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AHHOTALMA

06ocHoBaHWe. [ManMHOBLIA XpsLL NpefCTaBNseT COO0M aBaCKYNAPHYI0 TKaHb, MOKPbIBAIOLLYK KPyMHble CycTaBbl. [laHHas
TKaHb C MabIM KOJIMYECTBOM KJIETOK M BOMbLUMM COfiepaHueM beNKoB BHEKIIETOUHOrO MaTpuKca 0bnafaet orpaHuyeHHoM
CcnocobHOCTbI0 K pereHepaummn. BocctaHoBEHME NOBEPXHOCTM CYCTABHOMO XPALLA HA CErOJHALLHUA MOMEHT ABNSAETCS aKTy-
anbHOM U He [0 KOHLUA peLuéHHON 3aaayei. epcrneKTMBHBIM HanpaBneHeM MOXHO cYMTaTb NpUMeHeHne 61oMeANLIMHCKIX
MPOAYKTOB, COLEPKALLMNX MOANDULIMPOBAHHBIE KNETKM.

Lenb uccnepoBaHns — BbiSIBNEHWE BIWSIHUA Pa3fiNyHbIX MUTATENIbHbIX CPEL Ha XOHAPOreHHyl MOAMMUKALMI0 KNETOK
W CpaBHEHME pe3yNbTaToB MeX Ay coboi.

Matepuanbl u Metogbl. [lepManbHble pubpobnacTbl YenoBeKa U MyNbTUMNOTEHTHBIE ME3EHXUMalbHbIE CTPOMAJIbHBIE KIET-
KM KponmKa MoambuumMpoBani npyu noMoLLy cpeabl Ans XoHAporeHHon auddepeHumpoBky StemPro unu pekoMbUHaHTHOro
benka TGF-B3. Jkcnpeccuio reHoB, 0TBETCTBEHHBIX 3@ XOHAporeHe3 (Acan, TgfB3, Col2al, Comp), n3Mepsanu ¢ NoMoLLbto no-
JMMepasHoii LienHoM peakumu B peanibHoM BpeMehu (real-time PCR) MeTogom AACt.

Pe3synbTathl. [lokasaHo, 4to fepManbHble GubpobnacTbl YenoBeka cnocobHbl K XOHAPOreHHOM MOAMGDUKALMM C MOMOLLbH
benkoBbIx cpefl. [JaHHbIN TUN KIETOK JIErKo JOCTyneH Ans 3abopa, He TpebyeT 0cobbix YCi0BuiA NPY KYNbTUBUPOBAHWM, NIErKO
MacLUTabupyeTcs, a TakKe MOXET ObITb MCMOMb30BaH ANS aNfOreHHOM TpaHCNIaHTaLuu.

3aksioyeHue. MonyyeHHble JaHHbIE MOXHO MCMONb30BaTb NPK KOHCTPYMPOBAHUM TKaHEMHMKEHEPHBIX NPOAYKTOB ANs pere-
HepaLyW rMannMHOBOro XpALLa Ha OCHOBE anmoreHHbIX AepManbHbix GrubpobnacTos.
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ABSTRACT

BACKGROUND: Hyaline cartilage is an avascular tissue that envelopes the surface of major joints. The regenerative capacity of
this tissue is restricted due to its high content of extracellular matrix proteins and its modest number of cells. Articular cartilage
recovery remains relevant and yet unresolved to date. Utilizing biomedical products that contain modified cells is a promising
approach.

AIM: To examine the effects of various culture media on the chondrogenic modification of cells and to compare the results.
MATERIALS AND METHODS: Human dermal fibroblasts and rabbit multipotent mesenchymal stromal cells were modified
using the chondrogenic differentiation medium StemPro or recombinant TGF-B3 protein. Alterations in the expression of genes
involved in chondrogenesis (Acan, Tgff3, Col2al, Comp) were assessed using the real-time polymerase chain reaction method
AACt.

RESULTS: It was demonstrated that human dermal fibroblasts can induce chondrogenic modification when used in protein
media. This cell type is easy to harvest, does not necessitate special cultivation conditions, is readily scalable, and is suitable
for allogeneic transplantation.

