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Abstract

Insect cell lines have been widely used for recombinant protein production due to their abilities in eukaryotic-type
post-translationally modifications of proteins and simple culture process. Stably transformed insect cells can be
engineered by delivery of the target gene to integrate randomly into the insect cell chromosome, they are then able
to stably express this gene and continuously produce recombinant protein. To ensure maximum recombinant
protein production, selection of the highest recombinant protein producing cells by cell cloning technique is
recommended. A limiting dilution method is generally used for cell cloning, however it is inefficient and time
consuming. A rapid cell cloning method for transformed cells selection was therefore developed. A bi-cistronic
transfer vector was constructed for gene delivery and co-expression of fusion gene between the target gene, T2A
peptides and red fluorescent protein (RFP) encoded genes in insect cells. T2A peptides induce ribosomal skipping
during translation thus allowing separation of the target recombinant protein and RFP. Thus, the red florescent
cell should be the recombinant protein producing cells and could be easily separated and selected. To validate this
vector, an influenza virus neuraminidase gene (NA) was used as a target gene. After 24 hours post transfection,
red fluorescent cells were readily observed and selected. Single target cell selection could be achieved within 7-
10 days which was 2-3 times more rapid than the original cell cloning process. All cloned cells could stably
express the NA gene for at least 22 passages.
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1. Introduction

Insect cells are prominent and reliable cells for production of many important human recombinant proteins
due to their abilities to perform eukaryotic-type post translation modifications and simple culture maintenance
[1]. Insect cells can be genetically engineered to become a transformed cell line which is capable of stably
expressing the target gene over many passages. By using an insect-specific promoter, a series of expression vectors
for lepidopteran and dipteran cell lines has been developed and employed for high-level protein production [2].
Unlike a virus expression vector, proteolysis is limited in the plasmid transfected cells due to an absence of cell
lysis by virus infection. Generation of stable transformed insect cell lines typically involves in plasmid transfection
to deliver the target gene to integrate into the insect chromosome. This transfection usually results in a
heterogenous polyclonal population that varies in the number of integration events and the site(s) of integration
across cells. A cell pool could lead to reduced transgene expression over time, as the lower expressing clones take
over the polyclonal cell pool. Generating a monoclonal cell line by the cell cloning method could result in cell
populations that are more likely to retain stable transgene expression. Although single-cell cloning is an
established method in mammalian cell lines [3] it is still challenging for insect cells. Cloning by limiting dilution
method has been adopted for Sf9 insect cell lines from Spodoptera frugiperda [4] and Drosophila S2 cell lines
[5,6]. Although it is a simple method without special requirements for equipment and reagent, there is no guarantee
that the colonies arose from single cell. Re-cloning is usually advised to ensure that the cells originated from a



single cell. The obtained cloned cells are then further screened for the maximum producer of the target
recombinant protein, using quantitative methods such as enzyme-linked immunosorbent assay (ELISA). All steps
described are therefore laborious and time consuming.

