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ABSTRACT

Introduction. Despite no cases of classical swine fever (CSF) have been recorded in the Russian Federation since 2021, gaining official recognition, as a disease-free
zone, will require adoption of effective, safe vaccines compatible with the DIVA strategy. A range of expression systems is being evaluated as potential platforms
for a recombinant subunit vaccine; synthesizing the E2 antigen in mammalian cells appears to be a particularly promising approach.

Objective. Optimizing transient transfection conditions in mammalian cell production lines for expression of classical swine fever virus (CSFV) E2 antigen.
Materials and methods. The nucleotide sequence encoding a 188-amino acid fragment of the E2 antigen was cloned into the pVAX1 vector. Transient transfection
was performed using two common methods — calcium-phosphate and cationic (employing branched polyethylenimine, PEI) — on three established mammalian
production cell lines: CHO-K1, PK-15, and BHK-21/13. Expression efficiency was controlled using immunofluorescence, quantitative reverse transcription polymerase
chain reaction, and enzyme-linked immunosorbent assay.

Results. It was determined that all the cell lines evaluated underwent transfection with an efficiency ranging from 60 to 90%. Cellular viability 24 hours
post-transfection was at least 87%, with the lowest rates observed following calcium-phosphate transfection using an initial 12-hour incubation period. In all cases,
transfection was accompanied by expression of specific messenger RNAs. The highest yield of the 17.3 kDa recombinant E2 protein was achieved in the CHO-K1
cell line (up to 47.4 mg/L), while the lowest yield was observed in the BHK-21/13 line (up to 24.1 mg/L). The specificity ratio in the antigen variant of the indirect
enzyme-linked immunosorbent assay using specific antisera ranged from 5.1 to 6.2 units for all the expressed protein variants.

Conclusion. Al the cell lines presented in the study demonstrated satisfactory transfection efficiency. Combined with their properties — such as high proliferation
rates and adaptation to serum-free media — this makes them suitable for stable expression. Both the calcium-phosphate and cationic methods provide high
transfection efficiency, relatively low cytotoxicity, and good reproducibility. The combined use of these control methods is advisable during the design phase
of expression systems. In a production setting, however, the primary metric of their functionality is the overall yield of the specific recombinant protein, as deter-
mined by antigen-specific enzyme-linked immunosorbent assay.
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2(rb0Y BO «Ka3aHckmii rocysapcTBeHHbIil arpapHblil yHuBepcutet», UHTuTyT «KasaHckad akafemua BeTepuHapHoii MeauuuHbl um. H. 3. baymanay,

yn. Cubmpckuii Tpak, 35, 1. KasaHb, 420029, Pecnybnuka Tatapctan, Poccus

3 KasaHckas rocyfapcTBeHHan MeauumHckas akagemus — unuan OTB0Y JN0 «Poccuiickas MeAMLMHCKaA akagemua HenpepbiBHOTO NpodeccuoHanbHoro
o06pazoBaHua» Munuctepcraa 3apaBooxpaxexna Poccuiickoit Oegepauun (KTMA — dunnan OTBOY N0 PMAHIMO Munzapasa Poccun), yn. Mywrapu, 11,
r. KazaHb, 420012, Pecnybnuka Tatapctan, Poccus

PE3IOME

Bepenue. Hecmotpa Ha otcyTctBue B Poccuiickoii Oepepauim ¢ 2021 1. 3aperncTpupoBaHHbIX CTyuaeB KNaccuyeckoil yymbl CBUHelA, ANA NonyyeHna cratyca
30Hbl, CBOOOAHO OT AlaHHOrO 3a60eBaHMA, HeobxoaMo BHeApeHue IPGeKTUBHbIX 1 6e30nacHbIX BaKLuH, co0TBETCTBYIoWMX cTpaterm DIVA. B kauecTBe
MOTEHLMANbHBIX MHCTPYMEHTOB ANA C03AaHNA PeKOMOUHAHTHOI CY6bEAMHUYHON BAKLMHBI PacCMaTPUBAOTCA Pa3aNyHble CUCTEMbI IKCIPECcm; NepCnekTUBHLIM
NpeACTaBAALTCA CMHTE3 aHTUreHa E2 B KneTkax MAeKonuTatLLux.

