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Introduction

Mesenchymal stem
of adult stem cells,

Aim. Numerous works showed the beneficial effect of oxygen in physiological concentrations
on mesenchymal stem cells (MSC) cultures. The aim of the present work was to study the
impact of physiological oxygen tensions on non-viral transfection of MSC from human Wharton
jelly (WJ-MSC). Methods. WJ-MSC at passage 2 were cultivated for 48 hours in different
gas mixtures: nitrogen-based (oxygen — 3 %, CO, — 5 %, nitrogen — 92 %) and argon-based
(oxygen — 3 %, CO, — 5 %, argon — 92 %), while the control group was cultivated under
standard conditions of CO,-incubator (ambient oxygen concentration, CO, — 5 %). After
48 hours of cultivation the cells were transfected with polyplexes pEGFP-C1/PEl/ and pEGFP-
C1/TurboFect, containing 3 pg of plasmid DNA. The cultures were in contact with com-
plexes for 1 hour, at standard conditions of CO,-incubator. Next, the media were changed, and
WIJ-MSC were cultivated for 48 hours in described gas mixtures, and CO, — incubator.
Transfection effectiveness was estimated by flow cytometry as the number of eGFP+ fluores-
cent cells, (BD FACSAria). Results. In the groups cultivated in gas mixtures containing 3 %
of oxygen, the number of cells, synthesizing eGFP+ before and after the transfection procedure,
was on average 2.58 times higher in the nitrogen-based mixture and 1.37 times higher in the
argon-based mixture than in control groups from the CO, —incubator. Conclusions. The cul-
tivation of human WJ-MSC under physiological oxygen tensions allowed an increase in the
percentage of transfected cells, and is promising to be used as a method for optimization of
transfection.
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cells (MSC), a population  spective tool for regenerative medicine [1]. At
are considered to be per- present, their therapeutic potential is attributed
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to their unique immunomodulatory and para-
crine activity. The ability to produce a wide
range of bioactive molecules is viewed as the
underlying mechanism of their therapeutical
effects.

Considering, that the original number of
MSC in different tissues is comparatively low
[2], their ex-vivo multiplication is required
for obtaining the cells in amount, sufficient
for scientific research and clinical application
[3]. Since the widely acknowledged condi-
tions of cultivation differ from those of MSCs
natural location sites, the process of in vitro
cultivation is often accompanied by the cell
damage, degradation of culture and, as the
result, loss of the therapeutic potential [4—6].
Thus, one of the major tasks of regenerative
medicine is the development of cultivation
protocols for MSC (and other populations of
stem cells) to provide the maximal preserva-
tion of their original therapeutically signifi-
cant properties [4].

At present, one of the novel methods, that
allows an increase in the amount of therapeu-
tically significant molecules and paracrine
factors, and enhancement of the therapeutic
potential of MSC from various sources, is the
transfection of MSC with target genes, using
various viral and non-viral constructions [7-9].
The important emerging biotechnological task
is to optimize the existing systems for the
delivery of genetic material into cells, and to
develop the new ones. Main disadvantages of
the existing viral transfection methods include
toxicity, immunogenicity, and potential ge-
netic instability in cells, leading to oncogene-
sis. All of above drawbacks restrict the pos-
sibility of practical application of these me-
thods [10].
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Non-viral vectors, comparing to viral vec-
tors, are considered to be safer, non-infectious,
non-immunogenic, and less toxic. They can be
obtained by simple methods in large amounts
and have the ability to transfer the genes with
large size [11]. Non-viral methods are thought
to be optimal for the cases, when the constitu-
tive transgene expression is not necessary. But
their major disadvantage is a low transduction
efficiency [12]. Therefore, the development of
methods, that allow the improvement in the
non-viral transfection efficiency and the en-
hancement of the following expression of tar-
get product is considered to be a perspective
trend in biotechnology. One of the most im-
portant tasks is the optimization of above
methods for transfection of MSC.

It was shown, that one of the MSC distin-
guishing features is their localization in the
sites of organism with low oxygen concentra-
tion, irrespectively of their tissue origin [13].
At present, the MSC cultivation at physiolo-
gical oxygen concentrations (approximately
1.5-8 %) is considered to be the promising
method, that allows preventing pre-time senes-
cence [14], enhancement of migratory poten-
tial and increasing the number of survived cells
after transplantation to ischemic sites [15, 16].
Additionally, the enhancement of MSC para-
crine activity in conditions of mild hypoxia is
detected [17]. The studies showed the effec-
tiveness of various strategies of using lower
oxygen concentrations: from long-term culti-
vation [14, 18] to short-term preconditioning
[19, 20]. Considering the present literature, we
hypothesized that conducting the transfection
in conditions of mild hypoxia would have
beneficial effects on the cell survival and the
expression of target product.
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The aim of the present work was to study
the impact of low oxygen concentrations on
the effectiveness of transfection and to deter-
mine whether the cultivation in mild hypoxia
conditions can be used as a method for opti-
mization of non-viral polyplex-gene delivery
to stem cells in vitro.