CONCLUSION: The obtained data can be employed to develop tissue engineering products for the regeneration of hyaline
cartilage using allogeneic dermal fibroblasts.

Keywords: tissue engineering; real-time PCR; multipotent mesenchymal stromal cells; MMSCs; TGF-B3.
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INTRODUCTION

Hyaline cartilage, a tissue devoid of blood vessels and
nerves, typically covers large joints. Joint movement is
facilitated by the reversible deformation and minimal friction
that occur as the tissue’s layers slide. Hyaline cartilage
is primarily composed of extracellular matrix proteins
(predominantly type Il collagen and aggrecan), a significant
quantity of water, and a few terminally differentiated
and specialized cells [1]. Hyaline cartilage’s regenerative
capacity is restricted by its unique structure, and its defects
exacerbate over time, potentially resulting in complete
tissue degradation and, consequently, joint dysfunction
[2]. Multiple factors influence hyaline cartilage surface
defect development and joint function impairment: age [3,
4], active participation in sports [5], genetic predisposition
[6], excess weight [7], inflammatory joint diseases, and
ligamental injuries. The structure of the hyaline cartilage
itself [8] and the substantial biomechanical stresses it
endures also play a crucial role.

Hyaline cartilage damage is a significant concern
for many individuals [9-14]. Despite the availability of
diverse techniques for local surgical restoration of hyaline
cartilage, a complete resolution of joint surface defects
remains a challenge [11, 15-18]. The final stage of joint
defect progression involves the complete destruction of the
hyaline cartilage, requiring a highly invasive and expensive
endoprosthetic procedure [19, 20].

Cell engineering is one of the promising and rapidly
developing approaches to repairing localized injury to hyaline
cartilage [21-24]. The procedure entails the implantation of
a cell-engineered construct consisting of a biodegradable
scaffold with living cells in the damaged joint surface area
[25-27].

In our opinion, it is logical that the initial cell culture
modification to increase the synthesis of extracellular matrix
proteins of hyaline cartilage results in a more effective
replacement of the cartilage surface defect, as evidenced by
our own research [2, 28, 29].

Typically, researchers employ commercially available
differentiation media or create their own to promote
cell differentiation toward chondrogenesis [2, 30-32]. In
experimental and clinical research, a variety of cell cultures,
including both autologous and allogeneic, are employed
[33]. Autologous cell culture, initially utilized for hyaline
cartilage cell engineering, has the benefit of a greater body
of statistical and experimental evidence. However, it is
characterized by challenges in harvesting, standardization,
and increased economic costs. We believe that allogeneic
cell product implantation exhibits advantages over
autologous implantation because it enables the preparation
of a standardized cell product in advance, which eliminates
the need for autologous material harvesting, pure fibroblast
culture isolation, and subsequent cultivation. Thus, the
highlights of an allogeneic non-immunogenic cell culture
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include its availability (which can be derived from an individual
or a specialized cell bank), the potential for reprogramming
[34], and the lack of an immune response [35].

There are relatively few experimental and clinical
studies on the use of allogeneic cell cultures, despite the
evident advantages they offer. Allogenic cell cultures are
primarily employed for healing superficial wounds [36-38]
with fibroblasts being the primary component [39, 40].
However, there are emerging studies that examine the trans-
differentiation of fibroblasts, which have the potential to be
applied in tissue engineering across various fields [41]. To
date, we have identified only a few studies focused on the
trans-differentiation of fibroblasts toward chondrogenesis
using chondrogenic differentiation media, in addition to our
own preliminary experiments. The trans-differentiation of
human dermal fibroblasts toward chondrogenesis appears
to be lacking in both theoretical foundation and practical
methodological justification.

This study aimed to compare and assess the
chondrogenic potential and the fundamental possibility
of modifying the culture of human dermal fibroblasts
with the known chondrogenic modification capability of
rabbit multipotent mesenchymal stromal cells using two
differentiation media: the StemPro™ Chondrogenesis
Differentiation Kit (Thermo Fisher Scientific, USA) or a self-
made medium that utilizes the crucial chondrogenesis
cytokine TGF-f33.

