
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


A Thesis for the Degree of Master of Science

Studies on genetically engineered 
chicken DF-1 cell for efficient 
production of influenza virus

February, 2020

By

KELLY CHUNGU

Major in Animal Science and Biotechnology

Department of Animal Science
Graduate school, Seoul National University



Studies on genetically engineered chicken DF-1 
cell for efficient production of influenza virus

UNDER THE DIRECTION OF DR. JAE YONG HAN

SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF SEOUL NATIONAL UNIVESITY

BY

KELLY CHUNGU

MAJOR IN ANIMAL SCIENCE AND BIOTECHNOLOGY

DEPARTMENT OF ANIMAL SCIENCE

JANUARY, 2020

APPROVED AS A QUALIFIED DISSERTATION OF KELLY 

CHUNGU FOR THE DEGREE OF MASTER OF SCIENCE BY THE 

COMMITTEE MEMBERS

JANUARY, 2020

CHAIRMAN                        (인)

VICE CHAIRMAN                       (인)

MEMBER                           (인)



i

SUMMARY

Influenza virus has been known to cause pandemics in poultry 

species leading to mortality and massive economic losses in the poultry 

industry. Therefore, methods have been devised for quick isolation, 

amplification, and identification of influenza subgroups. Several 

strategies have been used for quick and abundant amplification of the 

virus, including an egg-based system and cell-based system. The egg-

based system is a well-established system; however, it offers several 

notable disadvantages especially in the process of vaccine production. 

Therefore, a cell-based system has been developed as a viable 

alternative strategy for the amplification of the virus.

The establishment of a cell-based system is critical because the virus 

replicates efficiently in species-specific host cells. This system provides 

several advantages as follows: there is no need for virus adaptation to

the cell for proliferation, and virus-host factors can be studied in a

species-specific manner. Also, the engineering of cells could provide an 

improved system that could mimic the conditions for the replication of 

the virus, similar to in vivo conditions. Moreover, an added advantage 

of a cell-based system is that it could reduce the cost during the process 

of viral amplification for vaccine production. In this study, plasmid-

based reverse genetics was established for the rescue of influenza virus 

in cell culture. After that, it was demonstrated that the influenza virus 
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codon usage bias between influenza and the host species affects the 

viral polymerase activity. Furthermore, genetically engineered cell lines 

were established that could be used for the amplification of the 

influenza virus in the absence of trypsin.

In the first study, chicken polymerase I promoter was identified, 

amplified, and inserted into a plasmid to produce the virus in the avian 

cells. The viral genomes were first codon optimized for the chicken 

codon usage bias and inserted into the plasmid harboring chicken 

polymerase I promoter. Then, viral polymerase activity was evaluated 

by establishing a luciferase assay based system. It was confirmed that 

the influenza virus could be rescued and that the polymerase activity 

was correlated to the translation of the proteins of the polymerase 

complex based on the codon usage of the chicken. Interestingly, 

compared to the wild-type virus, the codon optimized virus polymerase 

complex showed significantly higher activity at 24h post-transfection.

In the next study, the expression of host factors, such as TMPRSS2 

and TMPRSS4 involved in the cleavage of the hemagglutinin protein of 

the virus and ST3GAL1 involved in the cell receptor recognition by the 

hemagglutinin protein, in various chicken tissues that are routinely 

infected with the influenza virus were evaluated compared to wild-type 

DF-1 cells. From the results, it was revealed that the expression levels 

of TMPRSS2 and TMPRSS4 were very low in wild-type DF-1 cells. 
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Therefore, a piggyBac transposon vector was constructed for 

integration and overexpression of each host factor in the wild-type DF-

1 cells. After that, the expression levels of TMPRSS2, TMPRSS4, and 

ST3GAL1 were evaluated by qRT-PCR of the transfected cells. 

Interestingly, TMPRSS2 and ST3GAL1 showed increased expression

in the transfected cells, while TMPRSS4 had a relatively low 

expression. The proliferation of engineered cells was further analyzed, 

and it was found that the overexpression of host factors TMPRSS2, 

TMPRSS4, and ST3GAL1 had no negative effect on the cells. Each 

engineered cell line was challenged with the influenza virus (PR8-

H5N8 PB2-627E), and the results showed an increased viral titer in the 

engineered cells, even in the absence of trypsin compared to wild-type 

DF-1 cells. 

Furthermore, a cell line expressing both TMPRSS2 and ST3GAL1 

was established, and this cell line was challenged with the influenza 

virus (PR8-H5N8 PB2-627E). The results showed an increased viral 

titer in the cells co-expressing TMPRSS2 and ST3GAL1 compared 

with the WT DF-1 cell line treated with trypsin.

Collectively, these results indicate that this system could be used for 

the rescue and amplification of the influenza virus even in the absence 

of trypsin, which is critical in cell-based systems used for the 

propagation of the influenza virus. This system and the engineered cells 
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could be applied to other fields of research, such as the study of 

species-specific host factors that interact with the influenza virus during 

infection and in vaccine production without the addition of trypsin, thus 

reducing the cost of production.  

Keywords: chicken, influenza virus, genetically engineered DF-1, host 

factors.

Student Number: 2017-20092
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CHAPTER 1

GENERAL INTRODUCTION
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The influenza virus is part of the Othomyxoviridae family and is

classified as either type A, B, or C. Influenza A virus is an enveloped 

virus with a genome made up of negative-sense, single-stranded, 

segmented RNA. The Virus encodes for thirteen well-known viral 

proteins and several other strain-dependent accessory proteins (Dou et 

al. 2018; Samji 2009). Each protein has a specific function in the viral 

life cycle. The HA, NA and M2 proteins form the lipid viral envelope. 

The HA protein is the most abundant envelope protein, followed by NA 

and, lastly, M2 (Nayak et al. 2009; Schroeder et al. 2005).  

Underneath is the matrix 1 (M1) that supports the envelope protein. 

Inside the viral envelope is the nuclear export protein (NEP) and 

ribonucleoprotein (RNP) complex that consists of viral RNA segments 

coated with nucleoprotein (NP) and the heterotrimeric RNA-dependent 

RNA polymerase (RdRP). The RdRP is consists of polymerase basic 1 

and 2 (PB1 and PB2) and polymerase acidic (PA) (Lee and Saif 2009; 

Mahy 1983). 

The influenza virus does not replicate on its own unless inside a host 

cell. Therefore, the virus has developed to adapt and replicate in 

different species host. Among the viral proteins, the HA has evolved to 

recognize different cell surface receptors as a mode of adaptation. The 

HA of influenza virus recognizes N-acetylneuraminic (sialic) acid of 

the cell surface. Avian-adapted influenza virus has shown to 
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preferentially bind to the α-2,3 linkage while mammalian-adapted 

influenza virus binds with a high affinity to the α-2,6 linked sialic acid 

receptors (van Riel et al. 2007). 

Attachment to the cell surface receptor is the first step that initiates 

the viral replication cycle. The HA precursor, HA0, is made up of two 

domains HA1 and HA2 that has to be cleaved by proteases to render 

the virus infectious. Various studies have demonstrated that 

endogenous proteases such as miniplasmin, tryptase Clara, Mast cell 

tryptase, type II transmembrane serine proteases (including 

transmembrane protease, serine 2 [TMPRSS2] and transmembrane 

protease, serine 4  [TMPRSS4]), human airway trypsin-like (HAT) 

protease, and matriptase can cleave the HA of low pathogenic avian 

influenza viruses (LPAIVs) in vitro (Baron et al. 2013; Bertram et al. 

2010; Böttcher-Friebertshäuser, Klenk, and Garten 2013). Nevertheless, 

the function of these proteases in different cell lines may be strictly 

limited in sufficiently activating influenza HA. On the other hand, 

unlike LPAIVs, highly pathogenic avian influenza viruses (HPAIVs) 

containing multiple basic amino acids are endogenously cleaved by 

ubiquitously expressed proteases with a polybasic specificity such as 

Furin and thus leads to systematic tissue infection (Luczo et al. 2018a; 

Horimoto et al. 1994). 

However, for the propagation of the influenza virus, two systems 
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are used, mainly an egg-based and cell-based system. The egg-based 

system has been a long-established way to propagate the virus. 

However, viruses produced in eggs have unintended mutations in the 

HA. High pathogenic strains grow poorly in eggs, and some reassorted 

viral strains have reduced growth in eggs. Other drawbacks of using the 

egg-based system include limited flexibility for expanded vaccine 

manufacturing and interruption of quality eggs for vaccine production 

in the case of disease outbreaks in poultry (Wu et al. 2019; Audsley and 

Tannock, 2008). 

On the other hand, cell cultured-based influenza propagation is an 

alternative system because it offers various advantages (Soema et al. 

2015b). The advantages of cell culture-based systems are as follows: 

they are easier to scale up; they produce a purer vaccine, and they do 

not pose a threat to people with an allergy to egg proteins (Soema et al. 

2015a). Additionally, cell engineering could result in improved viral 

titer (Yamayoshi and Kawaoka, 2019a). However, during virus 

replication, trypsin is added to the culture media to cleave the HA and 

support the viral replication cycle. To overcome the dependence on 

trypsin during virus propagation, cell lines have been engineered to 

cleave the HA by endogenous expression of proteases. Some studies 

with MDCK cell lines expressing proteolytic enzymes such as 

TMPRSS2, HAT, and Mosaic serine protease large form (MSPL) have 
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been reported to cleave the HA in the absence of trypsin 

supplementation (Böttcher et al. 2009; Wen et al. 2015).

Codon usage differs in a variety of organisms. The use of different 

codons has been suggested to depend on the abundance of tRNA and 

the cognate codon frequencies of the mRNA (Kurland 1991; Quax et al. 

2015). In animals, most amino acids are encoded by two to six different 

codons, and synonymous codons are used with different frequencies. 

Among organisms, even though the genetic code is conserved, there is 

a shift in codon bias (Hershberg and Petrov, 2008). However, in the 

case of the influenza virus, transcription of the vRNA is performed by 

the polymerase complex, while the translation of the mRNA is by the 

host cell. Therefore, the codon usage of the influenza virus is affected 

by the codon bias of the host cell (Goñi et al. 2012; Nogales et al. 2014; 

Plotkin and Dushoff 2003).  Studies have shown that influenza can 

adapt to the codon usage of host cells (Ahn and Son, 2010). In vaccine 

production, DNA vaccines utilize this phenomenon to optimize for 

vectors that stimulate a higher innate immune response. Optimization 

of viral proteins could be used as a strategy for viral production that can 

stimulate a high immune response.