Materials and Methods

Obtaining the primary MSC cultures from
Wharton jelly. MSC were isolated from human
Wharton jelly (WJ) by the explant method, as
described in our previous works [21, 22].
Umbilical cords (UC) were obtained from
three healthy donors (3940 weeks of gesta-
tion, normal delivery), after informed consent.
The UC fragment (5—10 cm) was washed twice
with PBS, the blood vessels were mechani-
cally removed. WJ was minced, and the frag-
ments were placed in the cultural flacks,
75 cm?, with complete expansion medium:
aMEM(BioWest, supplemented with 10 %
fetal bovine serum (HyClone), penicillin
100 U/ml (Arterium, Ukraine), streptomycin
100 pg/ml (Arterium, Ukraine). The attached
cells were observed on the 5-7th day. After
approx. 14 days, the clones reached the suf-
ficient number (>10) and size, and 70-80 %
confluence. After that, the cells were passed
with the trypsin-EDTA (0.1 % trypsin and
0.02 % EDTA) solution.

At passage 1 the cells were studied for the
expression of surface marker proteins CD90,
CD73, CD105 (over 90 % positive), CD 34
and CD45 (negative) using flow cytometry
(BD FACS Aria) with fluorescein — and rho-
damine-conjugated antibodies (UsBiological,
USA), as descirbed in our previous works [23,
24] . Moreover, the cell cultures were checked

for their differentiation ability, as described in
our previous works [25].

Gas mixture preparation. For the present
study, a system for preparation of nitrogen and
argon-based gas mixtures was developed, and
described in our previous works [26]. The
system consists of 3 gas cylinders with carbon
dioxide, nitrogen and argon, air pump, the gas
mixing device and the terminal container. The
terminal container is connected to the gas an-
alyzer PGA 200 (JSC “Electronstandart-
pribor”, Russian Federation). The gas mixture
of required concentration was prepared by
regulating the gases outflow from cylinders
with air pump and monitoring the indications
of gas analyzer.

The flacks and Petri dishes with WJ-MSC
cultures were placed into the polyethylene bags
with hermetic clasp (1.5 1). Additionally, the
Petri dishes with sterile water were placed, to
maintain the humidity in the bags. The bags
were washed twice with the gas mixture, con-
taining 5 % of CO, and 95 % of nitrogen or
argon (depending on the group), after that they
were filled with the prepared gas mixture and
placed in the vacuum containers (Scarlet). The
containers with bags were kept at 37° C.

All liquids (cultivation media and PBS),
used in the transfection procedure, were pre-
conditioned in required gas mixture, in Petri
dishes, for 2 hours. According to the literature,
the “liquid media/gas” ratio must be 1:100
[27], to provide normal gas exchange, and the
gas concentration in liquid phase becomes the
same as in gas phase after maintenance for
1 hour.

MSC cultivation in gas mixtures. Starting
from the passage 0, WJ-MSC were plated on
the flacks of 25 cm2, 75-103 cells per flack,
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and cultured for 1 subsequent passage. For the
transfection procedure, MSC were plated on
plastic Petri dishes (35 mm) at passage 2. The
experimental groups of cultures were main-
tained in the gas mixtures based on nitrogen
(oxygen — 3 %, CO, — 5 %, nitrogen — 92 %)
and argon (oxygen — 3 %, CO, — 5 %, argon —
92 %) since passage 1. The control group was
maintained under the CO,-incubator conditions
(ambient concentration of oxygen — 20 %,
CO, -5 %).

The MSC cultures were observed with an
inverted microscope Leica DMIL. Images were
taken by camera Cannon PowerShot 640A,
x100, zoom x1.4.

Transfection procedure. The plasmid con-
structions were prepared, as described by
Kordyum et al. [28]. For transfection, nano-
sized polyplexes (0.4 nm), which contain plas-
mid vector pEGFP-C1 (Clonetech), coding the
marker gene (enhanced green fluorescent pro-
tein — EGFP) and cationic polymers (branched
polyethylenimine (PEI, 25 kDa)(«Sigma
Aldrich») or TurboFect Transfection Reagent
(Thermo Fisher Scientific), were used.
Polylexes DNA/PEI were prepared ex tem-
pore in weight ratio 1:2. Polyplexes, contai-
ning TurboFect, were prepared according to
manufacturer’s instructions, as described in
our previous works [29].

MSC cultures were plated on plastic Petri
dishes, d=35 mm (TPP, Switzerland), 9x10*
per dish, and cultivated for 48 hours in diffe-
rent gas mixtures: based on nitrogen (oxygen —
3 %, CO,_5 %, nitrogen — 93 %) (=101 % ?)
and argon (oxygen — 3 %, CO, — 5 %, argon —
93 %) (=101 % ?). The control group was
cultivated under standard CO,-incubator con-
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ditions (ambient oxygen concentration — 20 %,
CO, -5 %).

