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IN VITRO ASSESSMENT OF IMMUNOGENICITY IN CHONDROCYTES OBTAINED FROM THE B2M
KNOCKOUT INDUCED PLURIPOTENT STEM CELLS
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Today, the cell-based technologies are one of the instruments used for the cartilage tissue repair. Creation of a universal hypoimmunogenic cartilage tissue graft from
the differentiated derivatives of induced pluripotent stem cells (IPSCs) might solve the problem of the lack of the cartilage cell product. However, currently there is
little data on immunogenicity of such tissue-engineered preparations. The study was aimed to create a cartilage implant from the differentiated derivatives of the
B2M-deficient iPSCs and assess its immunogenicity. The previously developed protocol was used to ensure differentiation of both wild-type and B2M knockout iPSCs into
chondrocyte-like cells. After quality control of the resulting cell lines by conducting polymerase chain reaction and immunocytochemical assessment, the resulting
cell lines were co-cultured with the peripheral blood mononuclear cells of a healthy donor. When co-cultivation was over, activation and degranulation of CD8* T
cells was assessed by flow cytometry analysis based on the CD69 and CD107a expression on the cell surface, respectively. The iPSC-derived chondrocytes expressed
the cartilage tissue markers. Flow cytometry analysis revealed no substantial differences in immunogenicity between the derivatives of wild-type and B2M knockout iPSCs,
as well as from the cartilage tissue cells of a healthy donor. Immunogenicity of chondrocyte-like cells was higher than that of hypoimmunogenic non-edited iPSCs. The
B2M knockout iPSCs demonstrated a trend towards greater activation of CD8* T cells. Thus, the B2M knockout in the iPSC-derived chondrocytes had no significant
effect on the tissue immunogenicity. It is necessary to further edit the genes encoding MHC Il and CD47 to obtain a less immunogenic product.
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IN VITRO OLLEHKA UMMYHOIEHHOCTW XOHOPOLINTOB, NOJIYHEHHbLIX N3 MHAYLUMPOBAHHbIX

MIKOPUMOTEHTHbIX CTBOJ1I0BbIX KJIETOK C HOKAYTOM B2M

A. A. BapuHosa'= A. C. Mukuna', T1. A. TonybuHckas', E. C. Pyyko?, A. B. Epemees'?
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B HacTosiliee BpeMsi KNETOYHbIE TEXHOMOMUM SBASIOTCA OOHWUM M3 MHCTPYMEHTOB MO BOCCTAHOBEHMIO XpsilleBon TkaHu. Co3aaHue yHMBepcanbHOro
rMNOUMMYHOrEHHOMO TpaHCMnaHTaTa XpALWeBo TKaHn 13 anddepeHUMpPoBaHHbIX MPON3BOAHbBIX UHAYLMPOBAHHbBIX MIOPUNOTEHTHBIX CTBOMOBbLIX KIETOK
(MMCK) morno 6bl pelunTe NPOBAEMy HEXBATKN XPALLEBOrO KNeToHHOro npogykrta. OfHaKko Ha CerogHALWHWA AeHb Mano AaHHbIX 06 MMMYHOMEHHOCTIN Takmx
TKaHeNHXXeHepPHbIX npenapaToB. Llenbto paboTbl b0 co3aaTh XPSLLEBON MMNNaHT 13 AnddepeHUmpoBaHHbIX NponasoaHbix VIMCK, aeduumtHeix no B2M,
1 OLEHUTb €ero MMMyHOreHHOCTb. C MOMOLLBIO paHee paspaboTaHHOro npotokona anddepeHumposany VIMCK kak avkoro tuna, Tak U ¢ Hokaytom B2M B
XOHIPOLMTApHbIE NPOM3BOAHbIE. [Tocne NPOBEPKN KavecTBa MOSTyHEHHbIX NMHMIA METOLOM MOMMMEPAasHOV LENHON peakLum 1 UMMYHOLUTOXUMUHECKIM
1ccnefoBaHeM KOKYNBTVBMPOBANM MOMyYeHHbIE NVHWUM C MOHOHYK/IeapHbIMU KneTkaMu nepudepmnyeckort KpoBmn 300poBOro AoHopa. o okoHYyaHum
KOKYNBTUBaLMM METOAOM MPOTOYHOW LIMTOMETPUN OLIEHMBaNM akTBaumio 1 aerpaHynsaumio CD8*-T-numdoumntoB no akcnpeccun CDB9 n CD107a Ha
MOBEPXHOCTW KNETOK COOTBETCTBEHHO. XOHApoUMTapHble npoudsoaHblie VIMCK akcnpeccnpoBanv Mapkepbl XpALWEeBON TkaHu. LintomeTrpuyeckuin aHanma
He BbISIBU CYLLECTBEHHbBIX PasNyMA MeXOy MMYHOMEHHOCTBIO XOHAPOLMTapHbIX Mpor3BoaHbiX VINCK ¢ HokayTom v 6e3 HokayTa B2M, a Takke Knetkamm
XPSLLEBOM TKaHW 300POBOro A0HOPA. VIMMYHOrEHHOCTb XOHAPOUMTAPHBIX MPON3BOAHbIX Oblna BbILLE, YEM Y MMNOUMMYHOrEHHbIX HepeaakTpoBaHHbix MCK.
HokayTrposanHble no B2M NIMNCK gemoHCcTpripoBanv TeHaeHUmMo k 6onbluert aktneaumn CD8*-T-numdoumntoB. Takum 06pa3dom, HokayT B2M B xoHOpOLMTapHbIX
npounssoaHbix VMNCK He okasan CyLLeCTBEHHOMO BNSHNS HA UIMMYHOMEHHOCTb TkaHW. HeoOX0AMMO AONONHUTENBHOE PefaKTUpoBaHye reHos, kogupyoLx MHC I
1 CD47, onsa nonyveHnst MeHee MMMYHOTEeHHOro NPoAyKTa.