MATERIALS AND METHODS

Cell culture

The study was employed using two cell cultures: 1) the
DF2 cell line of dermal fibroblast from a 45-year-old female
donor [42], acquired from the Center for Collective Use
“Collection of Vertebrate Cell Cultures” (Institute of Cytology
of the Russian Academy of Sciences), and 2) MMSCs from the
bone marrow of a newborn rabbit of the “Soviet Chinchilla”
breed. The rabbit was euthanized, and the femur bones
were harvested immediately to obtain MMSCs. A portion of
the femur bone was extracted in sterile conditions without
the need to expose the bone marrow. The bone fragment
was then placed in DMEM nutrient medium containing
a mixture of antibiotics, penicillin (200,000 IU/mL) and
streptomycin (200 pg/mL) (Gibco, USA), where the soft
tissues were removed. Subsequently, the bone was incised
with a sterile scalpel, and the bone marrow suspension
was completely flushed out into PBS buffer using a 56
needle. The cell fraction was sedimented by centrifuging
the suspension for 5 minutes at 1000 rpm. The cell fraction
was subsequently isolated from the supernatant and
seeded onto sterile adhesive plastic. The cytofluorometric
status of cells (surface markers) was confirmed in keeping
with the method described by Khorolskaya et al., 2021 [43].
Cells were cultured to the third passage in DMEM (Gibco,
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USA) supplemented with 10% fetal bovine serum (Gibco,
USA), and a mixture of antibiotics, penicillin (50,000 IU/mL)
and streptomycin (50 pg/mL) (Gibco, USA) under standard
conditions (37 °C, 5% CO,).

Cell modification

Two distinct protocols were implemented for modifying
rabbit MMSCs and human dermal fibroblasts. The first
protocol entailed the development of a self-made medium
for chondrogenic differentiation that was based on the
TGF-B3 protein. In the second protocol, a ready-made
StemPro™ Chondrogenesis Differentiation Kit medium was
employed.

The TGF-B3 protein-based mixture was prepared
promptly prior to each medium change. It comprised TGF-f3
growth factor at a concentration of 1072 ng/ul (Sigma-
Aldrich, USA), L-proline at a concentration of 50 pg/ml
(Sigma, USA), dexamethasone at 10~ mmol/pl (Sigma, USA),
and L-ascorbic acid at 50 pg/ml (Sigma, USA). Cells were
seeded in 48-well culture plates. After the third passage, the
transition from standard nutrient medium to differentiation
medium was implemented. Then, the medium was replaced
every three days. The cultivation volume for each sample was
2 ml. Differentiation efficiency was monitored through gene
expression on the 7", 14", and 21 days. The experiment was
repeated a total of ten times in order to acquire statistically
significant results.

RNA isolation

The phenol-containing Extract RNA reagent (Evrogen,
Russia) was employed to extract total RNA from the modified
cells in accordance with the manufacturer’s protocol. The
solution was subsequently collected into tubes. The samples
were stored at 80 °C, if required.

The concentration of total RNA was evaluated employing
the Implen NanoPhotometer NP80 spectrophotometer
(Germany). The fragmentation of the RNA was analyzed
following its separation by electrophoresis to verify its
integrity. To minimize RNA loss because of degradation,
reverse transcription was performed immediately following
extraction to obtain complementary DNA (cDNA).

Complementary DNA synthesis

Following RNA extraction, cDNA was synthesized
through a reverse transcription reaction employing the
commercial MMLV RT kit (Evrogen, Russia), in keeping with
the manufacturer’s protocol. The reaction was conducted
under standard conditions using the T100 Thermal Cycler
(BioRad, USA). The concentration of the synthesized
cDNA was determined using the Implen NanoPhotometer
NP80 spectrophotometer (Germany) and standardized for
subsequent experiments (diluted to a standard concentration
in DNase-free water). After that, the cDNA was frozen and
stored in DNase-free water at a temperature of -80 °C for
a maximum of one month.
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Selection of primers and probes for real-time
polymerase chain reaction

