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BIOTECHNOLOGICAL APPLICATIONS
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Transient gene expression is one of the most common methods in molecular biology, equally relevant for basic research projects and biotechnological industries. Despite
the existence of commercial transfection systems, which afford high transfection efficiency and high expression levels of reporter genes, expanding such systems to
industrial scales is often problematic due to high costs of the reagents. The well-described methods of cationic and calcium-phosphate transfection are accessible and
ensure reproducible results at much lower costs. This study is aimed at comparative validation of calcium phosphate and cationic (polyethylenimine-based) transfection
protocols along with the commercially available TurboFect reagent for mono- and cotransfections on a panel of commonly used cell lines including HEK293T, Huh7,
BHK-21, CHO and MRC5. The efficiency of transfection with plasmid constructs encoding different fluorescent proteins was measured by flow cytometry. Of all the
tested methods, calcium phosphate transfection afforded the highest efficiency of plasmid DNA delivery in all the cell lines except BHK21, for which the PEI method
turned out to be more efficient than calcium phosphate transfection, and CHO, for which both methods showed comparable efficiency.
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CPABHUTEJIbHbIA AHAJTN3 3®PEKTUBHOCTU OBLLUEANOCTYMHbIX METOAOB TPAHCO®EKLIUA
MOJENbHbIX KNETOYHbIX TMHUW ONA 3A0AY BUOTEXHOIOMNN

M. O. Bopo6ees', [. B. Kodetkog', K. B. Bacunerko?, A. B. Jlunatosa'>?

" VIHCTUTYT MOonekynsipHoi Gronornmn nmenn B. A. SHrenbrapaTta, Mocksa, Poccuis
2 POCCUINCKMIA HAUMOHATBbHBIN UCCNER0BATENBCKNIA MEAULMHCKUA yHBEpCHTET nMeHn H. W, Muporosa, Mockea, Poccust

KpatkocpoyHas 9KCnpeccusi reHoB SBMSIETCS OLHVMM U3 CaMblX LUMPOKO MCMOb3yeMblX METOAOB B MONEKYNSAPHON BMONOrMn, Kak B UCCeaoBaTenbCKmX
NpoeKTax, Tak 1 Ans peLleHVs 3aaay BUOTEXHONOMMHECKON MPOMBILLIEHHOCTN. HECMOTPS Ha TO HYTO CyLLIECTBYIOLLIME KOMMEPHECKYE TPAHCMEKLIMOHHbIE areHTbl
NO3BONAOT JOOUTLCS IPDEKTUBHON TPAHCHEKLMM 1 BbICOKOM SKCMPECCUM LIENEBbIX MEHOB B KIETKAaX, MacLUTabnpoBaHmne MPON3BOACTBEHHOMO NPoLIEcca 4acTo
3aTPyOHUTENBHO 13-3a BbICOKOW CTOMMOCTY TaKmMX areHTOB. XOPOLLO OMnCaHHbIE METOABI KATVOHHOM U KanbLnii-cpocdaTHOM TpaHCheKLMM AOCTYNHbI U AatoT
BOCMPOV3BOAVIMbIE Pe3yNsTaTbl MY 3HAYMTENbHO MeHbLLE cebecTonmocTy. Lienbto nccnenosaHmns 66110 NpoBepuTs METOABI KanbLmin-hochaTHOM TpaHCeKLN,
KaTVOHHOM TpaHcdexummn (PEI) n kommepyeckn 4OCTynHOro peareHTa TurboFect Ha aPMeKTBHOCTL MOHOTPaHCHEKLMM 1 KOTPAHCMDEKLIMN HA MaHEN LLMPOKO
1CNOSb3YEeMbIX KNETOYHbIX IMHNNA, Taknx kak HEK293T, HUH7, BHK-21, CHO, MRC5. ShheKTUBHOCTL TpaHCMHeKLMM NAasmMmaHbIMNA KOHCTRYKLMSIMM, HECYLLIMIA
pasnuyHble hryopecLEeHTHble 6enKku, OLEHVBaIN MyTeM NPOBEAEHNS MPOTOYHOM LinTodnyopumeTpumn. Cpeaun BCex METOLOB KanbLM-hocdaTHas TpaHcdhekums
NO3BONSET AOOUTLCA MaKCUMaNbHO 3PMEKTVBHON fOCTaBKM Nna3mmaHon JHK Bo Bcex KNETOUHbIX IMHKAX, UCMONb30BaHHbIX B HALLEM UCCNeaoBaHN, KDOMe
BHK21 — nnsa Hee katnoHHas TpaHchekums ¢ ncnonb3oBaHnemM PEI okazanack ahdekTnBHee, 1 conocTasmma no adekTMBHOCTM C KanbLmin-hocdaTHbIM
METOLOM B KNETOYHbIX NnHNAX CHO.

