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ABSTRACT
Transgenic human monoclonal antibodies derived from humanized mice against different epitopes of the 
Middle East respiratory syndrome coronavirus (MERS-CoV), and chimeric llama-human bispecific heavy 
chain-only antibodies targeting the Rift Valley fever virus (RVFV), were produced using a CHO-based 
transient expression system. Two lead candidates were assessed for each model virus before selecting and 
progressing one lead molecule. MERS-7.7G6 was used as the model antibody to demonstrate batch-to- 
batch process consistency and, together with RVFV-107-104, were scaled up to 200 L. Consistent expres
sion titers were obtained in different batches at a 5 L scale for MERS-7.7G6. Although lower expression 
levels were observed for MERS-7.7G6 and RVFV-107-104 during scale up to 200 L, product quality 
attributes were consistent at different scales and in different batches. In addition to this, peptide mapping 
data suggested no detectable sequence variants for any of these candidates. Functional assays demon
strated comparable neutralizing activity for MERS-7.7G6 and RVFV-107-104 generated at different produc
tion scales. Similarly, MERS-7.7G6 batches generated at different scales were shown to provide 
comparable protection in mouse models. Our study demonstrates that a CHO-based transient expression 
process is capable of generating consistent product quality at different production scales and thereby 
supports the potential of using transient gene expression to accelerate the manufacturing of early clinical 
material.
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Introduction

Traditionally, transient gene expression (TGE) has been the 
technology used for production of therapeutic glycoproteins at 
early drug development stages because it allows for rapid 
production of high-quality material.1 This technology involves 
introducing plasmid DNA, which encodes the protein of inter
est, into mammalian cells. The cells then express the recombi
nant protein over a limited period of time, typically up to 14– 
21 days. Several methods are used to transfer plasmid DNA 
into mammalian cells for TGE. Some of the most common 
chemical agents used for transfection are calcium phosphate, 
polyethyleneimines (PEIs) and cationic lipids. In particular, 
PEIs are frequently used due to the high transfection efficiency 
and relatively low cost compared to lipid-based reagents. An 
alternative to chemical-based transfection is the use of electro
poration methods, such as the MaxCyte® STXTM flow electro
poration system. Using this approach, Steger et al. were able to 
produce 3.5 g of antibody from less than 3 L of culture.2 

Although currently this technology has been tested only at 
shake flask culture scale, it has the potential to be scaled up 
to several liters in bioreactors.

The most appropriate expression host depends on the par
ticular protein being expressed, but mammalian cells are pre
ferred for the production of complex proteins due to their 
inherent capacity to perform post-translational 
modifications.3 Two of the most commonly used mammalian 
cell lines are human embryonic kidney (HEK) and Chinese 
hamster ovary (CHO) cells.4 Historically, both cell lines have 
been used to produce small amounts (milligrams to grams) of 
therapeutic proteins at early research stages. However, for 
manufacturing at later drug development stages, stable CHO 
cell lines are the preferred option due to their regulatory track 
record, capacity for high levels of protein expression, and 
successful scale-up to 10,000 L bioreactors.5 Therefore, using 
CHO cells for TGE has the advantage of using the same host 
cell type that is eventually used for stable cell-line development. 
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This is important as, by maintaining the same host cell type 
from early development stages to manufacturing, product 
quality characteristics are more likely to be conserved.6 

Finally, using CHO cells has a lower risk of introducing 
human viruses in the process compared to using human cell 
lines.3

In the past two decades, remarkable advances in TGE 
technologies have led to an increase in titers from mg/L to 
g/L.1,7–9 These improvements are attributable to the optimi
zation of many variables, including transfection reagents, 
transfection media, expression vectors, cell lines, and cell 
culture processes.10 In addition to these developments, having 
a scalable expression system is key to meeting the increasing 
demand for grams of recombinant proteins, such as mono
clonal antibodies (mAbs), to be used in preclinical, biochem
ical, and biophysical studies.11 Few studies covering the scale 
up of TGE processes in bioreactors have been reported, with 
most of this work published more than a decade ago and 
mainly using HEK293 cells.11–15 Tyzack et al. were the first to 
demonstrate successful scale up of a PEI-mediated TGE pro
cess using CHO cells at an industrially relevant scale of 
500 L.16 In an initial run, they were able to scale up their 
process from 5 L in a rocking bioreactor to 500 L in a single- 
use bioreactor (SUB), achieving crude titers of 1.50 g/L and 
0.83 g/L, respectively. The lower titers observed in the SUB 
compared to the 5 L rocking bioreactors were attributed to 
increased cell growth. This scalability problem was resolved 
by developing and evaluating a new transfection method, 
which resulted in comparable expression levels between the 
different scales.16

Recent advances in TGE yields and scale-ups have opened 
opportunities to evaluate this technology for manufacturing at 
later stages of drug development. For example, transiently 
produced material could be used for GLP toxicology studies, 
while a stable cell line is generated, thereby decreasing the time 
to clinical trials.17 Other potential applications of TGE are the 
manufacturing of clinical-grade material as part of a rapid 
pandemic response or in the context of personalized 
medicines.17–19 However, historical concerns around low pro
ductivity, batch-to-batch consistency and comparability of 
product quality attributes (PQAs) between transient and 
stable-derived material have prevented the use of TGE for 
manufacturing therapeutic proteins beyond preclinical 
research.

In this study, human mAbs derived from transgenic mice 
against different epitopes of the Middle East respiratory syn
drome coronavirus (MERS-CoV)20 and camelid-derived mul
timeric single-domain antibody complexes (hIgG1Fc-VHH 
fusions) against the Rift Valley fever virus (RVFV)21 were 
used to explore the feasibility of using a CHO TGE platform 
to generate clinical-grade material as part of a pandemic 
response strategy (Innovative Medicines Initiative (IMI) grant 
agreement no. 115760). Here, we report the results of the 
evaluation of the AstraZeneca CHO-based transient expression 
system at different scales. The process was successfully scaled 
up from 15 mL in miniaturized bioreactors to 200 L in SUBs. 
The process was also assessed for batch-to-batch consistency, 
with results showing that PQAs were consistent between 
batches, production scales and as expected for mAbs.

