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Abstract

In recent years, monoclonal antibodies (mAbs) have been developed as powerful therapeu-
tic and diagnostic agents and Chinese hamster ovary (CHO) cells have emerged as the
dominant host for the recombinant expression of these proteins. A critical step in recombi-
nant expression is the utilization of strong promoters, such as the Chinese Hamster
Elongation Factor-1a (CHEF-1) promoter. To compare the strengths of CHEF with cytomeg-
alovirus (CMV) promoter for mAb expression in CHO cells, four bicistronic vectors bearing
either internal ribosome entry site (IRES) or Furin/2A (F2A) sequences were designed. The
efficiency of these promoters was evaluated by measuring level of expressed antibody in
stable cell pools. Our results indicated that CHEF promoter-based expression of mAbs was
2.5 fold higher than CMV-based expression in F2A-mediated vectors. However, this differ-
ence was less significant in IRES-mediated mAb expressing cells. Studying the stability of
the F2A expression system in the course of 18 weeks, we observed that the cells having
CHEF promoter maintained their antibody expression at higher level than those transfected
with CMV promoter. Further analyses showed that both IRES-mediated vectors, expressed
mADbs with correct size, whereas in antibodies expressed via F2A system heterogeneity of
light chains were detected due to incomplete furin cleavage. Our findings indicated that the
CHEF promoter is a viable alternative to CMV promoter-based expression in F2A-mediated
vectors by providing both higher expression and level of stability.

Introduction

The emergence of monoclonal antibodies (mAbs) as an effective therapeutic agent has opened
anew approach for the treatment of various diseases [1]. Today, the majority of approved ther-
apeutic mAbs are produced in Chinese hamster ovary (CHO) cell lines [2]. The creation of sta-
ble high producer cell line is one of the most crucial factors to support high demand of market
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[3]. To improve the productivity of cell line, designing optimal expression vector plays a key
role [4].

An essential component of an expression cassette is promoter which contributes to expres-
sion level and stability of transgenes expression [5]. A commonly used promoter for driving
recombinant protein expression in mammalian cells is human cytomegalovirus (CMV) major
immediate-early (MIE) [4, 6]. Although CMYV gives high level of gene expression, there are
several reports demonstrating the susceptibility of this promoter to silencing. DNA methyla-
tions of CMV which is caused by epigenetic events can lead to a decrease in the production of
antibody [7, 8]. Alternatively, CHO-specific constitutive promoters are good candidates.
CHO-derived elongation factor-1 promoter (CHEF-1) has been shown to be a successful sys-
tem to obtain high level of expression in mammalian cells [9, 10].

Apart from designing an optimal expression cassette with the strong promoter, which is
common for all recombinant proteins, there is another challenge for mAbs production that
should be taken into account [6]. The most common types of mAbs in the market, immuno-
globulin G (IgG), are comprised of two identical light chains (LC) and two identical heavy
chains (HC) polypeptides. Therefore the balanced ratio of the light to heavy chains has a great
effect on the optimal production of recombinant IgG in mammalian cells. Generally, the
recombinant mAb expression is attained either by cotransfection of two separate vectors each
encoding one chain of antibody or transfection of a single vector encoding both chains. Several
studies have shown that employing a single vector provides a tighter control over the expres-
sion ratio of LC/HC [6, 11, 12]. Co-expression of heavy and light chains under the control of a
single promoter can be achieved using either viral internal ribosome entry site (IRES) or viral
2A-self cleavage sequences [13].

When IRES element is introduced between two open reading frames (ORFs), the first ORF
is translated via cap-dependent mechanism. The translation of second ORF downstream of
IRES element is initiated through a cap-independent mechanism which is mediated through
IRES sequences [14, 15]. However, IRES-driven cap-independent translation is less efficient
than cap-dependent translation [16].

2A-self cleavage sequences present an alternative approach to express an equal amount of
light and heavy chains from a single open reading frame. They are short, highly conserved
sequences which are originally derived from the foot and mouth disease virus (FMDV). The
insertion of 2A peptide between LC and HC genes leads to the generation of separate light and
heavy chains via cotranslational cleavage [17, 18]. Upon the self-cleavage of 2A-sequences,
parts of 2A amino acids remain attached to the upstream protein. To generate authentic poly-
peptide, furin cleavage site can be inserted before 2A sequences. After furin cleavage, the
upstream protein contains two to four C-terminal basic amino acids (R or K) that can be
removed by carboxy peptidases (CPs) [19].

In the present study, we have investigated the efficiency of CHEF and human CMV major
immediate-early (MIE) promoters in the expression of mAb in stable CHO cell lines. To this
purpose, we have constructed bicistronic vectors employing either IRES or 2A-peptide
sequences. We further evaluated the effect of these linkers on the level of the mAb expression
and compatibility of these linkers with CHEF promoter.

Materials and methods
Synthesis of full-length antibody

A two-step gene synthesis protocol was employed to link light and heavy chain of the IgG1
model antibody, mAb0014, with furin/2A sequences. This method relied on two separate
PCRs and an overlap extension PCR. Using overlapping primers, the sequences encoding
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furin cleavage site (RRKR) and 2A peptide (APVKQTLNFDLLKLAGDVESNEGP), derived from
a foot and mouth disease virus (FMDV), were inserted between the light and heavy chain.
These processes in detail were as following:

Primer design. To generate full-length antibody, two pairs of primers were designed.
Primer design was the crucial step for the success of this procedure. These primers which
allowed insertion of furin/2A peptide between two chains of mAb consisted of two outermost
primers (LC-forward and HC-reverse) and two chimeric primers (LC-reverse and HC-for-
ward). Outermost primers contained restriction enzyme sites at their 5’ ends, and chimeric
primers comprised of two major parts, the complementary region that was derived from the
sequence (furin/2A) to be inserted and the template-annealing region.

Based on the native amino acid sequences coding furin and 2A peptide (28 a.a.), the codons
of these genes were optimized by employing the codons more frequently used in CHO. To
keep GC content within 40-60% and avoid the formation of secondary structure and dimer
primers, high-frequency codons were not always chosen, whenever the differences between
the codon frequencies were not significant. Primer designing was carried out using the oligo6
software. The sequences of all oligonucleotide sets are provided in Table 1.

PCR amplification of heavy and light chains. DNA sequences encoding light and heavy
chains were formerly synthesized on two separate vectors (GenScript, US) [20] and were
simultaneously amplified by two different PCRs. Each PCR reaction was performed in 25ul
mixture containing ddH,O, PCR buffer, ANTPs (0.2mM), MgCl, (2.5 mM), forward primer
(2.5 mM), reverse primer (2.5 mM), 2.5 U PWO high-fidelity DNA polymerase (Roche,
Germany), and 50 ng of plasmid DNA carrying either light or heavy gene as a template. All
amplifications were carried out with a Master Cycler Gradient Thermocycler (Eppendorf, Ger-
many). Synthesis of light chain was conducted under the following program; initial denatur-
ation at 94°C for 3 min, followed by 35 cycles of denaturation at 95°C for 1 min, annealing at
67°C for 40 sec, extension at 72°C for 1 min, and a final extension of 10 min at 72°C. Heavy
chain PCR profile was: 3 min at 94°C, continued for 1 min at 95°C, 45 sec at 57.5°C, 1 min at
72°C which was repeated for 35 cycles, and 10 min at 72°C. All amplified fragments were elec-
trophoresed in 1% agarose gel.

