ISSUE TOPIC: RECOMBINANT THERAPEUTIC PROTEINS /
TEMA HOMEPA: PEKOMBVHAHTHBIE TEPAIIEBTUYECKUE BEJIKA

UDC/YIK 60:604.4:615.37 ' ) Check for updates
https://doi.org/10.30895/2221-996X-2025-553 .

Original article | OpuruHanbHas cTaTbs (cc) BY 4.0 ‘

Development of cell lines producing
recombinant therapeutic proteins,
with denosumab as a case study

Sofia S. Timonova®™, Inessa A. Kirik, Maria A. Filatova, Anastasia |. Anfilatova,
Sofia S. Shubina, Anna A. Polupanova, Alina F. Gabdrakhmanova, Evgeny S. Ilvanov,
Veronika N. Bade, Aleksandr A. Piskunov, Ravil A. Khamitov

GENERIUM JSC, 14 Vladimirskaya St., Volginsky, Petushinsky District, Vladimir Region 601125,
Russian Federation

< Sofia S. Timonova; timonoval 993 @yandex.ru

ABSTRACT

INTRODUCTION. A key factor in the creation of biotechnological medicinal products is to estab-
lish cell lines for high-yield production of recombinant proteins. The development of selection
protocols and highly efficient screening approaches for cell lines producing target proteins
is a necessary step in the development of recombinant technology for high-yield target protein
production.

AIM. This study aimed to derive producer cell lines from a CHO suspension cell line for high-
yield production of the recombinant monoclonal antibody denosumab.

MATERIALS AND METHODS. A CHO-K1 suspension cell line was cultured using serum- and ani-
mal component-free media and feeds. The cells were transfected with plasmids containing light
and heavy chains of denosumab by electroporation using a MaxCyte STX system. The transfect-
ed cells were selected under antibiotic pressure (hygromycin and geneticin). Monoclonal cell
lines were obtained using a ClonePix FL system. Leader monoclonal cell lines were identified
by determining denosumab concentrations by enzyme-linked immunosorbent assay (ELISA) fol-
lowing fed-batch culture.

RESULTS. The optimum concentrations of antibiotics for the selection of CHO-derived deno-
sumab-producing cell lines were 600 mg/L for hygromycin and 600 mg/L for geneticin. The se-
lection process following transfection was successful in 1,041 (about 54%) of 1,920 minipools.
Denosumab-producing minipools were identified by screening culture fluid samples from
96-, 24-, and 6-well plates using ELISA. Then, 23 leader minipools were chosen and adapted
to suspension culture in shaker flasks. The growth and production characteristics of these
23 minipools indicated the leader minipool for cloning (mp-19). This minipool provided a de-
nosumab yield of 1.92 g/L on day 7 of fed-batch culture. Using mp-19, the authors obtained
monoclonal cell lines providing up to 6.5 g/L denosumab yields on day 9 of fed-batch culture.
CONCLUSIONS. The authors obtained monoclonal cell lines for high-yield denosumab produc-
tion. The offered approach to producer cell line development can be applied to the production
of various recombinant proteins, including monoclonal antibodies, enzymes, and blood coagula-
tion factors.
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PE3IOME

BBEAEHMUE. Mpu co3paHum GUOTEXHONOMMYECKUX IEKAPCTBEHHbIX NMPEnapaToB K/4eBoe 3Haue-
HWe uMeeT pa3paboTka BbICOKOMPOAYKTUBHbIX KNETOYHbIX MMHUIA-MPOAYLEHTOB PEKOMOUHAHTHBIX
6enkos. OTpaboTKa NMPOTOKONOB CeNneKkuMM U NoaxonoB Ansg 3GHEeKTUBHOrO CKPUHUHIA NUHUIA-
NpOAYLEHTOB LieneBbiX 6enKoB — HEO6XOAMMBIN 3Tan pa3paboTku TEXHONOrMKU NMPOM3BOACTBA pe-
KOMOMHAHTHbIX 6ENKOB C BbICOKMM BbIXOLOM LieNeBOro NpoaykTa.

LEJb. MonyyeHWe BbICOKONPOAYKTUBHbIX KNETOYHbIX TUHWUI-MPOAYLEHTOB PEKOMOUHAHTHOMO
6enka peHocyMaba Ha OCHOBE CYCMEeH3MOHHOW KneTouHoi nuHun CHO.

MATEPUAJIbI U METOADbI. Mcnonb3oBanacb cycneH3noHHas knetoyHas nauHus CHO-K1. Ons
KYNbTUBMPOBAHUS NPUMEHANUCL CPeAbl U NMOAMUTKM 6e3 MCNoNb30BaHMS CbIBOPOTKM UNU APYIUX
KOMMOHEHTOB XXMBOTHOTO NpoucxoxaeHus. Knetkn amumn CHO TpancduumpoBanu nnasmMuaamu,
COAEpPXKALLMMM TeHbI NETKOM U TSXKENoW Lenei AeHocyMaba, C UCNoNb30BaHWEM METoAA INeKTpo-
nopauumm ¢ nomolubio cuctembl MaxCyte STX. Cenekuumio TpaHCPULMPOBAHHbBIX KNETOK NPOBOAUAU
c pobaBneHneM aHTMOMOTUKOB (TMFPOMULMH, reHETULMH). MOHOK/IOHaNbHbIE KNETOYHbIE IUHWUM
nonyyanu ¢ ucnonbsosaHuem cuctemsl ClonePix FL. MpoBoannu nepuoamyeckoe KynbTMBMPOBA-
Hue c pobasneHneM NOAMUTKM U onpeaeneHne KOHUEHTpauumn geHocymaba MeToaoM UMMYHO-
dbepMeHTHOro aHanusa (MMA) B KynbTypanbHOM XUAKOCTU ANS BbISBNEHUS NIUAEPHBIX MOHOKNO-
HaNbHbIX KNETOYHbIX IMHUA.

PE3YJIbTATbI. OnTMManbHas KOHUEHTpauus aHTMOMOTUKOB ANS CENeKUUU KNIETOYHbIX NUHUIA-
npoayuLeHToB Ha ocHose knetok CHO cocrasuna 600 mr/n rurpomuumHa u 600 Mr/n reHeTULMHA.
Mocne npoeeaeruns TpaHcdekumm us 1920 muuunynos cenexkumio npowen 1041 (okono 54%).
OT60p MUHMMYNOB-NPOAYLLEHTOB AeHOCYyMaba NpOBOAMAM NYTEM CKPUHMHIA NPO6 KyNbTypanbHOM
XUAKOCTU € ucnonb3oBaHneM UMA u3 96- 24- n 6-nyHouHbIX nnaHweToB. OTobpaHHble 23 nu-
DepHbIX MUHUMYNA 6biNKM aganTUpOBaHbl K YCIIOBMSM LUEMKEPHOro KynbTMBUpoBaHus. C yyeToM
nokasaTenen poCcToBbIX U MPOAYKLMOHHbIX XapaKTEPUCTUK MUHUMYNOB onpeneneH nnaepHbIn
Muumnyn (mp-19) ¢ npoaykTueHocTbo 1,92 r/n (Ha 7 cyT Nepnoanyeckoro KynbTMBMPOBAHMS).
Ha ocHoBe mp-19 nonyyeHbl MOHOKNOHANbHbIE KAETOYHbIE TMHUU-NPOAYLEHTbI AeHocyMaba ¢
NPOAYKTUBHOCTLIO A0 6,5 /N Ha 9 CyT KYNbTUBMPOBAHMUS C MOAMMUTKOW.