This study demonstrates that the genetic engineering of cells that 

enhances host factors for viral replication could support the propagation 

of influenza virus in the absence of trypsin. CHAPTER 2 reviews the 
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general structure, replication cycle, and host factors of the influenza 

virus. It also reviews the system of reverse genetics and codon 

optimization with its applications to the rescue of the influenza virus. 

CHAPTER 3 describes how a chicken system was established that 

could be used for the reverse genetics of influenza virus and how codon 

optimization of synonymous codons of the virus to the chicken could 

affect protein translation and viral polymerase. CHAPTER 4 describes 

the genetic engineering of cells with the piggyBac transposon that 

stably overexpress TMPRSS2, ST3GAL1, and a combination of both. It 

shows that TMPRSS2 was able to cleave the HA of influenza, thus 

supporting the replication cycle and that ST3GAL1 enhanced viral 

uptake.    
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CHAPTER 2

LITERATURE REVIEW
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1.  The biology of influenza A virus 

The influenza A virus is part of the Othomyxoviridae family which 

structurally consisting of 8 segmented negative-strand RNA genomes 

enveloped by glycoproteins the hemagglutinin (HA) and neuraminidase 

(NA). The influenza A virus is categorized in subtypes based on the 

antigenic relationship of HA and NA surface glycoproteins. Currently,

sixteen antigenically different HA subtypes and nine different NA 

subtypes have been identified (Lee and Saif 2009; Fouchier et al. 2005; 

Palese and Schulman 1976). Over the past years, distinct subtypes of 

influenza A virus circulate in various hosts including humans, bats, 

poultry, horses and migratory birds (Robert G. Webster 1992).

1.1 Virion structure

The influenza virus shape is spherical with forms on the order of 

100nm in diameter, and the filamentous forms often over 300nm in 

length. The envelope of the virion is made up of lipid bilayer derived 

from the host’s plasma membrane that contains three integral 

membrane proteins HA, NA, and matrix 2 (M2) (Scheiffele et al.,

1999). The three integral membrane proteins overlay matrix 1 (M1) that 

encloses the virion core. The M2 forms ion channels that transverse the 

lipid membrane critical for triggering the viral uncoating in the 

endosome. The internal of the virion core comprises eight subunits, of 
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which three subunits: polymerase basic protein 2 (PB2), polymerase 

basic protein 1 (PB1) and polymerase acidic protein (PA). The three 

subunits together form the viral RNA-dependent RNA polymerases

(vRdRP) that are responsible for RNA synthesis and replication in the 

infected cells. All the single-stranded negative-sense viral RNA eight 

segments are tightly associated with the nuclear protein (NP) and the 

three polymerase proteins which form the ribonucleoprotein (RNP) 

complex (Bouvier and Palese 2008; Lee and Saif 2009; Mahy 1983).

1.2 Viral genome structure and proteins

The eight negative-stranded viral RNA, whose segments are 

numbered in order of decreasing length, encode thirteen known 

proteins. Segments 1, 4, 5, and 6 encode just one protein per segment:

PB2, HA, NP, and NA proteins. Segment 2 encodes polymerase subunit 

PB1 and in a +1 alternate reading frame, an accessory protein PB1-F2 

of 87 amino acid protein associated with the pro-apoptotic activity 

(Chen et al., 2001).  Furthermore, from segment 2, PB1 codon 40 

directs the translation of an N-terminally truncated version of the 

polypeptide (N40) essential for virus replication (Wise et al., 2009). 

Segment 3 encodes two proteins the polymerase acidic protein and by 

alternative splicing of RNA, PA-X which functions as a suppressor of 

the antiviral and immune response of host cell (Hayashi et al., 2015; 
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Gao et al. 2015; Shi et al. 2012; Hu et al. 2015). Segment 7 encodes for 

two proteins M1 and M2, while the latter is expressed by RNA splicing 

(Lamb et al., 1981). Segment 8 encodes three proteins by alternative 

splicing of RNA. The first protein is a nonstructural protein 1 (NS1)

that expresses interferon-antagonist activity while the nuclear export 

protein (NEP) and nonstructural protein 2 (NS2) are implicated in the 

viral RNP export from the host cell nucleus (García-Sastre 2001; Lamb 

et al. 1980). Each vRNA possesses at 3’ and 5’ ends untranslated 

regions which act as promoters for transcription and translation, and are 

highly conserved among all influenza genomes. The ends of each 

vRNA segment form a helical hairpin which is bound by the 

heterotrimeric RNA polymerase complex and the remainder of the 

segment is coated with arginine-rich NP, the net positive charge that 

binds the negatively charged phosphate backbone of the vRNA (Baudin 

et al., 1994; Compans et al., 1972; Bouvier and Palese 2008).

1.3 Virus life cycle

For influenza virus to replicate requires a host cell and undergoes 

multiple steps in order to produce progenies. The first step is viral entry 

to the host cell, followed by transcription and replication in the nucleus 

of the host cell, translation of viral proteins, final assembly, and 

budding of new progeny.
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1.3.1 Virus entry to host cell

The influenza virus life cycle can generally be divided into the 

following stages: entry into host cells; entry of the vRNPs into the 

nucleus; transcription and replication of the viral genome; export of the 

vRNP from the nucleus, assembly and budding at the host cell plasma 

membrane. During the first stage, the HA receptor-binding site attaches 

to the cell surface glycoconjugates that contain terminal sialic acid 

(SA) residues, which trigger endocytosis of the virion  (Weis et al. 

1988; Hamilton et al., 2012). Endocytosis of influenza virions occurs 

through a clathrin-dependent manner which involves dynamin and the 

adaptor protein Epsin-1 or by micropinocytosis (Rust et al. 2004; 

Sieczkarski and Whittaker 2002; De Vries et al. 2011). 

In the cytoplasm, the endosome acquires a low pH through the M2 

ion channel leading to the acidification of the endosomal, therefore, 

triggering the fusion of the viral fusion peptide and endosomal 

membranes. The change in pH triggers a conformational change in the 

HA exposing the fusion peptide inserting itself into the endosomal 

membrane. Once the two membranes are brought close together, they 

form a lipid stalk and subsequently fusion of both membranes 

(Stegmann 2000; Pinto, Holsinger, and Lamb, 1992), thus releasing 

their vRNPs into the cytoplasm. 
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1.3.2 Nuclear transport of vRNPs

The released vRNPs are then transported to the nucleus wholly 

dependent on the cellular import machinery. The viral proteins are 

known to have nuclear localization signals (NLS) that bind to 

karyopherins. It is known that vRNPs bind to importin-α, which in turn 

is recognized by the importin-β transport receptor directing this 

complex to the nuclear pore complex through which is transported into 

the nucleus (Wang et al., 1997; Cros et al., 2005). It has been 

established that avian adapted influenza viruses depend on importin-α3 

while mammalian adapted viruses show adaptation to importin-α7 

(Nadler et al., 1997; Gabriel et al., 2011).

1.3.3 Transcription and replication of the viral genome

In the nucleus, the viral RNA-dependent RNA polymerase (RdRP) 

comprising of PB2, PB1, and PA complex is responsible for the 

transcription and replication of the vRNA. The first step involves the 

transcription of negative-sense vRNA templates to synthesis capped 

polyadenylated messenger RNA (mRNA) and uncapped 

complementary RNA (cRNA). The mRNA acts as a template for the 

translation of viral proteins by host-cell translation machinery, while 

the cRNA acts as the template for subsequent transcription of more 

copies of negative-sense genomic vRNA. During the cap snatching 
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process, influenza RdRP binds to the nascent host RNAs using a cap-

binding domain on the RdRP PB2 subunit and cleaves 10-13 nucleotide 

downstream of the 5’ cap using an endonuclease domain at the N-

terminus of the RdRP PA subunit. The 5’ short capped RNA fragment is 

used as a primer to initiate transcription of the viral genome. The RdRP 

adds the 3’ polyA tail during the stuttering on a short uridine tract 

present near the 5’ terminus of al viral genome segments resulting in 

polyadenylation of the viral mRNA and transcription termination 

(Walker and Fodor 2019).

1.3.4 Export and translation of viral mRNA

The export of viral mRNA and vRNP is dependent on the cell export 

machinery through the chromosome region maintenance 1 (CRM1) 

pathway. During the export of vRNP, the M1 proteins play a critical 

role by binding to the vRNP therefore, masking the nuclear localization 

signal (NLS), thus enabling direct interaction with NEP, which 

possesses a nucleus export signal (NES). Subsequently, the vRNP-M1-

NEP complex is recognized by CRM1 protein, thus mediating the 

export of the complexes from the nucleus (Fukuda et al., 1997). The 

export of mRNA is tightly coupled to polymerase II transcription and 

pre-mRNA maturation, acquiring a myriad of RNA binding proteins 

and poly (A) binding proteins (York and Fodor, 2013). 
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The translation of the viral mRNAs is divided between cytosolic 

ribosomes that translate PB2, PB1, PA, NP, NS1, NS2, and M1 protein 

while for membrane proteins HA, NA, and M2 are translated by 

endoplasmic reticulum (ER)-associated ribosomes. The newly 

synthesized proteins of PB2, PB1, PA, and NP target the importin-α-

importin-β pathway to be trafficked back into the nucleus. In the 

nucleus, the newly synthesized proteins assist in the viral mRNA 

transcription and vRNA replication. The HA, NA and M2 proteins are 

folded and trafficked to the Golgi apparatus for post-translational 

modification and subsequently transported to the cell membrane for 

virion assembly (Bouvier and Palese, 2008; Dou et al., 2018). The NS1 

protein is synthesized in the early stages of replication to act as 

interferon signaling inhibitor and contributes to viral mRNA export 

from the nucleus by linking the viral transcripts to the cellular nuclear 

export components (Dou et al. 2018). 

1.3.5. Packaging of vRNP and virus budding

The packaging of RNP is a selective process that ensures that vRNA 

segments containing discrete packaging signals are fully incorporated 

(Fujii et al. 2003). It has been observed that the RNP is packaged in a 

“7+1” pattern (Chou et al. 2012). Reverse genetics experiments 

confirmed that all eight influenza vRNAs have bipartite packaging 
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signals located at the 5’ and 3’ termini (Ozawa et al. 2009; Marsh et al.,

2007). Budding of the virus particles occurs at the apical side of 

polarized cells where the HA, NA, and M2 proteins are transported. M2 

is vital in the formation of viral particles, while M1 which present 

underneath the lipid bilayer, is essential in the final step of closing and 

budding of the viral particle. Before the release of the virus from the 

membrane, NA removes sialic acid residue from glycoproteins, 

therefore, ensuring the release of the virus particle. This process is 

essential, without which the particle cannot be released from the plasma 

membrane (Nayak et al., 2009).   

