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Abstract: Monoclonal antibodies (mAbs) have demonstrated tremendous effects on the treatment
of various disease indications and remain the fastest growing class of therapeutics. Production
of recombinant antibodies is performed using mammalian expression systems to facilitate native
antibody folding and post-translational modifications. Generally, mAb expression systems utilize
co-transfection of heavy chain (hc) and light chain (lc) genes encoded on separate plasmids. In this
study, we examine the production of two FDA-approved antibodies using a bidirectional (BiDi)
vector encoding both hc and lc with mirrored promoter and enhancer elements on a single plasmid,
by analysing the individual hc and lc mRNA expression levels and subsequent quantification of
fully-folded IgGs on the protein level. From the assessment of different promoter combinations,
we have developed a generic expression vector comprised of mirrored enhanced CMV (eCMV)
promoters showing comparable mAb yields to a two-plasmid reference. This study paves the way to
facilitate small-scale mAb production by transient cell transfection with a single vector in a cost- and
time-efficient manner.

Keywords: monoclonal antibodies; promoters; bidirectional; antibody production; upstream processing

1. Introduction

With the growing interest in monoclonal antibodies (mAbs) for therapeutic applica-
tions, advances in antibody production have improved drastically over the last decades.
Due to the more complex structure of antibodies, their production requires host cells capa-
ble of natively folding and modifying the mAb. Modifications include post-translational
glycosylation, which is, among other functional properties, critical to reduce their immuno-
genicity [1]. For this purpose, mammalian cells fulfil the requirements as appropriate hosts
for antibody production [2,3]. Advances in transfection protocols and cell engineering
have boosted the use of suspension cell lines with the ability to grow at high densities, and
increased production yields [4,5]. Further within the drug discovery and development
process, stable cell lines are generated for the most promising candidate(s), while transient
transfection is performed at earlier stages to yield research quantities of mAbs, sufficient
for characterization of lead candidates. The accessibility of commercially available transfec-
tion reagents with high efficiencies and the use of disposable materials makes transient
expression an efficient and cost-effective strategy during early drug discovery [6]. Human
Embryonic Kidney 293 (HEK293) and Chinese Hamster Ovary (CHO) cells are commonly
used for transient antibody expression, due to their high expression yields and human-like
glycosylation patterns [1,7,8].
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The basis of successful antibody production is the correct folding of individual chains,
followed by their accurate assembly, resulting in functional heterotetrameric glycoproteins.
Misfolded or partially folded antibodies are degraded by the host cell’s intrinsic quality
control system, resulting in low production yields. Furthermore, antibodies with undesired
folding are not able to effectively engage their target antigen or to mediate effector functions,
have unfavourable pharmacokinetics, and tend to aggregate. Besides these biological
limitations, purification of antibody products contaminated with aggregated or misfolded
mAbs is a major hindrance in the downstream processing of therapeutic molecules and is
currently the topic of numerous studies [9–12].

Antibody folding starts upon co-translational translocation into the endoplasmic
reticulum (ER) [13]. Following the homodimerization of the two heavy chains (HC), the
light chains (LC) are associated and covalently linked via disulphide bonds [14]. The
glycosylation at Asn297 is linked to the CH2 backbone in a co-translational manner [15].
During translation, chaperones are involved to ensure the correct folding of the individual
domains, as well as the final assembly of the tetrameric mAb [16].

At present, the largest part of transient production of mAbs is carried out using
a two-plasmid system, also known as co-transfection, for the expression of lc and hc,
with each gene driven by its own promoter and transcribed separately [17,18]. These are
carried out, for the most part, with an equimolar ratio of heavy chain and light chain
genes. Nonetheless, contradictory results have been reported using Expi293-F cells. While
some publications report that an equimolar gene ratio results in the highest yield of fully
assembled IgGs [8], others have described optimal expression with a 1:2 ratio of heavy and
light chain genes, respectively [19].

A large drawback of the two-plasmid system is the moderate control over the relative
expression of lc and hc, with fluctuating cell-to-cell transfection efficiencies [17]. On the
other hand, a bidirectional (BiDi) vector with a dual-promoter can ensure the introduction
of both hc and lc genes into each cell in equal amounts. However, for some applications it
could be beneficial to have a stronger expression of one chain over the other. By choosing
two suitable promoters controlling the transcription of hc and lc, different ratios can be
achieved [20]. While diverse approaches have been developed throughout the years to
advance and facilitate recombinant antibody production, the design of expression vectors
plays a large role for optimization of expression yields. Recently, Bayat and colleagues
(2018) compared the use of three different vector design strategies for the expression of
IgG1 antibodies in CHO cells, namely using the conventional two-vector approach with hc
and lc encoded separately, a bicistronic vector based on internal ribosome entry sites (IRES),
and a dual-promoter single vector approach. All vectors were under the control of a human
cytomegalovirus (CMV) promoter. Expression analysis revealed that the dual-promoter
vector system resulted in the highest mAb yield [21].