Lienb uccnepoBanua. ONTUMM3aLNA YCIO0BII TPaH3NEHTHOIA TPAHChEKLIMM NPON3BOACTBEHHDBIX JIMHUIA KNIETOK MIEKONUTAIOLMX ANA IKCNPECCN aHTUreHa
E2 Bupyca knaccuueckoit uymbl CBUHEIA.

Marepuanbi 1 meTopbl. HykneotuaHaa nocnefoBaTeNbHOCTb, KogupylolLas ¢parmeHT aHTureHa E2 npotaxeHHocTbio 188 a. 0., 6bina KNoHUpoBaHa B BEKTOP
pVAX1. TpaH3neHTHaa TpaHcdekLmA npoBoamMAach ABYMA 06L1ef0CTYMHLIMIN METOAAMM: KaNbLNiA-QoCdaTHbIM 11 KaTMOHHBIM (NPY NOMOLLY Pa3BETBAEHHOMO
MONN3TUAEHVMUHA) — B OTHOLLIEHINM TPEX MPOU3BOACTBEHHDIX KNETOUHbIX IMHMI MaekonuTatoluumx: CHO-K1, PK-15, BHK-21/13. Kontponb addexTuBHoCTY 3Kcnpeccun
OCYLLIECTBAANCA METOZAMI MMMYHOGAYOPECLIEHLMM, KONMYECTBEHHOI NONMMea3Hoii LieNHOi peaKLuu ¢ 06paTHON TpaHCKpUNLMeN, MIMMYHOhEPMEHTHOrO aHanu3a.
Pe3ynbTarbl. bbino ycTaHoBNEHO, UTO BCe paccMaTpuBaemble KNEeToUHble IMHIM MOABEPrannch TpaHcheKwmn ¢ 3pdekTuBHOCTbI0 0T 60 0 90%. BbhxuBaemocTb
KNeToK uepe3 24 u nocne npoBefieHNA TpaHCeKLMM cocTaBnAna He MeHee 87%, HauMeHbLUNe NOKa3aTen PerucTpupoBanuch Npu NPoBeAeHNM KanbLnii-
dochaTHoil TpaHCPeKLmu ¢ nepBuYHOii MHKy6aLwedt 12 u. lpoBeseHue TpaHcdeKLIM BO BCEX CyYadX COMPOBOMXAANOCH IKCpeccueil cneLuduyeckinx MaTpuyHbIX
PHK. HanbonbLuuii BbIXoA pekombuHaxTHoro benka E2 monekynapHoii maccoit 17,3 kfla 6bin xapaktepen ana nukun CHO-K1 (o 47,4 mr/n), HaumeHbLIMA —
ana ankun BHK-21/13 (go 24,1 mr/n). KoadduumeHT cneumduyHocTy B aHTUreHHOM BapuaHTe HenpAMOro UMMYHO(EPMEHTHOT0 aHann3a co cneLMduueckumm
AHTUCLIBOPOTKAMU 1A BCeX BapUaHTOB JKCNpeccupyemoro benka BapbupoBan B AnanasoHe 5,1-6,2 en.

3akntoueHnne. Bce npeacTaBnenHble B UCCIS0BAHNI KNETOUHbIE NMHUIM 06N1afanit yA0BNETBOPUTENbHON TPAHCOULIMPYEMOCTbIO, UTO B COBOKYMHOCTI
C VX CBOIACTBaMI (BbICOKOIA CKOPOCTbIO NponudepaLmy, afantaumeil k 6eccblBOPOTOUHBIM CPeaM) NO3BONAET UCNOB30BATb UX ANA CTabUNbHON FKCpeccun.
11 kanbumit-GochaTHbI METOZ, 1 KAaTUOHHDII 06ecneunBatoT BbICOKYI0 IPHEKTUBHOCTD TPAHCHEKLIM, OTHOCUTENBHO HIU3KYH LIUTOTOKCUYHOCTL M BOCNPON3BO-
AUMOCTb. [IpuMeHeHue paccmMaTpuBaeMbIX METOAOB KOHTPONA Lienecoobpa3Ho B COBOKYMHOCTY Ha Tane KOHCTPYUPOBAHMA IKCNPECCUOHHBIX CUCTEM, OHAKO
B NPONU3BOACTBEHHDIX YCTIOBUAX OCHOBHbIM KpUTEPUEM UX GYHKLIMOHANbHOCTU ABAAETCA TOTabHbI BbIXOA CMEeLMPUYECKOro peKoMOUHaHTHOTO benka, pery-
CTPUPYEMbIil NPI MOMOLL aHTUTEHHOTO UMMYHODEPMEHTHOTO aHanV3a.

