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COMPOSITION ANALYSIS OF PROTEOGLYCANS SYNTHESIZED IN VITRO M) Check for updates ‘
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Introduction. The use of cellular constructs based on human pluripotent stem cells (hPSCs) is associated with a number of challenges, including the need to
standardize methods for cultivating chondrocyte-like hPSCs derivatives to produce a cartilage tissue similar to natural hyaline cartilage. Glycosaminoglycans
(GAGs) are the basis of the extracellular matrix (ECM) of cartilage tissue; therefore, a qualitative and quantitative analysis of the GAG composition of cartilage-
like tissue engineering structures is an important step in the final assessment of their potential therapeutic effectiveness.

Objective. To determine the composition of GAGs synthesized in vitro by chondrocytes of various origins using enzyme-linked immunoassay (ELISA) and
liquid chromatography with tandem mass spectrometry (LC-MS/MS), as well as to evaluate the effect of 2D and 3D culturing on their synthesis.

Materials and methods. \We analyzed the GAG levels in 2D and 3D tissue-engineered structures obtained from the cartilage tissue of five donors, chondro-
cyte-like cells differentiated from two hPSC lines. Cellular spheroids were obtained by aggregation in microlunar plates and cultured in mini-bioreactors. The
analysis of the GAG content in cell culture samples and spheroids was carried out using ELISA and LC-MS/MS. The Kruskal-Wallis and Dunn tests were used
to assess the statistical significance of the differences between the samples.

Results. The ELISA study revealed statistically significant differences (p < 0.0021), confirming higher levels of GAGs synthesized in 3D cultures of native chon-
drocytes compared to 2D cultures (108.67 ng/mL and 1099.87 ng/mL, respectively). The average number of spectra of the chondroitin sulfate proteoglycan 4
protein, determined using LC-MS/MS, was also higher in 3D cultures, amounting to 41.75 spectra compared to 2.24 spectra in 2D culture samples. The levels
of aggrecan, biglican, and decorin did not differ between cultures. 3D cultures of chondrocyte-like cells from hPSC showed no significant differences in the
content of GAG compared to 2D cultures, which indicates the need to optimize the conditions for their differentiation.

Conclusions. In our study, the composition of the GAGs synthesized in vitro by chondrocytes of various origins was determined using ELISA and LC-MS/MS.
The the effect of 2D and 3D cultivation on their synthesis was evaluated. The results showed that 3D culture media create favorable conditions for a more
complete formation of chondrocytic ECM in native chondrocyte samples. Despite this, the obtained spheroids of chondrocyte-like hPSCs derivatives fail to
achieve functional identity with natural cartilage tissue, even after completion of differentiation protocols, thus not representing optimal tissue engineering
structures for correcting cartilage defects.
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OMPEOENEHUNE COCTABA MNMPOTEOINTMKAHOB, CUHTE3UPYEMBbIX IN VITRO XOHAPOLUUTAMW
PA3JIMNYHOIO rEHE3A

M.A. TonybuHckas, E.C. Py4ko™, A.C. MuknHa, V.M. CmupHos, T.B. Bnagumunposa, B.[. lopaeesa, II1. Apannoun, A.B. Epemees

PepgepanbHbli Hay4HO-KNMHNHECKNA LIEHTP (OU3MNKO-XUMUHECKON MeauLmHbl nveHn KO.M. JlonyxuHa ®efepansHoOro Meavko-61Monornieckoro areHTcTea,
Mocksa, Poccus

BBepeHue. [prMeHeHne KNeTo4HbIX KOHCTPYKLIMIA Ha OCHOBE MOPUNOTEHTHBIX CTBOOBbLIX KNEToK Yenoseka (HMCK) cBs3aHo ¢ psaom TpyaHOCTeN, of-
HOWM 13 HUX ABASETCH HEOOXOAMMOCTb CTaHAaPTU3aLMN METOAOB KYNETUBMPOBAHNSA XOHAPOUMTONOA0OHbIX MPOon3BoAHbIX YIMCK ans nonyyeHns xpsieson
TKaHW, CXOXEN C eCTECTBEHHbBIM MMaMHOBBIM XPALLOM. [MMKo3aMuHornmnkaHsl (FAlN) — ocHOBa BHEKNETOYHOMO MaTpukca (BKM) xpsLLeBon TKaHu, mo3aToMy
aHanM3 Ka4eCTBEHHOrO U KOMM4eCTBeHHOro cocTasa Al XpsALLEnoA0OHbIX TKAHENHXXEHEPHbIX KOHCTPYKLMIA SBASETCS BaXHbIM 3BEHOM [N UTOrOBOW
OLEHKM 1X NOTeHLmanbHOM TepaneBTUHeckon apeKTUBHOCTY.