BbIBOAbI. MonyyeHbl BbICOKONPOAYKTUBHbIE MOHOKNOHA/bHbIE K/IETOUYHbIE TUHUU-NPOAYLEHTbI
neHocyMaba. NpennoXeHHbI NOAXOL K CO30aHMI0 KNETOK-NPOAYLLEHTOB MOXET ObITb NPUMeEHEH
AN8 NONYYEHUS Pa3NUYHbIX PEKOMOMHAHTHbIX OenKoB, BKNOYAs MOHOK/IOHaNbHbIE aHTUTeNa, dep-
MeHTbI, GaKTOpbl CBEPTbIBAHMS KPOBMU.
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®uHaHcupoBaHue. Pabota BbinosHeHa npu GuHaHcuposaHun AO «TEHEPUYM».
NoTeHuManbHbI KOHOAUKT UHTEpecoB. PA. XaMUTOB ABNSETCS Y1eHOM peAakLMOHHOM Konnernn xxypHana «bMOnpenapatsl. Mpodu-
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INTRODUCTION

Obtaining high-yield cell lines of recombi-
nant proteins is a key step in the development
of biotechnological medicinal products [1].
To achieve high expression of recombinant
proteins, various approaches are used.

Stable integration of foreign DNA into
a host cell genome requires an optimal ex-
pression vector including additional genetic
elements, such as selection systems, gene
amplification mechanisms providing transcrip-
tional activity, as well as genes that regulate
cell proliferation (for example, bcl-2, xiap, aven,
mcl-1) [2, 3].

The choice of a cell line is an essential
part of biopharmaceutical development. The
majority of the products are primarily based
on eukaryotic cell lines like Chinese hamster
ovary (CHO) cells, mouse myeloma cells (NSO
and Sp2/0-Agl4), human embryonic kidney
cells (HEK 293), and Syrian hamster kidney
(BHK line) cells. Eukaryotic cell lines are pre-
ferred for their ability to synthesize proteins that
are structurally and biochemically similar to
those seen on endogenous human proteins [4].

Cell lines with high viable cell density (VCD)
are crucial for large-scale commercial produc-
tion, since they improve the process through-
put. Growth media and feed optimisation for
certain producer cells is important for a sig-
nificant increase in cell line yield [5-7]. The
use of chemically defined, animal-origin free
growth media and additives with a certain
chemical formula allows precise control over
target product profile such as glycan composi-
tion and biological activity, etc.

Optimising various parameters of growth
media for producer cells (duration, tempera-
ture profile, gas supply, pH control, etc.) is cru-
cial for significantly increasing product yield
[8, 9]. Co-expression of additional proteins/
enzymes can increase the yield of a target
product [10, 11].

The authors analyse the implementation of
an approach aimed at developing high-yield

cell lines producing recombinant therapeutic
proteins using denosumab (manufacturer -
JSC GENERIUM) as a case study.

Denosumab is a human monoclonal IgG2
antibody targeting RANKL cytokine, an os-
teoclast differentiation and activation factor.
RANKL inhibition reduces the formation and
survival of osteoclasts, thus decreasing bone
resorption intensity [12]. Currently, denosum-
ab-based products have been approved and
marketed for postmenopausal osteoporosis
[13, 14] and cancers (myeloma, bone metas-
tases, unresectable giant cell tumour of bone,
and benign bone tumours) [15, 16]. Preclinical
and clinical trials of denosumab biosimilars
are currently underway’. Denosumab biosimi-
lar development is expected to increase the
drug availability and accessibility for patients
in the Russian Federation, thus facilitating
state policies of pharmaceutical industry.

This study aimed to derive producer cell
lines from a CHO suspension cell line for high-
yield production of the recombinant monoclo-
nal antibody denosumab.

MATERIALS AND METHODS
Materials

CHO-K1 (H-188) cell line was obtained
from the cell culture collection of National
Research Centre “Kurchatov Institute”, State
Research Institute of Genetics, Russia (herein-
after referred to as CHO line) and adapted to
suspension cultivation without using serum
or any other components of animal origin. The
following reagents were used: BalanCD CHO
Growth A Medium (BCD) (Fujifilm, Irvine Sci-
entific, USA); BalanCD CHO Feed 4 (Fujifilm, Ir-
vine Scientific, USA); ClonaCell Flex semi-solid
cloning medium (Stemcell, Canada); electro-
poration buffer (MaxCyte, USA); PBS phos-
phate-buffer saline (Ecoservice, Russia); Twin
20 (Panreac AppliChem, Spain); denosumab
reference drug (Prolia, Amgen Europe B.V,, The
Netherlands); albumin (Sigma-Aldrich, Japan);
goat polyclonal antibodies against human

! https://dhpp.hpfb-dgpsa.ca/review-documents/resource/RDS1710769045419

https://dhpp.hpfb-dgpsa.ca/review-documents/resource/RDS1710165579186

https://adisinsight.springer.com/drugs/800049295
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IgG (Sigma, Japan); goat polyclonal antibodies
against human IgG conjugated with horserad-
ish peroxidase (Sigma, Japan); 3,3} 5,5’ - Tetra-
methylbenzidine (Transgene Biotech, China);
Dimethyl sulfoxide (Sterile Filtered, Cell Cul-
ture Tested, CDH, India).

Methods

Obtaining expression vectors. Synthetic
codon-optimised sequences of denosumab
light and heavy chains were cloned into
an expression vector with a selective marker.
The obtained plasmids with the light chain
(PGNR-FAB) and heavy chain (pGNR-FC) genes
were subsequently used for transfection. Gene
expression was controlled by a hybrid CMV
enhancer/EFlalpha promoter. A hybrid pro-
moter, combining the CMV enhancer with the
EFlalpha promoter, was used to control gene
expression. A similar expression vector struc-
ture was described previously [11].

Suspension cultivation of CHO cells. CHO
viable cell density: 0.5x10° cell/mL. The cells
were cultivated in BalanCD CHO Growth A me-
dia at 37 °C and 5% CO,, with at least 75%
humidity; continuous agitation on a shaker at
100 rpm to keep cells suspended and aerated
(Infors HT, Multitron, USA).

Determining growth and production para-
meters of the cell cultures. Viable cell density
(VCD) was counted using a 0.1% trypan blue
solution on an automatic Countess Il FL cell
counter (Life Technologies, USA). Cumulative
cell density (CCD) and productivity (mg/L)
were calculated by the formulas presented in
[17,18].

Transfection of CHO cells using electropora-
tion. The cells were transfected using MaxCyte
specific electroporation system, including an
0S-100 cuvette by CHO protocol. The cells were
centrifuged, then the precipitate cells (pellet)
were resuspended in the MaxCyte electropora-
tion buffer. Next, the cell suspension was mixed
with pGNR-FAB and pGNR-FC plasmids in an
equimolar ratio. In case of a negative electro-
poration control, the same procedure was re-
peated without plasmids.