After 48 hours of cultivation the cells were
transfected with polyplexes pEGFP-C1/PEl/
and pEGFP-C1/TurboFect, containing 3 pg of
plasmid DNA and 6pg of PEI. Cultures were
in contact with complexes for 1 hour, in stan-
dard CO, — incubator conditions [29]. After
that, the transfection mixture was removed.
The cells were washed with PBS twice, and
the complete growth media was added.

Next, the cells were cultivated for 48 hours.
Depending on the group, MSC were cultivated
in the gas mixtures nitrogen-based (oxygen —
3 %, CO, — 5 %, nitrogen — 92 %) and argon-
based (oxygen — 3 %, CO, — 5 %, argon —
92 %). The control group was maintained
under the CO, — incubator conditions (ambient
oxygen concentration — 20 %, CO,_5 %).

Fluorescence of transgenic eGFP in trans-
fected cells was observed with an inverted
microscope Leica DMIL, at excitation range
470/40 nm and emission wavelength ~530 nm
(suppression filter 520/530 nm).

After that, transfection effectiveness was
estimated as the number of eGFP-positive cells
(cells expressing fluorescence) by flow cytom-
etry (BD FACSAria), using the FACS Diva
software.

Statistics. Seven independent experiments
were performed. Statistical significance of the
difference was determined using Mann-
Whitney U-test at P < 0.05.

Results and Discussion

The major task of the work was to study the
impact of conditions of mild hypoxia on the
transfection efficiency of human MSC of
Wharton jelly. The WIJ-MSC cultures were
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used at passage 2, because our previous works
showed that at this passage WJ-MSC preserve
high level of proliferative activity, can be ob-
tained in sufficient amounts [21], and have the
most homogeneous morphology, without the
presence of senescent cells [28].

The characterization of obtained cultures at
passage 1 showed, that they fit the generally
accepted MSC criteria, being over 95 % posi-
tive by CD90, CD73 and CD105, and >0.3 %
negative for CD34 and 45 (Fig 1.)

MSC cultures, maintained in two types of
gas mixtures, containing 3 % oxygen (nitro-
gen-based and argon-based ones), and in stan-
dard CO, — incubator conditions (ambient
oxygen concentration), were transfected with
pEGFP-C1 DNA plasmid. Five experiments
were conducted using PEI, and two — with
TurboFect. The fluorescence of transgenic
eGFP in transfected cells became detectable
after 24-h post-transfection. However, the most
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intensive fluorescence could be observed after
48 hours (Fig 2). Thus, the general fluores-
cence intensity, and the percentage of trans-
fected cells were measured by flow cytometry
(BD FACSAria) 48 hours after transfection.
We also examined the morphology of cultures,
and estimated the” live to dead” cells ratio.

Observation by light microscopy did not
show any visual difference in morphology
between the cells in control and experimental
groups. In general, the cells preserved normal
spindle-shaped morphology, despite the slight
“darkening” of cytoplasm and appearance of
small vacuoles in some cells, that can be
viewed as a mark of probably slight toxicity
of transfection mixture (Fig. 2).

Noteworthy, the transfection yield varied
among the donors. For example, Fig. 4. shows
the data on transfection yield in experiments
(Fig. 4 a,b).
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Fig 1. Surface marker
protein expression, anal-
ysis by flow cytometry
(BD FACS Aria).
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Fig. 2. Fluorescent cell in WJ-MSC culture, 48 hours af-
ter transfection. x100, camera zoom x1.4.

Flow cytometry assay (BD-FACS Aria).
“CO,-incubator” — CO, incubator conditions
(ambient oxygen concentration — 20 %, CO,
5 %), nitrogen-based gas mixture (oxygen —
3 %, CO, — 5 %, nitrogen — 92 %) and argon-
based (oxygen — 3 %, CO, — 5 %, argon —
92 %).

However, the task of present pilot work
was to compare the effects of mild hypoxia
conditions. Because of the detected difference
between the variants, to evaluate the results

regarding the effect of low oxygen concentra-
tions, we estimated and compared the ratio
between the percentage of eGFP+ cells in
experimental groups (from nitrogen-based
and argon-based gas mixtures), to the groups
from standard CO,-incubator conditions
(Table 1).

Table 1. Efficiency of MSC transfection. The
numbers show experimental/control ratio between
the number of eGFP+ cells in experimental groups
(from nitrogen-based and argon-based gas
mixtures), to the groups from standard CO,-
incubator conditions.

COy-incubator | Nitrogen-based gas Argon-based gas
conditions mixture mixture

1 8.83 2.16
1 1.26 0.74
1 1.01 1.05
1 2.26 1.64
1 1.98 1.8

1 1.21 0.83
1 1.51 1.35

In all experiments, the number of eGFP+
cells was greater in the groups maintained in
conditions of mild hypoxia. The most promi-
nent positive effect was detected in nitrogen-

Fig. 3. WI-MSC cultures, 48 hours post transfection. a — CO, — incubator conditions, b — nitrogen-based gas mixture
(oxygen —3 %, CO, — 5 %, nitrogen — 92 %), c — argon-based gas mixture (oxygen — 3 %, CO, — 5 %, argon — 92 %),
camera zoom x 1.4.
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based mixture. On average, the number of
fluorescent eGFP+ cells in nitrogen-based
mixture, was significantly, 2.58-fold higher,
than in control groups, whereas only 1.37-fold
in argon-based mixture (Fig. 5).

