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Abstract

More than half of licensed therapeutic recombinant proteins (r‐proteins) are manufac-

tured using constitutively‐expressing, stably‐transfected Chinese hamster ovary (CHO)

clones. While constitutive CHO expression systems have proven their efficacy for the

manufacturing of monoclonal antibodies, many next‐generation therapeutics such as

cytokines and bispecific antibodies as well as biological targets such as ectodomains of

transmembrane receptors remain intrinsically challenging to produce. Herein, we

exploited a cumate‐inducible CHO platform allowing reduced expression of various

classes of r‐proteins during selection of stable pools. Following stable pool generation,

fed‐batch productions showed that pools generated without cumate (OFF‐pools) were

significantly more productive than pools selected in the presence of cumate (ON‐pools)

for 8 out of the 10 r‐proteins tested, including cytokines, G‐protein coupled receptors

(GPCRs), the HVEM membrane receptor ectodomain, the multifunctional protein High

Mobility Group protein B1 (HMGB1), as well as monoclonal and bispecific T‐cell engager

antibodies. We showed that OFF‐pools contain a significantly larger proportion of cells

producing high levels of r‐proteins and that these cells tend to proliferate faster when

expression is turned off, suggesting that r‐protein overexpression imposes a metabolic

burden on the cells. Cell viability was lower and pool recovery was delayed during

selection of ON‐pools (mimicking constitutive expression), suggesting that high producers

were likely lost or overgrown by faster‐growing, low‐producing cells. We also observed a

correlation between the expression levels of the GPCRs with Binding immunoglobulin

Protein, an endoplasmic reticulum (ER) stress marker. Taken together, these data suggest

that using an inducible system to minimize r‐protein expression during stable CHO pool

selection reduces cellular stresses, including ER stress and metabolic burden, leading to

pools with greater frequency of high‐expressing cells, resulting in improved volumetric

productivity.
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1 | INTRODUCTION

Recombinant protein (r‐protein)‐based therapeutics represent the

most rapidly growing class of pharmaceuticals (O'Flaherty et al., 2020).

There are a variety of advantages to using mammalian‐cell hosts for

therapeutic r‐protein production, including the ability to better mimic

human posttranslational modifications including glycosylation, which

can impact protein folding, biological activity, pharmacokinetics, and

immunogenicity (Durocher & Butler, 2009; Ha et al., 2022;

Zhu, 2012). Among mammalian hosts, Chinese hamster ovary

(CHO) cells have proven their value for producing therapeutic r‐

proteins since their first approved use in 1986 (De Jesus &

Wurm, 2011; Lalonde & Durocher, 2017; Tihanyi & Nyitray, 2020).

They are preferred, notably, for their robustness and resistance to

propagation of human viruses (Berting et al., 2010; Nims, 2006), their

ability to grow in suspension at high cell density in chemically‐defined

media, their human‐like posttranslational modifications as well as

their proven safety and wide acceptance by regulatory authorities

(Lai et al., 2013; Omasa et al., 2010).

Despite these advantages, CHO cells have shown some limita-

tions in the production of certain classes of r‐proteins with important

therapeutic applications (e.g., cytokines and bispecific antibodies) or

r‐proteins used as targets/antigens for the development of ther-

apeutics (e.g., G‐protein coupled receptors [GPCRs] and receptor

ectodomains). In addition to deleterious effects caused by potential r‐

protein‐induced cell signaling (e.g., bioactive molecules that can bind

and activate their cognate receptors expressed by CHO cells),

difficult‐to‐express proteins may misfold during their biosynthesis

in the endoplasmic reticulum (ER) and Golgi apparatus (Le Fourn

et al., 2014), due to complex structures and/or requirements for

posttranslational processing, and are also prone to accumulation,

aggregation, and precipitation in degradative organelles. Notable

examples include interferon‐beta (IFN‐β) which binds to the ubiqui-

tous membrane receptor IFNAR and activates downstream JAK/

STAT signaling (Van Beers et al., 2010; Zanin et al., 2021) as well as

single‐chain Fv (scFv) or granulocyte‐colony stimulating factor (GCSF)

where partially‐folded intermediates tend to lack solubility and

aggregate during protein synthesis (Raso et al., 2005; Wang

et al., 2019). These events are typically associated with an increased

expression of the ER stress chaperone Binding immunoglobulin

Protein (BiP), a master regulator involved in many ER‐dependent

processes, including translocation across the ER membrane and

proper folding of newly synthesized proteins (Pybus et al., 2014; Roy

et al., 2017; Wang et al., 2009).

During conventional cell line development workflows, stably

transfected CHO cells are typically obtained using dihydrofolate

reductase (DHFR)/methotrexate or glutamine synthase (GS)/methio-

nine sulfoximine (MSX) selection systems, followed by isolation of

clonally‐derived cell lines that can be used for manufacturing. While

manufacturing CHO cell lines are always clonally derived, stably‐

transfected pools, producing titers up to a few grams per liter,

offer today an alternative expression platform that can be used to

generate material for preclinical research (Rajendra et al., 2017;

Stuible et al., 2018; Wright et al., 2017). Importantly, production from

stable CHO pools avoids the lengthy and tedious procedure of clone

screening and stability testing, allowing production months before a

clone is isolated and characterized. Growing evidence validates the

use of stable pools for producing r‐proteins of sufficient quality and

safety for Phase 1 clinical trials (Hu et al., 2017; Munro et al., 2017;

Scarcelli et al., 2017; Stuible et al., 2018; Zhang et al., 2021). This has

indeed been of utmost importance in the context of the COVID‐19

pandemic where the use of stable CHO pools was recently reported

for the rapid manufacturing of multiple SARS‐CoV‐2 neutralizing

antibodies for Phase 1 clinical trials (Agostinetto et al., 2022;

Schmieder et al., 2022; Xu et al., 2022; Zhang et al., 2021).