Overlap extension PCR. PCR products from the pair of first PCR reactions were directly
used as templates to assemble into full-length antibody by overlap extension PCR. 1ul of each
template was subjected to PCR amplification in the presence of 25 ul PCR mix composed of
ddH20, PCR buffer, 2.5mM MgCl, and 0.2mM dNTP, 2.5 mM of two outer most primers
(LC- forward and HC- reverse), and 5 U long enzyme PCR (Fermentase, Thermo Fisher Scien-
tific, US). Assembly reaction was performed under the following conditions: 3 min initial
denaturation at 95°C, 35 cycles of 95°C for 1 min, 58°C for 45 sec, and 68°C for 1 min, and a
final extension at 68°C for 10 min.

Vector construction

Four different bicistronic constructs expressing the full-length antibody were created: CMV-
LC-Furin-2A-HC (CMV-F2A) and CMV-LC-IRES-HC (CMV-IRES) which contained CMV

Table 1. Primers used for construction of the LC-furin-2A-HC gene.

Primer Name

Sequences(5'-3') Restriction Sites

LC Forward | CAGGAATTC GCCGCCACCATGTACC (25 nt) EcoRlI
LC Reverse CAGCAGGTCGAAGTTCAGGGTCTGCTTCACGGGGGCCCTCTTTCTCCTACATTCGCCACGGTTGAAAC (68 nt)

HC Forward | ACCCTGAACTTCGACCTGCTGAAGCTCGCCGGAGACGTGGAGTCCAACCCCGGCCCCATGTATCGTATGCAGCTGCTGTC (80 nt)

HC Reverse | TGCTCTAGATTATCATTTACCAGGGGACAG (30nt) Xbal

https://doi.org/10.1371/journal.pone.0185967.t001
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Fig 1. Schematic representation of the vectors containing different promoters and furin/2A and IRES
sequence for mAb expression. (A) CHEF-LC-F2A-HC (CHEF-F2A) vector, (B) CMV-LC-F2A-HC vector,
(C) CHEF-LC-IRES-HC vector, (D) CMV-LC-IRES-HC vector. CHEF; CHEF promoter, CMV;CMV promoter,
SP; signal peptide, LC; Light chain, Furin; Furin recognition site sequence, 2A; 2A self-cleavage sequence
derived foot-and-mouth disease virus (FMDV), IRES; Internal ribosome entry site, HC; Heavy sequence, pA;
poly A.

https://doi.org/10.1371/journal.pone.0185967.g001

promoter and CHEF-LC-furin-2A-HC (CHEF-F2A) and CHEF-LC-IRES-HC (CHEF-IRES)
expressing the whole antibody under the control of CHEF promoter. In all constructs, the light
chain was located upstream of the heavy chain, and signal sequences for both chains were
included to ensure proper secretion of the resultant full-length antibody (Fig 1). The PB513b1
vector (System Biosciences (SBI), US) was utilized as a backbone vector. All vectors were con-
structed based on cloning methods [21]. The construct CMV-F2A was prepared as following:
initially, the newly generated PCR product which contained LC-Furin-2A-HC sequences with
3’A overhang was gel purified and subjected to direct cloning in T/A vector, ptz57RT (Thermo
Fisher Scientific, US). Subsequently, antibody fragment was recovered from ptz57R/T vector
using ECoRI and Xbal, subcloned into PB513b1 vector digested with ECoRI and Xbal, respec-
tively. Plasmid bearing LC-IRES-HC sequences was previously constructed in our lab [22].
LC-IRES-HC fragment was excised with Nhel and NotI and inserted in PB513b1 vector to
create CMV-IRES vector [23]. Promoter region (positions —1473 to —16 to the initiating

ATG) derived from CHEF-1 gene (Genbank accession number AY188393) was synthesized by
GeneScript [9, 10]. To generate the vectors employing CHEF promoter for expression of the
antibody, CMV sequence of CMV-F2A and CMV-IRES vectors was cut by Spel and Nhel
digestion and substituted by sequences coding CHEF promoter. The accuracy of all recombi-
nant vectors was validated by restriction analysis and DNA sequencing.

Cell culture

Free Style™ CHO-S cells (Gibco, Life Technology, USA) were cultured in suspension using
proCHO5™ medium (Lonza AG, Verviers, Belgium) supplemented with 4mM L-glutamine
(Gibco, Life Technology, US), anticlumping, pluronic acid, and Pen-Strep (Gibco, Life Tech-
nology, US). Cells were maintained in T-Flak (Greiner, Belgium) or shaken in cylindrical glass
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bottles and incubated at 37°C in a 5% CO, incubator. CHO-S cells were routinely subcultured
every 3-4 days, and at each passage, 5*10° cells per milliliter were seeded. Cell density and via-
bility were determined by trypan blue using a hemacytometer.

Transfection

CHO-S cells were transfected with constructed vectors using X-tremeGENE HP DNA trans-
fection reagent (Roche, Germany). Prior to transfection, plasmids were purified, using plasmid
mini-kit (Roche, Germany) and 7.5*10° cell/well with 90% confluency were seeded in a 6-well
plate (Greiner, Belgium). Plasmid DNA was complexed with DNA transfection reagent at a
ratio of 1:3 according to the manufacturer’s instructions. The mixture of 3 pg plasmid DNA
and 9 pl transfection reagent in the final volume of 300pl serum free media (SEM) was pre-
pared. After 30 minutes incubation at room temperature, the complex solution was added
drop-wise to each well. Since green fluorescent protein (GFP) was co-expressed on the same
expression vectors, transfection efficiency in transfected cell population was analyzed by flow
cytometry method. All transfections were carried out in triplicate.

Development of stable CHO-S cell lines expressing mAb

Generation of stable CHO cell pools expressing mAb was achieved by introduction of four
expression vectors. CHO-S cells were transfected with recombinant vectors as described ear-
lier. Forty eight hours after transfection, an antibiotic selection started by adding medium con-
taining selection marker to the cells. The media was removed and replaced with proCHO5™
medium containing 10ug/ml puromycin (Sigma, USA). The optimum concentration of puro-
mycin was determined based on minimum inhibitory concentration (MIC) assay. Cells were
routinely passaged with selection media. When the cell viability recovered above 80%, they
were transferred from the 6-well plate to T-25 flask. Cells were cultured for 25 more days with
continuous puromycin selection until a pool of puromycin resistant stable cells expressing
mADb was selected. Culture supernatants of stable cell pools were analyzed by ELISA.

Stability studies

To evaluate the long-term stability of mAb expression, the cell pools were maintained in sus-
pension culture without any antibiotic pressure. Approximately, every 14 days, expressed mAb
was screened by ELISA. This study was performed for 18 weeks.

Clonal selection

Single cell clones were obtained by limiting dilution technique. Cells from stable cell pools
were seeded in 96 well plates at a density of 0.5-1 cell per well. Cells were kept for 21 to 28
days, till individual colonies were formed. The positive clones were picked up and cultured
separately in 24 well plates and subsequently expanded in a 6-well plate. After 7 days, the cell
culture supernatants were collected, and mAb concentration was measured by ELISA.