To simplify the process for selection of the transformed cloned cell lines, a new method was developed for
rapid cell cloning and selection. A bi-cistronic transfer vector was constructed by insertion of a self-cleaving T2A
peptides and red fluorescent protein (RFP) coding sequences downstream from a multicloning sites of this plasmid
[7,8]. The 2A peptides are usually 18-22 amino-acid (aa)-long viral oligopeptides with a highly conserved
sequence GDVEXNPGP shared by different 2As at the C-terminus. These sequences are essential for the creation
of steric hindrance and ribosome skipping that mediates cleavage of polypeptides during translation in eukaryotic
cells. The ribosome skipping results in two “cleaved” proteins: the protein upstream of the 2A is attached to the
complete 2A peptide except for the C-terminal proline, and the protein downstream of the 2A is attached to one
proline at the N-terminus [9,10]. In this study, a T2A from Thosea asigna virus 2A which had been shown to have
the highest cleavage efficiency close to 100% in mammalian cell and insect cell [11], was chosen for construction
of a new bi-cistronic plasmid, namely plZ-T2A-RFP. This plasmid aimed to constitutively express the gene of
interest under the control of the OplE2 promoter derived from the baculovirus Orgyia pseudotsugata multicapsid
nuclear polyhedrosis virus (OpMNPV) [12]. An influenza H5N1 neuraminidase (NA) which exists as a tetramer
of four identical monomers, each of approximately 433 amino acids, was used as a model for validation of this
system. It is proposed that the plZ-T2A-RFP could be used to co-express the NA gene, T2A peptides and RFP
encoded genes in insect cells. Due to the ribosome skip mechanism caused by T2A peptides, recombinant NA
protein and RFP will be independently translated in the same cell . Thus, transformed insect cells could be rapidly
identified, selected and cloned by monitoring of RFP. This transfer vector also facilitates chromosome integration
of the target gene, thus the NA gene expression should be stable and recombinant NA protein is expected to be
continuously produced in many future generations. In addition, the recombinant NA protein is a naturally secreted
protein. These cloned cell lines or stably transformed cell lines are therefore anticipated to have simple scale up
and purification processes.

2. Materials and methods
2.1 Materials

plZ/V5-His was purchased from Invitrogen, USA. NA gene (A/Thailand/1(KAN-1)/2004/H5N1) was kindly
provided by Faculty of Medicine (Siriraj Hospital), Mahidol University, Thailand. T2A-Sacll-Fwd and RFP-Agel-
Rev primers for amplification of T2A-RFP and NA gene specific primers; NA-Kpnl-Fwd and NA-EcoRI2-Rev
primers were purchased from 1%t BASE Pte, Ltd, Singapore. Polyclonal antibody specific to the H5SN1 Influenza
A Virus NA was from Gene Tex., USA. S. frugiperda (Sf9) insect cell lines were from Invitrogen, USA. Zeocin™
antibiotic and CellFectin™!11 reagent were from Invitrogen, USA.

2.2 Construction of plZ-NA-T2A-RFP co-expressing NA and T2A-RFP

T2A nucleotide sequences from T. asigna were fused to the RFP gene by Polymerase chain reaction (PCR)
overlapping method using T2A-Sacll-Fwd (5'-CAA TCC GCG GGA GGG CAG AGG AAG-3") and RFP-Agel-
Rev (5-CCC ACC GGT TTA GGC GCC GG-3') primers. The PCR fragment was then ligated to plZ/V5-His at
the Sacll and Agel cloning site, and resulted in a plZ-T2A-RFP. The NA gene was PCR amplified using NA-
Kpnl-Fwd (5'-GGG GTA CCA AAA TGA ATC CAA ATA AG -3") and NA-EcoRI-Rev2 (GCG GAATTCCTT
GTC AAT GGT GAA-3") primers. The amplified NA gene fragment was ligated to the previously described plZ-
T2A-RFP. Ligate mixtures were transformed into competent E. coli DH5a cells by heat shock transformation.
After overnight culture of transformed cells at 37°C in Luria-Bertani (LB) agar plate containing 25 pg/mL
Zeocin™ (Invitrogen, USA) as a selective marker. Nucleotide sequences of the insertion fragments in the new
plasmid, plZ-NA-T2A-RFP, were verified by DNA sequence analysis.

2.3 Transfection of recombinant plZ-NA-T2A-RFP into Sf9 insect cells

The recombinant plZ-NA-T2A-RFP was transfected into Sf9 insect cells by lipofection method. Sf9 insect
cells at cell density of 1x10° cells/mL were seeded into a 60 mm dish. Transfection mixtures containing 20 pL of
CELLFECTIN 11 (Invitrogen, USA) and 10 pg of the plZ -NA-T2A-RFP in 1 mL of insect cell Grace’s culture
medium were added onto the Sf9 cells and incubated for 4 hours at room temperature. The transfection medium
was then replaced with 1 mL Grace’s medium and further incubated at 27°C. Forty-eight hours post-transfection,
the culture medium was replaced with a selective medium containing 350 pg/mL Zeocin™. The selective medium
was replaced every 3 to 4 days.