The bulk of licensed therapeutic r‐proteins are currently

manufactured using constitutive expression systems, where a strong

promoter, often derived from human or mouse cytomegalovirus

(CMV) sequences, drives the continuous expression of a gene of

interest. In such systems, high‐level r‐protein expression happens

throughout the entire cell line development process, beginning within

hours after transfection and continuing throughout the drug selection

and cloning steps. Difficult‐to‐express r‐proteins can also have

cytostatic or cytotoxic effects on host cells during the generation

of such stable pools. Combined with stress caused by the metabolic

selection marker, low yields, and cloning difficulties may be magnified

by a confounding negative selection pressure caused by high

expression of such r‐proteins (Fischer et al., 2017). There is thus a

clear rationale for having expression of difficult‐to‐express r‐proteins

“turned off” during the cell line development process, but little

attention has been given to inducible systems for r‐protein

production in CHO cells. Inducible expression systems were primarily

developed to control expression of r‐proteins when studying gene

function, but not for optimizing therapeutic r‐protein production.

One commonly used inducible system allowing controlled gene

expression is the tetracycline‐regulated gene switch (Gossen &

Bujard, 1992). In its tetracycline‐off configuration (Tet‐off), the

tetracycline transactivator (tTA), composed of a tetracycline repres-

sor (tetR) fused to an activation domain, binds to repeats of a

tetracycline operon (tetO) placed upstream of a minimal promoter to

induce transcription in the absence of tetracycline. Despite its

efficacy, a major caveat of this system resides in its regulation by

antibiotics, the use of which may be restricted by regulatory

authorities to produce therapeutic r‐proteins intended for humans.

The cumate switch is an alternative inducible expression system

based on the affinity of the bacterial cymene repressor (CymR) for its

operator sequences p‐cymene and p‐cumate (CuO) placed upstream

of a CMV minimal promoter (defining the CR5 promoter) (Mullick

et al., 2006), which has been accepted by regulatory authorities for

production of r‐proteins for clinical testing. The gene switch is

activated by the addition of cumate which binds to the repressor and

releases it from the CuO. This allows the cumate transactivator

(rcTA), a fusion of a mutated CymR with the VP16 activation domain,

to bind the CR5 promoter thus inducing strong expression of the

gene of interest. We have routinely employed this system to

obtain high titers of “easy‐to‐express” r‐proteins in CHO cells
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(Poulain et al., 2017, 2019). In these studies, pools selected in off‐

mode generated higher titers and led to more high‐productive

“micro‐pools,” an observation also reported later by other groups

(Donaldson et al., 2021; Ong et al., 2019).

Here, we have generated stable pools that express, under the

control of the cumate‐inducible promoter CR5, several easy‐ and

difficult‐to‐express proteins. We demonstrate that when performing

the transfection, pool selection, expansion, and maintenance phases

in the off‐mode, stable CHO pools are typically more productive

compared to pools generated in the on‐mode, for most r‐proteins

tested. We also evaluated if there is a correlation between ER stress

and r‐protein expression levels. With the increasing interest in using

stable CHO pools for r‐protein production at different stages of

product development, we believe that inducible systems may

represent an alternative platform to increase expression of a variety

of r‐proteins, including cytokines, bispecific antibodies, multispan

transmembrane receptors, and other difficult‐to‐express proteins.

2 | MATERIALS AND METHODS

2.1 | Plasmid constructs

The plasmids used for the generation of stable pools include different

plasmids encoding one (pTT75, pTT81) or two (pTT109) inducible

cassettes, similar to those previously described (Joubert

et al., 2022, 2023; Poulain et al., 2017, 2019). All sequences

encoding the r‐proteins described in this study were codon‐

optimized for expression in mammalian cells and their expression is

regulated by the cumate‐inducible CR5 promoter composed of six

CuO operator sequences from the p‐cmt operon of Pseudomonas

putida placed upstream of a CMV minimal promoter (Mullick

et al., 2006). All plasmids encode the glutamine synthetase gene

under the control of the constitutive SV40 promoter for selection

with MSX.

2.2 | Generation of stable pools

The CHOBRI/55E1 (herein abbreviated CHO55E1) cell line expressing

the cumate operon has been described in details in previous studies

(Poulain et al., 2017, 2019). CHO55E1 cells were cultured in

suspension in chemically‐defined PowerCHO‐2 medium (Lonza) and

maintained in exponential phase. Cells were centrifuged and

resuspended at a final density of 2.0 × 106 cells/mL in 20mL of CD

DG44 transfection medium (Life Technologies) supplemented with

4mM L‐glutamine (Hyclone) and 0.1% Kolliphor P 188 (Sigma‐

Aldrich). The cells were transfected with linear PEI Max (Poly-

sciences) at a 1:5 (w:w) DNA:PEI ratio. DNA and PEI were premixed

in the transfection medium, incubated 5min at room temperature

and gently added to the cells. The cells were then incubated for 24 h

in a humidified incubator at 37°C with 5% CO2 under constant

agitation at 120 rpm on a 25mm orbit Celltron shaker (Infors).