2. Host-virus interaction

Various factors have been implicated in the host-virus interactions. 

For example, the interaction of the HA with binding receptors is an 

essential step for the virus to infect the host cells. It has been 

established that aquatic waterfowl can host all influenza A subtypes and

they are believed to the natural reservoirs of influenza viruses (Yoon et 

al., 2014). However, some viruses have adapted to bird hosts such as 

chicken, quail, turkey, and mammalian hosts such as humans, swine, 

equine, dogs and marine mammals (Webster and Hulse, 2004). This 

adaptation has also been attributed to viral polymerases that are error-

prone and have higher mutation rates. The adaptation to the 
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transmission and host cell infection is multifactorial and could involve 

amino acid substitution in the HA that can lead to optimal receptor 

binding and HA and NA optimal balance (Mitnaul et al. 2000). 

2.1 Sialic acid receptors

Sialic acid belongs to a diverse family of sugars terminally linked to 

different carbohydrates. The influenza virus recognizes different sialic 

acid with a different kind of linkage. Avian-adapted influenza virus

preferentially binds to α2,3 while human-adapted HA binds more 

favorably to α2,6 (Rogers et al. 1983; Matrosovich et al. 1997). Equine 

virus HAs preferred the α2,3-linkage but cannot bind 4-O-acetyl sialic 

acid. Human-adapted HA, such as the H2N2 (1957) and N3N2 (1968),

required changes in the H2, H3, and N2 specificity to change from α2,3 

to α2,6. The mutations in the 220-loop of the receptor-binding site 

Q226L and G228S and mutation in the N2 I275V resulted in pandemics 

(Kobasa et al., 1999). The changes in the HA may be a prerequisite for 

highly effective replication and spreading, which characterize epidemic 

strains (Matrosovich et al. 2000). Matrosovich et al. demonstrated that 

human-adapted viruses preferentially infect non-ciliated cells, on the 

other hand, avian-adapted viruses and egg-adapted human influenza 

virus variant with an avian-like receptor specificity mainly infected 

ciliated cells. There is a correlation with the predominant localization 
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of receptors for human viruses on non-ciliated cells and of receptors for 

avian viruses on ciliated cells (Matrosovich et al. 2004). 

2.2 Cleavage of the hemagglutinin and virus infectivity

The HA is translated as a precursor molecule (HA0) of a 75kDa,

which assembles to homotrimers. The crystallographic analysis 

identifies the cleavage site located in the loop formed by nineteen 

amino acids, of which eight amino acids protrude from the surface of 

the membrane-proximal third of the HA trimer (Wilson et al.,1981). 

This loop contains the cleavage site of the HA. Cleavage of the HA 

precursor molecule HA0 into HA1 and HA2 is vital to render the virus 

infectious to host cells. Besides, the distribution of activating proteases 

in the host is one of the determinants of tropism and, as such 

pathogenicity. The cleavage site of low pathogenic avian influenza 

viruses (LPAI) contains monobasic amino acid while the loop of highly 

pathogenic avian influenza viruses (HPAI) have an insertion of 

multibasic amino acids at the cleavage site. The amino-terminal 

cleavage fragment HA1 (50kDa) contains the receptor-binding site 

while the carboxyl-terminal cleavage fragment HA2 (25kDa) is 

membrane-anchored and responsible for fusion (Lazarowitz and 

Choppin 1975; Steinhauer 1999; Klenk et al., 1975). The HA proteins 

are cleaved by activating proteases within a membrane-proximal 
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surface loop at R (or K) residue located adjacent to the G residue that 

constitutes the N-terminus of the newly generated and highly conserved 

fusion peptide of the HA2 subunit. Recently, data shows that the HA0 

of LPAI is cleaved by TMPRSS2 in the secretory pathway within the 

cell (Böttcher et al., 2010). On the other hand, cleavage of HPAI is 

achieved by ubiquitous intracellular furin-like serine proteases such as 

furin and PC6. As a result, this increases the likelihood of systemic 

infection in contrast to HA proteins that require cleavage by trypsin-

like proteases restricted to specific sites of expression (Bosch et al.,

1981; Horimoto et al., 1994; Galloway et al., 2013).

3. Virus amplification for vaccine production

Seasonal influenza virus epidemics cause about 3 to 5 million cases 

of severe illnesses and about 290 000 to 650 000 respiratory deaths to 

humans (W.H.O, 2019) and massive economic losses to the poultry 

industry (Wiethoelter et al., 2015). The reemergence of a pandemic 

H1N1strain in 2009 (Neumann, Noda et al., 2009) and the emergence 

of highly pathogenic avian H5N1 and H7N9 influenza viruses of avian 

origin (Gao et al., 2013; De Jong et al., 1997) reaffirmed the need of 

global vigilance and need of finding means of containing the virus. 

Vaccination is a primary means of controlling seasonal influenza 

infections and a core strategy in pandemic preparedness. Also, 
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vaccination is the most cost-effective way against influenza pandemics. 

Currently, there are two systems for influenza vaccine production –

egg-based and cell-based systems.

3.1 Egg-based system

The egg-based system was the first system to be approved for 

vaccine production. This system offers several advantages because it is 

a well-established, validated process and regulated egg production 

facilities are already in place (Matthews, 2006). During vaccine 

production in an egg-based system, six months before the identification 

of strain, eggs are massively prepared at selected production plants. 

After preparation of eggs is the reassortment of wild-type influenza 

strain with the egg-adapted strain (PR8) for inoculation and adaptation. 

Then follows the other steps of vaccine production. For a period

ranging from nine to ten months, 60 to 100 million doses are produced 

for the US market, and about 300 million doses worldwide. However, 

for each dose, one to two fertilized specific pathogen-free eggs are 

required for vaccine production (Matthews, 2006).

3.2 Cell-based system

The cell-based system is steadily being developed as an alternative 

to eggs-based and to overcome some of the various disadvantages 
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offered by egg-based technology.  Cell-based has several advantages 

such as cost-cuts for eliminating then need to manage biosecure flocks, 

reduction of potential contamination by viable and nonviable 

particulates, elimination of then need to prepare eggs months before 

initiation of vaccine production, faster high-volume start-up times for 

production, higher initial purity of vaccine and could supplement 

seasonal vaccine supplies when multiple strain changes are necessary. 

In this regard, several cell lines have been engineered as an alternative 

to the use of embryonated eggs. Cell lines that have developed include 

the Madin-Darby canine kidney cells, Vero cells (African green 

monkey), Per.C6 cells (human), human embryonic kidney (HEK-293T) 

and CAP cells have been tested and established for vaccine production 

(Yamayoshi and Kawaoka 2019b; Lohr et al., 2010; Genzel et al., 2010; 

Pau et al. 2001; Genzel et al., 2013). The cell-based system has been 

found to offer additional benefits over the egg-based system. Influenza 

viruses propagated in cell culture have been found not to have 

mutations at the antibody binding sites of the hemagglutinin. As a result

of no antigenic mutation, vaccines are more effective (Wu et al., 2019). 

Also, there is no need for adaptation of wild-type strain through 

reassortment with laboratory strains such as PR8 (Skowronski et al.,

2014). 
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4. Reverse genetics system for influenza virus

Numerous methods have been developed for the rescue of influenza 

viruses. Reverse genetics has proven a useful tool in the study of 

influenza viruses. Because the influenza virus has negative-sense RNA 

segments, each segment can be engineered according to the goal of the 

study. Viral RNA of influenza by themselves are not infectious.

However, the vRNA has to be transcribed into a positive sense mRNA 

by the viral polymerase complex and then the mRNA can be translated 

into proteins. After that, the virus will package to form infectious 

virions. Due to these stages of replication in the life cycle of the 

influenza virus, different methods have been developed for the rescue 

of the virus. 

4.1 Helper virus-dependent methods

Luytjes et al. (Luytjes et al., 1989) were the first group to establish a 

system for the generation of influenza that contained vRNA derived 

from cloned cDNA, also known as the RNP transfection method. The 

NS coding gene was replaced by a reporter gene chloramphenicol-

acetyltransferase (CAT) while the 5’ and 3’ noncoding region was not 

altered. The cassette is flanked by T7 RNA polymerase promoter 

sequences (Neumann and Kawaoka 2002). The in vitro-reconstituted 

RNP complexes were transfected into helper influenza virus-infected 
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cells. RNP complexes were made by incubating synthetic RNA 

transcripts with purified NP and polymerase proteins (PB2, PB1, and 

PA). The helper virus was used as an intracellular source of viral NP 

and polymerase proteins and the other vRNAs (Pleschka et al., 1996). 

The same was achieved for site-directed mutagenesis of a single 

influenza virus by the RNP transfection technique in combination with 

a selection method against the corresponding RNA segment of the 

helper virus (Pleschka et al,. 1996). Using this principle, instead of in 

vitro reconstitution, the RNP complex could also be reconstituted 

within cells by transfecting with a plasmid expressing a viral like-RNA. 

Within the cell, vRNA was achieved using promoter recognized by 

cellular DNA-dependent RNA polymerase I (pol I). The 3’ end of 

expressed vRNA occurred by the activity of ribozyme encoded 

immediately downstream of the cDNA of the copy of vRNA or through 

the use of a polI terminator sequence (Engelhardt, 2013). 

Another method required the transfection of linear expression 

constructs instead of plasmids into the cells using a polI promoter to 

drive the expression of vRNA. Moreover, the linear constructs also 

contain a polII promoter and polyadenylation site flanking the polI 

transcription unit (Muster et al., 2014). Nevertheless, all systems that 

use the helper virus-dependent reverse genetics requires a selection 

strategy. 
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4.2 Helper virus-independent methods

By using this method, no helper virus is required as all vRNA 

segments are expressed inside cells by using plasmids or other vector 

systems.

4.2.1 Promoters used for the expression of vRNA.

Different promoters have been used to generate vRNA. The first 

plasmids contained the human polI promoter to express vRNA and the 

3’ end of the vRNA was expressed by the activity of ribozyme that 

generates the desired 3’ end by autocatalytic cleavage, or the murine 

polI terminator sequence was used (Fodor et al., 1999; Neumann et al. 

1999). Despite it has been generally known that polI promoters are 

species-specific (Heix and Grummt, 1995; Paule and White, 2000) in 

their activity, Suphaphiphat et al. (Suphaphiphat et al., 2010) reported 

the successful generation of the virus with human polI in canine cells.

