 
& 2.0 

1.0 

0.0 

H9N2 

10ha 

11.0 (0 .022) 

15.4 (0.009) 
NC 

IFN-1i1 

H1N H9N2 

Fig. 5.24 The qPCR result of various genes in CEF infected with A/WSN/33 (HINI) and A1DuckiMalaysia/OI 
(H9N2). The experiments were based on six replicates (n=6) with the bars as the average value, and error bars and 
the standard deviations among replicates. The error bars denotes the deviation of the measurement 

5.4.2 Localization of Mxl protein by Immunofluorescence Assay 

Further, we would like to ascertain if the antiviral response genes were able to 

be verified in the immunofluorescence assay and to detect its presence in the protein 

level. In this experiment, we chose Mx, as the antibody was available. The Mx stained 

cells was shown to be cytoplasmic staining (Ditmann et at., 2008). Initially, the 

infection was carried at 10 hpi, but the signal was too weak to make any comparison. 
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Fig 5.25. The staining pattern ofMxl protein in Mock, HINI and H9N2 infected A549 cells at 24 hpi (moi =3), 
with enlarged view of the Mx 1 staining in inset. 

It was only notably stronger at 24 hpi. The localization MxI protein in mock-infected, 

HINI infected and H9N2 infected A549 cells is shown in Fig 5.25. There was no 

signal observed in mock-infected cells. After virus infection, fluorescing signals were 

observed in both HINI and H9N2 infected cells. The signal pattern was a diffused 

cellular cytoplasmic staining without any nuclear staining. Furthermore, it could be 

observed that H9N2 infected cells generally had more spread of the signals with 

almost all of the cells stained. In HINI infected cells, only approximately 20% of the 

total cells possessed distinctive staining. This result is consistent with our findings in 

microarray result. Dittmann et al. (2008) conducted Mxl protein effect on various 

strains of influenza virus infected cells, and observed that various virus strains reacted 
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differently. For example, they found that human pandemic 1918 was not susceptible to 

Mxl, while avian HPAI H5Nl virus was susceptible. Similar with Mxl expression 

study, our finding suggests that the Mxl proteins exerted higher effect on the 

unadapted strains of influenza virus. 

5.4.3 Detection of MAP Kinase Related Protein by Western Blotting 

JNK 
pho~phory lat ion 

Total JNK 

p.\< 
rho~phoryl"tiun 
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STAT-1 

pSTAT-1 
(pY701 ) 

~-actin 

Mock HtNt H9N2 
100 kDa 

100 kDa 

50kDa 

Fig 5.26. The Western Blot result of total INK, phosphorylated INK, total p38, phosphorylated 38, total STATI , 
phosphorylated STATI and ~-actin as a control in AlWSN/33 (HINI) and A/duck/Malaysia/Ol (H9N2) infected 
A549 cells at 16 hpi (moi =3). ~-actin was used as control protein for the measurement. 

The host cells can detect the presence of viral 5' -phosphorylated, single 

stranded and double stranded RNA, which in tum release interferons and interleukins. 

The JAK-receptor will bind these interferons and phosphorylate the JNK. The 

phosphorylation of JNK results in the activation of STAT proteins. The 

phosphorylated STAT will then trans locate to the nucleus to initiate transcription of 

immunological response related genes (Darnell et aI., 1994; Levy et ai., 2001). 

Similarly, p38 MAPK is also critical for immunological response against viral 

infection by inducing expression of STATI (Sumbayev and Yakinska, 2006). The 

western blotting result of total and phosphorylated JNK, total and phosphorylated 38, 

total and phosphorylated STATI of the HINI and H9N2 infected A549 cells at 16 hpi 

is shown in Fig. 5.26. It could be observed that both STATI and JNK were 
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phosphorylated at greater amount in H9N2 infected A549 cells compared to HINI 

cells. The phosphorylation ofp38 protein is similar on HINI and mock infected cells, 

but higher on H9N2 infected cells. It is known that influenza virus evades 

immunological response by binding of NS 1 protein to PKR, thus preventing the 

activation of NF-KB and induction of alpha/beta interferon. This finding suggests that 

the HINI virus were able to evade the immunological response in A549 cells better 

than H9N2. In this experiment, ~-actin is used as a control to show equal amount of 

sample were used in this experiment. 

5.5 Host-virus Interaction in Mouse Lung Macrophage 

The utilization of mouse lung macrophage in addition to the host model cells is 

useful to determine host response because macrophages are primary source of cytokine 

production which expresses more cytokine proteins than epithelial cells (Julkunen et 

aI., 2001). To demonstrate the ability of HINI and H9N2 to infect mouse lung 

macrophage, the immunofluorescence image of HINI and H9N2-infected mouse lung 

macrophage with moi of 5 at 16 hpi is shown in Fig. 5.27. It is apparent that based on 

the fluorescence signal, HINI is more capable to replicate in mouse lung macrophage 

than H9N2. 

Fig 5.27 The immunofluorescence image of mouse lung macrophages infected with AlWSN/33 (HI NI) (left) and 
AlDuck/Malaysia/OI (H9N2) (right) with moi of 5 at 16 hpi, using monoclonal anti-NP antibody. 
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5.5.1 Viral kinetics in mouse lung macrophage 
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Fig 5.28 The replication (vRNA) and transcription (mRNA) rate of AlWSN/33(HINI) and A I Duck I Malaysia 
101 (H9N2) infected mouse lung macrophage (moi=3) at 16 hpi. The experiments were based on six replicates 
(n=6) 

In both replication and transcription of the lung macrophage at 24 hpi is shown 

in Fig. 5.28, it was observed that the HINI-infected macrophages had a higher rate of 

replication and transcription than H9N2-infected macrophages by 2 logs and I log, 

respectively. Dendritic cells and macrophages are located together with the epithelium 

of the respiratory organs and these cells can be targeted by influenza viruses for 

infection. From the epithelial cells, influenza viruses will further spread and infect 

dendritic cells and macrophages which will in turn induce innate immune response 

against the virus (Seo et aI., 2004). The H9N2 isolate were not passaged in mice 

before, hence no adaptation to mice host. But from the result, it is shown that both of 

the viruses are capable of undergoing replication and translation inside mouse lung 

macrophage. 

5.5.2 Measurement of Antiviral Proteins Response in Infected Mouse Lung 
Macrophage 

The antiviral host response of mouse lung macrophage against HINI and 

H9N2 infections measured using qPCR is shown at Fig. 5.29. It could be observed that 

HINI infected cells induced higher level of OASL and IFN-~I proteins. To correlate 

with the result seen in Fig. 5.27, it is obvious that the higher cytokine response in 
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HINI-infected mouse lung macrophages was not able to inhibit both the replication 

and transcription of the virus. It is also more likely that this cytokine overproduction or 

"cytokine storm" brought more adverse effect to the cells than to the virus (Yap and 

Ada, 1978L The Mxl was not investigated in this experiment because the Balblc mice 

possess Mx deletion on the chromosome (Jin et al., 1998). Based on sequence 

analysis, H9N2 possesses avian signatures in all of the segments. This might 

contribute to the specificity of the host of the H9N2 isolate. However, there is an 

evidence of very low LDso of NWSN/33(HIN1) capable of killing mice even without 

adaptation due to cytokine overproduction (Yap and Ada, 1978). 
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Fig 5.29 The antiviral host response in NWSN/33(Hl NI) (red bar) and A/Duck/Malaysia/O I (H9N2) (green bar) 
infected mouse lung macrophage (moi =3) at 16 hpi . The experiments were based on six replicates (n=6) with the 
bars as the average value, and error bars and the standard deviations among replicates. 

5.5.3 Cytokine proftling of mouse lung macrophage 

In previous sub-section, MDCK, CEF and A549 cells were used as a basis of the host 

cells for the influenza virus infection. While the measurement of the transcriptional 

level of the cytokine gene mRNA could be done, it is not possible to measure the 

amount of secreted cytokine protein, because those cells secreted very low amount of 

cytokines, and only some strongly expresses cytokines would be detectable with 

ELISA method, such as RANTES, MCP-l and IL-8 (Ronni et aI., 1997; Sareneva et 

al., 1998). Therefore, mouse lung macrophages were used to assess the amount of 
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secreted cytokines, which is indicative to the virus ability to activate immune system 

through immune cells. Since completely different cell origins (mouse as opposed to 

canine, chicken and human) and cell types (immune cells as opposed to epithelial and 

fibroblast cells) were used, direct correlations may not be deduced directly. However, 

the higher cytokine excreted by the mouse lung macrophage is closely related to the 

severity of the viral pathogenicity (Heinrich et ai., 2003), which could only be 

observed in immune cells from the amount of cytokine excretion. The measurement of 

the excreted cytokine in mouse lung macrophage was carried out using the 23-plex 

Bioplex® kit from Biorad. In this experiment, there were 20 cytokines detected during 

the measurement (Fig. 5.30). The cytokine measurement experiment was based on two 

measurements done in two independent experiments, with total of 4 replicates. The 

bars shown in Fig. 5.30 are the average of each cytokine measurement, and the error 

bars are the deviates of the measurement. From the result, generally the cytokine 

amount decreased in 4 hpi and 8 hpi, and rose in 20 hpi. The HINI infected mouse 

lung macrophage showed higher expression of IL-Ia, IL-I~, IL-6, and G-SCF, while 

the H9N2 infected cells showed higher expression of IL-13, MIP-I~, MCP-I and 

RANTES. There were no significant differences detected in the expression of Eotaxin, 

IFN-y, KC and MIP-Ia. It is obvious that HINI induced more cytokine responses 

compared to H9N2, which include pro inflammatory response proteins (lL-I a, IL-I~, 

IL-6), allergic inflammation pathways related proteins (lL-I7) and chemoattractant 

(G-SCF). The H9N2 infected cells only induced more MCP-I and MIP-I~, which are 

chemoattractants. This suggests that the HINI virus has more capability to induce 

"cytokine storm" in mouse lung macrophages. This type of cytokine production upon 

viral infection has been described before in mouse models (Dinarrelo, 1994) 
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5.6 Conclusion 

Based from various analysis performed, it can be seen that both the viruses 

exhibited different host responses upon infection. From the micro array data, it can be 

seen that the HINI downregulated more genes globally in MDCK and A549 cells. The 

H9N2 virus, on the contrary, showed similar trend in CEF cells. This shows that the 

better replicating virus is more capable of taking host-cell mRNAs to produce its own 

genetic materials. The ability of the virus to counter host-cell defense mechanism is 

also very critical in supporting this observation, as explained below. 

H9N2-infected A549 and MDCK cells upregulated higher number of cytokine, 

antiviral and cell death related genes. However, HINI upregulated higher number of 

cytokine, antiviral and cell death related genes in CEF cells. Furthermore, the heatmap 

also shows that H9N2-infected A549 cells showed higher expression of all the selected 

cytokine and antiviral genes in A549 cells. On the contrary, HINI showed higher 

expression of all of the selected cytokine and antiviral genes in CEF cells. In 

cholesterol metabolism, HINI-infected MDCK and A549 cells showed more 

downregulation than H9N2-infected MDCK and A549 cells. On the contrary, in the 

CEF cells, H9N2 downregulated more cholesterol pathway related genes than HINl. 

The high induction of the host cell response, as seen in HINI infected CEF cells and 

H9N2 infected MDCK and A549 cells, might explain the lower replication of the 

HINt in the CEF cells, and H9N2 in the MDCK and A549 cells. This shows that if 

the host cells are able to activate the host defence mechanism, the virus will grow 

more poorly. 