Twenty‐four hours posttransfection, cells were centrifuged and

resuspended at a density of 0.5 × 106 cells/mL in PowerCHO‐2

medium supplemented with 25 or 50 µM MSX (Sigma‐Aldrich) and

divided in two flasks to produce two pools from the same

transfection. One microgram per milliliter of cumate (Ark Pharm)

was added to one of the two flasks to induce protein expression

during selection (ON‐pool), the other one remained without cumate

(OFF‐pool). Complete media change was performed every 2−3 days.

The selection was continued until viability measured by trypan blue

dye exclusion on a CEDEX automated cell counter (Roche Diag-

nostics) reached at least 98%, generally between 15 and 20 days

posttransfection. Pools selected in the presence of cumate are

hereafter referred to as “ON‐pools,” while pools selected in the

absence of cumate are referred to as “OFF‐pools.” During selection,

cells and media samples were collected for analysis. Cells from

stable pools were frozen in liquid nitrogen before their use in

fed‐batch productions.

2.3 | Cryopreservation, thawing, and maintenance
of stable pools

Exponentially growing cells were centrifuged and resuspended at

10 × 106 cells/mL in freezing medium prepared by adding 7.5% (v/v)

DMSO (Sigma‐Aldrich) to PowerCHO‐2 medium. Aliquots of 1mL

were prepared in preidentified cryogenic vials (Corning Incorporated)

that were immediately transferred to a Styrofoam box stored in a

−80°C freezer. Vials were transferred to a liquid nitrogen freezer the

next day. When thawing cells, the vial was placed in a 37°C water

bath and rapidly transferred to a 15mL centrifuge tube with 9mL of

prewarmed PowerCHO‐2. Cells were counted on CEDEX cell

counter, centrifuged and resuspended at a cell density of 0.3 × 106

cells/mL in PowerCHO‐2 supplemented with 25 or 50 µM MSX in a

125mL flat‐bottom flask. The flasks were placed on a 120 rpm orbital

shaker in a 37°C humidified incubator under a 5% CO2 atmosphere

for 3 days. Cells were split with fresh media every 2−3 days. Thawed

cells with a viability higher than 98% were used for fed‐batch

productions after a minimum of 1 week in culture.

2.4 | Protein production in fed‐batch

Three days before induction, cells from ON‐ and OFF‐pools were

seeded at 0.35 × 106 cells/mL in 125mL flat‐bottom flasks (Corning

Incorporated) containing 20mL of BalanCD Growth A medium (Irvine

Scientific) supplemented with 25 or 50 µMMSX and 0.1% Kolliphor P

188 (Sigma‐Aldrich), placed in a 37°C humidified incubator under 5%

CO2 on an orbital shaker operating at 120 rpm. When the cell density

reached 3−5 × 106 cells/mL, protein production was induced by

adding 1 µg/mL of cumate. Cells were then exposed to mild

hypothermia conditions by reducing temperature to 32°C. Cell

counts were performed every 2−3 days on CEDEX, glucose was

adjusted to maintain a minimal concentration of 17mM and Feed

MALTAIS ET AL. | 3

 10970290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bit.28435 by C

ochrane C
anada Provision, W

iley O
nline L

ibrary on [21/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12.7 (Irvine Scientific) was added up to 55% of initial volume

14 days post‐induction. Fed‐batch productions were stopped

between 10 and 14 days, when viability decreased between 60%

and 70%. Production samples were harvested and titers were

evaluated by western blot or by protein A‐HPLC as described

previously (Poulain et al., 2017).

2.5 | SDS‐PAGE and western blot analysis

Cells collected at different time points during the selection of pools

and fed‐batch productions were lysed in a buffer composed of

50mM HEPES (pH 7.4), 150mM NaCl, 0.5% Na‐deoxycholate, 1%

Thesit, and 0.1% SDS, supplemented with cOmplete protease

inhibitor cocktail (Roche Diagnostics) and PhosSTOP phosphatase

inhibitor (Roche Diagnostics). Lysed cells were briefly sonicated with

a Misonix sonicator (Farmingdale) and centrifuged at 4°C, at

12,000 rpm for 10min. Proteins in the cell lysates were quantified

with the Quantipro BCA assay kit (Sigma‐Aldrich). Cell lysates and

supernatants samples were mixed with 4X XT sample buffer

(Bio‐Rad) supplemented with 200mM DTT and heated at 70°C for

10min. Equal amounts of protein were loaded on NuPAGE 4%−12% Bis‐

Tris gels (Thermo Fisher Scientific) and resolved at 200V for 30min.

For western blot analysis, protein samples were transferred on

nitrocellulose membranes (Bio‐Rad) at 100 V for 30min. Membranes

were blocked for 30min with western blocking reagent (Roche

Diagnostics) prepared in DPBS‐T and 0.01% (w/v) thimerosal (Sigma).