Interestingly, in our previous works, the
positive impact on proliferative potential and
MSC morphology in nitrogen-based and ar-
gon-based mixtures was nearly at the same
level, only slightly stronger in nitrogen-based
mixture [21, 28]. However, in the groups, cul-
tivated in argon-based mixtures, the enhance-
ment of transfection effectiveness was much
less pronounced, despite the same concentra-
tion of oxygen in mixture.

The “ Live\dead” assay performed with BD
FACSAria showed that the percentage differ-
ences between control and experimental groups
were not significant (on average, 89.6+£5.29 %

4 *
E—
35 T
3
25
m CO2-ncubator
2 3% O2,nitrogen
m 3% 02, argon
15

Fig. 5. Experimental/control ratio between the percent-
age of eGFP+ cells. Results are represented as mean+
SEM, n=7; *P <0.05
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in control group, 85.85+7.4 % in nitrogen-
based mixture, and 88.4+5 % in argon-based
mixture, data shown as mean+SD). However
noteworthy, the number of live cells appeared
to be slightly lower in both gas mixtures.

We realize, that in this pilot study, the ob-
tained data are not sufficient for full statistical
treatment. The individual features of the donor
(like, potentially, the peculiarities of protein
expression) may be the cause of marked dif-
ference between the cultures. Interestingly,
other researchers have also described the dif-
ference in transfection efficiency between the
cultures, obtained from different donors. For
example, Madeira et al. described, that in the
set of experiments, the percentage of GFP+
cells was 4-fold higher for one of the donors,
though the number of plasmid copy per cell
was approximately similar [30].

Despite the current interest in developing
safe methods of genetic modification of MSCs,
we should note that rather small share of all
transfection research involves non-viral trans-
fection prodecures [31]. Besides, the difference
in experiment conduction hampers the com-
parison and analysis of the data, known from
literature. Moreover, it is important to note that
MSC properties may vary in the populations
of different tissue origins and different donors
[1, 3]. As far as we know, at present, our work
is the only one, which focuses on using the
cultivation under physiologic oxygen concen-
trations as a transfection optimization method,
so we are not able to compare our results with
the data, obtained by other investigators.
However, the enhancement of the efficiency
of transfection shown in this work may be
explained by other findings concerning the
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impact of mild hypoxia conditions on MSC in
general.

At present, many researchers described, that
the conditions of mild hypoxia can increase
the number of proliferating cells in MSC cul-
ture, and in WJ-MSC cultures as well [32, 33].
Recently, Zhang et al. [18] showed, that MSC
from bone marrow, cultivated under lower
oxygen tensions (1 % and 5 %), had higher
proliferation rates and greater percentage of
cells in S+G2/M-phase, comparing to nor-
moxia. Possibly, enhancement of proliferation
in MSC cultures under low oxygen tensions is
often accompanied by the shift in cell cycle
propagation, comparing to standard cultivation
conditions.

There are several works which show that
the effectiveness of transfection, especially for
the methods using cationic carriers, depends
on the cell cycle phase [34,35] and the prolif-
erative characteristics of cultures. For example,
some works demonstrated that the cultivation
conditions, inhibiting the division of human
MSC, can reduce transfection efficiency [36].

Usually, in research works on mammalian
cell transfection, large number of initially
plated cells is used to facilitate further analysis
(for example, flow cytometry) [37]. In this
connection, it is important to mention the data
of Boura et al. [38], who described the impact
of plating density of MSC on transfection ef-
ficiency, and showed the possibility to enhance
the efficiency of MSC transfection by perform-
ing the procedure on the actively proliferating
MSC cultures. The authors [38] used the initial
plating density (1000 and 3000) that allowed
the culture to proliferate. The transfection pro-
cedure was conducted in 72 hours to confirm
the division of cell in the cultures. This ap-

proach provided an increase in the effective-
ness of lipofection by two — to three-fold,
comparing to their previous works.

We hypothesize, that in our work the en-
hancement of transfection efficiency in the
cultures, maintained under physiological oxy-
gen tension, can possibly have similar underly-
ing mechanism. In our previous works, we
showed that MSC cultures had higher prolif-
eration rates under 3 % oxygen, comparing to
the standard conditions of CO,-incubator [21].
Though, it is important to note that in the pres-
ent work we used a higher plating density
(nearly 9400 per cm?) than in the experiment
with MSC multiplication (3000 cells per cm?).
However, the monitoring of the cultures mor-
phology showed the presence of dividing cells,
which indicates that during the transfection
procedures, at least a part of the culture was
in the state of active proliferation (Fig. 3).