2.4 Transfected and transformed Sf9 cells
2.4.1 NA and RFP gene expression analysis

Reverse transcription-PCR (RT-PCR) was performed to monitor co-expression of NA gene and RFP gene.
Firstly, total RNA was extracted from plZ-NA-T2A-RFP transfected Sf9 cells using Trizol reagent (Invitrogen,
USA). Reverse transcription was performed for cDNA preparation according to the reverse transcriptase
manufacturing instructions (Thermo Fisher, USA) and used as templates for PCR amplification of NA gene and
RFP gene using their specific primers. NA gene specific primers were as described in 2.1 and RFP specific primers
were RFP-Agel-Rev (5'-CCC ACC GGT TTA GGC GCC GG-3') and T2A-Sacll-Fwd (5-CAA TCC GCG GGA
GGG CAG AGG AAG-3"). RFP gene expression in transfected Sf9 cells could also be determined by observation
of the cells under fluorescent inverted microscope (OLYMPUS DP74).

2.4.2 NA and RFP gene integration into Sf9 chromosome

The plZ-NA-T2A-RFP integration into the Sf9 chromosome of transfected cells was confirmed by PCR
analysis. Chromosomal DNA (cDNA) was extracted by Alkaline lysis method [13]. This DNA was used as a PCR
template for detection of the NA gene and RFP gene, using specific primers to NA gene and RFP gene,
respectively as described in 2.4.1.

2.4.3 Cloning of transformed cells using dilution method

Cell suspension at 1x10* cells/mL in 10 mL Grace’s medium were prepared and 100 pL/well were added into
24 wells of a 96-well plate. The remaining cell suspension were diluted at 1:1 with the same medium and seeded
to the next 24 wells (100 puL/well) and dilution continued until a single cell/well was observed under microscope.
Plates were incubated at 27°C overnight. Single red fluorescent cells were marked and further incubated at 27°C
until colonies were formed and individually expanded into larger culture volumes. These cloned cells were
characterized for NA gene expression, genetic stability and recombinant NA protein production.

2.5 Recombinant NA Protein and RFP Detection

To obtain proteins produced by transfected Sf9 cells and secreted into the medium, a culture medium was
harvested, overlayered onto a 40% sucrose cushion and centrifuged at 28,000 rpm for 2.5 h at 4°C in a Beckman
SW28 Swinging bucket and the pellet suspended in phosphate buffered saline (PBS). Protein samples were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) then transferred onto a
nitrocellulose membrane. The membrane was blocked in 3% bovine serum albumin in PBS for 1 hour and
incubated in anti-NA polyclonal antibody (1:500 dilution, Gene Tex., USA) at 4°C overnight. After washing, the
membrane was incubated with anti-rabbit IgG conjugated with horseradish peroxidase (1:5000 dilution, Thermo,
USA) for 2 hours. The immunoblot was developed with 3,3",5,5'-Tetramethylbenzidine (TMB) conjugate
substrate kit (Bio-Rad, USA).