ELISA assay

The antibody titer in cell supernatants was measured using a sandwich-ELISA assay. The
96-well plates were coated with rabbit anti-human IgG-Fc gamma secondary (Pierce, Thermo
Fisher Scientific, US) which was diluted 1:16000 in carbonate/bicarbonate buffer, pH 9.6. After
an overnight incubation at 4°C, the plates were washed twice with PBS containing 0.05%
tween-20 (PBST) and then blocked with 150 pl of BSA 0.5% (Roche, Germany) for one hour at
37°C. Following three washes with PBST, the plates were coated with 100 pl cells supernatants
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for one hour at 37°C. After three-step washes, horseradish peroxidase-conjugated goat anti-
human IgG (Sigma, Germany) was diluted 1:20,000 in PBS, and 100 ul per well was added.
The plates were incubated at 37°C for one hour. After washing the plates with PBST for three
times, 100 pl 3,3’,5,5’-tetramethylbenzidine (TMB) (Sigma, USA) was added and developed at
room temperature for fifteen minutes. The reaction was stopped by adding 100 ul H,SO, (2N).
The reaction absorbance was read at 450 nm, and protein concentration was estimated based
on the human IgG1 standard curve.

Purification

The supernatant of CHO-S stable cell pools expressing antibody was collected after 10 days.
The supernatant was harvested by centrifuging at 7000 rpm for 30 min followed by filtration
with 0.22 membranes. Supernatant containing antibody was purified using Protein-A column
(GE Healthcare, Sweden). Following the column equilibration with PBS Buftfer, the sample
was directly loaded on the column. Column loading was controlled by measuring the absor-
bance at 280nm. After sample loading, the column was washed with equilibration buffer.
Then, the bound antibody was eluted with 0.1 M sodium citrate buffer, pH 3. Eluted fractions
were collected and neutralized with 2M Tris-HCI, pH 8. They were analyzed by SDS-PAGE
and western- blotting.

SDS- PAGE and western blotting

Purified antibodies were subjected to electrophoresis on 12% SDS-PAGE gels using a Mini-
PROTEAN II apparatus (Bio-Rad, USA). Twenty five microliters of each fraction were dena-
tured and reduced in SDS sample buffer and finally loaded on the gel. The gel was stained with
coomassie brilliant-blue. Following separation of samples on SDS-PAGE, western blot was
performed. Samples were transferred to nitrocellulose membrane employing a semi-dry sys-
tem (BioRad, USA). After an overnight incubation of the membrane with skim milk 5%, the
membrane was washed three times with PBST. Later, it was incubated with 1:1000 diluted
horseradish peroxidase-conjugated goat anti-human IgG (Sigma, Germany) for two hours and
then washed three times with PBST. Finally, the color was developed in 3,3’-diaminobenzidine
tetrahydrochloride (DAB) (Sigma, Germany) for 3-5 min. Relative intensities of the protein
bands for each lane were quantified using the Quantity One software (BioRad). Furin cleavage
efficiency was calculated based on the following formula: cleavage efficiency = cleaved form/
(cleaved form+ uncleaved form) [24].

Quantification of transgene expression by real-time PCR

The relative expression level of mAb mRNA in transfected cell lines was quantified using
Quantitative Real Time PCR (qRT-PCR). Total RNA was extracted from 1* 10° cells using TRI-
zol reagent (Sigma, US). RNA concentration and purity was measured by its absorbance at 260
and 280 nm. To remove potential contamination of genomic DNA, one microgram of isolated
RNA was treated with DNase I (Fermentas, Thermo Fisher Scientific, US). First strand compli-
mentary DNA, cDNA, was prepared using cDNA synthesis kit (Roche, Germany) according
to the manufacturer’s instruction. For each reaction, 1pug RNA /10 pl of final volume was used.
cDNA was diluted 1:5 in RNase-free water, and qRT-PCR reactions were performed using
Sybr-Green PCR Master Mix (Applied Biosystems, USA) in a final volume of 10 pl. Primer
design was performed using the Primer3 software. The respective primers are listed in Table 2.
Glyceraldehyde-phosphate dehydrogenase (GAPDH) was used as a reference gene. The
qRT-PCR assays were performed on the Applied Biosystems 7500 Real Time PCR system
(Applied Biosystems, USA), using the following cycling parameters: initial 10 min activation
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Table 2. Oligonucleotides used for analysis of mMRNA levels and relative gene copy numbers by quantitative real-time PCR.

Target gene
Light Chain
B- Actin
GAPDH*

Forward primers (5'-3") Reverse primers (5-3")
CAGAGTGTGGACTACGATGGAGAC CGGAGCCTGAGAACCTGGATG
GAAGTGTGACGTCGACATCCGCARAGAC GGTTGACCTGGAAGGGCCCATCATG
CACTCTTCCACCTTTGATGCTG GTCCACCACTCTGTTGCTGTAGC

*GAPDH, glyceraldehyde-phosphate dehydrogenase

https://doi.org/10.1371/journal.pone.0185967.t1002

step at 95°C followed by 40 cycles of amplification, 15 sec denaturation at 95°C, 40 sec anneal-
ing at 65°C, and 35 sec extension at 60°C. All reactions were performed in triplicate. Amplifi-
cation efficiencies were calculated by making a serial dilution of the target template and
determining the CT value for each dilution. Data collected from qRT-PCR detection system
were analyzed using relative quantification methods [25].

Recombinant gene copy numbers quantification

Genomic DNA was extracted from 1*10° cells and purified using the DNA isolation kit
(Roche). The quality and concentration of DNA were determined measuring absorbance at
260/280 nm. Gene copy number (GCN) of antibody based on the light chain gene was quanti-
fied by qRT-PCR. 20 ng genomic DNA of each cell pool was used per reaction. Oligonucleo-
tide sequences are summarized in Table 2. The qRT-PCR run was carried out as following:
stage 1, 95°C for 10 min; stage 2, 95°C for 15 sec, 65°C for 40 sec, and 60°C for 35 sec which
was repeated 40 times. Each run was conducted in triplicate. Raw data were analyzed as
described by Osterlehner et al. [26].

Results
Insertion of furin recognition site and 2A sequences

Generation of the fused PCR product, LC-Furin-2A-HC fragment, through overlap extension
PCR is schematically shown in Fig 2. Light and heavy chain genes were amplified by two sepa-
rate PCR reactions. Desired bands were observed at the positions of 780 and 1500 base pairs
(bp) related to light and heavy chains. Overlapping sequences down-stream of the light chain
and upstream of the heavy chain served as primers for the second PCR steps and contained
furin/2A sequences. In the second round of PCR, both fragments were joined to form
LC-Furin-2A-HC fragment. EcoRI and Xbal restriction enzyme sites were introduced in the
upstream of the light and downstream of the heavy chain, respectively, which were used for
insertion into the desired vectors.

Development and evaluation of mAb expressing cell pools

Stable CHO-S cell lines expressing monoclonal antibody were generated by transfection of
four different vectors. 48 hours post-transfection, cells showed viability above 80% and 25-
30% of the cells expressed GFP. Stable cell pools were generated by culturing cells in puromy-
cin containing media, and the selection process continued for a month. Measuring antibody
titers in cell supernatants by ELISA assay indicated that CHEF promoter elicited higher
expression in comparison to CMV promoter in both 2A and IRES expression systems
although this difference was more noticeable in cell pools containing 2A-self cleavage
sequences. In F2A system, the CHEF promoter enhanced antibody expression 2.5-2.8 fold
more than CMV promoter while in IRES-systems minor differences were detected between
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two promoters. Considering the effect of both promoters and linkers, CHEF-F2A construct
had the highest expression followed by CMV-F2A, CHEF-IRES, and CMV-IRES (Fig 3).