Uenb. Onpegenntb coctas Al CUHTE3NPYEMbIX in Vitro XOHAPOLMTaMU Pasnn4HOro reHesa, C UCMosb30BaHeM MMMYHOEepPMEHTHOro aHanmnsa (VPOA)
1 XKNOKOCTHOM XxpomMaTtorpadumn ¢ TaHaeMHoN Macc-crnekTpomeTpuren PKX-MC/MC), a Takxxe oLeHUTb BAnsiHue 2D- 1 3D-KyNbTUBNPOBaHKSA Ha UX CUHTES.
MaTepuanbl n metoabl. B nccnefoanum aHannsmposanu yposHU TAl B 2D- 1 3D-TKaHeH>XEHEPHbIX KOHCTPYKLMSAX, MOYYEHHbIX 13 XPSALLEBON TKaHW
5 [OHOPOB, XOHAPOLMTONOAOOHbBIX KNETOK, AN MEPEHLIMPOBaHHbBIX 13 2-X InHKM YICK. KneTo4Hble cthepounbl noayyan MeTOA0M arperauum B MUKPONy-
HOYHbIX MAaHLWEeTax 1 KynsTUBMPOBaM B MUHK-6opeakTopax. AHanma coaepxxaHns MAIN B obpastax KNeTo4HbIX KynsTyp 1 ccheponaos NpoBeaeH C NomMo-
bto VNOA n XKX-MC/MC. Ans oLeHKM CTaTUCTUHECKOW 3HA4YMMOCTIM pas3nnyni Mexxay obpasuammn ncnonbdosanu Tect Kpackena — Yonnuca v tect JaHHa.
PesynbTaTtbl. B nccneqosaHum ¢ nomMoLLbio VIQA BbigBIEHbI CTAaTUCTUHECKN 3Ha4MMble pasnnyus (o < 0,0021), nogTeepxgatoLLme 6oee BbICOKMA yPOBEHb
cuHTesa FAIN B 3D-KynbTypax HaTUBHbIX XOHAPOLMTOB MO cpaBHeHuo ¢ 2D-kynsTypamin (108,67 1 1099,87 Hr/mn cooTBeTCTBEHHO). CpeaHee Y1Co cnek-
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TPOB 6enka XoHAPOUTUHCYNbMAaT-NPOoTeorNMKaHa 4, onpefeneHHoe ¢ NoMoLLbo XKX-MC/MC, Takrke 6b1510 Bbile B 3D-kynbTypax, coctasme 41,75 cnekTpa
no cpaBHeHUto ¢ 2,24 criekTpa B obpasuax 2D-kyneTyp. YpoBHU arrpekaHa, burnvkaHa 1 ekopuHa Mexxay KynsTypamu He pasnudanuce. 3D-KynsTypbl
XOHOPOUMTONOA06HBIX KNETok 13 YINCK He nokasdanu 4OCTOBEpHbIX OTANYMA B copgepxxaHun FAI no cpaBHeHuto ¢ 2D, YTo ykasblBaeT Ha HEOOXOAUMOCTb
ONTUMM3aLMNN YCIOBUIN X ANPHEPEHLIMPOBKM.

BbiBOAbl. B Hallem nccnegosaHny 6bin onpeaeneH coctas Al CUHTE3UPYEeMbIX in Vitro XoHApoUMTaMM pasfinyHoro reHesa, ¢ ucnosnb3oBaHmem VDA
n XKX-MC/MC, a Takxe oueHeHo BnnsHue 2D- n 3D-KynsTMBMPOBaHMSA Ha KX CuHTe3. PesdynbtaTbl nokasanu, 4to 3D-cpena KynsTUBUPOBaHUS co3pa-
€T yCnoBus, cnocobCTByoLLMe 6oee NONHOLEHHOMY (hOPMMPOBaHNIO XoHApoLMTapHoro BKM B obpasLuax HaTuBHbIX XxoHApoUMToB. OgHako, HECMOTPS
Ha 3TO, nosyYeHHble cheporabl XOHAPOUMTONOAOOHbIX NPOM3BOAHbIX YICK He gocTuratoT PyHKUMOHANBHON MAEHTUYHOCTN C €CTECTBEHHOW XPSILLIEBON
TKaHblo, Aaxke NMocsie 3aBepLUeHNs MPOTOKON0B ANPdEPEHLMPOBKM 1 He MPELACTaBNSOT COO0M MaeanbHble TKaHEMHXXEHEPHbIE KOHCTPYKLIMM AN KOPPeK-
LUn AeheKToB xpsLa.

Knto4yeBble cnoBa: XOHAPOLMTbI; apTPUT; BHEKNETOUHbIN MaTPUKC; MnkodaMuHornnkarbl; YCK; anddeperumposka; NPA; XXKX-MC/MC

Ansa umtnposanus: fonybuHckas M.A., Pydko E.C., MukuHa A.C., CmupHos W.I1., Bnagnmuposa T.B., lopaeesa B.[., Apanuawm 111, Epemee A.B. Onpege-
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INTRODUCTION

Chronic joint diseases continue to pose a serious challenge
to global health. These diseases impose a significant eco-
nomic burden due to the prevalence and severity of dam-
age to the musculoskeletal system, as well as the costs
associated with treatment and related disabilities. In 2019,
about 528 million people worldwide suffered from osteoar-
thritis, which was by 113% more than in 1990 [1]. The clini-
cal potential of chondrocytes derived from the cartilage tis-
sue of patients has long been recognized. Matrix-induced
autologous chondrocyte implantation (MACI) is currently
the most common method for treating cartilage deficiency
and correcting cartilage defects. This therapeutical meth-
od was approved by the US Food and Drug Administration
(FDA) in 2016 [2].

MACI technique uses autologous chondrocytes isolat-
ed from a biopsy of the cartilage tissue of patients, which
are cultured on a 3D matrix of a collagen membrane [3].
However, in some cases, such as under a prolonged use
of corticosteroids, nonsteroidal anti-inflammatory drugs, or
chemotherapy, sufficient amounts of cellular material can-
not be obtained, which is the main limitation of this tech-
nique. Human pluripotent stem cells, not only being an
unlimited source of cellular material but also not requiring
painful surgical intervention, represent the next step in the
development of cellular technologies [4]. However, a num-
ber of problems associated with the hPSCs use remain
unresolved, such as the high cost of their culture and dif-
ferentiation in the chondrocytic direction, the potential risks
of an immune reaction to chondrocytes obtained from hP-
SCs, and the risks of tumorigenicity and oncogenicity of

cell constructs obtained from hPSCs. Progress in solving
these problems is inextricably linked to the development
of new protocols for differentiation, genetic editing, and
culturing of both chondrocytes derived from hPSCs and
hPSCs themselves [4].