Real-time polymerase chain reaction (real-time PCR)
was implemented to evaluate the change in relative gene
expression responsible for chondrogenesis. Modifying
this procedure was necessary for sensitivity. FAM
(carboxyfluorescein) probes with Tag-Man technology
were introduced to the region being analyzed. Gene
sequences were obtained from the Ensembl database
(https://www.ensembl.org/index.html). Genomics DNA
amplification was prevented by selecting primer pairs (Table 1)
that captured various exon-exon regions and followed general
design characteristics. The annealing temperature and the
absence of potential primer-dimer formation were determined
using the online oligonucleotide calculator OligoCalc
(http://biotools.nubic.northwestern.edu/OligoCalc.html). The
specificity of the amplicon and primer pairs was verified
using BLAST alignment tools (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). Primers were synthesized by Biagle (Russia).
To ascertain the optimal annealing temperature at which
simultaneous and specific annealing of all primers would
occur, preliminary experiments to optimize real-time
polymerase chain reaction conditions were conducted. The
primer and zond triplets were selected as alternatives for
the rabbit Acan gene after being tested against databases to
determine their specificity for various organisms.

Real-time polymerase chain reaction

The commercial BioMaster HS-gqPCR (2x) kit (Biolabmix,
Russia) and previously selected and synthesized primers (see
Table 1) were employed to conduct real-time polymerase
chain reaction. A final volume of 20 pl was used, which
contained 10 pl of master mix, 20 pmol of each forward/
reverse primer and probe, and 1 pl of cDNA solution.

The reaction was established on a CFX96é Touch device
(BioRad, USA) in accordance with the following protocol:
one cycle at 95 °C for ten minutes, 40 cycles at 95 °C for
3 minutes, 64 °C for 20 s, and 72 °C for 20 s.

Gene expression levels were evaluated in terms of fold
induction relative to the untreated cell population (control)
using the AACt method, which demonstrates the amount
of amplification product relative to the calibrator sample of
the “housekeeping” gene Gapdh [44]. A substantial increase
(more than 10 times) in the quantity of target gene transcripts
compared to transcript levels in the untreated sample
suggested a change in expression.

Statistical analysis

Statistical analysis of the acquired data was conducted
using the Statistica 10.0 program. To compare two independent
groups, the nonparametric Mann—-Whitney criterion (U) with
an approximation by a normal distribution (Z) was employed.
The differences were considered statistically significant at
p <0.05.
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Ta6nuua 1. MNepeyeHb aHanM3MpPyeMbIX FreHOB U UCMOMb3YEMBIX 1Sl MPOBEAEHNUS NOMMMEPA3HON LIeNHON PeaKuuu B peasibHoM BpeMeHH
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Table 1. List of analyzed genes, primers and probes employed for real-time polymerase chain reaction

T Length of i
Gene of pyrli’:\er Sequence CAT (°C) pri::agr (b‘.)p.) Function of gene
Forward TGACTTCAACAGCGACACCCA 54 21
Household gene
Reverse CACCCTGTTGCTGTAGCCAAA 54 21 (catalyst of the sixth stage
Probe CCAGCCCCAGCGTCAAAGGT 58 20 of glycolysis)
Forward CGTGATCCTTACCGTAAAGC 52 20
(human)
Reverse CTATTTCAGGGGCAAACGTG 52 20
(human)
rf’ robe CAGTCCCCTGGAACCCGAG 58 19 Participation in
Acan (human) chondrogenesis,
extracellular matrix protein
Forward ATGACGTCCCCTGCAATTACCAC 57 23 P
(rabhit)
Reverse TACCGAACCAGGGAGTTGATCTCG 59 24
(rabhit)
Probe (rabbit) ~ CTGTCCAAAGGTCCTGGCGTGCTC 62 24
Forward AACGCTGAAGTCACGCTCACCGA 59 23 o
Participation
Comp Reverse CCTCGAAGTCCACGCCATTGAAGG 61 24 in chondrogenesis,
Probe CCTCCGGGTCCAGCACGACTGTCT 63 2% extracellular matrix protein
Forward GCCAAAGAAATCCATAAATTC 48 21 o
Participation
TgfB3 Reverse GAATTCTGCTCGGAATAGGTT 50 21 in chondrogenesis, the main
Probe ACAGCCAGTTCGTTGTGCTCC 56 21 inducer of chondrogenesis
Forward GGGCAAGACTGTTATCGAGTACC 57 23 o
Participation
Col2al Reverse AGACCGGCCCTATGTCCAC 55 19 in chondrogenesis,
Probe CCCCATCATTGACATTGCACCCA 57 23 extracellular matrix protein