KntoueBble cnosa: kanbUnii-hocdatHas TpaHcheKums, NONOUSTUNEHUMIH, KOTpaHCHeKUMS, TpaHCHeKLMS, NEHTUBUPYChI

®duHaHcupoBaHue: NpoekT bbin noaaepxaH Poccuinckm HayqHbIM dhoHaom (CornateHne Ne 20-75-10157 ot 14 aBrycta 2020 T. «/13y4eHrie BO3MOXHOCTEN
NOJyHeHVst PEKOMOUHAHTHBIX LUTAMMOB OHKOMUTUYECKUX BUPYCOB C OMyXO0Slb-CreLUHECKOn pernmkaLmen n SKCnpeccuen MMMyHOMOAYIMPYIOLLIMX GENKOB»).

Bknap aBTopos: 1. O. Bopobbes, [1. B. Kovectkos, K. B. Bacunerko, A. B. JTnnatosa BHeC/IM paBHO3HA4HbIN BKIaA, B MPOBEAEHE TAO0PATOPHbIX SKCMEPUMEHTOB,
MOArOTOBKY PUCYHKOB 1 MHTEPNPETALMIO PE3YNETATOB.

CobniopeHne aTUHECKUX CTaHJApPTOB: CcneaoBaHne npoBeAeHO B COOTBETCTBUM C TPEBOBaHUAMMN XeNbCUHKCKON Aeknapaumum BceMmpHon MeamUvHCKO
accoumaumm.

<] Ansa koppecnoHaeHumn: AHactacus BanepbesHa Jlnnatosa
yn. Basunoga, g. 32/1, . Mockea, 119991, Poccus; lipatovaanv@gmail.com

Cratbsi nonyyeHa: 22.04.2022 Ctatbsa npuHATa K nedatu: 30.05.2022 Ony6nvkoBaHa oHnaiiH: 23.06.2022

DOI: 10.24075/vrgmu.2022.031

Transfection is the process of exogenous DNA or RNA
delivery into eukaryotic cells [1], used for recombinant protein
production [2], signal pathway investigation [3-6], etc. This
group of methods has emerged in connection with the viral
genome infectivity and its self-perpetuation research [7]. By
now, transfection protocols are indispensable for the creation
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of recombinant viral strains, as well as for the production of viral
vectors on the basis of lenti- and adeno-associated viruses [8, 9].

The 'chemical' transfection methods are classified by the
type of the agent binding nucleic acid molecules to enable
their introduction into a cell. Such agents include calcium
phosphate, polyethylenimine (PEI) and other cationic polymers
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(e.g. chitosan), liposomes and polyamidoamines [10]. Each
agent has its own advantages and disadvantages; the choice
should depend on the balance of cytotoxicity and transfection
efficiency of the agent in a particular experimental setting
[11]. Despite the extensive supply of ready-made commercial
solutions including Lipofectamine 3000, TurboFect, SuperFect,
and FUGENE HD [12], the accessible and well-studied calcium
phosphate and cationic transfection methods are still actively
used [10].