Andersen and co-workers have previously shown the ability of the CMV enhancer to
control two core CMV promoters simultaneously, resulting in efficient antibody expres-
sion [22]. With this basis, we sought to investigate different promoters in a bidirectional
format to facilitate transient transfection, avoiding co-transfections. We also sought to
simplify hc and lc gene cloning by establishing a one-step Golden Gate cloning procedure
that relies on the simultaneous plasmid incorporation of hc and lc genes together with
the bidirectional promoter sequence. By analysing hc and lc gene expression, as well as
through subsequent quantification of fully-folded IgGs, promoter and enhancer element
combinations were compared. Here, we show the use of a dual-promoter, single plasmid
approach using divergent promoters for the transient expression of two FDA-approved
antibodies, Durvalumab and Avelumab, using both Expi293-F and ExpiCHO-S cell systems.
This work lays the foundation to facilitate small-scale mAb production in drug discovery
programs in a more efficient manner.
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2. Materials and Methods
2.1. Plasmids & Cloning of Constructs

To allow the individual exchange of different variable domains, the utilization of κ
and λ isotypes, as well as the usage of different BiDi promoter combinations, the backbone
of the mammalian destination (MD) vector was built in a cassette-like manner. For vector
amplification in E. coli, a chloramphenicol resistance was utilized, adjacent to the colE1 and
the f1 origins. A stuffer sequence, flanked by Esp3I restriction sites, was downstream of
an inverse-orientated SV40 polyA sequence that was intended to be a terminator signal
for the light chain cassette. Upstream of the stuffer sequence, a partial hinge followed by
the CH2 and CH3 domains of a human IgG1 were encoded. Again, a SV40 polyA signal
sequence served as a terminator signal (Figure 1A). The plasmid was de novo designed in
silico and ordered at GeneArt (Regensburg, Germany).
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Figure 1. Schematic illustration of BiDi promoter system for antibody production. (A) The MD vector was designed to
exhibit a 200-bp stuffer, flanked by Esp3I restriction sites (Esp3I sites A and B), adjacent to a SV40 polyA signal sequence and
the regions encoding for hinge-CH2-CH3, terminated by a SV40 polyA signal sequence. (B) VL-CL and VH-CH1 amplicons
can be inserted into MD by Golden Gate cloning utilizing Esp3I restriction sites (Esp3I sites A and B). The BiDi promoter can
be chosen individually and is flanked by BbsI sites (BbsI sites A–D), compatible with the VL and VH sequences. (C) Golden
Gate assembly results in a fully functional and re-circularized vector, with the light chain under the control of promoter I
and the heavy chain under the control of promoter II. (D) Schematic representation of the resulting heterotetrameric IgG1
antibody using the same colour code as for the genetic elements.

The selected promoter sequences were either ordered as gene strings at Twist Bio-
science (EF-1α, minCMV-enh-CMV (GenBank: MK764037) or PCR-amplified from the pTT5



Antibodies 2021, 10, 18 4 of 12

CMV promoter cassette between bases 42–1185 (hereinafter referred to as eCMV) [23]. To
allow for the correct orientation of the promoter sequences, individual primers were used
to introduce the respective BbsI Golden Gate cloning (GGC) signature overhangs. Genes
for VH-CH1 and VL-CL of Durvalumab (Imfinzi, κ light chain) and Avelumab (Bavencio, λ
light chain) were also ordered as gene strings, already bearing suitable signature sequences
for Esp3I and BbsI as well as their respective leader sequences. The 200-bp stuffer used
between individual promoters consists of the non-functional 3′ coding region of the amp
resistance gene for beta-lactamase, followed by ~40 bp of non-coding DNA. Assembly of
the MD expression constructs was conducted with 75 ng destination vector and equimolar
amounts of the respective fragments, 20 U BbsI-HF, 10 U Esp3I, and 200 U T4-DNA ligase
(NEB, Frankfurt, Germany) for 30 cycles (1 min; 16 ◦C; 37 ◦C). For the reference constructs,
VH and VL genes were amplified incorporating SapI restriction sites and then inserted
into a pTT5-derived vector utilizing CH1-CH2-CH3 or κ/λ entry vectors using GGC as
described before [24,25]. PCR reactions were performed utilizing Q5 polymerase (NEB)
according to the manufacturer’s protocol and purified using the Wizard SV Gel and PCR
Clean-up System (Promega, Walldorf, Germany). All primers can be found in Table S1.
The DNA sequence for the 2xeCMV BiDi construct can be found in Sequence S1 in the
Supplementary Information.

E. coli XL1-blue were transformed utilizing the Golden Gate reaction mixtures and
cultivated on chloramphenicol or ampicillin DYT agar plates for MD or pTT5 constructs, re-
spectively. Resulting colonies were sequenced at MicroSynth SeqLab (Göttingen, Germany),
and positive clones were utilized to inoculate 50 mL overnight cultures. Plasmid DNA for
transient transfection was isolated using the PureYield Plasmid Midiprep System (Promega,
Walldorf, Germany).

2.2. Cell Lines

Expi293-F and ExpiCHO-S cells were obtained from Thermo Fisher Scientific. Cells
were incubated at 37 ◦C, 8% CO2, 110 rpm, and sub-passaged every 3–4 days in their
respective expression media, as described in the manufacturer’s protocol (Thermo Fisher
Scientific, Schwerte, Germany). Cell count and viability were measured using an auto-
mated cell counter (Bio-Rad TC-20) based on trypan blue staining. Cell densities were
maintained between 0.3–4 × 106 cells/mL and 0.2–6 × 106 cells/mL for Expi293-F and
ExpiCHO-S, respectively.