In the immunofluorescence image, it is shown that the HINt has better 

capability to infect mouse lung macrophages than H9N2. Consistent with the result in 

immunofluorescence assay, HINI showed better replication than H9N2 in qPCR 
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assay, although HINI generally induced more immune response genes in qPCR. It is 

shown that although the influenza virus is attenuated or not recplicating well, it still 

has the potential to induce comparable cytokine response in macrophages, such as 

TNF-a, IL-6 and IFNs, if compared with the wild type and better replicating influenza 

virus (Rekstin et al., 2006). Similarly, in cytokine assay, HINI also induced more 

pro inflammatory, allergic, and chemoattractant proteins as compared to H9N2, 

although H9N2 had lower replication rate. This also suggests that the induction of 

immune response genes and antiviral genes does not affect the virus replication. 
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Chapter Six. Characterization of 2009 Pandemic Influenza Virus 
Isolated From Patients in Singapore 

In this decade, HPAI H5NI influenza virus and 2009 pandemic strains are 

drawing attentions for its pandemic potentials. There are various factors contributing 

to the influenza virus pandemic potentials. The ability of the current 2009 pandemic 

strains to cause significant illness and high airborne transmissibility are several very 

critical properties of potentially pandemic influenza strains (Webby and Webster, 

2003; Viboud et aI., 2006; Tumpey and Belser, 2009; Neumann et aI., 2009). The 

phylogenetic analysis done by Garten et al., 2009 and Smith et al., 2009 shows that 

the pandemic influenza was resulted from quadruple reassortants between triple 

reassortant swine influenza virus and avian-derived influenza virus, with came from 

swine, human and avian hosts. 

Understanding the virus kinetics and host-cell interaction in different cell lines 

is critical in assessing the virus characteristics and preference in different hosts. We 

employed similar strategy to characterize the viruses as discussed in previous chapters. 

We explored the growth kinetics, host - virus interactions and immunological 

response study of the swine influenza virus in different hosts. We used canine, chicken 

and human based cell lines for these experiments. The ability of the virus to grow in 

different type of host was assessed. For cytokine profiling, primary mouse lung 

macrophage model was used. 

To characterize the 2009 HINI swine influenza viruses isolated in Singapore, 

several sample collections from the suspected Singapore patients were collected by 

nasal swabs. From the patients sample collection, four positive 2009 pandemic strains 

isolates were obtained and named AlS ingapore/2 7 6/2009 (HINI), 

AlS ingapore/4 7112009 (HINI), A/Singapore/478/2009 (HINI) and 
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AlSingapore/527/2009 (HINI). In the graphs, they were labelled 276, 471, 478 and 

527, respectively. A positive control for swine influenza virus was used, 

AlCalifomia/712009(H 1 N 1). It was labeled "Cal" in the graph. Two laboratory 

strains, AlWSN/33 (HINI) and AlPRJ8/34 (HINl) were also used, and they were 

labeled "WSN" and "PR8" for A/WSN/33 (HINI) and AlPRJ8/34 (HINI) in the 

graph, respectively. 

6.1 Genetic Analysis of Strains 

The full genome of four circulating 2009 pandemic strains isolates from 

Singapore was sequenced in order to determine their genetic characteristics. In the 

genetic characterization, sequence similarity, phylogenetic tree and the drug resistance 

sites were assessed in order to gain insight of the nature of the 2009 pandemic strains 

isolates. All of the isolates were sequenced from amplified PCR products, and 

analyzed using LASER-gene®. ClustalX® was used to root phylogenetic tree of each 

virus segment with bootstrap of 1000 replicates, with 2009 pandemic strains, control 

strains and seasonal strains as the members of the each tree. 

The sequence similarity comparison is useful to assess the similarity of the four 

circulating 2009 pandemic strains isolates, and at the same time to compare with other 

2009 pandemic strains isolates and laboratory strain. Any differences revealed from 

this comparison will indicate the rate of mutation of the virus. The sequence similarity 

comparison is shown at Table 6.1. Among all 4 strains isolated, there were high 

similarity (>99%) of nucleotide sequences, even compared to the two control strains, 

AlCalifomia/7/2009(HlNl) and AlSingapore/ONl32/2009(HlNl) or National Public 

Health Library (NPHL) strain. All the strains, however, have low similarity when 

compared to laboratory strain «80%). This suggests that the swine influenza virus 

currently circulating in Singapore had not developed significant variation and the high 
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similarity with AlCalifornia!7 /2009 further suggest that the currently circulating swine 

flu in Singapore might originate from one origin. 

Table 6.1 Sequence similarity among 2009 Singapore swine influenza virus isolates, control strains and laboratory 
strains. Top left comer denotes the gene segment compared. Comparison is performed with column vs. row basis 
with the indicated value in the middle. 

Furthermore, the clustering pattern of the four 2009 pandemic strains isolates, 

together with the control 2009 pandemic strains isolates and laboratory strains with 

other 2009 pandemic strains isolates sequenced on other regions were accessed in the 

phylogenetic tree analysis in order to see indication of reassortments and divergences 

(Fig 6.1 - Fig 6.8). The accession number of the all of the four isolate genes is shown 

in Appendix 7. As a comparison, seasonal influenza strains and 2009 pandemic strains 
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derived from various regions in the world were used. The information of the clustering 

pattern of the 2009 pandemic strains isolates is useful to determine if the swine flu 

viruses have evolved to form clades, as observed in the global H5Nl spread (CDC, 

2008). The phylogenetic tree analysis of the virus surface glycoprotein, HA and NA 

genes pose the most critical genes, as they revealed the predicted virus epitope site 

based on sequence information. The pattern of the virus spread can be observed in the 

analysis and therefore the vaccine development and prevention strategy can be 

assessed and established. Nelson et al. (2009) did the clustering using whole genome 

sequencing of the pandemic swine flu viruses from representative regions of the world. 

They discovered particular clades forming from currently circulating pandemic swine 

influenza virus. They showed indication that the pandemic influenza were starting to 

diverge into 7 clades. 

Pandemic 
2009 
H1Nl 

-. 

Seasonal 
'-2009 

HlNl 

J 

Fig. 6.1 The HA gene phylogenetic tree analysis of 2009 Singapore swine influenza virus isolates. Red box denotes 
2009 Singapore swine influenza virus isolates. Blue box denotes control swine influenza virus used in this 
experiment. Green box denotes the lab strain. The 0.1 with a line beneath denotes 10% nucleotide difference per 
line length. 
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The phylogenetic tree of HA gene is shown above (Fig. 6.1). It can be seen that 

all 2009 pandemic strains isolates used in this experiment were clustered together with 

all the rest of 2009 pandemic strains from other regions of the world. The seasonal 

influenza strains and laboratory strains fall on other distinct clusters from 2009 

pandemic strains. Within the 2009 pandemic strains, no particular sub-clustering are 

observed in the HA gene phylogenetic tree. Whereas for the the seasonal strains, there 

is an indication clustering formation. This indicates that the HA gene of the Singapore 

2009 pandemic strains isolates have not formed any distinct clades from the rest of the 

2009 pandemic strains isolates from the rest of the world. 

01 

Pandemic 
2009 
H1N1 

"'~Qomoo<J!HlIl1ll 
A'kiz"""~~1'H1II \1 
~OI'lOt1ll11 
4li,...W1OO9IH 11 

AlifwYOIl00!2 111111 
AlifwYOllOl 111111 
... ·I;wL~JOC~OI 111111 

1>.11aw1,btsWl!1I1Js 
4\\\sccomOl 1'1111 
Af1oodi.0712OO9f~1I1b 

A)'iIJ¥#=\VS111lG11l11S 
AlTha~ ull~ 

",,",=..-::,>,' ;;;:m:;;;;; A'Itool i<cn9' lU1Js 
r==®~Cl&olill\~ult]L ' 
- 1 .a..'.'}~L tQl1\.IttHii 

Seasonal 
'- 2009 

HINI 

Fig. 6.2. The NA gene phylogenetic tree analysis of 2009 Singapore swine influenza virus isolates. Red box 
denotes 2009 Singapore swine influenza virus isolates. Blue box denotes control swine influenza virus used in this 
experiment. Green box denotes the laboratory strain. The 0.1 with a line beneath denotes 10% nucleotide difference 
per line length. 

The phylogenetic tree analysis of the NA gene is shown in Fig. 6.2. It can be 

seen that 2009 pandemic strains, laboratory virus strains and seasonal influenza strains 
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clustered very differently. Among the pandemic influenza strains shown above, there 

is no indication of the subclustering formation among 2009 pandemic strains strains, 

which indicates that the NA gene of the 2009 pandemic strains comparison from 

different regions of the world do not show any clear indication of developing distinct 

clades. This demonstrates that there is no obvious diversification of the NA gene 

formed among the 2009 pandemic strains yet. In the seasonal influenza strains, 

however, distinct clades started to form among the strains, which show that the 

seasonal influenza strains could be evolved from different strains of seasonal strains. 

"1M'mOJHl1~VI1~ 
,I,'SIlant·a.tll;t~lIl1~ 

Mhli!rdQJ 1m5I2OO1{H1I11~ 
01 
} Seasonal 

2009 
H1Nl 

J 
Seasonal 
2009 
H3N2 

Pandemic 
2009 
H1Nl 

Fig. 6.3. The NS gene phylogenetic tree analysis of 2009 Singapore swine influenza virus isolates. Red box denotes 
2009 Singapore swine influenza virus isolates. Blue box denotes control swine influenza virus used in this 
experiment. Green box denotes the laboratory strain. The 0.1 with a line beneath denotes 10% nucleotide di fference 
per line length. 
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The phylogenetic tree of NS gene is shown in Fig. 6.3. All 2009 pandemic 

strains from various regions of the world form distinct cluster from seasonal flu HINI , 

seasonal influenza virus H3N2 and laboratory strains. No sub- clustering is formed 

among the 2009 pandemic strains, which shows that the NS gene of the 2009 

pandemic strains isolates have not showed any indication of forming distinct clades as 

well. There is only a few genes sequence information available at the GeneBank for 

both seasonal flu HINI and H3N2. 
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Fig. 6.4. The M gene phylogenetic tree analysis of 2009 Singapore swine influenza virus isolates. Red box denotes 
2009 Singapore swine influenza virus isolates . Blue box denotes control swine influenza virus used in this 
experiment. Green box denotes the laboratory strain. The 0.1 with a line beneath denotes 10% nucleotide difference 
per line length. 

The phylogenetic analysis of the M gene is shown above (Fig. 6.4). It clearly 

shows that all 2009 pandemic strains, seasonal influenza strains and laboratory strains 

formed distinct clustering among themselves. Within the 2009 pandemic strains, no 

distinct pattern of clustering among the isolates is observed, which suggests that the M 

gene of 2009 pandemic strains isolates from all over the world have not developed any 
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distinct clades. The M segment from the 2009 pandemic HINI influenza virus was 

originated from avian host, which then reassorted into swine in 1979. Later, the M 

segment of this avian-derived swine influenza virus was then reassorted to form the 

current 2009 pandemic HINI influenza virus strain (Smith et al. , 2009; Kowalczyk 

and Markowska-Daniel, 2010). It can be concluded that the M gene of all 2009 

pandemic strains from various regions of the world continue to share very high 

similarity among themselves. In the seasonal strains, however, the sub-clustering 

pattern can be observed within the seasonal flu HINI and H3N2, suggesting that the 

seasonal influenza viruses are developing distinctive clades from the 2009 pandemic 

strains. 
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Fig. 6.5 The NP gene phylogenetic tree analysis of 2009 Singapore swine influenza virus isolates. Red box denotes 
2009 Singapore swine influenza virus isolates. Blue box denotes control swine influenza virus used in this 
experiment. Green box denotes the laboratory strain. The 0.1 with a line beneath denotes 10% nucleotide difference 
per line length. 