The calcium phosphate transfection (CPT) was firstly
developed in 1973 [13] during studies on the adenoviral
genome infectivity, but its mechanism had long remained
incomprehensible. With the discovery of direct endosomal
transport of CaPi-DNA precipitates to the nucleus in 1990 [14]
the method became increasingly widespread. The classical
protocol involves co-precipitation of calcium salts and DNA
with the formation of hydroxyapatite complexes under precise
physical and chemical conditions of oversaturated solution,
within a defined range of temperatures and concentrations. The
reproducible performance of this technique requires a certain
amount of skill [15-18], although some recent modifications of
the classical protocol effectively overcome this limitation [19, 20].

The cationic transfections with polyethylenimine (PEl) and
its commercially available modifications (e.g. TurboFect™)
are popular as well [10, 21]. The critical parameters in these
protocols are DNA/PEI ratio and the molecular weight of PEI, a
reduction in which hampers cytotoxicity. Commercial versions
mostly use 25 kDa PEI [22]; another option is PElI "Max" — a
chemically modified 40 kDa PEIl with reduced cytotoxicity [10, 23].
The undoubted advantages of PEI include high efficiency,
handling simplicity and universal applicability. The sensitivity of
dry PEI to oxidation by atmospheric oxygen represents a certain
drawback, fairly surmountable by dissolving the reagent in 0.2 M
HCI for prolonged storage [24], whereas the cytotoxicity of the
reagent can be reduced by using a lactate buffer as a medium
for the transfection complexes formation.

The widely used transfection reagent Lipofectamine 3000
is extremely efficient and stable at a 4 °C storage temperature,
but prohibitively expensive (50 USD for a single transfection
experiment with 107 cells). This price tier of transfection
reagents is beyond the scope of this article.

A simultaneous delivery of multiple genetic constructs to a cell
is a widespread task often required for multimeric protein synthesis,
design of recombinant viral strains [8, 9], lenti- and adeno-
associated viral particle production and other biotechnological
purposes, sometimes at industrial scales [25]. The use of ready-
made commercial kits, whatever expedient and reliable, in large-
scale transfections is hampered by high costs and also by logistical
problems associated with the lack of domestically manufactured
analogs. In this study, we compare the efficiencies of CPT, PEI
and TurboFect methods in cotransfections with reporter plasmid
constructs and quantitatively assess the effectivity by flow cytometry.

METHODS
Cells

Cell lines HEK293T (ATCC #CRL-3216), BHK21 (ATCC #C-13),
MRC5 (ATCC #CCL-171) and CHO K1 (ATCC #CCL-61) were
purchased from ATCC (American Type Culture Collection;
USA); cell lines CHO DG-44 n Huh7 were generously gifted by
A.V. lvanov (Laboratory of Biochemistry of Viral Infections at the
Engelhardt Institute of Molecular Biology; Moscow, Russia). The
cells were cultured in DMEM (Gibco; USA) supplemented with
10% fetal bovine serum (FBS, HyClone; USA) and antibiotics to

standard concentrations (penicillin 50 U/mL and streptomycin
50 pg/mL); CHO DG-44 cells were cultured in DMEM/F12
(PanEco; Russia) with 10% FBS and antibiotics.

Plasmid constructs and transfection protocols

The coding sequences of Katushka, BFP and eGFP fluorescent
proteins were cloned into the pL-CMV-PL4-Puro vector
developed previously in the Laboratory of Cell Proliferation
(Engelhardt Institute of Molecular Biology). After the verification
of successful cloning by sequencing, the plasmids were
propagated in the E. coli strain TOP-10 (New England Biolabs;
USA) using 200 mL LB aliquots and purified with a Plasmid
Midiprep 2.0 kit (Evrogen; Russia). The plasmid DNA extraction
quality was controlled by spectrophotometry (NanoDrop 2000;
ThermoFisher, USA) using the 260/280 nm absorbance ratio; all
samples used in the experiments had A260/280 of 1.9 or higher.

The cells were plated in six-well plates 24 h prior to
transfection, 1.5 x 10° cells in 4 mL of DMEM supplemented
with 10% FBS, and maintained in an incubator at 37 °C, 5%
CO, and high humidity until use.

The PEI transfection method was conducted as described
previously [24]. The dry reagent (Cat# 23966 Polysciences, Inc.;
USA) was dissolved in 0.2 M HCI to 5 pg/uL; this stock solution
was aliquoted and stored long-term at —80 °C. The lactate buffer
(20 mM sodium lactate, 150 mM NaCl, pH 4.0) was stored at 4 °C.

