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ORIGINAL RESEARCH | IMMUNOLOGY

AGE-RELATED ALTERATIONS IN THE IMMUNE SYSTEM OF AGING MICE
Matveeva KS, Shevyrev DV =
Sirius University of Science and Technology, Sirius Federal Territory, Krasnodarsky Krai, Russia

Accumulation of senescent cells in the tissues is associated with functional impairment and the development of age-related disorders. The key role in this process
is played by the senescence-associated secretory phenotype (SASP) contributing to chronic systemic inflammation, which is associated with the increased risk of
autoimmune disorders and cancer, as well as the decreased resistance to infections. Normally, the immune system eliminates senescent cells, but the effectiveness
of this process decreases with age, including due to the immune system aging. The study aimed to assess age-related alterations in the main lymphocyte and
myelocyte populations in the spleen and bone marrow samples of senile mice. The study involved groups of young (n = 8) and elderly (n = 4) C57BL/6 mice.
Populations were tested by flow cytometry using the fluorescence-labeled antibodies. The aging phenotype was assessed based on the B-Gal enzyme activity with
pre-treatment with bafilomycin A1, ensuring lysosomal alkalinization and allowing one to detect the increased enzyme activity typical for the aging cells (SA-B-Gal). As a
result, the significantly increased levels of myeloid populations, CD11c* B cells, double-negative T cells, along with the decreased levels of the CD8a* dendiritic cells,
were reported in elderly mice. Furthermore, aging was associated with the significant increase in the levels of SA-B-Gal-positive cells, especially in the populations
of myeloid cells. The data obtained suggest that the age-related alterations are of systemic nature and reflect the so-called myeloid shift, as well as accumulation
of pro-inflammatory populations in the myeloid and lymphoid compartments.

Keywords: aging, senescence, immune system aging, -galactosidase, SA-B-Gal, lymphocytes, myelocytes, mice
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BO3PACTHbIE UBMEHEHUSA B UMMYHHOW CUCTEME CTAPEOLLMX MbILLIEA
K. C. MarBeesa, . B. LLeBbipes =

Hay4Ho-TexHonorn4eckuin yHnsepenteT «Cupnyc», efepansHasa Tepputopus «Cupuryc», KpacHogapckuii kpaw, Poccus

HakonneHne CeHeCLEHTHbIX KNETOK B TKaHSX CBA3AHO C (OyHKLMOHANBHBIM YXYALLEHEM 1 Pa3BUTVIEM BO3PACT-aCCOLMMPOBaHHBIX NaTonorui. Knoyesyio
POSb B 9TOM NMPOLECCE UrPaeT CEHECLIEHT-aCCOLMMPOBaHHbI CEKPETOPHBIN heHOoTUN (SASP), cnoCOBCTBYIOLLMIA XPOHUHECKOMY BSIOTEKYLLIEMY CUCTEMHOMY
BOCMaSIEHNIO, KOTOPOE acCOLMMPOBAHO C MOBbILLIEHHBIM PUCKOM ayTOMMMYHHbIX 1 OHKOMOMMYECKNX 3a00MeBaHNi, a TakKe CHYDKEHWEM YCTONYMBOCTU K
NHPeKLMSM. B HopMe MMyHHas crcTeMa yaansieT CeHeCLieHTHble KNETKW, OQHaKo C BO3pacToM apeKTUBHOCTL STOrO npoLiecca nafaeT, B TOM Y1cne no
NPUHMHE CTapeHnst IMMYHHOW cucTembl. Lienbto nccnegosanuns Ob110 N3y4nTb BO3PACTHBIE M3MEHEHWS B OCHOBHbIX MOMYAALMSAX NMMMOLMTOB U MUENOLMTOB
B 06pasLiax CeneseHkn N KOCTHOMO MO3ra MblLLe MPEKNOHHOro Bo3pacTa. iccnegoBanHvie npoBoanan Ha rpynnax Monogpix (1 = 8) n noxunbix (1 = 4) MbiLen
nnHum C57BL/6. AHanma nonynsumii NPOBOANUAN C UCMONb30BaHUEM (hyOPECLIEHTHO-MEYEHbIX aHTUTEN METOLOM NPOTOHHOW LIMTOMETPUN. DEeHOTIUM CTapeHus
oLeHVBanM No akTMBHOCTU hepmeHTa B-Gal ¢ npegBaputensHo obpaboTkon tadunommumHoMm A1, KOTopbIi obecneyrBaeT 3allenaqvBaHne NM30coM n
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Cellular senescence is a complex, multifactorial process
triggered by diverse stressors, including DNA damage, telomere
attrition, retrotransposon activation, oxidative and mechanical
stress, as well as adverse physical, chemical, and biological
factors [1, 2]. The accumulation of mutations and various
types of molecular damage in aging cells increases the risk
of neoplastic transformation. Currently, entry into a senescent
state is recognized as one of the key tumor-suppressive
mechanisms [3, 4]. Senescence is orchestrated through
the convergence of several signaling cascades, primarily the
p53/p219PT and p16N“aR8 pathways [5]. These pathways are
activated in response to telomere shortening and DNA
damage (DNA damage response, DDR), oncogene activation,
epigenetic alterations, chromatin architecture disruption,
excessive reactive oxygen species (ROS) production due to
organelle dysfunction — particularly mitochondrial dysfunction —
as well as specific inflammatory and paracrine signals [6, 7].
Stress-induced activation of the NF-kB and mTOR pathways
drives senescent cells to secrete a broad spectrum of pro-
inflammatory mediators (the senescence-associated secretory
phenotype, SASP) and impairs autophagy [8, 9]. Concurrently,
upregulation of anti-apoptotic BCL-2 family proteins — BCL-2,
BCL-XL, and MCL-1 — inhibits apoptosis [10]. Collectively,
these alterations define the hallmark features of senescent
cells: irreversible cell cycle arrest, apoptosis resistance,
a pro-inflammatory SASP, mitochondrial dysfunction, and
proteostasis impairment [11]. A morphofunctional manifestation
of the metabolic imbalance and lysosomal dysfunction
characteristic of senescent cells is the hypertrophy of the
lysosomal compartment and elevated activity of the lysosomal
enzyme [-galactosidase (B-Gal) [12]. Consequently, the high
concentration of this enzyme within enlarged lysosomes results
in detectable enzymatic activity at a suboptimal pH of 6.0,
enabling its use as a biomarker for senescent cells — termed
senescence-associated B-galactosidase (SA-B-Gal) [13, 14].
Traditionally, chromogenic substrates have been employed
to assess B-Gal activity; however, these are incompatible
with multiparametric phenotypic analysis of senescent cells
by fluorescence-based techniques, including flow cytometry.
The recent development of fluorogenic B-Gal substrates has
substantially expanded the utility of this marker, allowing
simultaneous quantification of SA-B-Gal activity across distinct
immune cell populations via flow cytometry [15]. To date,
limited data exist regarding age-related changes in SA-B-Gal
activity across different immune cell subsets. Evaluating
SA-B-Gal activity in lymphoid and myeloid populations
from both central (bone marrow) and peripheral (spleen)
compartments of the immune system is therefore of
considerable interest for understanding immunosenescence.
Given that the immune system is continuously exposed
throughout life to stressors of varying nature and intensity,
distinct lymphoid and myeloid subsets are expected to exhibit
heterogeneous trajectories and rates of aging. An increased
senescent burden within the immune system exacerbates
"inflammaging," heightens the risk of autoimmune and
neoplastic disorders, and enhances susceptibility to
infections [16]. Consequently, a detailed characterization of
age-associated alterations in the immune system provides
a critical foundation for developing targeted strategies to
restore immune competence in the elderly. Thus, the aim
of this study was to perform a comparative analysis of
SA-B-Gal activity in major immune cell populations isolated
from the spleen and bone marrow of young (3-month-old)
and very old (26-month-old) C57BL/6 mice. This approach
enabled us to map the distribution of senescent-like cells

within the aged immune system and to directly compare
central and peripheral immune compartments with respect to
their senescent cell content.

METHODS
Mice

The study involved 12 C57BL/6 mice: 8 mice aged 3 months
and 4 elderly mice aged 26 months. The animals were kept
in the vivarium with the 12-h ligh/dark cycle, unlimited access
to water and balanced laboratory feed. Euthanasia compliant
with the principles of animal welfare was performed under
deep isoflurane anesthesia by cervical dislocation. Appropriate
biomaterial was collected immediately after euthanasia.

Splenocyte isolation

After euthanasia the spleen was retrieved, put it in the glass
homogenizer with cold PBS (1% FCS, 0.02% EDTA), and
gently grinded with the glass pestle to obtain the homogenous
suspension. The resulting cell suspension was twice filtered
though the nylon filter (70 pm) with PBS washing. The
filtered material was centrifuged for 5 min at 300 g and 8 °C.
Precipitate was resuspended in 5 mL of buffer for 2 min to
lyse red blood cells. Then it was supplemented with 10 mL of
PBS with 1% FBS and centrifuged again. After elimination
of supernatant, the cells were resuspended to the desired
concentration in the RPMI-1640 complete medium or PBS,
depending on the goal.

Bone marrow cell isolation

Bone marrow cells were isolated from the mouse femur and
tibia by washing the bone marrow out of the bone cavity with the
PBS solution using a syringe (27 G). The resulting suspension
was twice filtered though the 70 ym nylon filter, washed in PBS
(0.02% EDTA) by centrifugation for 5 min at 300 g and 8 °C.
Then red blood cells were lysed (see above) and resuspended
in the complete medium or PBS.

The splenocyte and bone marrow cell viability was assessed
by the fluorescent method using acridine orange and propidium
iodide; the average viability was 98%.

SA-$-Gal staining

To estimate SA-B-Gal activity in living cells, the SPIDER-BGal
vital dye was used (Cellular Senescence Detection Kit, Dojindo
Laboratories, Japan), which represents a fluorogenic substrate
specific for B-Gal. The bone marrow cells or splenocytes, 2 x 10°
cells per well, were incubated in the flat-bottom 96-well plate
(NEST Biotechnologies, China), in 200 pL of the RPMI-1640
complete medium supplemented with bafilomycin A1 (Sigma
Aldrich, USA) to the final concentration of 100 nM as a lizosome
alkalinizing agent, for 1 h in the CO2 incubator at 37°. Then
the cells were added the substrate to the final concentration of
1 pmol/L and incubated under the same conditions for 1 h.
Then the cells were washed by centrifugation for 5 min at 300 g,
20 °C, stained with the FVS780 dye (BD Biosciences, USA) in
accordance with the manufacturer’s protocol to eliminate the
dead cells from the further analysis, and antibody-labeled. As
a positive control, the cells were simultaneously incubated with
the substrate not supplemented with bafilomycin. As a negative
control, the cells were incubated with added bafilomycin
without the substrate.
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Fig. 1. Gating strategies for lymphoid and myeloid populations in spleen and bone marrow samples from mice (A) and quantification of the proportion of SA-B-Gal-
positive cells within each analyzed population (B). The histogram on the right shows SPIDER fluorescence intensity in the 488-530/30 nm detection channel for the
FMO control (without fluorogenic substrate) and the positive control (Control+, without bafilomycin A1)

Phenotyping

For antibody staining a total of 2 x 10° cells were resuspended in
200 pL of the FACS buffer, added 50 pL of the antibody mixture,
mixed thoroughly by pipetting, and incubated at 4 °C for 30 min
in the dark. The anti-mouse antibodies used were as follows:
TCRB BB700 (#745846, BD Biosciences, USA), CD19 BV605
(#563148, BD Biosciences, USA), CD11c APC (#550261,
BD Biosciences, USA), CD11b BV510 (#562950, BD
Biosciences, USA), Ly6G PE (#12-9668-82, ThermoFisher,
USA), Ly6C PE-Cy7 (#560593, BD Biosciences, USA), CD4
SB702 (#67-0041-82, ThermoFisher, USA), CD8 SB780
(#78-0081-82, ThermoFisher, USA). Then the cells were
twice washed for 5 min at 300 g with the FACS buffer and
resuspended in 300 pL. Then these were analyzed using the
BD LSRFortessa flow cytometer (BD Biosciences, USA).

Statistical analysis

Flow cytometry data were analyzed using FlowJo software
(version 10.8.1; BD Biosciences, USA). Statistical analyses
were performed with GraphPad Prism (version 9.3.1; GraphPad
Software, USA). The normality of data distributions was
assessed using the Shapiro-Wilk test. Comparisons between
young and aged mouse groups were carried out using the
non-parametric Mann-Whitney U test. Data are presented as
medians with interquartile ranges.

RESULTS

Multiparameter flow cytometry enabled the assessment of
SA-B-Gal activity across ten distinct immune cell populations.
These populations were broadly categorized by lineage into
lymphoid (T and B cells) and myeloid subsets (conventional
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dendritic cells, monocytes, macrophages, and granulocytes).
The gating strategy is illustrated in Fig. 1A. Within each
defined population, the proportion of cells exhibiting elevated
SA-B-Gal activity was quantified. The gating threshold was
established using fluorescence-minus-one (FMO) controls, in
which cells were treated with bafilomycin A1 but without the
fluorogenic substrate SPIDER-BGal (Fig. 1B). This control is
particularly critical, as bafilomycin A1 itself can alter cellular
autofluorescence levels, thereby influencing background signal
in the absence of the substrate.

The analysis of the data obtained for the mouse spleen
revealed a significant increase in the counts of monocytes
(8.2% (5.6-12.4) vs. 23.7% (17.3-29.2), p < 0.05), dendritic
cells (12.9% (12-14.2) vs. 27.9% (18.2-29.5), p < 0.05), and
B cells (63.5% (49.8-57.5) vs. 66.4% (64.9-69.5), p < 0.05)
in the group of elderly mice (Fig. 2A). It is interesting to note
that the counts of CD11c* B cells increased significantly with
age (0.39% (0.32-0.47) vs. 2.18% (1.33-2.58), p < 0.01). This
is a fairly recently described population of B cells associated
with aging. Furthermore, despite the increase in the general
dendritic cell population, the counts of CD8a*DC significantly
decreased (31.9% (29-33) vs. 23.8% (19.3-31.2), p < 0.01).
The bone marrow samples also showed the increase in the
counts of monocytes (18.2% (14-20) vs. 23.7% (22-28.2),
p < 0.05) and decrease in B cell counts (32.9% (29.9-36.3)
vs. 26.2% (22.8-27.5), p < 0.05), while the counts of CD11c*
B cells increased (0.03% (0.025-0.048) vs. 0.26% (0.18-0.4),
p < 0.01) and that of CD8a*DC decreased (21.6% (19.1-24)
vs. 6.5% (4.9-7.1), p < 0.01), like in the splenic samples
(Fig. 2B).

In the next phase, we assessed the distribution of cells
showing the increased SA-B-Gal activity across lymphoid
and myeloid populations. Samples of the spleen showed
a considerable increase in the counts of SA-B-Gal-positive



OPUTMHAJIbHOE UCCJIEQOBAHNE | UMMYHOIJIOI A

A
Spleen
100— M Young, n=8
HOld,n=4
£ 804
o
8 60
©
X 40
S 20- i i
(6]
I | ey u
2
1
e O o KN
oe}\oo\\eo &Q L & &FTSS o
L4 2
C)<2> OO
B Bone marrow
100 M Young, n=6
mOld, n=4
£ 80
o
T 60 .
S — «
° 40 I = I i
[2]
| || NI
[0} Hoke
© , M ZEm ] ' l- ii

Loo00
[SIRCRN
Y
Q,
(@l
%
4

Ne)
S O S %xoo fF &S

C
Spleen
. 100+ ;‘ M Young, n=8
S ", mOld, n=4
S 80 — — >k
"6 [ |
R 604
©
8 404
T
T
O 20
m
@ ) (@) QL > > Se}
& NS $<>° & X P >
¥ P Q),oe‘ P
D Bone marrow
100 H Young, n=6
mOld,n=4

80
60

“las i i %i il TET ii

_:l*

BGaL+ cells % of parent
N
o
1

¥ ,\\G\\e P F F & ST
& Q2 %0
S S

Fig. 2. Proportions of lymphoid and myeloid populations in spleen (A) and bone marrow (B) samples. Additionally, the frequency of senescent-like cells positive for the
SA-B-Gal marker in spleen (C) and bone marrow (D) is shown. Abbreviations: DC — dendritic cells; GrC — granulocytes; Mon — monocytes; Mph — macrophages;

DN - double-negative T cells. Group comparisons were performed usin the Mann-Whitney U-test. Data are presented as Me + interquartile range (IQR);

* _p<001,* — p<0.001

granulocytes (7.2% (2.4-15.5) vs. 62.5% (45.8-66.1), p < 0.001),
macrophages (23.8% (16.8-29.1) vs. 57.2% (55.1-63.5),
p < 0.001), and monocytes (60.5% (43.8-86) vs. 85.1%
(77.7-90.2), p < 0.01), as well as CD11c* B cells (39.2% (35.4-43)
vs. 60.5% (57.5-73.3), p < 0.01) in the group of elderly mice
(Fig. 2C). The bone marrow showed the age-related increase
in the counts of SA-B-Gal-positive macrophages (64.4%
(56.8-65.8) vs. 70.9% (66.1-76.5), p < 0.05), CD8a*DC (1.5%
(0.96-1.7) vs. 3.25% (2.71-4.26), p < 0.05), double negative
lymphocytes (19.5% (15.2-28.3) vs. 41% (30.9-53.3), p < 0.05),
and CD11c* B cells (38.4% (34.2-43.6) vs. 62% (47.8-76.8),
p < 0.05) (Fig. 2D).

Thus, the study revealed age-related alterations in the
major populations of lymphoid and myeloid cells, associated
with the larger share of cells showing the increased SA-B-Gal
activity. In the bone marrow, as a primary lymphoid organ,
these alterations were less prominent.

DISCUSSION

The findings showed that physiological aging of the immune
system is uneven [17] and is accompanied by significant
quantitative changes in the populations of B cells, dendritic
cells, and monocytes. Furthermore, the cells showing the
increased SA-B-Gal activity are accumulated faster in myeloid
populations, than in the lymphoid compartment.

The increase in B-cell counts in the spleen of elderly
mice can reflect the life-long history of antigenic challenges,
and accumulation of the age-associated CD11c* B cells
is considered to be associated with aging and the increased
risk of autoimmune disorders, as well as the inflammaging
phenomenon [18, 19]. These cells with impaired functions,
which contribute to acquisition of pro-inflammatory phenotype

*—p<0.05,

by macrophages, show the increased counts in various
autoimmune disorders and can constitute a large proportion of
the mature B-cell population in the elderly body [20].

In contrast, the bone marrow showed the decrease in B-cell
counts reflecting the age-related decline in B-cell production,
which is likely to negatively affect the immune system capability
of responding to new antigenic challenges [21]. Furthermore,
despite reduction of the general B-cell population, the CD11c¢*
B-cell counts were increased, like in the spleen. The age-
related increase in the counts of the CD11c* dendritic cells in
the spleen and monocytes in the bone marrow is likely to reflect
the so-called “myeloid shift” representing the typical feature
of the immune system aging described in detail in the recent
reports [22-24]. The detected increase in the share of SA-B-
Gal-positive granulocytes, monocytes, and macrophages in
the spleen of elderly mice is of special interest. The age-related
accumulation of SA-B-Gal-positive cells in myeloid populations
is likely to contribute to chronic low-grade inflammation, i.e.
inflammaging resulting primarily from production of SASP factors
by senescent myeloid cells [25, 26]. The increased counts of
SA-B-Gal-positive macrophages, DN T cells, and especially
CD11c* B cells in the bone marrow suggest involvement
of the central immune system departments in the aging
processes. In this context it should be noted, that the
close relationship between the aging macrophages/CD11c*
B cells and hematopoietic stem cells (HSCs) can have a
negative effect on the microenvironment in the niches due to
SASP production and result in the HSC functional depletion
and lymphopoietic potential reduction [27]. This can create
a vicious circle, when accumulation of the cells showing
signs of senescence in the bone marrow negatively affects
hematopoiesis, which, in turn, enhances accumulation of
dysfunctional and aging cells [28].
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We observed a significant increase in SA-B-Gal activity
across multiple lymphoid and myeloid cell populations in aged
mice, which — taken together with existing evidence — supports
the utility of this marker for investigating immunosenescence.
However, certain limitations of our study should be noted.
The data obtained are based on the assessment of SA-B-Gal
activity as the main cellular senescence marker, but this marker
is not absolutely specific and can increase with activation and
alteration of metabolism in some types of cells, as well as in
the phase of the cell transition to the senescent state [29, 30].
Moreover, we did not assess the functional potential of the
studied populations and did not use additional senescence
markers, such as p16INK4a, p21CIP1, HMGB1 [5] or SASP
components [31], which limits interpretation of the phenomena
observed exclusively in the context of the cellular senescence.
However, aging is a complex, multifaceted process that is not
limited to the cell transition to the senescent state. Thus, the
reported quantitative changes in the counts of lymphoid and
myeloid subpopulations in the group of elderly mice, along with
the changes in SA-B-Gal activity, are likely to reflect the most
prominent age-related alterations in the immune system. That
is why further comprehensive research is required including
transcriptome and proteome assessment and functional tests
aimed at investigation of various aspects of the immune system
aging. Such an approach will contribute to better understanding
of the immune aging mechanisms and the development of
strategies aimed at restoring the immune system competence
in the elderly.
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PANEL OF IFN-I-INDUCED GENES IN SYSTEMIC SCLERODERMA: A STRATIFICATION BIOMARKER POTENTIAL
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Systemic scleroderma (SS) remains a disease with a high mortality rate; validated biomarkers for stratification and disease monitoring are still lacking. The study
aimed to assess the expression of the developed panel of IFN-I-induced genes (IFI27, IFI44, IFIT3, ISG15, XAF1) in peripheral blood and affected skin of patients with
SS. We tested samples of 48 SS patients and 31 healthy donors. Gene expression was analyzed using RT-gPCR (AACt) method (with normalization to the reference
housekeeping gene TBP). The SFRP4 gene expression was used as a marker of skin fibrosis. Expression values of the IFN-I-induced genes were significantly
(o < 0.1) increased in both blood and skin of SS patients compared to healthy donors. Comparison between compartments revealed that the expression levels
of XAF1, IFI44, IFIT3, ISG15 in the patients’ blood are higher (p < 0.01), than those in skin samples. The IFI27 gene expression, in contrast, is higher in the skin
(o < 0.01). The findings show that the test system developed for interferon signature assessment can potentially be used as a noninvasive tool for stratifying SS
patients by analysis of RNA from peripheral blood samples, to substantiate the prescription of therapy with the IFN-I receptor blockers.

Keywords: systemic scleroderma, SS, Type | interferon, IFN-I-signature, anifrolumab, gRT-PCR, noninvasive diagnosis

Funding: the study was supported by the grant from the Moscow Government (R&D project No. 1603-47/23 dated 08.06.2023), sponsored by the Moscow
Center for Innovative Technologies in Healthcare.

Author contribution: Mutovina ZYu — concept; Zhurina T, Saifulin RF — acquisition of rheumatology and medicine data; literature review; Myshkin MYu —
data analysis; Bufeeva LS — sample collection, RNA extraction; Shagina IA — RT-gPCR optimization and procedure, primary data analysis, manuscript writing,
literature review; Turchaninova MA, Golovina OA, Britanova OV — manuscript writing, literature review.

Compliance with ethical standards: the study was conducted in accordance with the Declaration of Helsinki. The informed consent for biomaterial collection and
testing during inpatient assessment settings was obtained from all patients.

><] Correspondence should be addressed: Olga V. Britanova — Miklukho-Maklaya, 16/10, Moscow, 117997, Russia; olbritan@gmail.com;
Zinaida Yu. Mutovina — Pekhotnaya, 3, Moscow, 123182, Russia, zmutovina@mail.ru

Received: 06.09.2025 Accepted: 08.10.2025 Published online: 21.10.2025
DOI: 10.24075/brsmu.2025.047

Copyright: © 2025 by the authors. Licensee: Pirogov University. This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

MAHENb IFN-I-UHOYUUPYEMbIX FTEHOB NPU CUCTEMHOW CKNEPOAEPMUN: MOTEHLUWAN
BUOMAPKEPA CTPATU®UKALINA

. A. LWaruHa'2%, M. A. TypyanmHoBa?®, O. A. TonosuHa®, J1. C. bBydeesa?®, T. V1. XKypuHa®, P. ®. Candynnvn', M. KO. MbILLKMH?S,
3. 0. MyTosuHa®, O. B. BputaHosa?® =

T POCCUIACKMI HALWOHaSbHBIV UCCefoBaTeNbCK MEAVLIMHCKI YHMBEpCUTET UMeHn H. . Mporosa, Mocksea, Poccus

2 000 «MaitJlabopatopu», Mocksa, Poccuist

3 MOCKOBCKUIN FOPOACKOM HayHHO-MCCenoBaTensCckumin LeHTp bonbHmua Ne 52, Mocksa, Poccus

4 PenepanbHbIf Hay4YHO-KIMHUYECKWIA LEHTP peaHnMaTonorin 1 peadbunutonorim, Mocksa, Poccuist

5 NIHCTUTYT BroopraHmyeckon xummn vexn M. M. LLemsikuHa n HO. A. OB4mHHMKOBa Poccuminckoin akagemmnmn Hayk, Mocksa, Poccust

CucTtemHas cknepogepmus (CCL) ocTaetcs 3aboneBaHrieM C BbICOKOW NETaIbHOCTbLIO; BaNMMANPOBaHHbIX BMOMapPKEPOB A5 CTpaTUmKaLm 1 MOHUTOPUHra
HepocTaTouHo. Llensio paboTbl BbI10 13yHnTb SKCNpeccuto padpaboTtaHHon nanenu IFN-I-nHayumpyeMbix reHoB (IFI27, IFI44, IFIT3, ISG15, XAFT) B nepudepryeckoi
KpOBV 1 nopakeHHon koxxe npv CCL. Viccnenosanu obpasupl 48 naupeHtos ¢ CCL 1 31 300poBoro AoHopa. SKCrpeccuto reHoB onpeaensm metogom RT-qgPCR
(AAGCt) ¢ HOPMMPOBKO MO peepeHCHOMY reHy «doMaLLHero Xo3sancTear; akenpeccuio reHa SFRP4 ncnonb3oBanm kak Mapkep KoXHoro rmbposa. dkcnpeccust
IFN-I-mHayLmpyemMbix reHoB Oblna 4OCTOBEPHO (0 < 0,1) NOBbILLEHA KaK B KPOBW, Tak 1 B koxke naumeHtoB ¢ CCL, oTHoCHTENbHO 06pasLioB 340P0BbIX 4OHOPOB.
ConocTaBneHme 3KCMPeccum Mexay KOMNapTMeHTamM Nokasano, YTo YPOBHYM SKcnpeccumn reHoB XAF 1, IFI44, IFIT3, ISG15 B KpoBW NaumeHToB Bbille (o < 0,01),
Yem B obpasuax Koxu. dkenpeccus rera IFI27, Hanpotus, 6onee BblpaxeHa B koxe (o < 0,01). Pe3ynstaThl MCCnegoBaHNa NOKasbiBatoT, HUTO padpaboTaHHas
TECT-CMCTEMA OLEHKM UHTEP(EPOHOBOM CUrHATYPbI MOTEHLMAIBHO MOXET ObITb MCMOMb30BaHa Kak HEMHBa3VBHbIA MHCTPYMEHT CTPaTU(MKALMM MALUMEHTOB C
CC[ no aHannay PHK, nony4eHHon 13 obpasiia KpoBK, B TOM Y1cne ANs 060CHOBaHMSA HasHaveHvst Tepanuimn 6nokatopamin peuentopa IFN-I.

Knto4yeBble cnoBa: crvicTeMHasi ckiepoaepmMus, nHtepdepoH | Tnna, nHTepdepoHoBas curHatypa, aHudponymab, qRT-PCR, HemHBasnBHasS AnarHocTnka
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Systemic scleroderma (SS) is a systemic autoimmune disorder
characterized by vasculopathy followed by progressive fibrosis
of the skin and internal organs manifestations [1] and high
mortality rate: 25% of patients die within the first 5 years after
making the diagnosis, 37.5% die within the first 10 years [2-5].
The mean life expectancy of SS patients is 16-34 years less
than the population average [4]. The disease prevalence varies
between 38 and 341 per million population annually, and the
disease incidence varies between 8 and 56 individuals per
million per year based on the data from different countries
[6=11]. The most common cause of death associated with SS
in damage to internal organs: the lung, heart, gastrointestinal
tract [4, 5]. In addition to these manifestations, in 35% of patients
the disease course is complicated by digital ulcers, which, in
turn, often leading to gangrene and fingers amputation, which
causes severe functional impairment in such patients [12-13].

Although the disease is multisystemic, skin lesion is a distinctive
feature that determines the clinical and prognostic stratification.
SS is classified based on the extent of skin involvement into the
diffuse (dSS) and limited (ISS) forms that have different progression
rate, disease course features, and prognosis [1].

The molecular mechanisms that underlie the development
of SS are poorly understood. This hinders the selection of
targeted therapy selection. Currently, the range of potential
treatment options is extremely limited, necessitating the search
for new therapies. Although the T cell responses of types
Th2 and Th17 play an important role in the SS pathogenesis
[15, 16], it has been shown that activation of interferon pathways,
especially type |, is more strongly associated with SS, than
immune responses of other types [17, 18].

Recent studies have shown similar expression of the genes
involved in the interferon cascade in patients with systemic
lupus erythematosus and SS [19-21]. Upregulation of the
IFN-associated genes is also typical for rheumatoid arthritis,
Sjogren's syndrome, and polymyositis [23-29].

Activation of the IFN-I pathway and, as a result, the
“interferon” gene signature are observed in blood and skin
of a large number of patients with even early-stage SS and,
according to some data, are associated with severity of lesions
(including pulmonary and skin lesions) [30, 31]. The conclusion
about the relationship between the expression of IFN-induced
genes and the disease severity was disproven by subsequent
research [28, 32].

The up-to-date EULAR guidelines (updated 2023) reflect
a shift towards targeted approaches to SS, which increases
the importance of the validated stratification biomarkers [33].
Such observations raise the question about the potential
effectiveness of the interferon-mediated pathway blocking in
some patients with SS.

The study aimed to assess the expression of interferon-
dependent genes in peripheral blood cells and affected skin
areas of SS patients in order to estimate the potential for patient
stratification and the prognosis of a promising, but not yet
approved therapy with antibodies against interferon receptors
in SS [34]. The hypothesis was tested that the IFN-I-signature
can be reflected in peripheral blood of patients with SS, the
analysis of which can become an alternative to repeated skin
biopsy when performing patient stratification and monitoring.

METHODS
Patients

The patients aged 21-77 with the limited or diffuse cutaneous
systemic scleroderma form, who were admitted to the
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Rheumatology Department of the Moscow City Research
Center Hospital No. 52 from April 2023 to February 2025 and
met the ACR/EULAR2013 criteria, were included in the study [35].

Inclusion criteria: detection of the antinuclear factor in
patient’s blood by the indirect immunufluorescence method.
When detecting the antinuclear factor, the range of nuclear
antibodies was tested by immunoblotting (Table 1).

Exclusion criteria: another systemic autoimmune disorder
(such as rheumatoid arthritis, idiopathic inflamsmatory myopathy,
systemic lupus erythematosus); signs of infectious disease
(upon physical examination).

The patients having no specific antibodies or negative
immunoblot test results were not excluded from the study,
since:

1) according to the ACR/EULAR criteria, the fact of having
specific antibodies is not a mandatory criterion for establishing
the diagnosis of SS [35];

2) antibodies against RNA polymerase ll, which are not
detected in the Russian Federation, are also typical for SS;
furthermore, SS can be associated with the antibodies that are
outside the spectrum assessed.

The screening tests for antinuclear antibodies were
performed by enzyme-linked immunoassay (ELISA) with
the Multiscan FC semi-automatic ELISA analyzer (Thermo
Fisher Scientific Inc., USA) using the ANA-Screen ELISA IgG
reagent kit (Euroimmun AG, Germany) in accordance with the
manufacturer’s instructions. Confirmatory testing for specific
antinuclear antibodies was performed by immunoblotting using
the ANA profile 1 1gG reagent kit (Euroimmun AG, Germany) in
accordance with the manufacturer’s instructions.

The clinical and immunological assessment of patients
was conducted that included the following: assessment of
disease activity based on EScSG (Table 1) [36], evaluation of
the capillaroscopic pattern at the time of examination, and
laboratory testing for specific antibodies. All the patients were
tested for the presence/absence of damage to possible target
organs: skin (Rodnan skin score was assessed), joints (the
number of painful and swollen joints was estimated), lung (all
the patients underwent chest multislice computed tomography
(MSCT)), heart and pulmonary artery (electrocardiography,
echocardiography and gastrointestinal catheterization (e.g.
barium swallow test in one patient) were performed).

Biomaterial selection and RNA extraction

Sample collection was performed in the clinic during general
patient examination at admission to the hospital. A total of
48 patients with SS were included in the study. In 25 patients,
peripheral blood samples only were collected as biomaterial
for testing. In another 10 patients, both the affected skin
specimens and peripheral blood samples were collected; in
13 patients, the affected skin specimens only were collected.
Skin biopsy specimens were collected from the forearm (area
with the thickest skin) by incisional biopsy.

The healthy skin samples collected from three donors not
diagnosed with SS were used as the reference samples, along
with the peripheral venous blood samples of 31 healthy donors
aged 20-54 years. A total of 20% of the cohort of healthy
donors were males.

The affected skin samples 4 mm in diameter were placed in
the MACS® Tissue Storage Solution (Miltenyi, USA) at +4 °C and
transferred to the laboratory for RNA extraction. The resulting
samples were ground in liquid nitrogen with RLT lysis buffer
added simultaneously. RNA extraction was performed using
the HiPure Total RNA Kit (Magen, China) in accordance with the
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Table 1. Results of clinical and immunological assessment of SS patients (n = 48)

Indicator Values Standard deviation
Average age 61 (21-77) 61.4
Sex Males 5/48 (10%), females 43/48 (90%) 0.31
Disease duration 13.5 years (0.5-47) 13.6
acute — 3/48 (6%) 0.24
Course subacute — 5/48 (10%) 0.31
chronic — 40/48 (84%) 0.37
Form Limited — 30/48 (62.5%), diffuse — 18/48 (37.5%) 0.48
Organ damage
Interstitial lung disease 27/48 (56%) 0.50
— CT pattern for organizing pneumonia 2/48 (4%) 0.20
— CT pattern for nonspecific interstitial pneumonia 25/48 (52%) 0.50
Primary pulmonary hypertension 12/48 (25%) 0.43
Kidney disease 2/48 (4%) 0.20
Heart disease 14/48 (29%) 0.45
— Pericarditis 12/48 (25%) 0.42
— Myocarditis 3/48 (6%) 0.24
Esophageal lesion 34/48 (71%) 0.45
Intestinal lesion 6/48 (12.5%) 0.33
Muscle lesion 9/48 (19%) 0.39
Joint lesion 28/48 (58%) 0.49
Skin manifestations 46/48 (96%) 0.20
— digital ulcers 15/48 (31%) 0.46
Signs of Raynaud’s phenomenon 47/48 (98%) 0.14
late — 27/48 (56%), 0.50
Capillaroscopic pattern active — 16/48 (33%) 0.47
early — 3/48 (6%) 0.24
myopathic — 2/48 (4%) 0.20
Telangiectasia 27/48 (56%) 0.49
Rodnan score, points 7 (0-37) 6.90
Laboratory tests
Anti-centromere antibodies (ACAs) 25/48 (52%) 0.50
Anti-Sc-70 antibodies 14/48 (29%) 0.45
Anti-PM/Scl antibodies 1/48 (2%) 0.14
Anti-RNP70 antibodies 1/48 (2%) 0.14
Anti-SSA antibodies 1/48 (2%) 0.14
No specific antibodies 6/48 (12.5%) 0.33
Therapy (at the time of sample collection)
Mycophenolate mofetil (MMF) — 14/48 (29%), low-dose glucocorticoids (GCs) — 25/48 (52%), hydroxychloroquine (HC) — 13/48
(27%), rituximab (RTX) — 11/48 (23%), nintedanib — 3/48 (6%), cyclophosphamide (CP) — 1/48 (2%), methotrexate (MT) — 2/48
(4%) , no therapy — 8/48 (16.7%)
Low-intensity immunosuppressive therapy (HC and/or low dose GCs) 18/48 (37.5%) 0.48
g zen s

manufacturer’s instructions. RNA concentration was measured
using the Qubit 3.0 fluorometer and the reagent kit (Thermo
Fisher Scientific, USA).

Blood samples (4 mL) were collected into the EDTA-coated
tubes (final concentration of 2 mg/mL).