Cartilage tissue forms on the extracellular matrix (ECM)
and a small number of specialized cells known as chon-
drocytes. The composition and organization of the ECM
determine its biomechanical properties. The functional
properties of ECM are similar to those of a viscoelastic gel
consisting of two main phases: a solid phase comprising
collagen fibers, proteoglycans and non-collagen proteins,
and a liquid phase consisting of 80% water and electrolytes
(Ca?, K+, Na*, CI); the main proteoglycan in cartilage is ag-
grecan.

Chondrocytes are mechanosensitive cells, whose
functional activity depends significantly on the microen-
vironment [5]. Chondrocytes are located in small cavities
referred to as lacunae surrounded by ECM. These struc-
tures, known as chondrons [6], form the main structural,
functional, and metabolic units of articular cartilage [7] and
differ in the composition of collagen fibrils and GAGs. The
chondron area is 2—4 pum thick, consisting mainly of proteo-
glycans and GAGs (perlecan, decorin, biglycan, aggrecan,
and hyaluronic acid), as well as type VI collagen [8].

The main proteoglycan of cartilage tissue is aggrecan,
which interacts with hyaluronic acid and forms large ag-
gregates that impart shock-absorbing properties to car-
tilage tissue. A decrease in the content of aggrecan and
other proteoglycans in cartilage is associated with the
development of osteoarthritis, which leads to deteriora-
tion of the mechanical properties of cartilage and disease
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progression [9]. At the same time, biglycan and decorin
are small leucine-rich proteoglycans (SLRP) that play a
key role in maintaining the structure and function of carti-
lage tissue. They are involved in the regulation of collagen
fibrillogenesis by interacting with its fibers and influenc-
ing the ECM organization. Dekortin, in particular, binds to
type Il collagen, regulating the size and shape of collagen
fibrils thus maintaining the structural integrity of cartilage.
Biglycan also interacts with collagen; however, its func-
tions are more diverse: participation in bone mineraliza-
tion and regulation of cell growth [10]. Chondroitin sulfate-
proteoglycan 4 is a membrane proteoglycan involved in
adhesion, migration, and intercellular signaling. Although
its role in cartilage tissue remains to be understood, it is
assumed to affect the interaction of chondrocytes with
ECM, supporting the structure and functionality of carti-
lage. Chondroitin sulfate-proteoglycan 4, is also capable
of regulating cell growth and differentiation, rendering it a
promising target for osteoarthritis therapy and cartilage
tissue regeneration [11].

Enzymatically isolated chondrocytes can produce a
new ECM within a few hours after culture in vitro, although
no further formation of ECM occurs around the cell [12]. It
is believed that the full maturation of ECM takes 2—-3 weeks.
At the same time, studies have shown that specific con-
ditions are necessary for the full maturation of ECM and
the formation of chondrons: the microenvironment and
physical factors, such as gravitational and hydrodynamic
effects [13], which can be maintained in 3D structures [14].
Spheroidal cell cultures promote improved cell survival and
functional activity compared to conventional 2D chondro-
cyte cultures. These advantages are explained by the abil-
ity of 3D structures to more effectively simulate the natural
microenvironment, as well as the influence of chemical and
physical factors [15]. Conversely, under the conditions of
2D culture, chondrocytes lose their phenotype, demon-
strate increased production of type | collagen (associated
with fibrous cartilage) and decreased levels of type Il col-
lagen (associated with hyaline cartilage), as well as lower
levels of GAG. It should be noted that this differentiation
phenomenon has not yet been fully studied in chondro-
cytes obtained from HPSCS.

The GAG composition and content level are the critical
characteristics describing the formed chondron. Therefore,
when developing cartilage-like tissue engineering struc-
tures for regenerative medicine, determining the level of
GAG content and composition is essential for assessing the
effectiveness and functional activity of the resultant carti-
lage implant [16]. In addition, the state of chondrocytes and
their microenvironment affect the content, properties, and
composition of ECM. Chondrocytes obtained from dam-
aged tissues, such as osteoarthritis-affected cartilage, syn-
thesize heparan sulfate with increased sulfation, which is
associated with an increased activity of catabolic enzymes
such as matrix metallopeptidases (MMP3, MMP13), and a
decreased expression of key chondrocyte genes such as
type Il collagen alpha 1 chain (COL2AT), aggrecan (ACAN),
and SRY-box transcription factor 9 (SOX9) [8].

In their study, Lee G. and Loeser R. [12] showed that
chondrocytes from the surface and middle/deep areas of

EXTREME MEDICINE | 2025, VOLUME 27, No 1

ORIGINAL ARTICLE | REGENERATIVE MEDICINE

cartilage isolated by zonal abrasion exhibit significant dif-
ferences in GAG content when cultured during the period
of four weeks. Hu J. and Athanasiou K. found that chon-
drocytes from the middle/deep area produced 250% more
GAG and collagen in terms of dry weight compared to
chondrocytes from the surface area [17]. In addition, chon-
drocytes of the middle/deep area are capable of forming
aggregates and cartilage-like structures, which is favora-
ble for the creation of tissue engineering structures. In an-
other study, Beckers J. et al. [18] found a discrepancy in
the synthetic activity of chondrocytes isolated from loaded
and unloaded cartilage areas, although these differences
decreased when the cells underwent several passaging
procedures.