On the day of transfection, 3 ug of plasmid DNA were
diluted with 150 yL of the lactate buffer. In a separate tube, 15 ug
(8 L) of PEI were diluted with 150 uL of the lactate buffer. The
two mixtures were combined, mixed thoroughly, incubated at
room temperature for 10-15 min and added drop-wise to the
culture medium. In a modified version of this protocol, DNA and
PEI were added to 300 L of the lactate buffer, which preserved
the transfection efficiency (data not shown). The fluorescence
measurements were carried out 48 h post-transfection (after
addition of DNA-containing complexes to cells).

Calcium phosphate transfections (CPT) were carried
out in accordance with the previously published protocol
[26]. The culture medium was replaced with DMEM (Gibco)
supplemented with 10% FBS (HyClone), 2.25 mL per well, 1 h
before the transfection. The DNA/CaCl,/dH,O solution (125 pL)
was prepared from 2M CaCl, diluted with other components
to a final concentration of 148 mM; the total amount of DNA
was 3 pg. The DNA/CaCl,/dH,O solution was combined with
the equal volume of 2x HBS buffer (HBS; Table 1) at thorough
mixing. The transfection mixture was incubated at room
temperature for 10-20 min and added drop-wise to the culture
medium. The cultures were placed in an incubator; 6 h or 14 h
post-transfection the culture medium was replaced with a fresh
portion. The membrane shock procedure was carried out 14 h
post-transfection: the culture medium was replaced with 1 mL
of 10% DMSO in phosphate-buffered saline (PBS). After a
2.5 min-long incubation the cells were washed twice with 3 mL
of PBS and covered with the fresh culture medium.

Transfections with TurboFect™ were carried out according
to the manufacturer's recommendations. On the day of
transfection, 4 pg of plasmid DNA were diluted with serum-free
DMEM and combined with 6 uL of the TurboFect reagent. The
mixture was incubated at room temperature for 20 min and
added drop-wise to the culture medium.

Cell viability assay

For a standard thiazolyl blue tetrazolium bromide (MTT) viability
assay, the cells were transferred to 24-well plates. The tests
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were carried out 24 h post-transfection as longer incubation
times could blur the differential toxic effects. Dry MTT (Dia-M;
Russia) was dissolved in PBS to obtain the solution (5 pg/mL)
added directly to the wells. After a 3 h-long incubation, the
culture medium was replaced with 300 pyL of DMSO (PanEco;
Russia). The controls were the corresponding non-transfected
cultures. The detection was carried out in a CLARIOstar plate
reader (BMG Labtech; USA) by measuring absorbance at 595 nm
normalized to 490 nm.

Flow cytometry assay and data processing

All the measurements were carried out in a BD LSRFortessa
flow cytometer (Beckman Dickinson; USA) with detection in the
PE (561/(586/15) nm — Katushka), FITC (488/(530/30) nm —
eGFP) and Pacific Blue (405/(450/50) nm — tagBFP) channels.
We used the preinstalled BD FACSDiva software for the
compensation adjustment and primary processing of the data
and the Flowing Software 2.0 (Perttu Terho, Turku Bioscience
Centre; Finland) for the advanced analysis. All experiments
were performed in three independent biological replicates.

Lentiviral stock production and titration

Lentiviral component-encoding plasmids pREV, pGAG-pol,
p-VSV-G and pL-CMV-eGFP-puro were constructed earlier
in the Laboratory of Cell Proliferation (Engelhardt Institute
of Molecular Biology). HEK293T cells were plated in Petri
dishes to a 35% confluency; on the next day, the cells were
transfected with a 2 : 1 : 1 : 4 mass ratio of the plasmids (in
the listed order) [27]. After a 16 h-long incubation, the medium
was replaced with DMEM containing 2% FBS. The harvesting
of lentiviral particles was repeated twice daily, starting at 8 h
since the first medium replacement. The titers of the pooled five
consecutive viral stocks were evaluated on HEK293T cultures
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Table 1. The 2x hepes buffer saline (HBS) composition