KntoueBble cnoBa: Knaccuyeckas uyma CBUHei, KNeTKu MIIeKONMUTIOLLMX, TPaH3MEHTHaA SKCMPeccus reHoB, PEKOMOWHAHTHDIIA aHTUreH, UMMyHOdRyopecLeHLma,
marpuuHble PHK, ummyHodepmeHTHbII aHanm3

bnaropapHocTi: PaboTa BbINonHeHa 3a CYeT rpaHTa, npefocTaneHHoro Akagemueil Hayk Pecnybnuku TatapcraH 06pa3oBaresibHbIM OpraHU3aLmMAM BbicLuero 0bpa-

30BaHNA, HAyYHbIM 1 HBIM OpraHM3aLVAM Ha NOAAEPKKY NNAHOB Pa3BUTIAA KAAPOBOro NOTEHLMaNa B YacTv CTUMYNMPOBAHUA X HAYUHDIX U HAyYHO-NEAArornYeckux
PaboTHMKOB K 3aLLTe IOKTOPCKMX ANCCEPTaLIMI 1 BbIMOMHEHMHO HAYYHO-MCCNefoBaTeNbCKIX paboT (cornawuenue Ne 4/2025-111-BHVBK).

[ina uvtuposauua: laneesa A. I, Ky3Hewosa 0. A., AxyHosa A. P, Xammapos H. I1., XaeptbiHos K. C., Myxammagues Pun. C., Edumosa M. A. Ontumu3zauna
YCNOBWI TPAH3UEHTHON TPAHCHEKLMN NPOM3BOACTBEHHBIX IMHMI KNIETOK MAEKOMUTAIOLLMX ANA IKCNPeCcuy aHTureHa E2 Bupyca knaccuyeckoii uymbl cUHei.
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KoHdnukT uHTepecoB: ABTOpbI 3aABNAKT 06 OTCYTCTBUN KOHGINKTA UHTEPECOB.

[ina KoppecnonpeHuun: faneesa AHToHUHA Me60BHa, KaHA. BeT. HayK, Bedywnii HayuHblil COTPYAHMK NabopaTopum BMPYCHbIX aHTPONO300HO308
OIBHY «OLTPE-BHWBW», HayuHblit ropogok-2, r. Kazanb, 420075, Pecnybnuka Tatapctan, Poccua, antonina-95@yandex.ru

INTRODUCTION

This challenge underlies the restrictive vaccination policies

Classical swine fever (CSF), caused by the RNA-contain-
ing Pestivirus C, is one of the most dangerous viral diseases
of the Suidae family and is accompanied by hemorrhagic
syndrome [1, 2]. Classical swine fever virus (CSFV) primari-
ly targets endothelial cells and macrophages. Concurrent-
ly, it triggers T-cell apoptosis, leading to significant immu-
nosuppression. In most cases, the infection follows an acute
course, culminating in one of three outcomes: fatality, re-
covery with the development of virus-neutralizing antibo-
dies, or progression to a chronicinfection [3, 4]. In countries
where CSF is endemic, effective live attenuated vaccines
are commonly used. However, the ability of vaccine strains
to replicate within the host complicates differentiating
vaccinated animals from infected ones (the DIVA strategy).

68

adopted in non-endemic regions. Thus, within the Russian
Federation, there is a clear need to develop effective and
safe marker vaccines. Such vaccines are essential for con-
trolling potential CSF outbreaks and are a prerequisite for
eventually achieving CSF-free zone status, officially recog-
nized by the World Organisation for Animal Health [5, 6].
In the context of developing experimental subunit vac-
cines, various expression systems have been successfully
employed for the biosynthesis of the major glycoprotein E2.
We previously generated a prokaryotic equivalent of gly-
coprotein E2 [7]. Its synthesis predominantly resulted in
inclusion body formation, necessitating extensive chro-
matographic purification and refolding steps. Consequent-
ly, the yield of purified, bioactive product was relatively low.
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As an alternative to Escherichia coli expression, gene ex-
pression in mammalian cells can be considered. Its prima-
ry advantages are post-translational modifications closely
resembling the native ones, along with recombinant pro-
tein solubility and folding compatible with high-level over-
expression [8]. To facilitate future scale-up, mammalian cell
expression must be cost-effective and high yielding. This
necessitated development of an optimized genetic con-
struct, selection of a suitable production cell line as a po-
tential producer of the recombinant vaccine antigen, and
adaptation of established transfection protocols to meet
specific requirements of this bioprocess.