The enhancement of transfection efficiency
was more prominent in the nitrogen-based gas
mixture. This finding is in-line with our results
on the WJ-MSC proliferation. Also notewor-
thy, the statistical evaluation did not show
significant difference between the results from
argon-based gas mixture and control group,
though in 5 of 7 experiments the number of
eGFP+cells was larger. In the present work,
the period of WJ-MSC cultivation before trans-
fection was much shorter, than the routine
maintenance at one passage during the multi-
plication in vitro. Interestingly, in our previous
works, the beneficial effects of argon-based
gas mixtures manifested themselves only in
long-term cultivation [22]. This fact is in ac-
cordance with the findings in the present work,
but needs future investigation.

441



N. S. Shuvalova, E. K. Toporova, V. A. Kordium ef al.

The shift in the cell cycle propagation
can probably be a possible reason for a
higher transfection efficiency under lower
oxygen tensions. In this connection, we
hypothesize, that the experiments, conduct-
ed on the synchronized MSC cultures would
be useful in the further studies on this phe-
nomenon. But still, the use of physiological
oxygen concentrations seems to be perspec-
tive approach to increase the effectiveness
of transfection.

Conclusions

The developed method of using the cultivation
under physiological oxygen tensions as the
method of transfection optimization for human
WIJ-MSC allowed the increasing of the per-
centage of transfected cells. The impact of
nitrogen-based and argon-based mixtures, con-
taining oxygen in the same concentrations,
differed: the effect of argon-based mixture was
significantly less pronounced.

Acknowledgment

We would like to thank Ruban T.A., Morgu-
nov P.V.,, Soroka M.P, and Kyryk V.M. for their
valuable support of this project.

REFERENCES

1. Taghizadeh RR, Cetrulo KJ, Cetrulo CL. Wharton’s
Jelly stem cells: future clinical applications. Pla-
centa. 2011; 32(Suppl 4):S311-5.

2. Hass R, Kasper C, Béhm S, Jacobs R. Different
populations and sources of human mesenchymal
stem cells (MSC): A comparison of adult and neo-
natal tissue-derived MSC. Cell Commun Signal.
2011; 9:12.

3. Lund TC, Kobs A, Blazar BR, Tolar J. Mesenchymal
stromal cells from donors varying widely in age are

442

10.

11.

12.

of equal cellular fitness after in vitro expansion
under hypoxic conditions. Cyfotherapy. 2010; 12(8):
971-81.

Neri S. Genetic stability of mesenchymal stromal
cells for regenerative medicine applications: a fun-
damental biosafety aspect. Int J Mol Sci. 2019;
20(10):2406.

Estrada JC, Torres Y, Benguria A, Dopazo A,
Roche E, Carrera-Quintanar L, Pérez RA, En-
riqguez JA, Torres R, Ramirez JC, Samper E, Ber-
nad A. Human mesenchymal stem cell-replicative
senescence and oxidative stress are closely linked
to aneuploidy. Cell Death Dis. 2013; 4(6):e691.
Jiang T, Xu G, Wang O, Yang L, Zheng L, Zhao J,
Zhang X. In vitro expansion impaired the stemness
of early passage mesenchymal stem cells for treat-
ment of cartilage defects. Cell Death Dis. 2017,
8(6):e2851.

He Y, Zhou S, Liu H, Shen B, Zhao H, Peng K, Wu X.
Indoleamine 2, 3-dioxgenase transfected mesenchy-
mal stem cells induce kidney allograft tolerance by
increasing the production and function of regula-
tory T cells. Transplantation. 2015; 99(9):1829-38.
Huang B, Qian J, Ma J, Huang Z, Shen Y, Chen X,
Sun A, Ge J, Chen H. Myocardial transfection of
hypoxia-inducible factor-1a and co-transplantation
of mesenchymal stem cells enhance cardiac repair
in rats with experimental myocardial infarction.
Stem Cell Res Ther. 2014; 5(1): 22.

Delyagina E, Schade A, Scharfenberg D, Skorska A,
Lux C, Li W, Steinhoff G. Improved transfection in
human mesenchymal stem cells: effective intracel-
lular release of pDNA by magnetic polyplexes.
Nanomedicine. 2014; 9(7):999.

Papayannakos C, Daniel R. Understanding lentivi-
ral vector chromatin targeting: working to reduce
insertional mutagenic potential for gene therapy.
Gene Ther. 2013; 20(6):581-8.

Schaffert D, Wagner E. Gene therapy progress and
prospects: Synthetic polymer-based systems. Gene
Ther. 2008; 15(16):1131-8.

Wang W, Xu X, Li Z, Lendlein A, Ma N. Genetic
engineering of mesenchymal stem cells by non-viral
gene delivery. Clin Hemorheol Microcirc. 2014;
58(1):19-48.



Transfection of mesenchymal stem cells at physiological oxygen concentrations

13.

14

15.

16.

17.

18.

19.

20.

21.

Mas-Bargues C, Sanz-Ros J, Romdan-Dominguez A,
Inglés M, Gimeno-Mallench L, El Alami M, Vinia-
Almunia J, Gambini J, Viiia J, Borrds C. Relevance
of oxygen concentration in stem cell culture for
regenerative medicine. Int J Mol Sci. 2019;
20(5):1195.