Results

Phenotypic stability analysis in miniaturized bioreactors

Our transient host, CHO-G22, is a derivative of the CHOK1 
cell line that has been engineered to enhance transient protein 
expression by co-expressing the Epstein-Barr virus nuclear 
antigen-1 (EBNA-1) and glutamine synthetase genes.7 The 
use of a host that supports consistent expression levels is 
critical when scaling up any production process. Therefore, 
our first step was to assess the phenotypic stability of our 
CHO transient cell line. MERS-7.7G6, a human mAb targeting 
different epitopes of the MERS-CoV spike glycoprotein, was 
used as the model antibody. Cells were recovered from 
a cryopreserved bank and cultured up to 34 passages. 
Development cell banks were created at passages 18, 23, 29, 
and 34. Cells at the different passages were recovered and 
assessed in a scale down bioreactor model (Ambr® 15) to 
monitor the effects of cell age on TGE level and product 
quality.

Maximum viable cell densities (VCD) between 7.38 and 
9.27 × 106 cells/mL were achieved at the different cell ages. 
Viability at time of harvest was between 82% and 87% for all 
tested conditions (data not shown). Results also showed that all 
tested cell ages were comparable in terms of antibody expres
sion and glycosylation profiles (Figure 1). Average yields 
between 0.85 g/L and 0.92 g/L were obtained at 8 days after 
transfection. Finally, results showed that product quality was 
also consistent across the tested cell ages (Table 1).

Results of the phenotypic stability study supported the 
selection of passage 18 as the cell bank to be used for the 
subsequent runs since this simulates the inoculum seed train 
for up to a 12,000 L scale run.

Assessing the TGE process reproducibility at 5 L scale

MERS-7.7G6, as the model antibody, was used to demonstrate 
batch-to-batch consistency of the process. Therefore, four 
independent experiments were run for this molecule at 5 L 
scale. A second anti-MERS-CoV spike glycoprotein antibody, 
MERS-1.6C7, was also assessed at a 5 L scale in stirred tank 
reactors (STRs). Both antibodies were derived from MERS- 
CoV spike-immunized humanized mice and expressed as 
human IgG1 isotype antibodies.20 Finally, two novel camelid- 
derived bispecific hIgG1Fc-VHH fusions targeting RVFV, 
RVFV-107-104, and RVFV-150-104, were assessed at a 5 L 
scale.21 For these other three antibodies, duplicate reactors 
were run in parallel. Cultures were harvested at 8 or 12 days 
post-transfection.

An average maximum VCD of 6.59 ± 0.40 × 106 cells/mL 
was obtained for the different batches of MERS-7.7G6, whereas 
an average VCD of 6.01 ± 0.18, 7.04 ± 0.44, and 6.63 ± 0.74 
cells/mL was obtained for the replicate runs of MERS-1.6C7, 
RVFV-107-104, and RVFV-150-104, respectively. Harvest via
bility was above 75% for all the runs. Average antibody titers of 
0.77 ± 0.06 g/L, 0.19 ± 0.02 g/L, 1.03 ± 0.03 g/L, and 
0.41 ± 0.02 g/L were obtained for MERS-7.7G6, MERS-1.6C7, 
RVFV-107-104, and RVFV-150-104, respectively. The expres
sion titers were consistent between the different independent 
batches and replicate bioreactors. Titers were also as expected, 
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as they aligned with the previously observed data for these 
antibodies (data not shown). Rapid generation of material is 
essential during early stages of drug development. However, in 
scenarios, such as a pandemic response, maximizing yields is 
also critical to meet high drug dosage requirements. Therefore, 

one of the runs of MERS-7.7G6 was extended to 12 days to 
determine maximum titers for this molecule. A yield of 1.74 g/ 
L was obtained for this antibody when the process was 
extended compared to 0.77 ± 0.06 g/L obtained for harvest 
on day 8.

Material from all the 5 L batches was harvested, purified, 
and analyzed. PQAs were found to be as expected for the mAbs 
and bispecific products, with no aggregation or fragmentation 
issues observed for any of the tested molecules (data not 
shown). Additionally, analytical results for MERS-7.7G6 

showed consistent PQAs over the different batches (Figure 2 
and Table 2), with minor differences observed in the level of 
the main G0F glycoform for material harvested after 12 days. 
The product quality results were also found to be comparable 
to those obtained for the Ambr® 15 cell age study described in 
the previous section.

Scalability of the TGE process up to 200 L

To confirm the scalability of the transient process, the lead 
candidates against each of the two model viruses were scaled 
up. MERS-7.7G6 was scaled up to 50 L and 200 L SUBs while 
RVFV-107-104 was scaled up to a 200 L SUB. Bioreactors were 

Figure 1. Consistency of antibody accumulation and N-linked glycosylation pro
files at different cell ages. Duplicate vessels were transfected with plasmid DNA 
encoding MERS-7.7G6 in the Ambr® 15 system. Cultures were monitored for 
antibody expression (a) and purified material from the day 8 harvests was 
analyzed for glycosylation profile (b). Data shown is the average of the two 
replicate vessels except for p29 and p34 conditions where data for only one 
vessel is shown owing to instrument failure.

Table 1. Analytical results for MERS-7.7G6 produced at different cell passages.

HPSEC 
% Monomer cIEF main peak pI

cIEF 
% main peak

cIEF 
% acidic peaks

cIEF 
% basic peaks

Reduced CGE 
% purity

Non-reduced CGE 
% purity Intact mass (Da)

Passage 18 99.6 8.8 72.8 19.2 7.9 98.4 94.8 149799
Passage 23 99.6 8.8 73.1 19.8 7.1 98.4 94.9 149799
Passage 29 99.4 8.8 71.9 19.4 8.7 98.3 94.8 149799
Passage 34 99.5 8.8 72.5 19.4 8.1 98.4 94.6 149799

Material from the duplicate Ambr® 15 vessels was pooled and purified. Purified antibody was analyzed by HP-SEC, cIEF, CGE, and LC/MS.