NaCl 280 mM

KClI 10 mM
Na,HPO, 1.5mM
Dextrose/glucose 12 mM
HEPES pH 7.05 50 mM

using a modified final dilution method. 10-fold serial dilutions
of the viral stocks in serum-free DMEM were added to fresh
cultures growing in 48-well cell culture plates at 1.5 x 10* cells
per well. The medium was replaced with DMEM containing
2% FBS and the dilutions of lentiviral stocks were added. The
experiment was conducted in four technical parallels. After
72 hours, fluorescent plaques were counted in wells with
maximum viral dilutions.

Statistical analysis

The data were analyzed using the GraphPad Prism 9.0 package
(GraphPad Software, Inc.; La Jolla, CA, USA). The differences
were validated using one-way ANOVA.

RESULTS
Post-transfection cell viability assay

Fig. 1 shows the results of the MTT assay performed 24 h
post-transfection.

The dataindicate that over 80% cells survive the transfection
procedure, independently of the cell line and protocol. MTT
assays performed 48 h post-transfection are non-informative
due to the effects of contact inhibition: in control wells, cells
become 100% confluent, while transfected cells continue to
proliferate.

Cell viability 24h post-transfection
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Fig. 1. The post-transfection MTT cell viability assay for PEI, TurboFect and CPT methods; Control — non-transfected cultures
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Fig. 2. Comparative efficiency of CPT and PEI monotransfections with Katushka expression plasmid (red fluorescence) in different model cell lines: HEK293T (A),
BHK-21 (B), CHO DG-44 (C), CHO K-1 (D), Huh7 (E) and MRC5 (F). CPT 6 h — calcium phosphate transfection with 6 h incubation; CPT 14 h — calcium phosphate

transfection with 14 h incubation

Monotransfection efficiency assay

The comparative evaluation of the CPT and PEl methods in
terms of the transfection efficiency involved the pL-CMV-
Katushka-puro plasmid construct (Fig. 2).

The following conditions were varied for the optimization:

— the duration of incubation with the CaPi-DNA precipitate
6 hand 14 h);

— the impact of the membrane shock procedure (2.5 min
exposure of 10% DMSO).

The increase of the incubation time with the CaPi-DNA
precipitate from 6 h to 14 h dramatically enhanced the
transfection efficiency for the HEK293T and CHO K 1 cell lines:
the numbers of reporter-positive cells increased, respectively,
from 27% to 97% for HEK293T (p < 0.01) and from 1.5%
to 183% for CHO K-1 (p < 0.01). Importantly, the effect was
cell line-dependent: the incubation time with the precipitate
produced a drop in the transfection efficiency from 25% to 3%
for MRC5 (p < 0.01) and from 8% to 1% for Huh7 (o < 0.01).

The introduction of the 10% DMSO treatment step
(membrane shock) led to a significant increase in the
transfection efficiency for the MRC5 cell line only (p < 0.05).

CPT showed the best results in all the cell lines except BHK-21. The
PEI method was also efficient in most cell lines and produced
comparable cytotoxic effects.

The influence of the cell culture medium on the CPT
efficiency was tested using the HEK293T and CHO DG-44 cell
lines (Figs. 2A and 2C). CHO DG-44 cells showed enhanced
transfection efficiency in DMEM/F12 (o < 0.01). The use of the
membrane shock (10% DMSO exposure) provided no significant
enhancement in the transfection efficiency in these experiments.

Cotransfection efficiency assay

In the next series of experiments, we cotransfected the cells with
plasmid constructs encoding eGFP and Katushka fluorescent
proteins (Fig. 3A, Table 2). The highest cotransfection efficiency
was observed in HEK293T cells. CPT worked significantly
better than the PEI method for all the cell lines except BHK21
(o < 0.001). Transfections with TurboFect were the least efficient.
Microphotographs of CPT in HEK293T are shown in Fig. 4.