Note: CAT — calculated annealing temperature (°C).
lMpumeyanue: CAT — paccuutaHHas TemMnepatypa omxura, °C.

RESULTS

The concentration of all the obtained cDNA varied from
391 to 426 ng/uL. Based on the preliminary experiments,
the optimal annealing temperature for the primers was
determined to be 64 °C (Table 2). The gel electrophoresis
contained only one amplification product, and no non-specific
primer binding was observed at this temperature.

After optimizing the polymerase chain reaction conditions,
data on the relative expression of the genes Col2al, Acan,
Comp, and TgfB3 were collected. There was a relative increase
in the expression of genes responsible for chondrogenesis in
both cell lines at all-time points following the addition of both
variants of differentiation medium. Figures 1 and 2 illustrate
the graphs.

Statistical analysis of gene expression in DF2 on the
studied differentiation mediums revealed the following
results (Tables 3 and 4): Almost all of them, except for TgfB3
on the 215 day, were significantly distinct (p <0.05).
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Tabnuua 2. MNapameTpbl UCMONb3yeMbIX MpaiMepoB W 30HA0B

Table 2. Parameters related to the primers and probes employed
in the study

Parameters Values
Minimum — 48
) Maximum — 63
AT of primers (°C)

Optimal — 58
Maximum difference — 16

N ) Minimum — 33
GC composition of primers (%) _
Maximum — 68

) Minimum — 19
Length of primers (b.p.) _
Maximum — 24

The length of the received Minimum — 149

amplicons (b.p.) Maximum — 202

Note: AT — annealing temperature (°C).
lpuMeyanue: AT — teMnepatypa oTxura, °C.
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Fig. 1. Alterations in the relative gene expression values calculated using the —AACt method for human dermal fibroblasts.
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Fig. 2. Alterations in the relative gene expression values calculated using the —AACt method for bone marrow mesenchymal stromal cells.
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Ta6nuua 3. CpaBHeHWe 3KCMPeCCUm UCCeyeMbX FeHOB B AepManbHbix Grubpobnactax Yenoseka B 3aBUCMMOCTH OT cpebl AuddepeHLm-

poBky (U-TecT MaHHa-YUTHM ¢ npubnvKeHWeM K HOpManbHOMY pacrnpeseneHuto, Z)

Table 3. Comparison of the investigates genes expression in human dermal fibroblasts depending on differentiation medium (Mann-

Whitney U-test with normal distribution approximation, Z)

Sum Rank Sum Rank
Days Chon:::g[ezlfi;:nildium Hom‘:;:tzi:;lzﬂiium Cht:::;?l?ne"nic H::;:E:’e z P
ColZal
7 29,70 [28,02; 34,97 1,78 [1,36; 2,0] 1005900 171 7,29 <0.01
14 55,40 [51,17; 72,06] 1,63 [1,13; 2,25] 1005900 171 7,29 <0.01
21 98,40 [91,72; 115,73] 6,60 [4,08; 9,83] 54750 528 9,29 <0.01
Comp
7 31,47 [28,70; 48,27] 1,70 [1,45; 2,61] 2669184 21 4,23 <0.01
14 44,32 [40,74; 57,63] 1,76 [0,64; 3,87] 46950 21 4,19 <0.01
21 73,45 [67,30; 98,28] 14,74 [8,32; 22,09] 21100 15 3,81 <0.01
Acan
7 28,18 [23,22; 49,52] 1,70 [1,45; 2,59 1569078 28 4,57 <0.01
14 37,40 [35,22; 41,42] 22,33 [12,51; 24,31] 4725 28 4,38 <0.01
21 94,35 [86,83; 117;17] 40,78 [18,81; 44,68] 76072 36 4,88 <0.01
TgfB3
7 8,0 [7,21; 15,0] 1,67 [1,35, 1,91] 2781240 21 4,23 <0.01
14 16,90 [16,09; 18,02] 3,45 (1,22, 7,99] 3132 28 4,33 <0.01
21 29,20 [27,95; 32,16] 26,53 [18,70; 64,18] 5040 316 0,62 0.53