Furthermore, polI promoters from canine and chicken have been 

used for transfection in MDCK (Wang and Duke, 2007) and chicken 

embryo fibroblasts (CEF) cells (Massin et al., 2005; Zhang et al., 2009). 

In addition to that, a T7 promoter to express vRNA was established for 

transfection in 293T and MDCK cells. This system was used to 

generate influenza virus in 293T, MDCK and QT6 cells (de Wit et al.,
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2007). However, despite having developed a system entirely based on 

plasmids, the number of plasmids transfected in each system was 

different. Initially, a seventeen plasmid system was developed and a 

high virus titer could be generated. This consisted of eight plasmids for 

vRNA segments and nine plasmids for protein expression (Neumann et 

al., 1999). Hoffmann et al. (Hoffmann et al., 2000) developed a 

bidirectional eight plasmid system for the generation of vRNA and 

mRNA from one template and could successfully rescue the influenza 

virus (Hoffmann and Webster, 2000). Furthermore, Koudstaal et al.

(Koudstaal et al., 2009) developed a ten plasmid system that expressed 

four essential viral helper proteins from only two plasmids using a polII 

promoter and an internal ribosomal entry site (IRES). The bidirectional 

system has been adopted, and it is used as a strategy to generated 

viruses. Neumann et al. (Neumann et al., 2005) developed a one 

plasmid system that encoded eight vRNA and all mRNA necessary for 

viral protein synthesis within the cell. This system was developed for 

vaccine production in Vero cell that cannot be highly transfected.

Consequently, the development of reverse genetics systems has 

helped in the study of influenza virus replication and the development 

of vaccines in the cell-based systems.

4.3 Mini-genome reporter assay in reverse genetics
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The reporter virus has been developed to accurately study the virus 

in vivo. In vivo localization of virus helped to highlight the virus 

interaction with cellular host factors. Different reporter genes have been 

used such as NanoLuc Luciferase (Tran et al., 2013) and Green 

fluorescence protein (GFP) (Manicassamy et al., 2010). The NanoLuc 

reporter virus was used to perform in vivo imagine and to truck the viral 

load and dissemination of influenza virus infections in mice lungs. 

Manicassamy et al. (Manicassamy et al., 2010) generated a reporter 

virus that replicated efficiently in cells and in vivo. This reporter virus 

was used to trace viral spreading in mice lungs and could trace the 

effect of antiviral drugs on the replication of the virus in vivo. Reuther 

et al. (Reuther et al., 2015) generated a stably expressing virus by 

inserting GFP in the NS segment of influenza to produce NS1 and NEP 

separated by two porcine Teschovirus-1 2A peptides. They showed that 

the virus stably expressed fluorescence and could be used to trace the 

infected parts of the mouse lungs. Reporter viruses have shown to be a 

promising method to quantify virus titers, to assess antiviral sensitivity, 

rapidly detect virus replication and the antigenic subtype (Lutz et al.,

2005).

5. Codon usage bias and codon optimization

In animals, there are twenty different amino acids encoded from 

sixty-one codons and three stop codons. In animals, most amino acids 
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are encoded by two to six different codons. However, synonymous 

codons are used with different frequencies a phenomenon known as 

codon usage bias. Codon usage bias shifts direction among organisms 

even though the genetic code has generally remained conserved 

(Hershberg and Petrov, 2008). In the case of the influenza virus, 

transcription of the vRNA is performed by the polymerase complex,

while the translation of the mRNA is by the host cell. Therefore, the 

codon usage of the influenza virus is affected by the codon bias of the 

host cell (Goñi et al. 2012; Nogales et al., 2014; Plotkin and Dushoff 

2003).  Studies conducted by Ahn and Son (Ahn and Son, 2010)

revealed that the H1N1 viruses capable of spreading from human to 

human that were detected in 2009 had swine-host codon usage patterns. 

In another study, they observed that the H3N2 virus displayed 

directional changes in HA, NA, PB1, and PB2 (Ahn and Son, 2012). 

Lindstrom et al. also reported similar findings in the ten RNA that were

analyzed (Lindstrom et al., 1998). 

5.1. DNA based vaccines and codon bias

To take advantage of codon usage bias, DNA vaccines have been 

developed as alternative forms of vaccines. They are economical and 

do not require a complicated process during vaccine production. 

Furthermore, they do not require the constant supply of eggs nor 
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reassortment in the case of the outbreak of the highly pathogenic strain

(Stachyra et al., 2016). Codon optimization of rare codons within the 

synonymous codons preferred by the host organism and avoidance of 

RNA secondary structure motifs have been applied in order to improve 

the effectiveness of the DNA vaccine (Stachyra et al. 2016; Chen et al. 

2018). A vaccine is developed that can trigger an immune response 

targeting different proteins of the influenza virus. Among the surface 

proteins, NA has been targeted though they are not as abundant as the 

HA protein. Studies have shown that targeting NA does not solicit a 

high level of antibodies and usually, the antibodies are suboptimal 

compared to that of HA (Chen et al., 2018). M2 is the third influenza 

virus surface transmembrane protein that is a target for vaccine 

development. The M2 is present in very low copy numbers on virions 

but is abundant in infected cells. M2 targeting vaccines do not induce 

sterilizing immunity but passive studied in humans demonstrated a 

reduction in clinical signs and nasal wash virus titer upon challenge 

with human H3N2 influenza virus isolate (Krammer and Palese, 2015).

5.2. DNA vaccine and codon optimization of HA

The HA is the most targeted protein for DNA vaccine development 

because antibodies against the HA can neutralize the virus and that it is 

more prevalent and uniform than the NA of the virus particle (Plotkin 
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and Dushoff 2003; Tenbusch et al., 2010). Advances have been made 

by creating a chimeric hemagglutinin with high levels of reactivity. The 

chimeric hemagglutinin consists of H1, H3 and influenza B 

hemagglutinin stalk domains, mostly of avian origin (Hai et al. 2012; 

Krammer and Palese, 2013). In humans, chimeric hemagglutinin 

consisting of H5N1 and H7N1 induced an increased reactive antibody

(Krammer and Palese, 2015). Due to the ease of construction and 

production of DNA vaccines, the HA has been the target, not only for 

humans but also for poultry vaccines. Jiang et al. demonstrated that by 

codon optimizing the HA chickens where able to produce antibodies 

against the H5N1 and were completely protected from lethal virus 

challenge (Jiang et al., 2007). Another study in mice demonstrated that 

the use of Codon optimization could induce substantially higher 

antibody response by the administration of codon optimized DNA 

vaccines (Tenbusch et al., 2010).
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CHAPTER 3

CHICKEN SYSTEM FOR INFLUENZA VIRUS 

AND THE IMPACT OF CONDON 

OPTIMIZATION ON VIRAL POLYMERASE 

ACTIVITY 
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1. Introduction

Influenza virus pandemics cause economic loss and mortality to 

humans and the poultry industry (Claas et al. 1998; Yuen et al. 1998). 

Therefore, identification and amplification of the virus strain is the 

first step to develop strategies such as vaccines to prevent outbreaks.

Therefore, various methods have been established for the rescue of 

the influenza virus, which is, the initial step towards the amplification 

of the virus (Luytjes et al., 1989; Fodor et al., 1999; Neumann et al.,

1999). However, the recombinant influenza virus has been used for 

viral rescue and numerous influenza-related studies. 

Influenza A virus, unlike other positive-strand viruses such as 

poliovirus, consists of eight negative-sense viral RNA (vRNA)

segments, and on their own, they are not infectious but depend on the

host cellular system. When the vRNAs have been released into the 

cytoplasm, they are transported to the nucleus for transcription and 

replication. In the nucleus, the viral RNA-dependent RNA polymerase 

(RdRP) comprising of PB2, PB1, PA, and NP form a complex that

transcribe the vRNA in mRNA and complementary RNA (cRNA). 

The mRNA serves as a template for protein translation, while the 

cRNA is a template for the synthesis of new vRNA (Hoffmann et al.,

2000; Walker and Fodor, 2019).

To capitalize on this replication system of the influenza virus, 
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reverse genetics has been established by using bidirectional plasmids. 

Hoffman et al. reported an eight plasmid-based transfection system 

instead of a twelve plasmid-based system to rescue the influenza A 

virus entirely from the cloned cDNA under human polymerase I for the 

production of negative-sense viral RNA. This system showed improved 

viral titer and reduced the number of plasmids required for transfection 

(Hoffmann et al., 2000). However, the transcription activity of 

polymerase I is species-specific dependent (Hempel et al., 1996; Heix 

and Grummt, 1995). For this reason, different polymerase I reverse 

genetics systems have been established to adapt transcription activity in 

specific host species. 

Moreover, influenza A virus also replicates efficiently in the adapted 

host cell. However, Suphaphiphat et al. reported that human RNA 

polymerase I driven reverse genetics system could rescue the influenza 

A virus in canine cells (Suphaphiphat et al., 2010). Furthermore, it was 

reported that canine polymerase I and swine polymerase I were able to 

rescue the influenza virus in their respective cell lines (Wang and Duke 

2007; Moncorgé et al. 2013).

On the other hand, the translation of mRNA for viral proteins is 

achieved by the host translation machinery. However, the use of 

synonymous codons for encoding amino acids vary from species to 

species. In the case of the influenza virus, transcription of the vRNA is 
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done by the polymerase complex, while the translation of the mRNA is 

done by the host cell. Therefore, the codon usage of the influenza virus 

is affected by the codon bias of the host cell (Goñi et al. 2012; Nogales 

et al. 2014; Plotkin and Dushoff 2003). Studies conducted by Ahn and 

Son (Ahn and Son, 2010) revealed that the H1N1 viruses capable of 

spreading from human to human that were detected in 2009 have 

swine-host codon usage patterns. It was observed that the H3N2 virus 

displayed directional changes in HA, NA, PB1, and PB2 (Ahn and Son 

2012). Lindstrom et al. also reported similar findings in the ten RNAs 

that were analyzed (Lindstrom et al., 1998). Therefore, codon

optimization of rare codons within the synonymous codons preferred 

by the host organism and avoidance of RNA secondary structure motifs 

have been used to improve the translation efficiency and thus increase 

the number of desired proteins (Stachyra et al., 2016; Chen et al., 2018).

In this study, a plasmid-based reverse genetics system was developed 

for the rescue of the influenza virus in the chicken cells under the 

promoter of the chicken polymerase I for vRNA production. 