. Estrada JC, Albo C, Benguria A, Dopazo A, Lopez-

Romero P, Carrera-Quintanar L, Roche E, Clemen-
te EP, Enriquez JA, Bernad A, Samper E. Culture
of human mesenchymal stem cells at low oxygen
tension improves growth and genetic stability by
activating glycolysis. Cell Death Differ. 2012;
19(5):743-55.

Wang Z, Fang B, Tan Z, Zhang D, Ma H. Hypoxic
preconditioning increases the protective effect of
bone marrow mesenchymal stem cells on spinal cord
ischemia/reperfusion injury. Mol Med Rep. 2016;
13(3):1953-60.

Liu H, Liu S, Li Y, Wang X, Xue W, Ge G, Luo X.
The role of SDF-1-CXCR4/CXCR7 axis in the
therapeutic effects of hypoxia-preconditioned mes-
enchymal stem cells for renal ischemia/reperfusion
injury. PLoS One. 2012; 7(4):e34608.

Chen L, Xu Y, Zhao J, Zhang Z, Yang R, Xie J, Liu X,
Qi S. Conditioned medium from hypoxic bone mar-
row-derived mesenchymal stem cells enhances
wound healing in mice. PLoS ONE. 2014; 9(4):
€96161.

Zhang J, Xiong L, Tang W, Tang L, Wang B. Hy-
poxic culture enhances the expansion of rat bone
marrow-derived mesenchymal stem cells via the
regulatory pathways of cell division and apoptosis.
In Vitro Cell Dev Biol Animal. 2018; 54(9):666—76.
Hu C, Li L. Preconditioning influences mesenchymal
stem cell properties in vitro and in vivo. J Cell Mol
Med. 2018; 22(3):1428-42.

Zhang L, Yang J, Tian YM, Guo H, Zhang Y. Bene-
ficial Effects of Hypoxic Preconditioning on Human
Umbilical Cord Mesenchymal Stem Cells. Chin J
Physiol. 2015;58(5):343—53.

Shuvalova NS, Kordium VA. Comparison of prolif-
erative activity of Wharton jelly mesenchymal stem
cells in cultures under various gas conditions. Bio-
polym Cell. 2015; 31(3): 233-9.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Shuvalova NS, Kordium VA. Proliferation of Whar-
ton jelly mesenchymal stem cells, derived by pre-
serving the cells with reduced attachment rate, under
various gas conditions. Biopolym Cell. 2015;
31(6):447-54.

Lykhmus O, Koval L, Voytenko L, Uspenska K,
Komisarenko S, Deryabina O, Shuvalova N, Kor-
dium V, Usty-menko A, Kyryk V, Skok M. Intrave-
nously injected mesenchymal stem cells penetrate
the brain and treat inflammation-induced brain dam-
age and memory impairment in mice. Front Phar-
macol. 2019; 10: 355.

Lykhmus O, Kalashnyk O, Koval L, Voytenko L,
Uspenska K, Komisarenko S, Deryabina O, Shu-
valova N, Kordium V, Ustymenko A, Kyryk V, Skok
M. Mesenchymal Stem Cells or Interleukin-6 Im-
prove Episodic Memory of Mice Lacking a7 Nico-
tinic Acetylcholine Receptors. Neuroscience. 2019;
413: 31-44.

Maslova OO, Shpilova SP, Shuvalova NS, Derybia
OG, Kordium VA. Spontaneous formation of spher-
oids in human umbilical cord matrix derived cells
culture. Biol Stud. 2012: 6(2); 79—-86.

Shuvalova NS, Kordium VA. Morphological charac-
teristics of mesenchymal stem cells from Wharton
jelly, cultivated under physiological oxygen ten-
sions, in various gas mixtures. Biopolym Cell. 2016;
32(4):262—70.

Freshney RI. Animal cell culture: a practical ap-
proach. Oxford: “IRL Press Limited”, 1986. 348 p.
Kordyum VA, Toporova EK, Okunev OV, Pokho-
lenko YA, Suchorada EM, Ruban TA, Andrienko VI,
Irodov DM. Novel cell line with multiple markers,
derivative of CHO-K1. Biopolym Cell. 2003;
19(3):252-6.

Toporova O, Pokholenko I, Shuvalova N, Kyryk V,
Deriabina O, Morgunov P, Irodov D, Kordium V.
Genetic engineering of mesenchymal stem cells
from umbilical cord Wharton’s jelly. World Confer-
ence on Regenerative Medicine at: Leipzig, Ger-
many, October 2015. Regenerative Medicine 2015;
10 (07):220.

Madeira C, Mendes RD, Ribeiro SC, Boura JS,
Aires-Barros MR, da Silva CL, Cabral JM. Nonvi-
ral gene delivery to mesenchymal stem cells using

443



N. S. Shuvalova, E. K. Toporova, V. A. Kordium ef al.

cationic liposomes for gene and cell therapy.
J Biomed Biotechnol. 2010; 2010:735349.