Ta6nm|.a 4. CpaBHEHMe JKCnpeccuun uccnenyemMblx reHoB B MyNbTUNOTEHTHBIX ME3EHXMMaJ1bHbIX CTPOMaJ1bHbIX KJ1ETKaX B 3aBUCMMOCTU OT

cpefbl anddepeHumpoku (U-kputepuii MaHHa—YUTHUM ¢ NpUBMMIKEHNEM K HOPMaTbHOMY pacrpesenenmio, Z)

Table 4. Comparison of the investigated genes expression in mesenchymal stem cells depending on differentiation medium (Mann—Whitney

U-test with normal distribution approximation, Z)

5 | ch e i | b | O | omenaie | 2|
medium medium
Col2al
7 84,2 [77,67; 95,72 64,0 [58,59; 89,91] 917765,0 30988,00 114 <0.01
14 44,3 [40,74; 53,0] 37,40 [36,26; 40,43] 54468,00 2148,000 7,11 <0.01
21 47,0 [46,73; 53,0] 9,30 [7,21; 11,22] 24900,00 300,0000 7,99 <0.01
Comp
7 75,10 [71,60; 84,61] 12,20 [7,58; 21,38] 9261,000 10440,00 10,82 <0.01
14 63,90 [59,40; 79,66] 5,03 [5,07; 9,391 134080,0 18548,00 19,35 <0.01
21 12,0 [9,70; 14,78] 1,60 [1,19; 2,20] 46764,00 5886,000 14,67 <0.01
Acan
7 76,6 [71,57; 91,03] 83,1 [75,45; 114,00] 65536,00 40034,00 -5,24 <0.01
14 87,7 [83,80; 95,91] 73,8 [70,60; 80,06] 26336,00 3554,000 8,83 <0.01
21 37,1[33,17; 42,43] 57,7 [55,24; 61,97] 5944,000 4496,000 -8,69 <0.01
Tofp3
7 5,5 [5,05; 9,90] 24,4 [24,19; 36,13] 3685920 649120,0 -2094  <0.01
14 65,4 [15,45; 71,40] 71,3 [68,59; 75,12] 182083,0 135123,0 -10,92  <0.01
21 13,1[12,39; 15,84] 63,6 [59,88; 72,42] 9180,000 20466,00 -13,38  <0.01
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The chondrogenic media expression of numerous genes
was much higher than self-made medium on all examined
criteria. Expression of TgfB3 on 215 day did not vary
significantly based on the protein medium.

The expression of all mesenchymal stem cell genes was
significantly higher on chondrogenic medium, except for Acan
expression on 7" and 21%! days, and TgfB3 for all times. The
expression of Acan and Tgff3 was higher on self-made
medium.

DISCUSSION

Currently, experimental tissue engineering of hyaline
cartilage is actively advancing [45], and there are clinical
examples of applying this technique for joint surface
restoration [46, 47]. Several researchers are developing
cell-engineered constructs based on diverse autologous
cells — mesenchymal stem cells or chondrocytes,
different cell cultures, such as autologous chondrocytes
[48], peripheral blood cells [49], and peripheral blood stem
cells [50]. In our opinion, this significantly complicates the
clinical application of this method, as it necessitates testing
and standardization of each cell culture employed on every
occasion. Allogeneic cell cultures, such as chondrocyte
cultures and allogeneic MMSC cultures, are already being
utilized in clinical practice [51]. Although we believe that
allogeneic cultures are the future of tissue engineering,
there are presently only a few studies on the applications
of allogeneic cell cultures in traumatology. Of particular
interest is the use of allogeneic, commonly used, easily
accessible, and standardized cell cultures, such as human
dermal fibroblasts.