KntoueBble cnosa: VIMNCK, pereHepatviBHas MeamuMHa, XOHAPOreHe3, XOHAPOLMTbI, UMMYHOEHHOCTb

DurHaHCUpOoBaHMe: NMosly4YeHNe XOHAPOLMTaPHbIX MPON3BOAHBIX 13 IMCK BbINOAHEHO B pamMkax rocyaapcTeeHHoro 3agaHns Ne122032300191-2 «OpraHona-22».
VIMMyHOLTOXMMMYECKWIA 1 MLIP-aHanm3bl aKCnpeccuin XOHAPOreHHbIX MapKepOB B XOHAPOLMTapHbIX MpovBoaHbix MCK, a Takke oLgHKa MMMYHOrEHHOCTU STUX
XOHOPOLWMTAPHBIX MPOU3BOAHbIX MPOBOAUIMCE B pamkax npoekta PHD #22-15-00250 «CpaBHeHMe XOHAPOreHHOro noTeHUmana XpsiLLeBom TKaH), NoyYeHHoN
C MOMOLLIO MEPBUYHBIX KYSIETYP XOHAPOLMTOB 1 AN dEPEHLIMPOBaHHbIX MPOU3BOAHbIX MHAYLIMPOBaHHBIX MIFOPUMOTEHTHBIX CTBOSIOBBIX KIETOK>.
BnaropapHocTtu: M. Boromskosol, J1. BenvkoBolt 13 nabopatopumn kneto4Horn dronorun GHKLL @XM nmenn KO. M. JlonyxmHa PMBA Poccumn 3a nomolLb
B MI@HNPOBAHWN ¥ MPOBEAEHNM SKCMIEPVIMEHTA.

Bknap aBTopoB: A. A. BaprHoBa — nNpoBeneHne NMMYHONOMMHECKNX TECTOB, MOArOTOBKA 1 HanMcaHme ctatb, nonck nutepatypsbl; A. C. MNykHa — nonyyenvie
XOHAPOLUMTOB NaumneHTa un guddepeHumposka VMNCK B xoHapounTapHble nponasodHble, nposefeHve VILX; M. A. TonybuHcKas — nouck nutepartypbl;
E. C. Py4ko — nposegnerue INMLP; A. B. EpemeeB — penakTmpoBaHve cTtaTbu.

CobniofeHne aTM4eCKMX CTaH[ApPTOB: UCCNefoBaHme 0goopeHo atndecknm kommtetom GPHKL OXM (npotokon Ne 2019/02 ot 09 anpens 2019 r).