Furthermore, it was demonstrated that by implementing codon bias 

usage of chickens through codon optimization, could increase the 

polymerase activity of the viral polymerase complex.
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2. Materials and methods

Cell culture 

Chicken DF-1 fibroblast cells (CRL-12203, ATCC) were maintained 

in DMEM with high glucose (Hyclone, Logan, UT, USA), 

supplemented with 10% fetal bovine serum (Hyclone) and 1x antibiotic 

antimitotic (ABAM) (Thermofisher Scientific, Waltham, M, USA) at 

37°C, 5% CO2 and with 60-70% relative humidity.

Cloning of chicken polymerase I

Primers were designed to amplify 250 base pair region upstream of 

chicken polymerase I from the origin of the rDNA transcription start 

site. The target amplicons were extracted by Wizard SV Gel and PCR 

clean-up system (Promega, Wisconsin, USA). Three µl of PCR 

products were incubated in a total volume of 10 µl containing 2X rapid 

ligation butter, 1µl of T-easy vector (Promega) and 1 µl of T4 DNA 

ligase at room temperature for 3h. PCR amplicons were ligated into the 

T-easy vector and the ligated plasmids were incubated on ice for 30 

min with competent E. coli. The mixture was then heat-shocked at 

42°C for 30 sec and incubated in a shaker with LB broth (Duchefa

Biochemie, Haarlem, Netherlands) for 1h. The mixture was spread on 

the ampicillin (Sigma-Aldrich, MO, USA) and X-gal (Bioneer, Seoul,
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Korea) added Agar LB plate and then incubated at 37°C overnight. 

White colonies were collected and incubated in a shaker with 

ampicillin added to LB broth for 16 h. The E. coli was harvested, and 

plasmid DNA was extracted using a mini-prep kit (Favorgen, Wembley, 

WA, Australia) according to the manufacturer’s protocol. Finally, the 

plasmid was analyzed by sequencing service (Bionics, Korea). The 

sequenced PCR product was analyzed by pairing with a representative 

sequence to verify for mutations. The correct amplified PCR was 

digested with SmaI and HindIII enzymes and then ligated in a vector 

between the CMV promoter and SV40 polyA.

Construction of Plasmids containing PB2, PB1, PA, and NP

The protein-coding region of PB2, PB1, PA, and NP was derived 

from a plasmid under a human polymerase I. The target region of each 

sequence was sequenced, analyzed and annotated. By using a codon 

optimization tool (Thermo Fisher Scientific), the protein-coding region 

of each segment was optimized to chicken codon usage. The resulting 

sequencing was aligned and analyzed for the similarity of sequence. 

The resulting sequence was synthesized (Bionics, Korea) and cloned to 

plasmid between the CMV promoter and chicken polymerase I 

promoter by using Takara In-Fusion Ligation mix (Takara, Kasatsu, 
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Japan) according to manufacturer’s instructions. The resulting plasmid 

was amplified and purified using a Plasmid Maxi kit (Qiagen, Hilden,

Germany). The correct insert was confirmed by sequencing (Bionics, 

Korea).

Construction of Luciferase Reporter Vector

The protein-coding region of Luciferase was designed in reverse 

direction flanked by Untranslated Region (UTR) of the NS segment of 

the influenza virus and synthesized (Bionics, Korea). Then the 

fragment was ligated into the plasmid containing only chicken 

polymerase promoter I and terminator to produce only negative-sense 

viral RNA using Takara In-Fusion Ligation mix (Takara, Kasatsu, 

Japan) according to manufacturer’s instructions. The resulting plasmid 

was amplified and purified using a Plasmid Maxi kit (Qiagen, Hilden,

Germany). The correct insert was confirmed by sequencing.

Minigenome assays

1 x 105 cells wild-type DF-1 were seeded on a twelve well plate and 

24h later were co-transfected with plasmids encoding the PB1, PB2, PA, 

and NP proteins (200 ng each), together with a plasmid expressing 

negative-sense luciferase flanked by NS segment noncoding sequences 
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under the control of chicken polymerase I promoter (50 ng), and the 

50ng of pGL-4.53 plasmids expressing Renilla luciferase used as the 

internal reference by using Lipofectamine 2000 transfection reagent 

(Invitrogen) and the transfected cells were incubated at 37°C, 5% CO2 

and with 60-70% relative humidity. Twenty hours after transfection, the 

cells were collected and polymerase activity was determined by 

luciferase assay. Cells were lysed and samples were assayed for 

firefly and Renilla luciferase activity using the NanoGlo Dual-

Luciferase Reporter Assay System (Promega). Polymerase activity was 

normalized to Renilla luciferase activity. All reporter assays were 

repeated at least three times.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software 

(GraphPad Software 8, San Diego, CA). Significant differences 

between two groups were examined statistically using Student’s t-test. 

A P value <0.05 was considered to indicate statistical significance 

(***P<0.001, **P<0.01, and *P <0.05).
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3. Results

Cloning of chicken polymerase I

Because the transcription activity of the polymerase I promoter is 

species-specific, 250 base pairs of the promoter from the rDNA 

transcription start site was cloned. Using RT- PCR, the target region

was amplified, and the results from the gel electrophoresis showed the 

correct band size of the intended PCR product (Fig. 3-1A). Next, the 

amplified sequence was analyzed by pairwise alignment, and the results 

indicated the correct amplification with no mutations (Fig. 3-1B). Next, 

the verified promoter target was cloned into a vector that could express 

unpolyadenylated RNA in a negative direction with a murine terminator.

Codon optimization of PB2, PB1, PA, and NP

After confirming that the plasmid had correctly inserted chicken 

polymerase I promoter, a codon optimization tool was used to optimize

the codon usage of chicken, and each segment was analyzed by 

pairwise alignment. It was revealed that codon usage in PB2, PB1, PA,

and NP between virus and chicken was 76.26%,76.52%,76.38%, and 

75.21% respectively (Fig. 3-2). Next, the plasmids that expressed PB2, 

PB1, PA, and NP were constructed under the promoter of the chicken 

polymerase I for vRNA production.
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Establishment of a luciferase reporter system

The effect of codon optimization on polymerase activity was then

investigated by the luciferase assay system. The four plasmids that 

encode each subunit of the virus polymerase complex were transfected 

to WT DF-1 cells together with Renilla as a control reporter for 

polymerase activity (Fig. 3-3A). Twenty-four hours after transfection, 

the cells were analyzed, and a significant difference in polymerase 

activity was observed between the wild-type virus and chicken codon 

optimized virus (Fig. 3-3B). 
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Figure 3-1. Cloning of chicken polymerase I, and construction of 

expression vector under chicken polymerase I. (A) Target region of 

amplification of chicken polymerase I for cloning and RT-PCR 

amplicon of 250bp. (B) Sequence alignment of chicken polymerase I.

(C) Schematic representation of vector under CMV promoter and 

chicken polymerase I.
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Figure 3-2. Codon optimization and sequence alignment.

Representative image of Codon optimization of viral genome PB2, PB1, 

PA, and NP, and alignment with wild-type virus. Identification of 

sequence similarity between wild-type virus and codon optimized 

genome.



- 43 -

A

B



- 44 -

Figure 3-3. Mini genome assay. (A) Schematic representation of 

transfection of Plasmids PB2, PB1, PA, NP and NS-Luciferase to wild-

type DF-1 for the Luciferase assay system. (B) Relative luciferase 

activity of wild-type virus compared to codon optimized virus to 

indicate polymerase activity.
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Table 3-1. List of primers used for RT-PCR
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4. Discussion

Influenza A virus has evolved to replicate efficiently in species-

specific host cells. This evolution enables the study of influenza viruses 

in either mammalian or avian cells. Because the influenza virus is a 

negative-stranded RNA, different methods have been developed to 

isolate, propagate, and rescue the virus. Among the methods that have 

been developed, helper virus-independent methods have proven to be 

more efficient in the generation and rescue of influenza virus. In this 

regard, plasmid-based reverse genetics has been well established.   

However, reverse genetics for mammalian cell systems using 

mammalian cells have been well developed for the study and 

amplification of influenza viruses. On the other hand, the development 

of an avian-based system has been mostly lacking. Therefore, the 

development of reverse genetics for avian cells would be beneficial for 

the study of an avian-adapted influenza virus. 

In this study, a plasmid-based system for influenza rescue for the 

chicken system was successfully established. The chicken polymerase I 

from genomic DNA was successfully cloned consistent with Massin et 

al. (Massin et al., 2005). The region above 250 bp had a higher GC 

content making it challenging to amplify. Therefore, only 250 bp was 

considered adequate for plasmid construction. A plasmid containing 

chicken polymerase I was constructed that produced non-
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polyadenylated negative sense RNA transcripts. By transfecting vectors 

containing chicken polymerase I promoter into wild-type DF-1 cells, it 

was demonstrated that negative sense RNA could be generated. 

Next, to investigate that not only vRNA was generated but also viral 

proteins, viral polymerase activity was examined together with the 

effect of codon usage bias on viral polymerase activity. It was shown 

that the production of viral proteins depended on the codon bias usage 

of each organism. A significant percentage difference was observed in 

codon usage after optimization between the genomic sequence of the 

wild-type virus and that of the codon optimized by the codon usage of 

chickens.

Furthermore, it was demonstrated that under the chicken polymerase I, 

vRNA was successfully transcribed to complementary RNA (cRNA)

and the cRNA used as a template by viral polymerase proteins to 

generate messenger RNA which was later translated into proteins. As 

expected, luciferase activity from the codon optimized virus showed 

significantly higher activity than that of the wild-type virus indicating 

that translation of mRNA to proteins was faster due to codon bias usage. 

In conclusion, it was shown that the chicken polymerase I for the 

generation of non-polyadenylated RNA transcripts could be used in a 

chicken cell system to efficiently rescue and propagate influenza A 

virus in the chicken system.
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CHAPTER 4

ESTABLISHMENT OF GENETICALLY 

ENGINEERED CHICKEN DF-1 CELL LINE 

FOR EFFICIENT AMPLIFICATION OF 

INFLUENZA VIRUSES IN THE ABSENCE OF 

TRYPSIN
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1. Introduction

The influenza virus surface protein hemagglutinin (HA) plays two 

major roles during the early life cycle of the virus: it binds to cell 

surface receptors and facilitates the fusion of viral and endosomal 

membranes to release viral RNA (vRNA) into the cytoplasm (Böttcher 

et al. 2009). The HA protein is translated as an uncleaved HA0 

precursor protein; it is folded as a trimer that is both glycosylated and 

acylated. Because uncleaved HA0 is unable to initiate membrane fusion, 

lack of cleavage means no infection (Galloway et al. 2013; Russell et 

al., 2018). Therefore, cleavage of HA0 into HA1 and HA2 subunits is 

critical for membrane fusion with the endosome and subsequent release 

of viral segments into the cytoplasm prior to nuclear transport, 

transcription, and replication. Highly pathogenic avian influenza 

(HPAI) viruses harbor a polybasic amino acid sequence at the cleavage 

site, which is cleaved endogenously by ubiquitously expressed 

subtilisin-like proteases such as furin and proprotein convertases with 

polybasic specificity, resulting in fatal systemic infection (Luczo et al.,

2018b; Horimoto et al. 1994; Stieneke Gröber et al. 1992; Walker et al. ‐

1994). By contrast, low pathogenic avian influenza (LPAI) viruses are 

cleaved by trypsin-like proteases such as miniplasmin, tryptase Clara, 

Mast cell tryptase, type II transmembrane serine proteases such as 
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TMPRSS2 and TMPRSS4, and human airway trypsin-like protease 

(HAT) (Baron et al. 2013; Bertram et al. 2010; Böttcher et al., 2013). 