Membranes were then incubated individually for 1 h with labeled or

unlabeled primary antibody. Membranes were washed 10min in

DPBS‐T before incubation with the secondary HRP‐labeled antibody

for 1 h. Antibodies for BiP and GAPDH were from Cell Signaling

Technologies, High Mobility Group protein B1 (HMGB1) and

β‐tubulin‐HRP from Abcam, GCSF, IL7, and eIF2α from Santa Cruz

Biotechnology, IFN‐β, HVEM, and IL15 from R&D Systems. Blinatu-

momab was detected using an anti‐Penta‐His from Qiagen while

Alexa Fluor 647‐conjugated 12CA5 antibody against HA epitope was

produced in‐house. Protein detection was performed by incubating

membranes for 1min in ECL Clarity solution (Bio‐Rad) and signals

from non‐saturated exposures were imaged using Bio‐Rad ChemiDoc

MP Imaging System. The relative r‐protein expression between

ON‐ and OFF‐pools was evaluated by pixel count.

2.6 | Flow cytometry

During the selection of stable pools, the cells were analyzed for

coexpression of BiP and HA‐tagged GPCRs M4 and GPR120.

Two lakh fifty thousands cells were harvested and stained with

LIVE/DEAD fixable violet dead cell stain kit (Thermo Fisher Scientific)

following manufacturer's instructions. All incubations were per-

formed at 4°C for 30min. The cells were blocked for 10min with

DPBS containing 1% Probumine (MilliporeSigma) and stained with

0.2 µg/mL of recombinant anti‐HA 12CA5 antibody. This antibody

was labeled using Alexa Fluor 647 (AF647) protein labeling kit from

Thermo Fisher Scientific. For intracellular BiP staining, the cells were

fixed and permeabilized for 20min using BD Cytofix/Cytoperm

Fixation/Permeabilization solution kit from BD Biosciences. BiP was

detected with a rabbit monoclonal anti‐BiP antibody diluted 1:200.

Then, 2 µg/mL of Alexa Fluor 488 (AF488)‐conjugated donkey anti‐

rabbit antibody (Thermo Fisher Scientific) was used as secondary

antibody. Emitted fluorescence from 10,000 stained single cells per

condition was acquired on a BD LSRFortessa (BD Biosciences). Dead

cells were excluded from the analysis. The population gating was

performed on the parental cell line CHO55E1 stained with HA or BiP

antibodies. The data was analyzed using the FlowJo software version

10.6.1 (Treestar).

The proliferation of cells, during the generation of the stable

pools, was evaluated using the CellTrace Far Red Proliferation dye

(Thermo Fisher Scientific). Cells from ON‐ and OFF‐pools expressing

HA‐M4 were stained at 3 days posttransfection (dpt) according to the

manufacturer's instructions. Based on signal dilution via cell division,

the decrease in CellTrace fluorescence was measured at 5 dpt, to

estimate cell proliferation. The cells were costained for HA‐M4

expression. For the HA staining, the cells were washed with DPBS

and blocked for 10min in DPBS containing 1% Probumine, incubated

with 0.2 µg/mL of anti‐HA antibody and detected with a 1:200

dilution of a FITC‐conjugated anti‐mouse secondary antibody

(Jackson ImmunoResearch). Cells were incubated at 4°C for 30min.

Dead cells were stained with 1 µg/mL propidium iodide and excluded

from the analysis. Emitted fluorescence from 20,000 viable cells per

condition was acquired on a BD LSRFortessa. The gating for

basal fluorescence was performed on the parental cell line CHO55E1,

either unstained or stained for HA epitope. Automated fluorescence

compensations were applied using FACSDiva software version

8.0.1 (BD Biosciences) and the data was analyzed using the

FlowJo software.

2.7 | Statistical analysis

Data are expressed as mean ± standard deviation from at least three

independent replicates. The ratio of productivity of OFF‐ over ON‐

pools producing secreted r‐proteins, was analyzed with a one‐tailed

ratio paired t‐test using pixel count values. The ratio of productivity

of OFF‐ over ON‐pools producing HA‐tagged GPCRs was analyzed

with a two‐tailed ratio paired t‐test. The fluorescence index

calculations were based on the median of AF647 fluorescence

intensities multiplied by the proportion of HA‐positive cells of each

replicate. The proportion of HA‐positive cells and the proliferation

of pools producing HA‐M4, selected with or without cumate,

were compared in a two‐tailed paired t‐test. The p values were

represented as: p > 0.05ns, p < 0.05*, p < 0.01**, p < 0.001***,

p < 0.0001****. All statistical analyses were performed using

GraphPad Prism 7 software.