><] Onsa koppecnoHaeHumun: AHHa AnekcaHgpoBHa BaprHosa
yn. Manasa Muporosckas, A. 1a, 119435, . Mocksa, Poccus; barinova.anna.al@mail.ru

Cratbsi nonyyeHa: 15.11.2023 CtaTtbsa npuHsTa K nedatu: 15.01.2024 Ony6nvnkoBaHa oHnaiiH: 05.02.2024
DOI: 10.47183/mes.2024.001

EXTREME MEDICINE | 1, 26, 2024 | MES.FMBA.PRESS BN




OPUTMHAJIbHOE UCCJIEQOBAHNE | PETEHEPATUBHAA MEOVLIMHA

Restoration of cartilage tissue using the cell-based and tissue-
engineered products is an urgent medical task due to high
prevalence of inflammatory degenerative diseases involving the
surface layers of bone and cartilage tissues. Gonarthrosis, the
cartilage tissue disorder, is most prevalent all over the world. This
multifactorial degenerative dystrophic disease is characterized
by involvement of the articular cartilage, subchondral and
metaphyseal bone, as well as the synovial membrane,
ligaments, capsule, and muscles, and is associated with the
emergence of osteochondral masses manifesting themselves
in the joints experiencing pain and a limited range of motion.
The annual incidence of gonarthrosis in Russia is about 80,000
cases. According to the epidemiological research data, 8-20%
of the adult population suffer from this disorder, depending on
the region [1].

Gonarthrosis progression is observed year by year; different
treatment approaches are used at different disease stages.
According to domestic clinical guidelines, noninvasive therapy
combining pharmacological and physiotherapeutic methods is
recommended at early stages of the disease [2]. It should be
noted that the pharmacological component of therapy involving
the use of non-steroidal anti-inflammatory drugs (NSAIDs) and
steroids (short course) is symptomatic and has almost no effect
on the hyaline cartilage regeneration and functional activity.
At the later disease stages, when noninvasive treatment is
ineffective and the cartilage tissue damage is significant,
there is a need for surgical intervention including abrasion
chondroplasty, corrective osteotomy, and joint replacement [3].

The use of cell products for the damaged cartilage tissue
repair has become a new direction of regenerative medicine. In
such cases, mesenchymal stem cells (MSCs), autologous and
allogeneic chondrocytes can be the sources of cells.

Despite the fact that the cell products based on autologous
chondrocytes for cartilage tissue repair are already present in
the medical and biotechnology market, such products have a
number of limitations. First, so far these are aimed mainly at
adjusting minor articular cartilage damage [4, 5]. Second, for a
number of reasons, it is often impossible to obtain enough
autologous chondrocytes to create a full-fledged cartilage
implant [2]. Third, in individuals with some cartilage tissue
disorders, autologous cell material yields chondrocytes with
decreased function, which results in the need for long-term
cell cultivation aimed at accumulating the required amount
of material [6, 7]. In this regard, induced pluripotent stem
cells (iPSCs) represent a promising and capacious source
of chondrocyte-like cells, however, the data on their safety
and capability of forming the full-fledged functional cartilage
tissue are rather limited, while the data on immunogenicity are
controversial [8, 9]. Moreover, obtaining iPSCs, their further
differentiation, creation of the graft is a lengthy and expensive
process that requires optimization and standardization. The
literature contains information about successful engraftment of
the iPSC-derived chondrocytes in the monkey articular cartilage.
However, the cartilage tissue defect was small, therefore, further
research involving other models is required. As for immunogenicity
assessment, transplantation into cartilage defects caused no
immune response in macaques, while the organoid transplanted
into the osteochondral defects remained intact, but was
surrounded by a large number of CD3* T cells [10].

Creation and the use of cartilage grafts based on allogenic
iPSCs differentiated into chondrocytes showing decreased
immunogenicity, which are universal for all recipients, seem
to represent a promising approach. A number of studies
demonstrate successful creation of hypoimmunogenic grafts
based on the MHC knockout iPSCs [11, 12]. It has been

shown that the allogenic cartilage graft obtained from the
B2M knockout iPSCs contributes to accumulation of natural
killers (NK cells) around the osteochondral defect in vivo [13].
However, such data on human iPSC-derived chondrocytes
have yet to be obtained.

The study was aimed to compare immunogenicity of the
samples of tissue-engineered cartilage preparations obtained
in vitro from various cell sources.