The existing approaches to obtaining cartilage-like cell
structures from hPSCs remain to be imperfect, associated
with low reproducibility, variability in cell differentiation ef-
ficiency, insufficient mechanical strength of the formed tis-
sues, and scaling complexity. GAGs are one of the main
components of the ECM of cartilaginous tissue; therefore,
a qualitative and quantitative analysis of GAG composition
is an important stage in assessing the potential therapeu-
tic efficacy of cartilage-like cellular structures. At the same
time, the cultivation conditions that directly affect the re-
sultant GAG content are key to creating effective cellular
structures. Cultivation conditions can be modified to ob-
tain tissue samples most similar to hyaline cartilage in their
characteristics.

In this study, we aim to determine the composition of
GAGs synthesized in vitro by chondrocytes of various ori-
gins using enzyme immunoassay (ELISA) and liquid chro-
matography with tandem mass spectrometry (LC-MS/MS),
as well as to evaluate the effect of 2D and 3D cultivation on
their synthesis.

MATERIALS AND METHODS
Distribution of samples by experimental groups

Samples of the studied cell cultures were divided into
groups (Table 1) according to the criteria of cell origin and
type of their culture:

1) The group of 2D cultures of native chondrocytes in-
cluded samples obtained from patients with gonarthrosis
and meniscal neuralgia;

2) The group of 3D cultures of native chondrocytes was
also represented by samples from patients with similar di-
agnoses, but grown under 3D culture conditions;

3) The group of 2D cultures of chondrocytes differen-
tiated from hPSCs included samples obtained from the
IPSRG4SAb2m ¢55/1 and IPSRG4S hPSC cell lines;

4) The group of 3D cultures of chondrocytes differenti-
ated from hPSCs also contained samples obtained from
the same cell lines, but under 3D cultivation conditions;

5) The control group of hPSCs consisted of IPSRG4S
and IPSRG4SAb2m ¢55/1 cell lines that did not undergo
differentiation into chondrocytes.

This sample separation approach enabled a compara-
tive analysis of the effect of different cultivation conditions
and cell origin on their characteristics.
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Table 1. Distribution of samples into groups for glycosaminoglycan content measurement by ELISA and proteoglycan content measurement by LC-MS/MS

ELISA LC-MS/MS
Sample group Sample Cell culture characteristics Sample group Sample Cell culture characteristics
number number
2D cultures of native Gonarthrosis — 4 2D cultures of native chon- Gonarthrosis — 4
5 ) . 5 ) )
chondrocytes Meniscal neuralgia — 1 drocytes Meniscal neuralgia — 1
3D cultures of native Gonarthrosis — 1 3D cultures of native chon- Gonarthrosis — 4
2 ) . 5 ) )
chondrocytes Meniscal neuralgia — 1 drocytes Meniscal neuralgia — 1
. the cell line hPSCs 4SAb2m
2D cultures of chondrocytes the cell line hPSCs 2D cultures of chondrocytes cl55/1
. . 2 IPSRG4SAb2m cl55/1 ; ; 2 :
differentiated from hPSCs . differentiated from hPSCs the cell line hPSCs IP-
the cell line hPSCs IPSRG4S
SRG4S
. the cell line hPSCs
3D cultures of chondrocytes the cell line hPSCs 3D cultures of chondrocytes IPSRG4SAb2m cl55/1
. . 2 IPSRG4SAb2m cl55/1 ; ; 2 :
differentiated from hPSCs . differentiated from hPSCs the cell line hPSCs IP-
the cell line hPSCs IPSRG4S
SRG4S
the cell line hPSCs IPSRG4S ;
hPSCs control group 2 the cell line hPSCs hPSCs control group 1 the cellg;eGT;SCs 1P-
IPSRG4SAb2m cl55/1

Table prepared by the authors using their own data

Obtaining chondrocyte primary culture from donor
material and chondrocyte cultivation

Chondrocytes were isolated from biopsies of cartilage
tissue of patients who provided their informed consent.
Prior to crushing, the cartilage was transferred to a 15 mL
tube using a serological pipette and washed once with a
Dulbecco’s Modified Eagle Medium DMEM (Thermo Fisher
Scientific, USA) supplemented with double the amount of
penicillin/streptomycin (200 U/mL, PanEco, Russia). The
cartilage was then placed in a sterile 60 mm Petri dish and
crushed with sterile scissors and a scalpel in the presence
of 4 mL of DMEM medium, to which double the amount
of antibiotic was also added. The crushed cartilage was
washed in 15 mL of the same medium. The cartilage piec-
es were then incubated for 40 min in a 15 mL tube on a
laboratory orbital shaker (Infors HS Celltron, Switzerland)
at 37°C with 5% CO, using 10 mL of DMEM medium sup-
plemented with double the amount of antibiotic, as well as
10 mg of type IV collagenase (Worthington Biochemical,
USA) and 10 mg of type | collagenase (Worthington
Biochemical, USA). Following incubation, the cartilage
pieces were centrifuged for 5 min at 200 g in a centrifuge
(Eppendorf Centrifuge 5804R, Germany). The filler fluid
was carefully removed, and the pieces of cartilage were
resuspended in DMEM medium and additionally rinsed
twice. After that, 10 mL of Dulbecco’s Modified Eagle
Medium was added to the cartilage with the addition of
a 1:1 F-12 nutrient mixture DMEM/F12 (Thermo Fisher
Scientific, USA) supplemented with 20% fetal bovine
serum FBS (HyMedia, India), 2 mM Glutamax (Thermo
Fisher Scientific, USA) and 100 U/mL of penicillin/strepto-
mycin (PanEco, Russia). The pieces were then transferred
to a culture vial T-25 cm?, pretreated with 0.01% gelatin
type B solution (PanEco, Russia). Pieces of cartilage were
cultured at 37°C with 5% CO,,. The culture was passaged
until the cell monolayer reached 70% confluent density;
the culture medium was replaced every five days.