2.3. 24-Well Transfection

For gene expression and protein quantification, small-scale transfections using Axygen
24-well deep-well plates (Corning, New York, NY, USA) were performed. One day prior to
transfection, cells were seeded into wells at a final cell density of 1.8 × 106 or 3 × 106 viable
cells/mL in 2.5 mL expression medium for Expi293-F or ExpiCHO-S, respectively, and
incubated under shaking conditions in a humified atmosphere at 37 ◦C, 8% CO2, 225 rpm.
The following day, the cell density was adjusted to 3 × 106 or 6 × 106 viable cells/mL in
2.5 mL expression medium for Expi293-F or ExpiCHO-S, respectively. DNA:Expifectamine
complexes were incubated at room temperature with either 3 µg BiDi plasmid or 2 µg heavy
and 2 µg light chain plasmid for co-transfections (two-plasmid reference) for 20 or 1 min
for Expi293-F or ExpiCHO-S, respectively, before adding dropwise to the cells. Feeding
procedures were carried out according to manufacturer’s instructions. For gene expression
analysis, cells were harvested 3 days post-transfection, while protein quantification was
carried out 6 days post-transfection.

2.4. RNA Isolation

Three days post-transfection, Expi293-F or ExpiCHO-S cells were harvested by cen-
trifugation and cell pellets were processed through a QIAshredder column (QIAGEN,
Hilden, Germany). Total RNA extraction was carried out using RNeasy Mini Kit (QIAGEN)
following the manufacturer’s instructions. RNA concentration was determined spectro-
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scopically using a NanoDrop One (Thermo Fisher), ensuring pure RNA was isolated with
a A260/280 ratio of 2.0.

2.5. Gene Expression Analysis by Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR)

Expression levels of heavy and light chain (both κ and λ) were analysed using 100 ng
RNA per well in Hard-Shell® 96-well PCR plates (Bio-Rad, Hercules, CA, USA) and iTaq
Universal SYBR Green One-step Kit (Bio-Rad) with designed SYBR Green primers (Sigma
Aldrich, Munich, Germany) using a CFX96 qPCR instrument (Bio-Rad). Relative expression
levels were analysed using the integrated software from Bio-Rad (CFX Manager, Hercules,
CA, USA) and normalized to housekeeping genes GAPDH and RPLP0 (IDT, Coralville, IA,
USA). The primers used can be found in Table S2.

2.6. Protein Purification

To purify the antibodies from small-scale transfections, cells were harvested by cen-
trifugation and cell culture supernatants were purified using Protein A HP SpinTrap
columns (Cytiva, Freiburg im Breisgau, Germany) following the manufacturer’s protocol.
Antibodies were eluted in 0.1 M glycine-HCl, pH 2.7. Protein concentration was deter-
mined using a NanoDrop One (Thermo Fisher) using the corresponding molecular weights
and extinction coefficients.

2.7. Protein Quantification and Affinity Determination Using Biolayer Interferometry (BLI)

Six days post-transfection, cells were harvested by centrifugation and the cell cul-
ture supernatants were sterile-filtered (0.45 µm). BLI experiments were performed on an
Octet Red96 (FortéBio, Fremont, CA, USA). Using Protein A biosensors (Sartorius, Göttin-
gen, Germany) for quantification, mAb concentration was measured from the cell culture
supernatants. An in-house produced mAb was used as a standard within the range of
3.13–400 µg/mL.

For affinity determination, anti-human Fab-CH1 2nd generation (FAB2G) biosensors
(Sartorius) were used. Purified antibodies were loaded onto the tips at 10 µg/mL until a
layer thickness of 1 nm was reached. Association was measured using a serial dilution
of His-PD-L1-TwinStrep (produced in-house). Kinetics were determined using Savitzky-
Golay filtering and a 1:1 Langmuir binding model.

3. Results

To produce full-length antibodies in a bidirectional manner, we first designed the
respective vector in silico. This vector encoded the fragment crystallizable (Fc) region of an
IgG1, which is the most common isotype found in therapeutic antibodies [26]. In order to
allow the flexible use for a variety of binders, the fragment antigen binding (Fab), which
can be of the κ or λ isotype, was not encoded on the plasmid. Instead, a stuffer sequence,
flanked by Esp3I sites was incorporated (Figure 1A).

As a reference antibody to establish different promoter combinations, the Fab of
Durvalumab, an FDA-approved anti-PD-L1 antibody of the κ type, was chosen [27]. PCR
amplicons of VH-CH1 and VL-CL were generated introducing Esp3I and BbsI restriction
sites. By utilization of a BiDi promoter system, flanked by BbsI sites, a Golden Gate reaction
resulted in a re-circularized vector (Figure 1B,C). In this process, the stuffer that was
included in the parental MD vector was replaced by a CL-VL-PromoterI-Stuffer-PromoterII-
VH-CH1 sequence. Owing to this cloning strategy, a straightforward exchange of different
Fabs and different BiDi promoters is feasible. The resulting vector exhibited the functional
ORFs for the heavy and the light chains, resulting in the production of full-length antibodies
(Figure 1D).
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3.1. Cloning Promoter Combinations

Based on the findings from Andersen et al. [22] that a single enhancer adjacent to a
bidirectional CMV promoter allows for efficient antibody production using a single expres-
sion plasmid, six different bidirectional promoter complexes were generated comprising
not only the minCMV-CMV cassette, but also combinations of other strong promoters
including their individual enhancer elements, such as the CMV with its major immediate
early enhancer (MIE), the optimized CMV cassette from pTT5 (denoted as eCMV in this
study), and the human translation elongation factor 1 alpha (EF-1α) promoter, that were
selected based on their capability to produce fully-folded IgG molecules.