To investigate the correlation between mAb expression and its mRNA levels in four gener-
ated cell pools, QRT-PCR was performed. qRT-PCR analysis (Fig 3) confirmed the ELISA data
and indicated that cells transfected with CHEF-F2A vector exhibited the highest expression in
both the mRNA and protein levels.

Purification and western-blot analysis of expressed mAbs

The monoclonal antibody was purified from the supernatant of cell culture using protein-A
affinity chromatography. The purified products were separated by 12% commassie brilliant
blue-stained SDS-PAGE, a 150 kDa band in non-reducing condition, and two bands of 50 kDa
and 25kDa were observed in the reducing condition (Fig 4). The purified mAb was also evalu-
ated by western-blotting (Fig 4). The detected bands in western blot were consistent with those
detected on SDS-PAGE.

The antibodies expressed by F2A-mediated vectors were further analyzed under reducing
conditions by western-blot. Interestingly, product patterns were not similar in all triplicate cell
pools. Light chains with various molecular weights were detected (Fig 5). The expressed anti-
body had three bands at approximately 25, 28, and 30 kDa, corresponding to the light chains
regardless of the promoter type. Complete cleavages at both 2A and furin recognition site
would result in a 25 kDa light chain. Presence of bands at about 28 and 30 kDa could be
explained by incomplete cleavage of furin or incorporated HC signal peptide, respectively.
Lower intensity of the 30 kDa band in comparison to the other two bands and the absence of a
higher molecular weight band corresponding to the fusion protein, LC-Furin-2A-HC, implies
that 2A peptides cleaved more efficiently than furin. Relative intensities of these bands are
demonstrated in Table 3.
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vectors containing either IRES or F2A sequences and different promoters (CHEF or CMV). Levels of mAb and
mRNA expression were measured by ELISA and gRT-PCR respectively. Black bars represent the mAb titer
and gray bars represent mRNA fold induction. The error bars represent the standard deviation of three
independent measurements.

https://doi.org/10.1371/journal.pone.0185967.g003

Evaluating the expression stability of cell pools generated by F2A
system

Since the long-term stability of the transgene expression is one of the major criteria in the
development of stable cell line, the production stability was evaluated over several population
doublings. To determine the impact of different promoters on the stability of mAb expression,
cell pools with higher expression (CHEF-F2A and CMV-F2A) was monitored for 18 weeks in
the absence of the selective pressure. Every two weeks, cell expression was assessed by ELISA.
A correlation between the expression level and stability was observed. On average, cell pools
generated using CHEF-F2A vector maintained about 35% of their initial expression level
which was, twice more than those generated using CMV promoter (Fig 6).

Clonal selection

To evaluate and compare clonal expression of higher producer cell pools, clones were gener-
ated from cell pools by limiting dilution. 73 clones per CMV-F2A and 67 clones per
CHEEF-F2A cell pools were screened for antibody expression to identify the higher producer
clones. Clonal expression varied between 5 to 140 ng/ml. Clones derived from the transfection
of CHEF-F2A construct showed higher expression level compared to clones derived from
CMV-F2A cell pools (Fig 7). As it has been indicated in Fig 7, about 8% of the clones obtained
from CHEF-F2A cell pools expressed the mAb at more than 80 ng/ml while none of the clones
derived from CMV-F2A cell pools expressed the mAbD at this concentration. Of note, 23% of
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Fig 4. SDS-PAGE and Western blot analysis of purified mAb in stable cell pools transfected with four bicistronic vectors.
Supernatants of three different cell pools were purified using protein-A. Purified samples were analyzed with SDS-PAGE and western blot
under reducing and non-reducing condition. Commercial IgG1 was used as a positive control. (A) SDS-PAGE profile of purified samples in
reduced state, lane 1; Protein molecular ladder, 2; CHEF-F2A, 3; CMV-F2A, 4; CHEF-IRES, 5; CMV-IRES, 6; positive control. (B)
SDS-PAGE profile of purified samples in non- reduced state, lane 1; CMV-IRES, 2; CHEF-IRES, 3; CMV-F2A, 4; CHEF-F2A, 5; protein
molecular ladder. (C) Western blot analysis of samples under reducing condition, lane 1; protein molecular ladder, 2; CHEF-F2A, 3;
CMV-F2A, 4; CHEF-IRES, 5; CMV-IRES, 6; positive control. (D) Western blot analysis of purified samples in non- reduced state, lane 1;
CMV-IRES, 2; CHEF-IRES, 3; CMV-F2A, 4; CHEF-F2A, 5; protein molecular ladder.

https://doi.org/10.1371/journal.pone.0185967.9004

single clones derived from the CHEF-F2A cell pools expressed the mAb lower than 10 ng/ml
while about 9% of CMV-F2A single clones exhibited this level of expression.

Determining copy number

Gene copy number (GCN) of integrated transgene in the host genome was calculated by
qRT-PCR. The stable cell pools transfected with either CHEF-F2A or CHEEF-IRES vector con-
tained fewer copies of the transgene compared with the cell pools transfected either CMV-F2A
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Fig 5. Western blot analyses of purified mAb in triplicate stable cell pools transfected with vectors bearing F2A-mediated
expression system. Light chains with various molecular weights (25, 28 & 30 kDa) were detected. Triplicates of each stable pool were

shown with 1, 2 and 3. (A) Lane 1; CHEF-F2A (2), lane 2; CHEF-F2A (3), lane 3; protein molecular ladder. (B) Lane 1; protein molecular
ladder, lane 2; CMV-F2A (1), lane 3; CMV-F2A (3).

https://doi.org/10.1371/journal.pone.0185967.9005

or CMV-IRES vectors (Fig 8). Comparing GCN with relative mRNA expression, no correla-
tion was found. Cell pools transfected with CMV-based vectors’” had higher GCN, but lower
mRNA expression in comparison to stable cell pools which received the CHEF-based
plasmids.

Discussion

Employing strong promoters is an essential parameter for mAb expression in CHO cells.
Although CMYV is the most commonly used promoter for recombinant protein production in
CHO cells, several studies have described its potential silencing and inactivation [7]. The
CHO-derived elongation factor-1 promoter (CHEF-1) has been described as a promising tool
for driving high-level expression in mammalian cells compared to other kinds of promoters
[9]. CHEFI1-based expression vector containing the 4.1 kb upstream and 4.2 kb downstream
flanking regions of the CHO-EF1 gene was used to express recombinant proteins in mamma-
lian cells [9]. Although these flanking sequences improve expression considerably, their incor-
poration into the promoter region leads to an increase in the vector size which could cause
difficulties in cells transfection and genomic stability [27]. Formerly, the efficiency of CHEF
promoter region excluding flanking regions was examined for expression of enhanced green
fluorescent protein, EGFP, in stem cells and CHO-K1 cells. Considering these investigations,

Table 3. Analysis of furin cleavage efficiency in triplicate stable cell pools transfected with either CHEF-F2A or CMV-F2A vector. Cleavage effi-
ciency was calculated by estimating density of cleaved form/ (cleaved form+ uncleaved form).