31. Jo J, Tabata Y. Non-viral gene transfection tech-
nologies for genetic engineering of stem cells. Eur
J Pharm Biopharm. 2008; 68(1): 90—104.

32. Nekanti U, Dastidar S, Venugopal P, Totey S, Ta M.
Increased proliferation and analysis of differential
gene expression in human Wharton’s jelly-derived
mesenchymal stromal cells under hypoxia. Int J Biol
Sci. 2010; 6(5):499-512.

33. Lavrentieva A, Majore I, Kasper C, Hass R. Effects
of hypoxic culture conditions on umbilical cord-
derived hu-man mesenchymal stem cells. Cell Com-
mun Signal. 2010; 8:18.

34. Brunner S, Fiirtbauer E, Sauer T, Kursa M, Wag-
ner E. Overcoming the nuclear barrier: cell cycle
independent nonviral gene transfer with linear poly-
ethylenimine or electroporation. Mol Ther. 2002;
5(1):80—06.

35. Mdnnisté M, Ronkko S, Mdtto M, Honkakoski P,
Hyttinen M, Pelkonen J, Urtti A. The role of cell
cycle on polyp-lex-mediated gene transfer into a
retinal pigment epithelial cell line. J Gene Med.
2005; 7(4):466—76.

36. King WJ, Kouris NA, Choi S, Ogle BM, Murphy WL.
Environmental parameters influence non-viral trans-
fection of human mesenchymal stem cells for tissue
engineering applications. Cell Tissue Res. 2012;
347:689-99.

37. Gheisari Y, Soleimani M, Azadmanesh K, Zeinali S.
Multipotent mesenchymal stromal cells: optimiza-
tion and comparison of five cationic polymer-based
gene delivery methods. Cytotherapy. 2008;10(8):
815-23.

38. Boura JS, Santos FD, Gimble JM, Cardoso CM,
Madeira C, Cabral JM, Silva CL. Direct head-to-
head compari-son of cationic liposome-mediated
gene delivery to mesenchymal stem/stromal cells
of different human sources: a comprehensive
study. Hum Gene Ther Methods. 2013; 24(1):
38-48.

444

TpaHcdekniss Me3eHXiMAJIBHUX CTOBOYPOBHX
KJIITUH npH ¢i3io0rivyHnX KOHUEHTpalisiX KUCHIO

H. C. lllysanoga, O. K. Tonoposa, B. A. Koparom

Mera. YuciieHHi poOOTH MOKa3aJI TTO3UTUBHUM BIUIHB
(hi310JIOTTYHMX KOHIIEHTPALII KUCHIO Ha KYJIBTYPH ME3CH-
ximManpHUX cToBOypoBuX KiiTHH (MCK). Meroro manoi
pobotH OyJI0 NOCITiHKEHHS BIUTUBY (hi310JI0TIIHIX KOHIICH-
Tpaliii KHCHIO Ha e(DeKTUBHICTh HEBIPYCHOI TpaHCHEKIIiT
MCK Bapronosoro crygaio (MCK-BC). Meronu. MCK-
BC nHa mpyromy maccaxi Oyo KyJIbTHBOBaHO 48 TOIUH B
PI3HUX ra30BHX CyMilllax: Ha OCHOBI a30Ty (KuceHb — 3 %,
CO, — 5 %, azor — 92 %), i Ha OCHOBi aproHy (KHUCEHb —
3 %, CO, — 5 %, apron — 92 %). KonrponsHy rpymy
TpuMaJi B cTaHmapHTuX ymoBax CO, — iHKyOarTopa (ar-
MocdepHa KoHIeHTparis kucHio, CO, — 5 %). ITicns 48 ro-
JIMH KYJIBTUBYBAaHHS KIITHHA OyJI0 TpaHC(IKOBAHO HAHO-
poamipaumu noimiekcamu pEGFP-C1/PEI Ta pEGFP-C1/
TurboFect, mo mictim 3 Mxr masminuaoi JTHK. Kynstypn
rrepeOyBany B KOHTAKTI 3 KOMIUTEKCaMH TIpUOIM3HO 1 To-
nmuny, B ymoBax CO, — iHkyOaropa. ITicis woro mocimmi
KyJIBTYpH OyJ10 KYJBTHBOBAHO B 3a3HAYEHHX BUILE TA30BHX
cymimax (mpu 3 % KHCHIO), 8 KOHTPOJIBHY — Ta B YMOBaX
CO,— inky6aropa. EQkTuBHICTE TpaHCHEKITiT OIIHIOBAH
3a JIOMIOMOTOIO TIPOTOYHOI ITUTO(IIOOPUMETPII, SIK YHCIIO
(prroopecuenTHUX KITITHH, MmO ekcrnpecyroTs eGFP.
PesyabraTn. Y rpynax, siki Oyio KyJETHBOBAaHO B Ta30BUX
cyMiImax, mo MicTii 3 % KHCHIO, IO Ta IICTs TPOIICy-
pu TpaHcekIii, KUTBKICTh KIIITHH, 110 cHHTe3YI0Th eGFP,
OyJa OUTBILIOO B cepeTHbOMY y 2,58 B CyMillli Ha OCHOBI
a3oty, Ta 1,37 pa3u B cymilli Ha OCHOBI aproHy. BucHoBkm.
KynsrusyBanas MCK-BC 3a ¢izionoriqaux KOHIIEHTpariit
KHUCHIO MO)KHa BUKOPHCTOBYBAaTH SIK METOJI TTIJIBUIICHHS
e(eKTUBHOCTI HEBIpyCHOI TpaHCheKii.