The trends identified for double cotransfections were
preserved in triple cotransfections, although the efficiencies
(measured as the percentage of cells expressing all reporter
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Fig. 3. Comparative efficiency of double cotransfections with eGFP and Katushka encoding plasmids (A) and triple cotransfections with BFP, eGFP and Katushka

plasmids (B) in different model cell lines

proteins) were expectedly lower (Fig. 3B, Table 3). The flow
cytometry data analysis for HEK293T and Huh7 is presented
in Fig. 5; the positivity thresholds were set in accordance with
the contour plots of autofluorescence for the non-transfected
control cultures.

Overall, the results demonstrate excellent efficiency of
the accessible chemical transfection methods in mono- and
cotransfections, comparable with the efficiency of advanced
commercially available systems exemplified by FUGENE HD
and Lipofectamine 3000 [28].

Assessment of the lentiviral particles’ assembly efficiency

Lentiviral transduction is a standard tool for obtaining cell sublines
stably expressing exogenous proteins, cell reprogramming
and many other purposes in molecular and cell biology. To
produce lentiviral stocks, the HEK293T packaging cell line
is simultaneously transfected with 3-4 plasmid constructs
encoding HIV-1 proteins and VSV-G glycoprotein, as well as
a lentiviral genome plasmid carrying a reporter transgene. The
yield of viral particles harvested with the supernatant depends

Table 2. Comparative efficiency of double cotransfections with eGFP and Katushka plasmids, measured 48 h post-transfection (best results in each row are highlighted)

Double-positive cells, %
Cell line
CPT CPT + DMSO PEI Turbofect
68,1 + 2,29
HEK293T 64,27 + 6,85 (p < 0,001) 21,33 +2,78 5,97 + 0,61
15+ 1,85
BHK21 5+ 3,11 6.6 + 4.40 (p < 0,001) 6,2 + 0,86
12,87 + 1,16
CHO DG-44 (0 < 0,001) 9,85+ 0,75 2,13+ 0,92 1,05 + 0,47
9,43 + 0,93
CHO K-1 7,1+0,916 (p < 0,001) 1,43 + 0,83 1,13 £ 0,51
7,23 + 0,55
HUH7 6,93 + 0,50 (p < 0,001) 0,23 +0,16 0,09 + 0,06
27,93 + 5,25
MRC5 22,7 + 8,15 (p < 0,001) 1,4 + 0,56 1,55 + 0,25
Table 3. Comparative efficiency of triple cotransfections with BFP, eGFP and Katushka encoding plasmids, measured 48 h post-transfection (best results in each row are
highlighted)
Triple-positive cells, %
Cell line
CPT CPT + DMSO PEI Turbofect
40,47 £ 1.27
HEK293T 39,83 + 4,55 (p < 0,001) 15,2 £ 1,75 5,57 + 0,98
8,23 + 1,70
BHK21 3,3+0,511 4,63 + 0,80 (p < 0,001) 4,16 + 0,92
CHO DG-44 0255 e 5,73 + 0,99 1,33 £ 0,72 0,63 + 0,09
(p < 0,001)
5,4 + 0,53
CHO K-1 3,8+0,92 (p<0,001) 0,93 + 0,41 0,7 +0,19
HUH7 0,13 + 0,06 o ;;’13 0,09 + 0,06 0,07 + 0,06
10,17 + 4,33
MRC5 5,8 + 2,02 (p < 0,05) 0,43 +0,15 0,33 +0,15

Note: ns — not significant.
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on the transfection efficiency and cell viability. Our choice of the
CPT + DMSO, PEI and TurboFect protocols for this practical
task was based on the preliminary optimization experiments.

Transfections were performed in a 10 cm Petri dish at a 70%
confluency (6 x 108 cells). The resulting viral titers evaluated by
the final dilution method are presented in Fig. 6.

The highest viral particle production efficiency was
achieved with CPT (9 x 10° IFU/mL). The PEI and TurboFect
protocols also produced satisfactory yields, albeit the titers
were significantly lower (10° IFU/mL; p < 0.05, and 6 x 10* IFU/
mL; p < 0.01, respectively).