Cell Pools 25(kDa) 28(kDa) 30 (kDa) Furin cleavage efficiency
CMV-F2A (1) 90% 5.5% 4% 90%
CMV-F2A (2) 75% 14% 11% 75%
CMV-F2A (3) 8% 81% 10% 8%

CHEF-F2A (1) 95% 3.5% 1.5% 95%
CHEF-F2A (2) — 100% — 0%
CHEF-F2A (3) — 96.5% 3.5% 0%

https://doi.org/10.1371/journal.pone.0185967.t003
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Fig 6. Analysis of the stability of antibody expression over time by stable cell pools transfected with
two vectors containing F2A sequences. Both stable cells were cultivated for 18 weeks upon removal of
puromycin as a selection marker. Every 2 weeks, antibody expression was monitored and measured by
ELISA. The other pools exhibited the same expression pattern; the data from one of them was represented.

https://doi.org/10.1371/journal.pone.0185967.g006

CHEF promoter region [10] was employed for expression of recombinant monoclonal anti-
bodies and comparison of its strength with CMV promoter in CHO-S cells. This is the first
report on applying CHEF promoter region to drive mAb expression in CHO-S cells.

To study the efficiency of CHEF and CMV promoters for the expression of mAb in stably
transfected CHO-S cells, four bicistronic vectors were designed. These constructs comprised
either IRES or 2A self-cleavable sequence and expressed mAb under the control of either
CMV or CHEF promoters.

Stable cell lines expressing monoclonal antibody were produced using constructed vectors.
The results in both mRNA and protein levels showed that stable cell pools containing vectors
with CHEF promoter had higher expression level in comparison with cell pools containing
CMV promoter. Interestingly, this enhancement was more significant in cell pools expressing
antibody via F2A system. Additionally, the CHEF-F2A vector demonstrated 2.5-2.8 times
higher expression in comparison to the CMV-F2A promoter. This observation was consistent
with another study which reported that the activity of CHEF promoter to be 2.5 to 3.5 fold
higher than CMV promoter in both HES-2 and HES-3 cell lines [10]. However, Ho. et al
described CHO EF1-a promoter gave lower EGFP expression than CMV promoter in stably
transfected CHO K1 cells [28].

While single clones derived from CHEF-F2A and CMV-F2A cell pools were analyzed,
expression level of CHEF-F2A single cells was notable. Although the high producer clones
were obtained from CHEF-F2A cell pools, the percentage of low producer (< 10ng/ml) was
more than CMV-F2A single clones. Growth advantage of low- producer population over high
producer population could lead to appearance of more low- producer clonal cell received
CHEF promoter [29]. Site of integration of CHEF promoter in CHO genome, which was
intrinsically random, might be one factor for heterogene expression of clones. Kaufman and
his colleges showed that site of integration could cause heterogenous expression of transgene.
They hypothesized that such loci might be favorable for expression of antibiotic resistance
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Fig 7. Screening of clonal cell lines established from each stable cell pools transfected with vectors containing F2A sequences.
Single cell were generated from CHEF-F2A and CMV-F2A cell pools by limiting dilution technique and expanded for additional analysis. The
level of antibody expression was determined by ELISA. (A) Measuring the level of antibody expressed by clonal cell lines derived from
CHEF-F2A cell pool. (B) Measuring the level of antibody expressed by clonal cell lines derived from CMV-F2A cell pool. (C) Clonal cell lines
recovered from both cell pools were categorized according to level of antibody expression. The percentage of cell lines in each group was
indicated.

https://doi.org/10.1371/journal.pone.0185967.9007

gene, but it could not support expression of transgene [30]. However further analyses of clones
are needed to address these clonal variations.

Comparing two bicistronic systems, it was revealed that F2A-system was more efficient
than IRES based vectors in mAb expression which was in agreement with previous reports
[17,31-35]. CHEF-F2A vector showed the highest expression of other transfectants. These
findings suggested that apart from promoters, vector design in terms of linker choices had
great impacts on the expression of monoclonal antibody.

Furthermore, no correlation between the plasmid copy number and the expression level
of mADb was observed. For example, cells expressing the transgene under the control of CMV
promoter received more copies of the plasmid. However they had lower transcription and
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Fig 8. Analysis of integrated transgene copy number in stable cell pools transfected by four
bicistronic vectors. Antibody copy number based on light chain copy number was calculated by gRT-PCR.
The error bars represent the standard deviation of three independent measurements.

https://doi.org/10.1371/journal.pone.0185967.9008

expression level. The results are consistent with former studies in which GCN did not reflect
the content of mRNA [36]. Studies have shown that mammalian cells lines which contain
higher copies of the heterologous plasmids were are susceptible to silencing [37, 38], and
early methylation coincide with high transgene copy numbers [26]. Since CMV-F2A and
CMV-IRES transfected cells carried more copies of transgene than cells receiving CHEF-F2A
and CHEF-IRES vectors, their lower expression might be due to gene silencing.

As higher expression level was achieved via F2A constructs, we performed additional exper-
iments to analyze the expression of the mAb in cell pools bearing F2A vectors. First, we evalu-
ated the long-term expression of antibody in these cell pools upon the removal of the selective
pressure. After 18 weeks, CHEF promoter harboring cells retained 35% of their mAb expres-
sion level while cells having CMV promoter gradually lost their expression, and only 10% of
their mAD expression retained. Reduction in the expression of the mAb via CMV promoter
over time can be caused by promoter silencing [39, 40] due to DNA methylation [7, 26] or loss
of activating histone modifications [41-43].

Second, we analyzed the expressed antibody by western blotting. Western blot analysis of
antibody expressed via IRES-mediated vectors showed two distinct bands of 25 kDa and 50
kDa corresponding to the LC and HC, respectively However antibody expressed by F2A sys-
tem had three distinct bands of 25, 28, and 30 kDa, corresponding to the light chain. It has
been proposed that different arrangments of the antibody chains and furin recognition site
can influence the performance of furin [31]. However, when we placed the LC gene upsreatm
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of the furin recognition site, we did not observe complete cleavage of furin. In agreement with
our studies, several other investigations have also indicated that furin could not cleave effi-
ciently when either LC or HC were arranged as a first cisteron [31, 44, 45]. Furthermore, dif-
ferent furin cleavage patterns were detected in the cell pools receiving either CHEF-F2A or
CMV-F2A vectors. Considering these finding, it appears that factors other than the arrange-
ment of the light and heavy chains affect the hydrolysis activity of furin. To give an illustration,
Fang et al. observed complete furin cleavage upon expression of mAb in vivo (Rat) [19] while
furin could not cleave completely when mAbs were expressed in CHO and HEK 293T cells
[31, 44, 45]. Also, some reports have demonstrated that secretory pathway of CHO cells is not
able to provide sufficient amount of proteolytic enzymes to support the complete processing of
the recombinant proteins. To ensure complete cleavage of furin to obtain antibody chains with
correct size, it is suggested to co-express full-length furin in CHO cells [46-49].

In conclusion, we have been able to show that CHEF-F2A system elicits higher expression
level and stability compared with other studied constructs and hence it is a viable system for
successful expression of antibodies. However, further studies to improve both the level and sta-
bility of the expression and efficiency of the furin cleavage are required.

Acknowledgments

Dr. Reza Moazami Godarzi is acknowledged for their kindly technical assistance.