The MIE-CMV promoter, being one of the most commonly used in mammalian expres-
sion vectors, is designated as a strong driver for recombinant protein expression [28,29].
As shown before by Andersen and colleagues [22], the MIE enhancer is also capable of
facilitating elevated expression levels in the divergently oriented minCMV promoter, al-
though to a lesser extent. This was based on the presumption that the formation of the
large transcription complex might be sterically hindered. As a reference, we selected a
similar bidirectional promoter setup lacking the unique sequence upstream of the enhancer.
Additionally, we went for a mirror-symmetric approach comprised of two individual CMV
promoters, each having adjacent MIE enhancers that were separated by a 200-bp-stuffer.
The eCMV cassette comprises—besides the MIE enhancer and core promoter—several
additional regulatory elements that have been described to increase expression levels.
These elements include the non-coding adenoviral tripartite leader sequence (TPL), the ade-
novirus major late promoter enhancer (MLP enh.), as well as distinct splicing sites allowing
for prolonged mRNA stability [30,31]. Furthermore, we also utilized the strong human
translation elongation factor 1 alpha promoter (EF-1α) that has proven to be advantageous
over the CMV promoter in some cell types and in the expression of distinct proteins of
interests [32,33].

Based on the modular setup of our MD vector and utilization of GGC, we generated
different combinations of the aforementioned promoters to analyse for highest full-length
antibody expression levels and product yield of Durvalumab. A schematic overview of the
BiDi combinations is depicted in Figure 2.
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Figure 2. Overview of the different bidirectional combinations tested. The 200-bp stuffer sequence
is marked in red for each construct. Abbreviations: minimal CMV (minCMV), cytomegalovirus
promoter (CMV), enhanced CMV (eCMV), major immediate early enhancer (MIE), human translation
elongation factor 1 alpha (EF-1α), adenoviral tripartite leader sequence (TPL CDS), adenovirus major
late promoter enhancer (MLP enh.), splicing donor site (SD), splicing acceptor site (SA), light chain
(LC), heavy chain (HC).
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3.2. Gene Expression Analysis in Mammalian Cells

Transient transfections of all six promoter combinations were performed in 24-well
plates using Expi293-F cells, an established cell line for transient antibody production.
Three days post-transfection, cells were harvested, and RNA was isolated. Relative gene
expression of hc and lc mRNA levels was measured by RT-qPCR (Figure 3).
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cells. (A) Bar chart representing heavy (dark blue) and light (light blue) chain mRNA expression in the different constructs.
Values are relative to the CMV-minCMV construct and normalised to housekeeping genes GAPDH and RPLP0. Error bars
represent the standard error of the mean of technical triplicates. (B) Heat map representation of gene expression analysis.
The relative normalised gene expression for light and heavy chain mRNA is shown on the right.

The data was set relative to the CMV-minCMV construct and normalised to house-
keeping genes. Looking at relative mRNA levels, both variants with minCMV and CMV,
independent of the promoter orientation, did not yield high mRNA expression for either
lc or hc. Remarkably, the combinations with the EF-1α promoter and the enhanced CMV
cassette (eCMV) showed significant differences in expression levels depending on their
orientation. Steering lc expression with the EF-1α promoter (EF-1α-eCMV) resulted in a
9.5-fold upregulation in lc and 8-fold upregulation in hc mRNA levels. Conversely, having
the more potent eCMV in the light chain direction and EF-1α in the heavy chain direction
(eCMV-EF-1α) led to a 9-fold lc upregulation, and low relative hc expression levels. Based
on these results, mirrored constructs containing both promoter and enhancer cassettes
in both directions were tested, one with the traditional CMV promoter (2xCMV), and
the other with the eCMV cassette (2xeCMV). Interestingly, the 2xCMV construct did not
result in increased lc or hc mRNA levels compared to the bidirectional construct containing
two identical eCMV promoters or constructs containing two different promoters. The
BiDi combination of two mirrored eCMV promoter cassettes (2xeCMV) yielded in a 7-fold
upregulation of lc mRNA and a modest upregulation in hc levels.

As promoter strength may vary depending on the cell line, particularly for the CMV
promoter [33], ExpiCHO-S cells were also investigated. Gene expression analysis re-
sulted in similar results as in Expi293-F cells, with the 2xeCMV complex showing the
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strongest upregulation in both hc and lc mRNA levels compared to the other promoter
combination, namely a modest 10-fold upregulation of hc, and a 20-fold upregulation of lc
mRNA (Figure 4).
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3.3. Protein Yield Determination via BLI

As mRNA transcript levels do not indicate successful secretion of fully functional re-
combinant antibodies, protein quantification studies were performed. Expi293-F cells were
transiently transfected and the amount of secreted therapeutic antibody Durvalumab [27]
was quantified by biolayer interferometry (BLI) using sterile-filtered cell culture super-
natants six days post-transfection. The mAb concentrations for the different constructs
were interpolated from a standard curve generated using an in-house produced mAb. In
line with the gene expression analysis, protein quantification resulted in a clear ranking of
the different promoter combinations (Figure 5).
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From the bidirectional combinations tested with transient transfections, the 2xeCMV
BiDi construct showed the highest mAb concentration with 353 µg/mL (Figure 5). Interest-
ingly, mRNA expression was higher for EF-1α-eCMV compared to 2xeCMV for both hc
and lc, but antibody yield was significantly reduced in Expi293-F cells (Figure 3). This may
likely be due to the fact that EF-1α-eCMV displayed similar hc and lc mRNA expression
patterns, while 2xeCMV revealed a higher accumulation of the lc compared to the hc mRNA.
It is well known that the expression of excess light chain over heavy chain is often beneficial
for antibody production [34–37]. These findings corroborate that 2xeCMV resulted in the
most promising bidirectional promoter combination, particularly in view of the fact that
the usage of this promoter combination resulted, both in Expi293-F and ExpiCHO-S cell
lines, in significantly enhanced mRNA synthesis with an excess of lc over hc.