Figure 2. Glycosylation profile of four independent batches expressing MERS- 
7.7G6. 5 L bioreactors were transfected with plasmid DNA encoding a model anti- 
MERS antibody with four independent experiments run to determine batch-to- 
batch consistency of the transient process. Purified antibodies from the harvests 
were analyzed to assess glycan profiles. *Note that batch 1 was harvested on day 
12 while batches 2–4 were harvested on day 8.
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sampled daily and harvested when viability was below 75% or 
on day 12. Material was purified and product quality analysis 
was performed for all batches.

For MERS-7.7G6, maximum VCD values of 8.63 and 
9.15 × 106 cells/mL were obtained at 50 L and 200 L scales, 
respectively, compared to an average maximum VCD of 
6.59 ± 0.40 × 106 cells/mL obtained for the four runs at 5 L 
scale. Viability at time of harvest was between 73% and 81% for 
all three scales (data not shown). Yields of 0.81 g/L and 0.78 g/L 
were obtained at 8 days post-transfection in the 50 L and 200 L 
SUB, respectively. These results are comparable to those 
obtained at the Ambr® 15 and 5 L scales. When the process 
was extended to 12 days, maximum titers of 1.23 g/L and 
1.15 g/L were obtained at 50 and 200 L scale, respectively, 
compared to 1.74 g/L obtained at 5 L scale. This is a decrease 
of 29% and 34% for the 50 and 200 L scales, respectively.

For RVFV-107-104, a maximum VCD of 7.1 × 106 cells/mL 
was achieved in the 200 L SUB compared to an average of 
7.04 ± 0.44 × 106 cells/mL at the 5 L scale. The 200 L SUB was 
harvested on day 9 because viability had dropped to 75%. 
Expression titers of 0.46 and 0.56 g/L were obtained at day 8 
and 9, respectively, in the 200 L SUB. This is a titer decrease of 
55% compared to the 5 L scale, which achieved 1.03 ± 0.03 g/L 
on day 8. The unexpected low titer in the 200 L SUB is linked to 
lower cell viability and earlier harvest.

Regarding product quality for the larger scale runs, results 
were comparable to those obtained at a 5 L scale for both 
candidates, MERS-7.7G6 (Figure 3a and Table 3) and RVFV- 
107-104 (Figure 3b and Table 4), with only minor differences 
observed in the level of the main G0F glycoform for material 
harvested at different days.

For both candidates, peptide mapping was performed to 
further confirm the consistency of the PQAs. Figure 4 shows 
the UV chromatograms of the tryptic digests of MERS-7.7G6 
and RVFV-107-104 material from the different production 
scales. Results show comparable results across scales. All 
peaks with a relative abundance greater than 1% of the base 
peak were identified as deriving from the expected sequence or 
tryptic autolytic peptides. The data suggest the absence of 
sequence variants arising from the TGE process or scale up 
for either of the two molecules.

Evaluation of the functionality and neutralizing activity of 
purified antibodies in in-vitro and in-vivo assays

As a final confirmation that the material produced was func
tional and comparable across scales, both lead candidates were 
evaluated for neutralizing activity using in vitro and in-vivo 
assays. MERS-7.7G6 was evaluated in a binding assay, 

pseudotyped virus neutralization assay and mouse models. 
RVFV-107-104 was assessed for binding to RVFV aminoterm
inal glycoprotein (Gn) by enzyme-linked immunosorbent 
assay (ELISA) and immunofluorescence assay (IFA) and for 
virus neutralizing activity by virus neutralization test (VNT).

Figure 5 shows the results of the binding and pseudoviral 
neutralization assays performed with MERS-7.7G6. Samples 
taken from the different scale-up batches were measured to 
determine the relative binding of each batch against the refer
ence material (from a 5 L batch). All samples were within 20% 
relative binding of the reference standard (Table 5). For the 
neutralization of MERS-CoV infection, material from the 5 L 
and 200 L scale batches were tested using a previously estab
lished VNT.20 The IC50 titers of MERS-7.7G6 5 L and 200 L 
scale batches were comparable, and similar to IC50 titer 
reported by Widjaja et al.20

To evaluate the efficacy of MERS-7.7G6, 49 K18 TghDpp4- 
transgenic mice (20–30 weeks-old) were administered, after 
inoculation with MERS-CoV, with the mAb or negative con
trols (Table 6). Based on the inherent variability of this model 
and protection previously reported, 80–100% survival is 
regarded as protection.20,22 The results indicated that MERS- 
7.7G6 mAb, independent of the production scale, protected the 
mice when administered after virus inoculation (Figure 6).

Finally, to assess the in vitro potency of the RVFV-107-104 
mAb, purified material from the different scales was tested in 
ELISAs. The results confirmed nM-range binding that was 
comparable across the different scales (Figure 7a). IFA subse
quently confirmed efficient recognition of native RVFV anti
gen (Gn in infected cells [Figure 7b]). Furthermore, a highly 
sensitive VNT, based on a four-segmented RVFV expressing 
eGFP from the NSs locus (RVFV-4s-eGFP) (Figure 7c), con
firmed potent neutralization in the nM range that was also 
comparable between the different scales (Figure 7d).

Discussion

Over the past two decades, the productivities of TGE in CHO 
cells have dramatically increased. In addition, the scale up of 
different TGE processes in both CHO and HEK cells to indust
rially relevant volumes have been reported.15,16 These advances 
have the potential to reduce the time for drug development, as 
transiently generated material could be used to manufacture 
therapeutic proteins for toxicology studies or even directly 
given to patients in a pandemic rapid response scenario.17 

However, historical concerns associated with transient gene 
expression (e.g., low yields, batch-to-batch consistency) have 
prevented the use of this technology at later stages of drug 
development. In addition to this, there are several factors that 

Table 2. Product quality data for the four batches of MERS-7.7G6.