3. Results and discussions
3.1 Construction of plZ-T2A-RFP

The T2A-RFP PCR product was amplified and ligated into the plZ/VV5-His at the Sacll/Agel cloning sites. The
resulting plasmid, plZ-T2A-RFP was a bi-cistronic vector for co-expression of target gene and RFP in Sf9 insect
cells (Figure 1A). The plZ-T2A-RFP provides multicloning sites for the insertion of the target gene in frame with
T2A and RFP encoded nucleotide sequences. In insect cells, a transcript of target gene-T2A-RFP will be produced
under the control of OplE2 promoter. T2A viral peptide sequence prevents the ribosome from covalently linking
a new inserted amino acid due to inhibition of peptidyl transferase, and allows it to continue translation by
restarting on Proline. This resulted in co-translational cleavage of the polyprotein. The apparent cleavage occurs
between G and P (Figure 1C). In this study, the NA gene was inserted into Kpnl and EcoRI in frame with
nucleotides coded for T2A and RFP of the plZ-T2A-RFP. The recombinant plasmid, plZ-NA-T2A-RFP was
obtained and used for generating stably transformed Sf9 insect cells producing recombinant NA protein and RFP.
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Figure 1 DNA and amino acid sequences of the T2A (A), a simplified map of the plZ-T2A-RFP cloning vector
showing T2A and multicloning sites (B), schematic representation of the mechanism of “self-cleaving” by
ribosome skipping of T2A peptides (C).

3.2 Transient and transformed cells expressing NA and RFP

After an hour post-transfection with plZ-NA-T2A-RFP, some of the red fluorescent Sf9 cells were readily
observed under fluorescent microscope (Figure 2A) indicating successful transfection and expression of the RFP
gene. Transfected cells were incubated for 24 hours then gene expression analysis by reverse transcription
followed by PCR (RT-PCR) was performed to confirm that both genes were co-expressed. A PCR product was
amplified from the reaction containing cDNAs template prepared from the plZ-NA-T2A-RFP transfected Sf9
cells, its size corresponded to the NA-T2A-RFP transcript at approximately 2.1 kbp. In addition, NA specific
primers and RFP specific primers detected NA gene and RFP gene in this cDNAs, respectively (Figure 2B). These
results indicated that a single transcript product of the NA-T2A-RFP fusion genes was synthesized after the plZ-
NA-T2A-RFP transfection into insect cells. Thus, the plZ-NA-T2A-RFP was an effective vector for driving
transient expression of the inserted gene upon transfection. This vector could be useful for applications such as
tagging of protein of interest for live cell imaging [14,15], creation of animal models of various hereditary diseases
[16,17], etc. The NA-T2A-RFP fusion genes was also found to be integrated into insect chromosome since this
part was detected from cDNA of transfected insect cells by PCR analysis (Figure 2C). Stable gene expression cell
lines were therefore anticipated as they are incredibly useful to long-term genetic studies and for protein
manufacturing in biotechnology and the pharma industry.

Mix population of transfected cells were next subjected to cell cloning to remove non-transfected cells and for
selecting the stable clonal transformants that provide the highest protein production. RFP greatly facilitated the
cloning as transformants were easily observed and separated from non-transfected cells. Figure 3 shows a clonal
cell line originated from a single cell that grew and formed a red colony.
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Figure 2 (A) RFP detection in the transfected cells by fluorescence inverted microscope, (B) NA gene and RFP
gene expression analysis by RT-PCR using cDNAs template from plZ-NA-T2A-RFP transfected Sf9 cells with
different primers, (C) PCR analysis of cDNA obtained from plZ-NA-T2A-RFP transfected Sf9 cells using
different primers. Lane M: 2 log-DNA ladder, Lane 1: NA gene specific primers, lane 2: RFP gene specific
primers, lane 3: forward primer: NA gene specific primer and reverse primer: RFP gene specific primer.
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Figure 3 Cloned cells observed under fluorescence inverted microscope. A single cell separated from others by
dilution method on day 1 (A), a colony was formed on day 7 (B).