The phylogenetic tree of the NP gene is shown above (Fig. 6.5). The seasonal 

influenza virus HINI, and seasonal influenza virus H3N2 clustering is different from 

that of the 2009 pandemic strains isolates. Within the pandemic flu strains from 
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various regions of the world, no distinct clustering has been observed. This suggests 

that there is no distinct pattern of evolution observed in the NP gene among the 

pandemic strains. Although both the seasonal flu HINI and H3N2 showed distinct 

clades, the distance gap of the NP gene among the clustering is closer than those of 

other genes, which shows that both seasonal flu HINI and H3N2 have higher degree 

ofNP gene similarity. 

The phylogenetic tree of PA gene is shown below (Fig. 6.6). There is distinct 

clustering among 2009 pandemic strains, seasonal HINI strains and seasonal H3N2 

strains. Among the 2009 pandemic strains from various regions of the world, there is 

no indication of the formation of distinct clades among the swine flu strains, which 

shows that the P A gene from the currently isolated and sequenced 2009 pandemic 

strains have high degree of similarity. It also demonstrates that there is no distinct sub-

clustering within the 2009 pandemic strains. 

~Thn»I:tm(hIll1» 

A1lr-otil$~UjI~ 

A\\\scwa~1X!!'i'~ 

II'lOChtlnl2 

~ 
~ 

~ 
AT.,...=~mllP 

~1!f!"'l~~U"p 

AI .. YoIollU~Uil, 
AI!!XIc,J;OI1'»I1I1I1I' 

A~mlOOl;Jiri~ 

A~ml'l1'l1u.tJ 

~~;V1OOf,HmIJ 

Aliornj1!21~I'jl 

AKmi.l.01ZiI=iHttil~ 

...--------------------Illl A'II;mRCIml)rnn~ 
A1<.l .. lll~rllp 

A .... i"I~ZiI~i2;'}SeaSOnal 
A~CU01~~i2;, 2009 
A·.,YoIol!l>1i.'9)!JQ]s 

IJ"Yot;;l1~Q]s H3N2 
,""Y"'j~~.jl~} Seasonal '--_______ ~I .... M .. ,u~QlI~ ... I~ 

:'1>¥nCU01!'ml\h"iljo 2009 
- HINI ~ 

- ~Pr.l&,I";·"i':I 0 I 

Pandemic 
2009 
HINI 

Fig. 6.6 The P A gene phylogenetic tree analysis of 2009 Singapore swine influenza virus isolates. Red box denotes 
2009 Singapore swine influenza virus isolates. Blue box denotes control swine influenza virus used in this 
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per line length. 
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The phylogenetic tree of the PBI gene is shown below (Fig. 6.7). The 2009 

pandemic strains, seasonal HINI and H3N2 strains showed distinct clustering. 

However, there are no distances between the seasonal H3N2 and the 2009 pandemic 

strains isolates observed in the tree. This demonstrates that the PB I gene of the 2009 

pandemic strains isolates are very similar with that of the seasonal flu H3N2, which 

has been reported by Garten et al. (2009). Within the 2009 pandemic strains isolates, 

there was no distinct sub-clustering was not observed among the different regions of 

the 2009 pandemic strains isolates, which shows that the PB I gene sequence of the 

2009 pandemic strains isolates from different regions of the world are very similar. 
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Fig. 6.7 The PBl gene phylogenetic tree analysis of 2009 Singapore swine influenza virus isolates. Red box 
denotes 2009 Singapore swine influenza virus isolates. Blue box denotes control swine influenza virus used in this 
experiment. Green box denotes the laboratory strain. The 0.1 with a line beneath denotes 10% nucleotide difference 
per line length. 

The phylogenetic analysis of the PB2 gene is shown in Fig. 6.8. Similar with 

the rest of the genes, the pandemic HINI, seasonal H3N2, seasonal HINI strains form 
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very distinct clustering. Among the 2009 pandemic strains, no distinct sub-clustering 

pattern is observed, which demonstrates that the PB2 sequence of the circulating 2009 

pandemic strains are very similar. 
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Fig. 6.8. The PB2 gene phylogenetic tree analysis of 2009 Singapore swine influenza virus isolates. Red box 
denotes 2009 Singapore swine influenza virus isolates. Blue box denotes control swine influenza virus used in this 
experiment. Green box denotes the laboratory strain. The 0.1 with a line beneath denotes 10% nucleotide difference 
per line length. 

Further, drug resistance mutation among the 2009 pandemic strains was 

highlighted. The amino acid sequence of M2 and NA are shown in Fig. 6.9 and Fig. 

6.10 respectively. The critical points of mutation at amino acids V27A and S31N in 

the M protein has been shown to develop amantadine resistance among influenza virus 

(Sugrue and Hay, 1991; Pinto et al., 1992; Suzuki et al., 2003). All 2009 pandemic 

strains have a S31N mutation. It showed that Singapore isolated swine flu strains are 

resistant to amantadine. 

The amino acid residue of H275Y is responsible for oseltamivir resistance in 

the NI strain (Gubareva et al., 2000; Zambon and Haiden, 2001; McKimm-Breschkin 

et al., 2000). Several reports have shown emergence of oseltamivir resistance of 2009 
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pandemic influenza virus in America (CDC, 2009), Canada (FluWatch, 2009) Hong 

Kong and China (Chen et aI., 2009), and Europe (ECDC, 2009). Singapore 2009 

pandemic strains isolates had H in position 275, which confers susceptibility to 

oseltamivir. 
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Fig. 6.9 Amino Acid Sequence ofM2 in 2009 pandemic strains isolates. The amantadine resistance mutations are 
shown in black boxes 
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Fig. 6. I 0 Amino Acid Sequence of NA in 2009 pandemic strains isolates. Note the amino acid sequence marked 
with black box 
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6.2 Growth Characteristics 
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Fig. 6.11 . The growth curve of the 2009 pandemic strains isolates grown in MDCK cells with moi of 0.1 at specific 
hours post infection (hpi). 

The growth curve of the swine flu viruses is shown in Fig. 6.11. All four 2009 

pandemic strains used in the study shows similar pattern of growth in MDCK cells. 

The cells were infected with the 2009 pandemic strains and AlWSN/33 (HINl) with 

the moi of 0.1, and virus titers were measured every 12 hpi, with the presence of 

trypsin to support multiple cycle of infection. The logarithmic phase of the growth 

could be observed starting from approximately 30 hpi with difference approximately 1 

log among the isolates. The California strain however, showed logarithmic phase 

approximately 20 hpi later than the rest of the isolates, but from 50 hpi onwards, the 

amount of virus titer of California virus detected was similar with the rest of the 

isolates. From 30 hpi onwards, replication endpoint was reached where no significant 

titre rise was observed, which reached at approximately 105 pfulml at the end of the 

experiment. It can also be seen that the laboratory strain WSN showed better growth 

characteristics, marked by distinct rise and log phase of the viral growth from as early 

as lO hpi. However in the end of the experiment, all of the viruses showed similar 

amount of virus titre. 
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6.3 Viral Kinetics in host-cell lines 

This experiment aims to observe the replication and transcription rate of each 

2009 pandemic strains with the control strains and laboratory strains within single 

cycle of infection, without the presence of trypsin. All of the cells were infected with 

moi of 3, and the rate of replication and transcription was measured every 2 hpi with 

10 hpi as the end of measurement. The measurements were based on the amount of 

matrix vRNA and mRNA amplification, and normalized against 104 copy of EF. The 

result of which is shown in Fig 6.12, and the tabulated form is shown in Table 6.2. all 

Singapore swine strain influenza viruses, and California strain generally have lower 

replication and transcription level of expression over time as compared to WSN and 

PR8 in all cell lines. Both laboratory strains WSN and PR8 reached stationary phase 

earlier compared to 2009 pandemic strains in all cell lines observed. 

In MDCK cell lines, the laboratory strains PR8 and WSN reached stationary 

phase at 6 hpi in both vRNA and mRNA kinetics. All 2009 pandemic strains behaved 

similarly for both vRNA and mRNA kinetics. The rise of the vRNA and mRNA copies 

could only be observed after 6 hpi for the vRNA and 8 hpi for the mRNA. At 10 hpi, 

both WSN and PR8 had significantly more copy numbers of both vRNA and mRNA 

produced than those of swine influenza virus strain. The difference is approximately 4 

log of copy number. This suggests that all strains of swine influenza virus used in this 

experiment replicated less efficiently than the laboratory strain in canine based cell 

lines. To correlate this result with the in the mRNA (Fig. 4.9) and vRNA (Fig. 4.11) of 

HINI in Chapter 4, it could be observed that the vRNA of the M gene and most of the 

genes peaked around 5-6 hpi in all cells, which is consistent with this experiment. 

Further, the trend of the 2009 pandemic strains were similar with that of the mRNA 

and vRNA of avian H9N2 isolate in MDCK cells (Fig. 4.13), where it could be 
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observed that the rise of both replication and transcription were generally steady up to 

8 hpi. However, the H9N2 isolate showed much lower replication and transcription 

rate than 2009 pandemic strains in A549 cells. This is expected because the H9N2 

isolate used in this experiment possesses avian signature in all of its segments, while 

2009 pandemic strains contain human-derived segment in PB 1, which explains the 

better ability of the 2009 pandemic strains to grow in A549 cells. 
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Fig 6.12 Replication (vRNA) and Transcription (mRNA) rate of 2009 pandemic strains isolates as compared to 
AlWSN/33(HlNI) and AlPR/S/34(HlNI) in MDCK, CEF and A549 cells with the moi of 3. The result shown 
above was based on the copy number 0 f the M segment per 104 EF. 
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Table 6.2 Tabulated copy number of 2009 pandemic strains, WSN and PR8 infected MDCK, CEF and A549 cells 
at 10 hpi, as shown in Fig 6.12. The result shown was based on the copy number of the M segment per 104 EF. 

MDCK CEF A549 
vRNA mRNA vRNA mRNA vRNA mRNA 

276 1.29xlOl 3.95x10 1.27xlO' 2.50xl0h 8.38x10 1.44 x IOJ 

471 4.86x 10l 2.26xlOl 1.84x10' 8.58x 10" 1.15x10 4.26xI0" 
478 3.39xlO" 2.8lxlO 8.25x104 3.95xlOh 4.68x10 7.68xI0" 
527 2.9lx1OL 8.94xlO 5.04xlO' 3.58x 10· 2.11xlO 5.00xlO" 
Cal 2.00xlO" 3.23xlO 2.48xlO' 2.36xlO" 2.80x10 6.46xI0" 

WSN 4.l0x1O' 2.47xI0· 8.64xl0" 2.60x 10 3.92xl04 1.41xl05 

PR8 6.99x1O' 4.l8xlO· 3.70x1OK 4.97xl09 1.09x 10' 3.06xlO' 

The vRNA and mRNA of all 2009 pandemic strains show a similar trend with 

the WSN strain in CEF cell lines at early time point up to 8 hpi. At 10 hpi, the 

replication and transcription rate of WSN continued to rise, while the vRNA and 

mRNA of swine influenza virus strains were stagnant. All of the virus strains exhibited 

a rise on both vRNA and mRNA as early as 2 hpi. The PR8 strain had the most rapid 

rate of both replication and transcription. At 10 hpi, PR8 strain could produce 3 more 

logs in copy number as compared to the rest. It can be deduced that the swine 

influenza viruses are replicating as efficient as the WSN strain in CEF cells. To 

correlate with the replication and transcription rate of avian H9N2 isolate in CEF cells 

(Fig. 4.13), it can be observed that the avian H9N2 cells reached plateau at 5 hpi, 

while the 2009 pandemic strains were as early as 2 hpi, which showed the indication 

of earlier replication and transcription endpoint for the pandemic strains. 