However, recent studies show that Madin-Darby canine kidney 

(MDCK) cell lines expressing proteolytic enzymes such as TMPRSS2, 

HAT, and Mosaic serine protease large form cleave HA in the absence 

of trypsin (Böttcher et al. 2009; Wen et al. 2015). 

Influenza viruses are propagated for vaccine production and for 

studies of the viral life cycle, interactions with host cellular factors, and 

host immune responses. Egg-based and cell-based systems are used to 

generate influenza vaccines. However, viruses produced in eggs often 

harbor undesired mutations in HA that render the vaccine less effective. 

In addition, some reassorted viral strains grow poorly, and highly 

pathogenic strains are difficult to propagate, in eggs. Other drawbacks 

of egg-based systems include limited flexibility for expanded vaccine 

manufacture and interruption of vaccine production/quality during 

disease outbreaks in poultry (Wu et al. 2019; Audsley and Tannock,

2008). 

Cell culture-based propagation of influenza virus is an alternative 

system that offers various advantages, including easy scale-up for cell 

engineering systems, increased vaccine purity, and utility for people 

with allergies to egg proteins (Soema et al., 2015b). However, 

propagation of LPAI viruses in cell-based culture systems requires 
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supplementation with trypsin to cleave the HA protein and drive viral 

replication (Klenk et al., 1975). In some cell lines, high trypsin 

concentration showed also variation in the resulting yield of virus, thus 

requiring optimization (Le Ru et al., 2010). This may be overcome by 

removing the reliance on exogenous trypsin. In addition, removing 

trypsin will reduce the costs of production. Moreover, using species-

specific cell lines will remove the need of viruses to adapt to host cells 

(Kim et al., 2018; Le Ru et al., 2010). 

Avian derived cell lines such as chicken DF-1 cells can be used to 

propagate influenza viruses because they express α-2,3-linked sialic 

acid receptors, which are targeted preferentially by avian-adapted 

viruses (Lee et al., 2008); also, immortalized cell lines provide a 

suitable platform for generating stable cell lines that can be used for 

virus propagation. Engineering cells such that they can support faster 

viral replication will also be a great advantage to the vaccine industry. 

Here, genetically engineered chicken DF-1 cells were developed that 

stably overexpress ST3 beta-galactoside alpha-2,3-sialyltransferase 1 

(ST3GAL1), which catalyzes transfer of the sialic acid Neu5Ac from 

CMP-Neu5Ac to Galβ1,3GalNac on glycoproteins or glycolipids with 

an α-2,3 linkage. A cell line overexpressing type II transmembrane 

protease, serine 2 (TMPRSS2) was developed, which is required for 

cleavage of HA. Finally, a cell line expressing both ST3GAL1 and 
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TMPRSS2 was developed. The engineered cell lines allowed efficient 

propagation of influenza virus in the absence of exogenous trypsin. 

These engineered cells may provide a platform for viral amplification 

even in the absence of trypsin, thereby allowing the development of a 

vaccine for poultry and study of virus replication in avian cells.  

2. Materials and methods

Experimental animals and tissue collection

The management and experimental use of White Leghorn (WL) 

chickens was approved by the Institutional Animal Care and Use 

Committee, Seoul National University (SNU-190401-1). The 

experimental animals were cared for at the University Animal Farm, 

Seoul National University, in accordance with standard management 

programs. Tissue samples used in this study were collected from adult 

WL chickens aged 18 weeks.

Viruses and biosafety

The PR8-H5N8 (PB2-627E) virus was generated from eight 

bidirectional pHW2000 plasmids using a reverse genetics system, as 

previously reported (Park et al. 2019). Viruses were rescued by co-

transfection of the eight bidirectional plasmids into a co-culture of 
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MDCK cells (ATCC, CCL-34) and human 293T embryonic kidney 

cells (293T; ATCC, CRL-11268). Generated viruses were grown in 

MDCK infection medium comprising Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Hyclone, Logan, UT, USA) supplemented with 

0.3% bovine serum albumin (BSA), 1× antibiotic antimycotic (ABAM), 

and 1 µg/ml L-(tosylamido-2-phenyl) ethyl chloromethyl ketone

(TPCK)-treated trypsin (Sigma-Aldrich, MO, USA), and then 

incubated at 37°C for 48 h. Virus stocks were further propagated in 10-

day-old embryonated chicken eggs. Aliquots of infectious virus were 

stored at −80°C until required. All work with low pathogenicity viruses 

was conducted in a biosafety level 2 facility approved by the 

Institutional Biosafety Committee of Seoul National University.

Construction of overexpression plasmids 

The piggyBac plasmid (Addgene plasmid no. 92078, Addgene, MA, 

USA) containing enhanced green fluorescent protein (eGFP) was 

digested with AgeI and BsrGI enzymes to create a linearized vector. A 

synthetic protein-coding region of chicken TMPRSS2 (NCBI Gene ID 

418528), chicken TMPRSS4 (NCBI Gene ID 770454), chicken 

ST3GAL1 (NCBI Gene ID 396140), or chicken ST3GAL1-T2A-

TMPRSS2 (Bionics, Korea) was cloned into the linearized vector using 

Takara In-Fusion Ligation mix (Takara, Kasatsu, Japan), according to 
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the manufacturer’s protocol. The resulting plasmid was amplified and 

purified using a Plasmid Maxi kit (Qiagen, Hilden, Germany). The 

correct insert was confirmed by sequencing.

Cell culture and establishment of overexpressing DF-1 cell lines

Chicken DF-1 fibroblast cells (CRL-12203, ATCC) were maintained 

in high glucose DMEM supplemented with 10% fetal bovine serum 

(Hyclone) and 1× ABAM. Cells were maintained at 37°C at 5% CO2

under 60–70% relative humidity. To establish cell lines that stably 

overexpress the genes of interest, 1.2 µg of overexpression vector and 

0.8 µg of piggyBac transposon (pCyL50) were transfected into DF-1 

cells using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, 

MA, USA). After 6 h, transfection mixtures were replaced with DF-1 

culture medium supplemented with puromycin (Thermo Fisher 

Scientific). Cells were maintained in culture medium supplemented 

with puromycin for 1 week to recover overexpressing cells.

RNA isolation and qRT-PCR analysis

Total RNA from cells or tissues was extracted using Tri-reagent 

(Molecular Research Center Inc., Cincinnati, Ohio, USA). RNA 

quantity was determined by spectrophotometry at 260 nm, and 0.5–1 

µg of each sample was reverse-transcribed using the Superscript IV 
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First-Strand Synthesis System (Thermo Fisher Scientific). The cDNA 

was diluted five-fold and the concentrations standardized for 

amplification by PCR. Quantitative real-time PCR (qRT-PCR) was 

conducted to examine changes in expression of candidate genes in test 

samples and in overexpressing DF-1 cells. The PCR reaction mixture 

contained 2 μl of PCR buffer, 1 μl of 20× EvaGreen qPCR dye 

(Biotium, Hayward, CA, USA), 0.5 μl of 10 mM dNTP mixture, 10 

pmole each of target gene-specific forward and reverse primers (Table 

1), 1 μl of complementary DNA (cDNA), and 1 U of Taq DNA 

polymerase (final volume, 20 μl). qRT-PCR was conducted in a

StepOnePlus real-time PCR system (Applied Biosystems, CA, USA). 

Each test sample was assayed in triplicate. Relative quantification of 

target gene expression in the cells was performed using the following 

formulae: 2–ΔCt, where ΔCt = (Ct of the target gene–Ct of ACTB), or 2–

ΔΔCt, where ΔΔCt = (Ct of the target gene–Ct of ACTB) group–(Ct of 

the target gene–Ct of ACTB) control. 

Viral infection of cells

ST3GAL1 overexpressing (O/E-ST3), TMPRSS2 overexpressing 

(O/E-T2), both ST3GAL1 and TMPRSS2 overexpressing (O/E-ST3T2), 

or wild-type (WT) DF-1 cells were seeded on 12-well plates and grown 

to confluence. The culture medium was removed and the cells were 
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washed twice with PBS prior to incubation at 37°C for 20 minutes in 

DMEM containing 1% penicillin/streptomycin. Next, DMEM 

containing 1% penicillin/streptomycin containing PR8-H5N8 (PB2-

627E) virus at a multiplicity of infection (MOI) of 0.1 or 0.01 was 

added for 50 minutes. Finally, cells were washed with PBS, and 

incubated with DMEM containing 1% penicillin/streptomycin for 24 h, 

48 h, and 72 h until harvesting the medium for viral titration as stated 

below.

WST-1 assay of overexpressing cells and virus-infected cells

The Premix WST-1 Cell Proliferation Assay System (Takara Bio, 

Kusatsu, Japan) was used to measure cell proliferation. Briefly, cells 

(0.15 × 104 cells per well) were seeded in a 96-well plate in which each 

well contained 0.1 ml of culture medium. At 2 h before each time point 

(24 h, 48 h, and 72 h) post-seeding, 10 ml of WST-1 Premix solution 

was added to the cells and incubated at 37°C. Next, optical density was 

measured at an absorbance of 450 and 690 nm (A450–A690). Data 

were analyzed to determine proliferation and viability. Similarly, 

infected O/E-ST3, O/E-T2, and O/E-ST3T2 cells (1 × 104 cells per 

well) were seeded in a 96-well plate in which each well contained 0.1 

ml of culture medium. One day later, confluent DF-1 cells were 

infected with PR8-H5N8 (PB2-627E) at a MOI of 0.1. Percentage 
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survival was calculated as the ratio of the optical absorbance at 450 and 

690 nm (A450–A690) of infected DF-1 cells and non-infected control 

DF-1 cells. All experiments were performed in triplicate, with three 

independent samples.