After collection, whole blood was stored at 4 °C until
mononuclear cells were isolated. Mononuclear cells were isolated
from peripheral blood by sedimentation (Ficoll-Paque density
gradient centrifugation (density 1.077 g/cm?®) (PanEco, Russia).
The resulting cell fraction was placed in the RLT lysis buffer (Qiagen,
Germany) and stored at —80 °C until total RNA was extracted. The
total RNA was extracted using the HiPure Total RNA Kit (Magen,
China) in accordance with the manufacturer’s instructions.

The RNA concentration was measured using the Qubit 3.0
fluorometer (USA) and the reagent kit (Thermo Fisher Scientific,
USA). The quality of the RNA sample extracted was evaluated
by agarose gel electrophoresis. The extracted RNA was frozen
and stored at the temperature of =80 °C until the reverse
transcription and real-time PCR were launched.

RT-PCR and data analysis

The one-tube quantitative RT-PCR (reverse transcription
PCR) was performed using the One-Tube RT-PCR TagMan
reagent kit (Evrogen, Russia) [37]. The kit contains a ready-
to-use master mix comprising a reaction buffer for RT and

BULLETIN OF RSMU | 5, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.047



PCR, nucleotide triphosphates, and the hot start Tag DNA
polymerase. In the first phase, during the first-strand cDNA
synthesis, the Tag polymerase was inactivated by monoclonal
antibodies; heating at 95 °C prior to PCR ensured the rapid hot
start. The modified MMLYV reverse transcriptase was provided
to the reaction mixture separately. Primers for first-strand cDNA
synthesis and subsequent PCR amplification were added to the
reaction in a concentration of 0.4 pM. Real-time PCR product
accumulation imaging was performed using the TagMan type
fluorescent probes. The probes were added to the reaction at a
concentration of 0.1 uM. All the oligonucleotides specific for the test
and reference genes were selected such that optimal performance
was achieved under a single, versatile RT-PCR protocol.

Reverse transcription: 55 °C, 15 min, one cycle, without
fluorescence acquisition. This was followed by a reverse
transcriptase inactivation/polymerase activation step: 95 °C,
1 min, one cycle, without reading. Amplification was carried out
for 40 cycles: denaturation — 95 °C, 15 s (without acquisition);
annealing — 60 °C, 20 s (with fluorescence acquisition);
elongation — 72 °C, 20 s (without acquisition).

To analyze the interferon signature, the expression of
IFITT1, IFIT3, IFI27, IFI44, ISG15, XAF1 was assessed, that was
previously validated in the peripheral blood samples of patients
with systemic lupus erythemathosus (SLE), along with that of
the TBP reference gene [29, 31].

The same method was used to assess the expression of the
SFRP4 marker gene which is a recognized marker associated
with fibrosis progression in scleroderma [22].

Assessment of the relative expression of the interferon-
dependent genes involved normalization to the expression of
the TBP housekeeping gene.

Relative expression was determined by the AACt method
with normalization to the reference gene amplified in the same
PCR. Relative expression of the test gene was determined
based on the amplification effeciency and the difference in
cycle thresholds (ACt) between the target and reference gene.

Statistical data processing

The nonparametric methods (appropriate for small sample
sizes) were used for statistical processing.

The Mann-Whitney test was used to compare gene
expression in the donor samples of the experimental (SS
patients) and control groups. When comparing gene expression
values of the skin and blood samples, the significance of
differences between samples was estimated using the paired
Wilcoxon signed-rank test. All p-values were further adjusted
using the Benjamini-Hochberg (False Discovery Rate (FDR))
procedure. Spearman’s rank correlation coefficient was used
to assess correlations between variables.

The IFN-I signature value was calculated as the mean of
the standardized scores (z-score) of relative expression of five
genes (IFIT3, IFI27, IFI44, ISG15, XAF1).

The standardized scores for the IFN-I signature (averaged
between skin and blood) were calculated for the subgroup
of patients from whom paired blood and skin samples were
obtained (n = 10).

The standardized scores of the IFN-I signature values
in SS patients were calculated relative to healthy donors,
separately in blood and skin samples).

Mean values and the standard deviation were calculated for
clinical data (Tables 2 and 3). However, due to the indicators’
limited applicability to small samples (with the unproven
hypothesis about the normally distributed values) the median
and interquartile range were also calculated.
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The standard deviation of binary types of data (such
as clinical mainfestations) was calculated for the Bernoulli
distribution.

Work with the tables, data correction, charting, and
statistical analysis were accomplished using the R integrated
features and supplementary libraries: tidyverse, ggplot2, and
corrplot.

RESULTS

The study included 48 SS patients, mostly females (90%), a
mean age 61 years, and mean disease duration 13.5 of years,
primarily with the disease chronic course (84%) and limited
cutaneous form (62.5%). The leading organ damage and
manifestations: interstitial lung disease (56%, mainly NSIP);
esophageal (71%) and joint (58%) lesions. were observed.
The average skin activity was low (mRSS 7), the Raynaud’s
phenomenon was diagnosed in almost all patients (98%),
digital ulcers were present in 31%. The results of the clinical
and immunological assessment of SS patients are presented
in Table 1.

The integrated IFN-I signature assessment involved the use
of the modified test system conprising five genes (IFI27, XAF1,
IFI44, IFIT3, ISG15) using one reference gene instead of two,
which had been previously tested in peripheral blood samples
of patients with SLE [32, 38]. SFRP4 (secreted frizzled-related
protein) was used as a marker gene of the disease, the
expression levels of which are associated with skin fibrosis in
SS [22].

Significant differences in expression levels of all five test
genes between the groups of SS patients and healthy donors
were observed in the RNA samples obtained from the skin;
significant differences in expression of 4 test genes out of
5 (except IFI27) between the groups of SS patients and healthy
donors were reported for blood samples (Fig. 1A, B; Table 2.).
The SFRP4 expression levels were higher in the skin samples
of patients with SS compared to the skin samples of healthy
donors (Fig. 1A).

Comparison of expression levels between compartments
performed for the paired blood/skin samples (Fig. 2; Table 3)
showed that the XAF1, IFI44, IFIT3, ISG15 expression levels in
patients’ blood were significantly higher than in skin samples.
The IFI27 gene expression, in contrast, was more pronounced
in the skin (Fig. 2A, C). The direction of changes was consistent
across both sample types, which supports the effectiveness
of using both skin biopsy samples and blood samples for
the diagnosis and dynamic monitoring (Fig. 2B, D). The IFN-I
integral index of patients with SS was significantly higher
compared to the reference threshold interval calculated based
on the healthy donors’ values in both peripheral blood samples
and the affected skin biopsy samples (Fig. 2E, F). A limitation
of the skin IFN-I sighature index comparison is associated with
the small number of samples collected from healthy donors.
The integral index based on blood samples showed that the
values were above the reference interval in 62% (22 patients).

The correlation analysis of clinical parameters and gene
expression (Fig. 3; Table 4) has shown that the IFN-I signature
genes (IFIT3, IFI27, IFI44, ISG15, XAF1) form a tightly co-
expressed module (Rs between 0.52 and 0.87; p < 0.05 for
the skin) with the significant positive correlations between
genes, while SFRP4 exhibited little association with this module
reflecting a distinct fibrosis-associated component.

In blood samples, the IFIT3, IFI27, ISG15, XAF1 genes also
form a correlation cluster with each other, but the correlation
values are lower (Rs between 0.38 and 0.63). The IFIT27 gene
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Fig. 1. Comparison of the test gene relative expression levels by RT-gPCR (p-value — based on the Mann-Whitney test) between skin samples in the groups of patients
with SS (n = 23) and healthy donors (n = 3) (A), between peripheral blood samples in the groups of patients with SS (n = 35) and healthy donors (n = 31) (B)

is most closely correlated to ISG15 (Rs = 0.77), but it is outside
the common correlation cluster (Rs with IFIT3, IFI27, ISG15,
XAF1 <0.15).

Clinical indicators of disease severity (activity based on
EScSG, progression, diffuse form) significantly correlate with
each other.

The IFN-I signature genes demonstrate a non-significant
correlation with the diffuse disease form: in skin samples, Rs is
between 0.23 and 0.34, skin samples show a slight correlation
for ISG15 and IFIT27 only (0.21 and 0.27, respectively). Age
shows a weak negative association with the expression of the
IFN-I-induced genes (Rs between —-0.32 and -0.36) in skin
samples; the correlations for blood are insignificant (O to —-0.13).

DISCUSSION

Recently, determination of the expression of the IFN-I-stimulated
genes by PCR is increasingly used in clinical trials. Various
diagnostic test systems for assessment of the IFN signature
expression have been developed. Expression levels of
the genes IFI44L, IFI44, MX1, MX2, OAST, OAS2, OASS,
SIGLECT, IFI35 are most often determined when determining
the IFN signature [39]. Russian scientists have also proposed
solutions in this area [40, 41]. In particular, one system involves
the analysis of three genes (RIG-1, IFIT-1, IFIH-1). However,
the expression normalization approach used in these panels
seems to be suboptimal: HPRT is used as a reference gene

Table 2. Gene expression levels in skin samples in the groups of patients with SS (n = 23) and healthy donors (n = 3) (A), in peripheral blood samples in the groups of

patients with SS (n = 35) and healthy donors (n = 31) (B)

A. Skin samples B. Blood samples

Gene Group Mean SD Median iqr* Mean SD Median iqr*
IFIT3 Control 0.47 0.11 0.46 0.1 3.15 4.87 1.15 1.76
IFIT3 SS 1.36 0.84 11 0.72 16.37 21.17 6.35 17.24
IFI27 Control 0.64 0.31 0.78 0.28 0.59 0.39 0.54 0.35
IFI27 SS 3.1 2.02 2.89 2.56 1.91 3.69 0.72 1.07
IF144 Control 0.31 0.06 0.28 0.06 1.38 0.69 1.15 0.68
IF144 SS 1.03 0.78 0.78 0.35 4.9 5.98 2.58 1.93
ISG15 Control 0.08 0.02 0.09 0.02 0.65 0.76 0.31 0.71
ISG15 SS 0.3 0.21 0.24 0.15 3.63 5.33 1.48 2.94
XAF1 Control 0.1 0.01 0.1 0.01 0.37 0.57 0.08 0.47
XAF1 SS 0.31 0.22 0.26 0.18 1.39 117 1 1.13
SFRP4 Control 0.03 0.01 0.04 0.01 n/a n/a n/a n/a
SFRP4 SS 0.36 0.69 0.14 0.28 n/a n/a n/a n/a

Note: * igr — interquartile range.
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Fig. 2. Comparison of interferon signature in blood and skin of patients with SS. A. Comparison of relative expression levels of the test genes IFIT3, IFI27, IFI44, ISG15,
XAF1 in the RNA samples obtained from the skin and peripheral blood of SS patients (1 = 10) represented as a box-plot. The Wilcoxon signed-rank test was used.
B. Pairwise correlation of the IFN-I panel gene expression between blood and skin. C. A bar chart shows the mean log fold change) for the skin and blood. Negative
values indicate higher expression in blood, and positive values indicate higher expression in the skin. D. Correlation of the averaged IFN-I signature of blood and skin
for paired samples (n = 10), (R = 0.49; p = 0.15). B, D Spearman’s rank correlation coefficient is used (grey areas — 95% Cl). E. IFN-I signature values (z-score,
standardized against donor values) in skin biopsy samples: red dots — healthy donors (n = 3), blue dots — SS patients (n = 23). F. IFN-I signature values (z-score,
standardization by healthy donors) in peripheral blood samples. Red dots — healthy donors (n = 31), blue dots — SS patients (n = 35, including 10 paired skin/blood

samples). The dashed line shows the threshold interval

in the first one, but standardization by ACt is not described, it
is proposed to use GAPDH as a reference gene in the second
one, which can result in artifacts due to the presence of
numerous pseudogenes in the human genome. In this studly,
we used integrated assessment of the IFN-I signature using
the test system of five genes: IFI27, XAF1, IFI44, IFIT3, ISG15
with normalization to one reference gene. Previously, we tested
these genes individually and as a test system in peripheral
blood samples from patients with SLE [32, 38].

According to the findings, the SS patients showed the
increased expression of the IFN-induced genes compared to
healthy donors in both skin and peripheral blood samples.
These data confirming involvement of type | interferons in
the disease pathogenesis are consistent with the previously
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reported results for SS [17, 21, 30]. Based on the results of our
analysis the expression of IFN-I-induced genes shows a trend
toward correlation in blood and affected skin samples. Such a
trend has been earlier demonstrated in the large cohort of SS
patients using the transcriptome profiling (microarray). It has
been shown that the expression of the IFN-associated genes
in the skin is consistent with similar changes in peripheral blood
[42]. These and other observations suggest the informativeness
of assessing IFN-I signature in blood samples of patients with
SS [18].

Clinical indicators of the disease severity (activity based
on EScSG, progression, diffuse form) significantly correlate with
each other, but demonstrate only weak and heterogeneous
correlations with the IFN-I signature. Thus, the applicability of
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Table 3. Expression of the test genes IFIT3, IFI27, IFI44, ISG15, XAF1 in the RNA samples obtained from peripheral blood of the same SS patients (1 = 10)

Gene Sample Mean valus Standard deviation Median Igr*
IFIT3 Blood 7.48 8.73 5.81 6.17
IFIT3 Skin 1.55 0.91 1.34 0.64
IFI27 Blood 1.34 1.27 0.96 2.07
IFI27 Skin 3.48 2.16 3.07 2.03
IF144 Blood 3.05 2.57 2.39 1.34
IF144 Skin 0.95 0.73 0.79 0.32
ISG15 Blood 2.04 1.62 1.57 1.54
ISG15 Skin 0.28 0.15 0.26 0.16
XAF1 Blood 1.15 0.62 0.94 0.97
XAF1 Skin 0.42 0.26 0.35 0.14

Note: * — interquartile range.

the developed test system for patient stratification and predicting
the success of therapy with the IFN-I receptor inhibitors should
be assessed independently from the disease severity and form.

Since the levels of the assessed IFN-I signature in some SS
patients are within the range close to that of controls (Fig. 2), and
there is no correlation between gene expression and the disease
severity (Fig. 3), it can be assumed that SS patients have various
immunological patterns, in addition to the type | interferon
activation patterns (by analogy to the patterns reported for SLE
[26]). The fact that SS patients have both significantly higher and
lower (at the level of the control group) expression levels of the
IFN-induced genes suggests the need for patient stratification
to predict the response to therapy) with the interferon receptor
antibodies with the interferon receptor antibodies.

Given the current clinical trials of the IFN-I receptor inhibitor
in SS (DAISY; NCT05631227) [37], the elevated IFN-I signature
value can potentially be a criterion for patient selection and the
tool to monitor the effectiveness of the response to therapy
with the interferon receptor blocker (anifrolumab). Similarity of
the interferon-associated pathways in SS and SLE [14, 23, 42]
together with the available data on the anifrolumab efficacy in

A

IFIT3
IFI27
S g
c 2 S IFI44
ooN oy R~ 2Z % o 2 g
By IbHL o £28952€8 /8615
CLE2RILLEESS yue
]
IFIT3 & . B
0.8
IFI27 o
IF144| @ K 0.6
1s615 @)@ @ 0.4
xr1 @ @ 0.2
Age 0
Age ®| o2
Activity
EScSG ] -0.4
Progression . e
Diffuse :
form 08
Onset type &

-1

SLE [43] suggest that the use of this drug in SS can be highly
effective in patients having high interferon signature values.

CONCLUSIONS

SS patients show the increased expression of interferon-
induced genes in both skin and peripheral blood samples
compared to healthy donors, which suggests the involvement
of type | interferons in the SS pathogenesis. The expression
levels of the IFN-I-induced genes show a trend toward
correlation in blood samples and affected skin areas. The
RT-gPCR panel developed that comprises the IFN-I-induced
genes (IFI27, IFI44, IFIT3, ISG15, XAFT1) has a potential for
stratification of SS patients, as well as for assessment of the
efficacy of target therapy with the interferon receptor blockers
(in case such therapy is approved for SS). To verify this
conclusion it is required to conduct further research focused
on the correlation between the decrease in the interferon
signature levels and the condition improvement in SS patients
treated with the antibodies against the interferon receptor. We
recommend using peripheral blood from SS patients for IFN-I-
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Fig. 3. Correlation matrix for expression levels of the IFN-I signature genes (IFI44, IFIT3, ISG15, IFI27, XAF1) in the samples and clinical signs of the group of SS patients
for peripheral blood (n = 35) (A) and affected skin samples (n = 23) (B). The SFRP4 gene expression was added as a disease marker. The circle color indicates the
correlation sign and strength: blue — positive, red — negative; the more saturated the color, the closer [r| to 1. The circle size is proportional to the Spearman’s rank

correlation module (coefficient)
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Table 4. Values of the correlation between the expression of the IFN-I signature genes (IFl44, IFIT3, ISG15, IFI27, XAF1) in the samples and clinical signs of the group

of SS

patients for blood (n = 35), (4A) and skin (n = 23) samples (4B)

4A IFIT27 | IFIT44 Age Duration ('égci‘gg’) Progression | Diffuse form ct);s:t
0.03 0.01 0.24 0.06 0.08 0.11
IFIT27 -0.03 0.10 0.06 0.03 0.27 -0.09
IFIT44 -0.13 -0.22 -0.08 -0.08 -0.13 0.24
0.00 0.00 0.16 0.08 0.21 0.06
0.04 0.06 -0.13 0.04 0.00
Age 0.31 0.18 0.32 -0.12
Duration 0.01 0.10 -0.22 0.00 | 0.04 0.15 0.07 -0.14
Activity (EScSG) | 0.24 0.06 -0.08 016 | 0.6 0.18
Progression 0.06 0.03 -0.08 0.08 -0.13 0.32
Diffuse form 0.08 0.27 -0.13 0.21 004 | -0.12
Onset type 011 | -0.09 0.24 006 | 000 | -0.16 0.20 0.12 0.15
4B IFIT3 | IFIT27 | IFIT44 | ISG15 | XAF1 | SFRP4 |  Age Duration ('ég‘ci"sité’) Progression | Diffuse form Ot;szt
022 | -0.36 0.13 0.01 -0.15 0.23 -0.19
IFIT27 -0.09 0.15 -0.09 0.34 -0.08
IFIT44 -0.07 0.13 -0.09 0.28 -0.24
-0.04 0.21 0.02 0.31 -0.20
059 | 052 0.16 0.02 -0.19 0.16 -0.12
SFRP4 022 | 003 | -0.05 0.22 0.22 -0.07 0.13 0.17 -0.15
Age -0.36 | -0.36 | -0.51 -032 | 037 0.34 -0.25 -0.02 -0.19
Duration 0.13 | —0.09 | -0.07 | -0.04 | 0.16 | 0.22 0.34 -0.01 0.16
Activity (EScSG) | 0.01 | 015 | 013 | 021 | 0.02 | -0.07 | -0.25
Progression -0.15 | -0.09 | -0.09 0.02 | -0.19 0.13 -0.02
Diffuse form 023 | 034 | 028 | 031 | 016 | 017 | -0.19

signature analysis by RT-PCR with the proposed gene panel,
as this biomaterial is more accessible, less invasive and more
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ALTERATIONS IN MITOCHONDRIAL AND LYSOSOMAL COMPARTMENTS UNDER
CHEMOTHERAPY-INDUCED SENESCENCE

Shatalova RO, Shevyrev DV &=
Translational Medicine Research Center, Sirius University of Science and Technology, Sirius Federal Territory, Krasnodar Krai, Russia

Cellular senescence is associated with the accumulation of senescent cells characterized by functional alterations, telomere shortening, cell cycle arrest, resistance
to apoptosis, and metabolic dysregulation. In recent years, senescence has been extensively investigated not only in the context of aging but also in relation to cancer
therapy, as senescence induction in various tumor cell types may differentially influence disease progression. The aim of this study was to comparatively evaluate
commonly used chemotherapeutic agents with respect to their ability to induce senescence and their effects on mitochondrial and lysosomal compartments in
primary dermal fibroblasts isolated from C57BL/6 mice. Cellular senescence was assessed using both chromogenic and fluorescent assays for B-galactosidase
(B-Gal) activity. Mitochondria were labeled with the potential-sensitive dye MitoTracker® Orange, and lysosomes were stained with LysoTracker® Red. Flow cytometry
analysis was performed using a BD LSRFortessa cytometer. Our results revealed a significant decrease in mitochondrial membrane potential and an increase
in lysosomal fluorescence intensity in cells undergoing chemotherapy-induced senescence. Using an integrative senescence induction index developed in our
laboratory, we demonstrated that doxorubicin exerts a more pronounced effect on senescence induction and on mitochondrial and lysosomal compartments
compared to cisplatin, bleomycin, and etoposide.
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M3MEHEHUA MUTOXOHOPUANBHOIO N JINSOCOMHOIO KOMIMAPTMEHTOB B YCJTOBUAX
XUMNOUHAYLMPOBAHHOWN CEHECLIEHTHOCTH

P. O. LLlaTanoea, [. B. LLlesbipes =
Hay4HbI LIeHTP TPaHCASLWMOHHOM MeamUmMHbl, Hay4Ho-TexHonorndeckmnii yHmepeutet «Cupuyc», depepansHasn Tepputopust «Cupnyc», KpacHopapckuii kpaii, Poccurst

CTapeHue CBA3aHO C HAaKOMNEHEM CEHECLIEHTHbIX KIETOK, 418 KOTOPbIX XapakTEPHO N3MEHeHNEe (DyHKLIA, YKOPOYEHE TENOMEP, OCTaHOBKa KNETOHYHOIO LKA,
YCTOMYMBOCTbL K anonTosy 1 MeTabonmyeckne HapyLLleHus. B nocnegHvie rofdbl LWMPOKO U3YHatoT pasnnyHble acrekTbl CEHECLEHTHOCTU He TOMbKO B KOHTEKCTE
CTapeHusi, HO 1 B OTHOLLEHWI Tepanumn Oryxonel, Tak Kak CEHECLEHTHOCTb B PasfnyHbIX KIIETKaxX OryXonu MOXET Mo-pasHoMy BAUATL Ha XOf, MaToNorn4eckoro
npouecca. Llenbto ncecnegoBannst 66110 NPOBECTU CPaBHUTESBHbIA aHaNN3 PacnpPOCTPaHEHHbIX XMMUOTEPANEBTUHECKNX NPENapaToB B KOHTEKCTE NHOYKLM
CEHECLIEHTHOCTN U BANSIHUS HA MUTOXOHAPWANbHbLIA 1 NIM30COMHBI KOMMapTMEHTbl (hrbpobnacToB, BbIAENEHHbIX U3 KOXW Mblwern nnHum C57BL/6.
CeHeCLEeHTHOCTb KIETOK OLeHMBaN C MOMOLLbIO XPOMOTEHHOIO 1 (hnyOpecLIEHTHOrO METOLOB OMpefeneHns akTMBHOCTU hepmMeHTa B-Gal. OkpaluvsaHve
MWUTOXOHZPWIA MPOBOAMIN C MCMOMb30BaHMEM MOTeHLMan3aBmMcnumoro kpacutensa MitoTracker® Orange, n3ocoMbl okpalmBani ¢ nomoLLsto LysoTracker® Red.
[na aHanmaa vcnonb3oBav NpoToYHbIn LTomeTp BD LSRFortessa. B peaynsrate 6bi10 BbISBIEHO 3HAYUTENBHOE CHYKEHWE MUTOXOHAPWANLHOIO noTeHUvana
N YCUNEHWe MHTEHCMBHOCTU hflyOpeCcUEeHLMN NIM30COM B KNETKAX C XMMUOVHAYLMPOBAHHOW CEHECLIEHTHOCTLIO. [cnonb3oBaHve pa3paboTaHHOoro Hamm
VNHTErpanbHOro NHAeKca NHAYKUMM CEHECLLEHTHOCTY MO3BOMIIO YCTAHOBUTb, YTO BANSIHNE JOKCOPYOULIMHA C TOHKN 3PEHNS MHAYKLM CEHECLUEHTHOCTI U BIIMSIHNS
Ha MUTOXOHZPUANBHBINA 1 NM30COMHBIA KOMMaPTMEHTbI BbIP&XKEHO CUIBbHEE, YeM Y LicrnaTHa, 6neoMuLyHa 1 atonosuaa.

KrntoyeBble cnoBa: CeHeCLIEHTHOCTb, B-ranaktodunaasa, SA-B-Gal, MUTOXOHAPWM, IM30COMbI, LLIOKCOPYOULWH, LIUCNINATUH, BNIEOMULMH, 3TOMO31L,
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In recent years, interest in the study of cellular aging and senescence
has markedly increased. The age-related accumulation of
senescent cells impairs tissue homeostasis and, at the systemic
level, contributes to chronic low-grade inflammation due to the
secretion of a range of pro-inflammatory factors collectively known
as the senescence-associated secretory phenotype (SASP) [1, 2].
In the context of oncogenesis, the role of senescence is dual:
while it can halt tumor growth, it may simultaneously promote
tumor cell survival and create a microenvironment conducive to
metastasis [3, 4]. For instance, senescent tumor-associated
fibroblasts generate a pro-inflammatory, angiogenic, and
metabolically active niche that supports tumor survival and
progression [5, 6]. Entry into senescence can be triggered
by diverse stressors — ranging from replicative exhaustion to
exposure to adverse physical, chemical, or biological agents —
that induce various disruptions in the cellular molecular
machinery [7]. Metabolic alterations in senescent cells are
closely linked to mitochondrial dysfunction, a shift toward
anaerobic glycolysis, and impaired autophagy [8, 9]. Specifically,
downregulation of genes involved in mitochondrial fission (e.g.,
FIS1, DRP1, MFF) coupled with upregulation of fusion genes
(MFN1, MFN2) disrupts mitochondrial dynamics in senescent
cells [10, 11]. This results in mitochondrial mass expansion and
the formation of an elongated, tubular mitochondrial network,
which overall enhances resistance to oxidative stress via the
PINK1-mediated pathway [12]. Such morphological changes
are sometimes interpreted as an adaptive response to cellular
stress. Notably, during the early stages of senescence, when
mitochondrial aerobic activity is still preserved, the increased
mitochondrial mass may lead to excessive production
of reactive oxygen species (ROS). Consequently, this
mitochondrial remodeling itself exacerbates cellular stress
and contributes to the development of the pro-inflammatory
SASP [13]. Progressive mitochondrial dysfunction is further
characterized by diminished oxidative phosphorylation and a
metabolic shift toward anaerobic glycolysis. This is reflected in
a decline in mitochondrial membrane potential, reduced ATP
production, and elevated ROS generation [14]. Excess ROS
combined with ATP deficiency impairs the activity of vacuolar
ATPase (v-ATPase), leading to lysosomal alkalinization and
consequent dysfunction of acid hydrolases (e.g., proteases,
lipases, nucleases) [15, 16]. As a result, autophagic efficiency
declines, causing the accumulation of damaged proteins and
organelles — including mitochondria — which further intensifies
cellular stress [17]. Stress-induced activation of the PIBK/Akt
pathway, autocrine signaling by SASP factors, and the buildup
of damaged proteins converge to activate mTOR, which in turn
suppresses TFEB — the master transcriptional regulator of
lysosomal biogenesis and regeneration [18]. This suppression
impairs autophagosome content degradation, leading to the
accumulation of dysfunctional, alkalinized lysosomes that lose
their degradative capacity and instead function primarily as
storage compartments [15, 19]. Hypertrophy of the lysosomal
compartment is accompanied by a compensatory increase
in B-galactosidase activity, which becomes detectable at a
suboptimal pH near 6.0 —hence termed senescence-associated
B-galactosidase (SA-B-Gal) [20]. This enzymatic activity serves
as a widely used biomarker for identifying senescent cells [21].

Currently, various models — both in vivo and in vitro — are
employed to study cellular senescence. The aim of this study
was to perform a comparative analysis of commonly used
chemotherapeutic agents — doxorubicin, cisplatin, bleomycin,
and etoposide — with respect to their capacity to induce
senescence in primary mouse dermal fibroblast cultures.
Additionally, we sought to characterize concomitant alterations
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in the mitochondrial and lysosomal compartments, as these
organelles reflect critical aspects of the cell's metabolic and
functional status and play a pivotal role in the establishment
and maintenance of the senescent phenotype.

METHODS

Primary dermal fibroblasts isolated from male C57BL/6 mice
aged 4 and 19 months were used in this study. Animals were
housed in a vivarium under a 12-hour light-dark cycle and
provided ad libitum access to water and standard balanced
laboratory chow. Euthanasia was performed in accordance
with the principles of humane care for laboratory animals:
under deep isoflurane-induced anesthesia followed by cervical
dislocation. Biological samples were collected immediately
after euthanasia. Cells derived from both young (4-month-old)
and aged (19-month-old) mice were included in the analysis.
However, preliminary experiments revealed no significant
differences between fibroblasts from mice of different ages
when compared at the same passage number; therefore, data
from both age groups were pooled for subsequent analyses.

Isolation of Dermal Fibroblasts

The dorsal skin was shaved using an animal timmer, followed
by disinfection with 70% ethanol for 2 minutes, allowing the
alcohol to fully evaporate. A 2 x 2 cm skin fragment was
aseptically excised using sterile scissors and immediately
transferred into ice-cold phosphate-buffered saline (PBS)
supplemented with 1% penicillin-streptomycin and 0.1%
chlorhexidine for 5 minutes. The tissue was then rinsed with
sterile PBS and placed in a Petri dish containing cold PBS.
Using sterile instruments, subcutaneous adipose tissue
was carefully removed. The dermal tissue was minced into
fragments of approximately 1 mm?. Enzymatic dissociation was
performed in DMEM/F12 medium (PanEco, Russia) containing
0.2% collagenase IV (Gibco, USA) at 37 °C for 3 hours with
periodic gentle agitation. Following incubation, enzymatic
activity was neutralized by adding 100% fetal bovine serum
(FBS; Capricorn Scientific, Germany) to a final concentration
of 20%. The resulting cell suspension was filtered through a
40-pm cell strainer and centrifuged at 300g for 5 minutes. The
pellet was gently resuspended and seeded into six-well tissue
culture plates (Fudan Biotech, China) in DMEM/F12 medium
supplemented with 10% FBS and 1% penicillin-streptomycin.
Cells were maintained at 37 °C in a humidified atmosphere
containing 5% CO, and subcultured upon reaching 85%
confluence.

Assessment of SA-f-Gal Activity

Senescence-associated B-galactosidase (SA-B-Gal) activity
was evaluated using the chromogenic substrate 5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside (X-Gal), which yields
an intense blue precipitate upon enzymatic hydrolysis. Although
B-galactosidase is constitutively present in lysosomes of most
cell types and exhibits optimal activity at pH ~4.2, SA-B-Gal
activity in senescent cells is detectable at a suboptimal pH
of ~6.0 due to lysosomal hypertrophy and increased enzyme
expression. To selectively identify senescent cells, staining was
therefore performed at pH 6.0. Cells were washed with PBS
and fixed with 0.2% glutaraldehyde for 10 minutes at room
temperature, followed by three PBS washes. Staining was
carried out in a solution containing: 2 mM citrate-phosphate
buffer (pH 6.0), 50 mM potassium ferricyanide [K,Fe(CN),],
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50 mM potassium ferrocyanide [K,Fe(CN).], 5 mM NaCl, 1 mM
MgCl,, and 20 mg/mL X-Gal (dissolved in DMSQO; SibEnzyme,
Russia). After addition of the staining solution, plates were
incubated at 37 °C in ambient air for 20-24 hours. Cells were
then washed twice with PBS and visualized using an AxioScope
5 light microscope (Carl Zeiss, Germany). The percentage
of SA-B-Gal-positive (blue-stained) cells was determined
manually by counting at least three microscopic fields from
three independent wells per experimental condition.

For live-cell assessment of SA-B-Gal activity, the vital
fluorescent probe SPIDER-BGal (Cellular Senescence
Detection Kit, Dojindo Laboratories, Japan) was employed.
Fibroblasts cultured in 24-well plates (NEST Biotechnology,
China) were incubated for 1 hour at 37 °C in a CO, incubator
with 1 mL of complete medium supplemented with bafilomycin
A1 (final concentration as per manufacturer’s instructions),
which alkalinizes lysosomes by inhibiting vacuolar ATPase
and thereby enhances probe retention and signal specificity.
Subsequently, SPIDER-BGal was added to a final concentration
of 1 uM, and cells were incubated under the same conditions
for an additional hour. Excess probe was removed by PBS
washes, and cells were detached using 0.25% trypsin—-EDTA.
Fluorescence intensity was quantified by flow cytometry using
a BD LSRFortessa instrument (BD Biosciences, USA).

Induction of Senescence

To induce senescence, we used chemotherapeutic agents
commonly employed in the treatment of malignant diseases:
doxorubicin, cisplatin, bleomycin, and etoposide. Doxorubicin
is an anthracycline antitumor antibiotic whose mechanism
of action involves intercalation between DNA strands and
inhibition of topoisomerase |l, leading to replication arrest. In
addition, doxorubicin enhances the production of quinone-
type free radicals and displaces histones from transcriptionally
active chromatin [22]. Overall, its action results in DNA damage
as well as transcriptomic and epigenetic disturbances. Cells
are most sensitive to this drug during the S and G2 phases
of the cell cycle [22]. Cisplatin is an alkylating cytotoxic agent
that induces intra- and interstrand DNA crosslinks, thereby
disrupting replication and transcription. Cisplatin causes cell
cycle arrest at the G1, S, or G2 phase [23]. Bleomycin is an
antitumor glycopeptide antibiotic that induces DNA strand
breaks, presumably through the generation of free radicals. It
blocks the cell cycle at the early G2 phase [24]. Etoposide is an
antitumor agent that binds to topoisomerase Il and inhibits its
activity, preventing the resealing of DNA strand breaks normally
introduced by topoisomerase Il to relax DNA supercoils.
Etoposide acts predominantly during the G2 and S phases of
the cell cycle [25]. In general, these drugs induce genotoxic
stress — one of the primary triggers of senescence.

Based on published data, a range of concentrations was
selected for each inducer: 250, 350, and 450 nM for doxorubicin;
5,10, and 20 pM for cisplatin; 10, 14, and 25 uM for bleomycin;
and 5, 10, and 20 uM for etoposide. At medium and high
concentrations, all inducers exhibited pronounced cytotoxic
effects, resulting in the death of the majority of cells within
the first 3—4 days of culture — conditions inconsistent with the
aims of the study. Cell viability was assessed using an EVOS™
M5000 laser scanning microscope (Thermo Fisher Scientific,
USA) with acridine orange (AO), which visualizes all nucleated
cells, and propidium iodide (Pl), which stains dead cells. At low
doses, the cytotoxic effect was less pronounced; most cells
survived and acquired morphological and biochemical features
characteristic of senescence, as confirmed by X-Gal staining.

Ultimately, the lowest tested concentration for each
inducer that maintained cell viability above 95% on day 7 was
selected for further experiments. Fibroblasts were seeded
into 24-well plates in DMEM/F12 medium (PanEco, Russia)
supplemented with 10% FBS (Capricorn Scientific, Germany),
2 mM L-glutamine, and 1% penicilin-streptomycin (PanEco,
Russia), and incubated at 37 °C in 5% CO, until they reached
60-70% confluence. The medium was then replaced with
DMEM/F12 containing 1% FBS, and the inducers were added
at the following final concentrations: 250 nM doxorubicin,
5 uM cisplatin, 10 pM bleomycin, and 5 UM etoposide. Cells
were incubated under standard conditions for 24 hours,
after which they were thoroughly washed and maintained
for an additional 6 days in DMEM/F12 with 1% FBS, 2 mM
L-glutamine, and 1% penicillin-streptomycin, with medium
refreshed every three days. Control groups included cultures
maintained in 10% FBS and in 1% FBS without any inducer.
Subsequently, cells were processed for X-Gal staining,
SPIDER-BGal labeling, and staining with MitoTracker® and
LysoTracker® dyes.

Mitochondrial and Lysosomal Staining

Mitochondria were stained in 24-well plates (NEST Biotechnology,
China) using the potential-sensitive fluorescent dye MitoTracker®
Orange CMTMRos (Invitrogen, USA) at a final concentration of
0.4 uM in DMEM/F12 medium supplemented with 1% FBS.
Cells were incubated with the dye for 30 minutes at 37 °C in a 5%
CO, atmosphere. MitoTracker Orange readily diffuses across the
plasma membranes of live cells and selectively accumulates
in active mitochondria in a membrane potential-dependent
manner.

Lysosomes were stained under identical conditions using
the acidotropic fluorescent probe LysoTracker® Red DND-99
(Invitrogen, USA) at a concentration of 50 nM. In neutral
extracellular environments, LysoTracker Red freely crosses
cellular membranes. Upon entering acidic compartments such
as lysosomes, its weakly basic moiety becomes protonated,
which prevents its diffusion back across the lysosomal
membrane. This leads to selective retention and bright
fluorescent labeling of acidic organelles.