The objective of this study was to optimize transient
transfection conditions in mammalian production cell lines
for CSFV E2 antigen expression. The following tasks were
completed to achieve this objective:

a) assess suitability of CHO-K1, PK-15, and BHK-21/13
celllines for transient expression of a gene encoding a frag-
ment of glycoprotein E2;

b) compare efficiency of widely available non-viral DNA
delivery methods (calcium-phosphate and cationic trans-
fection);

¢) validate developed methods for monitoring expres-
sion efficiency: immunofluorescence assay (IFA) on cell
culture, quantitative assessment of messenger RNA (mRNA),
and antigen-capture enzyme-linked immunosorbent as-
say (ELISA).

MATERIALS AND METHODS

Generation of recombinant DNA. A nucleotide sequence
encoding a truncated E2 protein Shimen strain of CSFV
(GenBank ID AF092448.2) was cloned into pVAX1 vector
(Evrogen, Russia) using BamH!I and EcoRl restriction sites.
Sanger sequencing confirmed the identity of the generated
construct. The recombinant plasmid was transformed into
E. coli strain DH5a (Novagen, Germany), amplified, and
isolated using a Midiprep system (Evrogen, Russia). Plasmid
concentration was measured using a Nano-500 spectro-
photometer (Allsheng, China). Sample purity was assessed
by the absorbance ratio at 260 and 280 nm; a ratio between
1.8 and 2.0 indicates an absence of polypeptide or free-
nucleotide contamination.

Cell culture. Monolayers of Chinese hamster ovary
(CHO-K1, ATCC® CCL-61), Syrian hamster kidney (BHK-21/13,
ATCC® CCL-10), and porcine kidney (PK-15, ATCC® CCL-33)
cells were cultivated in 75 mL flasks and 100 mm diameter
plates (Biologix Group Ltd., China). The growth medium
consisted of DMEM-F12 (PanEco company, Russia) supple-
mented with 10% fetal bovine serum (HyClone, Australia),
100 IU/mL penicillin and streptomycin (PanEco company,
Russia), and 20 mM L-glutamine (Sigma-Aldrich, USA). Cul-
tures were maintained at 37 °Cin a humidified atmosphere
of 5% CO,, starting at an initial concentration of
10 X 10%cells/mL. Routine contamination screening was
performed. No contamination by bacteria, mycoplasma, or
bovine viral diarrhea virus was detected.

Transfection process. The conditions for calcium-phos-
phate (CaP) and cationic (PEI) transfection of the produc-
tion cell lines are detailed in the Table.

Cell viability was assessed 24 hours post-transfection in
96-well culture plates (Corning Incorporated, USA) using
a colorimetric methyl thiazole tetrazolium (MTT) assay.
To each well containing 100 pL of fresh culture medium,
10 pL of MTT reagent (Wuhan Servicebio Technology Co.,