Generation of minipools. Transfected CHO
cells were seeded into flat-bottomed 96-well
plates (Greiner Bio-One, Austria) 50 pL each
in BCD culture medium with selective antibi-

bMOnpenapaTol. [MpodunakTmka, amarHoctuka, nedexume. 2025, T. 25, N2 3

otics and cultured at 37 °C, 5% CO, and 70%
humidity. The culture fluid from the minipools
was then analysed using enzyme immunoas-
say (ELISA) after 12 days. The highest produc-
tivity minipools were transferred to 24- and
6-well plates (Greiner Bio-One, Austria), and
then to Erlenmeyer flasks (Corning, USA) for
further adaptation to growth in suspension
with constant stirring.

Cloning in a semi-solid medium. ClonaCell
Flex semi-solid medium was seeded with the
leader minipools in 6-well plates (Greiner Bio-
One, Austria). Leader minipools were incubat-
ed under static conditions at 37 °C, 5% CO, in
a CO, incubator (Sanyo, Japan) until colonies
appeared. The cell lines were selected using
the ClonePix FL robotic system (Molecular De-
vices, USA).

Batch cultivation. Producer cells were cul-
tured in BCD medium by TubeSpin Bioreactor
minibioreactors (TPP Techno Plastic Products
AG, Switzerland), with a cell concentration of
0.5x10° cells/mL. BalanCD CHO Feed 4 was
used. Cultivation conditions: CO, - 5%, humid-
ity — at least 75%, temperature - 37 °C, and
agitation speed of 100 rpm. Cultural fluid was
sampled daily starting on cultivation Day 3-4;
VCD and viability were calculated as well.

ELISA. Sorption was performed in MaxiSorb
plates (Nunc, Denmark) using goat polyclonal
antibodies against human IgG at a concentra-
tion of 4 pg/mL (carbonate-bicarbonate buffer,
pH 9.4) at 37 °C for 1 h. The wells were then
washed with PBS supplemented with Tween
20 (PBS-T) and blocked with bovine serum
albumin solution in PBS-T (PBS-Ta, Sigma-
Aldrich, Japan). The study samples containing
denosumab and the reference sample (deno-
sumab, Prolia) were incubated for 1 h at 37 °C
on an ELMI ST-3L thermostatic orbital shaker
(Elmi, Latvia) at 300 rpm. After washing the
wells with PBS-T, detection goat anto-human
IgG horseradish peroxidase-conjugated poly-
clonal antibodies were added at a concen-
tration of 1 pug/mL in PBS-Ta and incubated
for 1 h at 37 °C on by ELMI ST-3L shaker at
300 rpm. The wells were then washed with
PBS-T, and a tetramethylbenzidine solution
(50 pL) was added. Sulfuric acid was used
to stop the reaction. Optical density was mea-
sured at a wavelength of 450 nm (OD ) using
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a Benchmark Plus spectrophotometer (Bio-Rad,
Germany).

Cell culture cryopreservation. Antibiotic-free
culture medium containing 10% dimethyl sulf-
oxide was used for cryopreservation of cell cul-
tures (in the logarithmic growth phase). The cell
concentration was 5-10 million cells/mL. After
slow cooling of the cell-containing ampoules
(around (1 °C/min) in a freezer at —-80°C in freez-
ing containers (Mr. Frosty, Thermo Scientific), the
ampoules were placed in liquid nitrogen vapor.

RESULTS

Figure 1 outlines the process of develop-
ing producer cell line for a recombinant pro-
tein, using denosumab produced in CHO cells
as a case study. This process typically involves
the following steps:

- transfecting CHO cells;

- obtaining producer minipools (selecting
producers, screening to identify the most pro-
ductive lines, selecting a leader minipool);

- obtaining producer clones (cloning process,
screening the resulting producer cell lines, se-
lecting leader cell lines);

- studying cell line stability and recombinant
protein expression in leader producer lines;

- optimising the leader producer cell line
cultivation process;

- transfer of the producer cell line to produc-
tion and subsequent process scale-up.

Determination of selective agent concentration
Jor producer cell lines

Selection of Geneticin and Hygromycin
concentration for CHO cell selection is shown
in Figure S1 (published on the journal web-
site’). The optimal antibiotic concentrations
for selecting denosumab-producing cells
were shown to be 600 mg/L for Hygromycin
and 600 mg/L for Geneticin. At these concen-
trations, cell viability reached zero by Day 7
of cultivation.

Obtaining producer minipool of denosumab
recombinant protein based on CHO cell line

Transfection of CHO cells. Viable cell density
(VCD) and cell viability were monitored at 24
and 48 hours post- transfection of CHO cells to
assess cell survival (Table 1). 48 h after trans-
fection, the CHO cells recovered their viability,
reaching a level of approximately 90%.

Obtaining producer minipools. A population
of transfected cells was separated into smaller
minipools and cultivated on 96-well plates
with a selective agent (a total of 20 plates).
The plates were incubated in a steady state
in a CO, incubator until 70-90% confluent
was achieved in BCD culture medium with
selective antibiotics (600 mg/L Hygromycin
and 600 mg/L Geneticin); the optimal con-
centration was selected in advance (Figure S1).
Of 1,920 minipools, 1,041 minipools have
been selected (about 54% of the sample).

Screening and selecting leader minipools. On
Day 10 of incubation, culture fluid samples
from minipool producer cells in 96-well plates
were screened using ELISA method (Figure 2A).
The maximum performance of minipools
reached 200 mg/L; after that, the 240 highest-
producing minipools were moved to 24-well
plates for further use. The minipools showed
a maximum productivity of 200 mg/L. Later,
the 240 minipools exhibiting the highest per-
formance (leader minipools) were chosen and
transferred to 24-well plates for further ex-
periments. Culture fluid (CF) screening of mini-
pools from 24-well plates (Figure 2B) showed
that the maximum productivity was 90 mg/L.
Then, 88 leader minipools were transferred
from 24-well plates to 6-well plates and cul-
tivated in a steady state. Performance analysis
of minipools from 6-well plates (Figure 2C)
detected 23 leader minipools, later adapted
to suspension culture with stirring in the
minibioreactors in order to adapt growth and
recovery of viable cells.

Thus, after several screening stages, out of
1,041 minipools, 23 minipools with the high-
est denosumab yield were identified through
several screening rounds. These minipools
were transferred to shaker culture conditions
for growth adaptation and followed by cryo-
preservation.

Productivity and growth of the minipools.
To identify the most promising candidates, the
minipool producers of denosumab were cul-
tured in a batch process for 7 days (Figure 3).
All the minipools maintained a high viability
of 290% (Figure 3A). The maximum VCD (more
than 230x10° cells/mL) was observed for
7 days for mp-14 (36.3x10° cells/mL), mp-16

?  https://doi.org/10.30895/2221-996X-2025-553-fig-s1
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Fig. 1. Schematic representation of obtaining CHO-based cell lines producing recombinant proteins (based on the
example of denosumab).

Puc. 1. CxemMa nonyyYyeHus KNETOUYHbIX IMHUI-NPOAYLEHTOB peKOMbBUHaHTHOrO 6enka (Ha npumepe aeHocyMaba) Ha
OCHOBe Kneto4yHoi nnHum CHO.
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(34.5x10° cells/mL), and mp-20 (33.8x10° cells/
mL) minipools (Figure 3B). Volumetric produc-
tivity (VCD) varied from 0.6 to 1.9 g/L among
the producer cell lines (Figure 3C). Three mini-
pools were identified with the highest target
protein yield (31.7 g/L) on Day 7 during batch
culture: mp-19 (1.92 g/L), mp-14 (1.82 g/L),
and mp-4 (1.75 g/L).