Cultivation of human pluripotent stem cells

The IPSRG4S line of induced pluripotent human stem
cells was obtained by collaboration of the Cell Biology
Laboratory (Lopukhin National Research Center for
Biological Medicine, Moscow, Russia) and the Stem
Cell Laboratory of the A.lVirtanen Institute for Molecular
Sciences (University of Eastern Finland, Kuopio, Finland)
[19]. Later, in the Cell Biology Laboratory of the Lopukhin
National Research and Scientific Center of the Russian
Academy of Medical Sciences, based on the IPSRG4S
hPSC cell line, the IPSRG4SAb2m cl55/1 hPSC cell line
was obtained, in which the beta-2 microglobulin gene was
inactivated using CRISPR/Cas9 genomic editing. hPSC
was cultured in six-well plates pre-coated with matrigel
(BD, USA) on a nutrient medium consisting of mTeSR-1
(STEMCELL Technology, Canada) and Hybris 8 (Paneco,
Russia) in a ratio of 1:3.

Differentiation of human hPSCs in the chondrocytic
direction

To induce differentiation, hPSCs were cultured in a DMEM/
F12 medium (Thermo Fisher Scientific, USA) supplemented
with 10% FBS (HyMedia, India), 2 mM Glutamax (Thermo
Fisher Scientific, USA), 100 U/mL penicillin/streptomycin
(PanEco, Russia), 10 uM kinase-3 glycogen synthase in-
hibitor CHIR99021 (Miltenyi Biotec, Germany), and 10 nM
retinoic acid (Miltenyi Biotec, Germany). The cells were in-
cubated for two days in a CO, incubator at 37°C with 5%
CO,. After that, the medium was replaced with a DMEM/
F12 medium (Thermo Fisher Scientific, USA) supplemented
with 10% FBS (HyMedia, India), 2 mM Glutamax (Thermo
Fisher Scientific, USA), 100 U/mL penicillin/streptomycin
(PanEco, Russia), 10 ng/mL transforming growth factor f
(TGF-p) (Miltenyi Biotec, Germany), 10 ng/mL bone mor-
phogenetic protein-2 (BMP-2) (Miltenyi Biotec, Germany),
2% B27 (Thermo Fisher Scientific, USA), 10 uM ascorbic
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acid (Sigma-Aldrich, USA), and 1% insulin solution-Trans-
ferrin-selenite (PanEco, Russia). The cells were cultured for
two weeks under the same CO, incubator conditions. After
differentiation, chondrocyte-like derivatives were cultured in
a DMEM/F12 medium (Thermo Fisher Scientific, USA) sup-
plemented with 10% FBS (HyMedia, India), 2 mM Glutamax
(Thermo Fisher Scientific, USA), 100 U/mL penicillin/
streptomycin (PanEco, Russia), 10 ng/mL TGF-p (Miltenyi
Biotec, Germany), and 10 ng/mL of BMP-2 (Miltenyi Biotec,
Germany).

Preparation of spheroid culture

For the formation of spheroids, chondrocytes were taken,
which were on the second passage after isolation of the cell
culture from cartilage tissue; chondrocyte-like derivatives of
hPSCs were folded into spheroids on the second passage
after the onset of the differentiation protocol of hPSCs. By
the commencement of chondrocyte differentiation of hP-
SCs, the IPSRG4S cell line had been located at passage
34, and IPSRG4SAb2m cells had been located at pas-
sage 41. Chondrocyte-like derivatives were removed from
six-well plates using 0.05% trypsin solution (Thermo Fisher
Scientific, USA), and chondrocytes were removed from
T-75 cm? culture vials using 0.25% trypsin solution (Thermo
Fisher Scientific, USA). The cells were washed of trypsin us-
ing a DMEM medium (Thermo Fisher Scientific, USA) sup-
plemented with 10% FBS (HyMedia, India) and centrifuged
for 5 min at 200 g. The cells were then transferred to an
AggareGellB00™ plate (STEMCELL Technology, Canada) at a
density of 900,000 to 3 million cells per well and cultured in
a DMEM/F12 medium (Thermo Fisher Scientific, USA), sup-
plemented with 10% FBS (HyMedia, India) and 10 uM Rho
kinase inhibitor Y27632 (Miltenyi Biotec, Germany), by add-
ing 2 mL of the full medium to the well.

The cells were cultured on an AggreGellB00™ plate
from 12 h to 24 h. After the incubation period, the sphe-
roids were collected from the wells using a 5 mL serological
pipette and transferred to a 15 mL tube. They were allowed
to precipitate to the bottom of the tube for 2-3 min, after
which the filler liquid was discarded. The spheroids were
then placed in a freshly frozen undiluted matrigel (BD, USA).
Following 30 min, the spheroids were washed by passive
settling in a 15 mL tube or careful centrifugation for 1 min
at 300 rpm. Subsequently, the spheroids were transferred
to homemade mini-bioreactors, which were low-adhesion
Petri dishes with a drop of glue in the center. A detailed
protocol for creating mini-bioractors was described in a
previous study [20]. The mini-bioreactors were placed on
an orbital shaker in a CO, incubator. The rotation speed
was set to 70-75 rpm. Following 24 h, the medium was re-
placed. Later, the environment was changed weekly. After
transfer to the bioreactors, the spheroids were cultured for
two weeks.