Ltd., China) were added. The plates were then incubated
for 3.5 hours under standard conditions. The formazan crys-
tals that formed were dissolved by adding an equal volume
of dimethyl sulfoxide. The absorbance in each well was then
measured at a wavelength of 570 nm. The percentage of
viable cells was calculated from the ratio of wells containing
transfected cells to the wells with the intact cells.
Assessment of messenger RNA expression levels. The tran-
scriptional activity of the E2 gene fragment was assessed
by quantitatively determining its product — specific mRNAs.
Nucleic acids were extracted from transfected cells using
the RIBO-sorb reagent kit (Central Research Institute of
Epidemiology of Rospotrebnadzor, Russia). The isolated
samples were treated with DNase (Syntol, Russia) at a ratio
of 1 unit per 10 ng of DNA and incubated for 1 hourat 37 °C,
followed by enzyme inactivation at 80 °C for 5 minutes. For
amplification, the following reaction mixture was prepared
(perone 20 uL sample): 4 uL of prepared PCR 5x gPCRmix-
HS SYBR premix, 5 pM each of forward (5-CGTCAACCAAT
GAGATAGGGCTGT-3') and reverse (5'-GCACAGCCCGAATC
CGAAGT-3’) primers, 100 units of MMLYV reverse transcrip-
tase (Evrogen, Russia), 15 ng of RNA template, and ddH,0
to a final volume of 20 pL. A ten-fold serial dilution of the re-
combinant plasmid pVAX1-trE2 was used to generate a cal-
ibration curve. Real-time reverse transcription-polymerase
chain reaction (real-time RT-PCR) was performed using
a C1000 thermocycler with a CFX96 optical module (Bio-
Rad Laboratories, Inc., USA) according to the following
program: 1 - reverse transcription at 37 °C for 5 minutes;
2 — DNA denaturation at 95 °C for 5 minutes; 3 — 35 cycles
of: 94 °C for 30 seconds, 56 °C for 30 seconds, 72 °C for
25 seconds; 4 - final elongation at 72 °C for 10 minutes.
Melting curve analysis of the amplicons was performed
using the CFX Manager software (Bio-Rad Laboratories, Inc.,

Table
Transfection conditions on culture plates (<5 100 mm)

(alcium phosphate transfection

Indicator (CaP method)

Seeding density (6—10) x 10° cells/mL

(ationic transfection
(PEl method)

Cell confluency at the
time of transfection (%)

70 70-85

Mixture composition:

Solution A

Solution B

2.5MCaCl,-30 L
Plasmid DNA — 10-20 ug
ddH,0 —up to 300 pL

HBS buffer, pH 7.05 — 300 uL
Full medium — up to 5—-6 mL

Serum-free medium — 100 pL
Plasmid DNA — 2—4 g

Serum-free medium — 100 pL
PEI - 6-16 uL

Complex formation

Solution A was added drop
by drop to solution B
(3—5 min at room temperature)

Solution B was added drop
by drop to solution A
(15 min at room temperature)

Duration of incubation 6—12 hours 4-12 hours
Posttransfection 48-72 hours 48-72 hours
cultivation
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USA).The number of mRNA copies in each sample was nor-
malized and is presented per 1 ug of the total RNA.

Immunofluorescence assay on cell culture. Transfected
cells were stained with an FITC-conjugated polyclonal
swine antiserum to CSFV (Federal Center for Toxicological,
Radiation and Biological Safety) at a working dilution of
1:500, as previously described by the authors [9].

Isolation of the target protein. 48-72 hours after transfec-
tion, cells were mechanically removed from the surface of
the culture vials using scrapers. Cells from the suspension
were pelleted by centrifugation at 3,000 g for 15 minutes.
The pellet was resuspended in 1 mL of chilled RIPA buffer
(50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1 mM ethylenedi-
aminetetraacetic acid; 1% Triton X-100; 0.1% sodium de-
oxycholate; 0.1% sodium dodecyl sulfate; 0.1 mM phenyl-
methylsulfonyl fluoride) and incubated on ice for
30 minutes. Subsequently, the cells were pelleted again by
centrifugation. Protein presence in the supernatant was
confirmed by analytical electrophoresis on a 15% polyacryl-
amide gel under denaturing conditions. Reactivity with
specific antisera was assessed in ELISA using a previously
developed test system designed to monitor the specificity
of the recombinant CSFV antigen [10].

Statistical analysis was performed using GraphPad Prism
10.4 software (GraphPad Software, USA).

RESULTS AND DISCUSSION

Bioinformatic analysis identified a 188-amino acid frag-
ment (residues 690-878) characterized by the highest den-
sity of CSFV-specific B-cell epitopes. According to pBLAST
analysis results, the sequence identity of this fragment
among representatives of CSFV genotypes 1 and 2 ranges
from 91.19 to 98.74%. Furthermore, it exhibits no significant
homology with the corresponding region of the bovine
viral diarrhea virus proteome, which is a critical factor in se-
lecting a diagnostic antigen sequence. The final amino acid
sequence, flanked by a hexahistidine tag, was reverse-trans-
lated. The synthesized nucleotide sequence, containing
a Kozak consensus sequence upstream of the start codon,
was then cloned into the target pVAX1 vector. The construct
scheme is given in Figure 1.