Author Contributions

Investigation: Fereidoun Mahboudi.

Methodology: Maryam Ahmadi, Fatemeh Nematpour, Farzaneh Barkhordari, Reza Mahdian.
Project administration: Fereidoun Mahboudi.

Supervision: Fereidoun Mahboudi.

Writing - original draft: Saeedeh Ebadat.

Writing - review & editing: Samira Ahmadi, Fatemeh Davami, Fereidoun Mahboudi.

References

1. Rasmussen SK, Naested H, Muller C, Tolstrup AB, Frandsen TP. Recombinant antibody mixtures: pro-
duction strategies and cost considerations. Archives of biochemistry and biophysics. 2012; 526(2):139—
45. Epub 2012/07/24. https://doi.org/10.1016/j.abb.2012.07.001 PMID: 22820097.

2. Frenzel A, Hust M, Schirrmann T. Expression of Recombinant Antibodies. Frontiers in Immunology.
2013; 4:217. https://doi.org/10.3389/fimmu.2013.00217 PMID: 23908655

3. Chon JH, Zarbis-Papastoitsis G. Advances in the production and downstream processing of antibodies.
New biotechnology. 2011; 28(5):458—-63. Epub 2011/04/26. https://doi.org/10.1016/j.nbt.2011.03.015
PMID: 21515428.

4. ZhudJ. Mammalian cell protein expression for biopharmaceutical production. Biotechnology advances.
2012; 30(5):1158-70. Epub 2011/10/05. https://doi.org/10.1016/j.biotechadv.2011.08.022 PMID:
21968146.

5. Khan KH. Gene Expression in Mammalian Cells and its Applications. Advanced Pharmaceutical Bulle-
tin. 2013; 3(2):257-63. https://doi.org/10.5681/apb.2013.042 PMID: 24312845

6. RitaCosta A, Elisa Rodrigues M, Henriques M, Azeredo J, Oliveira R. Guidelines to cell engineering for
monoclonal antibody production. European journal of pharmaceutics and biopharmaceutics: official
journal of Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik eV. 2010; 74(2):127-38. Epub
2009/10/27. https://doi.org/10.1016/j.ejpb.2009.10.002 PMID: 19853660.

7. Yang, Mariati, Chusainow J, Yap MG. DNA methylation contributes to loss in productivity of monoclo-
nal antibody-producing CHO cell lines. Journal of biotechnology. 2010; 147(3—4):180-5. Epub 2010/05/
01. https://doi.org/10.1016/j.jbiotec.2010.04.004 PMID: 20430058.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185967 October 12, 2017 15/18


https://doi.org/10.1016/j.abb.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22820097
https://doi.org/10.3389/fimmu.2013.00217
http://www.ncbi.nlm.nih.gov/pubmed/23908655
https://doi.org/10.1016/j.nbt.2011.03.015
http://www.ncbi.nlm.nih.gov/pubmed/21515428
https://doi.org/10.1016/j.biotechadv.2011.08.022
http://www.ncbi.nlm.nih.gov/pubmed/21968146
https://doi.org/10.5681/apb.2013.042
http://www.ncbi.nlm.nih.gov/pubmed/24312845
https://doi.org/10.1016/j.ejpb.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19853660
https://doi.org/10.1016/j.jbiotec.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20430058
https://doi.org/10.1371/journal.pone.0185967

@° PLOS | ONE

Effect of different promoters and linker in monoclonal antibody expression in CHO cells

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Brooks AR, Harkins RN, Wang P, Qian HS, Liu P, Rubanyi GM. Transcriptional silencing is associated
with extensive methylation of the CMV promoter following adenoviral gene delivery to muscle. The jour-
nal of gene medicine. 2004; 6(4):395—404. Epub 2004/04/14. https://doi.org/10.1002/jgm.516 PMID:
15079814.

Running Deer J, Allison DS. High-level expression of proteins in mammalian cells using transcription
regulatory sequences from the Chinese hamster EF-1alpha gene. Biotechnology progress. 2004; 20
(3):880-9. Epub 2004/06/05. https://doi.org/10.1021/bp034383r PMID: 15176895.

Chan KK, Wu SM, Nissom PM, Oh SK, Choo AB. Generation of high-level stable transgene expressing
human embryonic stem cell lines using Chinese hamster elongation factor-1 alpha promoter system.
Stem cells and development. 2008; 17(4):825-36. Epub 2008/09/16. https://doi.org/10.1089/scd.2008.
0233 PMID: 18788934.

Ho SC, Koh EY, van Beers M, Mueller M, Wan C, Teo G, et al. Control of IgG LC:HC ratio in stably
transfected CHO cells and study of the impact on expression, aggregation, glycosylation and conforma-
tional stability. Journal of biotechnology. 2013; 165(3—4):157—66. Epub 2013/04/16. https://doi.org/10.
1016/j.jbiotec.2013.03.019 PMID: 23583871.

Chartrain M, Chu L. Development and production of commercial therapeutic monoclonal antibodies in
Mammalian cell expression systems: an overview of the current upstream technologies. Current phar-
maceutical biotechnology. 2008; 9(6):447—67. Epub 2008/12/17. PMID: 19075685.

Ho SCL, Tong YW, Yang Y. Generation of monoclonal antibody-producing mammalian cell lines. Phar-
maceutical Bioprocessing. 2013; 1(1):71-87. https://doi.org/10.4155/pbp.13.8

Martinez-Salas E. Internal ribosome entry site biology and its use in expression vectors. Current opinion
in biotechnology. 1999; 10(5):458—64. Epub 1999/10/06. PMID: 10508627.

Mountford PS, Smith AG. Internal ribosome entry sites and dicistronic RNAs in mammalian transgen-
esis. Trends in genetics: TIG. 1995; 11(5):179-84. Epub 1995/05/01. https://doi.org/10.1016/S0168-
9525(00)89040-X PMID: 7540337.

Kaufman RJ, Davies MV, Wasley LC, Michnick D. Improved vectors for stable expression of foreign
genes in mammalian cells by use of the untranslated leader sequence from EMC virus. Nucleic Acids
Research. 1991; 19(16):4485-90 PMID: 1653417

Fang J, Qian J-J, Yi S, Harding TC, Tu GH, VanRoey M, et al. Stable antibody expression at therapeutic
levels using the 2A peptide. Nat Biotech. 2005; 23(5):584—90.

Jostock T, Dragic Z, Fang J, Jooss K, Wilms B, Knopf HP. Combination of the 2A/furin technology with
an animal component free cell line development platform process. Applied microbiology and biotechnol-
ogy. 2010; 87(4):1517-24. Epub 2010/05/13. https://doi.org/10.1007/s00253-010-2625-0 PMID:
20461511.

FangJ, Yi S, Simmons A, Tu GH, Nguyen M, Harding TC, et al. An antibody delivery system for regu-
lated expression of therapeutic levels of monoclonal antibodies in vivo. Molecular therapy: the journal of
the American Society of Gene Therapy. 2007; 15(6):1153-9. Epub 2007/03/22. https://doi.org/10.1038/
sj.mt.6300142 PMID: 17375065.