HPSEC 
% Monomer cIEF main peak pI

cIEF 
% main peak

cIEF 
% acidic peaks

cIEF 
% basic peaks

Reduced CGE 
% purity

Non-reduced CGE 
% purity Intact mass (Da)

Batch 1* 99.0 8.9 63.2 29.9 6.8 98.3 94.6 149799
Batch 2 99.5 8.7 69.6 20.2 10.2 98.5 95.9 149800
Batch 3 98.4 8.8 66.6 24.3 9.1 98.6 96.5 149800
Batch 4 100.0 8.8 68.3 20.1 11.6 98.3 96.2 149800
% RSD 0.7 0.9 4.1 19.5 21.5 0.2 0.9 0.0

Purified antibody was analyzed by HP-SEC, cIEF, CGE, and LC/MS. *Note that batch 1 was harvested on day 12 while batches 2–4 were harvested on day 8.
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should be considered if TGE is used beyond preclinical 
research. TGE requires large amounts of plasmid DNA, so 
the potential impact on the economics and timelines of the 

process will need to be managed. The expression levels of TGE 
may still be a limiting factor, especially when high drug doses 
are required. Furthermore, specific assays may be required to 
confirm clearance of transient host-specific and process-related 
impurities, such as the transfection reagent PEI. Comparability 
studies are required if transiently expressed material is used for 
first-in-human studies and stably expressed material is used for 
later clinical studies. However, this can be mitigated by pro
duct-quality-driven clone selection to ensure comparability 
between the two platforms. Finally, current regulatory require
ments have restricted the use of TGE for drug manufacturing,              

as the latest guidelines from the U.S. Food and Drug 
Administration (FDA) specifically state the requirement of 
a cloning step for generation of a master cell bank.9

As part of the Zoonoses Anticipation and Preparedness 
Initiative (ZAPI, IMI grant agreement no. 115760), the aim of 
this study was to assess the feasibility of using a TGE platform 
for manufacturing antibodies in response to a potential pan
demic. In addition to evaluating production at an industrially 
relevant manufacturing scale, we also assessed batch-to-batch 
product quality consistency. This addressed one of the key 
concerns of using material produced from different transient 
expression runs. To mimic manufacturing volumes of up to 
12,000 L, we investigated the phenotypic stability of the cell 
host by assessing expression level and product quality at dif
ferent cell ages for a model mAb (MERS-7.7G6) in 
a miniaturized bioreactor (Ambr® 15). The data confirmed 
consistent expression levels and product quality from passage 
18 to passage 34. Scale-up and process consistency were there
after assessed at a 5 L scale in bench-top bioreactors for the lead 
antibodies. Two antibodies, MERS-7.7G6 and RVFV-107-104, 
showed promising expression levels, with titers of 
0.77 ± 0.06 g/L and 1.03 ± 0.03 g/L at 8 days post- 
transfection, respectively. However, the two back-up antibo
dies, MERS-1.6C7 and RVFV-107-150, showed lower expres
sion levels, with titers of 0.19 ± 0.02 g/L and 0.41 ± 0.02 g/L at 

Figure 3. Glycosylation profiles observed for MERS-7.7G6 (a) and RVFV-107-104 
(b) manufactured at 5, 50 and 200 L scales. The 5 L batches for both molecules 
were harvested on day 8. The larger scale runs were extended to 12 days for 
MERS-7.7G6 and 9 days for RVFV-107-104. A single experiment at 50 and 200 L 
scales was run. Samples were taken after 8 and 12 days from the MERS-7.7G6 50 L 
scale. Purified antibodies were analyzed to assess glycan profiles.

Table 3. Product quality data for MERS-7.7G6 at 5, 50 and 200 L scales.

Batch
HPSEC 

% Monomer cIEF main peak pI
cIEF 

% main peak
cIEF 

% acidic peaks
cIEF 

% basic peaks
Reduced CGE 

% purity
Non-reduced CGE 

% purity Intact mass (Da)

5 L D8 100.0 8.8 65.2 22.0 12.9 98.7 96.6 149800
5 L D12 99.3 8.8 62.4 29.0 8.6 98.3 95.0 149798
50 L D8 99.1 8.7 62.3 27.9 9.7 98.4 95.4 149804
50 L D12 99.0 8.7 59.0 32.1 8.9 97.6 94.7 149804
200 L D12 99.3 8.7 68.3 22.2 9.5 95.5 98.8 149801
% RSD 0.4 0.6 5.5 16.6 17.4 1.3 1.7 0.0

Purified antibody from day 8 (D8) or day 12 (D12) harvests was analyzed by HP-SEC, cIEF, CGE, and LC/MS.

Table 4. Product quality data for RVFV-107-104 at 5 and 200 L scales.

Batch

HPSEC 
% 

Monomer

cIEF 
main 

peak pI

cIEF 
% 

main 
peak

cIEF 
% 

acidic 
peaks

cIEF 
% 

basic 
peaks

Reduced 
CGE 

% purity

Non- 
reduced 

CGE 
% purity

5 L D8 98.9 8.6 58.9 39.5 1.6 91.3 99.7
200 L 

D9
99.2 8.6 56.1 42.0 1.9 97.0 99.6

Purified antibody complex was analyzed by HP-SEC, cIEF, CGE, and LC/MS. Note 
that the 5 L reactor was harvested at 8 days post-transfection while the 200 L 
reactor was harvested 9 days post-transfection.
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8 days, respectively. The lower expression of these antibodies 
was consistent with the productivities observed during the 
early stages of the project (data not shown). Different expres
sion levels for different antibodies of the same format are not 
unusual and have been previously reported.23 Further work, 
such as gene sequence optimization, could be performed to 
improve expression. However, here the lower-expressing leads 
were down-selected based on a combination of potency and 
expression data.