3.4. Correlation of mRNA and Protein Levels

After performing both mRNA and protein studies, the correlation of the cycle thresh-
old (Ct) values from RT-qPCR and the mAb concentrations from protein quantification
in Expi293-F was determined (Figure 6A). Overall, a Pearson’s coefficient of −0.6407 was
calculated, indicating, as expected, a negative correlation between Ct values and mAb
concentration. Looking at the respective Ct values of either the hc or lc for 2xeCMV, one can
observe they have a low Ct value and resulted in the largest mAb yield. While some claim
that abundance of hc may hinder productivity, it appears that the excess of lc allowing for
correct mAb folding and assembly is sufficient for higher mAb yields. On the contrary, the
Ct values of eCMV-EF-1α lc is similar to that of 2xeCMV, with the only difference being in
the hc expression, ultimately resulting in much lower yields. Thus, this further shows the
importance of a fine-tuned hc and lc expression, substantiating the potential of 2xeCMV for
a BiDi antibody production system.
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3.5. Antibody—And Light Chain-Independence

To ensure the promoter combination used for our BiDi technology was not antibody-
or light chain isotype-dependent, the FDA-approved anti-PD-L1 antibody Avelumab of the
λ isotype was also tested [38]. As 70% of approved antibodies belong to the κ type [39,40],
only the most promising 2xeCMV construct was used to validate the established system for
a λ-based mAb, compared to the conventional co-transfection approach. For co-transfection,
Expi293-F cells were transfected using a 1:1 ratio of HC and LC DNA, with each plasmid
carrying the same promoter and enhancer cassette as the bidirectional vector, namely eCMV.
As can be appreciated from Figure 6B, there was no significant variation in antibody yield
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between transfections with BiDi and the two-plasmid reference for either Durvalumab
or Avelumab. Similarly, no variation was observed in ExpiCHO-S production (data not
shown). Kinetics determination of both antibodies produced with either the two-plasmid
reference or our established 2xeCMV BiDi plasmid bound to its target PD-L1 with com-
parable affinities (Table 1, Figures S1 and S2). Additionally, SDS-PAGE analysis under
reducing conditions resulted in the expected heavy and light chains bands (Figure S3).

Table 1. Affinity determination of Avelumab and Durvalumab using either co-transfection or 2xeCMV
BiDi plasmid.

Antibody KD [pM]

2-Plasmid Ref. BiDi

Expi293-F Durvalumab 594 364
Avelumab 205 195

ExpiCHO-S Durvalumab 562 522
Avelumab 148 267

Thus, this indicated the established system is compatible with different binders and
can be employed for both κ- and λ-light chain isotypes.

4. Discussion

This work describes the generation of a bidirectional vector construct for recombinant
antibody expression using two eCMV promoter cassettes, controlling the expression of
lc and hc individually in each direction. By performing a thorough analysis of different
bidirectional promoter combinations with varying lengths and strengths, the 2xeCMV
combination showed the most promising hc and lc mRNA synthesis in two regularly used
mammalian cell lines, and, more importantly, the highest yields after protein quantification
comparable to those using the conventional two-plasmid system. Other BiDi constructs
showed potentially promising gene expression profiles, such as EF-1α-eCMV combination,
with high relative mRNA levels of both hc and lc mRNA. Nonetheless, having higher levels
of hc mRNA in the cells appear to curb productivity of fully folded IgG formation, resulting
in drastically decreased antibody yields compared to both the two-plasmid reference and
the 2xeCMV BiDi vector.

While using a bidirectional approach takes away some flexibility in terms of being
able to alter the hc:lc ratios during co-transfection, the overexpression of both genes and,
especially the excess lc expression, results in sufficient material for antibody hit screening.
For convenience, we established a one-step cloning procedure for simultaneous plasmid
incorporation of the heavy and light chain encoding segments obviating the need for
generating two separate plasmids. Not only does this approach lower plasmid prepa-
ration efforts, but it also increases handling for transfection of numerous mAbs during
screening and characterization as only a single plasmid is required. The use of two FDA-
approved antibodies with either a κ- or λ-light chain shows there is no antibody- or light
chain-dependence using this system, indicating that it can be implemented ubiquitously.
Further options remain to increase the yields of IgG molecules, such as optimization of the
stuffer region between the two eCMV promoter cassettes, potentially reducing any steric
hinderance and increasing transcription efficiency [22,41].

In conclusion, this work displays the benefits of using a one-plasmid bidirectional
system with 2xeCMV promoters for fully folded IgGs within drug discovery. In terms
of practicality, handling of a single plasmid for antibody production may be superior to
the conventional way. Moreover, yields of fully folded IgGs are comparable between the
two systems. Future directions for this technology go beyond recombinant production of
classical antibody formats, as reduction of the number of plasmid constructs could also be
considered feasible for the expression of bispecific antibodies and other antibody formats
in the frame of antibody drug discovery.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antib10020018/s1, Table S1: Primers used for cloning of bidirectional constructs, Table S2:
RT-qPCR primers for HC and LC constant regions, Figure S1: Affinity determination by BLI of
antibodies produced in Expi293-F, Figure S2: Affinity determination by BLI of antibodies produced
in ExpiCHO-S, Figure S3: SDS-PAGE analysis of purified antibodies, Sequence S1: DNA sequence of
the designed Durvalumab-2xeCMV insert.