Following staining, cells were detached using 0.25%
trypsin—EDTA and immediately subjected to flow cytometry
analysis.

Statistical Analysis

Flow cytometry data were processed using BD FACSDiva
software (v9.0) and FlowdJo (v10.8.1). At least 500 events per
sample were analyzed, with an average of 2,500 events per
sample. Statistical analyses were performed using GraphPad
Prism 9.3.1. Normality of data distribution was assessed using
the Shapiro-Wilk and Kolmogorov-Smirnov tests. For normally
distributed data, results are presented as mean + standard
deviation (Mean + SD); for non-normally distributed data,
results are reported as median with interquartile range (Me + IQR).
Multiple group comparisons were carried out using one-way
analysis of variance (ANOVA), followed by Sidak’s post hoc test
for pairwise comparisons.

To comparatively evaluate the overall impact of the
chemotherapeutic agents, we employed an integrative
senescence induction index (IISI), which provides a composite
assessment of the senescent phenotype by combining SA-B-Gal
activity with concomitant alterations in mitochondrial and
lysosomal parameters.
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Fig. 1. A. Representative images of X-Gal chromogenic staining under different culture conditions. C10 — culture in 10% FBS; C1 — culture in 1% FBS; Doxo —
doxorubicin; Cis — cisplatin; Bleo — bleomycin; Eto — etoposide. B. Comparative analysis of the proportion of SA-B-Gal-positive cells across experimental conditions
(one-way ANOVA with Sidak’s post hoc test; data pooled from nine microscopic fields across three independent wells per condition; Mean + SD; ** — p < 0.01,

**—p <0.005, *** —p <0.001)
RESULTS

Analysis of senescence induction in primary mouse dermal
fibroblasts using the chromogenic substrate X-Gal revealed that
all four tested agents — doxorubicin, cisplatin, bleomycin, and
etoposide - significantly increased the proportion of senescent
cells compared to the control group (Fig. 1).

Characteristic blue staining was predominantly localized
in the perinuclear cytoplasm of fibroblasts and was uniformly
observed across all inducer-treated groups (Fig. 1A). Notably,
serum starvation alone also led to an increase in the proportion
of SA-B-Gal-positive cells (39 + 12%) compared to standard
culture conditions with 10% FBS (23 + 11%). Nevertheless, in all
groups treated with senescence-inducing agents, the fraction
of SA-B-Gal-positive cells was markedly higher, ranging from
60% to 87%. The highest level was observed with doxorubicin
treatment, reaching 87.8 + 4.5% (Fig. 1B).

At the next stage, senescence induction was assessed in
live cells using the fluorogenic substrate SPIDER-BGal and flow
cytometry. The gating threshold for SA-B-Gal-positive cells was
established based on a negative control treated with bafilomycin
A1 but without the addition of the SPIDER probe. The results
obtained were consistent with those from X-Gal staining, and
the distribution patterns of SA-B-Gal-positive cells under the
different inducers were highly comparable between the two
independent detection methods (Fig. 2A, B).

Assessment of the mitochondrial compartment revealed
intriguing alterations (Fig. 2C, D). Fluorescence intensity in
the MitoTracker detection channel (561-585/15 nm) was
relatively high under standard culture conditions (10% FBS),
but unexpectedly increased further under serum starvation (1%
FBS). In contrast, treatment with senescence-inducing agents
led to a significant and expected decrease in fluorescence
intensity, reflecting a loss of mitochondrial membrane potential.
This reduction was most pronounced in cells treated with
doxorubicin.

Alterations were also observed in the lysosomal compartment.
Under normal culture conditions (10% FBS) and serum
starvation (1% FBS), fluorescence intensity in the LysoTracker
detection channel (561-610/20 nm) remained comparable.

BECTHVK PIMY | 5, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.045

However, upon treatment with senescence-inducing agents,
a significant increase in lysosomal fluorescence was detected,
indicating lysosomal hypertrophy. The most pronounced effects
were observed with doxorubicin and etoposide (Fig. 2D, E).

To simultaneously evaluate the impact of each inducer
across all three key parameters — the proportion of SA-§-
Gal-positive cells, the reduction in mitochondrial membrane
potential, and the degree of lysosomal hypertrophy — we
developed an Integrative Index of Senescence Induction (IISI):

%SPIDER; ( MFI_ mito MFllyso
%SPIDER,* \ MFimito MFI, Jyso

1S =

where %SPIDER+ and %SPIDER .+ represent the percentage
of SA-B-Gal-positive cells under a specific senescence inducer
and under serum starvation (1% FBS), respectively; MFI_ mito
and MFImito denote the median fluorescence intensity (MFI) of
MitoTracker in the control condition with 10% FBS and under
senescence induction, respectively; MFllyso and MFI, yso
denote the MFI of LysoTracker under senescence induction
and in the 10% FBS control, respectively.

The application of the lISI enabled us to determine that,
under our experimental conditions, doxorubicin exerted the
strongest overall effect across all three parameters compared
to the other tested inducers (Fig. 3).

Thus, we performed a comparative analysis of alterations
in the mitochondrial and lysosomal compartments in primary
mouse fibroblasts in the context of chemotherapy-induced
senescence, demonstrating that doxorubicin exerted the most
pronounced effect among the tested agents. Nevertheless,
it should be noted that the Integrative Index of Senescence
Induction (IISI) serves as a tool for relative comparison within
the framework of this study, and its absolute numerical value is
not intended for standalone interpretation.

DISCUSSION
In the present study, using two independent senescence

detection methods — chromogenic X-Gal staining and
the fluorogenic substrate SPIDER — we confirmed that
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Fig. 2. The upper row shows representative histograms of SA-B-Gal-positive cells detected with SPIDER (A), mitochondrial staining with MitoTracker Orange (C),
and lysosomal labeling with LysoTracker Red (E). Histograms correspond to control conditions (C10 — culture in 10% FBS; C1 — culture in 1% FBS) and treatment
with senescence inducers (Doxo — doxorubicin; Cis — cisplatin; Bleo — bleomycin; Eto — etoposide). Each histogram represents pooled data from four biological
replicates per condition — two independent fibroblast isolations (from two individual mice), each analyzed in duplicate. Overall, the histograms illustrate an increase in
the proportion of SA-B-Gal-positive cells, a reduction in mitochondrial membrane potential, and lysosomal hypertrophy in response to senescence-inducing agents,
consistent with the results of statistical analysis. The lower row presents the corresponding quantitative analyses: percentage of SA-B-Gal-positive cells assessed by
SPIDER fluorescence (B); mitochondrial activity based on MitoTracker Orange signal intensity (D); and lysosomal compartment size evaluated via LysoTracker Red
fluorescence (F). For each staining and experimental condition, the total sample size was n = 12 (six independent replicates per mouse, with fibroblasts derived from
two mice). Replicates were processed on different days. Data are shown as median + interquartile range (Me + IQR); * —p < 0.05, ™ — p < 0.01, ** — p < 0.005,

s b < 0,001

doxorubicin, cisplatin, bleomycin, and etoposide significantly
increase the proportion of SA-B-Gal-positive cells, indicative
of chemotherapy-induced senescence [26]. The most
pronounced effect was observed with doxorubicin, which
markedly elevated the fraction of X-Gal-positive cells (87.8 + 4.5%)
and demonstrated the highest activity in the integrative
assessment based on our newly developed Integrative Index of
Senescence Induction (IIS).

Interestingly, serum starvation alone also led to an increase
in SA-B-Gal-positive cells. This observation aligns with the
notion that reduced mitogenic stimulation and proliferative
activity can elicit phenotypic features of aging even in the
absence of exogenous damaging agents [27]. This effect is likely
attributable to the depletion of antioxidant systems normally
present in serum — such as albumin, glutathione, ascorbic
acid, and tocopherols [28]. Under prolonged serum-free
conditions, the antioxidant capacity of the medium diminishes,
while basal mitochondrial respiration continues to generate
reactive oxygen species (ROS) that cannot be effectively
neutralized. This accumulation of ROS may induce genotoxic

stress and trigger the transition into a senescent state [28, 29].
Notably, serum starvation also resulted in a significant increase
in fluorescence signal from the potential-sensitive mitochondrial
dye MitoTracker Orange. This likely reflects an adaptive
response to metabolic stress (due to reduced insulin levels
in low-serum medium) through enhanced aerobic glycolysis
[0, 31]. However, when senescence inducers were applied
under the same low-serum conditions, a marked decrease in
MitoTracker Orange signal was observed — especially with
doxorubicin. This reduction is likely driven primarily by loss of
mitochondrial membrane potential (AWm), which outweighs
any potential increase in mitochondrial mass. Such a state
is characteristic of stable senescence, where a large pool
of dysfunctional mitochondria fails to sustain adequate ATP
production, forcing the cell to rely on anaerobic glycolysis
for energy [32, 33]. This metabolic shift is associated with
the secretion of metabolic intermediates — such as lactate,
pyruvate, and alanine — into the extracellular environment,
which neighboring tumor cells can exploit as alternative
energy sources [34].
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Serum starvation in vitro, like other forms of metabolic
stress and energy deficit, activates the transcription factor EB
(TFEB) via AMPK activation and mTORC1 inhibition [35, 36].
TFEB activation promotes cellular adaptation by upregulating
autophagy and lysosomal biogenesis, thereby recycling cellular
components to supply energy and essential building blocks
and maintain viability [37]. In our experiments, serum starvation
did not significantly enhance LysoTracker Red signal, possibly
due to efficient lysosomal turnover and biogenesis under these
conditions [38, 39]. In contrast, all chemotherapeutic inducers
caused a substantial increase in LysoTracker Red fluorescence,
most likely reflecting significant lysosomal hypertrophy that
outweighs any potential signal reduction due to lysosomal
alkalinization (which would otherwise decrease accumulation
of the acidotropic LysoTracker probe). Lysosomal enlargement
is a hallmark of senescent cells, thought to compensate for
impaired lysosomal function [40]. The strongest effect was
again observed with doxorubicin. Together with the elevated
proportion of SA-B-Gal-positive cells, this supports the
concept that lysosomal accumulation is not merely a bystander
phenomenon but a functional feature of the senescent state,
reflecting the exhaustion of cellular adaptive reserves [41].

Doxorubicin exhibited the most robust effect across all
evaluated parameters, surpassing the other agents. This
is likely due to its multifaceted mechanism of action: DNA
intercalation, topoisomerase Il inhibition, ROS generation,
and direct damage to mitochondrial DNA [22]. Consequently,
doxorubicin emerged as the most potent senescence inducer
in primary mouse dermal fibroblast cultures and demonstrated
the most pronounced mitochondrial toxicity.

Modern oncology increasingly confronts the dual nature
of many chemotherapeutic agents [42, 43]. While effectively
halting tumor growth, these drugs may simultaneously initiate
processes that promote recurrence, metastasis, and adverse
side effects [44-46]. At the heart of this paradox appears to
be the balance between direct cytotoxicity toward tumor cells
and the induction of senescence — both within the tumor and
in surrounding normal tissues [6, 45]. On one hand, therapy-
induced senescence in the tumor microenvironment can
support tumor cell survival by providing nutrients, promoting
angiogenesis, and facilitating metastatic spread [5, 6]. On the
other hand, senescence enforces a durable cell cycle arrest,
and SASP-derived inflammatory factors can recruit immune
cells, thereby enhancing immune-surveillance and potentially
promoting clearance of senescent tumor cells [47-49]. Therefore,
future in vitro and in vivo studies are needed to comprehensively
evaluate not only the cytotoxic potential of anticancer
agents but also their senogenic (senescence-inducing) and
immunogenic profiles. Such integrated assessments will be
crucial for optimizing therapeutic strategies that maximize tumor
suppression while minimizing pro-tumorigenic and systemic
side effects associated with therapy-induced senescence.

CONCLUSIONS

In this study, we demonstrated that all tested chemotherapeutic
agents — doxorubicin, cisplatin, bleomycin, and etoposide —
effectively induce senescence in primary dermal fibroblasts
isolated from C57BL/6 mice. This was confirmed by a
significant increase in the proportion of SA-B-Gal—-positive cells,
consistently observed using both chromogenic X-Gal staining
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Fig. 3. Comparative analysis of the Integrative Index of Senescence Induction
(I1S1), which reflects the cumulative effect of each inducer across the three
evaluated parameters: SA-B-Gal positivity, mitochondrial membrane potential
loss, and lysosomal hypertrophy. Doxo — doxorubicin; Cis — cisplatin; Bleo —
bleomycin; Eto — etoposide. Data are presented as Mean + SD, n = 8;
*—p<0.05 **—p<0.01,**—p<0.005

and the live-cell fluorogenic probe SPIDER-BGal. The most
pronounced effect was elicited by doxorubicin, which induced
a senescent phenotype in 87.5% of cells (as assessed by X-Gal
staining). Serum starvation also increased the fraction of cells
exhibiting senescence-like features, albeit to a considerably
lesser extent than the pharmacological inducers. Concurrently
with SA-B-Gal activation, we observed two hallmark features
of the senescent state: a reduction in mitochondrial membrane
potential and lysosomal hypertrophy. These alterations were
most prominent following treatment with doxorubicin and
etoposide. To enable a comprehensive comparison of the
senescence-inducing efficacy of the tested compounds,
we developed an Integrative Index of Senescence Induction
(I1S1), which combines three key parameters: the proportion
of senescent cells, mitochondrial status, and lysosomal
compartment integrity. According to this index, doxorubicin
exhibited the strongest overall capacity to induce senescence
across all evaluated metrics. These findings highlight substantial
differences among commonly used chemotherapeutic agents in
their ability to drive cellular senescence and identify doxorubicin
as the most potent inducer in this experimental model.

Given that the tested agents elicited distinct senescence-
associated phenotypes in fibroblasts, further investigation into their
immunogenic profiles is warranted. Indeed, the immunomodulatory
properties of chemotherapeutics — particularly their capacity to
shape the tumor microenvironment via SASP-mediated immune
cell recruitment or suppression — may be as therapeutically relevant
as their direct cytotoxic effects. Understanding these nuances is
essential for the rational design of immunologically informed cancer
treatment strategies that balance tumor control with the mitigation
of therapy-induced senescence-related complications.
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MORPHOLOGICAL, IMMUNOHISTOCHEMISTRY AND MOLECULAR ANALYSIS OF DIFFERENTIATED
HIGH-GRADE CARCINOMA

Makhachev DR B, Bulanov DV, Shovkhalov MM, Bekmurziev BZ, Geroev IA, Netsvetova AM, Zhusupova AR, Gubich DS, Manovski AM
Pirogov Russian National Research Medical University (Pirogov University), Moscow, Russia

High-grade non-anaplastic (HGFC-NA) thyroid tumors belong to a rare and aggressive category of neoplasms that occupy an intermediate position between
differentiated and anaplastic carcinomas. There are high mortality rate and limited standard treatment options, which usually include surgical tumor removal
with subsequent radioiodine treatment and levothyroxine suppression therapy. Targeted tyrosine kinase inhibitors are additionally considered in radioiodine-
resistant forms, but the efficacy of those is limited. A clinical case of differentiated high-grade thyroid carcinoma (DHGTC) in a 62-year-old female patient post
hemithyroidectomy is presented. Histological assessment, immunohistochemistry (TTF-1, PAX8, CK19, p53, Ki-67), and the key marker (TERT, TP53, BRAF)
molecular testing methods were used. The tumor size was 3.4 x 2.8 x 2.5 cm; the tumor showed pronounced architectonic heterogeneity, focal necrosis, high mitotic
activity — 8-10 mitoses per 10 fields of view at x400 (corresponding to > 5 per 2 mm2), and the Ki-67 proliferation index reached 35%. IHC was used to detect
the TTF-1 and PAX8 expression, mutational p53 pattern of expression, suggesting the TP53 mutation. Molecular testing revealed no alteration of the TERT and
BRAF genes. These characteristics made it possible to verify the diagnosis of DHGTC. A conclusion was drawn about the need for comprehensive morphological
and molecular diagnosis of HGFC-NA tumors, since the mitotic activity quantitative parameters, Ki-67, and TERT/TP53 status determine the prognosis and the
personalized therapy selection.
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MOP®OJIOMMYECKUH, VII\!IMYHOFVICTOXI/IMI/I‘-IECKVIVI I/IMMOJ'IEKYHFIPHbIVI AHAINS
ANOPEPEHLIMPOBAHHOW BbICOKO3/TOKAHYECTBEHHOU KAPLIMHOMBbI

0. P Maxades =, [1. B. bynaros, M. M. LLloBxanos, b. 3. Bexkmypanes, V. A. Tepoes, A. M. HeupeToBa, A. P. XKycynosa, [. C. [youd, A. M. MaHoBCKu
Poccuiickinin HaumoHanbHbI MccneaoBaTensCkmii yHmBepeuteT nmenn H. . Minporosa (Muporosekuin YHneepcuteT), Mocksa, Poccus

BbICOKO3M0OKa4eCTBEHHbIE HeaHamaCTUYECKME OMyXonu LUMTOBUAHON »enesbl (HGFC-NA) OTHOCSTCS K PefKOi 1 arpeCcCUBHOIN KaTeropum HOBOOOPAa30BaHWiA,
3aHVIMAIOLLIMX MPOMEXXYTOYHOE MONOXKeHNe Mexay ANddepeHUMPOBaHHbIMI 1 aHaMIacTUHECK MM KapLuyHoMamu. IMeloT MecTo BbiCOKasi CMEpPTHOCTb ©
OrpaHnyeHHble BOSMOXXHOCTW CTaHOAPTHOrO JleHeHVsl, KOTOpoe 0ObIMHO BKIKOHAET XMPYPrudeckoe yaaneHne onyxonm ¢ NocnenytoLLen pagroriogrepanven n
CYNPECCHBHOW Tepanuelt NeBOTUPOKCUHOM. Mpu paavonofpe3CTEHTHbLIX (hopMax JOMOMHUTENBHO PacCMaTPVBAIOT TapreTHbIe TUPO3UHKMHA3HbIE MHMMOUTOPI,
opHako 1x 3dEKTUBHOCTL OrpaHnyeHa. [lpeactaBneH KIMHNUYECKUA cryyar auddepeHUmMpoBaHHON BbICOKO3MoKa4ecTBeHHOM KkapuvHombl (DHGTC) y
nauneHTKy 62 neT, nepeHecLlen reMUTMPeonasKTOMUIO. Icnons30BaHbl METOABI TMCTONOMMHYECKOro aHanmaa, uMmyHornctoxuvmnm (TTF-1, PAX8, CK19, p53,
Ki-67) 1 MONeKynspHOro TeCTMPOBaHUS KNtodeBbix MapkepoB (TERT, TP53, BRAF). Onyxonb nMena pasmepbl 3,4 x 2,8 x 2,5 cM, IEMOHCTPUPOBana BbIPaXKEHHYHO
APXUTEKTOHNYECKYIO MrETEPOreHHOCTb, 04aroBblii HEKPO3, BbICOKYKO MUTOTUHECKYIO aKTUBHOCTL — 8—10 M1MTO30B Ha 10 noneit 3peHns npu x400 (HTO COOTBETCTBYET
> 5 Ha 2 MM?), a nHaekc nponmdepaumm Ki-67 nocturan 35%. C nomotupto VMX BeisiBneHa akcnpeccus TTF-1 1 PAX8, p53 ¢ MyTaLMOHHBIM TUMOM 3KCIPECccum,
YTO ykasblBaeT Ha MyTauuo TP53. MonekynsipHoe MCCnefoBaHMe He NoKasaso U3MeHeHUst B reHax TERT 1 BRAF. 3T npusHaky no3sonmnnm BepudunLmposaTb
nvarHod DHGTC. CpenaH BblBOf, O HEOOXOAMMOCTM KOMMNEKCHON MOpdo-MosnekynsipHol auarHocTukn HGFC-NA, NocKombKy KONMYeCTBEHHbIE NapameTpbl
MUTOTUHECKOM akTUBHOCTW, Ki-67 1 ctatyc TERT/TP53 onpenensitoT NporHo3 v BbIGOP NepCcoHanM3poBaHHOM Tepaniun.

KniouyeBble cnoBa: pak LLMTOBMAHON »enesbl, BbICOKO3M10Ka4eCTBEHHbIE HeaHannacTudeckme onyxonn, DHGTC, PDTC, Ki-67, TERT, TP53
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In recent years, the high-grade follicular cell-derived non-anaplastic
(HGFC-NA) thyroid carcinomas attract attention of experts
in endocrine disorders. According to the WHO classification
(2022), this group is classified as a separate category combining
aggressive neoplasms with the thyroid differentiation, high mitotic
activity, necrotic foci, and poor prognosis. HGFC-NA tumors

occupy an intermediate position between differentiated and
anaplastic carcinomas [1].

Two subtypes are distinguished in the structure of HGFC-
NA tumors: poorly differentiated thyroid carcinoma (PDTC)
and differentiated high-grade thyroid carcinoma (DHGTC).
The PDTC diagnostic criteria fixed in the Turin Proposal (2006)
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Fig. 1. Poorly differentiated thyroid carcinoma (PDTC) based on the Turin Proposal criteria. Solid/insular growth pattern with thin fibrovascular septa, highly dense small
monomorphic cells with high nuclear/cytoplasmic ratio; no nuclear features typical for papillary thyroid carcinoma (H&E, X200 magnification)

include solid, trabecular or insular growth pattern, absence of
nuclear features of papillary carcinoma, and = 3 mitoses per
2 mm? or necrotic foci [2] (Fig. 1).

It is important to distinguish the HGFC-NA tumors to clarify
the diagnosis and choose the tactics that also includes targeted
approaches. These tumors reflect a transitional biological range
and require the comprehensive assessment of morphological,
immunohistochemical, and molecular features. The HGFC-
NA tumors are characterized by solid, trabecular, follicular,
and sclerosing structures accompanied by cellular atypia, high
Ki-67 index (> 20-30%), and the signs of neoangiogenesis [3-5].

Mutations in the TERT promoter, TP53 n BRAF are
considered to be the key molecular alterations. These are
associated with the poor prognosis, radioiodine-resistance,
and metastasis. DHGTC can have any morphological structure,
including papillary or follicular, but it is diagnosed with > 5
mitoses per 2 mm? and/or necrosis, regardless of differentiation
6, 7].

A clinical case of DHGTC with morphological assessment,
immunohistochemistry, and molecular testing is provided below.

Clinical case

The female patient K. aged 62 years presented with complaints
of the neck enlargement, moderate difficulty swallowing and
hoarseness escalating within six months. She had a history of
hyperthyroidism during therapy with antithyroid drugs and stage
Il hypertension. The patient had no family history of cancer.
Examination revealed a dense mass sized up to 3.5 cm in the
right lobe of the thyroid gland, which moved when swallowing.

Instrumental methods

Ultrasonography revealed a hypoechoic nodule sized 3.5 x 2.8 cm
with uneven contours, hypervascularization, and microcalcifications.
The mass TI-RADS score was 5. CT of the neck revealed no
invasion of the surrounding tissues and regional lymph nodes.
The fine-needle aspiration biopsy was classified as Bethesda V
(“suspect for malignancy”).

Surgical treatment

The right-sided hemithyroidectomy was performed. There were
no complications in the postoperative period.
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Macroscopic examination

The tumor had a grey-white color, irregular lobular pattern, foci
of necrosis and microcalcifications. Tumor size: 3.4 x 2.8 x 2.5 cm.
The section showed alternating solid zones and areas of
coagulative necrosis.

Microscopic examination

The tumor showed pronounced architectonic heterogeneity:
solid, trabecular, and pseudofollicular structures surrounded
by thin fibrous septa. Cell nuclei were hyperchromic, round-
oval, with moderate atypia and clearly visible nucleoli.
Mitotic activity was high: 8-10 mitoses per 10 fields of
view at x400, which was above the diagnostic threshold
for DHGTC. Furthermore, foci of coagulative necrosis and
microvascular proliferation with signs of vascular invasion
were revealed. There were no typical nuclear features of
papillary carcinoma.

To demonstrate the differential diagnosis features, an
example of anaplastic thyroid carcinoma (ATC) is provided.
ATC can resemble high-grade tumors in terms of morphology,
but it is distinguished by higher cellular pleomorphism, the
presence of giant multinucleated cells, and a larger number of
atypical mitoses (Fig. 2).

The combination of features identified is in this case
typical for the solid/trabecular and pseudofollicular structure
(Fig. 3A); foci of necrosis and high mitotic activity (Fig. 3B)
make it possible to classify the tumor as a highly probable
differentiated high-grade follicular thyroid carcinoma
(DHGTC) belonging to the HGFC-NA group. Final verification
required the use of additional histological assessment,
extended immunohistochemistry (TTF-1, PAX8, CK19, p53,
Ki-67), and molecular testing methods. The latter included
assessment of mutations in the genes TERT, TP53, and
BRAF using the NGS-panel method with confirmation by
Sanger sequencing.

Immunohistochemistry analysis

Tumor cells expressed TTF-1 and PAX8, which confirmed
their origin in follicular cells. The Ki-67 index reached 35%.
Galectin-3 expression and focal HBME-reaction were reported;
no calcitonin and thyroglobulin were detected.
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Fig. 2. Spindle cell variant of anaplastic thyroid carcinoma (ATC). A. Dense, multidirectional bundles of spindle cells with the pronounced nuclear pleiomorphism,
coarsely granular chromatin (H&E, x100 magnification). B. High cellularuty, multiple atypical mitoses, sporadic multinucleated tumor cells (H&E, x400 magnification)

Molecular testing

The TP53 mutation with the mutational p53 expression pattern
was identified in the tumor, while no TERT and BRAF V600E
mutations were reported. The profile in combination with
morphology and immunohistochemistry assessment confirmed
the diagnosis of DHGTC belonging to the HGFC-NA group.

Clinical case discussion

The HGFC-NA tumors represent a recently distinguished
category showing high diagnostic complexity. These occupy
an intermediate position between differentiated and anaplastic
carcinomas combining thyroid differentiation with aggressive
biological behavior [8, 9].

The pronounced architectonic heterogeneity is the
key feature of HGFC-NA tumors. Solid, trabecular,
pseudofollicular, and sclerosing structures can be combined
in the same tumor, which hampers the diagnosis, especially
in small biopsies [10]. According to the WHO classification
(2022), the decisive criteria are the presence of > 5 mitoses
per 2 mm?, focal necrosis, and Ki-67 index > 20% with the
preserved thyroid differentiation. In the case provided, the
Ki-67 index reached 35%, and the TP53 mutation identified
suggested poor prognosis [11].

From a molecular perspective, HGFC-NA tumors are
characterized by genomic instability. The most significant are
mutations in the TERT promoter (35-40% of cases) associated
with radioiodine resistance, TP53 alterations (20-25%)
reflecting genomic instability, and the less frequent BRAF

V600E mutations that are found mainly in DHGTC, which can
determine sensitivity to the MAPK cascade inhibitors [12].

In this case, molecular testing revealed the TP53 mutation,
the presence of which confirmed poor prognosis, while there
were no TERT and BRAF V600OE mutations. These findings
are consistent with the literature data emphasizing that the
presence of the combination of TERT and TP53 mutations
significantly worsens the prognosis, and an isolated TP53
mutation also reflects high genomic instability. A negative test
for BRAF precludes the possibility of using the MAPK cascade
inhibitors, which emphasizes the need to search for other
therapeutic targets.

For clinical practice it is important to distinguish PDTC and
DHGTC, since the diagnostic criteria of those partially overlap.
Comparative analysis of morphological, immunohistochemical,
and molecular features is provided in Table 1.

From the prognostic point of view, the HGFC-NA tumors
are characterized by aggressive course: the five-year survival
rate is only 40-60%, it decreases considerably when there are
TERT and TP53 mutations. The main risk factors are high Ki-67
levels (>20-30%), micro- and macrovascular invasion, tumor
extent at the time of diagnosis. Early detection of these features
is of fundamental importance for personalized treatment
selection, including targeted drugs, and patient enroliment in
clinical trials [13-15].

A practical algorithm to diagnose PDTC and DHGTC can
be presented as follows:

1. Morphological analysis: detection of the architectonic
heterogeneity, necrosis, and mitotic activity.

2. Quantitative criteria: the number of mitoses > 3 per 2 mm?
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Fig. 3. Differentiated high-grade thyroid carcinoma (DHGTC). A. Solid/trabecular and alveolar areas with the zone of comedo/geographical necrosis (H&E, x100
magnification). B. Pronounced increase in cytological atypia and proliferation; frequent mitoses (= 5 per 2 mm? when counted in the fields with the highest activity)

(H&E, x400 magnification)

suggests PDTC, the number of mitoses > 5 suggests
DHGTC.

3. Immunohistochemistry analysis: determination of the
Ki-67, pb3, TTF-1, PAX8 expression. The high Ki-67 index
(>20-30%) and mutational p53 pattern are the signs of high
tumor grade.

4. Molecular testing: determination of the TERT, TP53,
BRAF mutations. The combination of those determines the
prognosis and the targeted therapy options.

5. Data integration: the final classification is based on the
combination of morphology, quantitative characteristics, and
molecular profile.

Targeted therapy prospects

Identification of the BRAF V600E mutations opens the
prospects for the use of MAPK cascade inhibitors (dabrafenib,
trametinib). The use of appropriate targeted agents can
be considered when the PIBK/AKT/mTOR pathway is
activated. Participation in clinical trials of new drugs remains
a promising area for patients with the combination of TERT
and TP53 mutations. Thus, the HGFC-NA tumor molecular
profiling is not only of prognostic, but also of therapeutic
value, since it allows one to select personalized treatment
strategies.

Table. Comparison of morphological, immunohistochemical, and molecular features of poorly differentiated (PDTC) and differentiated high-grade tyroid carcinoma (DHGTC)

Criterion

PDTC

DHGTC

Architecture

Solid, trabecular, insular

Any: papillary, follicular, solid, etc.

Nuclear features of papillary carcinoma Absent

May be present

Mitotic activity > 3 mitoses per 2 mm?

> 5 mitoses per 2 mm?

Necrosis

Present (one of the diagnostic criteria)

May be present, strengthens the diagnosis

Turin Proposal criteria (2006)

Essential for making the diagnosis

Not used

Rate of TERT/TP53 mutations

May be present, more often TERT

Often TERT, TP53, sometimes BRAF

Ki-67 Frequently >10-20%

Usually >20%, often >30-40%

Prognosis

Poor, but slightly better, than for DHGTC

Poor, especially when there are TERT- and
TP53- mutations

Is ruled out when there are

Nuclear features of papillary carcinoma

No clear exclusive features
(quantitative criteria only)

BECTHVK PIMY | 5, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.042




CLINICAL CASE | ENDOCRINOLOGY

CONCLUSION

High-grade non-anaplastic (HGFC-NA) thyroid tumors represent
a rare and clinically significant category requiring a specific
diagnostic approach. The case of differentiated high-grade
carcinoma (DHGTC) provided showed the features typical for this
group: morphological heterogeneity, focal necrosis, high mitotic
activity, and the Ki-67 index above 30%, as well as the mutational
P53 expression pattern with no TERT and BRAF alterations. The
combination of morphological, immunohistochemichal, and
molecular data made it possible to confirm the diagnosis and
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REVIVAL OF RADIOIMMUNOASSAY FOR DETERMINATION OF INSULIN AUTOANTIBODIES
Timofeev AV'E, Galimov RR!, Kolesnikova EA', Artyuhov AS', Skoblov YuS?, Taktarov SV?
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Insulin autoantibodies (IAA) represent the major serological marker of type 1 diabetes mellitus (T1D), the disease resulting from autoimmune damage to f-cells in
the pancreatic islets. Testing for IAA is used in early and differential diagnosis of T1D, as well as to perform screening for this disorder. The best foreign diagnostic
labs perform IAA tests using different radioimmunoassay (RIA) formats. The RIA performance characteristics, i. e. diagnostic sensitivity (DSe), diagnostic specificity
(DSp), and diagnostic accuracy (DA), are on average equal to 44%, 100%, and 81%, respectively. Unfortunately, in Russia RIA has not been used to determine IAA
for a long time. All Russian labs use the enzyme-linked immunoassay (ELISA)-based test systems for this purpose. DSe, DSp, and DA of ELISA systems are on
average 24%, 87%, and 62%, respectively, i.e. considerably lower compared to RIA systems. Our study aimed to reproduce IAA RIA in the diagnostic lab of the
RCCH. The method is based on IAA competitive binding to insulin and '*I-labeled insulin. Serum samples from patients with new onset T1D and patients without
diabetes were tested for IAA. DSe, DSp, and DA were 43%, 100%, and 73%, respectively. Thus, performance characteristics of the reproduced IAA RIA are close
to those of RIAs used in foreign labs and are significantly superior to the characteristics of ELISA-based tests.
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PEAHNUMAUNA PAODMOMMMYHOJIOTMHYECKOIO METOOA OMNPEAENEHNA AYTOAHTUTEN K UHCYJTUHY
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" Poceuinckas petckas knnHudeckas 6oneHnua (POKB) — dunmnan Poccuitckoro HaumoHaneHoro NCCIeR0BaTENsCKOro MEAULIMHCKOIO YHUBEPCUTETA UMEHN
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2 IHcTuTyT BroopraHndeckorn xummm umexn M. M. LLiemskuHa u tO. A. OBumHHMKOBa, Mocksa, Poccust

3 Poccuiickuii yHMBepcuTeT MeanumHbl MyHMCTepCTBa 3apaBooxpaHeHinst Poccuinckon ®epepaum, Mocksa, Poccust

AyToaHTUTEna K MHCYnnHy (insulin autoantibodies, 1AA) — oauH 13 rNaBHbIX CEPONOMMHECKIX MapKepoB caxapHoro anabeta 1-ro tuna (CA1) — 3abonesaHus,
06YCNOBNEHHOMO ayTOVMMYHHbIM Pa3pyLUEHVEM B-KNETOK B OCTPOBKAX MOMKENYA0HHON >xenesbl. TeCTMpoBaHmie Ha IAA MCMonb3ytoT B paHHel 1 anddepeHLiaisHom
avarHocTvke CO1 v npy CKpYHWHIE Ha 3TO 3abonesanue. Jlydmne 3apybexHble KNMHMKO-AvarHocTudeckme nadopatopun (KAJ) tectrpytot IAA ¢ NOMOLLBIO
pasHbIX BapuaHToB paanonMMyHonorndeckoro aHanmaa (PUA). OnepalpoHHbie napameTtpbl PUA — amarHocTideckas 4yBcTBMTeNbHOCTL ([4), anarHocTdeckas
cneundmnyHocTb (AC) 1 ararHocTudeckast TOYHOCTb (LT) — B cpeaHeM COCTaBAsOT, COOTBETCTBEHHO, 44%, 100% 1 81%. K coxaneHnto, B Poccun PUA yxe
[aBHO He MpuMeHsioT Ana onpenenenns IAA. Bee poccuiickme KT ¢ 3Ton Lienblo MCnonb3ytoT TECT-CUCTEMbI, OCHOBaHHbIE Ha UMMYHO(EPMEHTHOM aHanm3e
(NDA). Y atux TecT-cuctem A4, AC v AT B cpeaHemM COCTaBMSOT, COOTBETCTBEHHO, 24%, 87% 1 62%, T. €. CYLLECTBEHHO HIXe, YeM Yy TecT-cuctem PUIA.
Llenbto Hawern paboTbl 610 Bocnponssectn Metog, PUA I1AA B KT POKB. MeTon ocHOBaH Ha KOHKYPEHTHOM CBs3biBaHUM IAA C MHCYMHOM U UHCYIMHOM,
MedeHHbIM %], TecTupoBanu IAA B o6pasLiax CbIBOPOTOK MaLWeHTOB C BrepBble BbisBneHHbIM CO1 v naumeHToB 6e3 atoro 3abonesanus. A4, OC v OT
COCTaBW/M, COOTBETCTBEHHO, 43%, 100% 1 73%. Takm 06pa3oMm, onepaLioHHble napaMeTpbl BOCNPOM3BEAEHHOro Hamn MeTofa PUIA IAA npubnmxatoTes K
napameTtpam MeTofoB PVIA, npuMeHsiemMblx B 3apybexxkHbix KJT, 1 cyllecTBeHHO npeBocxoaaT napameTpbl metoaa DA,
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Type 1 diabetes mellitus (T1D) results from the autoimmune
damage to B-cells in the pancreatic islets. Destruction of $-cells
leads to insulin deficiency and, consequently, to hyperglycemia and
other severe metabolic disorders. All T1D patients need lifelong
insulin therapy. T1D affects mostly children and adolescents.
There is a hereditary risk of T1D: close relatives of patients have
approximately 40 times higher risk of the disease [1].

T1D is characterized by latent preclinical stage (PS),
in which the gradual B-cell destruction takes place [2]. PS
lasts months to years and ends when the population of
B-cells is reduced by 70-80%. At this moment absolute
insulin deficiency, hyperglycemia, and its symptoms emerge:
the T1D onset occurs and the clinical stage of the disease
begins. Approximately 50% of patients develop an acute T1D
complication at the onset: diabetic ketoacidosis leading to
severe neurocognitive disorders and eventually to death. The
delayed insulin prescription is the main cause of ketoacidosis.