Nematpour F, Mahboudi F, Vaziri B, Khalaj V, Ahmadi S, Ahmadi M, et al. Evaluating the expression
profile and stability of different UCOE containing vector combinations in mAb-producing CHO cells.
BMC Biotechnology. 2017; 17(1):18. https://doi.org/10.1186/s12896-017-0330-0 PMID: 28228095

Sambrook J. Molecular cloning: a laboratory manual / Joseph Sambrook, David W. Russell. Russell
DW, Cold Spring Harbor L, editors. Cold Spring Harbor, N.Y: Cold Spring Harbor Laboratory; 2001.

Ahmadi M, Mahboudi F, Akbari Eidgahi MR, Nasr R, Nematpour F, Ahmadi S, et al. Evaluating the effi-
ciency of phiC31 integrase-mediated monoclonal antibody expression in CHO cells. Biotechnology
progress. 2016; 32(6):1570-6. https://doi.org/10.1002/btpr.2362 PMID: 27604579

Ahmadi S, Davami F, Davoudi N, Nematpour F, Ahmadi M, Ebadat S, et al. Monoclonal antibodies
expression improvement in CHO cells by PiggyBac transposition regarding vectors ratios and design.
PloS one. 2017; 12(6):€0179902. https://doi.org/10.1371/journal.pone.0179902 PMID: 28662065

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. https://doi.org/10.1371/journal.pone.0018556 PMID: 21602908

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29(9):e45. Epub 2001/05/09. PMID: 11328886

Osterlehner A, Simmeth S, Gopfert U. Promoter methylation and transgene copy numbers predict
unstable protein production in recombinant Chinese hamster ovary cell lines. Biotechnology and bioen-
gineering. 2011; 108(11):2670-81. Epub 2011/05/28. https://doi.org/10.1002/bit.23216 PMID:
21618470.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185967 October 12, 2017 16/18


https://doi.org/10.1002/jgm.516
http://www.ncbi.nlm.nih.gov/pubmed/15079814
https://doi.org/10.1021/bp034383r
http://www.ncbi.nlm.nih.gov/pubmed/15176895
https://doi.org/10.1089/scd.2008.0233
https://doi.org/10.1089/scd.2008.0233
http://www.ncbi.nlm.nih.gov/pubmed/18788934
https://doi.org/10.1016/j.jbiotec.2013.03.019
https://doi.org/10.1016/j.jbiotec.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23583871
http://www.ncbi.nlm.nih.gov/pubmed/19075685
https://doi.org/10.4155/pbp.13.8
http://www.ncbi.nlm.nih.gov/pubmed/10508627
https://doi.org/10.1016/S0168-9525(00)89040-X
https://doi.org/10.1016/S0168-9525(00)89040-X
http://www.ncbi.nlm.nih.gov/pubmed/7540337
http://www.ncbi.nlm.nih.gov/pubmed/1653417
https://doi.org/10.1007/s00253-010-2625-0
http://www.ncbi.nlm.nih.gov/pubmed/20461511
https://doi.org/10.1038/sj.mt.6300142
https://doi.org/10.1038/sj.mt.6300142
http://www.ncbi.nlm.nih.gov/pubmed/17375065
https://doi.org/10.1186/s12896-017-0330-0
http://www.ncbi.nlm.nih.gov/pubmed/28228095
https://doi.org/10.1002/btpr.2362
http://www.ncbi.nlm.nih.gov/pubmed/27604579
https://doi.org/10.1371/journal.pone.0179902
http://www.ncbi.nlm.nih.gov/pubmed/28662065
https://doi.org/10.1371/journal.pone.0018556
http://www.ncbi.nlm.nih.gov/pubmed/21602908
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1002/bit.23216
http://www.ncbi.nlm.nih.gov/pubmed/21618470
https://doi.org/10.1371/journal.pone.0185967

@° PLOS | ONE

Effect of different promoters and linker in monoclonal antibody expression in CHO cells

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Orlova NA, Kovnir SV, Hodak JA, Vorobiev I, Gabibov AG, Skryabin KG. Improved elongation factor-1
alpha-based vectors for stable high-level expression of heterologous proteins in Chinese hamster ovary
cells. BMC Biotechnology. 2014; 14(1):1-12. https://doi.org/10.1186/1472-6750-14-56 PMID:
24929670

Ho SC, Mariati, Yeo JH, Fang SG, Yang Y. Impact of using different promoters and matrix attachment
regions on recombinant protein expression level and stability in stably transfected CHO cells. Molecular
biotechnology. 2015; 57(2):138—44. Epub 2014/10/14. https://doi.org/10.1007/s12033-014-9809-2
PMID: 25307181.

Barnes LM, Bentley CM, Dickson AJ. Stability of protein production from recombinant mammalian cells.
Biotechnology and bioengineering. 2003; 81. hitps://doi.org/10.1002/bit.10517 PMID: 12529877

Kaufman WL, Kocman I, Agrawal V, Rahn H-P, Besser D, Gossen M. Homogeneity and persistence of
transgene expression by omitting antibiotic selection in cell line isolation. Nucleic Acids Research.
2008; 36(17):e111—e. https://doi.org/10.1093/nar/gkn508 PMID: 18682524

Ho SC, Bardor M, Li B, Lee JJ, Song Z, Tong YW, et al. Comparison of internal ribosome entry site
(IRES) and Furin-2A (F2A) for monoclonal antibody expression level and quality in CHO cells. PloS
one. 2013; 8(5):e63247. Epub 2013/05/25. https://doi.org/10.1371/journal.pone.0063247 PMID:
23704898

Furler S, Paterna JC, Weibel M, Bueler H. Recombinant AAV vectors containing the foot and mouth dis-
ease virus 2A sequence confer efficient bicistronic gene expression in cultured cells and rat substantia
nigra neurons. Gene therapy. 2001; 8(11):864—73. Epub 2001/06/26. https://doi.org/10.1038/sj.gt.
3301469 PMID: 11423934.

Chan HY, V S, Xing X, Kraus P, Yap SP, Ng P, et al. Comparison of IRES and F2A-based locus-specific
multicistronic expression in stable mouse lines. PloS one. 2011; 6(12):e28885. Epub 2012/01/05.
https://doi.org/10.1371/journal.pone.0028885 PMID: 22216134

Ha SH, Liang YS, Jung H, Ahn MJ, Suh SC, Kweon SJ, et al. Application of two bicistronic systems
involving 2A and IRES sequences to the biosynthesis of carotenoids in rice endosperm. Plant biotech-
nology journal. 2010; 8(8):928—38. Epub 2010/07/24. https://doi.org/10.1111/j.1467-7652.2010.00543.
x PMID: 20649940.

Kuzmich Al, Vvedenskii AV, Kopantzev EP, Vinogradova TV. Quantitative comparison of gene co-
expression in a bicistronic vector harboring IRES or coding sequence of porcine teschovirus 2A peptide.
Russian Journal of Bioorganic Chemistry. 2013; 39(4):406—16. https://doi.org/10.1134/
S1068162013040122

Reisinger H, Steinfellner W, Stern B, Katinger H, Kunert R. The absence of effect of gene copy number
and mRNA level on the amount of mAb secretion from mammalian cells. Applied microbiology and bio-
technology. 2008; 81(4):701-10. Epub 2008/09/24. https://doi.org/10.1007/s00253-008-1701-1 PMID:
18810429.

Garrick D, Fiering S, Martin DI, Whitelaw E. Repeat-induced gene silencing in mammals. Nature genet-
ics. 1998; 18(1):56—-9. Epub 1998/01/13. https://doi.org/10.1038/ng0198-56 PMID: 9425901.