Thus, the authors have found specific
minipools of cells that showed both high cell
density and the highest possible yield of the
target product denosumab: mp-14, mp-4, and
mp-19 (Figure 3D). The producer minipool
mp-19 was selected for further cloning based
on a comparative analysis of physicochemical
properties with the reference drug, including
glycosylation profiles (results not shown).

Cloning single-cell producers of recombinant
denosumab protein

Monoclonal cell lines producing deno-
sumab were generated by seeding the leader
minipool mp-19 into a semi-solid medium.
Subsequently, a total of 1,056 colonies were
isolated using the ClonePix FL robotic sys-
tem and transferred to 12- and 96-well plates.
The resulting denosumab-producing clones
were successively screened via ELISA (cul-
ture fluid) to identify those with the highest
productivity(specific data not shown), follow-
ing the strategy outlined in Figure 1. Based
on this screening, 24 lead producer clones
were selected, adapted to shaker flask culture,
and cryopreserved.

Optimising cultivation of denosumab-producing
clones

Denosumab-producing clones were cul-
tured for nine days in a continuous fed-batch
process for nine days to study their growth
and production characteristics (Figure S2, pub-
lished on the journal’s website®). The clones
retained >80% viability by Day 9 (Figure S2
A). The maximum VCD (>45x10° cells/mL)
was reached on Days 6-8 of cultivation
(>45x10° cells/mL) for the following pro-
ducer clones: clone-12 (48.5x10° cells/mL)
and clone-23 (47.7x10° cells/mL) (Figure S2
B). Clone productivity ranged from 0.9 to 6.5 g/L
(Figure S2 C). Leader clones with denosumab
productivity >6 g/L were identified: clone-8
(6.58 g/L), clone-13 (6.52 g/L), and clone-19

(6.04 g/L). Clones were identified that dem-
onstrated both high VCD and product yield:
clone-13, clone-8, clone-11, and clone-6 (Fig-
ure S2 D). Maximum specific productivity of
cell line (above 35 pg/cell/day) was shown for
the following cell lines: clone-16 (38.5 pg/cell/
day), clone-5 (36.2 pg/cell/day), and clone-19
(35.9 pg/cell/day) (Table 2).

Thus, the authors have successfully de-
veloped high-yield monoclonal cell lines for
the denosumab production, a recombinant
therapeutic protein. Due to optimal param-
eters, a group of leader monoclonal cell lines
(6-8 clones) were selected for further test-
ing to determine whether their growth and
production properties remain consistent over
time.

DISCUSSION

The choice of producer cell line is critical
for the development of recombinant thera-
peutic proteins. CHO cell line is a common
choice for large-scale production of numerous
recombinant proteins [19]. The experience
of drug production based on this cell line
can significantly reduce time and expendi-
tures [20]. CHO cells are suitable for large-
scale industrial suspension cultures, since they
are able to provide high VCD and maximum
protein yield [21-23]. A glycosylation profile
of the produced proteins is similar to the hu-
man one, an important profit that enhances
the likelihood of maintained biological activ-
ity for recombinant proteins in the human
body and makes the therapy effective [24].
CHO cells have a low susceptibility to human
viruses, partly due to the lacking expression
of certain human viral genes, making this cell
line a common choice of biological safety in
large-scale drug production [25-27]. This re-
duced susceptibility is a key biosafety advan-
tage, as it limits the risk of viral contamination
in the production of biopharmaceuticals. The
adaptability of CHO cells to pH, temperature,
and oxygen fluctuations [28] allows optimis-
ing the final product quality. CHO cells can
grow in serum-free media, which reduces the
risk of viral and prion contamination, thereby
ensuring biosafety of the recombinant proteins.
The use of serum-free media also ensures

*  https://doi.org/10.30895/2221-996X-2025-553-fig-s2
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Table 1. Viability and viable cell density of CHO cells after transfection
Tabnuua 1. XKn3HecnocobHOCTb U KOHLEHTpaLMS )M3HecnocobHbix knetok CHO nocne TpaHchekumm

Time after transfection, h
Bpems nocne mpaHcgexkyuu

Plasmids
IMnasmuoel s S
VCD, %10° cells/mL Viability, % VCD, x10° cells/mL Viability, %
VCD, x10° knemok/mn Xu3HecnocobHocmeb, % VCD, x10° knemok/mn XusHecnocobHocmb, %
pGNR-FC
+ 11 68 1,83 89
pGNR-FAB
Control 1,2 95 1,55 92

The table was prepared by the authors using their own data / Tabnuua coctaBneHa aBTopamu No CO6CTBEHHbIM AaHHbIM

Note.VCD, viable cell density.
Mpumeyarue. VCD — KOHLEHTPALMS XM3HECNOCOBHBIX KNETOK.

This figure was prepared by the authors using their own data / PucyHok noarotoBneH aBTopamum no co6CTBEHHbIM AaHHbIM

Fig. 2. Distribution of producer minipools according to the content of the target protein (denosumab) in culture
fluid during plate culture: A, 96-well plates (1041 minipools); B, 24-well plates (240 minipools); C, 6-well plates
(88 minipools).

Puc. 2. PacnpeneneHve MUHUMYNOB-NPOAYLEHTOB NO KOHLEHTpaUMKU LeneBoro 6enka (oeHocymab) B KynbTypanbHOM
XUOKOCTU NPU KYNbTUBUPOBAHUM B nnaHweTax: A — 96-nyHouHble naaHweTsbl (1041 muuunyn); B = 24-nyHouHble
nnaHweTtsbl (240 MuHunynoB); C — 6-1yHOYHbIe NaaHweTbl (88 MUHMNYNOB).

bMOnpenapaTol. [MpodunakTmka, amarHoctuka, nedexume. 2025, T. 25, N2 3 259
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reproducibility of the protein quality profile,
enhanced cell line productivity, and the opti-
mised protein isolation and purification stages
(by reducing protein impurities) [29].

A disadvantage of using CHO cells is that
they can add non-human glycans, such
as galactose-(alpha)-1,3-galactose and
N-glycolylneuraminic acid (Neu5Gc), to thera-
peutic proteins [30, 31]. These glycans can
increase immunogenicity and alter pharmaco-
kinetics of the therapeutic protein [32].

The main development stages of stable
monoclonal cell lines producing recombinant
proteins (cell line development) can vary de-
pending on the use of modified cell lines, ex-
pression vectors, methods, and equipment.

An expression vector should include all
required regulatory elements to efficiently
express a target gene integral for a parental
cell line. The expression vector is selected for
a specific cell type and target protein. Produc-

tion of the target protein depends on a proper
genetically engineered construction and the
content of regulatory elements. Currently, vari-
ous regulatory genetic elements that contri-
bute to an increased yield of the target pro-
tein have been studied and approved [33].