The idea that T1D is an autoimmune disease had erased by
early 1980s. By that time it had been shown that the majority
of T1D patients carry serum autoantibodies (autoAB) binding
islet cell structures on the cryostat sections of the pancreas [3].
Such autoAb were named islet cell antibodies (ICA). It was
clear that ICA bind to some cytoplasmic antigens of B-cells,
the potential autoimmune response targets. The most likely
candidate for such antigens seemed to be insulin, the main
product of B-cells. This hypothesis was confirmed in 1983 by
the group of the US researchers led by Jerry Palmer [4]. Palmer
and his colleagues found IAA in patients with the new-onset
T1D never treated by insulin, and in some healthy relatives of
T1D patients by RIA.

Later, autoABs against other $-cell antigens were discovered,
specifically the glutamic acid decarboxylase antibodies (GADA),
islet antigen-2 antibodies (IA-2A), and zinc transporter 8
antibodies (ZnT8A) [5]. AutoABs do not play any essential role
in destruction of B-cells, but serve its highly specific laboratory
markers.

Testing for autoABs is used for:

— early diagnosis of T1D in the PS;

— confirmation of the T1D diagnosis when the clinical picture
is confusing;

— differential diagnosis between T1D and other DM types
and variants;

— screening for the T1D PS in persons at risk (for example,
among the first-degree relatives) and in the population.

The latter task is of special importance for two reasons.
First, the detection of the B-cell destruction markers suggests
high probability of T1D onset and allows the patients and their
parents to get ready. It also allows physicians to timely prescribe
insulin therapy and prevent ketoacidosis and its sequelae.
Second, screening reveals the patients having indications for
drug prevention of T1D involving the use of the drug suppressing
the anti-B-cell immune response, for example teplizumab [6].

Table 1. Operational parameters of various IAA tests based on the IASP data [7]
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The screening programs have been conducted for many years
in European countries, the USA, Canada, Australia, and Israel
[7], and in the end of 2024 such a program was launched in
Russia, in the Endocrinology Research Center [8]. The tests for
autoABs represent the main screening tool, and the central place
is occupied by the test for IAA, since this autoAB emerges as
early as in the beginning of the PS and serves as the earliest
indicator of the anti--cell immune response [9].

Various methods are used for IAA testing in different
labs. The most common ones are RIA, LIPS (Luciferase
Immunoprecipitation System) assay; electrochemiluminescence
(ECL) analysis; ELISA and CLIA (chemiluminescent immunoassay).
Performance characteristics of these methods, diagnostic
sensitivity (DSe), diagnostic specificity (DSp), and diagnostic
accuracy (DA), differ considerably. Comparative assessment
of different IAA tests is periodically conducted as part of the
international Islet Autoantibody Standardization Program
(IASP) [10]. The participating labs receive the sets of sera from
patients with new-onset T1D and from healthy blood donors;
each lab performs testing of all sera for IAA by its own method.
The results of two IASP rounds conducted in 2018 and 2020
are provided in Table 1.

As can be seen, RIA yields the best DSe and DSp, along
with the maximum DA; LIPS assay ranks second in DA, ELISA
ranks fourth, and CLIA shows no DA (AUC < 0.5). The ELISA
and CLIA unsatisfactory characteristics are explained by the
fact that in these methods an antigen (insulin) is absorbed on
the solid phase (plastic or magnetic particles), which leads
to disruption of its conformation and shielding of antigenic
determinants.

Unfortunately, absolutely all Russian labs use the
commercially available ELISA systems for IAA testing. The
operating parameters of those are even worse than that of
ELISA systems represented in the IASP. For example, in the
widely used Orgentec Anti-Insulin kit (Orgentec Diagnostika
GmbH, REF ORG520, Germany) DSe = 4%, DSp = 95.6%,
DA = 50%, i.e. its results are of no clinical significance [11].
Recently, the Maglumi IAA CLIA system (Shenzhen New
Industries Biomedical Engineering Co., Ltd; China) became
available on the Russian market, but the system user manual
contains no data on its performance characteristics [12].

Thus, in our country there is a need to develop and introduce
reliable, informative test system for IAA determination. In this
regard, the Russian Children's Clinical Hospital diagnostic lab
attempted to reproduce classical RIA IAA.

METHODS
Study overview

Serum samples from the patients with the maximum and
minimum likelihood of being IAA carriers, i.e. patients with

DSe, % DSp, % AUC DA, %
Method Neo
Me IQR Me IQR Me IQR Me IQR
RIA 44.0 20-56 100.0 99-100 0.811 0.73-0.835 81.1 73-83.5 13
LIPS 46.0 40-51 98.9 97-99 0.804 0.784-0.842 80.4 78.4-84.2 11
ECL 53.0 16-58 97.2 92-99 0.774 0.606-0.824 77.4 60.6-82.4 10
ELISA* 24.0 24-30 87.3 83-90 0.624 0.616-0.629 62.4 61.6-62.9 6
CLIA 11.0 9-14 66.1 56-76 0.254 0.243-0.265 25.4 24.3-26.5 2

Note: AUC — area under receiver operating curve; N, — number of participating labs; Me — median; IQR — interquartile range.” — all labs used home-made test

systems (commercially available systems were not used).
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Fig. 1. RIA IAA procedure 1. Serum samples (75 pL) were poured into two series of 1.7 mL Eppendorf conical tubes (Costar 3207, Corning). A total of 75 pL
of the 0.23M incubation buffer solution (IBS), pH 7.4 with the following composition were added to each A series tube: NaH,PO, (Sigma-Aldrich, REF S-0751)
0.014M; Na,HPO, (Panreac, REF 141677) 0.067M; NaCl (Sigma-Aldrich, REF S-9625) 0.15M; bovine serum albumin (CDH, REF TC1546) 0.05%; Twin-20
(Panreac, REF 162312) 0.05%. A total of 75 pL of the IBS with the recombinant human insulin (Insulin Reference Standard, Eli Lilly, USA) at a concentration of
9 x 10 U/mL were added to each B series tube. 2. Test tubes of both series were vortexed with a vortex mixer and incubated for 30 min on the Ha ELMI-ST3
orbital shaker (EImi, Latvia) with the platform rotation speed 250 rpm at room temperature. IAA bound to insulin during incubation. 3. A total of 100 pL of IBS
with the recombinant human insulin labeled with the %I ('?I-insulin) at a concentration of 7.5 x 10-° U/mL were added to each tube of both series. Furthermore,
100 pL of IBS with the '#5I-insulin were added to each of two tubes to calculate total radioactivity. The '?I-insulin preparation was produced in the Institute of
Bioorganic Chemistry by monoiodination of insulin based on tyrosine A14 using chloramine-T as an oxidizing agent, purified by gel filtration of the column with
Sephadex G-15. lodination involved the use of sodium iodide ('?°l) ISOTOPE, RF). Finally, we obtained a stabilized '?°l-insulin preparation with the following
radiochemical charateristics: total activity — 352 kBq, specific activity — 58 TBa/mmol, radiochemical purity — 92%. 4. All the test tubes were sealed and
incubated for 7 days in a refrigerator at +4 °C. During incubation the serum IAA bound to insulin and '?l-insulin, and the equilibrium between IAA binding with
the labeled and non-labeled ligands established. 5. A total of 500 pL of the buffer solution (pH 8.6) containing polyethyleneglycol (BS-PEG) with the following
composition added to all tubes, except those for total activity calculation : Tris 0.05M (Sigma-Aldrich REF 7-9 Tris base T13,78); PEG-8000 (Polyethylenglycol
8000 BioChemica AppliChem REF A2204.0500) 14%. BS-PEG was previously cooled to 0 °C. 6, 7. The tubes were vortexed with a vortex mixer and centriguged
in the Beckman G-2-21 centrifuge at 2000 g for 30 min at +4 °C. The supernatant was removed with an aspirator. As a result, a precipitate was obtained
containing the IAA complexes with the labeled and unlabeled insulin, as well as IAA that did not bind to insulin. 8, 9. A total of 1000 pL of BS-PEG with the 11%
PEG-8000 previously cooled to 0 °C were added to all tubes, except those for TR calculation. The tubes were vortexed with a vortex mixer and centriguged in
the Beckman G-2-21 centrifuge at 2000 g for 30 min at +4 °C. The supernatant was removed with an aspirator. As a result, a precipitate was obtained containing
the IAA complexes with the labeled and unlabeled insulin. 10. Radioactivity was measured in all the tubes (including those for total activity calculation) with the
Wizard y-spectrometer (PerkinElmer, USA) at a measuring time of 1 min

new-onset T1D (T1D group) and patients having no such
disorder (group C, control), were tested for IAA. The study was
conducted in January—February 2024 in the Russian Children's
Clinical Hospital and Institute of Bioorganic Chemistry.

IAA testing method

Competitive radioimmunoassay (RIA) by J.Palmer, et al. was
reproduced [4]. The details of the RIA procedures are provided
in Fig. 1.
Description of patient groups

Calculation of IAA concentration
T1D group (n = 21)

M:F=8:13 (38% : 62%); age 1.1-17.9 years (median age
10.1 years, 95% confidence interval for the median 4.2-12.1 years).

Inclusion criteria: age 0-18 years; diagnosis “type 1
diabetes mellitus, new-onset” (ICD-10 E10.1 or E10.9);
T1D duration from the date of the diagnosis to the date of
blood sample collection < 3 months; presence of at least two
autoAB types out of the following: ICA, GADA, IA-2A, ZnT8A.

Group C (n=19)

M:F=12:7 (63% : 37%); age 2.5-46.9 years (median age
13.3 years, 95% confidence interval for the median 10.2-16.6
years).

Inclusion criteria for the group: any age, any sex; the patient
is generally healthy (ICD-10 Z00) or diagnosed with one of the
follwing: type 2 diabetes mellitus (ICD-10 E11), other specified
diabetes mellitus forms, including various monogenic DM
forms (ICD-10 E13, E13.9), obesity (ICD-10 E66), unspecified
DM (ICD-10 E14, E14.9), Cushing syndrome (ICD-10 E24),
pituitary-dependent Cushing's disease (ICD-10 E24.0), Turner
syndrome (ICD-10 Q96); patient was never diagnosed with
T1D; patient never received insulin injections; no GADA, IA-2A,
ZNnT8A in the patient’s serum.

Stages of calculating the IAA concentration:

— for each serum sample radioactivity (RA), counts per
minute (cpm) was registered in the test tube without unlabeled
insulin (RAA) and in the tube with unlabeled insulin (RAy);

—an average total RA (TRA) for two test tubes was calculated.
It was equal to 5000 cpm;

— for each serum sample the '®l-insulin binding percent
(BP) in the test tube without unlabeled insulin (BP,) and in
the tube with unlabeled insulin (BP,) was calculated using the
formulas: BP, = RA, : TR, and BP, = RA; : TR,;

—for each serum sample the difference between the binding
percentage values (D, delta) was calculated: D = BP,—BP;

— for each serum sample the IAA concentration (C,,,) was
calculated:

G, = (D x 10,000 : 100 (NU/mL).

Methods for statistical processing of the results
and calculation of the test performance characteristics

To detect outliers in the T1D group and group C, the left-tailed and
right-tailed Grubbs’s tests were used, respectively. The method by

BULLETIN OF RSMU | 5, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.049



Table 2. Results of measuring C,,, in serum samples

OPUIMMHAJIBHOE NCCJIEQOBAHUNE | SHOOKPUHOJIONA

T1D group Group C
Ne Patient Ne Patient
CIAA, nU/mL CIAA, nU/mL
Sex Age Diagnosis (ICD-10) Sex Age Diagnosis (ICD-10)
1 m 7.9 n-oT1D (E10.1) 29 22 m 42.0 Healthy (Z00) 6
2 f 14.0 n-oT1D (E10.1) 11 23 m 46.9 MGD MODY2 (E13) 37
3 10.1 n-oT1D (E10.1) 102 24 m 40.9 T2D (E11) 15
4 4.0 n-oT1D (E10.1) 17 25 m 155 T2D (E11) 6
5 f 12.3 n-oT1D (E10.1) 471 26 m 7.6 Healthy (Z00) 24
6 f 3.0 n-oT1D (E10.1) 20 27 f 7.0 Healthy (Z00) 10
7 f 5.2 n-oT1D (E10.1) 24 28 f 10.6 T2D (E11) 172
8 m 13.7 n-oT1D (E10.1) 164 29 f 27.7 UDM (E14) 24
9 f 12.2 n-oT1D (E10.1) 17 30 m 15.4 Healthy (Z00) 29
10 f 4.1 n-oT1D (E10.1) 193 31 f 15.1 T2D (E11. E66) 33
11 m 11.0 n-oT1D (E10.1) 58 32 m 11.8 Healthy (Z00) 12
12 m 13.8 n-oT1D (E10.1) 25 33 m 16.8 UDM (E14) 15
13 m 12.0 n-oT1D (E10.1) 1 34 m 2.5 DMster (E13.9) 17
14 f 11.3 n-oT1D (E10.1) 19 35 f 16.5 T2D (E11. Q96.3) 22
15 f 3.4 n-oT1D (E10.1) 16 36 f 13.3 Obesity(E66) 9
16 f 1.7 n-oT1D (E10.1) 4 37 m 2.8 DMster (E13.9) 20
17 f 8.0 n-oT1D (E10.1) 21 38 m 10.6 DMster (E13.9) 45
18 m 2.6 n-oT1D (E10.1) 256 39 m 8.8 Healthy (Z00) 14
19 f 17.9 n-oT1D (E10.1) 1047 40 f 12.8 T2D (E11. E24.0) 31
20 f 4.2 n-oT1D (E10.1) 83
21 f 1.1 n-oT1D (E10.1) 73

Note: No — ordinal number of the serum sample; NOT1D — new-onset type 1 diabetes mellitus; MGD MODY2 — monogenic diabetes mellitus, MODY?2 variant (mutation
in the hexokinase gene); T2D — type 2 diabetes mellitus; UDM — diabetes mellitus unspecified; DMster — diabetes mellitus caused by taking glucocorticosteroids.

The result classified as an outlier is highlighted in red

Delong et al. was used to plot the operating characteristic curve
[13], and the T1D prevalence was considered to be 0.123%
[14]. DSe, DSp, and DA were calculated based on the AUC. The
MedCalc medical statistical software was used for calculations [15].

RESULTS

The C,,, measurement results are provided in Table 2.

One result (of the serum sample No. 28) was classified as
an outlier. Thus, statistical analysis included the results of C,,
measurement in 21 serum samples of the T1D group and 18
serum samples of group C. In the T1D group, the C ,, values
varied between 1 and 1047 nU/mL, in group C these varied
between 6 and 45 nU/mL. When plotting the test operating
characteristic curve, the MedCalc software automatically
selected the C,, value exceeding 45 nU/mL as a test
positivity criterion (presence of IAA in the serum sample). DSe,
DSp, and DA of the test calculated based on the AUC using the
above criterion were 42.9%, 100%, and 72.8% with the 95%
confidence intervals 21.8-66%, 81.5-100%, and 56.1-85.7%,
respectively (Fig. 2).

DISCUSSION

According to IASP data, the median DSe, DSp, and DA of
various RIA IAA methods are 44%, 100%, and 81.1 respectively
(Table 1). DSe of our method (42.9%) is very close to the median
DSe of the IASP RIA, and DSp matches the median IASP DSp,
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but does not fall into its interquartile range. However, DA of our
method (72.8%) turned out to be significantly lower compared
to the IASP RIA DA and did not fall into its interquartile range.

We explain discrepancy between the result of our RIA
method and the RIA results obtained in other IASP labs (the
lower DA of our method) by two factors:

— very small number of individuals in both groups;

— the incubation buffer solution (IBS) used by J. Palmer, et
al. [4] contained bovine y-globulin in a concentration of 0.025%
that blocked nonspecific insulin binding with the non-1AA
immunoglobulins in the serum samples. There was no such
reagent in our IBS.

[t should be noted that the performance characteristics of
our IAA testing methods turned out to be better than that of
the ELISA and CLIA methods represented in IASP, and were
significantly superior to performance characteristics of the
abovementioned Orgentec Anti-Insulin test system popular in
Russian labs.

CONCLUSIONS

Ultimately, we regard our results as successful, since the
performance characteristics of our method turned out to
be much better than that of the ELISA and CLIA methods.
We believe that after appropriate adjustment our RIA IAA test
can be used for scientific purposes and in clinical practice.
Unfortunately, it is currently impossible to use this method in
the diagnostic lab of the Russian Children's Clinical Hospital
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Fig. 2. Receiver Operating Curve of the IAA test. Dashed curve — the line bounding the AUC of 0.5. Solid curve — the test receiver operating characteristic curve.

Dotted curves — borders of the 95% confidence interval (95%Cl

AUC)

the lack of difference between AUC 0.5 and AUC of the test

due to two factors: lack of the gamma counter; lack of facilities
for radionuclide handling licensed by Rospotrebnadzor and
Roszdravnadzor. However, we hope that over time we will
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In recent decades, scientific research on tumor-associated epilepsy has increasingly focused on the study of the biochemical and molecular mechanisms of the brain
tumor and peritumoral tissues, opening up new and unprecedented perspectives in understanding the glioma-associated epilepsy pathogenesis and treatment.
Evidence suggests that neurons play a central role in tumor growth and cancer cells, in turn, can reconfigure the nervous system and its functions. Extracellular
glutamate levels in the tissue around the glioma are up to 100 times higher than those in the healthy brain, as detected. At the same time, the available data
support the idea that the excitatory neurotransmitter glutamate is the most significant mediator of the seizures related to glioma. The article reports some aspects
of the cerebral glioma pathogenesis. The authors believe that modern antiepileptic drugs can affect the neoplastic process course. A number of antiepileptic drugs
having the antitumor potential are presented.
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MEPCMNEKTUBbI MOUCKA NMATOMEHETUYECKW OBOCHOBAHHOW TEPANWUW 3MUNENCUN,
ACCOLIMMPOBAHHOW C IMMOMOW rOJIOBHOIO MO3rA

T. W. Awxauasa', B. A. KanuHnH2ES, A, B. AkyHuHa?, W, E. MNMosepeHHoBa?

T depepanbHbIi LEHTP MO3ra 1 HeipoTexHonorui, Mocksa, Poccust
2 CamMapCKuii rocyIapCTBEHHbIN MeAVUMHCKUMIA yHBepcuTeT, Camapa, Poccuist

B nocnenHune oecatuneTus HayqHble UCCNEA0BaHNS rMasibHbIX OryXONei roNoOBHOrO Mo3ra B 60/bLLER CTENEHN COCPENOTOYEHb! Ha U3YHEHM OUOXUMUHECKIIX 1
MONEKYNSAPHBIX MEXaHN3MOB Kak B Camoli OMyxoneBow, Tak 1 B MePUTYMOPaSTbHON TKaHW, YTO OTKPbIBAeT HOBbIe 1 HecnpeLieleHTHble NepCrneKTBbI B MOHUMaHNN
natoreHesa v Tepanuv anuaencum, acCoLMMpPoBaHHOM C rmMMoMamin. [JaHHble CBUAETENbCTBYIOT O TOM, YTO HEMPOHbI UrpatoT LeHTPalbHYlO POSib B POCTE
ONyXonu 1, B CBOKO O4EPEfb, PAKOBbIE KIIETKM MOIYT U3MEHATb KOH(UIypaLmio HEPBHOM CUCTEMbI 1 ee (DYHKLMIA. B TKaHn, OKpy»KatoLLEeln oMy, BbISBAAIOTCA
YPOBHW BHEKNETOYHOrO ryTamata Ao 100 pas Bbille, HYeM B 300POBOM MO3re. B To xe Bpems CyLLeCTBYytOLLME AaHHbIe MOATBEPXKAAIOT KOHLEMNLMIO O TOM, YTO
BO30Y>)KAAIOLLMIA HEMpOMEeaMaTop ryTaMaT SBNSeTCH BaXKHENLUMM MeaMaTopoM MpunaakoB, CBA3aHHbIX C IMMOMON. B cTaTbe onmcaHbl HEKOTOPbIE acneKTbl
naToreHesa oMbl rofIOBHOMO Mo3ra. 10 MHEHWIO aBTOPOB, COBPEMEHHbIE MPOTUBO3NUIENTUHECKME NpenapaTthl MOryT BAUSTb HA TEHYEHUE OMyxOfeBoro
npoLiecca. MNpencTasneH psa NPOTVBOSNUNENTUHECKIMX NMPENapaTos, UMEIOLLMX MPOTUBOOMYXONEBbIN MOTeHUMan.
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According to the 2017 ILAE Classification of the Epilepsies, the
brain tumor-associated epilepsy is a structural focal epilepsy that
is diagnosed in 10-15% of epilepsy cases. Back in 1947, in the
fifth edition of Diseases of the Nervous System, John Eastman
Wilson mentioned that generalized seizures may be the first
symptom of an intracranial tumor, noting the fact of a later onset
of tumor-associated epilepsy in contrast to idiopathic epilepsy. In
2003, K. Luiken and his colleagues from the University of Bonn
proposed calling this group "long-term epilepsy-associated
tumors" (LEATSs) [1]. The group includes glioneuronal tumors and
some astrocytomas, more often of low malignancy.

The most common tumors of the central nervous system
are glioblastomas (grade IV gliomas according to the WHO

classification). The average age of disease onset is 64 years,
and the overall five-year survival rate is 6.8% — one of the
worst across the entire range of cancers. With low-grade
gliomas, 70-90% of patients suffer from epileptic seizures when
the tumor is detected, whereas with glioblastoma, seizures are
less common (up to 60%) [2].

Pathogenetic processes underlying the development
of gliomas and tumor-associated epilepsy

According to recent data, neurons play a central role in
tumor growth, and pathological cells, in turn, can change the
configuration of the nervous system and its functions. There
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is evidence of the formation of functional synapses between
neurons and glioma cells [3].

Epileptogenesis in peritumoral tissue is a multifactorial
process. Glioblastomas and tumor-associated epilepsies have
common pathophysiological mechanisms that underpin both
tumor progression and the persistence of epileptic seizures. One
of the main pathological vehicles is the aberrant transmission of
glutamate signals in the tumor tissue and its microenvironment.
The levels of extracellular glutamate registered in the tissue
surrounding the glioma were found to be up to 100 times higher
than those peculiar to the healthy brain. On the one hand, a
high level of glutamate stimulates the proliferation and invasion
of glioma cells, and on the other hand, it can lead to epileptic
seizures, excitotoxicity and, consequently, boost the volume of
the tumor and the area it occupies [4].

In the past decade, the cystine/glutamate antiporter
(SLC7A11, or xCT) has been recognized as an important
factor in various processes of tumor progression: it is the main
transporter of cystine into the cell, exchanging it for glutamate,
which subsequently promotes the synthesis of glutathione
needed to protect cells from oxidative stress. [5].

Another mechanism that increases the amount of glutamate
is expression of the BCAT1 gene, which encodes the cytosolic
form of the branched chain amino acid transaminase enzyme.
The level of BCAT1 expression is an important prognostic factor
for glioma patients, since it is associated with the malignant
progression of wild-type IDH1 gliomas [6]. Thus, BCAT1 is
a promising target for the treatment of primary glioblastoma
and gliomas.

There is evidence that a growing amount of glutamate
in peritumoral tissue increases the risk of tumor necrosis; it
is an important prognostic factor supporting an unfavorable
outcome. The excitatory effect of glutamate is realized through
the activation of three main types of ionotropic receptors and
several classes of metabotropic receptors associated with
G proteins. lonotropic receptors are those interacting with
N-methyl-D-aspartic acid (NMDA), a-amino-3-hydroxy-5-
methyl-4-isoxazolpropionic acid (AMPA), and kainic acid (KA)
[7]. The permeability of AMPA receptors to Ca?* is determined
by the presence or absence of the GIuR2 subunit in the receptor
complex.

The analysis of the drug resistance of glioblastomas also
revealed epigenetic modifications, in particular DNA methylation,
which determines the progression of the tumor. MicroRNAs, a
non-coding class of RNA, play a significant role in this process.
MicroRNAs with both pro-oncogenic and protective effects were
identified, as well as epigenetic modifications of microRNAs that
can alter their expression in glioblastoma through methylation.
Clarifying the form of epilepsy by examining specific microRNAs
in blood plasma, especially in clinically complex cases, can help
select the most effective antiepileptic therapy [8].

Thus, it is obvious that there are common mechanisms
of pathogenesis of peritumoral changes and generation of
epileptic seizures, and the described processes become
cascading, mutually reinforcing and accelerating each other.
Disrupting or slowing down the pathological processes will
not only solve the problem of epileptic seizures but also allow
controlling the growth of the tumor.

Search for antiepileptic drugs with
potential antitumor effects

Currently, it can be said that drugs that alter the mechanisms
behind an epileptic seizure can highly likely affect tumor
aggression, too. Thus, timely antiepileptic therapy improves
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the survival of glioblastoma patients. In light of the hypothesis
that glutamate released from glioma cells can not only activate
surrounding neurons (causing epileptic seizures and triggering
excitotoxicity processes) but also boost the progression of glioma,
the preferred drugs for patients with partial and generalized
seizures should be those with antiglutamate action [9].

Perampanel used for epilepsy in patients with IDH1-wild
type and MGMT-unmethylated glioblastoma stopped seizures
and supported survival for 18 months [10].

An in-depth and comprehensive review of various
aspects of epileptogenesis in cerebral glioblastoma cases
gives basis for the selection of drugs. While there have not
been developed specific recommendations addressing the
choice of an anticonvulsant for tumor-associated epilepsy,
the identification of compounds with antitumor effect in vitro
is a persistent subject of interest. Numerous preclinical studies
have shown that levetiracetam can enhance the glioblastoma
response to temozolomide [11]. Brivaracetam, with its molecule
similar in structure to that of levetiracetam, should produce
the same effect. Moreover, brivaracetam's action can be more
pronounced, since this drug is better tolerated than levetiracetam.

From our point of view, brivaracetam and lacosamide, the
latest antiepileptic medicines, show promise in treatment of
tumor-associated epilepsy. The authors hypothesized that they
hinder the release of glutamate not only from neurons but also
from astroglia [12]. Lacosamide inhibits histone deacetylase,
suggesting an antitumor effect that requires further investigation.
Indeed, the respective mechanism has been considered as
blocking the cell cycle in glioma cells, possibly by activating
miR-195-5p microRNA. The researchers have also suggested
that by modulating other microRNA modifications (miR-107),
lacosamide can inhibit cell growth, enhance apoptosis, and
block cell migration and invasion. A great advantage of this drug
is the possibility to administer is parenterally in equivalent doses.

Currently, one of the most promising combinations of
antiepileptic drugs in cases of epilepsy associated with
cerebral gliomas may be that of levetiracetam and lacosamide.
[t can effectively control epileptic seizures and mixes well
with adjuvant radiochemotherapy, which mitigates the risk of
adverse events stemming from the treatment of the underlying
disease. However, the encouraging results from in vitro studies
that looked into the effect of levetiracetam and lacosamide on
glioblastoma were not fully confirmed in in vivo studies, which
yielded mixed results regarding patient survival [13].

CONCLUSION

The analysis of literature shows that the problem of the
pathogenesis of tumor-associated epilepsy is a matter of
interest for many researchers. The related modern concepts
revolve around both biochemical disorders in the peritumoral
zone as a result of blastomatous growth, and the kindling effect
associated with impaired neural migration [14]. However, there
is a number of specific issues related to the diagnosis and
therapy of the disease that have not been studied sufficiently.
The problems of early diagnosis of primary brain tumors remain
relevant. The subjects requiring attention in the first place are
clinical diagnosing, the study of the semiology of the attack,
which allow formulating indications, designing a neuroimaging
techniques application algorithm, and suggesting histology
and classification of the degree of tumor anaplasia. Currently,
neuroimaging algorithms are becoming more complex in
parallel with the development of technology [15]. There is no
single strategy for choosing antiepileptic drugs against a tumor-
associated epilepsy. Meanwhile, clarifying the mechanisms of
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epileptogenesis is a prerequisite both for the development of
therapeutically effective antiepileptic drugs and for improving
strategies for the comprehensive treatment of tumor-associated
epilepsy. Excessive activity of glutamate and its receptors
boosts the growth of glioma itself and promotes apoptosis
and epileptic activity in the peritumoral region. The foci of
epilepsy activity and glioma can affect each other. There is
probably a pathological vicious circle in which tumor growth
provokes epileptic seizures, and excessive neural activity
can stimulate tumor progression. The combination of
antiepileptic drugs with different mechanisms of action will
improve the prognosis and the quality of life of patients with brain
tumor-associated epilepsy [16]. Perampanel, a selective, non-
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TRANSCRIPTOMIC FEATURES OF FAP* CELLS ACROSS MOLECULAR SUBTYPES OF BREAST CANCER
Kalinchuk AYu, Patskan IA, Stadelman MM, Grigorieva ES &<, Tashireva LA
Tomsk National Research Medical Center, Russian Academy of Sciences, Tomsk, Russia

Understanding subtype-specific variability of functional programs in FAP* tumor-associated fibroblasts (TAFs) is fundamental for developing effective therapeutic
strategies targeting stromal components. The aim of this study was to identify subtype-specific signaling pathways, markers, and molecular features of FAP*
TAFs. Using spatial transcriptomic analysis, we demonstrated that FAP* TAFs in luminal breast cancer exhibit a phenotype characterized by extracellular matrix
organization (GO:0030198, FDR g-value = 0.0307) and expression of genes associated with metastasis (COLT0A1, MMP13, CXCL14, TSPANS). In contrast, FAP*
TAFs in triple-negative breast cancer display a pronounced immunomodulatory phenotype with overexpression of immunosuppressive genes (CD36, PLA2G2A,
CHI3L 1) and enrichment of immune response-related pathways (immune response (GO:0006955, FDR g-value = 7.85e-17), inflammatory response (GO:0006954,
FDR g-value = 2.79e-11), regulation of cytokine production (GO:0001817, FDR g-value = 3.39e-10)). We also identified subtype-specific gene signatures related
to radioresistance: luminal A and B subtypes showed activation of DNA repair pathways (IGF1R, ERBB3, CRIP1), while triple-negative tumors demonstrated
enrichment of epithelial-mesenchymal transition and stemness markers (ZEB2, NOTCH4, FOXMT1). These findings emphasize that FAP* fibroblasts are not a
homogeneous population but functionally specialize depending on tumor subtype — acting as stromal architects in luminal breast cancer and as regulators of
immune response in triple-negative breast cancer.
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OCOBEHHOCTU TPAHCKPUMTOMHOI O MPO®WJISA FAP+-KJIETOK B OMYXO1IX MOJIOYHOM
XKEJNE3bl PASJIN4YHbLIX MOJIEKYJIAPHO-BNOJIOTMYECKNX NOATUNOB

A. 1O. KanuHdyk, V1. A. MaukaH, M. M. LLItagensman, E. C. Mpuropeesa ™4, J1. A. Tawmpesa
ToMCKuI HauWoHabHbIV NCCNeaoBaTeNbCKUN MEAVLIMHCKIIA LEHTP Poccuiickon akagemunn Hayk, Tomck, Poccuns

[MoHUMaHne noaTUnN-cneunuyHon BapnabenbHOCT DYHKUMOHANbHBIX Nporpamm FAP* onyxonb-accoumnmpoBaHHbix hrnbpobnactoB (OAD) sensietcs
yHAaMeHTanbHbIM 415 Pas3paboTky aPMEKTUBHBIX TEPANeBTUHECKUX CTpaTerui, HaueneHHbIXx Ha CTpoMalbHble MuleHun. Llenbto paboTtbl 6bino
naeHTUUMpPoBaTh NOATUN-CREeUndUYHbIE CUrHANbHbIE MYTU, MapKepbl 1 MONekynapHble ocobeHHocTn FAP* OA®D. Viccnegosanu obpasLibl TKaHen,
noslyYeHHble OT 15 NauMeHTOK C PakoM MOSIoYHON xxenesbl (PMXK). C MoMOLLIbIO MPOCTPaHCTBEHHOIO TPaHCKPUNTOMHOIO aHannaa NPoAEMOHCTPUPOBaHO,
yto FAP* OA® npu noMmHansHoMm PMXK nposiBnatoT heHoTWN, XxapakTepuayowmnincs opraHmnaaumernt BHekneTo4Horo marpukea (GO:0030198, FDR
g-value = 0,0307) 1 aKcnpeccren reHoB, acCoLMMPOBaHHbIX ¢ MeTacTasnpoannem (COLT0AT, MMP13, CXCL14, TSPANS). B otnuune ot atoro, FAP* OAD
npv TPOMHOM HEraTMBHOM pake AEMOHCTPUPYIOT BblPaXKEHHbI MMMYHOMOLYNSTOPHBIA (DEHOTUM CO CBEPX3KCMNpeccuelt reHoB nMmMyHocynpeccumn (CD36,
PLA2G2A, CHIBL1) n oboralieHemM curHanbHbIX NMyTen MMMYHHOrO OTBeTa (MMMyHHbIN oTBeT (GO:0006955, FDR g-value = 7,85e-17), OTBET Ha BOCcnaneHne
(GO:0006954, FDR g-value = 2,79e-11), perynaumsa npogykummn umtokmHoB (GO:0001817, FDR g-value = 3,39e-10)). ViaeHTndmumpoBaHbl Takxe NoaTun-
cneundunyHble CUrHaTypbl reHOB PaavopesnCcTEHTHOCTU: NtoMUHanbHbIE A- 1 B-NoaTUNbI, NokasdaHa akTueaums nytel penapauum OHK (IGF1R, ERBB3, CRIP1), B
TO BPEMS KaK TPOVHbIE HEraTuBHbIE OMyXOn AEMOHCTPUPYIOT oboralleHne MapkepoB SnuTenManbHO-Me3eHXMManbHOro nepexoda 1 CTBoNoBoCcTv (ZEB2,
NOTCH4, FOXMT1). 9T gaHHble nog4epkmeatoT, 4To FAP*-hrnbpobnacTtel He SBNAOTCA OQHOPOAHOM Nonynaumen, a yHKLMOHANbHO CneumannavpyoTcs B
3aBVICMMOCTW OT MOATWMA OMyX0onu, BbICTyNast B Ka4eCTBE apXUTEKTOPOB CTPOMbI MPU JIOMUHANBHOM PaKe v PerynsiTopos MMMYHHOMO OTBETa MpW TPOWHOM
HeraTveHOM PMK.

KntoueBble cnoBa: pak MOSIOYHON XXenesbl, Oryxonesoe MUKPOOKPYXeHme, (hrbpobnacTsl, MPOCTPaHCTBEHHAS TPaHCKPUMTOMYIKA
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The heterogeneity of breast cancer (BC) is determined not
only by the diversity of tumor cells, but also by the complex
cellular composition of the tumor microenvironment [1]. One of
the key cell types in the tumor microenvironment are cancer-
associated fibroblasts (CAFs), which actively contribute to
oncogenesis through multiple mechanisms: extracellular matrix
remodeling [2], immunosuppression mediated via physical barrier
formation against immunocompetent cells [3], and secretion
of proinflammatory cytokines and growth factors that directly
promote tumor cell proliferation and angiogenesis [4, 5].

Among the various subpopulations of CAFs, fibroblasts
expressing fibroblast activation protein alpha (FAP) are of
particular interest due to their critical role in carcinogenesis.
In certain carcinomas, elevated FAP expression serves as a
universal marker of aggressive tumor stroma and is consistently
associated with poor clinical prognosis [6]. However, in breast
cancer its significance is controversial. As is well established, the
molecular subtype of breast cancer holds significant prognostic
value, due in part to the distinct tumor microenvironment
characteristics associated with each subtype. Studies utilizing
FAP inhibitor conjugated with Technetium-99m ([99mTc]Tc-
iFAP) single-photon emission computed tomography (SPECT)
have demonstrated that FAP expression significantly correlates
with specific molecular subtypes. For instance, Vallejo-Armenta
et al. reported a strong positive correlation between radiotracer
accumulation in the primary tumor and molecular subtypes.
Notably, the authors demonstrated that HERZ2-enriched
and luminal B HER2-positive subtypes exhibited the highest
radiotracer uptake ratios, suggesting a more pronounced FAP
expression within the stroma of these particularly aggressive
breast cancer phenotypes [7]. The association of FAP expression
with clinical parameters is further supported by the work of
Tchou et al., who confirmed its localization within the tumor
stroma and documented heterogeneity depending on various
tumor characteristics. However, in their study, differences in the
proportion of FAP-expressing cells across molecular subtypes
did not reach statistical significance [8]. Another study suggests
that certain subsets of CAFs enriched in FAP expression are
associated with a subtype of triple-negative breast cancer
[9]. Subsequent studies confirmed that fibroblasts in breast
cancer represent a heterogeneous population. Croizer H. et
al. demonstrated that the luminal A subtype is characterized
by numerous clusters containing CAFs that secrete cytokines,
including TGF, as well as CAFs associated with the extracellular
matrix. In contrast, the luminal B, HER2-enriched, and triple-
negative subtypes exhibited clusters enriched with CAFs linked
to wound healing processes [10]. The study by Kashyap et al.
showed that in luminal breast cancer, higher levels of FAP were
associated with distant recurrence [11]. Nevertheless, to date,
there are no direct data comparing the transcriptomic profiles
of FAP+ cells across breast cancer subtypes. At the same time,
a key question remains open regarding the extent to which the
transcriptomic landscape — and consequently, the functional
program — of FAP* cells varies among the main molecular
subtypes of breast cancer. Understanding these subtype-
specific differences is critically important for the development
of new therapeutic strategies.