DISCUSSION

The chemical transfection methods vary in toxicity and
transfection efficiency depending on their chemical nature and
DNA-to-agent ratio. Transfection efficiency is influenced by
multiple parameters which are difficult to unify, as dedicated
comparisons between studies are hindered by variability of
experimental conditions [16, 24]. Here we report a comparative
analysis of the efficiency for three transfection methods in
several cell lines of a diverse origin.

HEK293T is one of the best-studied model cell lines, known
for its high transfection capacity. These cells are ubiquitously
used in the production of recombinant proteins and lentiviral
stocks. CPT ensures excellent results in HEK293T cells (> 95%
efficiency in monotransfections), with the length of incubation
with the CaPi-DNA precipitate being a decisive factor. For the
incubation times of 6 h and 14 h, the efficiency constituted
29% u 97%, respectively (o < 0.01), whereas the role of the
membrane shock was negligible (no significant differences
observed). In cotransfections, the efficiencies of the CPT and
PEI methods constituted 68% and 21% for two-plasmid and
40% and 15% for three-plasmid systems, respectively (o < 0.01
in both cases). The corresponding efficiencies of the PEI and
TurboFect methods constituted 21% and 5.9% for two-plasmid
and 15% and 5% for three-plasmid transfections (p < 0.01).

We further tested the feasibility of multiple cotransfections
with lentiviral component-encoding plasmids to produce
viral particles encoding a reporter gene (€GFP) by these two
methods. The tests involved titration of the harvested lentiviral
stocks by the transduction assay with the reporter eGFP
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Fig. 4. Microphotographs of cell cultures cotransfected with genetic constructs
encoding eGFP and Katushka fluorescent proteins. A. Light field. B. Katushka. C.
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fluorescence. In this series of experiments, the lentiviral stocks
produced with CPT revealed the highest titers (9 x 10° IFU/mL),
whereas the titers produced with the PElI and TurboFect
methods were significantly lower (105 IFU/mL and 6 x 10* IFU/mL,
respectively; p < 0.05).

However, for the BHK-21 cell line, CPT proved to be
significantly less efficient than the PEI method, yielding 6.6% vs
15% in double and 4.6% vs 8.3% in triple cotransfections (o < 0.01
for both); this result overlaps with the previously published data
[24]. The discrepancy in the results can be explained by several
critical factors, e.g., the PEl preparation method. The efficiency
of the PEI method is compromised by the prolonged storage
of the dry reagent, as its oxidation by atmospheric oxygen
negatively affects the binding capacity [24]. The PEI method
showed better efficiency than TurboFect in double and triple
cotransfections (11% vs 6% and 8% vs 4%, respectively; p < 0.01
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in both cases). Of note, these results should be further verified
by using a different batch of the TurboFect transfection reagent,
which is highly sensitive to the storage temperature (should be
stored at 2-8 °C).

Overall, CPT showed higher efficiency than PEI for most
cell lines used in our study (p < 0.001 for HEK293T, Huh7,
CHO DG-44 and CHO K-1, and p < 0.05 for MRC5). It should
be noted that the use of the DMSO-induced membrane shock
had small effects in both double and triple cotransfections of
CHO-K1 (p < 0.05) and MRC5 cells. None of the protocols
tested by us in this study ensured efficient cotransfections of
Huh7; nevertheless, monotransfections of these cells by CPT
with membrane shock afforded efficiencies as high as 7%.

One clear advantage of the PEI transfection method over
CPT, although beyond the scope of our study, is the ease of use
for suspension cell cultures. The Expi293 cell line, widely used
for recombinant protein production, can be efficiently transfected
using PEI instead of the expensive Expifectamine [29].

CONCLUSIONS

The calcium phosphate method ensures high transfection
efficiency in a panel of cell lines widely used for research and
biotechnological tasks. Despite its relative technical complexity,
its efficiency cannot be affected with inappropriate storage
conditions (a major liability in other protocols) and shows highly
reproducible results. The use of the calcium phosphate method
for the production of lentiviral stocks in HEK293T cells affords
excellent yields (9 x 10° IFU/mL without concentration, which
is comparable with custom-made commercial supplies). The
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