Process consistency was evaluated in a 5 L stirred-tank 
reactor using MERS-7.7.G6 as the model antibody. Four inde
pendent runs for this antibody were carried out, resulting in an 
average maximum VCD of 6.59 ± 0.40 x 106 cells/mL and an 
average titer of 0.77 ± 0.06 g/L at 8 days post-transfection. 
PQAs were found to be consistent between the different 
batches and within the typical expected ranges for mAbs. 
These data confirm that a TGE process can be developed and 
controlled to enable product quality consistency from different 
batches, which is critical for preclinical and clinical studies. 
The success of gene transfer to cells and subsequent expression 
is affected by the quality of the plasmid DNA; for example, 
levels of supercoiled plasmid DNA and microbial impurities 
can affect expression. Therefore, plasmid DNA product quality 
should be monitored and controlled. As higher levels of super
coiled plasmid have a positive effect on expression, chromato
graphic processes have been developed to efficiently purify 
supercoiled conformation plasmid from open circular and 
linear isoforms.24 The levels of the different plasmid DNA 
isoforms can be determined by capillary gel electrophoresis, 

whilst other assays can be used to monitor levels of impurities, 
such as microbial proteins, RNA, genomic DNA, and endo
toxin. It is notable that the FDA recommends establishing 
a minimum specification for supercoiled plasmid content (pre
ferably >80%) for plasmid DNA vaccines.25

To assess the impact of scale on titer and product quality, 
the two lead candidates were scaled up to 50 L and/or 200 L 
SUBs. For MERS-7.7G6, comparable titers to those reported 
for the 5 L STR were obtained in the two SUBs on day 8. 
However, when the process was extended to 12 days, 29% 
and 34% drops in expression yields were observed at 50 L 
and 200 L scales, respectively. An even larger drop in expres
sion level (55%) was observed for RVFV-107-104 at 200 L scale 
attributable to the lower viabilities observed in the SUB. The 
reduced yield at higher scales was not unexpected, as main
taining productivities is one of the main challenges during 
bioprocess scale up. This highlights the need for process opti
mization where different factors, such as culture mixing, heat 
and gas transfer rates and transfection protocol, should be 
assessed, with the aim of increasing expression yields at scale.

During scale up, not only is high productivity desirable, but 
good and consistent final product quality is also essential 
because changes in charge variants and glycosylation profiles 
can occur during process transfer.26 Although the productiv
ities were lower at the 50 and 200 L scales, the PQAs for the two 
lead antibodies were found to be quite consistent across the 
different scales. The 2-aminobenzamide (2-AB) data showed 
that G0F is the predominant glycoform, which aligns with the 
glycan profile reported for stable cell lines derived from the 

Figure 4. Overlay of UV chromatograms of peptide mapping of MERS-7.7G6 (a) and RVFV-107-104 (b) at different scales and harvest days.
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same parent CHO host.27,28 Capillary gel electrophoresis 
(CGE) data showed that extending our transient process from 
8 to 12 days had no significant effect on purity levels or charge 
profile and glycan composition was broadly similar with only 
small differences in G0F levels. The minor differences in G0F 
level is thought to be linked to the different harvest days, as this 
effect has been previously reported although the underlying 
cause is unknown.9,29 In addition, glycosylation profiles can be 
affected by multiple factors, such as the cell host, expressed 
mAb, culture media, and bioreactor process conditions.30 

Therefore, all these parameters should be carefully considered 
and defined when setting process parameters for TGE pro
cesses to ensure batch-to-batch product quality consistency.

To confirm the functionality of the material generated at the 
different scales, the two lead antibodies were tested for neutraliz
ing activity. MERS-7.7G6 was tested in in-vitro assays and in in- 
vivo mouse models. Results showed that MERS-7.7G6, indepen
dent of production scale, was able to neutralize the MERS-CoV 
in a pseudotyped VNT. The results of the in-vivo protection 
studies were in alignment with previously reported percentage 
survival for MERS-7.7G6 where 80–100% percentage survival is 

Figure 5. Binding efficiency of MERS-7.7G6 antibody (a). Material from different 
batches was tested as a measure of product quality (S1 spike protein binding 
assay). Neutralization of MERS-CoV infection (b). Material from 5 L and 200 L scale 
batches of MERS-7.7G6 was tested using a previously established pseudoviral 
assay.20 Luciferase-encoding VSV particles pseudotyped with the MERS-CoV spike 
protein and pre-incubated with the antibodies at indicated concentrations were 
used to infect Vero-CCL81 cells. At 20 h post infection, luciferase activity was 
determined in cell lysates to calculate infection (%) relative to mock-treated virus 
controls. The average of six replicates is shown.

Table 5. Binding assay results for MERS-7.7G6 at different scales.

Batch
Assay #1 

(%) Assay #2 (%)
RP (%) 

GEOMEAN Natural log (LN) of RP #1 Natural log (LN) of RP #2 STDEV of LN % GCV

5 L D8 92 100 96 4.52 4.61 0.059 6.1
50 L D8 78 85 81 4.36 4.44 0.061 6.3
50 L D12 88 87 87 4.48 4.47 0.008 0.8
200 L D12 84 98 91 4.43 4.58 0.109 11.5

Raw values were modeled to a 4-parameter logistic fit, and analyses were run using Qubas software from Quantics. Two independent assays were run to provide two 
results for each sample from which a reportable result was calculated (% relative binding to reference standard).

Table 6. Summary mAbs included in the mouse protection assay.

mAb
Production 

scale
Dose* (mg/kg 

target) Administration
N° of 
mice

MERS-7.7G6 200 L SUB 10 Post-infection 11
MERS-7.7 G6 5 L STR 10 Post-infection 11
Isotype 

control
N/A 10 Post-infection 11

Mock 
infected

N/A – No mAb 5

*dose used corresponds to ~50 μg/mouse.

Figure 6. Survival and weight loss of mice infected with MERS-CoV. To evaluate 
the efficacy of the MERS-7.7G6 mAb, K18 hDPP4-transgenic mice (20–30 weeks- 
old) were administered, after inoculation with MERS-CoV (5000 pfu/mouse), with 
the selected mAb or negative controls (10 mg/Kg dose). Based on the inherent 
variability of this model and protection previously reported, 80–100% survival is 
regarded as protection.
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considered as protection. Different batches of RVFV-107-104 
were also analyzed using a panel of in-vitro assays (ELISA, IFA, 
and VNT). The results confirmed that the material generated at 
the different scales efficiently recognized the native RVFV Gn 
protein to have potent neutralizing activity.