The type of selective marker is essen-
tial in obtaining the producer line. Vectors
containing antibiotic resistance genes for
positive selection are traditionally used to
select producers; among them is puromycin-
N-acetyltransferase gene that promotes the
growth of transfected cells in the presence
of an antibiotic. The choice of selection sys-
tem depends on the specific cell line; for in-
stance, some lines rely on auxotrophy mecha-
nisms, such as CHO-DG44 [34], CHO-GS, etc.
Recently, CRISPR/Cas9 has been actively used
to generate new cell lines and improve cellu-
lar metabolism [35].

The figure was prepared by the authors using their own data / PucyHok noarotoBneH aBTopamm no CO6CTBEHHbIM AaHHBIM

Fig. 3. Characteristics of denosumab-producing minipools during 7 days of culture: A, cell viability; B, viable cell
density (VCD); C, cell productivity; D, cumulative cell density (CCD) vs cell productivity; mp, minipools of denosumab-

producing cell lines.

Puc. 3. XapakTepucTMka MUHUNYNOB-NPOAYLEHTOB feHOocyMaba BO BpeMs KyJlbTUBMPOBAHWS B TeuyeHue 7 CyT:
A - XU3HecnocobHoCTb KNeTok; B - koHueHTpauums xunsHecnocobHbix knetok (VCD); C - NpoAyKTUBHOCTb KNETOK;
D - 3aBucuMoCTb KyMynsTUBHOM KnetouyHol naoTtHocTu (CCD) oT MpoAyKTUBHOCTU. MP — MUHUMYbI-MPOAYLEHTDI

feHocyMaba.
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Various reagents (lipofectamine, polyethyl-
eneimine), as well as electroporators, etc., are
used for transfection of eukaryotic cell lines.
Electroporation is the most common method
for stable transfection of eukaryotic cells [36].
It works by applying an electrical pulse to
create temporary pores in the cell membrane,
allowing nucleic acids to enter. Electropora-
tion parameters (voltage, pulse and frequency
duration, etc.) are specifically chosen for each
cell line to optimise transfection efficiency
and stable integration of genetically engi-
neered constructs into the host cell genome.

Using a monoclonal cell line for recom-
binant drug based on therapeutic protein
is a preferable regulatory requirement for
registration. This monoclonality is crucial
for a high-quality biotechnological produc-
tion process using recombinant DNA techno-
logy, as well as a stable production process
[37]. Monoclonal cell line development uses
traditional methods such as limiting dilution,
alongside special-purpose equipment used
to produce a cell line from one progenitor cell
with a high probability (single-cell dispens-
ers, cell sorters, photo documentation systems,
CLD cloning robotic systems, etc.). This study
used ClonePix robotic system to obtain deno-
sumab-producing cell lines by automatically
selecting cell colonies from semi-solid aseptic
media [38].

Developing a highly productive cell line re-
quires a large number of cell lines. In this research,
1,041 minipools (approximately 54%) were se-
lected from a total of 1,920. Of these, 4 minipools
with productivity exceeding 1.5 g/L (0.2%) were
identified during the batch cultivation for 7 days.
The leader minipool with a productivity of about
2 g/L was then cloned, resulting in 1,056 monoclo-
nal cell lines. Three monoclones with a productiv-
ity 26 g/L (0.3%) were identified during cultivation.
Thus, monoclones were found based on the exist-
ing sample of minipools and clones; these mono-
clones provide a target protein titre of more than
6 g/L for 9 days. This approach helps predict the
amount of cell lines required to achieve the target
protein yield. Currently, mathematical modeling
is frequently used to select the most preferred cell
lines by various parameters [39].

Developing monoclonal producer cell lines
can vary significantly depending on the choice

bMOnpenapaTol. [MpodunakTmka, amarHoctuka, nedexume. 2025, T. 25, N2 3

Table 2. Specific productivity of clones producing deno-
sumab

Tabnuua 2. Cneumnduyeckas NpoAYKTUBHOCTb KJIOHOB-
npoayLeHToB feHocyMaba

Specific performance, pg/cell/day
Cneyuguyeckas npodyKmueHocmeo,

ne/knemka/cym
Clone
Knon Culture time, days
Bpems KynbmueupoeaHus, cym
5 6 7 8 9
clone-1 11,6 14,4 5,4 23,0 16,9

clone-2 14,7 28,4 13,1 29,5 26,4

clone-3 2,8 8,8 9,8 10,2 17,6
clone-4 8,7 22,1 20,2 22,5 15,8
clone-5 113 27,5 14,6 26,1 36,2
clone-6 9,7 14,5 18,2 211 249
clone-7 10,6 18,3 14,6 17,7 22,6
clone-8 14,3 18,9 8,1 24,0 32,2
clone-9 8,5 16,1 9,1 22,6 19,7

clone-10 143 20,5 36,9 22,1 131
clone-11 91 16,8 6,6 135 28,4
clone-12 6,0 15,1 15,6 14,4 11,1
clone-13 12,6 23,0 14,0 20,7 32,5
clone-14 4,9 15,2 24,8 16,3 25,0
clone-15 10,7 19,2 20,4 21,9 31,9

clone-16 8,4 18,6 19,6 22,0 38,5
clone-17 0,0 5,2 13,7 13,7 11,2
clone-18 8,0 141 14,9 17,6 27,2
clone-19 8,9 18,4 16,5 21,5 35,9
clone-20 0,1 6,8 20,1 10,3 5,0
clone-21 5,6 13,4 16,1 12,0 20,3
clone-22 0,0 9,1 28,9 11,2 18,6
clone-23 3,2 9,2 17,5 9,5 19,2
clone-24 2,0 5,5 28,1 151 20,6

The table was prepared by the authors using their own data / Tabnuua
COCTaB/IeHa aBTOPaMU MO COBCTBEHHbBIM AAHHbIM

Note. Clone, monoclonal cell lines producing denosumab.
lpumeyaHue. Clone — MOHOK/IOHaNbHbIE KNEeTOYHbIE NUHUKU-
NpoAyLeHTbl AeHocyMaba.

of host cell line, expression vectors, materi-
als, assay methods, and equipment at various
development stages. Achieving high titres
of target recombinant protein became pos-
sible due to complex measures focused on
optimising the expression system; selecting
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host cells, screening methods, producers, and
high-technology equipment; optimising the
growth media and feedstocks with certain
chemical composition; and using innovative
solutions in the area.

The growing demand for biotherapeutic
products, particularly in chronic diseases like
cancer/autoimmune/orphan disorders, creates
a pressing need to shorten the time and lower
the cost of cell line development.

This results in improved methods, reagents,
and equipment used to obtain producer cell
lines.

The authors have rendered their approach
and described main development stages
of stable monoclonal cell lines producing

recombinant proteins based on suspension-
culture CHO cell line, using denosumab pro-
ducers as the case.

CONCLUSIONS

1. A process was developed to obtain highly
productive cell line recombinant proteins
based on CHO suspension cell line.

2. High-yield monoclonal cell lines produ-
cing denosumab were obtained with a yield
of more than 6 g/L.

3. Our approach to creating producer cell
lines can be used to develop commercially
significant recombinant proteins, includ-
ing monoclonal antibodies, enzymes, blood
coagulation factors, and other proteins.