The 2009 pandemic strains growth in A549 is able to be compared to that in 

MDCK cell lines. Both vRNA and mRNA were shown to increase slowly starting 

from 2 hpi to 10 hpi. At 10 hpi, all swine influenza virus have similar amount of copy 

number for both vRNA and mRNA. However, both PR8 and WSN were shown to 

have much better growth as indicated by higher copy number of vRNA and mRNA. 

From the result, it can be observed that swine influenza virus have poor growth in 

human lung cell lines as compared to WSN and PR8. The 2009 pandemic strains 
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showed very low copy number of vRNA(~101 copies/l04 EF) and mRNA (~102 

copiesll04 EF), which could also be observed in avian H9N2 isolate (Fig. 4.13). 

It can also be observed that 2009 pandemic strains have poor ability to 

replicate in MDCK and A549 cell lines, but moderate ability to replicate in CEF. It has 

been reported that PB2 and P A segments from the swine influenza virus were 

originated directly from avian lineage, and both the NA and M segments were 

originated from avian-like swine lineage (Garten et al., 2009). This might explain the 

higher ability of the 2009 pandemic strains to replicate better in avian based cell lines. 

Similar characterization was done by Itoh et al., 2010, where they found that the 

growth curve of the 2009 pandemic strains is comparable with other contemporary 

HlNl viruses in canine based (MDCK) and human based cells (Human Airway 

Epithelial (HAE)). In our experiment, it is shown that both WSN and PR8 strains, 

which are two classical human strains, replicated at higher rate than the 2009 

pandemic strains, which suggests that the evolutionary basis of these older strains may 

be attributed to the higher replication in both cells. 

6.4 Cell response in host-cell lines 

In this experiment, the host-cells response to 2009 pandemic strains infection 

was monitored in order to explain the difference in replication and transcription rate. 

The experiments were done in MDCK, CEF and A549 cells. The selected antiviral 

genes based on the result obtained in Chapter 5 were taken as the basis of the 

measurement of the host response to counteract the virus infection. The selected genes 

for antiviral response of the MDCK cell line is shown in Fig. 6.13. The infection was 

carried at moi 3, and measured at 10 hpi. Two different sets of experiments with 

triplicate measurement were conducted for reproducibility (n=6). The error bars shown 
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below denotes the variability of the measurement among replicates._All of the 2009 

pandemic strains, induced approximately similar level of RSA02, which ranged from 

6 fold change observed in strain 276 to 13 fold change observed in strain 527. The 

WSN strain showed slightly higher upregulation of the RSAD2 gene than 2009 

pandemic strains, at approximately 13 fold change. The PR8 strain showed higher 

upregulation of the RSA02 gene which reached approximately 250 fold change. In the 

Mxl gene, the upregulation of the PR8 strain showed the highest upregulation, 

reaching up to 60 fold change. All of the 2009 pandemic strains showed approximately 

similar upregulation, which were about 8 fold changes. WSN strain showed slightly 

higher upregulation of the Mxl gene at approximately 8 fold change. There were no 

significant change in the IFN-~1 and OASI in term of fold change observed in all 

isolates in MOCK cells. Although the expression of both RSAD2 and Mx 1 showed 

i 
I higher upregulation in WSN and PR8 infected cells, they exerted much higher virus 

I 
L 
I 

replication (Table 6.1). These findings suggest that the intensity of antiviral gene 

expression may not affect the rate of replication and transcription of the viruses, as 

1 
shown in Fig 6.11 and Fig 6.12. It is possible that both WSN and PR8 strains were 

able to counteract the expression of the antiviral genes. It should be noted that only 

WSN strain was used as laboratory control strain in Fig. 6.11. The low copy numbers 

observed in Fig. 6.12 might result from the low compatibility of the virus gene 

segments that give rise to inefficient replication in the pandemic strains. There is also a 

possibility that WSN strain produced higher viral genetic materials to induce higher 

innate response, as demonstrated by Pothlichet et aI., 2008. 
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Fig 6.13 Relative quantification of mRNA expression of selected genes expressed in virus infected MDCK cells 
denotes fold change with comparison with mock-infected cells at 10 hpi with moi 3. The experiments were based 
on six replicates (n=6) with the bars as the average value, and error bars and the standard deviations among 
replicates. 

Selected genes for antiviral response of the CEF cell line is shown in Fig. 6.14. 

In the OASL gene, it can be observed that PR8 strain showed the lowest compared to 

the rest. The WSN strain showed the highest upregulation of the OASL gene at 400 

fold change. Most of the 2009 pandemic strains showed similar upregulation of the 

OASL gene, ranging from approximately 90 fold change to 180 fold change. In the 

Mxl gene, the PR8 strain showed the least upregulated as compared to the rest of the 

isolates. The WSN strain showed the highest upregulated Mxl gene at approximately 

350 fold change. The rise of both the Mx 1 gene expression of the WSN strain in this 

experiment was considerably more than that of in Fig. 5.24. This might be due to 

differences in the characteristics and conditions of CEF cells harvested, since CEF 
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cells were primary cell lines, where variations among embryos were highly likely. 

Most of the 2009 pandemic strains showed approximately similar upregulation of the 

gene, ranging from 40 to 60 fold change. In the IFN-~1 gene, all of the 2009 pandemic 

strains isolates showed approximately similar fold change, ranging from 6 fold change 

in California, 276 and 478 strains to 10 fold change in 471 and 527 strain. The WSN 

strain did not show significant upregulation of the IFN-~1 gene. 
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Fig 6.14 Relative quantification of mRNA expression of selected genes expressed in virus infected CEF cells 
denotes fold change with comparison with mock-infected cells at 10 hpi (moi 3). The experiments were based on 
six replicates (n=6) with the bars as the average value, and error bars and the standard deviations among replicates. 

The host response in A549 cell line is shown in Fig. 6.15. In the IFN-~1 gene, 

both the WSN and PR8 strains did not show any significant upregulation of the gene. 

The 2009 pandemic strains, however showed approximately similar upregulation, 

which ranged from approximately 6 fold change observed in 276 and 527 strain up to 

10 fold change observed in 471 strains. In the OASI gene, the WSN strain showed the 

least upregulated pattern, followed by PR8 strain at 50 fold change. The 2009 
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~1 
I 

pandemic strains upregulates the OAS 1 gene up to approximately 200 fold change as 

observed in 478 strain. The 276 strain showed the lowest which was approximately 

110 fold change. In the OAS2 gene, both the WSN and PR8 strains showed the lowest 

upregulation at 40 fold change. All of the 2009 pandemic strains showed 

approximately similar upregulation profile, from 60 to 80 fold change. In the Mxl 

gene, WSN showed the lowest upregulation at approximately 5 fold change. All the 

2009 pandemic strains and PR8 showed similar upregulation, which were 

approximately 10 fold change. In the RSAD2 gene, both WSN and PR8 strains 

showed the lowest upregulation. Most of the 2009 pandemic strains showed varied 

upregulation pattern, which ranged from 60 fold change in strain 276 to 140 fold 

change in 527 strain. To correlate the result of the WSN strain found in Fig. 5.22, 

unlike CEF cells, it can be observed that the fold change value of all the genes in A549 

cells is similar. The nature of the cell line and higher controlled conditions may 

explain the more consistent result in A549 cells. 

Based solely on the finding described above, there are variations in antiviral 

mRNA quantifications among swine influenza virus, WSN and PR8 in MDCK and 

CEF cells. However, it was more consistent on A549 cells, where all of the antiviral 

genes showed a similar trend, with swine influenza viruses generally having higher 

responses than WSN and PR8 strains. It is known that the NS I protein plays a central 

role to evade immunological response (Fernandez-Sesma, 2001), but the NSI protein 

from 2009 pandemic strains were not as potent as other human-derived strains in 

human cell lines (Hale et ai., 2010), which explain the higher response in A549 cells. 

It can be concluded that the viruses have various ability to evade the induction of 

immunological response in different cell lines with different extent. 
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Fig 6.15 Relative quantification of mRNA expression of selected genes expressed in virus infected A549 cells 
denotes fold change with comparison with mock-infected cells 10 hpi (moi 3). The experiments were based on six 
replicates (n=6) with the bars as the average value, and error bars and the standard deviations among replicates. 

The 2009 pandemic strains are quadruple reassortants viruses originated from 

human, avian and swine hosts (Garten et aI., 2009), which also confer to the ability of 

the 2009 pandemic strains to adapt and grow efficiently in different hosts. The 

interaction of the different polymerase genes may correlate to low replication and 

transcription rates, as compatibility among polymerase genes and nucleoprotein is 

critical for replication (Naffakh et al., 2000; Labadie et al., 2007; Rameix-Welti et al., 

2008). Furthermore, higher replicating viruses can produce more 5' -capped RNA to 
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induce higher immune response (Pothlichet et aI., 2008). Microarray study to compare 

the gene expression of 2009 pandemic strains with seasonal influenza strains in A549 

cells was conducted by Yang et aI., 2010. Their result indicated that both of the 

viruses suppressed host immune response related pathways including cytokine 

production while 2009 pandemic influenza strains showed weaker suppression of host 

immune response than seasonal HINI strains, which is also similar to the finding in 

this experiment. 

6.5 Viral kinetics in mouse lung macrophage 

In order to assess the virus ability to induce immunological response, we used 

mouse lung macrophage. Initially, we set up the optimal time of the moi used and the 

infection time. Later, the experiment was verified using immunofluorescense assay in 

order to predict optimal amount of time and moi needed to achieve good infection in 

2009 pandemic virus. The result is shown below Fig. 6.16(A). It could be observed 

that the 2009 pandemic strains and WSN strains were able to infect mouse lung 

macrophage. However, even at moi of 5, only ~30% of the cells were infected by 2009 

pandemic virus strains. The WSN strain, however, showed ~ 70% infection. This 

shows that WSN strain has better infectivity in mouse lung macrophage. This also 

suggests that 24 hpi, rather than 10 hpi, was required to observe more immunological 

response. 

The measurement of replication and transcription of the swine influenza viruses 

in mouse lung macrophage are shown in Fig. 6.16(B), and they were generally lower 

than WSN. The WSN strain produced approximately 5 log and 4 log higher for vRNA 

and mRNA, respectively, at 24 and 48 hpi. All of the swine influenza viruses had 

significantly lower expression levels of vRNA and mRNA, exhibiting only up to 2 
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logs and 3 logs of M copy number, respectively. Unlike epithelial cells, macrophages 

generally excrete more cytokine and chemoattractant proteins to counteract infection, 

A. 

B. 
. 24 hpi 6 vRNA 6 ... <u . 48 hpi <lJ 

a. a. ... ... 
QJ <lJ 

.0 4 .0 4 
E u.. E u.. 
::J L.LJ ::JL.LJ Co Co 
~ .-12 
0 

~ .-12 
0 

u u 
tID tID 
0 0 
-' -' 

0 0 

WSN 276 471 478 527 WSN 276 471 478 527 

Fig 6.16 (A) The immunofluorescence image of 2009 pandemic flu infected and WSN infected mouse lung 
macrophage with the moi of 5 at 24 hpi, stained using anti-NP antibody (8) Replication (vRNA) and Transcription 
(mRNA) Rate of2009 pandemic strains isolates as compared to AlWSN/33(HINI) in mouse lung macrophages. 
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and virus pathogenicity. The ability of different strains of influenza virus to counteract 

this activity from the NS 1 gene might contribute to different level of replication and 

transcription rate. From this experiment, WSN strain is shown to be able to grow and 

replicate better in mouse lung macrophage, which is also shown in other reports (Mak 

et aI., 1984; Noble and Dimmock, 1995). Unlike in host-cell models, we used 24 hpi 

and 48 hpi in mouse lung macrophage instead, based on the cytokine studies shown in 

Fig. 5.30. It could be observed that there was no increase of cytokine excretion found 

up to 8 hpi, which signifies that the mouse lung macrophage might not exert optimal 

stage of host defense mechanism. Further, we were unable to compare this result with 

growth curve experiment because no virus was detected in the medium for mouse lung 

macrophage infection at 24 hpi. 