Cell viability was assessed 24 hours after transfection in
the CHO-K1, PK-15, and BHK-21/13 cell lines (Fig. 2).

The chart shows that the percentage of viable cells fol-
lowing both transfection methods, under the specified
incubation periods with the transfection agents, was at
least 87%. Furthermore, cell viability exceeded 93.6% when
using cationic transfection with incubation period of
6-12 hours, as well as with CaP transfection when
the primary incubation period was limited to no more than
6 hours. Lower viability rates (87.2-92.8%) were recorded
for CaP transfection when the primary incubation was ex-
tended up to 12 hours. This is likely attributable to the cyto-
toxic effect exerted by calcium precipitates during extend-
ed incubation periods.

The next phase of the study involved a comparative
assessment of various methods for monitoring transfection
efficiency, specifically direct IFA on transfected cells, quan-
titative mRNA analysis in real-time RT-PCR, and antigen-
capture ELISA.

According to IFA performed on cell cultures, transfection
efficiency at 48 hours post-transfection varied from 60
to 90%. The highest efficiency was recorded in monolayers
of the CHO-K1 line: 87% for CaP transfection and 90% for
PEl transfection. A slightly lower proportion of fluorescent
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—| Pewv >— trE2 >_1 BGH pA>—<NeoRIKanR |—<pUC ori |

2,070-2,634 bp
Shimen
(ID AF092448.2)

Fig. 1. Structure of the genetic construct based on the pVAX1 vector: Pcy—
cytomegalovirus promoter; trE2 — sequence encoding the truncated E2 protein
of CSFV (nucleotides 2,070-2,634 of the Shimen strain); BGH pA - bovine growth
hormone polyadenylation signal; NeoR/KanR — genes conferring resistance to
selective antibiotics (neomycin and kanamycin); pUC ori - origin of replication

100
CHO-K1
90
PK-15
80
BHK-21/13
T T T T 70

Control CaP 6h CaP 12h PEI 6h PEl 12h

Fig. 2. Cell viability results for production cell lines 24 hours after calcium
phosphate transfection and PEl using MTT assay

CHO-K1 PK-15 BHK-21/13

PEI

Fig. 3. Fluorescence-based monitoring of transfection (48 hours)
in production cell lines

cells was observed for the PK-15 line: 82% for CaP and 85%
for PEl transfection. The lowest efficiency was observed for
the BHK-21/13 line: 80 and 65% for CaP and PEl transfection,
respectively (Fig. 3).

In addition to IFA, which serves as a fundamental meth-
od for assessing transfection efficiency, an analysis of mRNA
expression was conducted. It is established that measure-
ments based on protein and mRNA levels are complemen-
tary and essential for a comprehensive assessment of gene
expression. The real-time RT-PCR protocol was initially
validated using a ten-fold serial dilution of the control
plasmid pVAX1-trE2 (starting concentration 50 ng/puL).
It was determined that the linearity of the reaction (R?) was
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0.994, the slope (Ct threshold between two DNA dilutions)
was -3.748, the theoretical limit of detection (y-intercept)
was 29.288, and the reaction efficiency (E) was 94.8%. The
results of specific mRNA level quantification, determined
by real-time RT-PCR, are given in Figure 4.

It is known that within a cell, the ratio of protein to
mMRNA is governed by translation and protein degradation
processes, which are regulated at the gene-specific lev-
el [11]. The overall correlation between mRNA and protein
concentrations in multicellular eukaryotes is considered
significant but moderate compared to that in bacteria and
yeasts: the number of protein molecules per transcript can
vary substantially [12, 13]. Therefore, a more objective as-
sessment of the expression system’s functionality, particu-
larly in a production setting, is the quantitative protein yield
coupled with the determination of its specificity using an
accessible serological method (Fig. 5).