This study employed the common cell model — MMSCs
(as a positive control) and human dermal fibroblasts —
as the cell culture under investigation. Allogeneic human
fibroblasts, in our opinion, are a promising source for hyaline
cartilage tissue engineering, as this culture is readily and
minimally invasive to isolate, and amenable to modification
for forming articular cartilage regenerates, as demonstrated
by Yu et al. [52]. Tissue fibroblasts generate extracellular
matrix. Hyaline cartilage disorders are caused primarily by
the insufficiency of ECM synthesis. Diverse data regarding the
immunogenicity of fibroblasts exist; however, we are of the
opinion that they can persist in avascular hyaline cartilage for
an extended period and, in accordance with our hypothesis,
can execute their therapeutic functions.

Although individual studies exist in the scientific literature
on modifying and reprogramming dermal fibroblasts to alter
their proliferative status, they usually involve the use of
lentiviral transduction. Hiramatsu et al. [53] demonstrated
the effective differentiation of fibroblasts into chondrocyte-
like cells employing a set of transduced transcription factors,
including the reprogramming factors c-Myc and Klf4 and the
chondrogenic factor Sox9; however, the presence of the first
two transgenes contributes to the potential tumorigenicity of
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the transduced fibroblasts [53]. In another study, it was also
demonstrated that the cytokine TGF-B3 as an additive lead to
an increased expression of chondrogenic markers in dermal
fibroblasts while maintaining type | collagen expression
and fibrous cartilage characteristics [54, 55]. A study from
2015 also reveals the divergent and dose-dependent effect
of the cytokine TGF-B3 on the culture of dermal fibroblasts
[56]. Table 5 illustrates instances of directed differentiation
in the osteogenic and chondrogenic orientations of dermal
fibroblasts [53, 55-71].

Tabnuua 5. lpumepbl XOHAPOTrEHHOM M 0CTEOreHHOW AnddepeH-
LMPOBKW AepManbHblx (ubpobnactoB pasnnyHbiMK crocobamm
C YKa3aHWeM UCTOYHMKA SIUTepaTypbl

Table 5. Examples of chondrogenic and osteogenic differentiation
of dermal fibroblasts utilizing different methods with reference to
the literature source

Direction Protein Genetic Othel_' t ypg
of modification
Chondrogenic  [53, 55-60] [53] [61-66]
Osteogenic [64-66] [67-69] [70, 71]

Currently, different methods are being utilized for
modifying cell culture, ranging from simple physical
interventions such as alterations in temperature and gas
composition inside the incubator to the application of genetic
methods employing diverse approaches [24, 29, 72-77]. One
particular class of chondrogenic modification of cell culture,
in our view, involves the use of protein mediums (both self-
made and commercial) due to numerous advantages such
as accessibility, ease of use, and effectiveness. Even though
research demonstrates that multifactorial modification of
cells using various growth factors provides a better effect
than using a single factor, we opted to focus on a self-made
medium that was solely based on the cytokine TGF-b3, since
we aimed to demonstrate the fundamental potential of such
modification.

The scientific objective was to assess the possibility
and impact of diverse protein modifications on human
dermal fibroblast cells to facilitate their chondrogenic
modification. Two cell cultures and two differentiation
media were employed to accomplish this task, in addition
to three observation periods (7%, 14" and 21% days). For
statistically significant results, each culture with each form of
modification at each time point was analyzed in ten replicates
(2-2-3-10), and gene expression analysis was conducted on
five genes (4+1). A testing system utilizing FAM probes was
created to address the issue of false positive results, which
arose due to the restricted modification media and the high
number of replicates.