METHODS
Cultivation of wild-type and B2M knockout iPSC lines

The iPSCs (hereinafter, iPS) were cultured as previously
reported [14]. The B2M knockout iPS cell line (iPS_dB2M) was
obtained earlier [15].

iPSC differentiation into chondrocyte-like cells

The thawed iPS and iPS_dB2M (used to obtain wild-type
(iCh) and B2M knockout (iCh_dB2M) chondrocyte-like cells,
respectively) were seeded into 6-well plates pre-treated with
Matrigel (Corning; USA), in the mTeSR1 medium (STEMCELL
Technologies; Canada). These were cultured in the CO,
incubators at +37 °C and 5% CO, until a monolayer was
formed. All further incubations were also carried out in the CO,
incubators at +37 °C and 5% CO,,. The culture was transferred
into the DMEM/F12 medium (Gibco; USA) supplemented with
10% FBS (HiMedia; India), 1% GlutaMAX (Gibco; USA), 1%
penicillin/streptomycin (PanEco; Russia), 10 uM Chir (Miltenyi
Biotec; USA), 10 nM retinoic acid (Miltenyi Biotec; USA). It
was cultured for two days. Then the medium was replaced
with DMEM/F12 with 10% FBS, 1% GlutaMax, 1% penicillin/
streptomycin, 10 ng/mL TGFB (Miltenyi Biotec; USA), 10 ng/mL
BMP2 (Miltenyi Biotec; USA), B27 (Miltenyi Biotec; USA),
10 pM ascorbic acid (Sigma; USA), 1% insulin-transferrin-
selenite (PanEco; Russia). This was cultured for two weeks.
Then the cells were transferred to two wells on the 6-well plate.
After differentiation, the cells were cultured in the DMEM/F12
medium supplemented with 10% FBS, 1% GlutaMax, 1%
penicillin/streptomycin, 10 ng/mL TGFB, 10 ng/mL BMP2.

Quality control of the iPSC-derived chondrocytes.
Immunocytochemistry assessment

The monolayer cultures fixed in the 4% paraformaldehyde
(PFA) were treated with the 0.1% Triton-X100 solution: for
20 min to ensure staining for a nuclear marker, for 10 min to
ensure staining for surface and cytoplasmic markers. After
permeabilization the cultures were treated with the blocking
solution based on the 0.01M PBS with 3% goat serum and
0.1% Tween for 30 min.

The monolayer cultures were stained with primary antibodies
against the Sox 9, nuclear marker of chondrogenesis (Rabbit,
1 : 400; Invitrogen, USA), aggrecan, the proteoglycan cartilage
extracellular matrix marker (Mouse, 1 : 500; Invitrogen, USA),
type Il collagen, the marker of the fibrillar extracellular matrix
of hyaline cartilage (Rabbit, 1 : 200; Abcam, UK), and type
| collagen, the marker of fibrous cartilage (Rabbit, 1:800,
Invitrogen, USA). Staining involving the use of primary antibody
solutions based on the blocking solution was performed for 1.5 h at
room temperature. Then the cultures were triple washed with
0.01 M PBS.

Alexa Fluor 555 (Goat, Anti-Rabbit, 1 : 500) and Alexa Fluor
546 (Goat, Anti-Human, 1:500) (Invitrogen; USA) were used for
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Table. Primers used in the study
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Gene Primers used in the study 5'—-3' Product size, bp
s0x9 A CACGTCOCGOAGTOGATAG 260
ACAN Fi CCTOAGAGATCTGOCTOTO 167
coLzaT P COATTGATGGTTTOTGCAAAGG 142
o e T o

staining with secondary antibodies. Staining was performed for
1 hin the dark. Then the cultures were triple washed with 0.01 M
PBS. The 100 ng/mL DAPI (Sigma Aldrich; USA) was used to
ensure staining of the nuclei. Staining was performed for 15 min,
then the cultures were triple washed with 0.01 M PBS.

The stained preparations were assessed using the
Olympus IX53F fluorescent microscope with four fluorescence
filters (Olympus; Japan); morphometry involved the use of the
Olumpus cellSens Standard software (Olympus; Japan).

Polymerase chain reaction

To perform PCR analysis of expression, one million of cells
were lysed in the RLT buffer (QIAGEN; Germany). RNA was
extracted using the RNeasy Plus Mini Kit (QIAGEN; Germany)
in accordance with the manufacturer’s protocol. The total
RNA concentration in the sample was measured using the
Infinite 200 Pro microplate reader (Tecan; Switzerland) and the
[-control software. The MMLV RT kit (Evrogen; Russia) was used
for synthesis of the first cDNA strand from an RNA template.
Synthesis was performed according to the manufacturer’s
protocol. To perform real time PCR, we added 5 pL of 5x
gPCRmix-HS SYBR (Evrogen; Russia), 0.8 pL of the 10 pM
primer (Table 1), 18.2 pL of water, and 1 pL of template cDNA
per well of the 96-well plate (SSIbio, Scientific Specialities;
USA). Another 1 pL of water was added to the control wells
instead of template cDNA.