3.4 Recombinant NA protein

Multimeric forms of recombinant NA protein were detected in the culture medium of transfected Sf9 cells by
anti-NA antibody, as shown by Western blot analysis (Figure 4A). The molecular weight of monomer form was
found at approximately 55 kDa while dimers, trimers and tetramers were at approximately 110 kDa, 165 kDa and
220 kDa, respectively. Another higher molecular weight than tetramers was also found in the most upper part of
the blot. These are similar to native forms of influenza NA and corresponded to the recombinant NA expressed
by stably transfected mammalian cell lines [18]. The transfected Sf9 cells produced recombinant NA protein in
similar forms as mammalian cells. After cell cloning, a clonal cell line had been selected and cells were serially
passaged for 22 passages. All cells produce RFP that can easily be observed under a fluorescent microscope
throughout the sub-culturing process. In addition, the recombinant NA proteins secreted into medium from clonal
cells were still detected by dot blot (Figure 4B). These corresponded to previous results showing that the NA gene
and its fusion partners were found incorporated into the insect chromosome (Figure 2C).

NA-based influenza vaccine has been recently suggested to be included in the formular of both pandemic and
seasonal vaccines since it has demonstrated independent antigenic drift. It is likely that NA-induced immunity
will be an important piece of future influenza vaccine strategies [19]. Thus, a simple NA vaccine production
process will certainly accommodate this new strategy. The stably transformed clonal cell lines developed in this
study is a promising platform for NA vaccine production. The recombinant NA protein was continuously secreted
into a medium which can be easily obtained and purified. Furthermore, these cells can be cultured as suspension
cells which are convenient for large scale production.
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Figure 4 (A) Western Blot analysis for recombinant NA protein detection using anti-NA antibody in non-reducing
condition. Lane M: protein marker, lane 1: negative control, supernatant from non-transfected insect cell culture
medium, lane 2: plZ-NA-T2A-RFP transfected Sf9 cells transfected cells culture medium, (B) Dot-Blot analysis
using anti-NA antibody for detection of recombinant NA protein after serial passages.



3.5 A rapid method for selection and cloning of stably transformed insect cells lines

Cell cloning using limiting dilution method, which is laborious and time consuming, was improved in
this study. A new bi-cistronic plZ-NA-T2A-RFP was constructed and successfully used for selection of
transformed Sf9 cells producing recombinant NA protein and RFP within 7-10 days by observing under
fluorescent inverted microscope (Figure 5). RFP assists the selection of the transfected cells as quick as 24 hours
post-transfection. The rest of the procedures including cell separation then move quickly and recombinant NA
protein was detected from the first cell passage to the passage no. 22.
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Figure 5 Schematic diagram showing process for screening and cloning of stably transformed insect cells using
the bi-cistronic plasmid, plZ-T2A-RFP.

4. Conclusions

A new bi-cistronic plasmid, plZ-T2A-RFP was constructed for rapid identification of the transfected cells and
facilitation of cell cloning. Results showed that insect cells transfected with this plasmid can be easily detected as
RFP expressing cells under a fluorescence inverted microscope. In addition, cloning of target cells was made
possible by selection of single red cells and homogeneity of cloned cells can also be monitored later after cell
division. In this study, the transfected cells were transformed by plasmid integration into chromosome of insect
cells. These stably transformed cells continuously produced recombinant NA protein up to 22 passages. Stably
transformed cells can be selected and clonal cell lines producing recombinant NA protein within 7-10 days. Thus,
this plasmid is an effective tool for rapid generation and cloning of a stably transformed insect cell line for
production of the recombinant protein of choice.

5. Acknowledgement

Ms. Najmeh Khanefard was supported by Petchra Pra Jom Klao Ph.D. scholarship from King Mongkut’s
University of technology Thonburi, Thailand.

6. Conflict of interest

The authors declare that they have no conflict of interest.



7. References

[1]
[2]
[3]
[4]
[5]
[6]

[7]

[8]
[9]

[10]

[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

Granados RR, Li G, Blissard GW. Insect cell culture and biotechnology. Virol Sin. 2007;22(2):83-93.
Douris V, Swevers L, Labropoulou V, Andronopoulou E, Georgoussi Z, latrou K. Stably transformed insect
cell lines: tools for expression of secreted and membrane-anchored proteins and high-throughput screening
platforms for drug and insecticide discovery. Adv. Virus Res. 2006;68:113-156.