References/Jlutepatypa

1. Zhu MM, Mollet M, Hubert RS, et al. Industrial pro-
duction of therapeutic proteins: Cell lines, cell cul-
ture, and purification. Handbook of Industrial Chemistry
and Biotechnology. 2017;(3):1639-69.
https://doi.org/10.1007/978-3-319-52287-6_29

2. Yang Y, Li Z, Li Q, et al. Increase recombinant
antibody yields through optimizing vector design
and production process in CHO cells. Appl Microbiol
Biotechnol. 2022;106(13-16):4963-75.
https://doi.org/10.1007/s00253-022-12051-5

3. Fischer S, Handrick R, Otte K. The art of CHO cell
engineering: A comprehensive retrospect and future
perspectives. Biotechnol Adv. 2015;33(8):1878-96.
https://doi.org/10.1016/j.biotechadv.2015.10.015

4. Zhu J. Mammalian cell protein expression for
biopharmaceutical production. Biotechnol Adyv.
2012;30(5):1158-70.
https://doi.org/10.1016/j.biotechadv.2011.08.022

5. Thombre S, Gadgil M. Increase in efficiency of me-
dia utilization for recombinant protein production
in Chinese hamster ovary culture through dilution.
Biotechnol Appl Biochem. 2011;58(1):25-31.
https://doi.org/10.1002/bab.9

6. Pal D, Patel G, Dobariya P, et al. Optimization of
medium composition to increase the expression of
recombinant human interferon-B using the Plackett-
Burman and central composite design in E. coli SE1.
3 Biotech.2021;11(5):226.
https://doi.org/10.1007/s13205-021-02772-1

7. Li W, Fan Z, Lin Y, Wang T-Y. Serum-free medium
for recombinant protein expression in Chinese
hamster ovary cells front. Front Bioeng Biotechnol.
2021;9:646363.
https://doi.org/10.3389/fbice.2021.646363

8. Almo SC, Love JD. Better and faster: Improvements
and optimization for mammalian recombinant pro-
tein production. Curr Opin Struct Biol. 2014;26:39-43.
https://doi.org/10.1016/j.sbi.2014.03.006

255

9. Schellenberg J, Nagraik T, Wohlenberg OJ, et al.
Stress-induced increase of monoclonal antibody pro-
duction in CHO cells. Eng Life Sci. 2022;22(5):427-36.
https://doi.org/10.1002/elsc.202100062

10. Zhu X, Zhang K, Luo H, Wu J. Overexpression of the

class A penicillin-binding protein PonA in Bacillus
improves recombinant protein production. Bioresour
Technol.2023;383:1292109.
https://doi.org/10.1016/j.biortech.2023.129219

. TumoHoea CC, Cmonosa KA, 3apunosa AT v ap. Ysenu-

YeHue NPOAYKTUBHOCTU KNIETOYHOW NMHUU-MPOAYLIEH-
Ta apuncynbdaTasbl B 3a cuet koskcnpeccun popmu-
NIMUMH-reHepupytowero depmeHTa. bMOnpenapamel.
Mpogunakmuka, duaeHocmuka, neveHue. 2022;22(1):80-
93. Timonova SS, Smolova KA, Zaripova DT, et al.
Increasing productivity of arylsulfatase B-producing
cell line by coexpression of formylglycine-generating
enzyme. Biological Products. Prevention, Diagnosis,
Treatment. 2022;22(1):80-93 (In Russ.).
https://doi.org/10.30895/2221-996X-2022-22-1-80-93

12. Lu J, Hu D, Zhang Y, Ma C, et al. Current compre-
hensive understanding of denosumab (the RANKL
neutralizing antibody) in the treatment of bone
metastasis of malignant tumors, including pharma-
cological mechanism and clinical trials. Front Oncol.
2023;13:1133828.
https://doi.org/10.3389/fonc.2023.1133828

13. Di Lorenzo L. Denosumab in elderly osteoporotic pa-
tients. A narrative review. Clin Ter. 2023;174(6):545-9.
https://doi.org/10.7417/CT.2023.5023

14. Abduelkarem AR, Guella A, Hamrouni AM, et al. De-
nosumab use in chronic kidney disease associated
osteoporosis: A narrative review. Risk Manag Healthc
Policy.2023;16:1809-13.
https://doi.org/10.2147/RMHP.S426869

15. Tan X, Zhang Y, Wei D, et al. Denosumab for giant cell
tumors of bone from 2010 to 2022: A bibliometric
analysis. Clin Exp Med. 2023;23(7):3053-75.
https://doi.org/10.1007/s10238-023-01079-0

1

=

Biological Products. Prevention, Diagnosis, Treatment. 2025, V. 25, No. 3


https://doi.org/10.1007/978-3-319-52287-6_29
https://doi.org/10.1007/s00253-022-12051-5
https://doi.org/10.1016/j.biotechadv.2015.10.015
https://doi.org/10.1016/j.biotechadv.2011.08.022
https://doi.org/10.1002/bab.9
https://doi.org/10.1007/s13205-021-02772-1
https://doi.org/10.3389/fbioe.2021.646363
https://doi.org/10.1016/j.sbi.2014.03.006
https://doi.org/10.1002/elsc.202100062
https://doi.org/10.1016/j.biortech.2023.129219
https://doi.org/10.30895/2221-996X-2022-22-1-80-93
https://doi.org/10.3389/fonc.2023.1133828
https://doi.org/10.7417/CT.2023.5023
https://doi.org/10.2147/RMHP.S426869
https://doi.org/10.1007/s10238-023-01079-0

TumoHoBa C.C., Kupuk U.A., Dunatoea M.A., AudpunatoBa A.U., LLy6éuna C.C., MonynaHoBa A.A.,
lfa6apaxmanoBa A.®., MsaHos E.C., bag3 B.H., lMuckyHoB A.A., XamuToB P.A.

PaapaGOTKa KNeTo4YHbIX llMHMﬁ-ﬂpO,D,yU.EHTOB peKOMGMHaHTHbIX TepaneBTU4YECKUX 6enkoB Ha npumepe p.eHocymaGa

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Imre A, Zoltan S, Miklos S. Current indications for de-
nosumab in benign bone tumours. EFORT Open Rev.
2023;8(12):895-905.
https://doi.org/10.1530/EOR-23-0138

TumoHoBa CC, MNaHTiowenko MC, TuxoHos PB u ap.
OnTuMU3aumna npouecca KynbTUBMPOBAHUS KJIOHA-
npoayueHTa peKOMOMHAHTHOrO NM30COManbHOro
depMeHTa uaypoHaT-2-cynbdartasbl. buomexHonozus.
2021;37(2):34-47. Timonova SS, Pantyushenko MS,
Tikhonov RV, et al. Optimization of the cultivation
process of a producer clone of the recombinant lyso-
somal iduronate-2-sulfatase enzyme. Biotechnology.
2021;37(2):34-47 (In Russ.).
https://doi.org/10.21519/0234-2758-2021-37-2-34-47
Tumonosa CC, Masenko BU, Knupuk UA u ap. MpuHumn
ornepaTMBHOro Bbibopa NUAEPHbIX KNOHOB-NPOAyY-
LEHTOB MOHOKJ/IOHA/IbHbIX aHTUTEN NPU CO3AaHUU
CTabunbHbIX KNETOYHbIX NUHKMI Ha ocHoBe CHO.
buomexHonozus. 2019;35(4):65-72. Timonova SS,
Pavelko VI, Kirik IA, et al. Principle of express selec-
tion of leading producing clones of monoclonal anti-
bodies in the development of stable CHO-based cell
lines. Biotechnology. 2019;35(4):65-72 (In Russ.).
https://doi.org/10.21519/0234-2758-2019-35-4-65-72
Tihanyi B, Nyitray L. Recent advances in CHO cell line
development for recombinant protein production.
Drug Discov Today Technol. 2020;38:25-34.
https://doi.org/10.1016/j.ddtec.2021.02.003