The reaction was carried out using the 1000 CFX Manager
version C10000 Touch thermal cycler for nucleic acid
amplification (Bio-Rad; USA) and the CFX Manager software.
The number of cycles was 39. The results were analyzed in
Microsoft Excel (Microsoft; USA) by the AACt method.

Obtaining the primary chondrocyte culture from
the donor material

Chondrocytes (hereinafter, Chondro) were isolated from the
patient’s biopsy (surgical) specimen. The cartilage was washed
with 15 mL of DMEM with 2% penicillin/streptomycin (PanEco;
Russia). Then the cartilage was placed in the clean Petri dish
and chopped with the sterile scissors and scalpel in 4 mL of
DMEM with 2% penicillin/streptomycin. It was washed once
with the same medium in a 15 mL test tube. The cartilage
pieces were incubated for 40 min on a shaker at +37 °C and
5% CO, in 10 mL of DMEM with 2% penicillin/streptomycin,
collagenase IV (Gibco; USA), and the collagenase enzyme
preparation (BioPreparat; Russia) having a concentration of
3000 U/mL.

After incubation the cartilage pieces were centrifuged for
5 min at 200 g, once washed, added 10 mL of the culture
medium (DMEM/F12 with 20% FBS, 1% GlutaMax, 1%
penicillin/streptomycin), and transferred to the T-75 culture flask
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pre-treated with the 0.1% gelatin solution. The cartilage pieces were
cultured at +37 °C and 5% CO, until the chondrocyte monolayer
was formed. The medium was changed every three days.

Obtaining the primary fibroblast culture from
the donor material

The patient underwent skin biopsy of the forearm. The biopsy
specimen was put in the droplet of medium (DMEM (PanEco;
Russia) supplemented with 10% FBS and 1% penicillin/
streptomycin) on the Petri dish and cut into small pieces
(of about 1 mm) with a sharp sterile scalpel. The resulting pieces
were places in different 35 mm Petri dishes in 3 mL of the culture
medium and pressed by the sterile cover glass (Menzel Glasser;
Germany). The medium was changed twice a week. After three
weeks the fibroblasts (hereinafter, Fibro) were separated and
passaged using the 0.25% EDTA solution (Gibco; USA).

Assessment of PBMC activation and degranulation after
their co-cultivation with the chondrocyte-like cells

To obtain the peripheral blood mononuclear cells (PBMCs),
9 mL of blood collected from the healthy donor were 2-fold
diluted with PBS, carefully layered onto the Ficoll-Paque™
PLUS with the density of 1.077 g/cm?® (GE Healthcare; USA),
and centrifuged for 30 min at 350 g. The interphase layer was
separated and washed twice with PBS. The PBMCs collected
were enumerated with the Luna automated counter and diluted
with the medium (X-VIVO™ 15 (Lonza; Switzerland) + 100 U/mL
IL2 + 10% FBS inactivated by heating) to a concentration of
1 million cells per milliliter.

To perform analysis, each of the target cell lines (iPS, iPS_
dB2M, Fibro, Chondro, iCh, and iCh_dB2M) was seeded into
three wells of the 96-well plate containing appropriate culture
medium. After the monolayer was formed, the medium was
removed, and 200 pL of the PBMC suspension were added to
the well. The plate was transferred to the incubator at +37 °C
and 5% CQO,,.

To assess CD8* T cell activation one day and five days
later, the cells were resuspended and collected for further flow
cytometry analysis.

To assess CD8* T cell degranulation, Brefeldin A with a
concentration of 100 ng/mL was added to the well after 1 h
of incubation, and the cells were incubated at +37 °C and 5%
CO, for another 4 h. Then the cells were collected for flow
cytometry analysis.