McBurney MW, Mai T, Yang X, Jardine K. Evidence for repeat-induced gene silencing in cultured Mam-
malian cells: inactivation of tandem repeats of transfected genes. Experimental cell research. 2002; 274
(1):1-8. Epub 2002/02/22. https://doi.org/10.1006/excr.2001.5443 PMID: 11855851.

Strutzenberger K, Borth N, Kunert R, Steinfellner W, Katinger H. Changes during subclone develop-
ment and ageing of human antibody-producing recombinant CHO cells. Journal of biotechnology. 1999;
69(2-3):215-26. Epub 1999/06/11. PMID: 10361728.

Chusainow J, Yang YS, Yeo JH, Toh PC, Asvadi P, Wong NS, et al. A study of monoclonal antibody-
producing CHO cell lines: what makes a stable high producer? Biotechnology and bioengineering.
2009; 102(4):1182-96. Epub 2008/11/04. https://doi.org/10.1002/bit.22158 PMID: 18979540.

Fadloun A, Le Gras S, Jost B, Ziegler-Birling C, Takahashi H, Gorab E, et al. Chromatin signatures and
retrotransposon profiling in mouse embryos reveal regulation of LINE-1 by RNA. Nature structural &
molecular biology. 2013; 20(3):332—-8. Epub 2013/01/29. https://doi.org/10.1038/nsmb.2495 PMID:
23353788.

Chen T, Dent SY. Chromatin modifiers and remodellers: regulators of cellular differentiation. Nature
reviews Genetics. 2014; 15(2):93-106. Epub 2013/12/25. https://doi.org/10.1038/nrg3607 PMID:
24366184

Bailey LA, Hatton D, Field R, Dickson AJ. Determination of Chinese hamster ovary cell line stability and
recombinant antibody expression during long-term culture. Biotechnology and bioengineering. 2012;
109(8):2093-103. Epub 2012/08/17. PMID: 22896849.

ChngJ, Wang T, Nian R, Lau A, Hoi KM, Ho SC, et al. Cleavage efficient 2A peptides for high level
monoclonal antibody expression in CHO cells. mAbs. 2015; 7(2):403—12. Epub 2015/01/27. https://doi.
org/10.1080/19420862.2015.1008351 PMID: 25621616

PLOS ONE | https://doi.org/10.1371/journal.pone.0185967 October 12, 2017 17/18


https://doi.org/10.1186/1472-6750-14-56
http://www.ncbi.nlm.nih.gov/pubmed/24929670
https://doi.org/10.1007/s12033-014-9809-2
http://www.ncbi.nlm.nih.gov/pubmed/25307181
https://doi.org/10.1002/bit.10517
http://www.ncbi.nlm.nih.gov/pubmed/12529877
https://doi.org/10.1093/nar/gkn508
http://www.ncbi.nlm.nih.gov/pubmed/18682524
https://doi.org/10.1371/journal.pone.0063247
http://www.ncbi.nlm.nih.gov/pubmed/23704898
https://doi.org/10.1038/sj.gt.3301469
https://doi.org/10.1038/sj.gt.3301469
http://www.ncbi.nlm.nih.gov/pubmed/11423934
https://doi.org/10.1371/journal.pone.0028885
http://www.ncbi.nlm.nih.gov/pubmed/22216134
https://doi.org/10.1111/j.1467-7652.2010.00543.x
https://doi.org/10.1111/j.1467-7652.2010.00543.x
http://www.ncbi.nlm.nih.gov/pubmed/20649940
https://doi.org/10.1134/S1068162013040122
https://doi.org/10.1134/S1068162013040122
https://doi.org/10.1007/s00253-008-1701-1
http://www.ncbi.nlm.nih.gov/pubmed/18810429
https://doi.org/10.1038/ng0198-56
http://www.ncbi.nlm.nih.gov/pubmed/9425901
https://doi.org/10.1006/excr.2001.5443
http://www.ncbi.nlm.nih.gov/pubmed/11855851
http://www.ncbi.nlm.nih.gov/pubmed/10361728
https://doi.org/10.1002/bit.22158
http://www.ncbi.nlm.nih.gov/pubmed/18979540
https://doi.org/10.1038/nsmb.2495
http://www.ncbi.nlm.nih.gov/pubmed/23353788
https://doi.org/10.1038/nrg3607
http://www.ncbi.nlm.nih.gov/pubmed/24366184
http://www.ncbi.nlm.nih.gov/pubmed/22896849
https://doi.org/10.1080/19420862.2015.1008351
https://doi.org/10.1080/19420862.2015.1008351
http://www.ncbi.nlm.nih.gov/pubmed/25621616
https://doi.org/10.1371/journal.pone.0185967

@° PLOS | ONE

Effect of different promoters and linker in monoclonal antibody expression in CHO cells

45.

46.

47.

48.

49.

LiM,WuY,QiuY, Yao Z, Liu S, Liu Y, et al. 2A peptide-based, lentivirus-mediated anti-death receptor
5 chimeric antibody expression prevents tumor growth in nude mice. Mol Ther. 2012; 20(1):46-53.
Epub 2011/09/22. https://doi.org/10.1038/mt.2011.197 PMID: 21934654

Chung NP, Matthews K, Kim HJ, Ketas TJ, Golabek M, de Los Reyes K, et al. Stable 293 T and CHO
cell lines expressing cleaved, stable HIV-1 envelope glycoprotein trimers for structural and vaccine
studies. Retrovirology. 2014; 11:33. Epub 2014/04/29. https://doi.org/10.1186/1742-4690-11-33 PMID:
24767177

Liu J, Jonebring A, Hagstrom J, Nystrom AC, Lovgren A. Improved expression of recombinant human
factor IX by co-expression of GGCX, VKOR and furin. The protein journal. 2014; 33(2):174-83. Epub
2014/02/26. https://doi.org/10.1007/s10930-014-9550-5 PMID: 24567122

Preininger A, Schlokat U, Mohr G, Himmelspach M, Stichler V, Kyd-Rebenburg A, et al. Strategies for
recombinant Furin employment in a biotechnological process: complete target protein precursor cleav-
age. Cytotechnology. 1999; 30(1-3):1-16. Epub 2008/11/13. https://doi.org/10.1023/
A:1008030407679 PMID: 19003349

Ayoubi TA, Meulemans SM, Roebroek AJ, Van de Ven WJ. Production of recombinant proteins in Chi-
nese hamster ovary cells overexpressing the subtilisin-like proprotein converting enzyme furin. Molecu-
lar biology reports. 1996; 23(2):87—95. Epub 1996/01/01. PMID: 8983022.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185967 October 12, 2017 18/18


https://doi.org/10.1038/mt.2011.197
http://www.ncbi.nlm.nih.gov/pubmed/21934654
https://doi.org/10.1186/1742-4690-11-33
http://www.ncbi.nlm.nih.gov/pubmed/24767177
https://doi.org/10.1007/s10930-014-9550-5
http://www.ncbi.nlm.nih.gov/pubmed/24567122
https://doi.org/10.1023/A:1008030407679
https://doi.org/10.1023/A:1008030407679
http://www.ncbi.nlm.nih.gov/pubmed/19003349
http://www.ncbi.nlm.nih.gov/pubmed/8983022
https://doi.org/10.1371/journal.pone.0185967