Lewis NE, Liu X, Li Y, et al. Genomic landscapes of
Chinese hamster ovary cell lines as revealed by
the Cricetulus griseus draft genome. Nat Biotechnol.
2013;31(8):759-65.
https://doi.org/10.1038/nbt.2624

Huang YM, Hu W, Rustandi E, et al. Maximizing
productivity of CHO cell-based fed-batch culture
using chemically defined media conditions and
typical manufacturing equipment. Biotechnol Prog.
2010;26(5):1400-10.
https://doi.org/10.1002/btpr.436

Lai T, Yang Y, Ng SK. Advances in Mammalian cell line
development technologies for recombinant protein
production. Pharmaceuticals (Basel). 2013;6(5):579-603.
https://doi.org/10.3390/ph6050579

Kim JY, Kim YG, Lee GM. CHO cells in biotechnology
for production of recombinant proteins: Current
state and further potential. Appl Microbiol Biotechnol.
2012;93(3):917-30.
https://doi.org/10.1007/s00253-011-3758-5

EL Mai N, Donadio-Andréi S, Iss C, et al. Engineering a
human-like glycosylation to produce therapeutic gly-
coproteins based on 6-linked sialylation in CHO cells.
Methods Mol Biol. 2013;988:19-29.
https://doi.org/10.1007/978-1-62703-327-5_2
Boeger H, Bushnell DA, Davis R, et al. Structural
basis of eukaryotic gene transcription. FEBS Lett.
2005;579(4):899-903.
https://doi.org/10.1016/].febslet.2004.11.027
Bandaranayake A.D, Almo SC. Recent advances
in mammalian protein production. FEBS Lett.
2014;588(2):253-260.
https://doi.org/10.1016/j.febslet.2013.11.035

Xu X, Nagarajan H, Lewis NE, et al. The genomic se-
quence of the Chinese hamster ovary (CHO)-K1 cell
line. Nat Biotechnol. 2011;29(8):735-41.

bMOnpenapaTol. [MpodunakTmka, amarHoctuka, nedexume. 2025, T. 25, N2 3

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

https://doi.org/10.1038/nbt.1932

Li F, Vijayasankaran N, Shen AY, et al. Cell culture
processes for monoclonal antibody production. MAbs.
2010;2(5):466-79.
https://doi.org/10.4161/mabs.2.5.12720

Dumont J, Euwart D, Mei B, et al. Human cell lines
for biopharmaceutical manufacturing: History, sta-
tus, and future perspectives. Crit Rev Biotechnol.
2016;36(6):1110-22.
https://doi.org/10.3109/07388551.2015.1084266

Liu L. Antibody glycosylation and its impact on the
pharmacokinetics and pharmacodynamics of mono-
clonal antibodies and Fc-fusion proteins. J Pharm Sci.
2015;104(6):1866-84.
https://doi.org/10.1002/jps.24444

Sommer JM, Buyue Y, Bardan S, et al. Comparative
field study: impact of laboratory assay variability
on the assessment of recombinant factor IX Fc fu-
sion protein (rFIXFc) activity. Thromb Haemost.
2014;112(5):932-40.
https://doi.org/10.1160/TH13-11-0971

Butler M, Spearman M. The choice of mammalian cell
host and possibilities for glycosylation engineering.
Curr Opin Biotechnol. 2014;30:107-12.
https://doi.org/10.1016/j.copbio.2014.06.010
Maksimenko O, Gasanov NB, Georgiev P. Regulatory
elements in vectors for efficient generation of
cell lines producing target proteins. Acta Naturae.
2015;7(3):15-26.
https://doi.org/10.32607/20758251-2015-7-3-15-26
Csat6-Kovacs E, Salamon P, Fiké-Laszlo S, et al. Deve-
lopment of a mammalian cell line for stable produc-
tion of anti-PD-1. Antibodies (Basel). 2024;13(4):82.
https://doi.org/10.3390/antib13040082

Grav LM, Rojek JB, la Cour Karottki KJ, et al. Appli-
cation of CRISPR/Cas9 genome editing to improve
recombinant protein production in CHO cells.
Methods Mol Biol. 2025;2853:49-69.
https://doi.org/10.1007/978-1-0716-4104-0_5
Chong ZX, Yeap SK, Ho WY. Transfection types,
methods and strategies: A technical review. Peer/.
2021;9:11165.

https://doi.org/10.7717/peerj.11165

Welch JT, Arden NS. Considering ‘clonality”: A regu-
latory perspective on the importance of the clonal
derivation of mammalian cell banks in biopharma-
ceutical development. Biologicals. 2019;62:16-21.
https://doi.org/10.1016/j.biologicals.2019.09.006
Tumonoea CC, MNaeenko BU, Kupuk MA n ap. Meton
MoHTe-Kapno ans Bbl4MC/IEHUS BEPOSTHOCTM MOHO-
KNIOHANbHOCTU KNETOYHbIX NTUHUI. buomexHonoaus.
2024;40(1):100-8. Timonova SS, Pavelko VI, Kiric IA,
et al. Monte Carlo method for calculating the prob-
ability of monoclonality of cell lines. Biotechnology.
2024;40(1):100-8 (In Russ.).
https://doi.org/10.56304/50234275824010113
Goldrick S, Alosert H, Lovelady C, et al. Next-ge-
neration cell line selection methodology leverag-
ing data lakes, natural language generation and
advanced data analytics. Front Bioeng Biotechnol.
2023;11:1160223.
https://doi.org/10.3389/fbioe.2023.1160223

256



https://doi.org/10.1530/EOR-23-0138
https://doi.org/10.21519/0234-2758-2021-37-2-34-47
https://doi.org/10.21519/0234-2758-2019-35-4-65-72
https://doi.org/10.1016/j.ddtec.2021.02.003
https://doi.org/10.1038/nbt.2624
https://doi.org/10.1002/btpr.436
https://doi.org/10.3390/ph6050579
https://doi.org/10.1007/s00253-011-3758-5
https://doi.org/10.1007/978-1-62703-327-5_2
https://doi.org/10.1016/j.febslet.2004.11.027
https://doi.org/10.1016/j.febslet.2013.11.035
https://doi.org/10.1038/nbt.1932
https://doi.org/10.4161/mabs.2.5.12720
https://doi.org/10.3109/07388551.2015.1084266
https://doi.org/10.1002/jps.24444
https://doi.org/10.1160/TH13-11-0971
https://doi.org/10.1016/j.copbio.2014.06.010
https://doi.org/10.32607/20758251-2015-7-3-15-26
https://doi.org/10.3390/antib13040082
https://doi.org/10.1007/978-1-0716-4104-0_5
https://doi.org/10.7717/peerj.11165
https://doi.org/10.1016/j.biologicals.2019.09.006
https://doi.org/10.56304/S0234275824010113
https://doi.org/10.3389/fbioe.2023.1160223

Timonova S.S., Kirik I.A., Filatova M.A., Anfilatova A.l., Shubina S.S., Polupanova A.A.,
Gabdrakhmanova A.F., lvanov E.S., Bade V.N., Piskunov A.A., Khamitov R.A.