Flow cytometry
To assess CD8* T cell activation, the following antibodies were

used: CD3-PERCP-Cy5.5 (Sony; Japan), CD8-BrilliantViolet421
(BD Bioscience; USA), CD69-FITC (Sony; Japan)
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Fig. 1. Immunohistochemical assessment of monolayer cultures. The cell nuclei are stained blue, the studied markers are stained red and green. The scale bar size

(shown in yellow) is 100 pm for iCh and iCh_dB2M, 1000 pm for iPS

The CD8-BrilliantViolet421 (BD Bioscience, USA), CD3-PE
(Abcam, UK), CD107a-APC (Sony; Japan) antibodies were
used to assess CD8* T cell degranulation. Flow cytometry
analysis was performed with the NovoCyte Flow Cytometer. The
cytometry data were processed using the FlowJo software tool
(Tree Star Inc.; USA).

Statistical analysis

The unpaired Student’s t-test and ANOVA were used to
compare the fractions of activated and degranulated CD8* T
cells. The differences were considered to be significant when
p-value was below 0.05. Calculation was performed using a
personal computer with the Microsoft Excel 2010 (Microsoft
Corp; USA) and SPSS Statistics 17.0 (IBM; USA) software.

RESULTS
Quality control of the iPSC-derived chondrocytes

The chondrocyte-like cells obtained by directed differentiation
of the B2M knockout and wild-type iPSCs were tested for
expression of the major chondrogenic markers. The analysis
of immunohistochemical labeling revealed fluorescence of the
chondrocyte matrix proteins, type | and Il collagens (COL1, COL2),
aggrecan (ACAN), and the SOX9 nuclear protein in both cell lines
(Fig. 1). However, iPSCs were not stained for these markers.
The real time PCR also demonstrated expression of these
chondrogenic markers in both B2M knockout derivatives and
wild-type ones. Furthermore, the type | collagen expression
in the iCh_dB2M cells was lower than in the control group
of native human chondrocytes, while the expression of type
Il collagen, on the contrary, was higher (Fig. 2). Furthermore,
the B2M knockout iPSC derivatives showed lower ACAN
and SOX9 expression compared to human chondrocytes, as
well as lower fluorescence intensity compared to the cell line
without knockout. No significant differences in expression of

the studied chondrogenic markers from the control group were
reported for the iCh cells.

Assessment of the iPSC-derived chondrocytes’
immunogenicity

MHC | (major histocompatibility complex class ) is expressed
in almost all cells of the body. Presentation of endogenous
peptides to T cells is the main function of this protein. The genes
encoding MHC | are highly polymorphic and vary between
individuals, just like the set of peptides capable of presenting
in appropriate MHC | molecule. During maturation the CD8*
T cells acquire tolerance to their own endogenous peptides
and MHC |. However, when foreign cells enter the body, the
likelihood of nonspecific recognition of the peptide-MHC |
complex by the T-cell receptor is high. That is why attention
was paid mainly to the CD8* T cell response.

To assess the iCh-dB2M immunogenicity, this cell line was
co-cultured with PBMCs of a healthy donor. After the 5-day co-
cultivation we determined the percentage of activated CD69*-
CD8* T cells. CD69, the membrane-bound type Il C-lectin
receptor, is widely used as an early marker of lymphocyte
activation. The CD69 expression is induced promptly on the T
cell surface after binding of the T-cell receptor and CD3, which
results in the cytokine secretion and proliferation of activated
cells. A number of studies report the fact that CD69 expression
on the T cells reaches its maximum 24 h after stimulation and
then starts to decline [16, 17]. That is why we conducted
another experiment, during which we measured T cell activation
24 h after the start of co-cultivation.

The flow cytometry analysis results are provided in Fig. 3.
Fibroblasts of a healthy donor were used as a positive
control, while iPSCs were used as a negative control due
to their decreased immunogenicity [18]. Regardless of the
co-cultivation duration, the percentage of CD8* T cells
activated during co-cultivation with iCh-dB2M did not differ
significantly from that observed during co-cultivation with
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Fig. 2. Relative expression of chondrocytic markers in the human chondrocyte lines (Chondro), B2M knockout (iICh_dB2M) (A) and wild-type chondrocyte-like cells (iCh)
(B). * — significant differences in gene expression relative to human chondrocytes, p < 0.05, unpaired Student’s t-test