Yokoyama WM, Christensen M, Santos GD, Miller D, Ho J, Wu T, et al. Production of monoclonal
antibodies. Curr Protoc Immunol 2013;102:2.5.1-2.5.29.

Fernandes F, Vidigal J, Dias MM, Prather KL, Coroadinha AS, Teixeira AP, et al. Flipase-mediated cassette
exchange in Sf9 insect cells for stable gene expression. Biotechnol Bioeng. 2012;109(11):2836-2844.
Baértsch S, Wirgler FE, Sengstag C. A genetic system to detect mitotic recombination between repeated
chromosomal sequences in Drosophila Schneider line 2 cells. Mutat Res. 1997;395(1):9-27.

Zitzmann J, Schreiber C, Eichmann J, Bilz RO, Salzig D, Weidner T, et al. Single-cell cloning enables the
selection of more productive Drosophila melanogaster S2 cells for recombinant protein expression.
Biotechnol Rep. 2018;19:e00272.

Shaner NC, Steinbach PA, Tsien RY. A guide to choosing fluorescent proteins. Nat Methods. 2005;
2(12):905-9009.

Snapp EL. Fluorescent proteins: a cell biologist's user guide. Trends Cell Biol. 2009;19(11):649-655.

Ryan MD, King AMQ, Thomas GP. Cleavage of foot-and-mouth disease virus polyprotein is mediated by
residues located within a 19 amino acid sequence. J Gen Virol. 1991;72(11):2727-2732.

Kim JH, Lee S-R, Li L-H, Park H-J, Park J-H, Lee KY, et al. High Cleavage efficiency of a 2A peptide
derived from porcine teschovirus-1 in human cell lines, zebrafish and mice. PLoS One. 2011;6(4):e18556.
Donnelly MLL, Hughes LE, Luke G, Mendoza H, Ten Dam E, Gani D, et al. The 'cleavage' activities of
foot-and-mouth disease virus 2A site-directed mutants and naturally occurring '2A-like' sequences. J Gen
Virol. 2001;82(Pt 5):1027-1041.

Theilmann DA, Stewart S. Molecular analysis of the trans-activating 1E-2 gene of Orgyia pseudotsugata
multicapsid nuclear polyhedrosis virus. Virology. 1992;187(1):84-96.

Feliciello I, Chinali G. A modified alkaline lysis method for the preparation of highly purified plasmid DNA
from Escherichia Coli. Anal Biochem. 1993;212(2):394-401.

Wang W, Douglas D, Zhang J, Kumari S, Enuameh MS, Dai Y, et al. Live-cell imaging and analysis reveal
cell phenotypic transition dynamics inherently missing in snapshot data. Sci Adv. 2020; 6(36):eaba9319.
Livet J, Weissman TA, Kang H, Draft RW, Lu J, Bennis RA, et al. Transgenic strategies for combinatorial
expression of fluorescent proteins in the nervous system. Nature. 2007;450(7166):56-62.

Lee S-E, Hyun H, Park M-R, Choi Y, Son Y-J, Park Y-G, et al. Production of transgenic pig as an
Alzheimer's disease model using a multi-cistronic vector system. PLoS One. 2017;12:e0177933.

Trichas G, Begbie J, Srinivas S. Use of the viral 2A peptide for bicistronic expression in transgenic mice.
BMC Biol. 2008;6(1):40.

Ecker JW, Kirchenbaum GA, Pierce SR, Skarlupka AL, Abreu RB, Cooper RE, et al. High-yield expression
and purification of recombinant influenza virus proteins from stably-transfected mammalian cell lines.
Vaccines. 2020;8(3):462.

Giurgea LT, Morens DM, Taubenberger JK, Memoli MJ. Influenza neuraminidase: a neglected protein and
its potential for a better influenza vaccine. Vaccines. 2020;8(3):409.