Development of cell lines producing recombinant therapeutic proteins, with denosumab as a case study

Additional information. Figures S1 and S2 are published
on the website of Biological Products. Prevention, Diagno-
sis, Treatment.
https://doi.org/10.30895/2221-996X-2025-553-fig-s1

HDononHutenbHas uHdopmauua. Ha cante XypHana
«BbNOnpenapatbl. MpodunakT1ka, AMarHoCTMKa, nevyeHune»
pasmeLleHbl pucyHku S1 wn S2.
https://doi.org/10.30895/2221-996X-2025-553-fig-s1

https://doi.org/10.30895/2221-996X-2025-553-fig-s2

https://doi.org/10.30895/2221-996X-2025-553-fig-s2

Authors’ contributions. All the authors confirm that
they meet the ICMJE criteria for authorship. The
most significant contributions were as follows.
S.S. Timonova conducted experiments, developed
cell lines, processed and analysed data, drafted the
manuscript, and formulated the conclusions. I.A. Kirik
analysed data, drafted and critically discussed the
manuscript. M.A. Filatova conducted ELISA screening.
A.l. Anfilatova, S.S. Shubina, and A.A. Polupanova selected
the optimum antibiotic concentration for CHO cells.
A.F. Gabdrakhmanova, E.S. Ivanov developed cell lines.
V.N. Bade analysed data and critically discussed the
manuscript. A.A. Piskunov critically discussed and revised
the manuscript. R.A. Khamitov conceptualised the study,
formulated the conclusions, and approved the final
version of the manuscript for publication.

Acknowledgements. The authors are grateful to the team
of GENERIUM JSC for their help in experiment organisa-
tion and data collection.

Bknap, aBTOpOB. BCe aBTOPbI NOATBEPXKAAIOT COOTBETCTBME
cBoero aBTopcTBa kputepuam ICMIE. Hanbonblumii Bknag,
pacnpepeneH cnepywowmm obpasom: C.C. TumoHoea -
BbIMO/HEHWE 3KCMEPUMEHTaNbHbIX paboT, nonyyeHune
KNeTOYHbIX NUHKUI, 06paboTKka M aHanM3 fAaHHbIX,
HamucaHue TekCTa pykonucu, GopMynnMpoBKa BblIBOLOB;
HU.A. Kupuk - aHanus gaHHbIX, KpUTnyeckoe obcyxaeHue,
HanucaHue TekcTa pykonucu; M.A. @uaamoea -
npoBefeHWe CKPUHMHIA C ucnonb3oBaHuem UDA;
A.N. Anpunamoea, C.C. lly6una, A.A. lMonynavosa -
nonbop KOHUEHTPauUM aHTUOMOTUKOB ANS AUHUMU
CHO; A.®. l[a60opaxmaHoea, E.C. UeaHos — nonyyeHune
KNEeTOUYHbIX NTMHUI npoayueHToB; B.H. bads - aHanus
DaHHbIX, KpUTUYECKoe 0BCYXAeHMe TEKCTa PYKONUCH;
A.A. MuckyHos — kputnyeckoe obcyxaeHne n gopabotka
TekcTa pykonucu; PA. Xamumos - xoHuenuus paborsl,
($hOpMyNIMpPOBKa BbIBOAOB, YTBEPXAEHNE OKOHYATENbHOW
BEPCUM CTaTbM ANs nybamKaumm.

BnaropapHocTu. ABTOopbl 6narofapHbl KONNEKTUBY
AO «TEHEPMYM» 3a nomMowb B opraHuMsauumu
JKCnepuMeHTanbHoM paboTbl u cbope AaHHBbIX.

Authors / 06 aBTOpax

Sofia S. Timonova, Cand. Sci. (Biol.) / TumoHoBa Codbsa CepreeBHa, kaHa. 610, HayK

ORCID: https://orcid.org/0000-0003-2733-7458

Inessa A. Kirik, Cand. Sci. (Biol.) / Kupuk UHecca AHaTonbeBHa, KaHA. 61on. Hayk

ORCID: https://orcid.org/0000-0002-0364-8107

Maria A. Filatova, Cand. Sci. (Vet.) / ®unatoBa Mapusa AnekcaHApOBHa, KaH[. BET. HAYK

ORCID: https://orcid.org/0009-0006-1542-3905

Anastasia . Anfilatova / AHpunaTtoBa AHactacua UBaHOBHa

ORCID: https://orcid.org/0009-0003-9518-2942
Sofia S. Shubina / lly6uHa Codbs CepreeBHa
ORCID: https://orcid.org/0009-0003-5762-2193
Anna A. Polupanova / lNonynaHoBa AHHa AHapeeBHa
ORCID: https://orcid.org/0009-0005-2975-9111

Alina F. Gabdrakhmanova / l@6apaxmaHoBa AnnmHa ®aputoBHa

ORCID: https://orcid.org/0000-0001-6022-0863
Evgeny S. Ivanov / UBaHoB EBreHuit CepreeBuy
ORCID: https://orcid.org/0009-0005-0441-4918

Veronika N. Bade, Cand. Sci. (Biol.) / baps BepoHuka HukonaeBHa, kaHa. 61on. Hayk

ORCID: https://orcid.org/0000-0002-9877-5220

Aleksandr A. Piskunov, Cand. Sci. (Biol.) / MnckyHoB AnekcaHap AneKcaHApPOBUY, KaH. 61on. HayK

ORCID: https://orcid.org/0000-0001-5552-5419

Ravil A. Khamitov, Dr. Sci. (Med.), Prof. / XamutoB PaBunb ABratoBuu, 4-p Mea. HayK, Npod.

ORCID: https://orcid.org/0000-0002-1314-894X

Received 16 November 2023
Revised 6 April 2025
Accepted 6 June 2025
Online first 1 July 2025

257

Mocmynuna 16.11.2023

Mocne dopabomku 06.04.2025
lpuHama k nyénukayuu 06.06.2025
Online first 01.07.2025

Biological Products. Prevention, Diagnosis, Treatment. 2025, V. 25, No. 3


https://doi.org/10.30895/2221-996X-2025-553-fig-s1
https://doi.org/10.30895/2221-996X-2025-553-fig-s2
https://doi.org/10.30895/2221-996X-2025-553-fig-s1
https://doi.org/10.30895/2221-996X-2025-553-fig-s2
https://orcid.org/0000-0003-2733-7458
https://orcid.org/0000-0002-0364-8107
https://orcid.org/0009-0006-1542-3905
https://orcid.org/0009-0003-9518-2942
https://orcid.org/0009-0003-5762-2193
https://orcid.org/0009-0005-2975-9111
https://orcid.org/0000-0001-6022-0863
https://orcid.org/0009-0005-0441-4918
https://orcid.org/0000-0002-9877-5220
https://orcid.org/0000-0001-5552-5419
https://orcid.org/0000-0002-1314-894X