According to the calculated data, the rE2 protein, with
a predicted molecular mass of 17.3 kDa, is stable and solu-
ble. These parameters did not differ among the protein
variants expressed by all three producer lines, which may
indicate similar patterns of post-translational modifications.
This is supported by the comparable activity of all protein
variants in ELISA, with a positiveness degree ranging from
5.1 to 6.2. The highest recombinant protein yield was
achieved using the CHO-K1 line (35.6-47.4 mg/L), while the
lowest yield was observed with BHK-21/13 (19.3-24.1 mg/L).
This finding aligns with the established influence of cell
origin on transfection efficiency under comparable condi-
tions [14]. Although cationic transfection demonstrated
greater efficiency in terms of transcript levels, the CaP trans-
fection method yielded an average of (8.7 £ 1.4)% more
functional product.

Literature describes production of the recombinant gly-
coprotein E2 of CSFV in mammalian cells. For instance, in
the work of R.-H. Hua et al. [15], the generation of a stable
BHK-21 cell line using the pCAG vector is reported, achiev-
ing a productivity of up to 45 mg/L. The recombinant pro-
tein provided 100% protection to pigs upon lethal chal-
lenge. Tian H. et al. [16] successfully created a truncated E2
protein containing CSFV-specific domains, which induced
seroconversion in rabbits, i.e. in PK-15 cells transfected with
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Fig. 4. Quantitative assessment of specific nRNA expression

the retroviral vector pBABE puro. The use of the CHO cell
line also enabled significant yields of recombinant E2:
L. Feng et al. [17] generated stable rCHO transgenic cells
with a dynamic Txnip promoter, forming the basis for an
inducible expression strategy. Thus, mammalian cell ex-
pression is an effective tool for the large-scale biosynthesis
of complex glycoproteins and is applicable in the develop-
ment of candidate subunit vaccines [18, 19, 20].

CONCLUSION

This study investigated the application of standard
transfection methods on several mammalian production
cell lines for the generation of the recombinant CSFV E2
antigen, along with methods for monitoring expression
efficiency. It was established that the CHO-K1, PK-15, and
BHK-21/13 cell lines are successfully transfected under stan-
dard conditions with an efficiency of up to 90%. Among
these, the CHO-K1 line demonstrated the highest trans-
fection efficiency as well as the highest overall yield of
the target protein. Given that all cell lines considered are
characterized by high proliferation rates, ease of cultivation
(including in suspension), and adaptation to serum-free
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Fig. 5. Functional analysis of the expression systems based on the pVAXT vector and cell lines CHO-K1, PK-15, and BHK-21/13.
A - electrophoretogram of cell lysates from the primary producer (CHO-K1): lane 1 — negative control (lysate of cells transfected with the original pVAX1
plasmid without insert); lanes 2 and 3 - lysates of cells transfected with the pVAX1-E2 plasmid (target polypeptide fraction marked with *);
M — molecular weight marker Prestained Protein Marker IV (Wuhan Servicebio Technology Co., Ltd., China);

B - assessment of the quantitative yield and specificity of the recombinant truncated E2 protein (ELISA data presented for antigen

solutions at 1 ug/mL concentration)
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media, they possess significant potential for generating
clonal producer lines tailored to specific bioprocess require-
ments. It was also established that both transfection meth-
ods examined - CaP and PEI - provided sufficiently high
transfection efficiency and comparable yields of the target
protein. Their advantages include cost-effectiveness and
reproducibility.

A comparative assessment of transfection efficiency
monitoring methods - IFA, quantitative PCR, and indirect
ELISA - demonstrated that their combined application is
advisable during the expression system design phase.
While conducting IFA with FITC-labeled polyclonal antibo-
dies provides valuable information during the initial stages
of protein synthesis, it necessitates continuous screening
of cell lines and fetal bovine sera for contamination with
bovine viral diarrhea virus, which can lead to false-positive
results. Quantitative mRNA detection does not always cor-
relate with target product yield; therefore, the use of this
method is justified primarily for an initial assessment of
gene transcriptional activity. In a production setting, the
most reliable indicator is the total yield of the target pro-
tein. This is conveniently monitored using quantitative or
semi-quantitative ELISA, particularly when working with
stable expression cell lines.

Although this study utilized a nucleotide sequence en-
coding a truncated antigen intended for diagnostic pur-
poses - specifically, a fragment of the E2 glycoprotein with
the highest density of CSFV-specific domains - the de-
scribed approaches are applicable to the development of
a recombinant subunit vaccine against CSFV. This applica-
tion is viable provided there is a well-designed construct
encoding the full-length glycoprotein.
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