4 | MALTAIS ET AL.
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3 | RESULTS

3.1 | Performing pool selection in the off‐mode
increases their productivity for secreted r‐proteins

Stable pools were generated by transfecting CHO55E1 cells with

plasmids encoding different classes of secreted proteins (see Table 1

for list of plasmids) under the control of the CR5 cumate‐inducible

promoter. Once cell culture viability reached at least 98%, the

productivity of stable pools selected with (ON‐pool) or without (OFF‐

pool) cumate was evaluated in fed‐batch productions. Representative

Western blots for pools expressing IFN‐β, HVEM, GCSF, HMGB1,

IL7, IL15, and blinatumomab are shown in Figure 1a, while an analysis

of 3−4 independent experiments (except for blinatumomab which

was performed once) indicated respective productivity increases of

0.9‐, 2.2‐, 3.7‐, 1.2‐, 1.5‐, 4.1,‐ and 1.7‐fold (Figure 1b). The

expression of the palivizumab (PLVZM) antibody was also signifi-

cantly increased by 3.4‐fold in OFF‐pools versus ON‐pools. The

antibody concentration in the supernatant, measured by protein A‐

HPLC affinity chromatography in three independent experiments,

indicated average titers of 601 ± 100mg/L in OFF‐pools in compari-

son to 178 ± 25mg/L for ON‐pools (Figure 1c).

3.2 | Performing pool selection in the off‐mode
increases their productivity for membrane r‐proteins

While pool selection in the off‐mode significantly increased the

productivity of 6 out of 8 secreted r‐proteins, we aimed to determine

if the same approach could also increase the expression of multispan

transmembrane receptors. Pools expressing HA‐tagged GPCRs M4

and GPR120 were selected with or without cumate as described

above. Once selected, the pools were induced with 1 µg/mL cumate

and 4 days post‐induction, cells were harvested and labeled with an

anti‐HA AF647‐conjugated antibody. The flow cytometry profiles of

ON‐pools were strikingly different than OFF‐pools, expressing much

less fluorescence overall as shown by cytometry histogram overlays

(Figure 2a). Profile analyses showed that the median fluorescence

intensities (MFI) of HA‐positive cells (HA+) from the OFF‐pools were

10.0‐ and 5.3‐fold higher for cells expressing M4 and GPR120,

respectively (Figure 2b). Furthermore, analysis of individual events

suggested a clonal distribution consistent with a significant fraction

of cells expressing higher levels of receptors in the OFF‐pools. More

precisely, 19% of cells from the HA‐M4 OFF‐pool expressed ≥104

fluorescence units (HA++) in comparison to 1.9% for the ON‐pool.

The same analysis for HA‐GPR120 expressing pools showed similar

results: 21% of cells from the OFF‐pool expressed ≥104 fluorescence

units in comparison to 4.9% for cells from the ON‐pool. HA‐negative

cells (HA−), expressing <103 fluorescence units, were much more

abundant in ON‐pools (87% for HA‐M4 and 82% for HA‐GPR120)

than in OFF‐pools (46% for HA‐M4 and 47% for HA‐GPR120)

(Figure 2c).

3.3 | The level of the ER stress marker BiP
increases with r‐protein expression

These results prompted us to investigate whether this discrepancy

could be attributed to ER stress, a common stress induced by

r‐protein overexpression, where misfolding often increases, espe-

cially for difficult‐to‐express proteins (Johari et al., 2015; Pybus

et al., 2014). OFF‐ and ON‐pools stably expressing HA‐M4 and

TABLE 1 Plasmids used to generate the stable pools and encoded proteins.

Plasmid name Promoter and configuration Recombinant protein Class

pTT81 CR5, single cassette N/A N/A

pTT81‐hIFN‐β CR5, single cassette Human IFN‐β Cytokine

pTT81‐hGCSF CR5, single cassette Human GCSF Cytokine

pTT81‐sp‐hIL7o CR5, single cassette Human IL7 Cytokine

pTT81‐hIL15, opt CR5, single cassette Human IL15 Cytokine

pTT81‐sp‐FLAG‐H10G‐
hHMGB1, opt

CR5, single cassette Human HMGB1 (signal peptide, FLAG, and His
tag in N‐term)

Chromatin protein/cytokine

pTT81‐hHVEM‐H9G, opt CR5, single cassette Human HVEM (His tag in C‐term) Receptor extracellular domain

pTT81‐blinatumomab CR5, single cassette Human CD3/CD19 light/heavy chains (His tag
in C‐term)

Bispecific T‐cell engager
antibody

pTT109‐PLVZM‐LC‐HC‐2.0 CR5, dual cassettes Human palivizumab mAb Monoclonal antibody

pTT75‐HA‐hM4‐H8G CR5, single cassette Human M4 GPCR (HA tag in N‐term and His tag
in C‐term)

G protein‐coupled receptor

pTT75‐HA‐hGPR120‐H8G CR5, single cassette Human GPR120 GPCR (HA tag in N‐term and
His tag in C‐term)

G protein‐coupled receptor

Abbreviations: GCSF, granulocyte‐colony stimulating factor; IFN‐β, interferon‐beta.
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HA‐GPR120 were concomitantly stained for HA epitope and the ER

stress protein BiP 4 days after induction with cumate. The flow

cytometry profiles of ON‐pools were not significantly different than

OFF‐pools as shown by histogram overlay, suggesting that overall ER

stress post‐selection is similar in ON‐ and OFF‐pools, likely due to

both cell lines expressing high levels of the transfected transgenes

after induction with cumate (Figure 3a). However, when looking

specifically at the BiP expression levels in HA‐negative (HA−) and

HA‐positive (HA+ and HA++) subpopulations, r‐protein expression is

positively correlated with BiP levels. The BiP fluorescence index

calculations were of 193, 293, and 341 units for HA‐M4 OFF‐pools

compared to 195, 291, and 352 units in ON‐pools for the HA−, HA+,

and HA++ subpopulations, respectively (Figure 3b). Similar correla-

tions were observed in HA‐GPR120 expressing pools with measure-

ments of 185, 279, and 312 for OFF‐pools as well as 198, 255, and

293 for ON‐pools. The analysis of variance reveals that, while there is

no statistical difference between ON‐ and OFF‐pools, BiP levels are

significantly correlated with HA expression within the same pools

(p ≤ 0.05). Taken together, these data show that cells expressing the

highest levels of r‐protein also express the highest BiP levels,

supporting the idea that the best‐producing cells undergo higher ER

stress during the selection and production phases.