In summary, we successfully demonstrated that our CHO- 
based TGE system is capable of generating antibodies of con
sistent product quality at different scales and in different 
batches. Furthermore, in-vitro and in-vivo data confirmed the 
consistent activity and potency of the different batches of 
material. We have also shown that PQAs of the material gen
erated were within the ranges typically expected for mAbs. To 
our knowledge, this is the first study that has investigated 
product quality variability at different scales and batches for 
transiently expressed material. An area of interest for future 
work is a more detailed product quality comparison between 
the transiently generated material and material produced in 
stable cell lines (pools or clonal cell lines), which was beyond 
the scope of this study. Finally, in addition to the recently 
reported accelerated timelines for stable pools and stable 
clones,17,18,31 our data suggest that, subject to regulatory 
approval, TGE can be considered as a potential alternative 
platform to rapidly generate high-quality material that could 
be used for clinical studies, especially for first-in-human stu
dies or/and to support a pandemic response. The selection of 
TGE over pools as a rapid production system depends on the 
drug development strategy. Although TGE requires large 
amounts of plasmid DNA, a fully established plasmid DNA 
production process integrated into the TGE timelines, i.e., 
plasmid production taking place in parallel with the cell bulk- 
up stages, may still have time savings over a stable pool strat
egy. A further advantage of using TGE is that the cell bank only 

needs to be characterized once, and this time-consuming safety 
testing can be performed off the critical path for large-scale 
manufacture. In contrast, a stable pool approach requires cell 
bank testing for each product and can be a bottleneck for rapid 
manufacturing.

Materials and methods

Cell culture and expression plasmids

CHO-G22 is a derivative of the CHOK1 cell line (ECACC 
No: 85051005). This cell line was engineered to enhance 
transient protein expression by co-expressing the Epstein- 
Barr virus nuclear antigen-1 (EBNA-1) and glutamine 
synthetase genes. Cells were maintained in AZ proprietary 
medium supplemented with methionine sulfoximine 
(MSX; Merck, product ref. #M5379-500) and hygromycin 
(Sigma, product ref. #10687010). Cultures in Erlenmeyer 
flasks or roller bottles were incubated at 140 rpm in 
a humidified orbital shaking incubator at 36.5°C and 5% 
CO2.

The expression plasmids are based on the Gahn and Sugden 
report, with transcription of the antibody genes driven by the 
human cytomegalovirus promoter.32 For the production of the 
plasmids, the E. coli DH5α strain was used. Plasmids were 
purified using a commercial kit (Qiagen, product ref. # 12191) 
according to the manufacturer’s instructions. Expression vectors 
encoding the following antibodies were assessed in TGE: 
MERS-7.7G6 (human IgG1), MERS-1.6C7 (human IgG1), 
RVFV-107-104 (llama bispecific single-domain antibody with 
human IgG1 Fc), RVFV-150-104 (llama bispecific single- 
domain antibody with human IgG1 Fc).

Figure 7. In-vitro potency of RVFV-107-104 antibody. Indirect RVFV-Gnecto-based ELISA (a). IFA of the using RVFV-Clone 13 infected cells as antigen (b). Illustration of the 
VNT used to assess RVFV neutralization (c). Neutralizing activity of the purified chimeric antibody expressed as ND50 (d).
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Transient expression in bioreactors

Cells were grown in three systems: Ambr® 15 microbioreactor, 
5 L STR and SUB at 50 L and 200 L scales. Bioreactors were 
seeded at 2 × 106 viable cells/mL. After 24 h, cells were 
transfected with 1 mg of DNA per liter of culture volume 
using PEImax (PolySciences, product ref. #24765) as transfec
tion reagent at a PEI:DNA ratio of 6:1 or 7:1. PEI and DNA 
were each diluted in 150 mM NaCl before being combined to 
form the DNA-PEI complex. Post-transfection, cultures were 
maintained at 37°C for 4 h and then temperature was reduced 
from 37°C to 34°C. The transfected cells were fed with AZ 
proprietary nutrient supplement over the course of the cul
ture period. Cultures were maintained at 34°C, 50% DO, pH 7 
for 8–12 days. VCD, total cell density, and viability were 
measured using a Vi-Cell XR cell counter (Beckman 
Coulter). Off-line pH, pO2, pCO2 and glucose and lactate 
concentrations were quantified using a Nova Bioprofile 
FLEX (Nova Biomedical).

Antibody quantification and purification

Antibodies in cell culture supernatants were quantified by 
protein A high-performance liquid chromatography (HPLC) 
on an Agilent 1200 HPLC (Agilent Technologies, Cheshire 
UK) by comparing eluate peak size from each sample with 
a calibration curve. Larger volumes of cell culture were clarified 
with a Millistak+ D0HC and X0HC (Millipore, Watford) depth 
filter train. Clarified material was loaded on a PrismA (GE 
Healthcare, Buckinghamshire) Protein A affinity column equi
librated in 50 mM Tris pH 7.4, the columns were washed with 
50 mM Tris pH 7.4 followed by 50 mM Tris, 50 mM sodium 
caprylate pH 9.0 and 50 mM Tris pH 7.4. The proteins were 
eluted with 25 mM sodium acetate pH 3.6. The Protein 
A chromatography product was adjusted to pH 2.5 and held 
for 30 min before being neutralized to pH 7.4. The neutralized 
product was further purified using a Mustang Q (Pall, 
Portsmouth) anion exchange membrane chromatography col
umn operated in flow-through mode. The anion exchange 
product was then buffer exchanged into the proprietary final 
formulation using tangential flow filtration using a Pellicon XL 
ultracel membrane (Millipore, Watford).

Product quality analysis

Charge variant analysis: cIEF
Capillary isoelectric focusing was performed using an iCE3 
Analyzer. Samples were adjusted to 0.5 mg/mL using a 4 M 
urea master mix containing methyl cellulose and 3–10 
Pharmalytes. The samples were loaded onto an iCE3 
Analyzer and focused for 15 min.