Quantitative polymerase chain reaction (QPCR)
To evaluate the expression of chondrocyte markers, a
quantitative reverse transcription polymerase chain reac-

tion was performed according to the previously described
protocol [21].
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For cell lysis in monolayer cultures and spheroids, an
RLT buffer (QIAGEN, Germany) supplemented with 10 uL/
mL of B-mercaptoethanol was used. Spheroids (3-5 pieces
each, depending on the size) and monolayer cell cultures
were pipetted in 600 pL of RLT for lysis. The RNeasy Plus
Mini Kit (QIAGEN, Germany) was used to isolate RNA,
and a solution of DNA was used for purification from
genomic DNA (SibEnzyme, Russia). The synthesis of the
first cDNA strand was carried out using an MMLV RT kit
(Evrogen, Russia) according to the manufacturer’s proto-
col. For gPCR, a reaction mixture was prepared: 5 pL of
5xgPCRmix-HS SYBR (Evrogen, Russia), 0.8 pL of 10 uM
primer mixture, 18.2 pL of water, then 1 yL of cDNA matrix
was added to the wells of a 96-well plate (SSIbio, USA).
Amplification was performed on a CFX96 thermal cycler
(Bio-Rad, USA) at 39 cycles. cDNA of IPSC samples was
used as a negative control to evaluate the specificity of the
reaction. The results were analyzed using Microsoft Excel
by the AACt method.

Measurement of glycosaminoglycan content using
ELISA

The GAG contentin 2D and 3D chondrocyte culture samples
was determined using a Human IGG ELISA Kit (FineTest,
China). During the cultivation of chondrocytes, aliquots of
the medium were selected for analysis. The samples were
stored at a temperature of minus 80°C. Each analysis of a
biological sample consisted of two repetitions. The optical
density was measured at a wavelength of 450 nm using
a Tecan Infinite 200 Pro reader. The standard curve was
formed in the Curve Expert Basic software by plotting the
dependence of the optical density at A = 450 nm of each
standard solution on its corresponding concentration. The
target concentration of the samples was interpolated from
this standard curve.

For ELISA of 2D cell culture samples, 200,000 to
500,000 chondrocyte cells, chondrocyte-like cPSC deriva-
tives, and 1,500,000 cPSC cells were taken. For ELISA of
3D cell culture samples, 700 thousand cells of chondrocyte
spheroids, from 375,000 to 1,000,000 cells of chondro-
cyte-like derivatives of hPSCs and 1,000,000 cells of hPSC
spheroids were taken. For data processing, the values ob-
tained for each sample were normalized depending on the
volume of the medium in which the chondrocytes were cul-
tured and the number of cells.

Collecting samples for LC-MS/MS

Chondrocytes and chondrocyte-like derivatives from hP-
SCs were used to create chondrocyte multilayers (2D car-
tilage-like structures) and 3D spheroids using AggreWell
800™ microlunar plates (STEMCELL Technology, Canada).
In addition, 2D and 3D cartilage-like structures were ob-
tained from primary cultures of chondrocytes isolated from
patients’ donated biological materials. Samples of cell cul-
tures and 3D structures were subjected to trypsinolysis,
liquid chromatography was performed using the Dionex
Ultimate 3000 system (Thermo Fisher Scientific, USA) fol-
lowed by mass spectrometric analysis using an Orbitrap Q
Exact HF-X system (Thermo Fisher Scientific, USA).
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For LC-MS/MS, 1,000,000 cells were taken for the
analysis of 2D cultures and 10 spheroids for the analysis of
3D cell cultures. Prior to the procedure, monolayer cultures
were washed three times with phosphate buffer to remove
the culture medium followed by separation from the culture
dish using a Versene solution. After flushing by centrifuga-
tion, the filler liquid was removed and the cells were frozen
at minus 70°C before the analysis. The 3D structures were
similarly washed with phosphate buffer three times by pas-
sive sedimentation. The precipitate was then subjected to
the final washing procedure before freezing. After sedimen-
tation, the precipitate was transferred for protein composi-
tion analysis by the LC-MS/MS method.

Analysis of GAG composition using LC-MS/MS

To destroy cellular structures and isolate proteins, a 10%
solution of sodium deoxycholate was added to the sam-
ples, adjusting to a final concentration of 1%. A mixture
of nucleases was then added to degrade the nucleic ac-
ids followed by incubation at 4°C for 30 min. Next, tris(2-
carboxyethyl)phosphine (5 mM) and chloroacetamide
(30 mM) were added to the solution to restore and alkylate
disulfide bonds, after which they were incubated at 80°C
for 10 min. The proteins were precipitated with methanol-
chloroform; the resulting precipitates were resuspended
in 100 pL of Tris-HCI buffer (60 mM, pH 8.5). After that,
the protein concentration was determined using a BCA
Assay Kit (Thermo Fisher Scientific Inc.). Enzymatic protein
cleavage was performed with trypsin (Trypsin Gold, Mass
Spectrometry Grade, Promega) in the trypsin ratio:protein
1:50 (% w/w), holding samples at 37°C for 16 h. Proteolysis
was stopped by adding trifluoroacetic acid to a concentra-
tion of 1%. The peptides were then dried using vacuum
concentration (SpeedVac, Thermo Fisher Scientific Inc.)
and dissolved in 20 pL of a solution containing 3% ace-
tonitrile and 0.1% trifluoroacetic acid in ultra-high purity
(mQ) water. Subsequently, the concentration of peptides
was determined using a coloristic method followed by as-
sessing protein concentration using bicynchonic acid (BCA
analysis).