Author Contributions: Conceptualization, S.C.C., D.F., J.P.B., J.G. and H.K.; methodology, S.C.C.,
D.F., J.P.B.; investigation S.C.C., D.F. and J.P.B. data curation, S.C.C., D.F., J.P.B. and J.G. supervision
B.H. and H.K. writing original draft, S.C.C., D.F. and J.P.B. writing review & editing S.C.C., D.F., J.P.B.,
J.G., B.H. and H.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Ferring Darmstadt Labs at the Technical University of
Darmstadt and by GPRD at Ferring Holding S.A., Saint Prex.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within this article and
its Supplementary Materials.

Acknowledgments: S.C.C., D.F. and J.P.B. contributed equally to this work. The authors would like
to thank GPRD for funding. The funders had no role in study design, data collection, data analysis,
decision to publish, or preparation of the manuscript. We acknowledge support by the Deutsche
Forschungsgemeinschaft (DFG—German Research Foundation) and the Open Access Publishing
Fund of the Technical University of Darmstadt. Figures were created with Biorender and data was
processed using GraphPad Prism 8.

Conflicts of Interest: J.G. and B.H. are employees of Ferring Pharmaceuticals, while S.C.C., D.F. and
J.P.B. are employed by the Technische Universität Darmstadt in frame of a collaboration with Ferring
Pharmaceuticals. All authors declare no conflicts of interest.

References
1. Vink, T.; Oudshoorn-Dickmann, M.; Roza, M.; Reitsma, J.-J.; De Jong, R.N. A simple, robust and highly efficient transient

ex-pression system for producing antibodies. Methods 2014, 65, 5–10. [CrossRef]
2. Carvalho, L.S.; Bravim da Silva, O.; Carneiro de Almeida, G.; Davies de Oliveira, J.; Parachin, N.S.; Carmo, T.S. Production

processes for monoclonal antibodies. Intech 2017. [CrossRef]
3. Li, F.; Vijayasankaran, N.; Shen, A.; Kiss, R.; Amanullah, A. Cell culture processes for monoclonal antibody production. MAbs

2010, 2, 466–479. [CrossRef] [PubMed]
4. Carrara, S.C.; Ulitzka, M.; Grzeschik, J.; Kornmann, H.; Hock, B.; Kolmar, H. From cell line development to the formulated drug

product: The art of manufacturing therapeutic monoclonal antibodies. Int. J. Pharm. 2021, 594, 120164. [CrossRef]
5. Kunert, R.; Reinhart, D. Advances in recombinant antibody manufacturing. Appl. Microbiol. Biotechnol. 2016, 100, 3451–3461.

[CrossRef] [PubMed]
6. Zhang, R.Y.; Shen, W.D. Monoclonal Antibody Expression in Mammalian. Cells 2012, 907, 341–358.
7. Graham, F.L.; Russell, W.C.; Smiley, J.; Nairn, R. Characteristics of a Human Cell Line Transformed by DNA from Human

Adenovirus Type. J. Gen. Virol. 1977, 36, 59–72. [CrossRef]
8. Vazquez-Lombardi, R.; Nevoltris, D.; Luthra, A.; Schofield, P.; Zimmermann, C.; Christ, D. Transient expression of human

an-tibodies in mammalian cells. Nat. Protoc. 2018, 13, 99–117. [CrossRef]
9. Gronemeyer, P.; Ditz, R.; Strube, J. Trends in Upstream and Downstream Process Development for Antibody Manufacturing.

Bioenineering 2014, 1, 188–212. [CrossRef]
10. Shukla, A.A.; Hubbard, B.; Tressel, T.; Guhan, S.; Low, D. Downstream processing of monoclonal antibodies—Application of

platform approaches. J. Chromatogr. B 2007, 848, 28–39. [CrossRef]
11. Van der Kant, R.; Karow-Zwick, A.R.; Van Durme, J.; Blech, M.; Gallardo, R.; Seeliger, D.; Rousseau, F. Prediction and reduction of

the aggregation of monoclonal antibodies. J. Mol. Biol. 2017, 429, 1244–1261. [CrossRef]
12. Li, W.; Prabakaran, P.; Chen, W.; Zhu, Z.; Feng, Y.; Dimitrov, D.S. Antibody Aggregation: Insights from Sequence and Structure.

Antibodies 2016, 5, 19. [CrossRef]
13. Bergman, L.W.; Kuehl, W.M. Formation of an intrachain disulfide bond on nascent immunoglobulin light chains. J. Biol. Chem.

1979, 254, 8869–8876. [CrossRef]
14. Baumal, R.; Potter, M.; Scharff, M.D. Synthesis, assembly, and secretion of gamma globulin by mouse myeloma cells. J. Exp. Med.

1971, 134, 1316–1334. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antib10020018/s1
https://www.mdpi.com/article/10.3390/antib10020018/s1
http://doi.org/10.1016/j.ymeth.2013.07.018
http://doi.org/10.5772/64263
http://doi.org/10.4161/mabs.2.5.12720
http://www.ncbi.nlm.nih.gov/pubmed/20622510
http://doi.org/10.1016/j.ijpharm.2020.120164
http://doi.org/10.1007/s00253-016-7388-9
http://www.ncbi.nlm.nih.gov/pubmed/26936774
http://doi.org/10.1099/0022-1317-36-1-59
http://doi.org/10.1038/nprot.2017.126
http://doi.org/10.3390/bioengineering1040188
http://doi.org/10.1016/j.jchromb.2006.09.026
http://doi.org/10.1016/j.jmb.2017.03.014
http://doi.org/10.3390/antib5030019
http://doi.org/10.1016/S0021-9258(19)86780-7
http://doi.org/10.1084/jem.134.5.1316
http://www.ncbi.nlm.nih.gov/pubmed/5112205