Currently, therapy targeting FAP represents one of the
most promising directions in oncology. The high and specific
expression of FAP on stromal cells within tumors, combined
with its almost complete absence in healthy tissues, makes
this protein an ideal target for the development of highly
selective agents. Various therapeutic modalities targeting
FAP are actively being developed and are undergoing clinical
trials, including Chimeric Antigen Receptor T-cells (CAR-T

BECTHVK PIMY | 5, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.046

OPUTMHAJIbHOE MCCJIEOOBAHME | OHKONOI A

cells), bispecific antibodies, antibody-drug conjugates (ADCs),
and radiopharmaceuticals delivering cytotoxic agents directly
to the tumor stroma [6]. The success of these innovative
approaches directly depends on a deep understanding of
the target biology. The heterogeneity of FAP* cells among
breast cancer subtypes may lead to variable drug efficacy,
highlighting the need for their stratification. In this study, we
conducted a comparative analysis of the transcriptomic profiles
of FAP* cells associated with luminal and triple-negative breast
cancer subtypes. Our goal was to identify subtype-specific
signaling pathways, markers, and molecular characteristics
of this cell population. The obtained data not only deepen
the understanding of stromal biology in breast cancer but
also have direct translational relevance, providing a rationale for
the development and optimization of subtype-specific targeted
therapies directed at FAP* cells.

METHODS
Patients

The study included samples from 15 female patients diagnosed
with luminal A/B (n = 7) and triple-negative (n = 8) breast cancer.
Inclusion criteria: morphologically confirmed luminal A/B
(n = 7) and triple negative (n = 8) breast cancer. The exclusion
criterion was HER2-positive subtypes. Spatial transcriptomic
analysis was performed on formalin-fixed, paraffin-embedded
(FFPE) tissue sections obtained during trypan-biopsy or
surgical intervention before treatment. Detailed descriptions
of histological sample preparation, library construction, and
sequencing using the 10X Visium platform can be found in the
original articles [12, 13]. The sequencing data of breast cancer
tissue sections used in this publication are available under GEO
series accession number GSE242311.

Bioinformatic Data Analysis

The initial processing of raw data in FASTQ format was
performed using Space Ranger v1.3 software (10x Genomics,
Pleasanton, CA, USA) with default parameters. Alignment
of FASTQ files was carried out against the human reference
genome (GRCh38). Aggregation of tissue sections for manual
annotation was conducted using the "spaceranger aggr"
function. Manual annotation of the sections was performed
using Loupe Browser v8.1.2 software (10x Genomics,
Pleasanton, CA, USA) and involved identification of spots with
FAP expression levels greater than 3, analyzed separately for
luminal and triple-negative patients (Fig. 1).

Each selected spot was evaluated by a pathologist to
confirm the presence of fibroblasts. Spots lacking fibroblasts
were manually excluded from the cluster. Differential gene
expression analysis between annotated clusters was conducted
using the built-in tools of Loupe Browser v8.1.2 (10x Genomics,
Pleasanton, CA, USA). Genes with |log fold change (LFC)|
> 0.58 and adjusted p-values (FDR) < 0.05 were considered
differentially expressed. To visualize the annotated cell clusters
in reduced-dimensional space, the t-SNE (t-Distributed
Stochastic Neighbor Embedding) method was applied using
Loupe Browser’s built-in tools. Functional pathway enrichment
analysis was performed using the STRING online resource [14],
based on the Gene Ontology database [15], employing lists of
differentially expressed genes ranked by expression level and
corrected p-values (FDR g-value) obtained from the differential
expression analysis. Biological processes with FDR g-value < 0.05
were considered significant. Further analysis was carried out
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Fig. 1. A. Clusters of FAP* cells in luminal (blue) and triple-negative (yellow) breast cancer patients obtained by combining data in Space Ranger v1.3 software.
B. Tissue section of a luminal breast tumor with identified FAP* spots. C. Tissue section of a triple-negative breast tumor with identified FAP* spots

in the R environment (https://www.R-project.org/) using the
Seurat package (v5.0.0) [16]. Each of the 15 samples was
converted into a Seurat object via the “Load10X_spatial”
command and subsequently merged into a single object
using the “merge” function. Preprocessing included filtering
spots with parameters “nCount_Spatial” > 500 and “nFeature_
Spatial” > 200. Manual annotation results exported from Loupe
Browser v8.1.2 as tables were incorporated into the metadata
section of each respective sample.

To generate averaged transcriptomic profiles from
the annotated FAP-positive spots for each sample, the
“AggregateExpression” function from the Seurat package
(v6.0.0) was used with parameters slot = "counts",
normalization.method = "LogNormalize", and scale.factor =
10,000. As a result, 15 transcriptomic profiles were obtained,
each representing the averaged expression levels across all
spots of the corresponding sample. These profiles were
normalized using a scaling factor of 10,000 and subjected
to logarithmic transformation. For visualization of fibroblast
and radioresistance gene signature expression in the studied
samples, heatmaps were created in the R environment
(https://www.R-project.org/) using the packages pheatmap
(v1.0.13) [17], RColorBrewer (v1.1-3) [18], and dplyr (vX.X.X)
[19]. The heatmap visualization included a step of Z-score
standardization of the target gene expression matrix by rows
(genes). Spatial transcriptomic analysis was conducted on
formalin-fixed, paraffin-embedded (FFPE) tissue sections
obtained during surgery.

RESULTS

Biological processes enriched in FAP* regions of luminal
and triple-negative breast cancer

To understand the differences in biological processes between
the two clusters of luminal and triple-negative tumors, we
performed pathway enrichment analysis to identify enriched
molecular processes in the transcriptomic data. The most
significant pathways were identified from Gene Ontology
datasets (Fig. 2).

The conducted study identified key biological processes
activated in FAP+ regions of patients with luminal and triple-
negative breast cancer. FAP* spots in luminal breast cancer
patients were characterized by activation of morphogenesis
(GO:0009887, FDR g-value = 0,00058), tissue development
(GO:0009888, FDR g-value = 0,0013), and extracellular matrix
organization processes (G0O:0030198, FDR g-value = 0,0307),
whereas in triple-negative breast cancer patients, immune

signaling pathways predominated, including immune response
(GO:0006955, FDR g-value = 7,85e"7), inflammatory response
(GO:0006954, FDR g-value = 2,79e"), cytokine production
regulation (GO:0001817, FDR g-value = 3,39e9), as well as
angiogenesis (GO:0001525, FDR g-value = 7,83e%).

Fibroblast- specific markers in FAP* tumor regions

Next, we selected fibroblast-specific, highly expressed, and
significantly enriched genes in the two groups of breast cancer
patients. These genes were annotated as functionally important
in cancer development (Fig. 3).

In luminal breast tumors, the list of DEGs included ASPN,
COL10A1, COL2A1, OMD, DCN, MMP13, SERPINA1/
SERPINA3, PLAT, LRRC15, CXCL14, and TSPANS, whereas in
triple-negative tumors, the genes comprised MMP7, COL4AT,
COL4A2, COL15A1, ENG, TGM2, SLC11A1, CHI3L1, PLA2G2A,
FDCSP, and CD36.

Gene signatures associated with resistance to radiotherapy

An important question regarding the characteristics of FAP*
cells is their radiosensitivity or resistance, as FAP represents a
promising target for radionuclide therapy. In this regard, we selected
among the overexpressed genes those that are pathogenetically
associated with radioresistance according to the literature data, in
two groups of breast cancer patients (Fig. 4).

In luminal breast cancer, the expression of genes IGF1R,
ERBB3, GREBT, XBP1, SERPINA1/SERPINA3, TIMP3, FASN,
IL6ST, BCAM, and CRIP1 was observed. Meanwhile, in triple-
negative tumors, the overexpressed genes included CD36,
CX3CL1, A2M, MYBL2, NOTCH4, ST00A8/S100A9, TGM2,
UBE2C, FOXM1, and ZEB2.

DISCUSSION

The conducted analysis revealed fundamental differences in the
biological functions of FAP* cells within the microenvironment
of luminal and triple-negative breast cancer subtypes. These
findings not only highlight the heterogeneity of the tumor stroma
but also hold significant implications for the development of
personalized therapeutic strategies, particularly for targeted
therapy utilizing FAP as a target.

A key finding of our study is the clear distinction in the role
of stromal FAP+ cells depending on the molecular subtype
of the tumor. In luminal breast cancer, FAP* cells exhibit
pronounced activity in morphogenesis, tissue development,
and extracellular matrix organization processes, with no
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Fig. 2. Significant signaling pathways activated in FAP* regions of luminal (A) and triple-negative (B) breast tumors

signs of inflammatory response. This is consistent with
the identified fibroblast marker genes, such as COL70AT,
COL2A1T, MMP13, CXCL14, and TSPANS. In particular, the
high expression of MMP13 in FAP* cells indicates active matrix
remodeling [20]. Among the identified genes, it is important
to highlight those associated with chemoresistance in breast
cancer. For instance, the expression of CXCL 74 is a distinctive
feature of fibroblasts that enhance metastasis and promote
chemoresistance [21] according to mechanistic studies, as is
TSPANS, which is expressed by myofibroblasts [22]. Such a
stromal niche likely provides structural support to the tumor,
promotes its progression and therapy resistance, creating a
dense desmoplastic microenvironment.

In triple-negative breast cancer, FAP* cells, on the
contrary, display a pronounced immunomodulatory and pro-
inflasnmatory phenotype. Enrichment of signaling pathways
related to immune response and cytokine regulation, as
well as the overexpression of genes CHI3L1, CD36, and
PLA2G2A, indicate active interaction with immune cells in the
microenvironment. It is known that CD36+ fibroblasts possess
a potent immunosuppressive effect [23] by suppressing
macrophage activity, whereas PLA2G2A" fibroblasts inhibit the
effects of CD8* cytotoxic lymphocytes [24]. It has been shown
that fibroblasts can secrete CHI3L1, leading to increased IL8
production and stimulation of angiogenesis [25]. All of this
may contribute to the formation of an immunosuppressive
microenvironment, tumor evasion from immune surveillance,
and the maintenance of chronic inflammation. Thus, the
obtained data indicate significant differences in the molecular
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signatures of tumor-associated fibroblasts of tumors of different
molecular biological subtypes.

Understanding the radiosensitivity of FAP* cells is critical
for the development of FAP-targeted radionuclide therapies.
Our data revealed potential bases for the operation of distinct
radioresistance mechanisms in the two subtypes. In the luminal
subtype, the identified genes indicate activation of survival and
repair pathways. IGF1R and ERBBS3 are well-known receptor
tyrosine kinases mediating radioresistance in malignancies
[26, 27]. It has been shown that the gene SERPINAT is
associated with radioresistance in lung cancer [28], whereas
inhibition of FASN improves radiotherapy outcomes in breast
cancer [29]. Another gene, CRIP1, can interact with BRCA2,
enhancing DNA repair during chemotherapy [30]. This suggests
that radioresistance in this subtype may be mediated through
enhanced DNA repair.

In triple-negative breast cancer, the radioresistance
gene signature is broader and is associated with epithelial-
mesenchymal transition (EMT) and stemness. ZEB2 and
NOTCH4 are key inducers of EMT, which is linked to therapy
resistance [31, 32, 33]. FOXM1 and UBE2C regulate the cell
cycle and mitosis, contributing to the rapid recovery of the
tumor cell population [34, 35]. Moreover, enhanced DNA
repair dependent on FoxO3a/FoxM1 may play a key role in the
survival of fibroblasts resistant to cell death following irradiation
[36]. TGM2 gene is also associated with radioresistance [37].
This suggests that in triple-negative breast cancer, resistance
may be associated with the presence of a population of stem-
like tumor cells exhibiting mesenchymal characteristics.
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Fig. 3. Fibroblast-specific genes in FAP+ regions of luminal and triple-negative breast tumors

Our study demonstrates that FAP* fibroblasts are not
a homogeneous population but functionally adapt to the
molecular subtype specificity. In luminal breast cancer, they
act as architects of the stroma, whereas in triple-negative
breast cancer, they function as immune regulators and
promoters of angiogenesis. The identification of distinct
gene sets associated with radioresistance suggests that
resistance cases may occur during FAP-targeted radionuclide
therapy, warranting the proactive development of strategies
to overcome it.

Radioresistance Signature

Luminal BC

CONCLUSIONS

The study enabled the identification of highly specific transcriptomic
profiles of FAP* stroma of luminal and triple-negative breast
tumors, clearly reflecting the biology of molecular subtypes of
breast cancer. The obtained data emphasize the necessity of
considering the tumor’s molecular subtype when developing
stroma-targeted therapies and open new avenues for creating
personalized combination treatments aimed at specific
resistance mechanisms within the tumor microenvironment.
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Fig. 4. Genes associated with radioresistance in FAP* regions of luminal and triple-negative breast tumors
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OPTIMIZATION OF HUMAN B CELL CULTURE CONDITIONS FOR EXPANSION OF ACTIVATED
OR DIFFERENTIATED B CELLS

Sokolova SR, Grigorova IL>
Pirogov Russian National Research Medical University, Moscow, Russia

In vitro B cell cutures are important for fundamental and translational research and can be used to study antigenic specificity of B and T cells, as well as to produce
monoclonal antibodies and other biopharmaceuticals. That is why the development of an optimal protocol for culturing of activated B cells, antibody-secreting cells
(ASCs), and germinal center (GC) B cells in vitro remains an important task. The study aimed to find the conditions ensuring the following: high B cell expansion and
survival rates, ASC accumulation, GC B cell production and accumulation. For that the CD27- and/or CD27+ B cells from human peripheral blood were cultured
in the presence of the feeder 3T3-hCD40L line, various combinations of cytokines (IL21, IL4, BAFF), human serum components or under the control conditions
throughout 7 days. Flow cytometry analysis of B cell cultures showed that the combined presence of CD40L and IL21 was essential for achieving high B cell
expansion, survival, and differentiation with the production of the CD27""CD38"9" ASCs and CD95""Bcl-6+ GC-like B cells. The highest expansion was observed
in the cultures of CD27- naive cells in the presence of human serum components. The IL4 supplementation moderately increased the share of GC-like B cells. The
maximum ASC accumulation was observed in the cultures of CD27* memory B cells. The approach developed made it possible to find the optimal conditions for
in vitro B cell culturing and clearly demonstrated the impact of both individual IL-21, IL-4, BAFF cytokines and their combinations on the B cell cultures of various
subpopulations.
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ONTUMUSALINSA YCNOBUIN KYNIbTUBUPOBAHUSA B-KJIETOK YEJIOBEKA /11 9KCNAHCUN
AKTUBUPOBAHHbIX NN AN®PEPEHLIMPOBAHHDIX B-KJIETOK

C. P. Cokorosa, W. 1. Tpuroposa =
Poccuinckuin HaumoHanbHbIN CCNERoBaTENbCKU MeaNLMHCKNI YHUBepcuTeT nvenn H. W. Mnporosa, Mockea, Poccus

KyneTtypbl B-KNeTok in vitro nMetoT BaxkHOe 3HavdeHne Ans (PyHAAMEHTaNbHOW 1 NPUKNaAHOM HayKW: OHU MOTYT BbITb UCMONb30BaHb! A1 U3YHeHWs aHTUreHHOM
cneundunyHocTn B- 1 T-KNeToK, a Takke A1 NoyHeHNs] MOHOKITOHabHBIX aHTUTeN 1 Apyrx 6ruonpenapartos. MosToMy cosaaHvie onTUMabHbIX MPOTOKOMOB
KyNbTUBMPOBaHMS aKTVBMPOBaHHbIX B-KNETOK, aHTUTENO-CeKpeTUPYIoLLMX KNeTok (ACK) 1 B-kneTok repMmnHaTviBHbIx LeHTPOB (L) in vitro ocTaeTcsa akTyaneHom
3apadeit. Llento paboTsl 66110 nofodpaTs YCnoBus, 06ecrnevmBatoLLve: BbICOKMIA YPOBEHb SKCMAHCUM 1 BbXMBAEMOCTH B-kneTok, Hakonnerne ACK, obpasoBaHiie
1 HakonneHne B-knetok L. Ons storo B-knetku CD27- n/nnn CD27* 13 nepndepr4ecKoin KpoBw Yenoseka KyNsTUBMPOBaIN B MPUCYTCTBUN (DUAEPHON NMHAN
3T3-hCD40L, pasnnyHbix KoMOUHaLmin LutoknHoB (IL21, IL4, BAFF), KOMMNOHEHTOB 4eN0BEHECKON ChIBOPOTKN UM B KOHTPOJBHBIX YCIIOBUSX B TeHEHME 7 OHE.
LinTodhnyopumeTpudecknii aHanna B-KneTouHbIX KynbTyp Mokasan, YTo coBmecTHoe npucyTctane CD40L 1 IL21 HeobxoaumMo Ans LOCTUMEHNUS BbICOKOM
9KCMaHCUKM, BbKMBAEMOCTN 1 anddepeHUmnpoBkn B-knetok ¢ obpagdoBaHnem CD27M"CD38M" ACK n CD95""Bel-6* L|-nofobHbIx kneTtok. Hambonbluas
3KCMaHeKa Habnoganace B kynstypax 13 CD27- HavBHbIX KNETOK B MPUCYTCTBAN KOMMOHEHTOB YENI0BEHECKOM CbIBOPOTKW, fobaseHne IL4 ymepeHHO noBbILLano
nonto TL-nopobHbix knetok. MakcumarnsHoe HakonneHne ACK Habntoganoch B Kynstypax nd CD27+-B-knetku namatn. PagpaboTaHHbii Moaxof, no3Bonun
nofobpate onTUMasbHbIE YCNIOBUS 415 KyNETVBUPOBaHWS B-KneTok in vitro, a Takxe HarnsaHO NPOAEMOHCTPUPOBAN BAMSIHE Kak OTAEMbHbIX LTOKMHOB IL-21,
IL-4, BAFF, Tak 1 1x KOMBMHaUmWiA Ha B-KNeToYHble KynbTypbl M3 Pa3nyHbIX CyOnonyasumi.

Kntouesble cnoa: B-kieTku, aHTUTeno-cexkpetmpytoLLme knetku, ACK, B-kneTki repMrHaTVBHbIX LIEHTPOB, 'L, KynsTypbl iMMoLmTOB Yenosexa in vitro, 3T3-CDA0L
DurHaHCUPOBaHNe: NCCNeOBaHNe BbIMOMHEHO MPY (OMHAHCOBOW NOAAeKKe Poccuninckoro Hay4Horo doHga (rpaHT Ne 24-15-00545).
BnaropapHocTu: aBTopb! 6narofapHsl E. 3akatvHoM 3a NOMOLLL B peAakTUPOBaHNM CTaTbu.

Bknag aBTtopos: /1. J1. [pyropoBa — An3aiiH UccneaoBaHmns, KOHLEMNLMSA CTaTby, PefakTMpoBaHme, yTBepXKaAeHe KoHedHoro BapuaHTa ctaten; C. P. Cokonosa —
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OPUTMHAJIbHOE UCCJIEQOBAHNE | MOJIEKYJIAPHAA BOJIOT NA

B cells and the antibodies they produce provide an effective
immune response to pathogens and vaccines. Through antigen-
dependent differentiation, naive B cells differentiate to antibody-
secreting cells (ASCs) and memory cells [1]. In addition to
providing a humoral immune response, B cells can function as
antigen-presenting cells (APCs) [2]. Upon binding of antigen
to B cell receptor (BCR), the complex is internalized by B cells
and the processed peptides are then presented on their surface
in a complex with MHCII for subsequent interaction with CD4* T
helper (Th) cells [3]. Key signals to B cells from cellular cooperation
with Th cells include CD40-CD40L interaction as well as secreted
cytokines IL-21 and IL-4 [4]. Upon acquisition of T cell help B
cells undergo proliferation and differentiate either into short-lived
ASCs or germinal center (GC) B cells (a fate driven by master
transcription factor BCL6) [5, 6].

The unique properties of B cells make the in vitro cell
cultivation critical for various applications such as obtaining
APCs for analyzing antigen-specific T-cell responses as well as
ASCs for antibody production [7, 8], and creating cell models for
studying lymphomas [9]. Numerous studies have investigated
how CD40L, T-cell cytokines and microenvironment factors
such as BAFF influence B-cell cultures to promote proliferation,
class switching, and antibody-secreting cell (ASC) formation
[10-12]. However, studies on in vitro BCL6* GC B cell
formation from human B cells are still limited. The aim of the
work was to find optimal conditions to expand B cells and to
efficiently turn them into antibody-secreting cells (ASCs) or
germinal center (GC) cells in vitro.

In our study, we analyzed human peripheral blood naive B
cells and CD27+ memory B cells cultured with T-cell signals
(CD40L, IL-21, IL-4), BAFF, and additional medium components.
We also assessed B-cell expansion, and accumulation of ASC
and BCL6* B cells.

METHODS
pcDNA-hCD40LG Plasmid Design

Human CD40LG gene sequence (NM_000074.3) was obtained
using polymerase chain reaction (PCR) from total cDNA of
human peripheral blood mononuclear cells (MC) using forward
5'-ATATGGATCCGCCACCATGATCGAAACATACAACCA-3!
and reverse 5'-ATATGAATTCACACTGTTCAGAGTTTGAGT
AAGCC-3' primers. The primer sequences included BamHI
and EcoRl restriction sites at their 5' and 3' ends of CD40LG
gene, respectively, as well as Kozak sequence (GCCACCATG)
at the 5' end of the gene. After digestion of PCR product
and pcDNAS.1+ vector (Thermo Fisher Scientific, USA, Cat.
No. V79020) using restriction endonucleases BamHI-HF and
EcoRI-HF (New England Biolabs, USA, Cat. Nos. R3136 and
R3101), they were ligated using the Quick Ligation™ Kit (New
England Biolabs, USA, Cat. No. M2200) and transformed into
E. coli (strain NEB Stable, New England Biolabs, USA, Cat.
No. C3040H). The plasmid was purified and isolated using the
Plasmid Miniprep 2.0 kit (Evrogen, Russia, Cat. No. BC221) for
further transfection.

Generation of a Mouse Fibroblast Feeder Line Expressing
Human CD40L (3T3-hCD40L)

3T3-hCD40L feeder line was generated from NIH 3T3 mouse
fibroblast cell line from the cell culture collection of the D. I. lvanovsky
Institute of Virology. NIH 3T3 cells were cultured in DMEM
(PanEco, Russia, Cat. No. C415p) supplemented with 10%
fetal bovine serum (FBS, STEMCELL Technologies, Canada,

Cat. No. 06472) and 1x penicillin/streptomycin antibiotic
mixture (PanEco, Russia, Cat. No. A065p). Cells were passaged
every 3-4 days. To generate NIH 3T3 clones stably expressing
hCD40L, cells were transfected with pcDNA-hCD40LG plasmid
using Lipofectamine® 3000 reagent (Thermo Fisher Scientific,
USA, Cat. No. L3000015) according to manufacturer’s
instructions, followed by clone selection in DMEM medium
supplemented with geneticin G418 (0.5 mg/ml; Thermo Fisher
Scientific, USA, Cat. No. 10131027). Monoclonal cell lines
were generated by limiting dilutions. CD40L expression was
assessed by flow cytometry using anti-CD154-FITC antibodies
(1:20; clone TRAP1, BD Bioscience, USA, Cat. No. 561721).
The monoclonal cell line with the highest CD40L expression
level was used in the study (Fig. 1A).

Isolation of Mononuclear Cells (MC) from the Peripheral
Blood of Healthy Donors

The study was conducted in accordance with the 2013
Declaration of Helsinki. Patient exclusion criteria were (a)
infectious diseases in the acute or recovering stage; (b)
autoimmune or chronic diseases. Peripheral blood from healthy
donors was collected in vacuum tubes containing K3EDTA as
anticoagulant. A total of four independent, unrelated donors,
aged 21 to 65 years (median 39 years), participated in the
study. The male to female ratio was 1:1. MCs were isolated on
a Ficoll gradient (PanEco, Russia, Cat. No. PO50E) in accordance
with the protocol [13]. The obtained cells were stored in cooled cell
sorting buffer (0.5% FBS in Dulbecco's phosphate buffered saline
(DPBS)). Cells were counted using a CytoSMART Cell Counter
(Corning, USA) using trypan blue. Cell viability was > 95%.

B cell Staining for Flow Cytometry Analysis (FACS)

B cell analysis was performed by flow cytometry using
antibodies to the cell surface markers CD19, CD27, CD38,
CD95 (Fas) as well as the intracellular transcription factor
BCL6. Cells were stained and stored at 4 °C. For sorting
of all B cells (CD3-CD19+CD20%), 20 x 10° MCs were pre-
incubated in blocking solution with addition of 10 pg/ml
Human Fc-block (clone K112-91, BD Biosciences, USA,
cat. no. 564220) for 10 min on ice, after which they were stained
with a mixture of antibodies anti-CD3-R718 (1 : 100, clone SK7;
BD Biosciences, USA, cat. no. 751978), anti-CD19-BV510
(1 : 100, clone SJ25C1; BD Biosciences, USA, cat. no.
562947), anti-CD20-FITC (1:20, clone L27; BD Biosciences,
USA, cat. 347673) MCs were incubated for 30 min on ice in the
dark. To sort CD3-CD19+*CD20*CD27- naive B cells and CD3~
CD19+CD20+*CD27+* memory B cells, MCs were additionally
stained with anti-CD27-PerCP-Cy5.5 (1:50, clone M-T271;
BiolLegend, USA, cat. no. 356408). After the staining, the cells
were resuspended in sorting buffer. To assess the phenotype
of B cell cultures on day 7, the supernatant with B cells was
collected from the wells without subsequent trypsinization. The
selected cells were resuspended in a blocking buffer and then
stained with the following antibody mixture: anti-CD19-BV510
(1:100), anti-CD27-PerCP-Cy5.5 (1:50), anti-CD38-APC-R700
(1:50, clone HIT2; BD Biosciences, USA, cat. no. 564979), anti-
CD95-PE (1:100, clone DX2; BioLegend, USA, cat. no. 305608).

Prior to flow cytometry analysis, the cells were stained with
Helix NP Blue at a concentration of 25 nM (Biolegend, USA,
cat. no. 425305) to exclude dead cells. Intracellular staining
of cells was performed using the True-Nuclear™ Transcription
Factor Buffer Set (BioLegend, USA, cat. No. 424401) and
anti-BCL-6-AlexaFluor488 antibodies (1:20, clone: K112-91;
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Fig. 1. Analysis of effect of a feeder line expressing rhCD40L, cytokine IL-21, and culture medium composition on the growth of B cell culture. The feeder line 3T3-hCD40L was
obtained by transfecting the NIH 3T3 mouse fibroblast line with the pcDNA3.1-hCD40L plasmid to obtain a cell line stably expressing the transgene and subsequent
selection of a monoclone with the highest level of hCD40L. 1.5 x 10* (CD19* CD20") B cells obtained as a result of fluorescence sorting from human peripheral blood

PBMCs were cultured on the feeder line 3T3-hCD40L with/without the addition of rhiL-

21 (50 ng/ml) in two different culture media compositions (RPMI-1 and RPMI-2) for

7 days. Comparison was performed relative to B cells cultured in the presence of the untransfected NIH 3T3 feeder line. B cell cultures were analyzed by flow
cytometry. A. Histogram of the distribution of the hCD40L (CD154) expression level on the surface of 3T3-hCD40L feeder cells (marked with a red line) compared with
control untransfected NIH 3T3 fibroblasts (marked with a blue line). B. Representative graphs of the cytometric analysis. The gating strategy is indicated by arrows.
C, D. The number of live B cells (C) and the percentage of dead B cells (D) in the cultures. E-L. Quantitative analysis of the percentage of live B cells and the total
number of live B cells phenotypically divided by surface expression of CD27 and CD38 into CD27"e" CD38"s" — plasma cells and plasmablasts (E, F), CD27-CD38~
(G, H), CD27+CD38" (I, J), and CD27-CD38*- B cells (K, L). The data is presented as the mean + standard deviation (SD) for four independent experiments (n = 4), each
experiment was performed in duplicate. Statistical analysis was performed by one-way analysis of variance (ANOVA) with Dunnett's correction for multiple comparisons,

*okk Rk Rk

p < 0.05; 0.001; 0.0001; 0.0001, respectively

BD Biosciences, USA, cat. No. 561524) for 12 h. The following
subpopulations were identified using cytometric analysis
of cultures: CD19*CD27"e"CD38"o" (defined as ASC),
CD19+CD38-CD27-, CD19*CD38-CD27*, CD19*CD38*CD27-
B cells, CD19*CD95"" B cells (corresponding to activated B
cells), CD19*CD95""BCL6* B cells (defined as GC B cells).
B-cell sorting and flow cytometry (FACS) analysis of B-cell
cultures were performed on a BD FACSAria™ Il cell sorter
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using FACSDiva™ software. FlowJo version 10.8.1 was used
for data processing.

Co-cultivation of B cells with Feeder Cells
3T3-hCD40L fibroblasts and control non-transfected cells were

inactivated in DMEM with mitomycin C (5 pg/ml; Sigma Aldrich,
USA, cat. no. 50-07-7) for 2 h, washed with DPBS (PanEco,
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Table 1. Experimental design for optimizing CD19+*CD20* B cell culture conditions

3T3 3T3-hCD40L 3T3 3T3-hCD40L 3T3 3T3-hCD40L 3T3 3T3-hCD40L
RPMI-1 RPMI-2 RPMI-1 RPMI-2
- + IL-21
Table 2. Experimental design for studying cultures of CD20*CD27- naive B cells and CD20*CD27+ memory B cells
3T3-hCD40L
RPMI-2 + IL21
CD19-CD20-CD27- CD19-CD20-CD27+
- +IL-4 - +IL-4 - +IL-4 - +IL-4
- - +BAFF +BAFF - - +BAFF +BAFF

Russia, cat. no. POGOE) at least 3 times, and plated onto a six-
well plate (Wuxi NEST, cat. no. 703002) at a density of 3 x 10°
cells/well. The following day, 1.5 x 10* sorted CD19-CD20- B
cells were added. Cultivation was performed in the following
media: RPMI-1 based on RPMI-1640 (PanEco, Russia, cat. no.
C830p) with the inclusion of 10% FBS, 1x sodium pyruvate
(PanEco, Russia, cat. no. F023), 1x GlutaMAX™ (Thermo
Fisher Scientific, USA, cat. no. 35050061), 1x antibiotic mixture
and RPMI-2 based on the richRPMI (BioinnLabs, cat. no.
bn-3A3R), containing human transferrin, insulin, aloumin, as
well as glutathione and additional microelements and vitamins,
with the inclusion of 10% FBS, 1x GlutaMAX™, 1x antibiotics.
Recombinant human IL-21 (rhIL-21, SCl-store, cat. #PSG260)
was added to the media at a concentration of 50 ng/ml.
CD20-CD27- and CD20-CD27- B cells were cultured in RPMI-
2 supplemented with IL-21 + IL-4 (SCl-store, cat. #PSG040,
10 ng/ml) and + BAFF (BioLegend, cat. #559604, 100 ng/ml).
Cultivation was carried out for 7 days with medium replacement
on day 3 and day 5. The experimental schemes for culturing all
CD19-CD20" B cells, as well as CD19-CD20-CD27- naive and
CD19-CD20-CD27+ memory B cells under the test and control
conditions are presented in Tables 1 and 2.

Statistical Analysis

For the independent experiments described in the study, we
used MCs from the blood of four genetically unrelated adult
donors. Statistical analysis was performed using GraphPad
Prism version 9.5.1 (GraphPad Software Inc, USA). The
statistical methods are specified in the figure legends. Statistically
insignificant differences between groups are not indicated on the
graphs. Outliers are not excluded from the analysis.

RESULTS

In the first stage of the study, we determined how the presence
of CD40L, the cytokine IL-21, or specialized additives in the
cell medium impacts B-cell survival and expansion as well as
the formation of ASCs and germinal center B-cells (Fig. 1, 2). A
transgenic NIH 3T3 murine fibroblast cell line stably expressing
hCD40L (3T3-hCD40L) was generated for long-term co-culture
of B cells with human CD40L (hCD40L) (Fig. 1A).

B cells (CD19*CD20*) were obtained from human peripheral
blood MCs by fluorescence sorting (with a population purity
of > 99%). 1.5 x 10* B cells were cultured for 7 days in a six-
well plate in the presence of 3T3-hCD40L feeders or control
untransfected 3T3 cells. Two media were used for cultivation:
standard RPMI-1640 supplemented with 10% fetal bovine
serum, sodium pyruvate, and glutamine (designated as
RPMI-1) or the same medium enriched with human serum
supplements including recombinant insulin, transferrin, lipid-rich

albumin, glutathione as well as additional trace elements and
vitamins (RPMI-2). IL-21 was added at a concentration of
50 ng/ml (Table 1).

Flow cytometry analysis of the resulting B-cell cultures (Fig. 1B)
showed that the combined action of hCD40L and IL-21
resulted in the highest level of B-cell expansion (Fig. 1C) and
increased B-cell survival, especially when supplemented with
recombinant proteins from human serum (Fig. 1D).

Cultures with hCD40L and IL-21 also showed the highest
accumulation of CD27"CD38"e" ASC (Fig. 1E, F), an
increase in the number (but not percentage) of CD27-CD38~ B
cells (Fig. 1G, H), and accumulation of CD27+ and CD38* B
cells (Fig. 1 I-L), with the percentage of CD27-CD38* B cells
being significantly higher when cultured in RPMI-1 (Fig. 1K).

GC B cells are characterized by increased surface
expression of CD95 (Fas) and the presence of the intracellular
transcription factor BCL6 [5]. CD95 expression also increases
on activated B cells [15]. Based on this, we assessed CD95
expression on the surface of B cells in culture as a marker of
cellular activation (Fig. 2A).

Based on the data analysis, up to 97% of B cells in the
culture increased their surface expression of CD95 in the
presence of 3T3-hCD40L-cells (Fig. 2A-C) while the addition
of IL-21 did not significantly affect the percentage of CD95"d"
B cells (Fig. 2B). Moreover, up to 80% of all CD95"<" B cells
had the CD27-CD38phenotype (Fig. 2D, E). The number
of CD27+CD38-CD95"s" and CD27-CD38+*CD95"" B cells
in cultures increased with the combined addition of hCD40L
and IL-21 (Fig. 2G, 1) while their proportion did not change
(Fig. 2F, H).

To assess the accumulation of CD95"" BCL6* (GC-like)
B cells, we fixed surface-stained B cells with further intracellular
staining with antibodies to BCL6 (Fig. 2J). Quantitative analysis
revealed a low representation of this B cell subpopulation in the
cultures (< 2%) (Fig. 2K). The most noticeable accumulation
of GC-like B cells was observed in the RPMI-2 culture
supplemented with 3T3-hCD40L feeders and IL21 (Fig. 2L). In
the RPMI-2 medium, more than 50% of GC-like B cells had
the CD27-CD38~ phenotype which is significantly higher than
in cultures with RPMI-1 (Fig. 2M, N). CD27+CD38-CD95"d"
BCL6* B cells were equally abundant in cultures with RPMI-1
and RPMI-2 (Fig. 20, P) while the proportion of CD27-CD38*
GC-like B cells was significantly increased in cultures with
RPMI-1 (Fig. 2Q, R).