iCh and chondrocytes, but was higher than that observed
during co-cultivation with iPS or without co-cultivation. On
the one hand, this may indicate that the B2M knockout is not
enough for the cells to eventually become hypoimmunogenic [11, 19].
On the other hand, the 5-day co-cultivation of all the cell lines
used resulted in activation of the significantly lower percentage of
CD8+ T cells (p < 0.01, unpaired t-test; the data are not provided)
compared to fibroblasts, which is probably indicative of decreased
immunogenicity of the chondrocyte-like cells and chondrocytes
per se. According to the literature data, chondrocytes are capable
of creating anti-inflammatory microenvironment around them,
which is likely to affect the experimental results [20, 21]. At the
same time, the 1-day co-cultivation with fibroblasts of a healthy
donor did not result in activation of CD8* T cells. Perhaps,
several factors contributed to such results. First, according to
flow cytometry data, the MHC | expression on the fibroblasts
of this donor was decreased compared to other fibroblast lines
represented in our laboratory (the data are not provided). Second,
partial match of the MHC | allele in PBMCs and fibroblasts could
affect the experimental results. As a result, in case of 5-day co-
cultivation, the cumulative effect resulting in activation of the
significantly larger number of CD8* T cells was observed, while
the 24 h stimulation was not enough for this cell line.

Thus, the iPSC-derived chondrocytes are capable of
activating CD8* T cells of PBMCs. Furthermore, the B2M
knockout does not have a significant effect on immunogenicity
of the iIPSC-derived chondrocytes.
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To assess immunogenicity of the chondrocyte-like cells, the
CD8* T cell cytotoxic response was also measured during co-
cultivation of cell lines with PBMCs.

CD107a (LAMP-1) is a lysosomal-associated membrane
glycoprotein. When the CD8* T cell is degranulated, the
lysosomal granule containing the effector lytic molecules fuses
with the external membrane of the CD8* T cell. As a result,
the granule content is delivered to the target cell, and CD107a
is on the cell surface and becomes available for staining with
antibodies, as a cytotoxicity marker.

After the 5 h co-cultivation with the target cell lines and
Brefeldin A, PBMCs were removed and stained with antibodies
against CD3, CD8, and CD107. After that flow cytometry
analysis was performed.

The data obtained are generally similar to the previous
two results (Fig. 4). The CD107a expression and, therefore,
cytotoxic activity of CD8* T cells observed in the presence
of B2M knockout chondrocyte-like cells, chondrocytes, and
fibroblasts was significantly higher (o < 0.05; unpaired Student’s
t-test) than that observed in the presence of iPS and no target
cell line. This suggests that the cell lines we have selected
are immmunogenic. It is interesting that the B2M knockout
iPS also caused a cytotoxic response. We have found no
similar experimental data in the literature. Given the fact that
the similar trend towards an increase in immunogenicity in
iPS_dB2M compared to iPS was observed throughout all
three experiments, it can be assumed that the results obtained
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Fig. 3. Flow cytometry analysis of the CD8* T cell activation. A. Gating scheme. B. Percentage of activated CD8* T cells during co-cultivation with iPS (on the left) and
iCh-dB2M (on the right). C. Comparative analysis of CD8* T cell activation after the 5-day co-cultivation with the target cell lines. D. Comparative analysis of CD8* T cell
activation after the 24 h co-cultivation with the target cell lines. * — p < 0.05; ** — p < 0.01, unpaired Student’s t-test
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Fig. 3. (Continuation) Flow cytometry analysis of the CD8* T cell activation. A. Gating scheme. B. Percentage of activated CD8* T cells during co-cultivation with iPS (on
the left) and iCh-dB2M (on the right). C. Comparative analysis of CD8* T cell activation after the 5-day co-cultivation with the target cell lines. D. Comparative analysis
of CD8* T cell activation after the 24 h co-cultivation with the target cell lines. * — p < 0.05; ** — p < 0.01, unpaired Student’s t-test

are not an artifact for this line. Then, the B2M knockout has
probably somehow affected the cell line transcriptome [22].
In the future we plan to test the iPS-dB2M transcriptome and
compare it to that of the original cell line.

DISCUSSION

The use of cell products for the cartilage tissue repair is currently
among the most promising and efficient therapy types [23-25].
However, the limited amounts of the cartilage cell material
represent a serious obstacle for the widespread use of such
treatment. In recent years, it has become possible to obtain
the cartilage cells via differentiation of iPSCs, which has made
it significantly easier to obtain the amount of the source of
autologous cells essential for creation of the graft. However, this
procedure is expensive, it takes several months and requires
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validation. Creation of the universal hypoimmunogenic graft
would help solve the problem of insufficient cell material for in
vitro creation of the cartilage tissue. Nevertheless, biosafety of
such product is poorly understood.