Antibodies 2021, 10, 18 12 of 12

15. Bergman, L.W.; Kuehl, W.M. Temporal relationship of translation and glycosylation of immunoglobulin heavy and light chains.
Biochemistry 1978, 17, 5174–5180. [CrossRef]

16. Feige, M.J.; Hendershot, L.M.; Buchner, J. How antibodies fold. Trends Biochem. Sci. 2010, 35, 189–198. [CrossRef] [PubMed]
17. Ho, S.C.; Bardor, M.; Feng, H.; Mariati; Tong, Y.W.; Song, Z.; Yap, M.G.; Yang, Y. IRES-mediated Tricistronic vectors for enhancing

generation of high monoclonal antibody expressing CHO cell lines. J. Biotechnol. 2012, 157, 130–139. [CrossRef]
18. Rita Costa, A.; Elisa Rodrigues, M.; Henriques, M.; Azeredo, J.; Oliveira, R. Guidelines to cell engineering for monoclonal

antibody production. Eur. J. Pharm. Biopharm. 2010, 74, 127–138. [CrossRef] [PubMed]
19. Liu, C.Y.; Liu, J.; Yan, W.; Williston, K.; Irvin, K.; Chou, H.; Zmuda, J. Strategies for High-Titer Protein Expression Using the

ExpiCHO and Expi293 Transient Expression Systems. Available online: https://assets.thermofisher.com/TFS-Assets/BID/
posters/high-titer-protein-expression-expicho-expi293-poster.pdf (accessed on 5 March 2021).

20. Wodarczyk, C.; Reichenbächer, B.; Schulze, A.; Köhler, J.; Gerster, A.; Rehberger, B.; Müller, D. Increased antibody yield due to
modification of LC and HC expression by gene regulatory elements. Available online: https://www.rentschler-biopharma.com/
fileadmin/user_upload/Scientific-Posters/Rentschler_Poster__ESACT__2015.pdf (accessed on 17 February 2021).

21. Bayat, H.; Hossienzadeh, S.; Pourmaleki, E.; Ahani, R.; Rahimpour, A. Evaluation of different vector design strategies for the
expression of recombinant monoclonal antibody in CHO cells. Prep. Biochem. Biotechnol. 2018, 48, 160–164. [CrossRef] [PubMed]

22. Andersen, C.R.; Nielsen, L.S.; Baer, A.; Tolstrup, A.B.; Weilguny, D. Efficient Expression from One CMV Enhancer Controlling
Two Core Promoters. Mol. Biotechnol. 2010, 48, 128–137. [CrossRef]

23. Durocher, Y.; Perret, S.; Kamen, A. High-level and high-throughput recombinant protein production by transient transfection of
suspension-growing human 293-EBNA1 cells. Nucleic Acids Res 2002, 30, e9. [CrossRef] [PubMed]

24. Bogen, J.P.; Carrara, S.C.; Fiebig, D.; Grzeschik, J.; Hock, B.; Kolmar, H. Expeditious Generation of Biparatopic Common Light
Chain Antibodies via Chicken Immunization and Yeast Display Screening. Front. Immunol. 2020, 11. [CrossRef] [PubMed]

25. Bogen, J.P.; Storka, J.; Yanakieva, D.; Fiebig, D.; Grzeschik, J.; Hock, B.; Kolmar, H. Isolation of Common Light Chain Antibodies
from Immunized Chickens Using Yeast Biopanning and Fluorescence-Activated Cell Sorting. Biotechnol. J. 2021, 16. [CrossRef]
[PubMed]

26. Kretschmer, A.; Schwanbeck, R.; Valerius, T.; Rösner, T. Antibody Isotypes for Tumor Immunotherapy. Transfus. Med. Hemotherapy
2017, 44, 320–326. [CrossRef]

27. Alvarez-Argote, J.; Dasanu, C.A. Durvalumab in cancer medicine: A comprehensive review. Expert Opin. Biol. Ther. 2019, 19,
927–935. [CrossRef]

28. Boshart, M.; Weber, F.; Jahn, G.; Dorsch, -H.K.; Fleckenstein, B.; Schaffner, W. A very strong enhancer is located upstream of an
immediate early gene of human cytomegalovirus. Cell 1985, 41, 521–530. [CrossRef]

29. Foecking, M.K.; Hofstetter, H. Powerful and versatile enhancer-promoter unit for mammalian expression vectors. Gene 1986, 45,
101–105. [CrossRef]

30. Ho, S.C.; Yap, M.G.; Yang, Y. Evaluating post-transcriptional regulatory elements for enhancing transient gene expression levels
in CHO K1 and HEK293 cells. Protein Expr. Purif. 2010, 69, 9–15.