Thus, co-cultivation of B cells with 3T3-hCD40L feeders
and IL-21 allows for the greatest expansion and survival of
B cells. Under these conditions, on day 7 of culture in RPMI-1,
approximately 15% of living cells were ASCs and 0.2% were
GC-like B cells, with 10% and 0.4% for RPMI-2, respectively.
RPMI-2 was chosen for further work as it was compositionally
richer for B cells.
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Fig. 2. Analysis of the effect of CD40L, IL-21, and cell culture medium composition on the surface expression of CD95 and intracellular expression of the transcription
factor BCL6 in B-cell cultures. A-l. Analysis of the surface expression of CD95 and co-expression of CD27 and CD38 on B cells in cultures (excluding CD27"a"
CD38"e" — plasma cells). Representative graphs of flow cytometry analysis. The gating strategy is indicated by arrows (A). Quantitative analysis of the percentage
of (B) and absolute number (C) of CD95"e" -B cells in cultures. Quantitative analysis of the percentage of B cells and the absolute number of live CD95"" -B cells
for CD27-CD38" (D, E), CD27+CD38" (F, G), and CD27-CD38* (H, 1) B cells. J-R. B cells cultured in the presence of NIH 3T3 feeder line expressing hCD40L with
or without rhiL-21 (50 ng/ml) in RPMI-1 or RPMI-2 were fixed and permeabilized for staining of the intracellular transcription factor BCL6. Comparison was made
relative to B cells cultured in the presence of the untransfected NIH 3T3 line. Representative graphs of flow cytometry analysis of fixed B cells from the cultures.
The gating strategy is indicated by arrows (J). Quantitative analysis of the BCL6*CD95"" -B cells percentage (K) and absolute number (L) of the total number of
B cells. Quantitative analysis of the percentage and absolute number of CD27-CD38" (M, N), CD27+CD38" (O, P) and CD27-CD38* (Q, R) BCL6*CD95"" B cells.
The graphs present the data as the mean + standard deviation (SD) for four independent experiments (n = 4), each experiment was performed in duplicate.
Statistical analysis of CD95"e" B cell (B-1) and BCL6*CD95"" B cell (K, L) subpopulations was performed by one-way analysis of variance (ANOVA) with Dunnett’s
correction for multiple comparisons. Statistical analysis of BCL6+*CD95"" B cell (M-R) subpopulations was performed by unpaired T-test. *, **, ***, **** — p < 0.05;

0.001; 0.0001; 0.0001 respectively
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Fig. 3. Analysis of the effect of different cytokine compositions on CD27- and CD27+ memory B cell cultures. Predominantly naive B cells (CD19+CD20+CD27-) and
memory B cells (CD19*CD20*CD27-) obtained from blood PBMC by FACS, at a concentration of 1.5 x 10* were cultured on 3T3 feeder cells expressing hCD40L
in RPMI-2 culture medium in the presence of rhiL-21 (50 ng/ml), with or without the addition of rhiL-4 (10 ng/ml) and rhBAFF (100 ng/ml) cytokines for 7 days. Cell
cultures were analyzed by flow cytometry. A. Representative graphs of flow cytometry analysis. Arrows indicate the gating strategy. The number of live B cells (B) and
the percentage of dead B cells (C) in cultures. Quantitative analysis of the percentage of live B cells and the absolute number of CD27"9"CD38"s" — plasma cells and
plasmablasts (D, E), CD27-CD38" (F, G), CD27+CD38" (H, I), and CD27-CD38* (J, K) B cells. The graphs present the data as the mean + standard deviation (SD) for
four independent experiments (n = 4), each experiment was performed in duplicate. Statistical analysis was performed by two-way analysis of variance (ANOVA) with
Tukey's test for multiple comparisons, *, **, ***, *** — p < 0.05; 0.001; 0.0001; 0.0001, respectively

In the next series of experiments, we investigated the effect
of different cytokine compositions (IL-4, BAFF) on cell cultures
of CD20*CD27- B cells which were predominantly naive B
cells, and CD20*CD27+ memory B cells. Individual B cell
subpopulations were obtained from peripheral blood MCs by
fluorescence sorting (with a population purity of > 95%). 1.5 x 10*
B cells were cultured in RPMI-2 medium in the presence of
3T3 hCD40L cells supplemented with IL-21 (50 ng/ml) and the
cytokines IL-4 (10 ng/ml) and/or BAFF (100 ng/ml) (Table 2).

Flow cytometric analysis of cell cultures on day 7 (Fig. 3A)
showed that various cytokine compositions had no significant
effect on B-cell expansion or survival (Fig. 3B, C). For all

cytokine combinations, a trend toward increased expansion
and a decreased proportion of dead B cells was observed in
cultures of CD27- naive B cells compared with CD27+ memory
B cells.

Importantly, cultures of CD27+* memory B cells showed a
significant accumulation of CD27""CD38""" ASC (20-35%
of all B cells) (Fig. 3D, E). In the cultures of predominantly
naive CD27- B cells, the proportion of ASC was less than 2%
(Fig. 3D, E) while the proportion of CD27-CD38" B cells (Fig. 3F, G)
was significantly higher compared to the cultures of CD27*
B cells. CD27+CD38" B cells were abundant in memory B cell
cultures, and CD27-CD38* B cells were present in all cases
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Fig. 4. Analysis of the effect of different cytokine compositions on the surface expression of CD95 and intracellular expression of the transcription factor BCL6 on
cultures of CD27- B cells and CD27* memory B cells. 1.5 x 10* CD19*CD20*CD27- and CD19*CD20*CD27- B cells were cultured on 3T3 feeder cells expressing
hCD40L in RPMI-2 culture medium in the presence of rhiL-21 (50 ng/ml), with or without the addition of the cytokines rhiL-4 (10 ng/ml) and rhBAFF (100 ng/ml) for
7 days. A-E. Analysis of CD95 surface expression and CD27 and CD38 co-expression on B cells in cultures (excluding CD27"e" CD38"" plasma cells). Representative
graphs of flow cytometry analysis of CD95 surface expression. The gating strategy is indicated by arrows (A). Quantitative analysis of the percentage of live B cells
(B) and the absolute number (C) of live CD95"" B cells in cultures. Quantitative analysis of the percentage of CD95"" B cells (D) and the absolute number of live
CD38+*CD95" B cells (E). F-J. Analysis of intracellular BCL6 expression in cell cultures. For this, cells from the cultures were fixed and permeabilized for staining of
the intracellular transcription factor BCL6. Representative graphs of flow cytometry analysis (F). The gating strategy is indicated by arrows. Percentage (G) of B cells
and absolute number (H) of CD95"" BCL6* cells. Representative panels of cytometric analysis illustrating the distribution of BCL6 in cell cultures of CD20*CD27+ and
CD20+CD27- B cells (I). Mean fluorescence intensity (MFI) of the transcription factor BCL6 in cells from cultures (J). Quantitative analysis data are presented as the
mean =+ standard deviation (SD) for four independent experiments (n = 4), each experiment was performed in duplicate. Statistical analysis was performed by two-way
analysis of variance (ANOVA) using Tukey's multiple comparison test, *, **, ***, *** — p < 0.05; 0.001; 0.0001; 0.0001, respectively

without significant differences (Fig. 3H-K). Regardless of the
starting population, adding IL-4 decreased the proportion of
ASC, CD27+CD38-, and CD27-CD38* cells (Fig. 3D, E, H-K).

Regardless of the conditions and starting cells, the majority
of cells had CD95"" phenotype. Moreover, the proportion and
number of CD95"" B cells were slightly increased in CD27-
naive B cell cultures (Fig. 4A-C). Notably, a trend toward a
decrease in the CD27-CD38*CD95"" B cell subpopulation
was observed in the presence of IL4 under all other tested
conditions (Fig. 4D, E).
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Analysis of the number and proportion of CD95""BCL6* B
cells (Fig. 4F) in cultures from CD27-and CD27+* B cells revealed
no statistically significant differences (Fig. 4G, H). However, the
addition of IL-4 was shown to increase the proportion of GC-
like B cells (especially in the case of CD27- B cells). Notably, a
trend toward increased BCLG6 levels in CD27- B-cell cultures
compared to CD27+ B-cells was observed under all tested
conditions except the addition of BAFF without IL-4 (Fig. 41, J).

When cultured in RPMI-2 medium with 3T3-hCD40L feeders
and IL-21, a significantly greater expansion of the naive
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CD27- B-cell cultures with minimal ASC accumulation was
observed as compared to the CD27+ memory B-cell cultures
where ASC reached 30%. No statistically significant differences
in the accumulation of GC-like B-cells were detected. The
addition of BAFF had no significant effect on B-cell cultures
while IL-4 caused a slight decrease in the proportion of ASC
and an increase in GC-like B-cells, especially in CD27- B-cell
cultures.

DISCUSSION

In vitro cultivation of human B cells is of fundamental importance
for solving a wide range of biotechnological problems, in
particular, obtaining ASCs for antibody production, using B
cells as antigen-presenting cells for T cell activation, and testing
transgenic immunotherapy products [16]. Although there are
numerous studies on B cell cultivation conditions [11-13],
developing effective protocols for specific applications still
remains important.

The aim of this study was to find an optimal combinations
of conditions for (a) efficient B cell expansion in cell culture; (b)
maximal accumulation of ASC population; (c) BCL6-expressing
B cells similar to GC B cells. We comprehensively explored
the impact of baseline B-cell status based on CD27 marker
(CD27- and CD27+ subsets), a combination of proteins and
supplements replacing human serum, the cytokine BAFF that
is critical for B-cell survival, and also the stimuli that mimic T-cell
support (CD40L, IL-21, IL-4), on the efficiency of cell culture
protocols.

Expansion and Maintenance of Activated B-Cell Viability

Cytometric analysis of B-cell cultures on day 7 of co-culture
demonstrated that the highest expansion and survival rates
were achieved using a transgenic feeder line expressing human
hCD40L in combination with the cytokine IL-21. These data
are consistent with previously described results [17, 18]. At
the same time, the addition of IL-4 and BAFF cytokines to the
culture at concentrations of 10 and 100 ng/ml, respectively, did
not have a statistically significant effect on cell proliferation or
viability.

Optimization of the cell culture medium composition
showed that adding recombinant human insulin, transferrin,
and albumin into a base medium containing 10% FBS resulted
in the greatest reduction in percentage of dead cells.

Based on the comparative analysis, cultures initiated from
CD27- B cells were, on average, 1.5 times more abundant than
cultures derived from CD27+ cells and also exhibited a lower
percentage of cell death as has been previously described [19].

Thus, it is advisable to use CD27- cells as the initial population
for optimal expansion and maintenance of activated B cells
viability in vitro. The most effective protocol involves co-
cultivation with feeder cells expressing hCD40L in a medium
enriched with IL-21, supplemented with a combination of
serum proteins (including insulin, transferrin, and albumin).

Accumulation of ASC in B-cell Cultures

The next task was to determine the cell culture conditions
that promote accumulation of CD27"hCD38"" ASC in B-cell
cultures. It was shown that in the presence of both hCD40L
and IL-21, CD27"hCD38"e" cells accumulated in the cultures
reaching 10-15% of the total cell pool. This is consistent with
the previously published results [20, 21, 22]. The addition of
recombinant serum proteins to the culture medium resulted in

a decrease in the proportion of ASC in the cultures. Significant
accumulation of CD27"hCD38"" B cells was observed in
the cultures of memory CD27+ B cells (20-35% of all living
cells), consistently with previous studies [21, 23] and the rapid
recruitment of memory B cells to the ASC response upon
repeated exposure to antigen and T-cell help [24]. In contrast to
the memory B cell cultures, in the cultures from predominantly
naive CD27- B cells the proportion and number of ASC were
significantly reduced (1-2% of the total cell number).

It was also demonstrated that in the presence of the cytokine
BAFF, the number of CD27M"CD38Me" and CD27+CD38™ B cells
in the cultures of CD27+ B cells was maximal, consistent with
other data available [25, 26]. Conversely, upon the addition of
IL-4, abundance and proportion of ASC and CD27+CD38- cells
tended to decrease while the proportion of CD27-CD38™ B cells
tended to increase.

Our findings suggest that for ASC abundance in B cell
culture, it is preferable to use CD27+ memory B cells in
combination with hCD40L and IL-21, along with the addition
of BAFF. It should be noted that the analysis was performed
without considering the levels of ASC antibody secretion which
can vary significantly depending on the level of ASC maturation
and multiple additional factors, and requires separate studies
to optimize antibody production in cell cultures.

Accumulation of GC B Cells in Cell Cultures

As mentioned earlier, the signal through the BCR as well as the
Th cell "help" in the form of CD40L and IL-21 secretion induces
the appearance of GC B cells. A key marker of GC B cells
is the expression of BCL6 transcription factor [5]. Phenotypic
analysis of lymphocytes from human secondary lymphoid
organs identified CD95""BCL6+CD38+*CD27+/- B cells as GC B
cells [27]. In our study, we were able to identify GC-like B cells
in cultures by a combination of the surface marker CD95 and
the intracellular transcription factor BCL6.

Accumulation of CD95""BCL6* B cells occurred in
cultures with hCD40L and IL-21, consistently with in vivo
studies [28]. The initial cell populations of CD27- and CD27+ B
cells did not significantly affect the proportion and number of
CD95""BCL6* in the final B cell cultures. However, in cultures
from CD27- B cells, BCL6 level tended to increase. The
addition of recombinant serum proteins and IL4 contributed to
an increase in the proportion of GC-like B cells and a decrease
in ASC. This is consistent with the results of studies suggesting
that the combined action of IL-21 and IL-4 secreted by Th
increases and stabilizes BCL6 expression in activated B cells
[29], promoting their differentiation into GC B cells [5]. Moreover,
BCL6 is an antagonist of the transcription factor Blimp-1 and
inhibits further differentiation of B cells into ASC [24].

Thus, we were able to demonstrate that culturing B cells in
the presence of hCD40L and IL-21 also allows for the formation
of GC-like B cells to be observed through increased BCL6
expression. Moreover, a slightly higher accumulation of GC-
like B cells was observed in a culture of CD27- naive B cells
when IL-4 and human serum substitutes were included in the
medium.

However, it should be noted that none of the components
used in this study resulted in the accumulation of more than
1% GC-like B cells. GC B cells are highly sensitive to apoptosis
in the absence of support from Th and specialized cells —
follicular dendritic cells (FDCs) [30]. It was shown that FDC-
based cell lines is likely to be preferable for culturing GC B cells
[10]. Based on our data and the results of previous studies,
we suggest that maintaining GC B-cell cultures in vitro requires
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using more complex co-cultivation systems with the inclusion
of FDC-like B-cell lines.

CONCLUSIONS

The study helped to identify optimal conditions for the effective
expansion of B cells from human peripheral blood in vitro as
well as for obtaining ASC-enriched cell culture. The presence of
hCD40L-expressing feeder cells and IL-21 in the cultures was
shown to be necessary for both proliferation and survival as
well as for B cell differentiation in vitro. For optimal B cell culture
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Currently the development of the production of domestic medical devices is of special importance in the context of ensuring the healthcare system sustainability.
Leveraging international experience in developing embolic coils, while considering the capabilities of Russian production, will enable the creation of devices that meet
global standarts. The study aimed to conduct systematic evaluation of six endovascular coil models from leading foreign manufacturers and perform comprehensive
assessment of the design features of the metal coil frames, including analysis of geometrical dimensions, materials used, and engineering solutions. Based on our
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The dependence on imported endovascular coils for embolization
is a major challenge for the public health system of the Russian
Federation. Hundreds of thousands embolization surgical
procedures due to vascular disorders are performed annually
all over the world, and all the products used for this purpose
in Russia are manufactured by foreign companies. In 2020,
global sales of coils were about 1.14 billion of US dollars, in
2021 these reached 1.175 billion of US dollars, and the rate still
demonstrates a steady upward trend [1]. Under conditions of
import dependence there is a need for import substitution, and
the analysis of world experience should be conducted to create
versatile structures with optimal biotech properties.

Despite their common function, endovascular coils for
vascular embolization vary considerably according to materials,
geometry, and dimensions, but any coil represents a metal
frame maid of the wire twisted into a primary coil [2]. The key
requirements for the coils are as follows: high biocompatibility,
controlled thrombogenicity, optimal radial stiffness and
flexibility, as well as the ability to restore the 3D structure after
implantation [3]. Polymer fibers or a hydrogel coating are often
applied to the surface in order to enhance thrombogenicity,
and the secondary coil configuration varies depending on the
target blood vessel anatomy [4, 5]. The coils cause irreversible
embolization, ensuring complete blood vessel occlusion due
to thrombus formation [6]. Such an effect is achieved in one of
three ways: mechanical obturation of the blood vessel lumen
resulting in the considerably reduced blood flow; development
of a thrombogenic frame contributing to platelet aggregation
and stable blood clot formation; controlled damage to the blood
vessel wall stimulating the release of endogenous procoagulant
factors. Thrombotic occlusion usually occurs within five minutes
after installation, despite the fact that temporal parameters may
vary depending on the device type, blood vessel diameter, and
baseline hemodynamics in the area embolized [6, 7].

Modern research in the field of vascular embolization
demonstrates considerable progress in coil development,
especially in the context of improving the materials and
technologies for production of those. The key materials to
produce endovascular coils include platinum alloys, nickel
titanium (nitinol), stainless steel, and the magnesium and zinc-
based biodegradable alloys [2, 8]. Despite high cost, platinum
alloys are widely used in clinical practice due to exceptional
radiopacity ensuring accurate imaging during the intervention,
optimal flexibility making it possible to adapt to the complex
blood vessel anatomy, and high biocompatibility minimizing the
risk of immune reactions [9]. Nitinol possessing superelasticity
and shape memory effect makes it possible to restore initial
configuration of the coil after delivery, which is especially
important when treating complex aneurysms [10]. The stainless
steel coils show radiopacity, but are inferior to other alloys (for
example, to platinum ones). Stiffness of those resulting from
high strength can hamper tight installation into the blood vessel.
Therefore, the stainless steel coils are used mostly for occlusion
of large diameter blood vessels [11, 12]. Biodegradable alloys
represent a promising avenue in endovascular technology.
Their capability of the controlled resorption after performing the
therapeutic function makes it possible to minimize the risk of
delayed complications and avoid re-interventions. Furthermore,
ensuring safety via monitoring the magnesium and zinc ion
levels in biological tissues remains an important aspect of the
use of such materials [13].

In parallel with the research in the field of materials science,
the endovascular coil evolution is related to optimization of the
coil structural parameters. Modifications of the recent years were
focused on improving the detachment mechanisms, increasing

the coil length (up to 50-60 cm), introducing flexible materials
and innovative coatings that enhance thrombogenesis. The
diverse morphology of the next-generation devices covers
the spectrum between classic 2D configurations and 3D
structures topographically adapted to the aneurysmal sac
anatomy [4]. Introduction of nanocoatings (Target Nano,
Axium EX) and 3D-printed constructs (Target 3D, Micrusframe)
ensures effective filling of both small complex aneurisms and
large cavities. Special focus is on biocompatible coatings:
polyglycolic/polylactic acid microfilaments and hydrophilic
acrylic copolymers, which minimize inflammatory responses
[14-16]. It is assumed that the combination of additive
technologies with bioactive coatings will make it possible
to personalize selection of coiling systems considering the
aneurism size, localization, and morphology, thereby increasing
the endovascular intervention safety and efficacy.

The development of domestic endovascular coils requires a
complex approach based on the analysis of relevant advances
in materials science and engineering solutions. It is important
to adapt world experience considering the specifics of the
national industrial infrastructure and regulatory framework.
This enables creation of competitive medical technologies
compliant with international standards and meeting the
demands of the domestic public health system. The systematic
review of the key parameters of modern foreign endovascular
cails, i.e. geometry, materials, frame features, and production
technologies, will make it possible to identify the model design
solutions typical for different manufacturers. It is assumed that
comparison will reveal the dominant trends in the product
key element design and make it possible to classify the coils
based on the technological and structural characteristics.
Understanding the relationship between materials, geometry,
and production technologies will provide the basis for shaping the
new criteria relevant for the development of innovative devices.

The study aimed to assess the dimensions, materials, and
structural features of metal frames of the endovascular coils
available on the market. The research objectives were as follows:

To conduct a systematic review of the range of endovascular
coils in terms of geometric parameters (diameter, length, shape).

To perform microscopic analysis of the structural elements
of the metal coil frames.

To characterize the methods to produce the key coil frame
elements (atraumatic tip, main part and interlock).

To investigate the feature of the polymeric fiber attachment
inside the frame and the effect of polymeric fibers on the
structure.

METHODS

The following endovascular coils were studied:

1. Manufacturer COOK MEDICAL LLC (USA), model Nester
G52754.

2. Manufacturer COOK MEDICAL LLC (USA), model MReye
Flipper G20235.

3. Manufacturer MicroVention, Inc (USA), model Terumo
AZUR 18 45-480810.

4. Manufacturer Boston Scientific Corporation (USA), model
Interlock Spiral 2D M00136155.

5. Manufacturer Boston Scientific Corporation (USA), model
Interlock Spiral -35 M001363700.

6. Manufacturer PFM Medical GmbH (Germany), model Nit-
Occlud PDA 145044V1.

The coil dimensions and design features were assessed
using the NORGAU NVMIII-2010D video measuring system
(Norgau Russland LLC, Russia).
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Table. Endovascular coil characteristics. Values are presented as M + SD, where M is the mean; SD is the standard deviation; the 95% confidence interval for each
mean is provided in parentheses.

Coil wire | Wire diameter, | Coil diameter, L Interlock Polymer fiber
Mnufacturer Model ) Atraumatic tip type ]
material mm mm mechanism type attachment
. . Between the

COOK MEDICAL . 0.125 + 0.003 | 0.537 + 0.004 - Coil-coil (screw-type -
LLC (USA) Nester G52754 Platinum (0.116-0.134) | (0.526-0.548) Spherical, melted connection) coil th;:'gtsioc:]ue to
COOK MEDICAL MReye Flipper Inconel® 0.172 £ 0.0038 | 0.777 + 0.007 Spherical. brazed Coil-coil (screw-type Between the coil t
LLC (USA) G20235 (0.163-0.181) | (0.760-0.794) P ’ connection) urns due to friction
MicroVention, Terumo AZUR 18 Platinum 0.072 + 0.005 | 0.302 + 0.004 | Nibbled, covered with Detachment by Hydrophilic polymer
Inc (USA) 45-480810 (0.059-0.085) | (0.291-0.313) polymer glue electrical current in the form of a sheath
Boston Scientific . .

. Interlock Spiral ) 0.079 + 0.003 | 0.306 + 0.004 ) . ) Between the coil
&‘gﬂ;’rat'on 2D Moo136155 | PRIMUM | (0 070-0.088) | (0.205-0317) | Spherical, brazed Milled interlock 1 tms due to friction
ggft%rr‘a?ig'f”t'f'c Interlock Spiral | 5. | 0176+0.005 | 0526  0.005 32’;?;2?'i’st’lzzgf tﬁgﬁ Groove-groove Between the coil

P -35 M001363700 (0.163-0.189) | (0.513-0.539) 1S arg milled interlock turns due to friction
(USA) the coil thickness)
. . - Coil-core
PFM Medical Nit-Occlud PDA | Titanium | 0.243 + 0.003 | 0.763 + 0.005 Spherical. brazed (semi-helicoidal No
GmbH 145044V1 nickelide | (0.234-0.252) | (0.750-0.776) P ’ connection)

The coil samples were positioned freely on the microscope
stage without applying mechanical tension in order to avoid
deformation. To ensure the contrast and measurement
accuracy, we used the annular reflection light source allowing
for clearly visualize the contours of the structural elements.
Measurement was performed using the INSPEC software
(Micro-Vu, USA). The procedure included manual selection of
the contour with the subsequent use of the Distance tool to
determine the key geometric parameters: external coil diameter
(based on the spiral extreme points) and wire thickness (three
measurement repeats per parameter). Statistical processing
of the results was performed using the Student’s t-test in
Statistica 10.0 (StatSoft, USA). The data provided in the Table

are presented as M = SD, where M is the mean; SD is the
standard deviation.

RESULTS

In terms of structure all the studied coils represent the spirals
made of wire 0.07-0.25 mm in diameter (Table).

The Nester G52754 coil (COOK MEDICAL LLC) (Fig. 1)
made of platinum consists of three elements: the atraumatic
tip, the main coil with an increment equivalent to the wire
diameter, and the interlock part. The interlock is achieved
through screwing the spiral of the proximal coil part (about
2.2 mm long) onto the distal part of the delivery system. The

\

Fig. 1. Nester endovascular coil manufactured by COOK MEDICAL LLC: general view (A); fiber attachment (B); atraumatic tip (C); interlock part (D)
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Fig. 2. MReye Flipper endovascular coil manufactured by COOK MEDICAL LLC: general view (A); fiber attachment (B); atraumatic tip (C); interlock parts of the coil and

delivery system, delivery system rod (red arrow) (D)

atraumatic tip is shaped by the reflow method. The interlock
coil is attached to the main one by brazing. The polymer fibers
are held between the spirals by friction.

The MReye Flipper G20235 coil (COOK MEDICAL LLC)
(Fig. 2) is structurally similar to Nester, but made of the Inconel®
alloy belonging to the family of the nickel-chromium heat-
resistant alloys. Besides the material, the coil differs from
Nester in geometric dimensions, it is also made of the larger
diameter wire.

The Terumo AZUR 18 45-480810 coil (MicroVention, Inc.)
(Fig. 3) belonging to the hydrogel coil family is made of platinum,

the atraumatic tip is made of a polymer, and the main
structural feature of the product is the Electric Detachment
System (EDS) for smooth and predictable detachment of the
coil from the delivery system. For realization of the EDS, the
delivery system comprising two electrical conductors running
throughout is connected to the handle (not presented in
the figure) having a built-in galvanic power source and an
activation button. After pushing the button the electrolysis
process is launched, through which the low-voltage electric
current dissolves the interlock pin in about 20 s, releasing
the cail.

Fig. 3. Terumo AZUR 18 endovascular coil manufactured by MicroVention, Inc.: general view (A); distal part of the coail, in which the margin, where the hydrogel sheath
begins, is pointed with the red arrow (B); activated hydrogel sheath (C); atraumatic tip (D); thermoelectric coil detachment system (blue *) (E); hydrogel sheath (F)
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Fig. 4. Interlock Spiral 2D endovascular coil manufactured by Boston Scientific Corporation: general view (A); fiber attachment (B); interlock parts of coil and delivery

system (C); atraumatic tip (D); interlocked coil and delivery system (E)

The Interlock Spiral 2D M00136155 coil (Boston Scientific
Corporation) (Fig. 4) has much in common with the Nester and
Flipper, but it is equipped with the groove-to-groove interlock
mechanism held in engagement by the catheter tube of the
delivery system. The interlock element (diameter 0.2 mm) is
connected to the main coil by brazing. The polymer fibers are
bundled together and evenly distributed between the spirals
throughout the coil length. The atraumatic tip is made by
brazing the platinum ball or reflow of the distal coil end.

The Interlock Spiral-35 M001363700 coil (Boston Scientific
Corporation) (Fig. 5) is structurally identical to the previous
model, but after the release from the delivery system the coil is
not twisted into spirals, but is distributed in space in a chaotic
manner. The polymer filaments, that are also bundled together,
are longer than that of the Interlock Spiral 2D. The spherical
atraumatic tip (0.8 mm) is produced by the reflow method. The
interlock mechanism is tightly inserted in the coil without any
traces of the glue or brazing, it is held by friction.

Fig. 5. Interlock Spiral - 35 endovascular coil manufactured by Boston Scientific Corporation: general view (A); fiber attachment (B); atraumatic tip (C); interlock part

of the coil (D)
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Fig. 6. Nit-Occlud PDA endovascular coil manufactured by PFM Medical GMBH: atraumatic tip (A); general view (B); interlock part, in which the screw notches on

the delivery system rod for connection to the coil are pointed with the red arrow (C)

The Nit-Occlud PDA 145044V1 (PFM Medical GmbH) (Fig. 6)
is the only coil considered that is made of titanium nickelide.
After the release from the delivery system it is twisted into a
tight stiff secondary coil. There are no polymer filaments. The
interlock mechanism is realized through winding the turns of
the coil onto the notches on the delivery system rod.

DISCUSSION

When developing sophisticated items, such as endovascular
coils, the design team has to choose affordable materials and
seek to maximize the structure simplicity and minimize the
number of technological operations. This makes it possible to
reduce the cost, waste, and the number of intermediate control
stages.

The source wire diameter is the main factor determining the
coil stiffness being the major selection criterion in endovascular
surgery. With the emergence of soft, super-soft, and ultra-soft
models, physicians now have an alternative to conventional stiff
coils. Since soft coils are easier to insert in the affected area,
practical understanding of their mechanical properties can help
an endovascular surgeon select a certain coil [17]. Therefore,
the coils made of the source wire 0.07 mm in diameter are
considerably easier to install in the affected area compared to
the coils made of the wire with the maximum diameter of 0.25 mm.

The presence of the atraumatic tip is an essential
characteristic of the coil manufactured. The main complication
of endovascular coiling is the risk of coil migration. The anchor
coil technique is one of the key techniques reducing such
risk [18]. The use of the coils with atraumatic tips allows the
surgeon to minimize the risk of vascular wall perforation and
endothelial damage, thereby increasing the intervention safety
and contributing to its higher efficacy via reduction of the rate of
intraoperative and postoperative complications.

The occlusion capability is likely to be the most important
feature of any coil. The coiling technology is developed in order

to improve the occlusion efficacy by adding various elements or
changing the coil parameters that are usually aimed to improve
thrombogenicity or packing tightness. Some earlier generation
coils, such as Nester 1 Tornado (Cook Medical, Bloomington,
Indiana), representing the pushed platinum coils made of
platinum and nichrome, have the nylon bibers contributing to
occlusion through stimulation of formation of the thrombus
filling the space between the coil turns [19]. This technique was
also realized in the detachable coils, for example in Concerto
(Medtronic) [20]. Another approach is designing the coils so
soft that these behave as a liquid metal, effectively filling the
target space. An example are the Ruby family coils (Penumbra
Inc, Alameda, California) [21]. Other products, such as AZUR
CX Hydrocoail (Terumo Medical), have a hydrogel coating that
expands after the delivery, filling the space between the turns
[22]. The hydrogel starts expanding in 3 min and achieves the
maximum width by 20 min. That is why the complete target
vessel occlusion may need time. One of the papers presents
the mid-term results of the use of the coils with the hydrogel and
fibrous coating for arterial embolization in the animal experiment.
In a month after the procedure the arteries embolized with the
hydrogel-coated coils were 100% occluded. In 4 months the
results were 80% [23]. Thus, coils with the hydrogel coating
show a stable occlusion effect in the medium term.

The analysis of the coils reviewed has shown that the
Flipper and Nester models have the simplest design in terms
of production. Elements of the frames of these coils are made
of different alloys, the glue is not used in the construct, and
the processing tools are publicly available. At the same time,
platinum is an expensive and not always freely accessible
material. The melted tip production may require specialized
laser equipment. Relative simplicity of the design of the above
coils does not lower high efficacy and safety of the use of such
devices for treatment of a broad spectrum of vascular disorders,
mostly arteriovenous malformations and iatrogenic vascular
complications. The analysis of the results of the retrospective
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cohort study including 102 cases of endovascular embolization
with the Nester and Flipper occlusion coils has shown that
the technical success rate was 100%. The clinical efficacy
determined as achieving the target blood vessel occlusion
and symptom regression was reported in 98% of patients.
In terms of safety, the intervention profile was beneficial: no
severe adverse events associated with the device migration,
mechanical destruction or periprocedural complications were
reported [24].

The weak point of the Terumo AZUR coil is the interlock
mechanism activated by the electric current. Such a detachment
principle has indisputable advantages when used in the neuro-
interventional procedures characterized by low blood flow
rate. Such a design requires the development of the complex
expensive electronic handle of the delivery system and the set
of conductive elements. At the same time, when working inside
peripheral blood vessels, the use of the coils equipped with
the electrolytic detachment mechanism considerably limits
the possibility of the implant postoperative maneuvering and
positioning. Furthermore, the benefits of this technological
solution remain unclear. The hydrophilic self-expanding sheath
requires expertise and experience with such materials, as well
as fixation with additional wire. At the same time, the use of the
polymer atraumatic tip is a simple technological process that
can provide the basis for the development of new caoils.

The Interlock Spiral coils by Boston Scientific Corporation
stand out due to the use of long sparsely arranged fibers
for embolization, which simplifies the production process.
However, the interlock mechanism is designed as two
reciprocal cylindrical brackets, for the manufacture of which
the expensive metalworking equipment is necessary, and high
processing accuracy and the lack of sharp edges are critically
important due to small size, to avoid damage to vessel walls
after implantation.

In the Nit-Occlud coil PFM Medical GmbH refused to use
polymer fibers, ensuring embolization due to the tightly twisted
construct made of the elastic nitinol alloy. Nitinol produced by
many companies is not subject to State control. The nitinol
molding methods are well understood and realized using the
affordable equipment. Simplicity of the interlock mechanism
requiring no additional parts is one more benefit of such design.

[tis important to develop a prototype based on the analysis of
foreign analogues. However, the possibility of the endovascular
coil import substitution is associated with a number of interrelated
aspects requiring a comprehensive assessment. The analysis
of the current situation on the Russian medical devices market
demonstrates a steady upward trend in the share of domestic
products [25]. According to the Consolidated Strategy on the
Development of the Manufacturing Industry until 2030 and for
the period up to 2035, in 2022, 26.8% of medical devices in the
total market volume were of Russian origin, and it is planned to
achieve the value of 36% by the year 2030, which is in line with
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the strategic goals of ensuring technological sovereignty in the
critically important industries [26].

The institutional support by the State implemented through
the subsidy, preferential loan, and tax preference mechanisms
is the key factor of the domestic production development
[25, 27]. These measures create economic incentives for
localization of production, which is confirmed by the dynamics
of the growth in the number of Russian enterprises in the field
of medical devices and equipment [28]. However, the industry’s
technological readiness for production of endovascular coils is
limited due to structural problems [26, 29]. The main barrier
is the lack of full-cycle production, including the dependence
on the imported substrates and specialized equipment for
precision processing of materials. One more factor is the need
for the products to comply with the ISO 13485 international
standards and EEU requirements, determining the need for
the quality control system modernization. It is worth noting a
considerable financial barrier for bringing medical products to the
Russian market. As of October 2023, the costs of registering one
product in the Russian Federation reach 1.5-7 million rubles, and
the time spent on issuing a registration certificate can be 3-18
months [28]. The prospects for overcoming the above barriers
are associated with the implementation of the cluster approach
involving integration of the scientific research institutions,
production facilities, and clinical sites. Creation of competence
centers in the field of biocompatible materials and additive
technologies, which will make it possible to reduce dependency
on the imported components, seems to be a priority [26, 30].

Thus, despite the existing technological and economic
barriers, import substitution of endovascular coils in Russia has
great potential. The key condition of success is the possibility
of the shift from prototype development to serial production,
which requires a systematic State support and extrabudgetary
fund-raising.