A Dionex Ultimate 3000 nano-LC system (Thermo
Fisher Scientific, Waltham, MA) with a PicoTips C-18 col-
umn (length 10 cm, inner diameter 75 um, New Objective,
USA) filled with Kinetex C18 sorbent (2.4 um, Phenomenex,
Torrence, CA) was used for liquid chromatography. The
flow was set at 300 nL/min at 60°C. Buffer A consisted of
0.1% formic acid in LC/MS water, and buffer B consisted
of 80% acetonitrile, 0.1% formic acid in LC/MS water. The
separation was carried out in a gradient mode, increasing
the concentration of buffer B from 3% to 40% for 120 min.
Mass spectrometric analysis was performed on an Orbitrap
Q Exact HF-X (Thermo Fisher Scientific) instrument with a
nanospray source (voltage +2.2 kV, capillary temperature
300°C). MS1 scanning was performed in the range of
350-1500 m/z (resolution 60,000, AGC 3e6, injection time
45 ms). HCD with an energy of 30 eV were used for frag-
mentation. MS2 scanning was performed in the range of
200-2000 m/z (resolution 30,000, AGC 2€5, injection time
50 ms). The dd-MS2 strategy was used with the selection
of the 12 most intense ions (Top12).

LC-MS/MS data analysis

The raw LC-MS/MS data obtained on the Orbitrap mass
spectrometer was converted to mgf format data using
the MSConvert software with the following command line
parameters: “--mgf --filterpeakPicking true”. For complex
identification of proteins, the obtained results were pro-
cessed using MASCOT and X! Tandem. Tandem mass
spectrometry parameters were analyzed using the UniProt
Knowledgebase protein sequence database (human tax-
on) using the ALANINE algorithm with an error tolerance
of 20 ppm to determine the precursor mass and 50 ppm
to determine the fragment mass. The search parameters
were set as follows: protein hydrolysis by trypsin with one
possible missing cleavage site, permanent carbamide
methylation modification (C), and variable oxidative modi-
fication (M). To compare the identification results obtained
using MASCOT and X! Tandem, and the compilation of
the final list of identified proteins, the results of both iden-
tification algorithms were analyzed in the Scaffold 5 soft-
ware. This algorithm estimated the local frequency of false
positive identifications using a standard protein grouping
throughout the experiment. To assess the identification er-
ror of peptides and proteins, a threshold level of false iden-
tification of less than 5% was selected. Differential gene
expression was identified using the R limma programming
language package.

Statistical analysis

Statistical analysis of gPCR, ELISA, and LC-MS/MS data
was performed using the Bizorender software. The differ-
ences between the groups were assessed by the nonpara-
metric Kruskal-Wallis test, which is used for independent
samples in which data did not have a normal distribution.
When a statistically significant difference was detected
(p < 0.05), a multiple Dann comparison test was additional-
ly performed for paired comparisons between the groups,
which allowed us to adjust the probability of false positive
results. The differences at p < 0.05 were considered sta-
tistically significant, while the following symbols were used
to indicate the significance levels: * (o < 0.05), » (p < 0.01),
o (p < 0.001). To analyze the gPCR data, the Welch t-test
was used, which takes into account differences in standard
deviations between two groups of independent samples.
The differences were considered significant at a statistical
significance level of p < 0.05.

RESULTS AND DISCUSSION
Analysis of chondrocyte gene expression

The gPCR method was used to confirm the identity of cell
cultures of chondrocytes and chondrocytes obtained from
hPSCs by analyzing the expression of key molecular mark-
ers characteristic of mature cartilage cells.

The results of gPCR confirmed that cell cultures of na-
tive chondrocytes exhibit high expression of specific mark-
ers such as aggrecan (ACAN), type Il collagen (COL2AT1),
and transcription factor SOX9, which is a key regulator
of chondrogenesis (Fig. 1). The graph shows the relative
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expression values of key chondrocyte genes in cell cultures
of native chondrocytes and those obtained from hPSCs.
The YWHAZ reference gene was used to normalize expres-
sion levels. The columns on the graph reflect the average
values of relative normalized gene expression (AACY) with
an indication of the standard deviation (SD). No significant
differences were found between the samples of native
chondrocytes and chondrocyte-like derivatives of hPSCs
analyzed using the Welch t-test. A high level of chondrocyte
gene expression indicates the functional maturity of native
chondrocyte cell cultures. Chondrocytes obtained from
hPSCs also showed a pronounced expression of these
markers, which indicates a high degree of their differentia-
tion into cartilage cells similar to native chondrocytes.

Quantitative determination of GAG in chondrocytes of
various origins using ELISA

The conducted quantitative analysis of GAG using ELISA
revealed that the content of these biopolymers is signifi-
cantly higher in 3D cultures of chondrocytes compared
to those in 2D cultures. In particular, the concentration
of GAGs in 3D cultures of native chondrocytes reached
1,099.87 ng/mL, which was significantly higher than the
level recorded in 2D cultures (108.67 ng/mL). A similar
trend was observed in chondrocyte cultures obtained from
hPSCs; however, the GAG content remained lower com-
pared to native chondrocytes, which may indicate the need

a
] ACAN

C
S
2 8-
o
o
X
[o]
3= °7
NO T
gg
13 4
o
c
(]
B
T 2 -
o
o

0_
C

] COL2A1

15

12

Relative normalized expression
(AACY)
©
]

Figure prepared by the authors using their own data

ORIGINAL ARTICLE | REGENERATIVE MEDICINE

for additional optimization of differentiation conditions and
prolongation of the cultivation period; the corresponding
data are presented in Fig. 2.