3.4 | Reducing r‐protein expression during pool
selection is associated with decreased metabolic
burden and increased cell viability

It has been shown previously that sustained ER stress restricts cell

proliferation and can lead to cell death (Sano & Reed, 2013; Szegezdi

et al., 2006; Tabas & Ron, 2011). In light of these studies as well as

F IGURE 1 Production of secreted human r‐proteins in
ON‐ versus OFF‐pools. (a) Three independent transfections were
performed for each r‐protein and pools were selected with 25 µM
MSX with (ON‐pools) or without (OFF‐pools) cumate (excepted for
blinatumomab which was performed once). Control cells were
transfected with an empty pTT81 plasmid. Stable pools were induced
with 1 µg/mL cumate and fed‐batches were carried for up to 10−14
days. Supernatants were loaded and resolved by SDS‐PAGE before
transfer on a nitrocellulose membrane for probing with antibodies
against the r‐proteins. Images were acquired using a ChemiDoc
imaging system and the most representative image of the blots is
presented. (b) Quantification was performed on all Western blots
with the Photo Imager software using pixel counts. (c) Pools were
selected with 50 µM MSX with (ON‐pools) or without (OFF‐pools)
cumate. Supernatants of pools stably expressing palivizumab were
analyzed using HPLC‐pA. Data are mean values of the three
independent experiments ±SD. MSX, methionine sulfoximine;
r‐proteins, recombinant proteins; SD, standard deviation.
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previous results showing a lower proportion of high‐producing cells in

ON‐pools (Poulain et al., 2019) and present observations of a correlation

between ER stress and productivity, we hypothesized that ON‐pools

may be less productive due to the loss of those high‐producing clones

during selection, either by cell death and/or by gradual dilution with

faster‐dividing low producers. Initial measurements of cell viability at

regular intervals during the 2‐week selection period showed that OFF‐

pools exhibited, on average, higher cell viabilities, especially between

Days‐3 and 10 posttransfection. Paired analysis of each time point

revealed a considerable difference in cell viabilities between ON‐ and

OFF‐pools during the selection phase. When expressing the secreted

proteins HVEM, GCSF, HMGB1 (with a signal peptide fused to its N‐

terminus), IL7, IL15, blinatumomab, and PLVZM, the OFF‐pools showed

cell viability higher by 25.4%, 21.8%, 13.1%, 5.7%, 18.0%, 20.6%, and

23.7%, respectively, compared to ON‐pools. Similarly, the difference was

approximately 16% and 19% for the membrane receptors HA‐M4 and

HA‐GPR120 (Figure 4). Interestingly, there seems to be some correlation

between the difference in cell viability and r‐protein titers, as pools

expressing IL15, GCSF, or PLVZM tend to show bigger differences in

both cell viability and productivity as opposed to other pools like IFN‐β

and IL7. Correspondingly, the selection mode did not affect cell viability

of IFN‐β expressing pools and productivities of ON‐ and OFF‐pools were

virtually identical. As previously shown (Poulain et al., 2019), the addition

of cumate had no impact on cell viability and proliferation in control

pools transfected with an empty plasmid and undergoing the same MSX

selection process, indicating that the lower cell viability of ON‐pools can

be attributed to the stress induced by forced r‐protein overexpression

and not to cumate. This is also supported by the observation that

different ON‐ and OFF‐pools exhibit protein‐dependent decreases in

viability during selection; this would not be expected if cumate had a

general, negative effect on cell viability. Finally, as we noted generally

higher viable cell densities in OFF‐pools during selection, we directly

compared the proliferation of cells in HA‐M4 pools during selection, with

F IGURE 2 Flow cytometry analysis of GPCR expression in ON‐
versus OFF‐pools. Three independent transfections were performed
for HA‐M4 and HA‐GPR120 and pools were selected with 25 µM
MSX with (ON‐pools) or without cumate (OFF‐pools). Stable pools
were induced with 1 µg/mL cumate for 4 days before being stained
with an anti‐HA antibody. (a) Representative HA fluorescence
profiles were acquired using a BD LSRFortessa flow cytometer. (b)
Fluorescence index was measured by multiplying the HA median
fluorescence intensity (MFI) and the percentage of HA+ cells in each
sample. (c) Cells were divided in subgroups according to their HA
fluorescence intensity for OFF‐ and ON‐pools at 4 days post‐
induction. HA‐ cells are defined as expressing <103 fluorescence
units, HA+ cells as 103 to 104 units and HA++ cells as ≥104 units.
Data are mean values of the three independent experiments ±SD.
MSX, methionine sulfoximine; SD, standard deviation.
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and without cumate, using the CellTrace cell proliferation dye. As

expected, cell populations under selection proliferated much less (higher

fluorescence) compared to non‐transfected/nonselected CHO55E1 con-

trol cells (Figure 5a). Notably, cells from the ON‐pools retained a

significantly higher level of the dye compared to cells of the OFF‐pools at

5 dpt, clearly indicating that cells overexpressing HA‐M4 during selection

proliferated less than non‐induced cells (Figure 5b). The CellTrace MFI of

cells in the ON‐pools was twice as high as the MFI of those in the OFF‐

pools (14 618±1397 vs. 7053±1292; Figure 5c), while the number of

HA‐positive (HA+) cells was largely superior (6101± 265 vs. 1276 ±98;