Fragment analysis: CGE
CGE was performed under both reducing and non-reducing 
conditions. For reduced CGE, samples were diluted to 1 mg/mL 
using a reducing buffer containing β-mercaptoethanol and 
sodium dodecyl sulfate. For non-reduced CGE, sample was 
diluted to 1 mg/mL in non-reducing sample buffer containing 
N-ethyl maleimide in sodium phosphate and sodium dodecyl 

sulfate. Reduced and non-reduced samples were heat denatured 
at 65°C prior to analysis. Analysis was performed on a PA800 
plus configured with a 30 cm bare fused silica capillary.

Purity and aggregate analysis: HP-SEC
High-performance size-exclusion chromatography (HP-SEC) 
with detection by absorbance at 280 nm was performed on 
a Tosoh TSK-gel G3000SWxL column (7.8 mm × 30 cm) at 
room temperature (RT). Samples were eluted isocratically with 
a mobile phase composed of 0.1 M sodium phosphate, 0.1 M 
sodium sulfate, pH 6.8 at a flow rate of 1.0 mL/min.

Mass analysis
Liquid chromatography coupled to high-resolution mass spectro
metry (LC-HRMS) of the analyte was used to characterize the 
primary and quaternary structure of the analyte, as well as to 
determine the glycosylation profile. Reverse phase LC was coupled 
directly to a Synapt G2 (Waters) operated in positive ion, sensi
tivity mode. Data analysis was performed in MassLynx 4.1 using 
the MaxEnt1 algorithm for deconvoluted mass calculations.

Primary structure analysis: reduced peptide mapping
Peptide mapping was used to characterize the primary struc
ture and any post-translational modifications of the proteins. 
Tryptic peptide mapping was performed by LC-HRMS. 
Samples were denatured and reduced by incubation with 
dithiothreitol and diluted to 5 mg/mL with water. Alkylation 
was performed by addition of iodoacetamide followed by incu
bation at RT in the dark. Samples were desalted by microdia
lysis. Protein digestion was performed by addition of a 0.67 μg/ 
μL trypsin solution in 100 mM Tris pH 7.5. Digestion was for 
4 hours at 37°C before reaction quenching with trifluoroacetic 
acid (TFA). The resulting peptide mixtures were then sepa
rated by UPLC-MS using a Waters Acquity UPLC system 
equipped with a Waters Acquity BEH C18 column and an 
aqueous TFA/acetonitrile gradient. Mass measurements were 
performed on an Q Exactive HF-X Hybrid Quadrupole- 
Orbitrap mass spectrometer.

Glycan analysis: 2-AB
2-AB-labeled oligosaccharides analysis was performed following 
N-linked oligosaccharides digestion with Peptide-N-Glycosidase 
F. The released oligosaccharides were labeled with 2-AB by 
reductive amination. The labeled oligosaccharides were sepa
rated by UPLC on an Acquity UPLC with BEH Glycan column.

In vitro functional testing of MERS-7.7G6

Binding assay
The relative binding of MERS-7.7G6 antibody was measured 
by using an electrochemiluminescence sandwich assay (Meso 
Scale Discovery technology, MSD). S1 spike protein was coated 
on assay plates at a fixed concentration and incubated over
night. MERS7.7G was added as a serial dilution followed by 
a fixed concentration of anti-human IgG sulfo-tag secondary 
antibody (MSD, product ref. #D20JL-6). Raw data values were 
generated by reading on an MSD plate reader and analysis was 
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performed using a 4-parameter logistic fit from which relative- 
binding percentages between reference standard and samples 
were generated using EC50 values.

Virus neutralization test using pseudotyped VSV
The production of MERS-CoV spike pseudotyped vesicular 
stomatitis virus (VSV) and neutralization test was per
formed as described by Widjaja et al.20 HEK 293 T cells 
(~75% confluency) were transfected with the pCAGGS 
expression vector encoding the MERS-CoV spike protein 
with a C-terminal cytoplasmic tail truncation to increase 
cell surface expression levels. Forty-eight hours post- 
transfection, cells were infected with VSV-G-pseudotyped 
VSVΔG bearing the firefly (Photinus pyralis) luciferase 
reporter gene at a multiplicity of infection (MOI) of 1. 
Twenty-four hours later, supernatants were harvested and 
filtered through a 0.45 μm membrane. In the VNT, serially 
diluted mAbs were pre-incubated with an equal volume of 
virus at RT for 1 h, after which the mixture was added to 
Vero-CCL81 cells, and further incubated at 37°C. After 
20 h, cells were washed once with phosphate-buffered saline 
(PBS) and lysed with cell lysis buffer (Promega). The 
expression of firefly luciferase was measured on 
a Berthold Centro LB 960 plate luminometer using 
D-luciferin as a substrate (Promega). The percentage of 
infectivity was calculated as the ratio of luciferase readout 
in the presence of mAbs normalized to luciferase readout in 
the absence of mAb. The half maximal inhibitory concen
trations (IC50) were determined using 4-parameter logistic 
regression (GraphPad Prism v7.0).

In vitro functional testing of RVFV-107-104

Viruses, cells, and media
Culture media and supplements were obtained from Gibco 
(Life Technologies, Paisley, United Kingdom) unless indi
cated otherwise. Virus stocks of RVFV strain Clone 1333 

were obtained after infections at low MOI (0.01) of Vero E6 
cells (ATCC CRL-1586, Teddington, United Kingdom). 
Vero cells were maintained in Eagle’s minimal essential 
medium supplemented with 1% nonessential amino acids, 
1% antibiotic/antimycotic and 5% fetal bovine serum, at 
37°C with 5% CO2. Cells were regularly tested for the 
absence of mycoplasma.