Viral titration

The virus titer in infected O/E-ST3, O/E-T2, O/E-ST3T2 DF-1 cells, 

or WT DF-1 cells was determined by calculating the median tissue 

culture infectious dose (TCID50). MDCK cells were cultured in Eagle’s 

Minimum Essential Medium (EMEM) (ATCC, Manassas, VA, USA) 

supplemented with 10% fetal bovine serum (Hyclone) and 1x ABAM. 

For viral titration, MDCK cells (2.5 × 104 cells per well) were seeded in 

96-well plates until confluence in culture media. Subsequently, the 

confluent layer of MDCK cells was washed with PBS, and treated with 

DMEM supplemented with 1% penicillin/streptomycin and infected 

with PR8-H5N8 (PB2-627E) from the O/E-ST3, O/E-T2, O/E-ST3T2 

DF-1 cells, or WT DF-1 cells for 50 minutes at 37°C. Then, the MDCK

cells was washed with PBS, and finally incubated with DMEM 

supplemented with 0.3% BSA, 1% penicillin/streptomycin, and 1 

µg/ml TPCK-trypsin at 37°C. After 72–96 h, the plate was stained with 

crystal violet (Sigma-Aldrich) to observe cytopathic effects. The 

TCID50 values per milliliter were calculated using the Spearman-
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Karber formula (Gilles 1974).

Statistical analysis

Statistical analysis was performed using GraphPad Prism software 

(GraphPad Software 8, San Diego, CA). Significant differences 

between two groups were determined using Student’s t-test. Significant 

differences between groups were determined using ANOVA with 

Bonferroni’s multiple comparison. A P value <0.05 was considered 

significant (****P<0.0001, ***P<0.001, **P<0.01, and *P <0.05).
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3. Results

Establishment of TMPRSS2- and TMPRSS4-overexpressing cell lines 

and subsequent viral challenge

The presence of trypsin-like proteases that cleave HA means that 

influenza viruses preferentially infect the respiratory and 

gastrointestinal tracts. Therefore, the distribution of TMPRSS2 and 

TMPRSS4 was compared in lung, trachea, liver, small intestine, and 

large intestine samples from WL chickens aged 18 weeks and WT DF-1 

cells by qRT-PCR. It was found that compared with WT DF-1 cells, 

TMPRSS2 was expressed at high levels in liver, large intestine, and 

lung, whereas TMPRSS4 was expressed only in liver and trachea (Fig. 

4-1A). The low expression of TMPRSS2 and TMPRSS4 by WT DF-1 

cells suggests that they would not support viral replication efficiently.

Therefore, a piggyBac transposon vector was contructed that 

contained the protein-coding region for either chicken TMPRSS2 or 

TMPRSS4 (Fig. 4-1B). This vector was used to drive overexpression in 

DF-1 cells. Then the effects on cell viability and proliferation of the 

influenza virus was measured. Firstly, the expression of mRNA in 

genetically engineered cells was analyzed. The qRT-PCR results 

showed that overexpression of TMPRSS2 mRNA in O/E-T2 cells was 

350-fold higher than that in WT DF-1 cells, whereas expression of 

TMPRSS4 mRNA in O/E-T4 cells was about 6-fold higher than that in 
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WT DF-1 (Fig. 4-1C). To assess whether overexpression of TMPRSS2 

and TMPRSS4 had an antagonistic effect on cell proliferation and 

viability, a cell proliferation assay was conducted. The results showed 

that the proliferation of genetically engineered cells was comparable 

with that of WT DF-1 cells (Fig. 4-1D). 

Subsequently, it was investigated whether the proteolytic activity of 

TMPRSS2 and TMPRSS4 supports viral infectivity and the viral life 

cycle. Engineered cells were infected with PR8-H5N8 (PB2-627E) 

(MOI = 0.1) in the absence of trypsin and the TCID50 was calculated to 

determine the viral titer. Notably, the viral titer in O/E-T2 cells was 35-

fold higher than that in WT DF-1 cells, indicating proteolytic activation 

of HA by TMPRSS2 and subsequent support of viral replication. Thus, 

the cell line is suitable for amplification of influenza virus. However, 

there was no significant difference in the viral titer between O/E-T4 

cells overexpressing TMPRSS4 protease and WT-DF1 cells (Fig. 4-1E).

Establishment of ST3GAL1-overexpressing cells and determination 

of viral titer 

Sialic acid residues on cell surface receptors are important for binding 

and endocytosis of influenza virus. Therefore, the expression of 

ST3GAL1 was examined in lung, trachea, liver, small intestine, and 

large intestine samples from WL chickens and compared it with that by 
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WT DF-1 using qRT-PCR. The results revealed that the expression of 

ST3GAL1 in trachea and lung was significantly higher than that by WT 

DF-1 cells (Fig. 4-2A).

Since WT DF-1 cells expressed lower levels of ST3GAL1, a 

piggyBac transposon vector was constructed containing the protein-

coding sequence of chicken ST3GAL1 (Fig. 4-2B) and transfected it 

into WT DF-1 to engineer cells that express high levels of ST3GAL1. 

Subsequently, the expression of ST3GAL1 in O/E-ST3-overexpressing 

cells by qRT-PCR was analyzed. The results showed a 1500-fold 

increase in expression compared with that in WT DF-1 cells (Fig. 4-

2C). To access whether cells overexpressing ST3GAL1 had an 

antagonistic effect on cell proliferation and viability, a cell proliferation 

assay was performed. The results revealed that proliferation of 

genetically engineered cells was comparable with that of WT DF-1 

cells (Fig. 4-2D). 

Finally, to examine whether increased expression of ST3GAL1 

correlates positively with viral titer, O/E-ST3 cells were infected with 

PR8-H5N8 (PB2E-627E) at MOI of 0.1 in the presence of trypsin. The 

TCID50 was calculated to determine the viral titer. The results showed 

the viral titer in O/E-ST3 cells was significantly higher than that in WT 

DF-1 cells (Fig. 4-2E). 
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Establishment of cell lines expressing both ST3GAL1 and 

TMPRSS2 and their effect on virus titers

To further investigate whether overexpressing both ST3GAL1 and 

TMPRSS2 (O/E-ST3T2) generates higher viral titers, a new piggyBac 

transposon vector was constructed containing the protein-coding 

sequences of ST3GAL1 and TMPRSS2 linked by the self-cleaving 

peptide T2A (Fig. 4-3A). Cells were transfected with the 

overexpression vector and analyzed by qRT-PCR. The results showed a 

120-fold increase in expression of both ST3GAL1 and TMPRSS2 (Fig.

4-3B). To assess whether overexpression increased viral titers to levels 

comparable with those in WT DF-1 cells supplemented with trypsin, 

O/E-ST3T2 cells were infected with PR8-H5N8 (PB2-627E) at an MOI 

of 0.1 in the absence of trypsin. Then calculated the TCID50 was 

calculated. Combined overexpression of ST3GAL1 and TMPRSS2 

generated viral titers significantly higher than those in WT DF-1 cells 

in the absence of trypsin (WT DF-1(-)); however, the titers were not 

significantly different from those in WT cells treated with trypsin (WT 

DF-1(+)) (Fig. 4-3C). 

To understand the effect of trypsin on cell viability after infection by 

the influenza virus, a cell proliferation assay was performed. The 

results revealed a significant difference in viability between WT DF-
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1(+) and O/E-ST3T2 cells at 24 h and 48 h post-infection, but not at 72 

h post-infection (Fig. 4-3D). 

Finally, viral titers at different time points post-infection were 

examined. Intriguingly, the viral titer in O/E-ST3T2 cells was 

significantly higher than that in WT DF-1(+) at 72 h post-infection (Fig. 

4-3E). Taken together, the results indicate that engineered O/E-ST3T2 

cells were able to produce high viral titers in the absence of trypsin due 

to prolonged viability. 

오류!
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Figure 4-1. Establishment of TMPRSS2- and TMPRSS4-

overexpressing cell lines and challenge with viruses. (A) Expression 

of TMPRSS2 and TMPRSS4 in various chicken tissues and WT DF-1, 

as measured by qRT-PCR. Data are normalized to the expression of 

chicken ACTB (beta-actin) and are expressed as the mean ± standard 

deviation (n = 3). Significant differences (compared with WT DF-1 

cells) were determined by one-way ANOVA (****P<0.0001, 

***P<0.001, **P<0.01, and *P <0.05). (B) Schematic representation of 

the piggyBac transposon based expression vector harboring TMPRSS2 

or TMPRSS4. The vector was used to express either TMPRSS2 or 

TMPRSS4 in WT DF-1 cells, termed O/E-T2 or O/E-T4.

(A)

(B)
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Figure 4-1. Establishment of TMPRSS2- and TMPRSS4-

overexpressing cell lines and challenge with viruses. (C) Expression 

of TMPRSS2 and TMPRSS4 in O/E-T2 and O/E-T4 and in WT DF-1 

cells, as measured by qRT-PCR. Data are normalized to the expression 

of chicken ACTB and are expressed as the mean ± standard deviation 

(n = 3). Significant differences (compared with WT DF-1 cells) were 

determined by Student’s t-test (***P<0.001, **P<0.01, and *P <0.05).

(D) Cell proliferation at 24 h, 48 h, and 72 h after seeding. Error bars 

(C)

(D) (E)
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indicate the mean ± standard deviation of triplicate analyses. (E) Viral

titer of PR8-H5N8 (PB2-627E) from O/E-T2 and O/E-T4 relative to 

that of WT DF-1 cells in the absence of TPCK-trypsin (WT DF-1(-)) at 

24 h post-infection. Significant differences (compared with WT DF-1 

cells) were determined by one-way ANOVA (****P<0.0001, ns = no 

significant difference). Data are expressed as the mean ± standard 

deviation (n = 7).
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Figure 4-2. Establishment of ST3GAL1-overexpressing cell lines 

and challenge with viruses. (A) Comparison of ST3GAL1 expression 

in chicken tissues and WT DF-1 cells by qRT-PCR. Data were 

normalized to the expression of chicken ACTB and are expressed as the 

mean ± standard deviation (n = 3). Significant differences (compared 

with WT DF-1 cells) were determined by one-way ANOVA 

(****P<0.0001, and *P <0.05). (B) Schematic representation of the 

piggyBac transposon based expression vector harboring ST3GAL1. 

The vector was used to express ST3GAL1 in WT DF-1 cells, termed 

O/E-ST3.