KnwouoBi cJjioBa: Me3eHXIMaIbHI CTOBOYpOBI KIIITH-
HU, BapToHIB cTyneHb, HeBipycHa TpaHC(hEKIis, TpaHc-
(hexirisi, TIMOKCIsL, aproH

Tpanchexuus Me3eHXHMAIBHBIX CTBOJIOBBIX
KJIETOK NMPH (PU3HOIOTHYECKHX KOHIIEHTPAIUAX
KHCJI0poaa

H. C. lysanoga, E. K. Tormopoga, B. A. Kopatom

Ilenb. MHOTHE HCClIemOBaHMS ITIOKA3aJIH TTOJIOKUTSIIHFHOS
BIMSTHHUE (PU3HOTOTHYESCKHX KOHIICHTPAIIMI KUCI0poaa Ha
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KyJIBTypBl ME3€HXUMAJIBbHBIX CTBOJIOBBIX KieTHH (MCK).
Ilenbro maHHOM PabOTHI OBLIO MCCIICIOBAHUE BIUSHUS
(PM3MOTIOTMYECCKIX KOHIICHTPAIHM KACIOpoa Ha S dek-
TUBHOCTH HeBUpYycHOH Tpancgekimmn MCK Bapronosa
crynast (MCK-BC). Metonsi. MCK-BC, Ha Bropom mac-
caxe, ObUIM KyJBTHBHUPOBaHBI 48 4acoB B pa3IMYHBIX
ra3oBBIX CMECSX: Ha OCHOBe a3oTa (kuciopon — 3 %,
CO,—5 %, a30T — 92 %) 1 Ha OCHOBE aproHa (KUCIOPOLI —
3 %, CO, — 5 % , apron — 92 %). KoHTpOJIbHYIO TpyIIITY
coziepKaJi B CTaHAapTHBIX ycioBuax CO, — nHKyOaropa
(armocepnas xoHueHTparmsa kuciaopona, CO, — 5 %).
[ocne 48 yacoB KyJIETUBHPOBAHUS KIIETKH OBUIN TpaHC-
¢unpoBaHbl HAHOPAa3MEPHBIMHU  ITOJUIUIEKCAMHU
pEGFP-C1/PEI u pEGFP-C1/TurboFect, conepxanmmu
3 mxr mnasmuaaoit JIHK. Kyneryper Haxoqumuch B KOH-
TakKTe ¢ KOMIUIEKCaMu ipumepHo 1 yac, B ycnosusix CO, —
HMHKY0aTopa, MocIIe 4ero 3KCIEPHUMEHTAILHBIC TPYTIITEI
MCK-BC kynsTHBHpOBAIM B YKa3aHHBIX BBIIIE T'a30BBIX

cMecsIX, cofepikanux 3 % KUcIopona, a KOHTPOIBHYTO —
B ycnoBusix CO, — nHKyOaTopa. DeKTHBHOCTE TpaHC(heK-
MU OICHUBAIM C TIOMOIIBIO TPOTOYHOM IUTOMITIOOPH-
METPHUH, KaK YUCIIO (PIIFOOPECIIEHTHBIX KIIETOK, SKCIIpec-
cupyronwx eGFP. Pesyaprarsl. B rpynmax, KyasTHBHPO-
BaHBIX B ra30BbIX CMECSX, coiepkalux 3 % Kuciaopoaa,
IO ¥ TIOCJIE TPOIEAYPHI TPAHCHEKIIH, KOTHISCTBO KiIe-
TOK, cuHTe3upyronmx eGFP, Opuia 6osbIe B cpeHeM B
2,58 B cMecu Ha OCHOBe a30Ta, u 1,37 paza B cMecH Ha
ocHoBe aproHa. Beisogbl. KynsrusupoBanne MCK-BC
IpH (PIBHOIOTMYECKUX KOHLIEHTPAIKAX KUCIOPOIa MOXK-
HO HCIIOJIE30BaTh KaK METOJI TIOBBIICHHS 3(h(EKTUBHOCTH
HEBUPYCHOU TPaHCQEKITHH.

KiamoueBble €J10Ba: ME3CHXUMAJIBHBIE CTBOJIOBBIE
KJIETKH, BapToHOB CTyneHb, HEBUpYCHAs TpaHC(HEKIHs,
TpaHC(EKIHs], THIIOKCHS, apTOH.
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