Figure 5d). Altogether, these results indicate that cells overexpressing r‐

protein during selection (on‐mode) proliferate more slowly than cells

expressing little to no r‐protein (off‐mode), likely due to increased levels

of metabolic burden and ER stress.

4 | DISCUSSION

We have used the cumate‐inducible system to compare the impact of

constitutive versus controlled r‐protein expression during the

selection phase of stable CHO pools on their productivity for a

variety of difficult‐to‐express r‐proteins. CHO cell cultures, from the

same transfection, were split and selected without adding cumate

(OFF‐pools) or with cumate (ON‐pools), the latter to mimic a

constitutive expression system. As shown in the control pools

expressing no r‐protein (empty plasmids) and as previously reported

(Poulain et al., 2019), the concentration of cumate used in this study

did not affect cell viability or proliferation. At the concentration used

to fully induce r‐protein expression during fed‐batch cultures, cumate

is not toxic and has no significant effect on the cell proliferation and

survival, indicating that differences between productivities can be

ascribed solely to the level of r‐protein expression. For the secreted

proteins IL15, GCSF, HMGB1, HVEM, blinatumomab, and palivizu-

mab, as well the membrane proteins M4 and GPR120, selection in the

off‐mode greatly improved productivity. Among the proteins tested,

only two, IFN‐β and to a lesser extent IL7, did not appear to benefit

from this approach. It is not clear whether these two proteins may be

less apt to induce cellular stress during expression, or if other factors

may limit their expression, such as nonoptimal nucleotide sequences,

signal peptides, or maximal negative feedback already attained from

the non‐induced (basal) level of the expressed r‐protein, which was

previously shown for IL6 in CHO cells (Teruya et al., 2005).

During the generation of stable pools with constitutive promot-

ers, stresses induced by the plasmid transfer process (e.g., transfec-

tion or electroporation), the toxicity of the selection agent, and

the biological effect(s) resulting from r‐protein overexpression (and

potentially signaling) are cumulative. Constitutive high‐level r‐protein

expression is an energy‐consuming process that may represent a

substantial metabolic burden that can impede cell proliferation and

compromise cell survival. An inverse relationship was indeed

observed between CHO cell‐specific growth rate and tissue

plasminogen activator expression (Berrios et al., 2009; Dutton

et al., 2007; Sunley et al., 2008). These studies and other previous

work suggested that high‐producing cells can be overgrown by the

faster dividing low producers (Lam et al., 2017; Poulain et al., 2019;

Wurm & Wurm, 2017). For most proteins used in our study,

constitutive overexpression during the pool selection process

significantly decreased cell proliferation, indicating that cells sus-

tained a significant metabolic burden. Our findings are largely

consistent with a previous study showing that pools with higher

expression levels can be generated with a tetracycline‐inducible

system by reducing the metabolic burden during selection, that is,

by turning off r‐protein expression (Ong et al., 2019). In our

F IGURE 3 Flow cytometry analysis of BiP expression in HA‐M4
and HA‐GPR120 stable pools. Stable pools were induced with
1 µg/mL cumate for 4 days before cells were stained with anti‐HA
antibody followed by fixation and permeabilization before being
stained with an anti‐BiP antibody. (a) Representative BiP
fluorescence profiles were acquired using a BD LSRFortessa flow
cytometer. (b) BiP median fluorescence intensity (MFI) was measured
in cells composing each HA subgroup of stable pools selected with
(ON) or without cumate (OFF). A repeated measures ANOVA was
performed to evaluate statistical significance (p ≤ 0.05). Data are
mean values of three independent experiments ±SD. ANOVA,
analysis of variance; BiP, binding immunoglobulin protein;
SD, standard deviation.
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experiments, most pools selected in the presence of cumate

produced less r‐proteins than those selected without it. Such

differences in productivity may be explained by increased mortality

of the high producers and/or by the fact that higher producers can be

rapidly overgrown by low producers. Hence, we found that ON‐pools

proliferated more slowly and had lower viabilities during the selection

phase. Further supporting this hypothesis, flow cytometry analyses of

stable pools expressing the membrane GPCRs M4 and GPR120

showed that ON‐pools expressed a significantly larger population of

low‐ and non‐producers in comparison to OFF‐pools. Consequently,

healthier and faster‐growing cultures exposed to a lower stress level

during pool generation resulted in shortened selection timelines and

improved r‐protein productivity.