ELISA
The RVFV Gn soluble ectodomain (RVFV-Gnhead), 
expressed with an N-terminal Twin-Strep-tag,21 was coated 
on Strep-Tactin® microplates (Cat. No. 2–1501-001, IBA). 
To this end, 100 µL/well of 0.3 μg/mL, in ELISA binding 
buffer (25 mM Tris-HCl, 2 mM EDTA, 140 mM NaCl, pH 
7.6) was incubated for 2 h at RT. The plates were washed 
with PBS supplemented with 0.05% Tween-20 using an 
ELISA washer (6 pulses). Plates were blocked with 
300 µL/well of ELISA blocking buffer (2% w/v skimmed 
milk in PBS supplemented with 0.05% Tween-20) for 1 h at 
RT. Plates were subsequently incubated with 100 µL/well of 
a five-fold dilution of hIgG1Fc-VHH fusions in blocking 

buffer for 1 h at RT and then washed with the ELISA 
washer. Horseradish peroxidase (HRP)-conjugated goat 
anti-llama IgG-H + L (A160-100P, Bethyl, Montgomery, 
Texas) diluted 1:2,000 in blocking buffer (100 µL/well) 
was used as a secondary antibody (1 h at RT). TMB One 
Component HRP Microwell Substrate (TMBW 1000–01, 
SurModics, Minnesota) was added as a substrate.

Immunofluorescence assay
Vero E6 cells (3 × 104 cells/well) were seeded in 
a CultureWell 16 removable chambered coverglass (Grace 
Bio-Labs) and incubated with RVFV Clone 13 at MOI 0.1. 
Following overnight incubation at 37°C and 5% CO2, cells 
were fixed with 4% (v/v) paraformaldehyde for 15 min at 
RT and permeabilized with 1% (v/v) Triton X-100 for 
5 min at RT. After one wash with PBST20, wells were 
subsequently blocked with IFA blocking buffer (5% (v/v) 
horse serum in PBS) and incubated for 1 h at 37°C. Diluted 
hIgG1Fc-VHH fusions (1 µg/mL) in blocking buffer 
(100 µL/well) were added and incubated for 1 h at 37°C. 
Following three washes with PBST20, a fluorescein isothio
cyanate-conjugated goat anti-llama IgG H + L secondary 
antibody (Bethyl, A160-100 F) in blocking buffer (1:200, 
100 µL/well) was added for 1 h at 37°C. Following incuba
tion, the wells were washed again three times with PBST20, 
and submerged in VectaShield antifade mounting medium 
H-1000 (Vector Laboratories). Images were taken on an 
inverted widefield fluorescence microscope Axio Observer 
7 (ZEISS, Germany) using appropriate filters and a 1.3 NA 
100x EC Plan-NEOFLUAR oil objective in combination 
with an AxioCam MRm CCD camera and ZEN 2.6 Pro 
software (ZEISS, Germany).

Virus neutralization test
RVFV neutralization was assessed with the use of a highly 
sensitive VNT as described.34 Briefly, in standard 96-well 
cell culture plates, 50 µL of three-fold serial dilutions of 
hIgG1Fc-VHH fusions (starting at 75 nM) were incubated 
with 50 µL of a 103.6 TCID50/mL RVFV-4s_eGFP for 1.5 h 
at RT. Following addition of 1.5 × 104 BHK-21 cells/well 
plates were incubated for 48 h at 37°C with 5% CO2. Plates 
were subsequently fixed with 4% paraformaldehyde (15 min 
RT) and after a final wash step with PBS, the neutralization 
capacity was calculated as ND50 using the AID vSpot 
Spectrum (Strassberg, Germany).

Protection assay of MERS-CoV inoculated mice

To evaluate the efficacy of the selected mAbs, 38 K18 
TghDpp4-transgenic mice 20–30 weeks-old were adminis
tered after inoculation with MERS-CoV (5000 pfu/mouse), 
with the mAbs or negative controls. Mice were monitored 
daily for weight loss and survival. At selected intervals (0, 
3, 6, and 10 days after inoculation), mice were blood- 
sampled. Three mice were sacrificed at 3 and 6 days post- 
inoculation to collect lungs for viral titer (by plaque assay 
or qPCR) and histopathology and histochemistry (data not 
shown). This study received approval from the ethics 
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committee at the National Center of Biotechnology (CNB- 
CSIC).

Abbreviations

2-AB 2-Aminobenzamide
ADCC antibody-dependent cellular cytotoxicity
AZ AstraZeneca
BHK baby hamster kidney cell
CGE capillary gel electrophoresis
CHO Chinese hamster ovary
cIEF capillary isoelectric focusing
EBNA-1 Epstein-Barr virus nuclear antigen-1
EC50 half maximal effective concentration
eGFP enhanced green fluorescent protein
ELISA enzyme-linked immunosorbent assay
Fc fragment crystallizable
FDA United States Food and Drug Administration
GLP good laboratory practice
Gn aminoterminal glycoprotein
HEK human embryonic kidney
hIgG1 human immunoglobulin G1
HP-SEC high performance size-exclusion chromatography
HRP horseradish peroxidase
IC50 half-maximal inhibitory concentration
IFA immuno fluorescence assay
LC-HRMS high resolution mass spectrometry
mAb monoclonal antibody
Man5 mannose 5
MERS-CoV Middle East respiratory syndrome coronavirus
MSD Meso Scale Discovery
MSX L-Methionine sulfoximine
MOI multiplicity of infection
ND50 fifty percent neutralizing dilution
PBS phosphate buffered saline
PEIs polyethylenimines
pfu plaque-forming units
pI isoelectric point
PQAs product quality attributes
qP specific productivity
qPCR real-time polymerase chain reaction
reversed-phase LC/MS liquid chromatography-mass spectrometry
RT room temperature
RVFV Rift Valley fever virus
STR stirred tank reactor
SUB single use bioreactors
TCID fifty-percent tissue culture infective dose
TFA trifluoroacetic acid
TGE transient gene expression
TMB 3,3′,5,5′-Tetramethylbenzidine
Tris tris(hydroxymethyl)aminomethane
UPLC ultra performance liquid chromatography
UV ultraviolet
VCD viable cell density
VHH single-domain antibody
VNT virus neutralization test
VSV vesicular stomatitis virus
ZAPI Zoonoses Anticipation and Preparedness Initiative
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