6.6 Host gene response in mouse lung macrophage 

The selected antiviral genes in mouse lung macrophage against 2009 pandemic 

swine strains are shown in Fig. 6.17. All of the swine influenza viruses exhibited 

almost similar levels of OASL, OAS2 and IFN-~l at 24 hpi and 48 hpi. There were 

slight differences observed among the 2009 pandemic strains. It did not show any 

increase of the all gene response at 48 hpi. The WSN strain had generally exhibit 

higher level ofOASL, OAS2 and IFN-~l compared to the all of the pandemic strains. 

The Mxl was not used in this experiment because the Balb/c mice contain Mx deletion 

on the chromosome, which cause Mx gene to be absent in Balb/c mice (Jin et al., 

1998). Similarly, Balb/c mice also does not express OASI gene (Kakuta et al., 2004). 

There is an instance where higher replicating viruses produces more 5' -capped RNA 

to induce higher immune response (Pothlichet et aI., 2008). From the result shown, it 

is clear that the WSN strain did not show any inhibition of the immunological 

232 

..... 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



response of the lung macrophage. But at the same time, it is also obvious that the 

antiviral genes show little effect on the WSN replication and transcription rate. 

40 
OAS2 

50 
. 24hpi OASL IFN-f31 50 

QI 30 
~40 . 48 hpi QI 40 b.O C b.O 

C ", 30 C 
", .c ", 30 .c 20 U 20 

.c 
U U 

" " " 
20 

"0 10 ~ 10 "0 10 u.. u.. 

0 0 
0 

276 471 478 527 WSN 
276 471 478 527 WSN 276 471 478 527 WSN 

Fig 6.17 Relative quantification ofmRNA expression of selected genes expressed in virus infected mouse lung 
macrophage cells denotes fold change with comparison with non-infected cells, for infection time of 24 hpi ( . ) 
and 48 hpi ( . ).The experiments were based on six replicates (n=6) with the bars as the average value, and error 
bars and the standard deviations among replicates. 

6.7 Cytokine profiling in mouse lung macrophage 

Similar with experiment done in Section 5.5.3, this experiment was conducted 

in order to detect secreted cytokine in the 2009 pandemic strains. However, it should 

be noted that 24 hpi and 48 hpi were used instead, because earlier time point, 4 hpi and 

8 hpi as indicated in Fig. 5.30, did not show any significant change of cytokine 

excretion compared to the uninfected macrophages. The statistical significance was 

assessed by conducting two separated harvesting, and measurements were done in 

duplicates each (n=4). The collection of cytokine profiling graphs is shown in Fig. 

6.18. It should be noted that the value of the secreted cytokine in WSN strain shown in 

Fig. 5.30 and Fig 6.18 are different, because two separated experiments with different 

period of cell harvesting were done. Therefore, variances in the amount of cytokine 

excreted were expected. The ability of the 2009 pandemic strains to infect mouse lung 

macrophages has also been demonstrated by Woo et al., 2010, and Itoh et aI., 2010. In 

the 2009 pandemic strains infection, several macrophage related cytokines were 

detected, which are IL-la, IL-l~, IL-6IL-13, KC, MIP-la, MIP-l~, G-CSF, GM-CSF, 

Eotaxin, MCP-l, TNF-a, and RANTES. The 2009 pandemic strains did not increase 
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the excretion ofIL-6, IL-13, MIP-l~, Eotaxin and G-SCF, while WSN strain generally 

triggered an increase in all cytokine observed with the exception of IL-6, as compared 

to the mock-infected macrophages. The 2009 pandemic strains only induced more IL­

l2(p40), while WSN strain induced more IL-la, IL-13, MIP-l~, Eotaxin, G-CSF and 

RANTES. There were comparable increase ofIL-l~, IL-6, MIP-la, KC and GM-CSF. 

IL-l a, IL-l~, and IL-6 are pro inflammatory pathways and act as precursor to induce 

immunological response (Dinarrelo, 1994; Kaufman et al., 2001; Heinrich et al., 

2003). From the results, it is shown that pandemic 2009 pandemic strains did not 

induce much of the proinflammatory responses as compared to WSN, and this results 

in lower response on antiviral genes. chemoattractant and chemotactic proteins such as 

MCP-l, Eotaxin, MIP-la, MIP-l~ were induced higher in WSN strain, which was 

indication of more severe immunological response (Julkunen et al., 2001; Heinrich et 

aI., 2003). 

The infection of mouse both in-vitro (lung macrophages) and in-vivo (Balb/c 

mice) with 2009 pandemic strains has also been done by other groups (Woo et al., 

2010; Itoh et at., 2010), where they found that generally 2009 pandemic influenza 

virus strains generally exhibited comparable amount of cytokines with the seasonal 

strains, which suggests that the 2009 pandemic strains may have similar severity with 

the seasonal strains. However, in our experiment, the WSN strain generally induced 

higher cytokine response than 2009 pandemic strains. This suggests that the 2009 

pandemic swine influenza strains caused lower immunological response in mouse lung 

macrophage than WSN strain. The 2009 pandemic viruses also caused less severe 

immunological responses than WSN strain to macrophages due to lower cytokine 

expression, as high cytokine response are very closely related to pathogenicity due to 

the cytokine overexpression (Heinrich et at., 2003). The higher level of both mRNA 
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and vRNA kinetics in WSN-infected macrophages showed that the immune response 

exhibited by macrophages was ineffective to reduce the replication rate. 

To correlate with other studies, an in vivo model using mice has also been 

conducted to compare the cytokine production upon infection of 2009 pandemic 

strains and H5Nl high pathogenic avian influenza virus (Woo et ai., 2010). They 

found that the cytokine response of 2009 pandemic influenza viruses were generally 

much less compared to that of H5N 1 high pathogenic avian influenza virus infection, 

which has also been shown by other groups (Osterlund et al., 2010; Woo et al., 2010). 
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6.8 Conclusion 

The comparison of the 2009 pandemic strains was made with the California 

strain, along with laboratory strain WSN and PR8. From the sequence analysis in the 

phylogenetic tree, it can be seen that the 2009 HINI isolates have not shown any 

divergence from the strain found initially in the American continent, and the other 

reglOns. 

The virus kinetic analysis also showed that the 2009 pandemic strains grew 

less efficiently in MDCK and A549 cells, and only comparable to WSN in CEF cells, 

as shown in the qRT-PCR result. This shows that the 2009 pandemic strains were able 

to infect canine-, chicken- and human-based cell lines. From the comparison of the 

three cell lines, the pandemic strains showed highest virus yield in the chicken-based 

cell lines, from the amount of the copy numbers generated. This might be due to the 

origin of PB2, PA, NA and M gene segments which came originally from avian 

lineage. 

The qRT-PCR on several antiviral response genes in A549 indicates that 

generally both WSN and PR8 induced much lower upregulation of antiviral response 

genes than 2009 pandemic strains isolates. However, the qPCR results in MDCK and 

CEF showed comparable result, with the exception of PR8. It can be concluded that 

the 2009 pandemic strains do not replicate efficiently in MDCK, CEF and A549 cells. 

Itoh et al. (2010) conducted both in-vitro and in-vivo characterization of the 2009 

pandemic strains in mice, ferrets, MDCK and human airway epithelial (HAE) cells. 

They found that the growth curve of the 2009 pandemic strains was comparable with 

other contemporary HINI viruses in MDCK and HAE cells. In mice and ferrets, they 

show higher replication efficiency than contemporary HINI viruses. To relate with the 

result obtained in the experiment, the WSN virus showed better replication than the 
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2009 pandemic strains, from the higher copy number of vRNA and mRNA generated 

in WSN strain. This is due to the adaptive nature of the WSN strain in mouse cells, 

hence the result showed higher replication in mouse lung macrophages. 

In mouse lung macrophage, the 2009 pandemic strains showed much lower 

replication rate compared to WSN strain. However, the WSN strain showed higher 

immunological response compared to the 2009 HINI swine influenza virus isolates 

both in qRT-PCR and cytokine profiling. The 2009 pandemic strains generally 

induced lower expression of cytokines than WSN strain, notably IL-Ia, IL-13, MIP­

I p, Eotaxin, G-CSF and RANTES, while only IL-12(p40) was higher in the 2009 

pandemic strains. Woo et al. (20 I 0) conducted cytokine profiling on the the 2009 

pandemic to compare HI N I swine influenza virus, H5N I and several HI N I seasonal 

influenza virus strains, and they found that the 2009 pandemic strains induced 

pro inflammatory cytokines (IL-2, IL-6, MIP-Ia, MIP-Ip, RANTES, and MCP-I) to be 

secreted in similar level with the HINI seasonal influenza virus, which is shown to 

have lower replication rate (Itoh et ai., 2010). To relate with the result obtained in this 

experiment, the cytokine profiling shows that generally the 2009 pandemic strains 

secreted lower cytokines than WSN strain, which has higher replication rate. It can be 

concluded that higher immune response in lung macrophages in WSN strains does not 

necessary to inhibit viral replication. 
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Chapter Seven. Conclusion 

Based on the sequence analysis, the isolate AlDuckiMalaysia/Ol (H9N2) is 

shown to be most similar with Asian origin, with the exception of NP and NS genes, 

which are more similar with European origin. This finding also confirms the 

dominance of H9N2 in Asian continent (Guo et al., 2000), with some have the ability 

to infect humans (Matrosovich et al., 2001). This finding is consistent in both 

sequence similarity and phylogenetic tree clustering. The AlDuckiMalaysialO 1 (H9N2) 

isolate also contains amantadine resistance signature in the M2 protein, which is 

already prevalent (Shiraishi et aI., 2003; Cheng et ai., 2010). However, there is no 

indication of oseltamivir resistance signature. It has been documented that oseltamivir 

is effective against H9N2 infection (Leneva et aI., 2000; Govorkova et aI., 2001). 

Until recently, there is no evidence of development in oseltamivir resistant H9N2 

strain. In term of pathogenicity, the AlDucklMalaysialOI (H9N2) HA protein isolate 

possesses single basic cleavage site, which classifies it as LP AI. All host sequence 

signature of AlDuckiMalaysialOI (H9N2) belongs to avian signature. The human 

isolates of H9N2 possess some human signatures in their proteins, except PBl and 

Ml, which confer to the ability to adapt to human host, although inefficiently (Uyeki 

et aI., 2002; Butt et al., 2005). 

AlDuckiMalaysialO 1 (H9N2) has been shown to replicate poorly in MDCK, 

and A549 cells, but efficiently in CEF cells. It has been demonstrated that both human 

and avian influenza viruses grow well in MDCK cell lines (Murakami et aI., 1988) and 

immortalized chick embryo cell lines (Smith et ai., 2008). These findings are also 

similarly observed in our experiment by the ability to replicate, although with different 

rate of replication. Recently, it has been found that H9N2 lineage G 1 replicated 
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efficiently in A549 cells due to its H5Nl-like internal genes (Lee et aI., 2010). On the 

other hand, the H9N2 lineage Y280, and H9N2 lineage Y 439 replicated poorly in 

A549 cells (Lee et aI., 2010). The A/DucklMalaysialOl (H9N2) belongs to Y439 

lineage, and it is expected to replicate inefficiently in non-avian cell lines. 