The use of an inducible system may also alleviate is ER stress

caused by expression of high levels of r‐proteins. When the ER

protein folding capacity is overwhelmed, the accumulation of

misfolded proteins triggers the unfolded protein response (UPR)

and the ER overload response, evolutionarily conserved signaling

pathways aiming to restore ER homeostasis by reducing de novo

protein translation and by upregulating BiP and other chaperones

(Corazzari et al., 2017). While such adaptations can develop with

overall positive effect, that is, increasing ER folding capacity in high‐

producing clones (Roy et al., 2017), in other cases, sustained

activation of UPR over a prolonged period may result in ER stress‐

induced programmed cell death (Hussain et al., 2014). Using a

tetracycline‐inducible expression system, Jones et al. (2005) previ-

ously observed an increase in the expression of BiP after induction of

pools producing human transferrin compared to uninduced cells. In

line with these results, we have shown that this increase in BiP levels

is linked to cell subpopulations expressing the highest levels of r‐

proteins. In addition, by linking an inducible system with a site‐

specific integration approach, Taguchi et al were able to show that

for a specific difficult‐to‐express antibody, the light chain rather than

the heavy chain was responsible for triggering accumulation of

intracellular BiP, indicative of ER stress induction (Tadauchi

et al., 2019).

Some r‐protein may also exhibit intrinsic cellular toxicity: as

shown for hyperactive DNase‐I variants, using the tetracycline‐

inducible expression system, Lam et al. (2017) were able to isolate

stable CHO clones producing high levels of the enzyme, a task that

F IGURE 4 Cell viability of ON‐ versus OFF‐pools during selection. Independent transfections were performed for each r‐protein and pools
were selected with 25 µM MSX or 50 µM for palivizumab pools with (ON‐pools) or without (OFF‐pools) 1 µg/mL cumate. Cell density and
viability were measured on Days 0, 1, 3, 6, 8, 10, and 13 posttransfection before resuspension in fresh selection medium. Viability differentials
between both pools were calculated by subtracting the viability of the OFF‐pool to the corresponding ON‐pool for each data point. Data are
mean values of independent experiments ±SD. MSX, methionine sulfoximine; r‐proteins, recombinant proteins; SD, standard deviation.
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F IGURE 5 Proliferation of cells in ON‐ versus OFF‐pools expressing HA‐M4 during selection. Three independent transfections were
performed to generate HA‐M4 stable pools. Each transfection was split in half and cells were selected with 25 µM MSX in absence (OFF‐pools)
or presence (ON‐pools) of 1 µg/mL cumate. Cells were stained during selection at 3 dpt with CellTrace and at 5 dpt with anti‐HA. (a) Histograms
of CellTrace fluorescence at 5 dpt of OFF‐pools (filled with solid contour), ON‐pools (filled with dotted line), and control cells stained CellTrace
before analysis, T0 (empty with solid contour). CHO55E1 cells are the parental cell line unstained for HA‐FITC and CellTrace. (b) Representative
bi‐parametric dot plots of CellTrace fluorescence (X‐axis) and HA expression (Y‐axis) for untreated control cells and OFF‐ and ON‐pools at 5 dpt.
(c) Median fluorescence intensity of CellTrace in M4 ON‐ and OFF‐pools. Data are mean values of three independent experiments ±SD.
(d) Number of cells (out of 20,000) expressing significant HA levels in ON‐ and OFF‐pools during selection at 5 dpt. Data are mean values of
three independent experiments ±SD. CHO, Chinese hamster ovary; MSX, methionine sulfoximine; SD, standard deviation.

10 | MALTAIS ET AL.

 10970290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bit.28435 by C

ochrane C
anada Provision, W

iley O
nline L

ibrary on [21/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



was not achievable using a constitutive promoter. Cytokines

represent another class of DTE proteins in mammalian cells. There

is a clear advantage in producing recombinant therapeutic cytokines

in mammalian expression systems. Among the few that are produced

in mammalian cells, recombinant GCSF, used for the treatment of

neutropenia, can be produced in a non‐glycosylated form by E. coli

(i.e., filgrastim) or with O‐glycosylation in CHO cells (i.e., lenograstim)

(Querol et al., 1999). Several studies have shown increased potency,

stability, and half‐life for the glycosylated mammalian‐expressed

product versus its E. coli‐derived counterpart (Nissen, 1994;

Pedrazzoli et al., 1996). Similar advantages have been observed with

IFN‐β, which can be used as a treatment of multiple sclerosis and

infections (Dissing‐Olesen et al., 2008) and IL15, which is being

assessed for its potential antiviral and antitumor efficacy (Berger

et al., 2009; Robinson & Schluns, 2017). The inducible expression

system showed superiority to express these proteins as well as other

DTE proteins such as the HVEM receptor ectodomain or the

bispecific T‐cell engager (BiTE) blinatumomab, a fusion antibody

comprised of two single‐chain variable fragments (scFvs) known for

its challenging expression (Wang et al., 2019).

In conclusion, we have shown that the cumate switch, which is

compatible with drug product manufacturing, can be used to

minimize r‐protein expression during CHO pool selection, thereby

reducing metabolic burden, r‐protein‐related toxicity, and/or other

cellular stresses, thus ultimately favoring the generation of more

productive pools. Taken altogether, our results demonstrate that

inducible systems are well‐tailored to produce next‐generation

therapeutic proteins deemed challenging to express.
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