The phenomenon of chondrocyte dedifferentiation in
2D conditions is well documented [25, 26]. It was shown
that the cultivation of chondrocyte spheroids in 3D media
enhances the process of chondrogenic differentiation, al-
lowing for the production of chondrogenic cell constructs
without the need for scaffolding or multiple cell passaging
[27, 28]. However, a quantitative assessment of the GAG
content was not provided in this context.

Gene composition in cultures of chondrocyte cells of
various origins

LC-MS/MS analysis was used to explore the ECM compo-
sition. Glycosaminoglycans (GAGs) were found to comprise
chondroitin sulfate proteoglycan 4 as the main component,
the level of which was significantly higher in 3D cultures of
native chondrocytes. This indicates favorable conditions for
the production of key components for the cartilage matrix.
At the same time, the content of other proteoglycans, such
as aggrecan, biglycan, and decorin, remained unchanged.

Figure 3 presents the results obtained when investigat-
ing the composition of GAGs synthesized in cultures of
chondrocytes of various origins using the LC-MS/MS meth-
od. The graph shows the quantitative content of various
types of GAGs, including chondroitin sulfate-proteoglycan

b
coL1A2

Relative normalized expression
(AACY)

o

SOX-9

Relative normalized expression
(AACY)
N
1

Fig. 1. Relative expression of chondrocyte genes (AACt), normalized for the YWHAZ gene, in 2D samples of chondrocyte cultures of various origins, measured by

the gPCR method

Note: a. Aggrecan (ACAN); b. Alpha-2 chain of type | collagen (COL1A2); c. Alpha-1 chain of type II collagen (COL2A1); d. Transcription factor SOX-9; color
matching in the diagram to the samples under study: blue — chondrocytes of patient 76; red — chondrocytes of patient 75; green — chondrocytes of patient
47; purple — chondrocytes of patient 44; brown — chondrocytes of patient 12; gray — chondrocyte-like cells differentiated from hPSC IPSRG4SAb2m cl55/1;
yellow — chondrocyte-like cells differentiated from hPSC IPSRG4S; purple — hPSC IPSRG4SAb2m cl55/1; dark green — hPSC IPSRG4S.
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Fig. 2. Results of quantitative determination of GAG by ELISA in chondrocyte
cultures under 2D and 3D conditions

Note: the colors in the diagram correspond to the studied samples:
blue — 2D cultures of patients’ chondrocytes (n = 5); red — 3D cultures of
patients’ chondrocytes (n = 2); green — 2D cultures of patients’ chondrocytes
differentiated from hPSC (0 = 2); purple — 2D cultures of patients’
chondrocytes differentiated from hPSC (n = 2); gray is the control group of
hPSC (n = 2); the level of GAG expression in hPSC cultures is zero; levels
of statistical significance compared with the control group: * — p < 0.0332;
»—p <0.0021.
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Fig. 3. Composition analysis of GAGs by the LC-MS/MS method

4, aggrecan, biglycan, and decorin, in 2D and 3D cultures
of native chondrocytes and chondrocytes obtained from
hPSC. The data is presented as averages with a standard
deviation (SD). Significant differences between the groups
were assessed using statistical criteria.

The composition of GAGs determined using LC-MS/
MS showed an increased level of their content in 3D cul-
tures of native chondrocytes compared to that in 2D cul-
tures (Fig. 3). Chondrocyte spheroids obtained from the
biopsies of patients’ tissues showed a significantly higher
concentration of chondroitin sulfate proteoglycan 4. At the
same time, 3D cultures of chondrocyte-like derivatives of
hPSC demonstrated a low level of all the studied GAGS,
which indicates their immaturity even after differentiation.
This limitation can potentially be eliminated by extending
the cultivation period and supplementing the medium with
factors that stimulate the metabolic pathways of GAG syn-
thesis, such as TGF-B, SOX9, bone morphogenetic pro-
teins, and retinoic acid signaling pathways.

CONCLUSION

In this study, we investigated the composition of GAGs
synthesized in vitro by chondrocytes of various origins
using ELISA and LC-MS/MS and evaluated the effect of
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Note: a. Aggrecan; b. Biglycan; ¢. Chondroitin sulfate proteoglycan 4; d. Decorin; color matching in the diagram to the studied samples: blue — 2D cultures of
patients’ chondrocytes (n = 5); red — 3D cultures of patients’ chondrocytes (n = 5); green — 2D cultures of patients’ chondrocytes differentiated from hPSCs (n = 2);
purple — 2D cultures of patients’ chondrocytes differentiated from hPSCs (n = 2); gray — hPSCs control group (n = 1); the level of proteoglycan expression in hPSCs
cultures is zero; levels of statistical significance compared with the hPSCs control group: * — p < 0.0332; 2 — p < 0.0021; o — p < 0.0001.
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2D and 3D cultivation on their synthesis. According to the
results obtained, the conditions of 3D culture are favora-
ble for a more complete formation of chondrocyte ECM in
native chondrocyte samples. Nevertheless, the obtained
spheroids of chondrocyte-like derivatives of hPSCs fail
to achieve functional identity with natural cartilage tissue,
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