Gene expression profiling using cDNA microarrays and qRT -PCR shows that 

the H9N2 upregulated more host immune response in CEF cells than in MDCK and 

A549 cells. It has been reported that the more virulent strains of influenza virus in 

suitable host had better ability to suppress interferon and antiviral responses (Wang et 

aI., 2000; Solorzano et al., 2005; Cauthen et al., 2007; Hayman et al., 2007; Kochs et 

al., 2009; Li et ai., 2010). Based on these findings, it can be concluded that 

A/DucklMalaysialO I (H9N2) is less virulent in MDCK and A549 cells. Further, Wang 

et aI., 2008 compared the gene expression profiling of human influenza viruses and 

highly pathogenic influenza viruses in mice. They found that the highly pathogenic 

strain showed considerably higher expression of cytokine involving in activation of T -

cells and macrophages. Consistently, in our experiment, AlWSN/33 (HINl) strain, 

which is shown to be highly virulent in mice (Aronsson et al., 2003; Abed et al., 

2010), induced generally higher cytokine responses than AlDuckiMalaysialOI (H9N2). 

Based on the experiments, it is shown that AlDucklMalaysialO I (H9N2) did not 

replicate efficiently in human, which may also mean that AlDuckiMalaysia/OI (H9N2) 

is not likely to pose problem in human health. However, mutations and reassortments 

with other strains may alter the pathogenicity and infectivity of this strain in human, as 

occured in H9N2 strains in China (Guo et al., 1999; Peiris et aI., 1999), or with 

internal genes from H5NI LPAI (Butt et aI., 2005; Wang et ai., 2007). 

All of the 2009 pandemic strains collected in Singapore showed very high 

similarity in all segments, which confirms the finding by Nelson et al. (2009). They 
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found that the nucleotide sequence of the 2009 pandemic strains isolates started to 

diverge into 7 clades, but overall, the sequences are still very similar. The HA and NA 

gene in 2009 pandemic strains is shown to be the most unstable and more prone to 

changes (Lu et aI., 2009). However, in our experiment, >99% genes are similar in 

sequences, and we did not observe any higher dissimilarities in both HA and NA 

genes. To compare the replication and transcription rate, the 2009 pandemic strains 

generally had less growth in all cell lines used as compared to laboratory strain 

AlWSN/33(HINI) and A/PRl8/34 (HINl). An experiment has been done elsewhere to 

compare the replication of the 2009 pandemic strains, seasonal influenza virus and 

H5Nl high pathogenic influenza virus in human lung tissues (Zhang et ai., 2010). It is 

shown that the 2009 pandemic strains was able to replicate better than seasonal 

influenza virus, but still slower than H5NI high pathogenic influenza virus. It can be 

inferred that the triple reassortment might be beneficial to assist the better replication 

of 2009 pandemic atrains. Further, in A549 cells lines, 2009 pandemic strains 

generally showed lower expression of immune response and antiviral related genes 

than AlWSN/33 (HINl) and PR8, which shows that the 2009 pandemic strains 

induced less innate immune responses. However, there were various results observed 

in MDCK and CEF cells. It has been shown that the cultures of human cells did not 

show any significant differences upon 2009 pandemic strains and seasonal influenza 

strains infection (Chan et ai., 2010). In cytokine profiling, the 2009 pandemic strains 

generally showed weak cytokine profiling compared to AlWSN/33 (HINI) strain. 

This finding has also been demonstrated elsewhere (Osterlund et ai., 2010; Woo et ai., 

2010). To further prove this, an in vivo model using mice has also been conducted to 

compare the cytokine production upon infection of 2009 pandemic strains and H5Nl 

high pathogenic avian influenza virus (Woo et al., 20 I 0). Based on the result, the 
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cytokine response of 2009 pandemic strains is generally much less compared to that 

ofH5NI high pathogenic avian influenza virus infection. 
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Appendix 

1. The Primer used for viral kinetics peR Amplification and Sequencing (Hoffmann et aL, 2001) 

Gene Forward primer Reverse primer 

PB2 Ba-PB2-1: Ba-PB2-2341R: 
TATTGGTCTCAGGGAGCGAAAGCAGGTC ATATGGTCTCGTATTAGTAGAAACAAGGTCGTTT 

PBI BIII-PBI-1: Bm-PB1-2341R: 
TATTCGTCTCAGGGAGCGAAAGCAGGCA ATATCGTCTCGTATTAGTAGAAACAAGGCATTT 

PA Bm-PA-I: Bm-PA-2233R: 
TATTCGTCTCAGGGAGCGAAAGCAGGTAC ATATCGTCTCGTATTAGTAGAAACAAGGTACTT 

HA Bm-HA-l: Bm-NS-890R: 
TATTCGTCTCAGGGAGCAAAAGCAGGGG ATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT 

NP Bm-NP-l: Bm-NP-1565R: 
TA'l"('CG'l'C'l'CAGGGAGCAAAAGCAGGGTA A'l'A'l'CG'('C'l'CG'l'A'j"l'AGTAGAAACAAGGGTATTTTT 

NA Ba-NA-l: Ba-NA-1413R: 
TATTGGTCTCAGGGAGCAAAAGCAGGAGT ATATGGTCTCGTATTAGTAGAAACAAGGAGTTTTTT 

M Bm-I!I-l : Bm-M-I027R: 
TATTCGTCTCAGGGAGCAAAAGCAGGTAG ATATCGTCTCGTATTAGTAGAAACAAGGTAGTTTTT 

NS Bm-NB-I: Bm-NS-890R: 
TATTCGTCTCAGGGAGCAAAAGCAGGGTG ATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT 

Table I a. Additional Primer used for H9N2 sequencing 

Gene Primer Sequence 
HA H9-HA-328F GGTCCTATATTGTCGAAAG 
PA H9-PA-528F ACCCTTGATGAAGAGAGCAG 
PBI H9-PBl-586F CACATTTCCAGAGAAAGA 

H9-PB 1-739R TCTTTCTGCATCCTTTATCAT 
H9-PB 1-1736F GCAGATTCAAACGAGAAGAT 
H9-PB 1-1872R TCAAGCAGACCTCCGGAATGTG 

PB2 H9-PB2-88F CGCACTCGCGAGATACTG 
H9-PB2-757R TTCCTTGAGTCAAATGCAATA 
H9-PB2-1495F GGGTGGATGAATATTCTA 
H9-PB2-1666R CCGTTAATCTCCCACATCATA 
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2. The Primer used for viral kinetics qRT -peR Analysis 

2.a HINI 
Gene- Sequence (5'3') UPL Sequence (UPL #) 
Position 

PB2 Forw. TCCGCAGTTCTGAGAGGATT CTGGGCAA (61) 
PB2 Rev. TGCTGGTCCATACTCCTGTC 
PB1 Forw. GCTCCAATAATGTTCTCAAACAAA ACTGGGAA (48) 
PB1 Rev. TCTTGCTCAAACATGTACCC 
PA Forw. CGGAAAAGGCAATGAAAGAG GGAGAGGA (55) 
PA Rev. CTGCAAATTTGTTTGTTTCGAT 
HA Forw. GCAAGGCCCAAAGTAAGAGA GGAGGA TG (88) 
HA Rev. TTGTGTCTCCGGGTTCTAGC 
NP Forw. TGGAATCAAGTACCCTTGAACTG GGACCAGA (93) 
NP Rev. GCCCTCTGTTGATTGGTGTT 
NA Forw. ATGGAATGGGCTGGCTAAC TCTGGTCC (93) 
NARev. ATACAGCCACTGCTCCATCA 
M Forw. AGATGAGTCTTCTAACCGAGGTCG FAM-TCAGGCCCCCTCAAAGCCGA-
M Rev. TGCAAAAACATCTTCAAGTCTCTG TAMRA 
NS Forw. AGCACTCTCGGTCTGGACAT CAGCCACC (83) 
NS Rev. CCGCTCCACTATTTGCTTTC 

2.b H9N2 
Gene- Sequence (5'3') UPL Sequence (UPL #) 
Position 

PB2 Forw. ACAAAAACCACTGTGGACCAT CTGCTCTC (108) 
PB2 Rev. CATTGCCATCATCCATTTCA 
PB1 Forw. CTTGAAGTGGGAATTGATGGA CCAGGGCA (37) 
PB1 Rev. ATGGGTTCTGAGGATTGCAC 
PA Forw. AAAGCGGACTACACCCTTGA GAGAGCAG (108) 
PA Rev. AGTGAACAGCCTGGTTTTGATT 
HAForw. TCTGCAAGATCCATTGGACA GAAGGCAG (8) 
HARev. CCTCATCTCTCGTGCTTGC 
NP Forw. CCCGAAGAAAACTGGAGGTC GAAGGAGG (134) 
NP Rev. TCAGCTCTCTCATCCATTTCC 
NA Forw. CGATGAGGAATTCTATCATGTATTGT TGCTGTCC (56) 
NA Rev. TACCCTTGGGCAGGGAAC 

M Forw. AGATGAGTCTTCTAACCGAGGTCG FAM-TCAGGCCCCCTCAAAGCCGA-TAM RA 
M Rev. TGCAAAAACATCTTCAAGTCTCTG 
NS Forw. TGGTCTGGACATCGAAACAG CTGGAGGA (65) 

Lt-jS Rev. TCATTCTAAGTGCCTCATCAGACT 
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2.c Host Genes 
Host Gene Sequence (5'-3') Probe Sequence 

Mxl Fw GTACATCCTTAAGCAGGAGACGA GGTGGTGG (#77) Mxl Rv GCAATGTCCACGTTGCAG 
OASI Fw TGGGACGTGCTGGTAAAAC GGAGGAAG (#69) OASI Rv CGCTGTGTAGAGGGGTTAGG 
RSAD2Fw AAAGCGGACTACACCCTTGA TTGCCCAG (#61) RSAD2 Rv CTCTTTGCAGAACCTCACCA 

Canine IFNB Fw ATCGAGAAATCACGCCAGTT 
IFNB Rv CTGGAACATCTCATGGGTGA GAAGGAGG (#134) 

HMGCRFw GAGCCATTTTGCTCGAGTTT AGAAGAAGA (#143) HMGCRRv CTCTCTGAGTAACAGGATTTGGTTT 
EFFw GCTGGAAGATGGTCCCAAG GGA TGCTG (#89) EFRv TGCCAGGAACCATATCAACA 
MxFw GTTTCGGACATGGGGAGTAA TCTCCAGG (#80) MxRv GCATACGATTTCTTCAACTTTGG 
OASLFw CCAGTACCGGGACATCTGTATT CTTCTCCC (#7) OASL Rv CACCGACCCACTCATCCT Chicken IFNB Fw AAGAAGCAAGCAGCCATCAC 
IFNB Rv TGGGCTGCTAAGCATGTTG GGAGGATG (#88) 

EFFw TGCACCATGAAGCCCTTAG CTCTGCCT (# 13) EFRv TCTTGACATTGAAGCCAACG 
Mxl Fw TCCAGCCACCATTCCAAG TTCTCCTG (#2) Mxl Rv CAACAAGTTAAATGGTATCACAGAGC 
OASI Fw GGTGGAGTTCGATGTGCTG CCAGGGCA (#37) OASI Rv AGGTTTATAGCCGCCAGTCA 
OAS2 Fw CCTGCCTTTAATGCACTGG CTGGCTCC (#36) OAS2 Rv ATGAGCCCTGCATAAACCTC 
BIRC Fw CCTGCCGATCCTAAATCAAC CAGGAGAA (#2) BIRC Rv TTTCCTTTTGATGAAGCTAACCA 
HMGCRFw GAGCCATTTTGCTCGAGTTT AGAAGAAGA (#85) HMGCRRv CTCTCTGAGTAACAGGATTTGGTTT 