(A)

(B)
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Figure 4-2. Establishment of ST3GAL1-overexpressing cell lines 

and challenge with viruses. (C) Expression of ST3GAL1 in O/E-ST3 

(C)

(D)

(E)
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and WT DF-1 cells, as detected by qRT-PCR. Data were normalized to 

the expression of chicken ACTB and are expressed as the mean ± 

standard deviation (n = 3). Significant differences (compared with WT 

DF-1 cells) were determined by Student’s t-test (***P<0.001, **P<0.01, 

and *P <0.05). (D) Cell proliferation at 24 h, 48 h, and 72 h. Error bars 

indicate the mean ± standard deviation of triplicate analyses. (E) 

Relative titer of PR8-H5N8 (PB2-627E) in O/E-ST3 compared with 

that in WT DF-1 cells treated with trypsin at 24 h post-infection (WT 

DF-1(+)). Significant differences were determined by Student’s t-test 

(**P<0.01 and *P <0.05). Error bars indicate the mean ± standard 

deviation of triplicate analyses.
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Figure 4-3. Combined overexpression of ST3GAL1 and TMPRSS2 

and the resulting viral titer in cells. (A) Schematic representation of 

the piggyBac transposon based expression vector harboring ST3GAL1-

T2A-TMPRSS2. The vector was used to express both ST3GAL1 and 

TMPRSS2 in WT DF-1 cells, termed O/E-ST3T2. (B) Expression of 

ST3GAL1 and TMPRSS2 in O/E-ST3T2 and WT DF-1 cells was 

analyzed by qRT-PCR. Data were normalized to the expression of 

chicken ACTB and expressed as the mean ± standard deviation (n = 3). 

Significant differences (compared with WT DF-1 cells) were 

determined using Student’s t-test (**P<0.01 and *P <0.05).

(A)

(B)
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Figure 4-3. Combined overexpression of ST3GAL1 and TMPRSS2 

and the resulting viral titer in cells. (C) Titer of PR8-H5N8 (PB2-

(C)

(D)

(E)
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627E) in O/E-ST3T2 cells and WT DF-1 cells in the absence (WT DF-

1(-)) and presence (WT DF-1(+)) of trypsin. (D) Cell proliferation at 24 

h, 48 h, and 72 h post-infection. Error bars indicate the mean ± standard 

deviation of triplicate analyses. (E) Viral titer at 24 h, 48 h, and 72 h. 

Significant differences (compared with WT DF-1 cells) were 

determined by two-way ANOVA. A P value <0.05 was considered 

significant (****P<0.0001 and ***P<0.001). Error bars indicate the 

mean ± standard deviation of triplicate analyses.
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Table 4-1. List of primers used for RT-PCR and qRT-PCR

Gene symbol Primer sequence (5' - 3')
Product Size 

(bp)
Annealing 

Temperature

ACTB

F: 
AGGAGATCACAGCCCTGGCA

165 60
R: 

CAATGGAGGGTCCGGATTCA

ST3GAL1

F: 
CACCCACCATTGGCTACGAA

168 60
R: 

AGGCCTGTGGAAGGGTATCT

TMPRSS2

F: 
TTCTGCCAGGCCACAAGTAG

297 60
R: 

GGAGAAATGCACACTCCCGA

TMPRSS4

F: 
TCCCCTCTGGATCCTCACTG

250 60
R: 

TCCAGCTCCTCGTCGAAGTA
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4. Discussion

Vaccine production in egg-based systems has many disadvantages 

(Wu et al. 2019; Audsley and Tannock, 2008); therefore, cell-based 

systems are a suitable alternative. Several cell lines have been 

established (Petiot et al., 2018) to meet different parameters for virus 

amplification. However, cell-based systems require the addition of 

exogenous trypsin to support viral replication. Furthermore, developing 

cell lines from different species is beneficial as it will obviate the need 

for virus adaptation.

Here, chicken DF-1 cells overexpressing chicken protease TMPRSS2

was established; this means that they do not require the addition of 

exogenous trypsin for virus amplification. Consistent with other reports 

(Böttcher et al., 2009; Baron et al., 2013; Limburg et al., 2019), it was

found that cells expressing TMPRSS2 supported influenza replication 

without the need for trypsin. Studies show that HA is cleaved by 

TMPRSS2 at the plasma membrane during post-translational 

modification (Böttcher-Friebertshäuser et al., 2010). However, with 

respect to the expression of TMPRSS4, it was speculated that cells may 

not support viral replication in the absence of trypsin. Interestingly, 

overexpression of proteases was not toxic to cells, which grew as well 

as WT DF-1 cells, even after several serial passages. 

Increased expression of sialic acid receptors on the cell surface 
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increases the uptake of influenza viruses by cells. Therefore, cells to 

overexpress ST3GAL1 were engineered. These cells generated high 

virus titers at 24 h post-infection, suggesting that high expression of α-

2,3 linked sialic acid residues increased viral uptake. These results are 

consistent with those of other studies suggesting that abundant 

expression of sialic acid increases infection of host cells by influenza 

viruses (Kimble et al., 2010; van Riel et al., 2007). 

Finally, it was shown that cells overexpressing both ST3GAL1 and 

TMPRSS2 generated greater viral titers than WT DF-1 cells treated 

with trypsin. Intriguingly, at 24 h and 48 h post-infection, virus titers 

were comparable with those in WT DF-1 cells treated with trypsin. 

However, the viability of overexpressing cells was superior at later time 

points, suggesting that cell viability had an effect on the final viral titers. 

As expected, viral titers were highest in O/E-ST3T2 cells at 72 h post-

infection; this was most likely due to prolonged viability. 

Conclusion

Here is was shown that genetically engineered chicken DF-1 cells 

overexpressing TMPRSS2 and ST3GAL1 support infection and 

replication of the influenza virus in the absence of trypsin. These cell 

lines could be useful for studying influenza virus replication and host 

responses in the absence of trypsin, which can degrade interferons 
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secreted by cultured cells. Furthermore, this system can be adapted to 

amplify influenza for vaccine production because avian-adapted 

influenza viruses do not require cell adaptation. Collectively, these cell 

lines can be added to the growing pool of cell-based systems useful for 

influenza virus amplification.
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CHAPTER 5

GENERAL DISCUSSION
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Influenza amplification is important, especially in vaccine 

production and in studies on various strains with host factors. The HA 

of influenza is critical for viral attachment to cell surface receptors and 

endosomal membrane fusion. To be infectious, the HA has to be 

cleaved by proteases. In the egg-based system, the HA is cleaved by 

different proteases present in the egg's allantoic fluid. Nonetheless, this 

system cannot amplify the desirable viral titer of some reassorted viral 

strains, and highly pathogenic strains also grow poorly in it. In this 

regard, the cell-based system has been a viable alternative for the 

amplification of the virus.

Nonetheless, the cell-based system requires the addition of trypsin to 

support the viral life cycle and thus amplification, which could raise the 

cost for production. Furthermore, some cell lines are dependent on 

trypsin thus requiring optimization. Therefore, cell engineering has 

been used as a viable way to eliminate the need for trypsin and virus 

adaptation. 

In the first study, first the 250 bp region of the chicken polymerase I 

was identified from the origin of the rDNA transcription start site for 

cloning. The chicken polymerase I from the genomic DNA was cloned 

into a plasmid that could express both for mRNA by the CMV promoter 

and vRNA by the chicken polymerase I. Next, the viral genome of PB2, 

PB1, PA, and NP was codon optimized. The synthetic fragments were 
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then ligated into the plasmid under the chicken polymerase I promoter. 

Further, a plasmid with a luciferase reporter in the reverse direction 

under the chicken polymerase promoter I flanked by non-coding 

regions of the NS segment of the influenza virus was constructed. The 

plasmids were transfected into wild-type DF-1 cells, and the 

polymerase activity was accessed through the luciferase activity. In 

conclusion, in this study, a luciferase reporter assay was created that 

could be used to determine the polymerase activity of different strains 

of the influenza virus.

In the second study, the expression levels of serine proteases 

TMPRSS2 and TMPRSS4 in some chicken tissues compared to wild-

type DF-1 cells (WT DF-1) were examined. It was found that the 

expression levels in WT DF-1 cells were remarkably low compared to 

the lung and trachea, respectively. These results suggest that WT DF-1 

cells poorly support the replication of the influenza virus. Previous 

studies have shown that the expression of proteases in MDCK 

supported virus amplification even in the absence of trypsin. To 

understand the expression of TMPRSS2 and TMPRSS4, the protein-

coding regions of TMPRSS2 and TMPRSS4 were ligated into 

piggyBac vectors and transfected them into the cells. After selection 

and recovery, TMPRSS2 was significantly higher compared to 
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TMPRSS4 expression in the engineered cells. Intriguingly, after 

examination for cell proliferation, both engineered cell lines 

proliferated the same as WT DF-1. Then, the cells were infected with 

PR8-H5N8 (PB2-627E) and noticed that only the overexpressing cells 

of TMPRSS2 had a significant viral titter compared to WT DF-1 and 

cell line overexpressing TMPRSS4. These results suggest that 

TMPRSS2 proteolytically activated the HA, thus supporting virus 

amplification even in the absence of trypsin. To understand whether the 

increased expression of ST3GAL1 could positively be correlated with 

an increased viral titer, first, the expression of ST3GAL1 in different 

chicken tissues was examined compared to WT DF-1. It was shown

that the lung and trachea expressed significantly higher levels of 

ST3GAL1 compared to WT DF-1. Therefore, a piggyBac vector was 

constructed to overexpress ST3GAL1. It was found that ST3GAL1 was 

highly expressed, and the cell proliferation assay revealed that 

overexpression had no antagonistic impact on the cells. The impact of 

ST3GAL1 on the viral titer was investigated and found that 

overexpressing cells had a significantly higher viral titer compared to 

WT DF-1. Finally, if the combinatory effect of TMPRSS2 and 

ST3GAL1 could increase viral titer was investigated. After transfection 

and recovery of the cell line, the gene expression was analyzed and 

found both TMPRSS2 and ST3GAL1 were significantly increased. 
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Then, the established cell line (O/E-ST3T2) was infected with PR8-

H5N8 (PB2-627E) in the absence of trypsin, and the results revealed

that the combinatory expression of TMPRSS2 and ST3GAL1 had a 

significantly higher final virus titer. Collectively, these results showed

that the genetically engineered cells of TMPRSS2 and those of the 

combinatory TMPRSS2-ST3GAL1 could be used for influenza virus 

amplification in the absence of trypsin.
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