CONCLUSIONS

Comparative analysis of the embolic coils produced by foreign
manufacturers of medical equipment shows the dramatically
different technical approaches to designing the devices similar in
their purpose and effect. The alloys based on platinum, titanium
nickelide and nickel-chromium alloy are used as the materials
for coils. It is preferred that a polymer atraumatic tip and the
“coil-core” interlock mechanism, along with the small diameter
(in the range of 0.07-0.12 mm) nitinol wire as a material, are
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CYTOCOMPATIBILITY OF PRESSURELESS SINTERED POROUS B,C-CERAMICS ASSESSED /N VITRO
Chepeleva EVE, Kozyr KV, Vaver AA, Khakhalkin VW
Institute of Experimental Biology and Medicine, Meshalkin National Medical Research Center, Novosibirsk, Russia

The materials used to restore bone defets have a number of systemic limitations. The metal implants showing high mechanical strength have an insufficient
osseointegration capability, while ceramic and polymer materials have better biocompatibility, but do not meet the requirements of mechanical reliability in the
zones of considerable load. In this regard, the study of new classes of materials combining the strength characteristics with the osseogenic potential seems to be
a promising area. The study aimed to assess cytocompatibility of the boron carbide (B,C)-based porous ceramic material to confirm the possibility of its use for
bone defect replacement. The B,C semi-finished products were manufactured by pressureless sintering at 1900-2100 °C; ultrastructure of the resulting sample
surface was examined by atomic force and scanning electron microscopy. Citotoxicity of the B,C samples was estimated by an indirect method relative to human
mesenchymal stem cells. The following cell survival rates were reported: 102.1% (24 h) and 99.1% (72 h) for the samples autoclaved; 110.0% (24 h) and 94.4%
(72 h) for those treated with ethylene oxide. No significant intergroup differences were revealed (Mann-Whitney U-test). The findings allow us to consider B,C
ceramics as a promising solution for bone grafting. However, further research is required to assess its clinical potential, including the development of sterilization
protocols for larger and complex-shaped samples.
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LMTOCOBMECTUMOCTb CBOBEOAHOCMNEYEHHOW NMOPUCTON B,C-KEPAMUKN
NnPU NCCNEOQOBAHUWN IN VITRO

E. B. Yenenesa =, K. B. Kosbipb, A. A. Basep, B. B. XaxankvH

VIHCTUTYT aKcneprMeHTanbHOM 61onorim 1 MeauUmHbl, HaumoHanbHbIi MeanUMHCKUIA MCCneaoBaTeNbCKuin LLIeHTP Mvenn E. H. MewankuHa, HoBocnbupcek, Poccus

MaTepuans!, pUMeHsieMble NPY BOCCTAHOBIEHMI KOCTHbIX AE(DEKTOB, MEIOT P, CUCTEMHbIX OrpaHn4eHni. MeTannm4eckme MMnaaHTbl, BEMOHCTPUPYS BbICOKYO
MEXaHMNYECKYIO MPOYHOCTb, 06nafatoT HeLOCTATOMHON OCTEOUHTErPaLMOHHOM CNOCOBHOCTBIO, B TO BPEMSI Kak Kepamuyeckue 1 MonavMepHble MaTepuvianbl
MMEIOT NyYLLYO BUOCOBMECTUMOCTbL, HO HE YAOBMETBOPSIOT TPEOOBAHUAM MO MEXaHWHEeCKOW HaLeXHOCTU B 30HaX 3Ha4UTENbHOM Harpysku. B aToi cBssm
NepPCNeKTVBHbIM HanpasieHeM NMPEACTaBASeTCA UCCNEA0BaHNE HOBbIX KTACCOB MaTepuasioB, COYETAIOLLMX MPOYHOCTHbIE XaPaKTEPUCTVKN C OCTEOrEHHbIM
noTeHuyanom. Liens necnenosaHyis — OLEHWTL LIMTOCOBMECTVIMOCTbL MOPUCTOrO Kepammn4ecKoro MaTepuana Ha ocHose kapbraa 6opa (B,C) ans noarsepxaeHns
BOBMOXHOCTV €r0 VICMob30BaHVs Mpu 3amMelLeHii KOCTHbIX fedekTos. 3arotosku B,C varoTasnvieani METONOM CBOGOAHOMO criekaHus npy 1900-2100 °C,
NCCNeAoBaHVe yNsTPACTPYKTYPbl MOBEPXHOCTU MOMyHYEHHbIX 06Pa3LI0B NMPOBOAMIN METOAAMM aTOMHO-CUIOBON 1 CKaHUPYIOLLEN SMEKTPOHHON MUKPOCKOMMM.
LutoTokeniHocTb 06pasuos B,C oLeHnsant HenpsaMbIM METOLOM MO OTHOLLIEHUIO K ME3EHXVIMaIbHbIM CTBOJIOBbLIM KNeTkam Yesioseka. [onyyeHbl cneayroLmve
riokasaTenn BbKMBAEMOCTU KNETOK: A/ 06pa3uoB nocne astoknasnposaHus — 102,1% (24 1) n 99,1% (72 4); nocne obpaboTku atuneHokenaom — 110,0%
(24 1) 1 94,4% (72 4). CTaTUCTUHECKN 3HAYVMBIX PA3ANHNIA MEXIY rpynnamy He BbisBieHO (U-kputepuii MaHHa—YuTHW). [ony4eHHble pesdynsTarsl MO3BONSIOT
paccmarprisaTth B,C-kepamiky Kak NepCrneKTMBHOE PeLleHe ANst KOCTHOM NAACTVIKY, OHAKO [191 OLIEHKI € KIMHUHECKOTrO NOoTeHLyana TpedytoTes fanbHenwve
NCCNeaoBaHns, BKloHas padpaboTky MPOTOKOOB CTepunmaaLyin Ans 06pasLioB 60MbLLero paamepa 1 CIoXKHoM opmbl.

KnioueBble cnoBa: kapbua 60pa, KOCTHbIE MMMaHTbI, Kepamuika, CTepunmudaupms, GoCOBMECTUMOCTb
®uHaHCMpPOBaHMe: ICCNefoBaHVe BbIMNOMHEHO 3a CHET rpaHTa Poccuninckoro HayuHoro hoHaa (MpoekT Ne 25-25-00187).

Bknap aBTopos: E. B. Henenesa, B. B. XaxankuH — KoHUenumua 1 ansanH nccnegosanvs; E. B. Henenesa, K. B. Kosbipb, A. A. Bagep, B. B. XaxankvH — npo-
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The today’s traumatology and orthopedics face the challenge
of reconstructing the large bone defects resulting from
injuries, tumor resection or degenerative disorders [1]. The key
approach to treatment of bone defects is the use of implantable
materials for replacement. An ideal bone grafting material
must be biocompatible, it must ensure osteoconduction (the
process, when the bone replacement material serves as a
structural matrix for osteoblast migration and proliferation),
osteoinduction (the process, though which mesenchymal stem
cells and osteoprogenitor cells are activated to differentiate in
the osteogenic direction), as well as preserve the structural and
mechanical properties of the regenerated bone [2]. There is
currently no universal approach to bone grafting, and selection
of the optimal material should be based on the specific clinical
situation, defect size, and functional requirements. The range
of materials widely used for bone defect replacement includes
polymer matrices, bioceramics, and structural metal alloys;
bone autografts and allografts are used in certain clinical
situations [2—-4]. The analysis of the effectiveness of available
solutions shows systemic limitations that vary depending on
the material class (Table 1) [3-11].

Today, the approaches to bone tissue restoration are focused
on overcoming the current limitations through the development of
fundamentally new solutions, among which several key directions
can be distinguished. Tissue engineering allowing one to produce
biomimetic structures by combining biocompatible matrices,
progenitor cells, and bioactive molecules for targeted stimulation of
osteogenesis is one of the most promising [4, 12—14]. A significant
potential arises from the use of additive technologies (3D printing,
selective laser melting), ensuring fabrication of implants having
the complex architecture, controllable porosity and showing full
compliance with the defect anatomy, which is impossible when
using conventional methods [3, 15, 16].

Boron carbide is conventionally used as a structural material
due to high hardness (up to 48.5 GPa), relatively low density
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(~2.52 g/cm?), and chemically inert nature [17]. The properties
of B,C as an independent implantable material are currently
poorly understood, and the scarse research is focused mainly
on its role as an auxiliary component (modifying additives,
protective coatings).

The study aimed to assess biocompatibility of the boron
carbide-based ceramic samples by assessing their cytotoxic
effects on mesenchymal stem cells.

METHODS

The boron carbide semi-finished products were fabricated
using the proprietary technology (patent No. RU 2 836 825 C1)
[18]. During the technological process the source boron carbide
powder (UNICHIM & EP, Russia) together with the adhesive
agent was loaded into the XLB-3 atomizer dryer (Oriental
Development Limited, China) for 1 h. Then the moulding powder
was pressed using the SOROKIN 7.50 hydropneumatic press
(Lekht, Russia) by cold pressing in order to produce a semi-
finished product, from which parts of appropriate shape were
fabricated by mechanical processing. To remove the adhesive
agent, the moulded part was put in the EKPS-50 muffle furnace
(Smolensk SKTB-SPU, Russia). Then the semi-finished product
was placed in the HP W 250 hot pressing device (FCT Systeme
GmbH, Russia), in which pressureless sintering occured at at
temperature of 1900-2100 °C in 14 phases involving heating,
interim passage, and evacuating. The source semi-finished
products were cut into samples sized 5 x 5 x 30 mm using
the diamond blades and cleaned of the dust formed during
cutting in the CD-4830 ultrasonic bath (Codyson, China) in
the ethanol medium, then triple washed with distilled water for
40 min. Samples of the same size made of the BT 1-00 titanium
(TNMK, Russia) were used as a reference material.

The structure of the surface of boron carbide-based
samples was examined using the KYKY-EM6900LV scanning

Table 1. Comparative analysis of the major classes of materials for bone grafting [3—11]

Material class | Examples

Benefits Limitations

Biomaterials

No risk of rejection,

Limited material volume, additional surgical

Bone tissue Autograft s . - intervention and the associated risk of
osteoconductivity, osteoinductivity o
complications
No material volume limitation Risk of immune rejection, risk of viral ot
Allograft ’ bacterial infection transmission, additional

osteoconductivity, osteoinductivity

steps required for processing

Proteins (collagen, fibrin, gelatin);
polysaccharides (hyaluronic acid,
chondroitin sulfate, alginate, chitosan)

Natural polymers

Biocompatibility, biodegradability

Low mechanical strength, natural
impurities, variability of properties

Natural minerals Corals

Biocompatibility

Limited availability, slow resorption

Synthetic materials

Titanium and alloys, tantalum, stainless

High mechanical strength and wear

Low biodegradability, risk of toxicity due
to release of metal ions, low resistance to

Non-biodegradable (polyethylene,
polyurethane)

Biocompatibility, versatility

Metals steel, magnesium and alloys resistance, biocompatibility cyclic loads
Bioinert (ceramic aluminum oxide); Blocomp_at|b|llty, structural su_’m_lanty Brittleness, low bending and torsional
. . X N . . to bone tissue, osteoconductivity/ o . .
Bioceramics biodegradable (hydroxyapatite, B-tricalcium ) o ) strength, difficulty controlling the resorption
) osteoinductivity (depending on the
phosphate, bioglass) " rate
structure and composition)
Biodegradable (polycaprolactone, polylactic | Biodegradability, biocompatibility,
acid, polyglycolic acid) versatility Low mechanical strength, risk of
Polymers

inflammation due to degradation products

Composite materials

Hydroxyapatite-collagen matrices, calcium
phosphate coatings on metals

Combination of mechanical
properties and biocompatibility

Production complexity, high cost, possible
structure heterogeneity
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electron microscope (KYKY Technology Co., Ltd., China) at an
accelerating voltage of 20 kV and electron beam amperage of
120 pA. The sample surface topography was assessed with
the NTEGRA Il atomic microscopy system (NT-MDT Spectrum
Instruments, Russia) in the semi-contact mode using the
HA_FM A silicon ultra-sharp cantilever (NT-MDT Spectrum
Instruments, Russia) at the scan frequency of 0.7 Hz. The
Nova-Px software (NT-MDT Spectrum Instruments, Russia)
was used to produce the 3D topographic images.

Two methods widely used in laboratory and clinical practice
were chosen for sample sterilization: physical (autoclaving) and
chemical (ethylene oxide) ones. Before using in the experiment,
a half of boron carbide samples and titanium samples were
sterilized in an autoclave (Youjoy BES-12L-B-LED, China) at a
temperature of 121 °C, pressure of 1.1 atm. for 45 min. The
remaining samples were subjected to ethylene oxide sterilization
in the Steri-Vac 5XL gas sterilizer/aerator (3M, USA) with the
ethylene oxide concentration of 750 mg/L, temperature in the
chamber 37°C, 70% humidity for 3 h. Aeration was carried out
at the sterilization temperature for at least 8 h.

Cytotoxicity of samples was estimated by an indirect
method involving assessment viability of the MSC-DP-1 human
mesenchymal stem cells, MSCs (the shared research facility
“Vertebrate Cell Culture Collection”, Institute of Cytology RAS),
in the extract obtained by incubation of the test samples in
the DMEM/F12 culture medium (Servicebio, China) at 37 °C
in the humid atmosphere with 5% CO, throughout 72 h in
accordance with GOST ISO 10993-12-2023 [19]. Since MSCs
are osteoblast progenitors that play a key role in bone tissue
regeneration, the use of these makes it possible to estimate the
extent, to which the test material would be compatible with the
target biological medium in vivo.

The MSC-DP-1 cells were cultured in the DMEM/F12 medium
(Servicebio, China) supplemented with 10% fetal calf serum
(PanEco, Russia), 100 U/mL penicillin (Thermo Fisher Scientific,
USA), 100 U/mL streptomycin (Thermo Fisher Scientific, USA),
and 2 mmol/L L- glutamine (PanEco, Russia) at 37 °C in the humid
atmosphere with 5% CO,. To assess cytotoxicity of the extracts,
the cells were sown on the flat bottom 96-well culture plates,
2 x 10* cells per 200 pL of medium in each well, and incubated
throughout 24 h. Then the medium was replaced with 200 L
of the extract. After incubation in extracts at 37 °C in the humid
atmosphere with 5% CO, under standard conditions throughout
24 and 72 h, cell viability was measured using the EZcount™ XTT
Cell Assay Kit for cell proliferation assessment (HiMedia Labs,
India). Optical density of the well content was measured at the
wavelength of 450 nm and reference wavelength of 690 nm using
the Stat Fax-2100 microplate photometer (Awareness Technology,
Inc., USA). The cells cultured in the DMEM/F12 complete medium
were used as a control. The number of repetitions per group was
5. Cell viability was calculated as a ratio between optical density in
experimental groups and the control group (A):

Cell viability = (A /A

experimental group control

) x 100%.

The sample was considered non-toxic when the cell viability
index was greater than 70% (GOST ISO 10993-5-2023) [20].

Fig. 1. Overall appearance of the B,C ceramics samples produced by pressureless
sintering

Statistical data processing was performed using the
Statistica 10.0 software (StatSoft, USA). The data distribution
was tested for normality using the Shapiro-Wilk test. The Mann—
Whitney U-test was used to identify intergroup differences. The
study results are presented as Me (25%; 75%), where Me
is the median, and interquartile range represents the values
of the 25" and 75" percentiles. Bonferroni correction was
applied to adjust for multiple comparisons; after adjustment the
significance level was as follows: a = 0.0125; the intergroup
differences were considered significant at p < 0.0125.

RESULTS

The overall appearance of the boron carbide-based porous
ceramic samples sized 5 x 5 x 30 mm is presented in Fig. 1. The
material main technical characteristics are provided in Table 2.

Microphotographs of the surface of the sintered boron
carbide-based samples show a typical polycrystalline structure
with the pronounced granular organization, the average granule
size is 40 pm (Fig. 2). The granules that are located tightly,
without significant gaps, are mostly of angular morphology with
rounded margins. The margins have a complex configuration,
including twin structures and areas of incomplete fusion. The
surface has a highly porous structure of the interconnected
pores that are mostly roundish or oval with the average size
of 30 um. The analysis of interconnections between pores
revealed the branched channels and chains forming the
interpore communication system. The distribution of pores in
the material volume is relatively even, with local clusters and
the zones of increased porosity. The pore walls have a smooth
surface with microroughness and partial fusion of adjacent
structures.

Topographic analysis of the test sample structure
demonstrates complex morphology of the relief showing the
pronounced mucrostructure heterogeneity; the root-mean-
square roughness of the samples is 0.203 + 0.037 pm, the
elevational gradient is 1.563 + 0.607 pm (Fig. 3). On the surface

Table 2. Characteristics of the B,C ceramics samples produced by pressureless sintering [18]

Technical characteristics Value
Raw material particle size 3 um
Density 1.8 g/cm®
Bending strength 250-300 Mpa
Open porosity of the semi-finished product 50-60 %
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Fig. 2. Microstructure of the surface of the B,C ceramics produced by pressureless
sintering. Scale bar — 70 pm

the elements can be seen represented by both submicron-sized
elevations and shallow depressions of various configurations.
Uneven distribution of the altitude characteristics with formation
of local hilly structures and the areas of increased roughness is
reported.

When assessing viability of the MSCs cultured with the
boron carbide sample-derived extracts, no toxic effects were
revealed in both experimental and comparison groups (Fig. 4).
The semi-finished products made of the BT 1-00 titanium
were used as negative controls, which confirmed the method
reproducibility and compliance of the biological response in the
test system with the specified requirements. No effect of the
sterilization method on the cell viability was also reported (Fig. 4).

DISCUSSION

The findings showing the lack of significant cytotoxic effects
of moulded boron carbide on the MSCs are consistent
with the data of previous studies focused on the material
biocompatibility. However, in these studies boron carbide was
tested as a powder or single particles. It was earlier shown
that the B,C nanoparticles produced by solvothermal synthesis
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Fig. 3. AFM image of the relief of the surface of the B,C ceramics produced by
pressureless sintering. Field size 10 x 10 pm. Scale of the Z axis: 0-0.74 ym

have no toxic effect on the Hel a (cervical cancer) and HEK-293
(human embryonic kidney) cells in the concentrations of 100-
800 ug/L [21]. Biocompatibility of amorphous boron carbide
powder when contacting both somatic (Hs680 fibroblasts) and
immune (RAW 264.7 macrophages) cells was also reported
[22]. The lack of significant differences in cell viability between
groups subjected to autoclaving and ethylene oxide sterilization
suggests stability of the B,C sample properties and tolerance of
samples to sorption of toxic compounds during processing. It
should be noted that in this study small boron carbide samples
(5 x 5 x 30 mm) were used. In the future, further research may
be required to select the conditions for sterilization of the larger
and/or more complex-shaped samples, since the material
porous structure can hinder diffusion of the sterilizing agents
and contribute to accumulation of condensate in deep zones.
Currently, the vast majority of papers in the field of the boron
carbide medical use are focused on using the B,C nanoparticles
as the highly effective carriers for targeted boron-10 isotope
delivery within the framework of the boron neutron capture
therapy of malignant neoplasms [23]. In contrast to the
extensively studied therapeutic use, the issues related to the
use of B,C as a biocompatible material for implants are poorly
undestood. The use of B,C as an additive when making porous
ceramic matrices of aluminum oxide results in improvement of
their mechanical properties and cytocompatibility [24], but the

W Ti-A
HTi-E
W B4C-A

B4C-E

72h

Fig. 4. Viability of the MSC-DP-1 mesenchymal stem cells after culturing for 24 and 72 h with the extracts obtained from the boron carbide (B,C) and titanium (Ti)
samples sterilized by autoclaving (A) or with ethylene oxide (E). Me (25%; 75%), Mann-Whitney U-test
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detailed mechanisms underlying these effects require further
investigation.

When constructing porous ceramic matrices for bone
replacement, the main task is to optimize their architecture
that must ensure both mechanical stability and the conditions
contributing to effective diffusion of nutrients and oxygen
[25]. Based on the results of a number of studies, the optimal
percentage of porosity is within the limits of 40-90% [3]. A
fundamental contradiction emerges: on the one hand, the
material porosity contributes to adhesion, proliferation, and
differentiation of MSCs into osteoblasts, but on the other hand
high porosity limits mechanical strength, which results in the
need to search for the compromise between these parameters
[6]. As for the dense matrix made of hydroxyapatite, the most
common ceramic-based alloplastic material, the bending
strength limits are within 38-250 MPa; as for the porous
matrix, the bending strength limit depending on the pore
shape and concentration is 2-11 MPa, which is considerably
lower compared to that of the bone tissue (135-193 MPa)
[26]. Despite the fact that there numerous methods to
modify the calcium phosphate ceramics, this material is still
inferior to the bone tissue in flexibility, elasticity, and strength.
Due to brittleness, such implants are not used to restore
the bones that bear a significant load [6]. In such cases (for
example, when manufacturing the components of the hip joint
endoprosthesis), the class A ceramic aluminum oxide (Al,O,)
can be used as an alternative material [27]. The boron carbide-
based porous ceramics can theoretically be used for implants
as an alternative to the ceramic aluminum oxide-based
materials in order to reduce the load on the joint, since it has
lower density (approximately 1.8 g/cm?), which is comparable
with the cortical bone tissue density, while the density of the
aluminum oxide-based ceramics is 3.94 g/cmé [6]. It should
be noted that the ceramic aluminum oxide bending strength is
higher than that of the sintered boron carbide-based ceramics
(500 MPa and 250-300 MPa, respectively). One technological
solution to improve the porous B,C matrix strength can be
the aluminum impregnation accomplished through application
of metal powder on the matrix and repeated sintering at the
temperature above the aluminum melting point (above 660 °C).
The ceramic composite produced in this way has a specific
gravity of 2.2-2.6 g/cm?® and the bending strength of at least
600 MPa [18].
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SUSCEPTIBILITY OF THE NONTUBERCULOUS MYCOBACTERIA CIRCULATING IN RUSSIA
TO BEDAQUILINE
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The diseases caused by nontuberculous mycobacteria (NTM) are a public health problem all over the world due to increasing incidence and the associated mortality.
Since it is difficult to treat mycobacteriosis, the search for drugs effective against NTM is relevant. Bedaquiline was approved in 2012 as a drug for tuberculosis
treatment. The study aimed to determine susceptibility to bedaquiline of the main clinically significant NTM species that were common in the Russian Federation.
In 2011-2024, a total of 345 NTM isolates were obtained: 289 isolates of slow growing NTM species (M. avium, M. intracellulare, M. chimaera, M. kansasii,
M. xenopi) and 56 of the fast growing one (M. abscessus). Drug susceptibility testing for bedaquiline was performed by microdilution in a 96-well plate using the
bedaquiline concentration range of 0.125-4 pg/mL. The minimum inhibitory concentration of bedaquiline inhibiting 50% (MIC, ) and 90% (MIC,) of NTM strains of
each spesies was determined. It has been shown that the bedaquiline MIC,, for M. avium, M. intracellulare, M. chimaera, M. kansasii is < 0.125 ug/mL, MIC,) —
from < 0.125 to 0.5 pg/mL, for M. xenopi: MIC, | —4 pg/mL, MIC,, — > 4 pg/mL, M. abscessus: MIC,, — 1 pg/mL, MIC,, — 2 pg/mL.
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YYBCTBUTENIbHOCTb K BEAAKBUIIMHY HETYBEPKYJIE3HbIX MUKOBAKTEPUW, LUPKYJIUPYOLLIMX
HA TEPPUTOPUN POCCUN

T.T. Cmuprosa™ C. H. AHgpeesckas’, E. E. NapvioHosa', A. C. 3anuesa’, E. A. Kucenesa', B. B. YctuHosa', J1. H. YepHoycosa', A. 3. OpreLuos'?

" LleHTpanbHbI Hay4YHO-1CCneaoBaTensCKuin MHCTUTYT Tybepkynesa, Mocksa, Poccus
2 Poccuinckuii yHMBepcuTeT MeduumHel, MockBa, Poccuist

3abonesaHus, Bbl3blBaeMble HETyOepKynesHbiMu MukobakTepuammn (HTMB), asnaioTcs npobnemoi 34paBOOXPaHeHUst BO BCEM MUPE K3-3a pocTa
3a60/1eBaeMOCTU V1 CBA3AHHOI C 3TVM CMEPTHOCTU. B CBA3M CO CNOXHOCTBLIO NeHeHn s MkobakTepmnosa akTyaneH nouck npenapaTtos, dPMEKTUBHbIX B
oTHoweHu HTMB. BepaksunuH ogobpeH B 2012 1. kak npenapar ans nedeHns Tybepkynesa. Liensto nccnenosaHus 6bi10 onpeaennTs YyBCTBUTENBHOCTb K
6e0aKBUMHY OCHOBHbIX KIMHUYECKNX 3Ha4MMbIX B1AoB HTMB, pacnpoctpaHeHHbix B PO. 3a nepvog 2011-2024 rr. 6bino BbigeneHo 345 nsonstos HTMB:
289 MenneHHopacTymx BupgoB HTMB (M. avium, M. intracellulare, M. chimaera, M. kansasii, M. xenopi) n 56 — 6bicTpopacTyLumx (M. abscessus). OnpepeneHe
NEeKapCTBEHHOW HYyBCTBUTENBHOCTY K 6edakBuInHy MpOBOAUAM METOAOM MUKPOPa3BeaeHUin B 96-1yHO4HOM MnaHLLeTe, UCMONb3ys AVana3oH KOHLEHTpauwii
GenaksumHa ot 0,125 MKI/MN 40 4 MKI/MA. ONpeaensnm MUHIMasIbHYHO NMOAABSAIOLLYIO KOHLEHTPaLMO 6elakBuiHa, K KoTopor YyBcTauTebHb 50% (MK, )
1 90% (MMK,) wrammos HTMB kaxporo suaa. MokasaHo, 4To B oTHoOweHnn M. avium, M. intracellulare, M. chimaera, M. kansasii MK, 6enakeuniHa
cocTtasuna < 0,125 mkr/mn, MMNK,, — ot < 0,125 g0 0,5 MKr/MA, B oTHOLWEeHUN M. xenopi: MK, — 4 mkr/mn, MMK,, — > 4 mkr/mn, M. abscessus: MIMK, | —
1 Mrr/mn, MIAK , — 2 MK/mi.

KritoueBble crioBa: HETyGepKyseaHble MUKOBaKTEPIW, MPOTUBOTYBEPKyE3HbIE Mpernapars!, 6e0aKBIMH, MHMaTTbHAS NOAABNSIOLLAS KOHLEHTPALWS, NleKapCTBEHHas
YyBCTBUTENBHOCTb
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Nontuberculous mycobacteria (NTM) include representatives
of the genus Mycobacterium, except the Mycobacterium
tuberculosis complex (MTBC) and Mycobacterium leprae [1]. It
is accepted to divide NTM into slow-growing and fast-growing
ones based on the growth rate. Some species included in
these groups can cause tuberculosis-like diseases of the lung
and other organs [2-5].

The NTM infections represent a challenge faced by public
health systems all over the world due to growing incidence and
the associated mortality [6]. More than 90% of all registered cases
of pulmonary diseases caused by NTM (mycobacteriosis) result
from getting infected with the Mycobacterium avium complex
(MAC) and Mycobacterium abscessus [7]. The diagnosis of
the diseases caused by NTM is challenging due to symptoms
and x-ray features similar to that of tuberculosis. Furthermore,
NTM and MTBC show no differences when bacterioscopically
examined. It is difficult to treat the diseases caused by NTM,
since NTM show natural resistance to the majority of broad-
spectrum antibacterial drugs and anti-tuberculosis drugs [8, 9].

Considering the complexity of treating mycobacteriosis, it
seems relevant to search for the drugs effective against NTM,
for example, to study the activity of novel anti-tuberculosis
drugs. One such drug is bedaquiline, which was approved by
the U.S. FDA and included in the WHO list of three drugs for
treatment of tuberculosis caused by a pathogen with multiple
and pre-broad drug resistance after clinical trials [10].

The NTM susceptibility to bedaquiline that was described
in a limited number of studies [11-14] can fail to reflect the
biological specifics of the NTM isolates represented in Russia.
Bedaquiline susceptibility of the NTM circulating in the Russian
Federation has been studied in a small number of species, and
it is necessary to accumulate data [15-17].

The study aimed to determine bedaquiline susceptibility of
the main clinically significant NTM species that were common
in Russia.

METHODS

The study involved NTM isolates obtained from the patients
examined at the Central Tuberculosis Research Institute in 2011-2024
at admission (one NTM isolate was obtained from each patient). The
patients examined were residents of the following federal districts
of Russia: Central (including Moscow and the Moscow region),
Northwestern, Southern, Volga, and Urals regions.

NTM were identified to species by multiplex PCR, as
previously reported [18]. The most common NTM species
causing mycobacteriosis were included in the study: M. avium,
M. intracellulare, M. chimaera, M. kansasii, M. xenopi, M. abscessus.

Bedaquiline susceptibility was determined by microdilution
in a 96-well plate using the bedaquiline concentrations within
the range of 0.125-4.000 pylL/mL [19]. The bedaquiline fumarate

Table. Bedaquiline MIC for the studied NTM species

substance containing 82.72% of the active ingredient (Janssen
Pharmaceutica NV, Belgium) was used. The drug sample was
dissolved in the chemically pure dimethyl sulfoxide to reach the
necessary drug concentration, and the drug activity was taken
into account.

A single-cell suspension was prepared from the NTM culture,
while controlling CFU values using the spectrophotometer
Ultraspec 10 (Ultraspec, USA) [20]. The resulting suspension
was used to prepare a working suspension in the Middlebrook
7H9 medium with the concentration of 5 x 10° CFU/mL and
sown onto a plate, 100 pL per well [21]. Plates were incubated
at 37 °C in the microbiological incubator Binder (Binder,
Germany). The culturing time was 14 days for slow-growing
and 5 days for fast-growing NTM. The bedaquiline minimum
inhibiting concentration (MIC) was determined in each test,
which corresponded to the highest drug dilution inhibiting the
culture growth. To characterize bedaquiline susceptibility of each
studied NTM species, MIC,, and MIC,;, were determined, i.e.
the minimum bedaquiline concentrations, to which 50% and
90% of strains of each NTM species were susceptible [22].

RESULTS

In 2011-2024, a total of 345 NTM isolates were obtained:
289 slow-growing NTM species (M. avium, M. intracellulare,
M. chimaera, M. kansasii, M. xenopi) and 56 fast-growing ones
(M. abscessus). Bedaquiline MIC values for the studied NTM
species are provided in Table.

Such slow-growing NTM species, as M. avium,
M. intracellulare, M. chimaera, M. kansasii, showed high
susceptibility to bedaquiline: the bedaquiline MIC mode
and MIC,, for all species were < 0.125 pg/mL, MIC, was
between < 0.125 and 0.5 pg/mL, depending on the species.
One more slow-growing NTM species, M. xenopi, showed low
susceptibility to bedaquiline with MIC, | of 4 pg/mL and MIC,
> 4 yg/mL. The fast-growing NTM species showed moderate
susceptibility to bedaquiline with MIC,; and MIC, of 1 ug/mL
and 2 pg/mL, respectively.

When analyzing the resulting MIC distribution for all the
studied slow-growing NTM species, a bimodal distribution was
obtained allowing us to roughly determine that the bedaquiline
tentative epidemiological cut-off value (ECOFF) for slow-growing
NTM species did not exceed 1 pg/mL (Figure).

Based on this tentative ECOFF value it can be concluded
that 208/210 (99.05%; 95% Cl 96.59-99.74%) of the studied
M. avium strains, 19/20 (95.00%; 95% Cl 76.39-99.11)
M. intracellulare strains, 24/24 (100%; 95% Cl 86.20-100.00)
M. chimaera strains, 27/27 (100%; 95% Cl 87.54-100.00)
M. kansasii strains are susceptible to bedaquiline. Among all
the studied M. xenopi stains no strain was revealed susceptible
to the proposed bedaquiline ECOFF.

NTM group NTM species N_umber of Number of isolates with MIC (ug/mL) MIC mode MIG MIG
isolates | 5125 | 025 | 05 1 2 4 4 (ug/mL) * °
M. avium 210 163 19 23 3 0 2 0 <0.125 <0.125 0.5
M. intracellulare 20 18 0 1 0 0 0 1 <0.125 <0.125 | <0.125
Slow-growing M. chimaera 24 24 0 0 0 0 0 0 <0.125 <0.125 | <0.125
M. kansasii 27 24 1 2 0 0 0 0 <0.125 <0.125 0.25
M. xenopi 8 0 0 0 0 0 6 2 4 4 >4
Fast-growing M. abscessus 56 5 3 13 29 6 0 0 1 1 2
Total 345 234 23 39 32 6 8 3
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Fig. Bedaquiline MIC distribution for the studied slow-growing NTM species showing differences in drug susceptibility. MAC — M. avium complex mycobacteria
(M. avium, M. intracellulare, M. chimaera); the resulting MIC value for the slow-growing NTM species showing high drug susceptibility (VAC and M. kansasii) are
highlighted in green; MIC of M. xenopi, the slow-growing NTM species showing low bedaquiline susceptibility, is highlighted in red. The tentative ECOFF value is pointed

by arrow

Among fast-growing NTM species, bedaquiline susceptibility
was determined for only one species, M. abscessus, MIC
distribution was unimodal, due to which bedaquiline ECOFF for
fast-growing species was not determined.

DISCUSSION

The NTM natural resistance to most antibacterial drugs makes
the problem of finding new drugs effective against this group
of mycobacteria relevant. The study presented provides the
data on bedaquline susceptibility assessment for the main
clinically significant NTM species. The bedaquline susceptibility
distribution for each NTM species was unimodal, which
suggested the species-specific susceptibility of the studied
NTM species to this drug. M. kansasii and NTM of the M. avium
complex (MAC) that includes M. avium, M. intracellulare,
M. chimaera, turned out to be highly susceptible to bedaquline (MIC
mode — < 0.125 pg/mL). M. abscessus was less susceptible
(MIC mode — 1 pg/mL), and the lowest susceptibility was
reported for M. xenopii (MIC mode — 4 pg/mL).

The results obtained for the NTM species included in MAC
and for M. kansasii matched the results obtained in a number
of studies; these suggest that bedaquline shows high activity
against these NTM species [12-14].

The data on bedaquline susceptibility of M. xenopi strains is
insufficient. According to some reports, bedaquline susceptibility of
one laboratory M. xenopi strain was > 2 pg/mL, which is consistent
with our results [12]. Another study describing bedaquline
susceptibility of the NTM circulating in China involved assessment
of four clinical M. xenopi strains, the bedaquline MIC for which
varied broadly, from 0.0016 pg/mL to 1 pg/mL, which is significantly
lower compared to the values we have determined [14].
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In a number of studies the bedaquline ECOFF value for
slow-growing NTM of 1 pg/mL was proposed, which matched
the bedaquline ECOFF value determined in our study [13, 23].
It is interesting to note that this ECOFF is higher, than the
bedaquline ECOFF for M. tuberculosis equal to 0.125 pg/mL,
which also demonstrates higher NTM resistance to anti-
tuberculosis drugs relative to the tuberculosis pathogen [19].

The bedaquline susceptibility of the fast-growing NTM
species M. abscessus was studied earlier [13]. According to
the results of this study, the bedaquline MIC for M. abscessus
had a bimobal distribution with the MIC modes of 0.13 pg/mL
and > 16 pg/mL; the bedaquline MIC,, and MIC,, were 0.13 ug/mL
and >16 pg/mL, respectively. In our study involving 56
M. abscessus strains, unimodal MIC distribution with the
mode of 1 pg/mL was reported, and MIC,; was 2 pg/mL. The
differences revealed can indicate unique characteristics of the
M. abscessus populations distinguished in Russia (the study
presented) and China [13].

CONCLUSIONS

The study presented provides important information about the
antibacterial drug susceptibility of the main clinically significant
NTM strains circulating in the Russian Federation. Based on
the data obtained it has been found that bedaquline is highly
effective against MAC being the main causative agents of
mycobacteriosis in the world and against M. kansasii. Other NTM
species turned out to be less susceptible to this drug. Further
research is necessary to accumulate the data on bedaquline
susceptibility of various NTM species and determine the
correlation between NTM susceptibility in vitro and bedaquline
clinical efficacy when used to treat mycobacteriosis.
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NEUROPHYSIOLOGICAL MARKERS OF THE ILLUSION CAUSED BY THE MIRROR VISUAL FEEDBACK
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Neurophysiological mechanisms underlying the illusion caused by the mirror visual feedback are still poorly understood, despite the clinical use of mirror therapy
for phantom pain and post-stroke hemiparesis. The study aimed to determine the mirror illusion neurophysiological correlates by the simultaneous use of
electroencephalography (EEG) recording and near-infrared spectroscopy (NIRS). A total of 30 healthy volunteers (12 males, 18 females; average age 24 + 8 years)
were assessed. The experimental procedure consisted of three blocks: bimanual movement without a mirror; moving one hand with the mirror; tactile stimulation
with the mirror. We analyzed the degree of EEG alpha rhythm (8-13 Hz) desynchronization in primary sensorimotor areas, supplementary motor area, and the
posterior parietal cortex. Furthermore, changes in the concentrations of oxy- and deoxyhemoglobin (HbO and HbR) were assessed by NIRS. When moving the
hand with the mirror, bilateral activation of primary sensorimotor areas occurred in both hemispheres: mu rhythm desynchronization, 9.71 [2.82; 16.20]% in the
contralateral and 5.64 [2.84; 12.13]% in the ipsilateral hemispheres (p = 0.797), along with the HbO concentration increase by 6.88 [3.07; 17.20] nmol/L in the
contralateral and by 4.91 [0.11; 14.59] nmol/L in the ipsilateral hemispheres (o = 0.094). The correlations between EEG and NIRS parameters were reported for
the posterior parietal cortex only (r, = 0.527, p = 0.0083). The illusion subjective characteristics were correlated to the emotional response, and only some of those
showed a weak correlation with neurophysiological indicators. EEG and NIRS are complementary, rather than mutually exclusive, when used to study the mirror
illusion resulting from the multi-level network organization of brain processes.
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The illusion caused by mirror visual feedback, or mirror illusion
(MI), is a neurophysiological phenomenon that translates
observed mirror-reflected movements of a limb into a feeling of
corresponding movements in the contralateral limb that is behind
the mirror or absent [1, 2].

It has been shown that mirror visual feedback activates
the system of mirror neurons and motor structures of
the brain in the hemisphere ipsilateral to the active arm,
stimulating neuroplasticity [2, 3] and facilitating restoration of
interhemispheric functional balance [4, 5]. These physiological
mechanisms underpin mirror therapy, which employs Ml to
treat a number of chronic neurological pathologies. The clinical
efficacy of mirror therapy has been established for post-
amputation phantom limb pain [1, 6, 7] and stroke hemiparesis
[8-10]. There is evidence for the effectiveness of the method in
the treatment of a complex regional pain syndrome [11-14] and
functional motor disorders [15]. Researchers and specialists are
currently searching for new mirror therapy protocols to enhance
its efficacy; one of the approaches under consideration is
Graded Motor Imagery [16].