Human RSAD2Fw TGCTTTTGCTTAAGGAAGCTG AGGTGGAG (#39) RSAD2 Rv TCCCCGGTCTTGAAGAAAT 
IFNB Fw CTTTGCTATTTTCAGACAAGATTCA 

CTGGCTGG (#20) IFNB Rv GCCAGGAGGTTCTCAAGAAT 
IL6Fw GATGAGTACAAAAGTCCTGATCCA GCCTGCTG (#40) IL6 Rv CTGCAGCCACTGGTTCTGT 
IL28 Fw CCTGGTGGACGTCTTGGA CTGGGAGA (#14) IL28 Rv GTGGGCTGAGGCTGGATA 
CCL5Fw ACACCAGTGGCAAGTGCTC CTGCTGGG (#3) CCL5 Rv ACACACTTGGCGGTTCTTTC 
EFFw TGGGAGGGTTGCTTTGATTA ACACTGGA (#47) EFRv TGACAGGCAATCAGCAACAT 
OAS2 Fw GGCCCAGGACTTGAGCTAC CTCTGCCT (#13) OAS2 Rv CCATCGTTGCTAGCTGGTCT 
OASLFw GTGGGGAGACTGCATCCTTA GGCAGAAG (#29) OASLRv GCAGGGAGATCCAGTTTACCT 

Mouse IFNB Fw CTGGCTTCCATCATGAACAA TCCTGCTG (#18) IFNB Rv AGAGGGCTGTGGTGGAGAA 
HMGCRFw CGTAAGCGCAGTTCCTTCC GGCTGGAG (#19) HMGCRRv TCTCAATGGAGGCCAAGC 
EFFw ACACGTAGATTCCGGCAAGT TGGTGGAA (#31) 
EFRv ACTTTTCGATGGTTCGCTTG 
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3. Up regulation of probe sets in MDCK cells at 10 hpi 

C~tokine 

Gene S~mbol DescriEtion H1N1 H9N2 

CCL5 chemokine (C-C motif) ligand 5 14.9 141 
CXCL10 chemokine (C-X-C motif) ligand 10 21.4 32.9 
CXCL10 chemokine (C-X-C motif) ligand 10 16.5 49.6 

InnatelAntiviral 

Gene Symbol DescriEtion H1N1 H9N2 
similar to Nuclear autoantigen Sp-l00 (Speckled 100 kDa) (Nuclear 

LOC477402 dot-associated Spl00 protein) (Lyspl00b) 2.4 
LOC478170 similar to interferon induced 6-16 protein isoform a 10.4 
LOC478170 similar to interferon induced 6-16 protein isoform a 15.4 
LOC478406 SON DNA binding protein 6.8 
LOC479183 interferon-induced protein with tetratricopeptide repeats 2 20.2 
LOC479402 sperm autoantigenic protein 17 2.4 
LOC479575 ISG15 ubiquitin-like modifier 16.5 4.2 
LOC479575 ISG15 ubiquitin-like modifier 12.9 
LOC479980 interferon-induced protein 44-like 4.9 2.5 
LOC479980 interferon-induced protein 44-like 9.2 2.6 
LOC479980 interferon-induced protein 44-like 2.9 
LOC481471 similar to interferon gamma inducible protein 47 5.1 
LOC483406 similar to Interferon regulatory factor 7 (lRF-7) 2.1 3.5 
LOC488122 receptor (chemosensory) transporter protein 4 20.7 
LOC488729 interferon stimulated exonuclease gene 20kDa 5.2 
LOC488947 interferon-induced protein with tetratricopeptide repeats 1 20.9 29.2 
LOC490198 interferon-induced protein 44 3.4 
LOC490198 interferon-induced protein 44 4.5 
LOC490461 S100 calcium binding protein A8 3.2 
LOC490954 interferon-induced protein 35 2.1 
LOC490954 interferon-induced protein 35 2.5 
LOC490954 interferon-induced protein 35 3.0 
LOC490954 interferon-induced protein 35 3.1 
LOC606875 similar to immunity-related GTPase family, cinema 1 5.1 
LOC609006 LIM domain only 2 (rhombotin-like 1) 4.2 

myxovirus (influenza virus) resistance 1, interferon-inducible protein 
MX1 p78 (mouse) 10.9 5.4 
MX2 myxovirus (influenza virus) resistance 2 (mouse) 5.2 
RSAD2 similar to radical S-adenosine containing 2 19.5 8.6 
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4. Up regulation of probe sets in CEF cells at 10 bpi 

C~tokine 

Gene Symbol Description H1N1 H9N2 

CCL20 chemokine (C-C motif) ligand 20 15.0 3.8 

IL12B 
interleukin 12B (natural killer cell stimulatory factor 2, cytotoxic 
lymphocyte maturation factor 2, p40) 19.3 

ILlB interleukin 1, beta 4.2 

IL6 interleukin 6 (interferon, beta 2) 2.7 

IL6 interleukin 6 (interferon, beta 2) 16.7 

IL8 interleukin 8 10.6 2.2 

IRFl interferon regulatory factor 1 30.6 2.5 

IRFlO interferon regulatory factor 10 9.9 

IRF7 interferon regulatory factor 7 15.5 11.0 

IRF8 interferon regulatory factor 8 4.0 

K203 chemokine K203 9.1 

LOC39sss1 Chemokine (C-C motif) ligand 3 4.7 

InnatelAntiviral 

Gene Symbol Description H1N1 H9N2 

B2M beta-2 microglobulin 3.5 

EIF2AK2 (PKR) eukaryotic translation initiation factor 2-alpha kinase 2 5.0 

IFI3s interferon-induced protein 35 5.3 

IFIH1 interferon induced with helicase C domain 1 8.1 

IFIH1 interferon induced with helicase C domain 1 18.4 

ISG12-2 putative ISG12-2 protein 55.5 3.2 

K60 K60 protein 8.7 3.8 

LOC396216 mature cMGF 24.0 3.0 

LOC415651 similar to Small inducible cytokine A2 precursor (CCl2) 3.6 

LOC417053 similar to class I alpha chain 3.4 

LOC429220 similar to MHC Rfp-Y class I alpha chain 2.1 2.1 

LOC420302 similar to prostate stem cell antigen 3.3 

LOC420559 similar to KlAA2005 protein 41.2 

IFIH-1 
similar to interferon inducedprotein with tetratricopeptide repeat 
1 651.0 

LY6E lymphocyte antigen 6 complex, locus E 5.7 

MX Mx protein 193.3 11.0 

NFKBIZ 
nuclear factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor, zeta 4.0 

OASL 2'-5'-oligoadenylate synthetase-like 143.8 15.8 

PBEFl pre-B-cell colony enhancing factor 1 4.0 

SOCS1 suppressor of cytokine signaling 1 4.7 
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TLR3 

VCAM1 

ZC3HAV1 

ZC3HAV1 

ZC3HAV1 

Cell Death 

Gene Symbol 

LOC421684 

LOC427122 

LOC427122 

LOC427224 

TNFSFl5 

toll-like receptor 3 

vascular cell adhesion molecule 1 

zinc finger CCCH-type, antiviral 1 

zinc finger CCCH-type, antiviral 1 

zinc finger CCCH-type, antiviral 1 

Description 
similar to Tumor necrosis factor, alpha-induced protein 3 
(Putative DNA binding protein A20) (Zinc finger protein 
A20) 
similar to Adipocyte-derived leucine aminopeptidase 
precursor (A-LAP) (ARTS-l) 
similar to Adipocyte-derived leucine aminopeptidase 
precursor (A-LAP) (ARTS-1) 

similar to programmed cell death 1 ligand 1 

tumor necrosis factor (ligand) superfamily, member 15 

19.1 3.8 

15.9 

24.3 

10.4 
30.2 

H1Nl H9N2 

2.9 5.0 

3.9 

3.4 

10.9 

3.6 
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5. Up regulation of probe sets in A549 cells at 10 hpi 

Cytokine 

Gene Symbol Description H1N1 H9N2 

CCl5 chemokine (C-C motif) ligand 5 ; chemokine (C-C motif) ligand 5 5.8 13.9 

CCl5 chemokine (C-C motif) ligand 5 23.4 20.6 

CClS chemokine (C-C motif) ligand 5 49.6 21.5 

CXCl10 chemokine (C-X-C motif) ligand 10 34.4 

CXCl11 chemokine (C-X-C motif) ligand 11 2.4 10.0 

CXCl11 chemokine (C-X-C motif) ligand 11 75.8 

IFRG28 28kD interferon responsive protein 64.0 

Il22RA1 interleukin 22 receptor, alpha 1 2.1 

Il28A interleukin 28A (interferon, lambda 2) 20.9 76.7 
interleukin 28A (interferon, lambda 2) ; interleukin 28B (interferon, 

Il28A; Il28B lambda 3) 10.9 142.0 

Il29 interleukin 29 (interferon, lambda 1) 7.4 48.1 

Il6 interleukin 6 (interferon, beta 2) 5.7 

Il7 interleukin 7 33.6 

TlR3 toll-like receptor 3 10.8 

InnatelAntiviral 

Gene Symbol Description H1N1 H9N2 

ACE2 angiotensin I converting enzyme (peptidyl-dipeptidase A) 2 11.8 

BlNK B-celilinker 9.2 

BTG1 B-cell translocation gene 1, anti-proliferative 2.5 

CD38 CD38 antigen (p45) 5.8 

CEACAM1 
carcinoembryonic antigen-related cell adhesion molecule 1 (biliary 
glycoprotein) 3.1 

CEACAM1 
carcinoembryonic antigen-related cell adhesion molecule 1 (biliary 
glycoprotein) 5.9 

CEACAM1 
carcinoembryonic antigen-related cell adhesion molecule 1 (biliary 
glycoprotein) 9.0 

DDX58 (RIG-I) DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 6.9 

DDX58 (RIG-I) DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 16.5 

DDX58 (RIG-I) DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 2.9 16.1 

ETS2 v-ets erythroblastosis virus E26 oncogene homolog 2 (avian) 2.1 

G1P2 interferon, alpha-inducible protein (clone IFI-15K) 10.9 10.5 

G1P3 interferon, alpha-inducible protein (clone IFI-6-16) 27.1 3.9 

GBP1 
guanylate binding protein 1, interferon-inducible, 67kDa ; guanylate 
binding protein 1, interferon-inducible, 67kDa 6.0 14.5 

GBP1 guanylate binding protein 1, interferon-inducible, 67kDa 17.4 24.5 

GBP1 
guanylate binding protein 1, interferon-inducible, 67kDa ; guanylate 
binding protein 1, interferon-inducible, 67kDa 21.8 23.4 

GBP2 guanylate binding protein 2, interferon-inducible S.2 
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HLA-E major histocompatibility complex, class I, E 2.6 