The study compared the chondrogenic potential of two
distinct protein modification systems on two separate cell
cultures and validated the functionality of the developed FAM
probe system. It was shown that human dermal fibroblasts
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were capable of undergoing chondrogenic differentiation, as
indicated by the elevated relative expression of key genes
responsible for chondrogenesis. Additionally, the experiment
demonstrated that commercial media is more efficient for
modifying cells (both fibroblasts and MMSCs). However, the
prohibitive cost of such products and the logistical challenges
of conducting the experiment on a large scale in a nutrient
medium should be considered. It was hypothesized that there
is a constant increase in the expression of chondrogenesis
genes in fibroblasts as the observation period increases and
the reverse dynamics in MMSCs due to the initially differing
expression levels of chondrogenesis genes in MMSCs and
fibroblasts. This hypothesis, however, requires additional
validation.

This screening study is a necessary step for a quantitative
analysis of alterations in protein composition. Further research
is needed to determine which cell type, with various alterations,
produces more specific extracellular matrix proteins in hyaline
cartilage under in vivo settings. However, performing such an
experiment would be expensive as it would need a significantly
larger amount of protein and/or commercial medium for
chondrogenic differentiation. Additionally, it is important to
acknowledge that the selection of allogeneic or autologous
cell culture for the purpose of tissue engineering in hyaline
cartilage has not been entirely resolved, and this scientific and
applied issue has not yet been completely resolved.

CONCLUSION

Chondrogenic differentiation of dermal fibroblasts results
in a relative elevation in the expression of chondrogenesis-
related genes. This cell model is promising for allogeneic
tissue engineering of hyaline cartilage. Additional research is
required to investigate the quantitative variations in protein
synthesis of the extracellular matrix in hyaline cartilage
under comparable circumstances.

AOMO/IHUTE/IbHAA UHOOPMALIUA

WUctouHuk dmHaHcupoBaHus. HayuHoe 1ccnenosaHve npo-
BEAEHO MpuW MmofaepxKe MuHUCTEpPCTBA HayKM W BbICLLErO
obpasoBaHus Poccuiickon Oepepaunn (rocyaapcTBEHHbIN
KoHTpakT N® 075-15-2021-1063).

KoHdaukr uHTepecoB. ABTOpLI eKNapypyloT OTCYTCTBME
SBHBIX M MOTEHLMANbHBIX KOHDMKTOB MHTEPECOB, CBA3aHHbIX
C NybAMKaLWeN HaCToALLEN CTaTbi.

Bknap aBTopoB. Bce aBTopbl MOATBEPX AT COOTBET-
CTBME CBOEr0 aBTOPCTBA MeXAYHApOAHLIM KpUTepusM
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ICMJE (Bce aBTOpbI BHEC/M CYLLECTBEHHbIA BKNaj B pas-
paboTKy KOHLEeNuMK, NpoBefeHVe UCCNeAoBaHNs U Moa-
FOTOBKY CTaTbM, NPOYIM M 0A06pUAM QUHAMBHYIO BEPCUIO
nepeq nybnukaument). Bce aBTOpbl BHECAM paBHbIN BRI
B paboty M.C. boxoKknH — paspaboTka MeToaMkn FAM-
30H0B, KYNbTMBMPOBaHWE KeToK, benkoBas MoanduKa-
ums, npoeedeHue real-time PCR, pengaKkTvpoBaHue cTaTbu;
[.M. MapuyeHKo — paspaboTka MeToaukn FAM-30H708B,
KyNbTUBMPOBaHWE KNeToK, benkoBas MoAM(UKaLMS, Npo-
BeneHue real-time PCR; E.P. MuxaiinoBa — pa3paboTka
meToankn FAM-30HA0B, KynbTMBMPOBaHME KIETOK, DENKO-
Bast MoauduKaLwms, nposeaenue real-time PCR; B.P. Paxu-
MOB — DenKoBas MoauduKaums, BolaeneHve PHK, nony-
ueHve k[HK, npoBeneHue real-time PCR, pegaktupoBaHue
1 nofaya ctatbm B pegakumio; C.A. boxkoBa — pedaKTvpo-
BaHue ctaTbm; H).C. KopHeBa — cTatmcTuyecKas 0bpaboTka
pe3ynbTaToB, peaakTupoBaHue ctatby; C.A. AnekcaHapo-
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