We have obtained the B2M knockout and wild-type
iPSC-derived chondrocytes and assessed the expression
of chondrogenic markers. The expression of such markers,
as SOX9, aggrecan, and type | and Il collagens suggests that
the iPSC derivatives have acquired a chondrocytic phenotype,
which was observed in both lines of derivatives during our
experiment. It is worth noting that based on the real time PCR
data the expression of Coll in iCh_dB2M was lower and the
expression of Col2 was higher than in human chondrocytes. This
was confirmed by predominance of the hyaline cartilage phenotype
among the differentiated B2M knockout derivatives, which was
more preferable in terms of future clinical use [26]. At the same
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time, this could be indicative of acquiring fibrotic characteristics
of native human chondrocytes due to cultivation [27]. Despite the
fact that the Sox9 expression in iCh_B2M was lower than in iCh,
we have no reason to believe that this had a significant effect on
the iIPSC-derived chondrocytes’ functioning [28, 29].

The total removal of MHC | from the cell surface should
have resulted in the chondrocyte-like cells’ immunogenicity
reduced due to escaping recognition of the MHC |-autopeptide
complex by the CD8* T cells. However, our findings have
shown that knocking out B2M is not enough to reduce
immunogenicity of iPSC-derived chondrocytes. In all three
of our experiments, the CD8* T cell immune response to the
B2M-deficient chondrocyte-like cells was significantly higher
than that to iPSCs. There are several mechanisms, which could
underlie the CD8* T cell activation.

According to one of those, CD8* T cells were activated
not due to direct interaction with the chondrocyte-like cells,
but due to the fact that there were antigen-presenting cells
(APCs) among PBMCs. As is known, the APCs are capable of
presenting peptides of the absorbed particles in the context of
MHC | and MHC II. To ensure activation of CD8* T cells (and,
therefore, expression of CD69), it is enough to recognize a
foreign peptide on the APC and, in some cases, receive co-
stimulation from CD4* T cells [30, 31]. As for degranulation,
it has been shown that CD8* T cells are capable of killing the
tumor cells that have lost MHC |. Such an effect was achieved
in the presence of APCs, regardless of NK cells. Recognition is
accomplished via binding of the NKG2D T cell receptor with the
ligands (NKG2DL) on the target cells, while killing occurs due
to granzyme secretion [32]. At the same time, Bogomiakova et
al. have shown that the iPS fibroblast derivatives express 1.5
times more NKG2D ligands on their surface than fibroblasts
of a healthy human [14]. Thus, it can be assumed that the
chondrocyte-like cells used in our experiment increased

expression of the NKG2D ligands, which made them a potential
target for both CD8* T cells and NK cells. Despite the fact that
chondrocytes (and probably iPSC-derived chondrocytes) create
the anti-inflammatory environment around them [20, 21], this is
probably not an absolute guarantee of no immune response. It
must be remembered that chondrocytes that have got into the
pro-inflammatory environment (which is inevitable in case of the
tissue-engineered cartilage graft transplantation) are capable of
expressing MHC Il [21]. Despite the fact that it has not been
demonstrated in vitro for the iIPSC-derived chondrocytes [27], no
in vivo tests have been performed. That is why it is necessary to
ensure the MHC Il knockout in the iPSC-derived chondrocytes
in order to avoid the CD4* T cell immune response. In addition,
a number of studies demonstrate successful acquisition of
hypoimmunogenic iPS derivatives due to knockout of MHC |,
MHC Il and CD47 hyperexpression aimed at regulating the NK
cell response [11, 12]. These data, in total, leave the room for
the possibility of the cartilage tissue graft improvement based
on the differentiated iPSC derivatives.

CONCLUSIONS

The iPSC-derived chondrocytes obtained show the same low
level of immunogenicity, as human chondrocytes, however,
these cause a higher immune response compared to
hypoimmunogenic iPSCs. On the one hand, this suggests that
the chondrocytes obtained can be a potential source of product
for treatment of the articular cartilage tissue, but on the other
hand this study demonstrates potential risks associated with
instability of tissue after editing and avoidance of the immune
response in case of tumorgenesis. Thus, the B2M knockout is
not a sufficient condition for immunogenicity of the prototypes
obtained from such cells of the tissue, and the iPSC-derived
chondrocytes require further modification.
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