IFI16 interferon, gamma-inducible protein 16 4.8 7.9 

IFI16 interferon, gamma-inducible protein 16 3.9 10.7 

IFI16 interferon, gamma·inducible protein 16 3.0 9.7 

IFI27 interferon, alpha-inducible protein 27 19.4 46.6 

IFI35 interferon-induced protein 3S 3.9 

IFI44 interferon-induced protein 44 4.3 29.5 

IFI44 Interferon-induced protein 44 9.2 

IFI44L interferon-induced protein 44-like 158.0 

IFIH1 Interferon induced with helicase C domain 1 4.6 

IFIH1 Interferon induced with helicase C domain 1 4.6 

IFIH1 interferon induced with helicase C domain 1 8.6 

IFIH1 interferon induced with helicase C domain 1 8.6 

IFIH1 interferon induced with helicase C domain 1 6.6 26.1 

IFIH1 interferon induced with helicase C domain 1 6.6 26.1 

IFITl interferon-induced protein with tetratricopeptide repeats 1 37.1 49.8 

IFIT2 interferon-induced protein with tetratricopeptide repeats 2 86.1 79.8 

IFIT2 interferon-induced protein with tetratricopeptide repeats 2 12.7 60.5 

IFIT3 interferon-induced protein with tetratricopeptide repeats 3 6.0 25.7 

IFIT3 interferon-induced protein with tetratricopeptide repeats 3 6.2 35.6 

IFIT5 interferon-induced protein with tetratricopeptide repeats S 3.6 

IFIT5 interferon-induced protein with tetratricopeptide repeats S 4.1 

IFITM1 interferon induced transmembrane protein 1 (9-27) 3.6 8.4 

IFITM1 interferon induced transmembrane protein 1 (9-27) 8.4 

IFNB1 interferon, beta 1, fibroblast 104.0 

INDO indoleamine-pyrrole 2,3 dioxygenase 38.6 

IRFl interferon regulatory factor 1 8.3 

IRF2 interferon regulatory factor 2 2.5 

IRF7 interferon regulatory factor 7 8.2 

ISG20 interferon stimulated exonuclease gene 20kDa 6.9 

ISG20 interferon stimulated exonuclease gene 20kDa 13.6 

ISGF3G interferon-stimulated transcription factor 3, gamma 48kDa 3.3 4.3 

LBA1 lupus brain antigen 1 3.2 

MX1 
myxovirus (influenza virus) resistance 1, interferon-inducible protein 
p78 (mouse) 8.3 84.9 

MX2 myxovirus (influenza virus) resistance 2 (mouse) 28.9 

NMI N-myc (and STAT) interactor 2.9 

NOD27 nucleotide-binding oligomerization domains 27 9.6 

OAS1 2',S'-oligoadenylate synthetase 1, 40/46kDa 13.3 

OAS1 2',S'-oligoadenylate synthetase 1, 40/46kDa 2.3 11.4 

OAS2 2'-S'-oligoadenylate synthetase 2, 69/71kDa 7.8 22.4 

OAS2 2'-S'-oligoadenylate synthetase 2, 69/71kDa 22.2 

OAS2 2'-S'-oligoadenylate synthetase 2, 69/71kDa 8.9 49.3 

OAS3 2'-S'-oligoadenylate synthetase 3, 100kDa 3.5 

OASL 2'-S'-oligoadenylate synthetase-like 12.1 33.1 

OASL 2'-S'-oligoadenylate synthetase-like 10.6 22.8 
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PDCD1LG1 CD274 antigen 32.2 
PHFll PHD finger protein 11 2.6 
PIK3AP1 phosphoinositide-3-kinase adaptor protein 1 2.8 

plasminogen activator, urokinase receptor; plasminogen activator, 
PLAUR urokinase receptor 2.1 
PLSCR1 phospholipid scramblase 1 3.3 
PLSCR1 phospholipid scramblase 1 3.4 
PLSCR1 Phospholipid scramblase 1 3.3 

Protein kinase, interferon-inducible double stranded RNA dependent 
PRKRA activator 2.3 

Protein kinase, interferon-inducible double stranded RNA dependent 
PRKRA activator 2.7 

Protein kinase, interferon-inducible double stranded RNA dependent 
PRKRA activator 2.7 
RSAD2 radical S-adenosyl methionine domain containing 2 6.5 147.0 
SOCS1 suppressor of cytokine signaling 1 21.3 
SOCS3 suppressor of cytokine signaling 3 2.5 
SOCS3 suppressor of cytokine signaling 3 2.7 
SP100 nuclear antigen Sp100 3.2 
SP100 nuclear antigen Sp100 2.6 
SP100 nuclear antigen Sp100 2.1 
SP100 nuclear antigen Sp100 4.4 
SP100 nuclear antigen Sp100 2.3 
SPllO SP110 nuclear body protein 4.6 
SPllO SP110 nuclear body protein 5.1 
SPllO SP110 nuclear body protein 5.8 
SPllO SP110 nuclear body protein 10.0 
SPllO SP110 nuclear body protein 10.3 
STATl Signal transducer and activator of transcription 1, 91kDa 3.3 
STATl signal transducer and activator of transcription 1, 91kDa 5.5 
STATl signal transducer and activator of transcription 1, 91kDa 2.3 
STAT2 signal transducer and activator of transcription 2, 113kDa 6.8 
STAT2 signal transducer and activator of transcription 2, 113kDa 2.2 
TAP2 transporter 2, ATP-binding cassette, sub-family B (MDR/TAP) 2.1 

TNFSFlO 
tumor necrosis factor (ligand) superfamily, member 10; tumor necrosis 
factor (ligand) superfamily, member 10 19.9 29.8 
tumor necrosis factor (ligand) superfamily, member 10 ; tumor necrosis 

TNFSFlO factor (ligand) superfamily, member 10 26.9 
Tumor necrosis factor (ligand) superfamily, member 10; Tumor necrosis 

TNFSFlO factor (ligand) superfamily, member 10 4.7 41.7 
TNFSF13B tumor necrosis factor (ligand) superfamily, member 13b 18.8 
TNFSF13B tumor necrosis factor (ligand) superfamily, member 13b 4.3 20.2 
TRIM21 tripartite motif-containing 21 5.8 
TRIM22 tripartite motif-containing 22 4.6 
TSPAN12 tetraspanin 12 2.2 
ZC3HAV1 zinc finger CCCH-type, antiviral 1 2.7 
ZC3HAV1 zinc finger CCCH-type, antiviral 1 2.3 
ZC3HAV1 zinc finger CCCH-type, antiviral 1 3.4 
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Cell Death 

Gene 
Symbol Description H1Nl H9N2 

BIRC4BP XIAP associated factor-1 3.4 

BIRC4BP XIAP associated factor-1 27.6 

BIRC4BP XIAP associated factor-1 242.0 

BTGl B-cell translocation gene 1, anti-proliferative 2.5 

CASPl 
caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, 
convertase) 2.6 

CASPl 
caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, 
convertase) 3.5 

CASPl 
caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, 
convertase) 5.7 

CASPl 
caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, 
convertase) 7.5 

CASP1; 
caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, 

COPl convertase); caspase-1 dominant-negative inhibitor pseudo-ICE 7.2 

CD38 CD38 antigen (p4S) 5.8 

OPTN optineurin 2.1 

SOCS3 suppressor of cytokine signaling 3 2.5 

SOCS3 suppressor of cytokine signaling 3 2.7 

THAP2 THAP domain containing, apoptosis associated protein 2 10.4 5.9 

TNFAIP3 tumor necrosis factor, alpha-induced protein 3 2.6 

TNFAIP6 tumor necrosis factor, alpha-induced protein 6 2.7 

TNFAIP6 tumor necrosis factor, alpha-induced protein 6 2.8 
tumor necrosis factor (ligand) superfamily, member 10 ; tumor necrosis 

TNFSF10 factor (ligand) superfamily, member 10 19.9 29.8 

TNFSF10 
tumor necrosis factor (ligand) superfamily, member 10; tumor necrosis 
factor (ligand) superfamily, member 10 26.9 

TNFSFlO 
Tumor necrosis factor (ligand) superfamily, member 10 ; Tumor 
necrosis factor (ligand) superfamily, member 10 4.7 41.7 

TNFSF13B tumor necrosis factor (ligand) superfamily, member 13b 4.3 20.2 

TNFSF13B tumor necrosis factor (ligand) superfamily, member 13b 18.8 
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6. Cloning Vector for H9N2 gene for sequencing 

pOri ... Ooning Vector 

Posi~ons 01 YGrious elements 

Vector size (bp) 
MUliple cloning sife 
LacZ a.peptide 
T7 RNA polymerase promoter 
T7 transcription start 
SP6 RNA polymerase promoter 
SP6 transcription start 
Ampicillin resistance gene 
Kanamycin resistance gene 
pUC origin 
Phage fl origin 
Primer binding siles:' 
M 13 forward [-20) 
M 13 forward HO) 
M13 reverse 
T7 promoter priner 
SP6 promoter priner 

385 1 
266-393 
216-593 
239-258 

256 
398--417 

400 
1175-2032 
218 1-2993 

3668 
588-1043 

431-447 
451-467 
209-224 
239-258 
400-418 

/'" 
origin 

pDrive Cloning Vector 
3.85 kb 

p(R2.1 TOPO 

3931 bp 

Accl 
H:ncli 
lind. 
.11.01 
AI<l/ Si)l 
Nt~ 
.11>01 
&onl 
&1(1 
froOl~ 

ApaI 
Sod 
Noll 

t SP6p<OM_ 

,. " ~r ( · rr 
e tl !!'!3 

I ~re 
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7. Accession Number List ofInfluenza Virus Sequence Used in This Experiment 

Sequence Accession 
A/DUCK/MALA YSIA/Oi (H9N2) PB2 CY073797 
A/DUCK/MALAYSIA/Oi (H9N2) PBi CY073798 
A/DUCK/MALA YSIA/Oi (H9N2) PA CY073799 
A/DUCK/MALAYSIA/Oi (H9N2) HA CY073800 
A/DUCK/MALAYSIA/Oi (H9N2) NP CY07380i 
A/DUCK/MALA YSIA/Oi (H9N2) NA CY073802 
A/DUCK/MALAYSIA/Oi (H9N2) M CY073803 
A/DUCK/MALAYSIA/Oi (H9N2) NS CY073804 
A/SINGAPORE/276/2009 (HiNi) PA CY0696i8 
A/SINGAPORE/276/2009 (HiNi) HA CY0696i9 
A/SINGAPORE/276/2009 (HiNi) NP CY069620 
A/SINGAPORE/276/2009 (HiNi) NA CY06962i 
A/SINGAPORE/276/2009 (HiNi) M CY069622 
A/SINGAPORE/276/2009 (HiNi) NS CY069623 
A/SINGAPORE/471/2009 (HiNi) PBi CY069624 
A/SINGAPORE/471/2009 (HiNi) PA CY069625 
A/SINGAPORE/471/2009 (HiNi) HA CY069626 
A/SINGAPORE/47i/2009 (HiNi) NP CY069627 
A/SINGAPORE/47i/2009 (HiNi) NA CY069628 
A/SINGAPORE/471/2009 (HiNi) M CY069629 
A/SINGAPORE/471/2009 (HiNi) NS CY069630 
A/SINGAPORE/478/2009 (HiNi) PB2 CY06963i 
A/SINGAPORE/478/2009 (HiNi) PBi CY069632 
A/SINGAPORE/478/2009 (HiNi) PA CY069633 
A/SINGAPORE/478/2009 (HiNi) HA CY069634 
A/SINGAPORE/478/2009 (HiNi) NP CY069635 
A/SINGAPORE/478/2009 (HiNi) NA CY069636 
A/SINGAPORE/478/2009 (HiNi) M CY069637 
A/SINGAPORE/478/2009 (HiNi) NS CY069638 
A/SINGAPORE/527/2009 (HiNi) PBi CY069639 
A/SINGAPORE/527/2009 (HiNi) PA CY069640 
A/SINGAPORE/527/2009 (HiNi) HA CY06964i 
A/SINGAPORE/527/2009 (HiNi) NP CY069642 
A/SINGAPORE/527/2009 (HiNi) NA CY069643 
A/SINGAPORE/527/2009 (HiNi) M CY069644 
A/SINGAPORE/527/2009 (HiNi) NS CY069645 
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