31. Sheay, W.; Nelson, S.; Martinez, I.; Chu, T.H.; Bhatia, S.; Dornburg, R. Downstream insertion of the adenovirus tripartite leader
sequence enhances expression in universal eukaryotic vectors. Biotechniques 1993, 15, 856–862. [PubMed]

32. Suter, D.M.; Cartier, L.; Bettiol, E.; Tirefort, D.; Jaconi, M.E.; Dubois-Dauphin, M.; Krause, K.-H. Rapid Generation of Stable
Transgenic Embryonic Stem Cell Lines Using Modular Lentivectors. Stem Cells 2006, 24, 615–623. [CrossRef]

33. Qin, J.Y.; Zhang, L.; Clift, K.L.; Hulur, I.; Xiang, A.P.; Ren, B.-Z.; Lahn, B.T. Systematic Comparison of Constitutive Promoters and
the Doxycycline-Inducible Promoter. PLoS ONE 2010, 5, e10611. [CrossRef]

34. Schlatter, S.; Stansfield, S.H.; Dinnis, D.M.; Racher, A.J.; Birch, J.R.; James, D.C. On the Optimal Ratio of Heavy to Light Chain
Genes for Efficient Recombinant Antibody Production by CHO Cells. Biotechnol. Prog. 2008, 21, 122–133. [CrossRef]

35. Gerster, A.; Wodarczyk, C.; Reichenbächer, B.; Köhler, J.; Schulze, A.; Krause, F.; Müller, D. A simple method to determine IgG
light chain to heavy chain polypeptide ratios expressed by CHO cells. Biotechnol. Lett. 2016, 38, 2043–2049. [CrossRef]

36. Vanhove, M.; Usherwood, Y.-K.; Hendershot, L.M. Unassembled Ig Heavy Chains Do Not Cycle from BiP In Vivo but Require
Light Chains to Trigger Their Release. Immunity 2001, 15, 105–114. [CrossRef]

37. Ho, S.C.; Koh, E.Y.; Van Beers, M.; Mueller, M.; Wan, C.; Teo, G.; Song, Z.; Tong, Y.W.; Bardor, M.; Yang, Y. Control of IgG LC:HC
ratio in stably transfected CHO cells and study of the impact on expression, aggregation, glycosylation and conformational
stability. J. Biotechnol. 2013, 165, 157–166. [CrossRef]

38. Powles, T.; Park, S.H.; Voog, E.; Caserta, C.; Valderrama, B.P.; Gurney, H.; Kalofonos, H.; Radulović, S.; Demey, W.; Ullén, A.;
et al. Avelumab Maintenance Therapy for Advanced or Metastatic Urothelial Carcinoma. N. Engl. J. Med. 2020, 383, 1218–1230.
[CrossRef]

39. Raybould, M.I.J.; Marks, C.; Krawczyk, K.; Taddese, B.; Nowak, J.; Lewis, A.P.; Bujotzek, A.; Shi, J.; Deane, C.M. Five computational
developability guidelines for therapeutic antibody profiling. Proc. Natl. Acad. Sci. USA 2019, 116, 4025–4030. [CrossRef]

40. Grilo, A.L.; Mantalaris, A. The Increasingly Human and Profitable Monoclonal Antibody Market. Trends Biotechnol. 2019, 37, 9–16.
[CrossRef]

41. Curtin, A.J.; Dane, A.P.; Swanson, A.E.; Alexander, I.; Ginn, S.L. Bidirectional promoter interference between two widely used
internal heterologous promoters in a late-generation lentiviral construct. Gene Ther. 2008, 15, 384–390. [CrossRef]

http://doi.org/10.1021/bi00617a017
http://doi.org/10.1016/j.tibs.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/20022755
http://doi.org/10.1016/j.jbiotec.2011.09.023
http://doi.org/10.1016/j.ejpb.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19853660
https://assets.thermofisher.com/TFS-Assets/BID/posters/high-titer-protein-expression-expicho-expi293-poster.pdf
https://assets.thermofisher.com/TFS-Assets/BID/posters/high-titer-protein-expression-expicho-expi293-poster.pdf
https://www.rentschler-biopharma.com/fileadmin/user_upload/Scientific-Posters/Rentschler_Poster__ESACT__2015.pdf
https://www.rentschler-biopharma.com/fileadmin/user_upload/Scientific-Posters/Rentschler_Poster__ESACT__2015.pdf
http://doi.org/10.1080/10826068.2017.1421966
http://www.ncbi.nlm.nih.gov/pubmed/29313429
http://doi.org/10.1007/s12033-010-9353-7
http://doi.org/10.1093/nar/30.2.e9
http://www.ncbi.nlm.nih.gov/pubmed/11788735
http://doi.org/10.3389/fimmu.2020.606878
http://www.ncbi.nlm.nih.gov/pubmed/33424853
http://doi.org/10.1002/biot.202000240
http://www.ncbi.nlm.nih.gov/pubmed/32914549
http://doi.org/10.1159/000479240
http://doi.org/10.1080/14712598.2019.1635115
http://doi.org/10.1016/S0092-8674(85)80025-8
http://doi.org/10.1016/0378-1119(86)90137-X
http://www.ncbi.nlm.nih.gov/pubmed/8267981
http://doi.org/10.1634/stemcells.2005-0226
http://doi.org/10.1371/journal.pone.0010611
http://doi.org/10.1021/bp049780w
http://doi.org/10.1007/s10529-016-2197-x
http://doi.org/10.1016/S1074-7613(01)00163-7
http://doi.org/10.1016/j.jbiotec.2013.03.019
http://doi.org/10.1056/NEJMoa2002788
http://doi.org/10.1073/pnas.1810576116
http://doi.org/10.1016/j.tibtech.2018.05.014
http://doi.org/10.1038/sj.gt.3303105

	Introduction 
	Materials and Methods 
	Plasmids & Cloning of Constructs 
	Cell Lines 
	24-Well Transfection 
	RNA Isolation 
	Gene Expression Analysis by Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 
	Protein Purification 
	Protein Quantification and Affinity Determination Using Biolayer Interferometry (BLI) 

	Results 
	Cloning Promoter Combinations 
	Gene Expression Analysis in Mammalian Cells 
	Protein Yield Determination via BLI 
	Correlation of mRNA and Protein Levels 
	Antibody—And Light Chain-Independence 

	Discussion 
	References