Electrophysiological correlates of the brain activity
accompanying Ml were studied in healthy individuals and patients
using electroencephalography (EEG) [5, 17, 18], transcranial
magnetic stimulation [19, 20] and magnetic encephalography
[21, 22], and hemodynamic activity parameters have been
assessed using functional magnetic resonance imaging [4, 23]
and near-infrared spectroscopy (NIRS) [24, 25]. However,
there are no reported studies that would have investigated
electrophysiological and hemodynamic parameters simultaneously.
We expect that simultaneous recording of EEG and NIRS will
yield a better understanding of the physiology of MI and allow
a comparison of the informative value of the two methods in
identification of the MlI's correlates. Moreover, the neurophysiology
of MI during sensory stimulation remains largely unexplored.

This study aimed to determine the neurophysiological
correlates of MI in healthy individuals by simultaneously
registering brain activity using EEG and NIRS during a mirror
procedure involving movement and tactile stimulation.

METHODS
Participants of the study

The study was conducted at N.I. Pirogov Russian National
Research Medical University of the Ministry of Health of
the Russian Federation. The inclusion criteria were: signed
voluntary informed consent; age 18-80 years; any gender; right-
handedness confirmed by the Edinburgh Handedness Inventory
(score above 40). The exclusion criteria were: disagreement to
participate in the study; intake of medications that affect the
central nervous system at the time of the study; acute conditions
or exacerbations of chronic diseases; chronic pain syndrome
and disabling conditions (including amputations); serious vision
problems that prevent seeing the reflection of the limb in the
mirror; skin diseases in the head area; a desire to drop out of
the study; deterioration of the health condition during the study.

The study included 30 healthy volunteers, 12 male and
18 female, median age 21 [20.0; 23.0] years, all right-handed.
No participants dropped out of the study; the data describes
the entire sample (n = 30).

The procedure

The participants were randomized into two groups by the active
arm, right or left. The active arm was the one placed in front of
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the mirror and moved or subjected to sensory stimulation
(Fig. 1A). The active left arm group included 18 people, the
active right arm group 12 people.

The experiments were conducted in an electrically shielded
and soundproof chamber (Neuroiconica Assistive, Russia, model
EK-1). The participants wore a cap with 21 EEG electrodes,
10 NIRS sources and 10 NIRS detectors. A conductive gel
was applied under each electrode. The procedure included
three blocks: 1) synchronous movement of two hands without
a mirror; 2) imitation of mirror therapy with a motor paradigm;
3) imitation of mirror therapy with sensory stimulation. After the
second and third blocks, the participants were offered to fill out
questionnaires reflecting subjective parameters of MI.

For the first block of the experiment, the participants
performed a bimanual synchronous movement "fist-edge-
palm" (Fig. 1B) 20 times every 10 seconds, prompted by an
audio signal.

For the second block, a mirror was placed before the
participant so that it reflected the active arm, while the other
hand was behind the mirror, relaxed. The participant performed
the "fist-edge-palm" movement with only the active arm
20 times every 10 seconds, prompted by an audio signal; the
gaze of the participant was focused on the reflection of the
moving hand in the mirror.

The third block involved sensory stimulation of the
participant's active arm: the first tool was a blunt needle, used
from the middle of the forearm to the tip of the middle finger,
the second tool — a brush, driven from the middle of the
forearm to the tip of the middle finger in constant contact with
the arm. The intensity of stimulation with a blunt needle was
pre-calibrated by the experimenter to provide a comfortable
tactile sensation without pain or discomfort. Each stimulation
included alternating sequential use of the needle and the
brush for a total of 20 times. The applications of the tools were
10 seconds apart from each other. The second arm was behind
the mirror, relaxed; the participant watched the reflection of the
stimulated arm in the mirror.

Hereinafter, the terms "contralateral" and "ipsilateral"
are used in relation to the active arm when referring to the
lateralization of sources of activity in the brain. For the bimanual
movement stage, the active arm is that which performs
movements in the second and third blocks of the experiment.

A

Fig. 1. A. The experimental setup: positions of the participant, the mirror, and the
hands for the second and third blocks of the experiment. B. The "fist-edge-palm"
movement
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Fig. 2. The layout of the sensors. Circles indicate EEG electrodes, rectangles show NIRS detectors, asterisks are locations of NIRS sources; lines show source — detector

pairs (NIRS channels)

Assessment of the subjective parameters of the mirror illusion

After the second and third blocks, the participants assessed
the following parameters of Ml on a 10-point scale:

—vividness of the illusion: "I had a feeling of movement in the
hand reflected in the mirror" (second block) or "l had a feeling of
touch in the reflected hand" (third block);

— ownership: "l felt that the hand in the mirror was a part of
my body, and not just a reflection of another hand" (second and
third blocks);

—agency: "It seemed to me that | could directly control the
movements of my hand in the mirror" (second block).

Additionally, the participants mentioned when the Ml
began to manifest: immediately or in the first seconds of the
stimulation, or in the first, second, third or fourth quarter of the
procedure.

After completing three blocks of the experiment, the
participants assessed the intensity of the emotional reaction
to Ml in five domains: surprise, interest, delight, anxiety, and
calmness (absence of a pronounced emotional reaction). They
rated the intensity of each emotion on a scale from O (completely
absent) to 10 (maximum intensity).

The questionnaire was developed specifically for this study.

Registration of brain activity signals

NeoRec Cap 21 (Medical Computer Systems, Russia) was
used to record EEG; the setup included 21 leads: Fp1, Fp2, F3,
F4,C3, C4, P3, P4, 01,02, F7, F8, C7, C8, P7, P8, Cp5, Cpé,
Fz, Cz, Pz. The reference lead was Afz. The sampling rate was
250 Hz. The signal was not filtered during recording. We made
EEG recordings for all 30 participants, one recording per block.

Photon Cap C20 NIRS spectroscope device (CortiVision,
Poland) with 10 sources and 10 detectors was used to register
the metabolic activity of the brain. Of all the source—detector
pairs, we selected 28 channels corresponding to positions
C5h, Fce3, Cep3, C3h, Ccpt, Fccl, C1h, Feez, Fe1h, Cepz,

C2h, Ccp2, Cp2h, Fcc2, C4h, Fcec4, Cep4, Coh, Cpih, Cppz,
P1h, P2h, Ppoz, Fc2h, Ffcz, F2h, F1h, Affz of the 10-5 system
(Fig. 2). The NIRS sampling rate was about 5 Hz, reduced to
this value by linear interpolation of the signal based on the
timestamps sent by the device. There were NIRS recordings of
29 participants available, as one recording was lost.

Both devices transmitted data via the Lab Streaming
Layer protocol using software provided by the manufacturers,
NeoRec (version 1.6.19830, Medical Computer Systems,
Russia) and CortiView (v1.11.5, CortiVision, Poland). The data
were synchronized and recorded using a proprietary PsychoPy
script (v2022.1.1, Open Science Tools Ltd, UK).

Recording hand movements or sensory stimulation

The participant's hand movements and the experimenter's
actions were recorded with a CW 870FHD video camera (CBR,
China), resolution: 640 x 480, horizontal FOV:75°, frame rate:
10 fps. The script that synchronously recorded the NIRS and EEG
data assigned numbers of the frames to the saved data samples.
The videos were analyzed frame-by-frame. In blocks with
bimanual movements or mirrored movements, we distinguished
the beginning of movement, complete clenching into a fist, full
opening of the palm, touching the table with the palm, complete
cessation of movements. In blocks with stimulation — the
beginning of the experimenter's hand movement, the first touch
with a hard object, the end of the last touch with a hard object,
the beginning of the brush touch, the removal of the brush from
the hand, the end of the experimenter's hand movement. The
EEG and NIRS recordings were marked up in selected frames:
the first data sample corresponding to the marked frame was
taken as the beginning of the event.

Processing of brain activity signals

We used the MATLAB 2023b environment to process EEG
and NIRS data. A bidirectional notch filter suppressing 50 Hz
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Table 1. The degree of mu rhythm suppression under different conditions
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Condition Contralateral, % Ipsilateral, % P
Bimanual movement 10.89 [4.59; 18.12] 8.72[3.71; 16.02] 0.544
Unimanual movement (active) 9.71 [2.82; 16.20] 5.64 [2.84; 12.13] 0.797
Tactile stimulation 14.57 [6.39; 20.17] 5.49 [-5.00; 8.46] < 0.001
Table 2. The magnitude of the hemodynamic response under different conditions
HbO, nmol/I HbR, nmol/I
Condition
Contralateral, % Ipsilateral, % P Contralateral, % Ipsilateral, % P
Bimanual movement 6.92 [-0.21; 28.04] 7.02 [0.36; 28.61] 0.393 —2.66 [-7.80; —0.63] -2.48 [-5.69; -0.13 0.393
Unimanual movement 6.88 [3.07; 17.20] 4.91[0.11; 14.59] 0.094 -0.68 [-4.32; 0.86] -0.52 [-2.73; 0.80] 0.905
Tactile stimulation -0.76 [-16.59; 2.30] -0.45 [-15.53; 6.18] 0.77 -0.09 [-1.02; 2.37] 0.27 [-1.19; 2.10] 0.787

interference was used for EEG filtering; it was followed by a
unidirectional FIR filter with a bandwidth of 0.5-40 Hz. The
delay in bandpass filtering was compensated by sample shifts.
To isolate artifacts, we analyzed 200 ms of the signal epoch:
those with more than 1% of samples that exceeded +200
microvolts on any of the channels were discarded. Only 3 out
of 60 recordings had 0.5-0.8% of such epochs, and in the
remaining recordings this figure was significantly smaller. The
recordings of each participant were combined after filtering, and
then the resulting signal was decomposed into independent
components with the help of a proprietary implementation
of the AMICA algorithm [26]. Based on the criteria described
earlier [27], we selected components reflecting activity in the
primary sensorimotor cortex of left and right hemispheres
(mu rhythm sources), an additional motor region, and in the
posterior parietal cortex/preclinium. If such components could
not be identified, we used the LCMV beamforming method
based on the averaged topographic maps of the components
of the needed type, and thus searched for the activity.

For the selected components, we calculated the degree
of desynchronization of rhythmic activity in the alpha range
(8-13 Hz) during movements and stimulation: applied filtering
using a unidirectional FIR filter with shift compensation, then the
Hilbert transformation, and calculation of absolute values. The
degree of desynchronization was calculated as follows:

ERD = (A_rest - A_task)/(A_rest + A_task),

where Arest is the average amplitude in the window (-6, —2)
before the start of arm movement in blocks 1 and 2, and before
the start of movement of the experimenter's hand in block 3;
Atask is the average amplitude of the signal in the interval from
the beginning of movement to its end for blocks 1 and 2, or the
interval from the first to the last touch with a hard or soft object
for block 3.

The NIRS signals, recorded as radiation intensities at two
wavelengths, were converted into concentrations of oxy-(HbO)
and deoxyhemoglobin (HbR). A filter with a bandwidth of
0.002-0.09 Hz was applied to the resulting data. In each
session, we isolated 10-second segments with hemodynamic
responses; the beginning was start of the movement for blocks
1 and 2, and first touch for block 3. The signal value th was
average within the 5 seconds of the recording preceding the
considered segment was subtracted therefrom. The value of
the hemodynamic response was calculated as the response
value averaged over all segments and over the four NIRS
channels of the respective region. We considered four regions:
those corresponding to the primary sensorimotor cortex of the
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left (NIRS channels in positions C5h, Fcc3, Ccp3, C3h) and
the right hemispheres (C4h, Fcc4, Ccp4, C6h), sources in the
additional motor region (Ffcz, F2h, F1h, Affz), and those in the
posterior parietal cortex/preclinium (Cppz, P1h, P2h, Ppoz).

Statistical analysis

For statistical analysis, we used the STATISTICA 6.0 program
(StatSoft, USA). The sample distribution normalcy hypothesis
was checked with the help of the Shapiro-Wilk test. Spearman's
rank correlation coefficient (r) was used for correlation analysis,
and the Wilcoxon test for comparison of related samples. The
level of significance was set at p < 0.05. Quantitative data
are given as median and interquartile ranges (25" and 75"
percentiles).

RESULTS
The degree of desynchronization of the mu rhythm

We managed to establish EEG laterality only for the mu rhythm
sources, i.e. those localized in primary sensorimotor areas.
In cases of bimanual movement, a comparable degree of
desynchronization of the mu rhythm was observed over both
hemispheres. A similar symmetrical desynchronization of
the mu rhythm was recorded for the unimanual movement in
front of the mirror both over the contralateral and ipsilateral
hemispheres relative to the active limb (Table 1). In contrast,
sensory stimulation of the active arm caused significantly more
pronounced desynchronization of the mu rhythm over the
contralateral hemisphere (Table 1).

Hemodynamic response

In all experimental blocks, we registered a comparable intensity
of the hemodynamic response in both hemispheres of the brain
(Table 2). This pattern was evident in the concentration of both
HbO and HbR. Tactile stimulation caused atypical changes in
hemodynamic parameters: the concentration of HbO decreased
during active stimulation, and the concentration of HbR decreased
to a lesser extent or increased (Table 2).

Correlation of quantitative characteristics of EEG
and NIRS signals

The intensity of desynchronization of rhythmic activity in the
alpha range also correlated with changes in HbO concentration
(r,=0.527, p = 0.003) in the block involving unimanual movement
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Table 3. Subjective perception of mirror illusions, unimanual movement or sensory stimulation

lllusion parameter Condition
Arm movement Sensory stimulation P

Vividness of the illusion, 0-10 points 4.5[1.0;7.0] 2.0[0.0; 6.0] 0.23
Ownership, 0-10 points 6.0 [3.0; 8.0] 4.0 [3.0; 8.0] 0.192
Agency, 0-10 points 4.5[2.0;7.0] - -

Immediately 8 9

First quarter 5 5

Second quarter 3 9
Rate of onset, persons* Third quarter 6 3 -

Fourth quarter 3 1

No onset 5 2

Surprise 6.0 [3.0; 7.0]

Interest 8.0 [6.0; 8.0]
Emotional reaction, 0-10 points Exaltation 3.0[1.0; 7.0] -

Anxiety 1.0 [0.0; 5.0]

Calmness 7.5[4.0;9.0]

Note: * — one participant did not fill out the rate of onset of the illusion field for the sensory stimulation block.

in front of the mirror, as registered in the posterior parietal cortex.
No further statistically significant correlations between the
magnitude of desynchronization and hemodynamic response
measures were observed for identical experimental conditions.

Psychometric characteristics of the mirror illusion

The subjective intensity of the mirror illusion was comparable
between hand movement and sensory stimulation conditions
in terms of illusion vividness and sense of ownership (Table 3).
The majority of participants noted the onset of Ml during the
first half of the corresponding block: 53% in block 2 and 79%
in block 3 (Table 3).

The analysis of correlations between the subjective
parameters of Ml and the degree of desynchronization or
a change in the concentration of HoO or HbR associated with
unimanual movements in front of the mirror revealed only a
weak correlation of the vividness of the illusion with the degree
of desynchronization of the ipsilateral mu rhythm (-, = 0.370,
p = 0.044) and a change in the concentration of HoO in the area
of the supplementary motor cortex (r, = 0.425, p = 0.022), as
well as a weak correlation of the sense of agency with a change
in the concentration of HoO (r, = 0.392, p = 0.036) and HbR
(r,=-0.413, p = 0.026) in the area of the supplementary motor
cortex. This task yielded no other significant correlations.

As for the sensory stimulation of the arm in front of the mirror,
we registered no significant correlations between the subjective
parameters of Ml and the degree of desynchronization of the
mu rhythm (both contra- and ipsilateral).

Most of the subjective parameters of Ml significantly positively
correlated with the intensity of the emotional reaction to the
illusion (Table 4).

For the unimanual movement in front of the mirror, the
degree of interest in the emerging illusory sensations negatively
correlated with the degree of desynchronization of the mu
rhythm in the contralateral hemisphere (r, = -0.471, p = 0.009)
and in the area of the supplementary motor cortex (r, = -0.419,
p = 0.021), as well as with changes in the concentration of
HbO in the area of the supplementary motor cortex (r, = -0.444,
p = 0.016). We registered no other statistically significant
correlations between the vividness of emotional reactions and
quantitative indicators of the EEG or NIRS response.

DISCUSSION

The simultaneous recording of EEG and NIRS signals during
perception of mirror visual feedback revealed that a unimanual
movement reflected in the mirror and seen by a healthy
individual activated both hemispheres of the brain, same as
bimanual movement, as evidenced by electrophysiological
and hemodynamic indicators. For the tactile stimulation, EEG
registered activation of only the contralateral hemisphere
relative to the stimulated arm, while NIRS showed comparable
hemodynamic changes in both hemispheres, but atypical in the
direction of changes of HbO and HbR concentrations. Most
indicators of electrophysiological and hemodynamic response
did not correlate with each other.

Other studies have shown bilateral activation of the brain
associated with arm movement and visual mirror feedback using
either EEG [17, 18] or NIRS [24, 25]. An unimanual movement
in front of a mirror was accompanied (to a greater extent) by
activation of the additional motor [24, 25], upper or lower
parietal [18, 24], premotor [18, 25] and primary somatomotor
[18] cortex of the ipsilateral hemisphere in relation to the active
arm. These areas include, but are not limited to, the structures
of the mirror neuron system. One of the explanations for the
MI mechanism is the blockade of inhibitory processes in the
ipsilateral (i.e., contralateral to the mirror image) frontal and
parietal associative sensorimotor areas of the cortex, which
leads to the disinhibition of these areas and the development
of the illusion of movement of a stationary limb relaxed behind
the mirror [18]. Perhaps this is due to a mirror feedback-
induced shift in the activation of cortical structures in the
direction of the ipsilateral hemisphere, which helps to reduce
the interhemispheric imbalance in unimanual movement [5].

EEG investigation of changes associated with tactile
stimulation with a mirror [28] has shown stronger activation
on the contralateral side of the stimulated arm, which is
consistent with our data. Another finding was the activation
of the secondary sensorimotor cortex and areas of the mirror
neuron system in the ipsilatreal hemisphere, which justified the
expectation of changes in the amplitude of the mu rhythm on
the ipsilateral side depending on the intensity of the illusion;
however, no such changes have been detected. The observed
changes in HbO and HbR concentrations may reflect the
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Table 4. Subjective perception of mirror illusions, unimanual movement or sensory stimulation

Emotional reaction
lllusion parameter

Surprise Interest Exaltation Anxiety Calmness
lllusion vividness — unimanual r,=0.523 r,=0.378 r,=0.469 r,=0.404 r,=-0.199
movement p =0.003 p =0.039 p =0.008 p=0.027 p=0.291
Ownershio — arm movement r,=0.568 r,=0.482 r,=0.551 r,=0.401 r,=-0.305
P p=0.001 p =0.007 p=0.002 p=0.028 p=0.101
Agency — arm movement r,=0.626 r,=0.502 r,=0.588 r,=0.391 r,=-0.305
gency p <0.001 p=0.005 p <0.001 p=0.032 p=0.101
Vividness of the illusion — sensory r,=0.227 r,=0.231 r,=0.303 r,=-0.108 r,=0.268
stimulation p=0.226 p=0.217 p=0.104 p=0.570 p=0.152
Ownership — sensory stimulation r,=0.487 r,=0.410 r,=0.499 r,=0.401 r,=-0.173
P Y p =0.006 p =0.025 p=0.005 p=0.028 p=0.358

so-called "sensorimotor paradox": it is impossible to clearly
determine the direction of the hemodynamic response to tactile
stimulation due to the complexity of the pattern of simultaneous
activation and deactivation of various neural populations [29].
This phenomenon poses a serious methodological problem for
the use of NIRS in the context of investigation of brain activity
within the framework of the mirror paradigm, especially taking
into account the influence of stimulation parameters and the
involvement of multiple sensory modalities [30]. It can be
assumed that simpler stimulation protocols may be beneficial
to further research and explanation of atypical changes in
hemodynamic parameters during sensory stimulation with mirror
feedback (exclusive use of either a hard item or a soft object).

In this study, we revealed no correlation between the
majority of quantitative EEG and NIRS indicators for identical
experimental conditions. The correlation between the degree of
rhythm desynchronization in the alpha range and an increase in
HbO concentration was observed only in the area of the posterior
parietal cortex in the context of unimanual movement in front of
the mirror. The available literature does not offer other works
involving simultaneous registration of electrophysiological and
hemodynamic parameters of brain activity during experiments
with mirror visual feedback. Further analysis of additional
indicators, such as lateralization or connectivity indices, is
required. Overall, it can be concluded that in a comprehensive
study of the neurophysiological mechanisms of MI, EEG and
NIRS can complement but not replace each other.

Individual subjective parameters of Ml weakly correlated
with the degree of desynchronization of the ipsilateral mu
and the activation of the additional motor cortex. However,
most of them did not correlate with electrophysiological and
hemodynamic parameters of the cerebral cortex activity but
showed a significant correlation with the intensity of the emotional
reaction to the illusion. The dissociation between objective
neurophysiological indicators and subjective experiences of
illusion may indicate a multilevel or network-based formation
of the illusory experience rather than the activity of isolated
cortical regions [18]. The emotional reaction to the illusion
can serve as an integrative indicator reflecting not only the
perceptual aspects but also the personal characteristics of the
participants, their willingness to accept the illusory experience
and their general emotional reactivity.

The revealed bilateral activation of primary sensorimotor
areas associated with unimanual movement in front of the mirror
has a potential clinical significance in the context of optimization
of mirror therapy protocols. These findings support the rationale
for applying the motor paradigm of mirror therapy in patients with
stroke hemiparesis, as it provides activation of motor structures
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in the ipsilateral hemisphere, which may facilitate restoration
of interhemispheric functional balance. The revealed close
relationship between the subjective parameters of the mirror
illusion and the emotional reaction suggests that the positive
emotional response of the patient in the first sessions can be a
predictor of the effectiveness of therapy, reflecting the degree
of involvement of the patient in the rehabilitation process. The
demonstrated possibility of combining EEG and NIRS opens
up prospects for the development of hybrid neurobiological
control technologies. This enables prediction of treatment
efficacy and individualization of rehabilitation programs based
on neurophysiological biomarkers, including for patients with
contraindications to conventional mirror therapy, such as
bilateral amputation with phantom limb pain syndrome.

This study has the following limitations: the participants had
no technical means to record the time of the Ml onset; there
were no control block that would involve unimanual movement
without a mirror; the questionnaire collecting perception of Ml
was a simplified one. However, these limitations do not affect
the main conclusions of the study. It should also be noted
that in this experiment, it is impossible to completely separate
the emotional reaction to MI and the reaction caused by the
novelty of an unusual sensory experience: there was only one
assessment, the measurements were not taken repeatedly.
Some of the recorded emotional states (surprise, interest)
may partially reflect an orientation reflex to a new perceptual
experience. The differentiation of these components may be
the subject of future longitudinal studies.

CONCLUSIONS

Thus, arm movement in front of the mirror is accompanied
by bilateral activation of the primary sensorimotor areas of
both hemispheres. The correlations between EEG and NIRS
indicators were found only in the posterior parietal cortex, which
means that EEG and NIRS complement but not replace each
other in the study of MI. The subjective characteristics of the
illusion correlated with the emotional reaction, and only some of
them weakly correlated with neurophysiological indicators, which
corresponds to the concept of a multi-level network organization
of the mechanisms behind the illusion. In subsequent studies,
it is advisable to jointly register EEG and NIRS indicators during
mirror therapy in patients with post-amputation phantom pain
or post-stroke hemiparesis, as well as to evaluate the dynamics
of the identified M| neuromarkers. The data obtained in such
studies can be compared with the norm and taken into account
when developing EEG and NIRS-backed neurobiocontrol
technologies aimed at correcting these pathologies.
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MOLECULAR CYTOGENETIC CHARACTERIZATION OF A RARE RECOMBINANT CHROMOSOME 22
CAUSED BY A MATERNAL INTRACHROMOSOMAL INSERTION

Yurchenko DA™, Markova ZhG, Petukhova MS, Matyushchenko GN, Shilova NV
Research Centre for Medical Genetics, Moscow, Russia

The formation of recombinant chromosomes in the offspring of inversion and insertion carriers constitutes a significant challenge in clinical genetics due to
the high risk of chromosomal abnormalities in children. Here, we present a clinical case. The aim of this study was to characterize the structure and origin of
a chromosomal imbalance in a female patient presenting with delayed motor and speech development, craniofacial anomalies, and sensorineural hearing loss
through molecular cytogenetic analysis of a recombinant chromosome 22. Chromosomal microarray analysis of the proband, who exhibited psychomotor delay
and dysmorphic features, revealed three interstitial duplications: 22g11.21, 22912.3-q13.1, and 22g13.2. Fluorescence in situ hybridization (FISH), using both
commercial and homemade DNA probes, demonstrated that the mother carried a complex intrachromosomal rearrangement comprising an initial paracentric
inversion of 22g11.21-g12.3, followed by an interstitial insertion of the 22g11.21 and 22912.3-g13.1 segments into the nucleolar organizer region at 22p12.
Accordingly, the recombinant chromosome identified in the proband resulted from meiotic segregation of the maternal complex intrachromosomal inversion and
insertion. These findings highlight the diagnostic value of an integrated cytogenomic approach for the precise delineation of complex chromosomal rearrangements,
determination of their origin, and assessment of genetic risk in clinical genetic counseling.
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MONEKYNAPHO-UUTOMEHETUYECKASI XAPAKTEPUCTUKA PEAKOIO CJTYSAS PEKOMBUHAHTHOW
XPOMOCOMbI 22 BCNEACTBUE MATEPMHCKOWN MHTPAXPOMOCOMHOW MHCEPLIUN

. A. FOpuerko =, XK. I. Mapkoga, M. C. NeTyxosa, . H. MaTolieHko, H. B. LLnnosa
MeaVKo-reHeTUHeCKMiA Hay HbIN LeHTP uMeHn H. 1. Boykosa, Mocksa, Poccus

DOpMMPOBaHME PEKOMOVHAHTHBIX XPOMOCOM B MOTOMCTBE HOCUTENE MHBEPCUN 1 MHCEPLMIA MPELACTAaBNAET COO0M CEPbE3HYIO MPOOAEMY KIMHNHECKON FEeHETUKM B
CBSI31 C BbICOKNM PUCKOM POXAEHUS AeTel C XPOMOCOMHOW naTonorveit. MNpeacTtaBneH KNMHNYECKMin cnyyait. Lienbto nccnenoBaHis Gbin0 B XO4e MONEKYNSPHO-
LIMTOrEHETNHECKON ANarHOCTUKN PEKOMOUHAHTHOM XPOMOCOMbI 22 YCTaHOBUTE CTPYKTYPY W MPOUCXOXAEHME XPOMOCOMHOrO aucbanaHca y naumeHTkn ¢
3a1eP>XKKON MOTOPHOIO ¥ MCUXOPEYEBOro Pa3BUTYIS, YePENHO-NLIEBBIMY aHOMaIMAMI 1 TYroyxoCTbtO. [Mpu MPOBEAEHNI XPOMOCOMHOIO MUKPOMAaTPUHHOMO
aHanMsa y npobaHaa ¢ 3a4ep>KKol MCUXOMOTOPOro PassuTVs U NpuaHakammn gucMopdoreHesa Obinv 06HapyeHbl TPW UHTePCTULMAabHbIE AyNavKaLmm:
22g11.21, 22012.3913.1 1 22913.2. FISH-aHanm3 ¢ 1cnonb3oBaHMeM KOMMEPHECKIX 1 HecepuiiHbix [JIHK-30HA0B NO3BOAMA YCTAHOBUTb, YTO Y MaTEpV NaLMEHTKV
VIMEETCS CNOXKHAA MHTPaXPOMOCOMHasA NEPECTPONKA: COHETAHME VHULMVPYIOLLIEN napaueHTpr4eckor nHeepcumn 22911.21g12.3 1 nocnepytoLlen Mexxnneyesomn
nHcepumn panoHoB 22g11.21 1 22g12.3g13.1 B parioH a4pbIlkoBOro opraHusatopa 22p12. CooTBETCTBEHHO, BbiABfEHHAs y NpobaHaa pekoMbuHaHTHast
XPOMOCOMa SBMAETCH Pe3yNbTatoM Cerperaumm MaTepUHCKON CIOXHOW BHYTPUXPOMOCOMHOW MepecTporku. [MoflydeHHble pesynsTaTbl NoAYepKMBaloT
[NarHOCTUYECKYIO LLIEHHOCTb KOMMIEKCHOMO LIMTOreHOMHOrO MoAXoAa AN TOHHON MAEHTUMUKALMN CNOXHBIX XPOMOCOMHbIX HapYLLEHW, ONPeaeneHns nx
MPOUCXOMAEHNS 1 OLIEHKN MEHETUHECKVIX PUCKOB MPU MEAVKO-TEHETUHECKOM KOHCY/IETUPOBaHUN.

KntouyeBble croBa: MHTPaxpoOMOCOMHas NHCEPUWS, MHBEPCHS, PeKOMBMHaHTHas xpomocoma 22, FISH, HecepuiiHble IHK-30HAb!, CNV, aynnvkauyst

®uHaHCMpOoBaHue: 1ccnefoBaHne nposegeHo B pamkax tembl HP Ne 123052200006-7 «OnTvMmn3aums MONeKynspHO-(LUTO)reHETUHECKMX NOaXO40B ANA
BepuUKaLmn 1 MHTEPPETALMN KIMHUHECKI 3HAYVMbIX Bapraumii dmicna konuii yqactkos JHK (CNV)» (#FGFF-2023-0003).

Bknap, aBTopos: []. A. FOp4eHKO — Au3arH nccneposanns, paspaboTtka HecepuinHbix [JHK-30HO0B, nposeneHne FISH-gnarHoctnkn 1 nHtepnpetaumns
nosy4eHHbIX AaHHbIX, nogrotoBka pykonucu; K. . Mapkosa — nposefeHve FISH-uccnenosaHus ¢ kommepyeckummn OHK-songamu; M. C. MNeTyxosa,
I H. MaTioLweHko — MeanKOo-reHeTUHECKOe KOHCYNbTYpoBaHue cembl; H. B. LLInnoBa — koHuenumst 1 an3aiH nccnegoBaHns, 06Cy>KaeHe pesynsraTos,
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Recombinant chromosomes (rec) are detected in the offspring of
carriers with balanced structural chromosomal rearrangements
(CRs), such as inversions and insertions, and are associated
with genomic imbalances — copy number variations (CNVs)
in the form of deletions and duplications — linked to abnormal
phenotypes [1, 2].

The majority of pathogenic microdeletions and
microduplications represent the recurrent CNVs, which arise
due to specific features of the genomic architecture and lead to
sporadic cases of chromosomal imbalance [3]. In contrast, non-
recurrent CNVs may result from other mechanisms of formation,
for example, from the recombination events occurring during in
meiosis | in phenotypically normal heterozygous carriers of
inversion, as well as from intra- and interchromosomal insertions.
A between-arm intrachromosomal insertion represents a
segment of chromatin from one arm inserted into a breakpoint
site on the opposite arm [4]. Thus, after bivalent formation
between the chromosome carrying a between-arm insertion and
its normal homologue, the inserted segment becomes reoriented
to ensure the maximum degree of synapsis within the bivalent.
A single (or any odd number of) crossovers within the centromeric
segment (the chromosome region containing the centromere)
results in the formation of recombinant chromosomes — one
with a duplication of the inserted segment and the other with
a deletion. Gametes (and subsequently zygotes) carrying
recombinant chromosomes give rise to interstitial CNVs in the
offspring (Fig. 1).

The contribution of balanced intrachromosomal insertions
to the spectrum of chromosomal abnormalities is significant,
as the genetic risk is expected to be high and, in theory, could
approach 50%, which is of crucial importance for medical
genetic counseling [4, 5]. In this context, chromosome 22 —
characterized by a high concentration of low-copy repeats
(LCRs) — is of particular interest. This genomic architecture
predisposes the region to a broad spectrum of balanced and
unbalanced chromosomal rearrangements (CRs) mediated by
non-allelic homologous recombination (NAHR) [6]. The best-
studied examples are the 22g11.2 reciprocal deletion and
duplication syndromes, also known as genomic sister disorders
[7, 8]. However, non-recurrent copy number variations (CNVs)
in chromosome 22 are also of significant value. Such cases,
which reveal complex and diverse mechanisms of genomic
structural organization — including replication-mediated
and multi-step genomic events — may present with multiple
regions of chromosomal imbalance [9, 10]. These observations
not only expand our understanding of the structural variability
of chromosome 22 but are also of practical importance for
medical genetic counseling, particularly in selecting strategies
for prenatal and preimplantation genetic diagnosis in families
with an affected child [11].
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In this paper, we present a unique case of a recombinant
chromosome 22 in a patient with an abnormal phenotype.
The study aimed to characterize, using molecular cytogenetic
methods, a rare rec(22) with three interstitial duplications
resulting from meiotic crossing over during gametogenesis in
the mother, who was a carrier of a complex intrachromosomal
rearrangement.

METHODS
Clinical data

The patient was a 7-month-old girl referred to the Research
Centre for Medical Genetics because of psychomotor
developmental delay and craniofacial dysmorphism. The
family history revealed an older child, a 5-year-old girl, who
was healthy and had no apparent clinical abnormalities (as
reported by the parents). Both parents were healthy and non-
consanguineous. The mother’s obstetric history included two
missed miscarriages (Fig. 2A).

The patient was born at 36 weeks of gestation. The Apgar
score was 7/7. Birth weight was 2260 g, body length 45 cm,
and head circumference 32 cm. After birth, she was admitted
to the neonatal pathology unit with a diagnosis of grade I-l|
cerebral ischemia and motor dysfunction syndrome. From
birth, delayed motor development and bilateral sensorineural
hearing loss were noted. At the first examination (age 7
months), the following phenotypic features were observed:
orbital hypertelorism, epicanthus inversus, short palpebral
fissures, bulbous nasal tip, trapezoid-shaped upper lip, long
philtrum, high-arched palate, and long fingers. Anthropometric
parameters: body length 68 cm (between the 50" and 75"
centiles), body weight 6000 g (below the 3rd centile). Gross
motor development was markedly delayed: the patient could
hold her head only in the prone position and was unable to
roll over. At follow-up at the age of 2 years, she continued to
show a pronounced delay in motor development: she could sit
unsupported at 1.5 years and began standing and stepping
with support at 2 years. Self-care skills were absent, and speech
development was mildly delayed — she could pronounce a few
simple words.

Molecular cytogenetic studies

To detect CNV, the chromosomal microarray analysis of
the DNA sample from the patient’s peripheral blood was
conducted using the CytoScan HD Array oligonucleotide
microarrays (Affymetrix, Santa Clara, USA) in accordance
with the manufacturer’s protocols. The analysis of CNVs was
performed using the Chromosome Analysis Suite (ChAS) ver.

Cc

—p

N dup del bal
ins

Fig. 1. Gamete production following recombination between the sites of rearrangement in a between-arm intrachromosomal insertion. A. Normal chromosome (left)
and chromosome with insertion (right); B. Crossover event; C. Types of gametes. (Adapted from Gardner R. J., Amor D. J., 2018.)
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Table. Nucleotide sequences of the primers used in the study

Name DNA primer sequences, 5'-3' PCR product length (bp) Genomic coordinates (hg19)
F:GTGGGGTGGAAATAGAGGAGGAAAAGTG
dup22g12.3_1 9118
R: ACACAATAACGCAGAGAGTGAAATGGGT
F: ACCCATTTCACTCTCTGCGTTATTGTGT
dup22g12.3_2 9818 chr22:36,911,962-36,938,387
R: CCAGCTTCATCTCATTCCTCTCTTGTCC
F: CACTCTTGCTGCTCTAGGGTTTCTTCTC
dup22g12.3_3 9964
R: ATGGGAATCTA GTCTCCTGTCGCC
F: GTCTCCCCCTCAAAAATGCTGGTGATAA
22q13_1 9874
R: CAAGTAGCCTTCAGAGTTCCATCTGCTC
F: AAGACAGACGGATGGAAAACCTAGTTGC
22q13_2 9002 chr22:41,525,966-41,555,314
R: GACATACTTGAGACACTGGAGCTTGACC
F: AACTCTCCTATAATGCCTCCAGGGTCTC
22q13_3 9520
R: GCAACACACAAGTTCAGCAAAAACCAAC
F: GTTCAAAGCCCCCACAGTCTTCCCAATG
22¢g-invG-1 9890
R: AGGAGGAGGTCACAAGTCCCATACCACT
F: AGTGGTATGGGACTTGTGACCTCCTCCT
22g-invG-2 9643 chr22:24,426,053-24,452,928
R: ACATGCTGGCGGGGAAAGAGACAGTTTA
F: GAGTAGGGAGGGATGCTGCTGGGTTAAG
22g-invG-3 9182
R:GAGGAGACCAGAGAAGAGGGTGGCAATG
F: GTGGAGAGGAGAGTGTGAATAGGGAAGT
22g-invR-1 9068
R: GGTTGTTGCGAGATGAATGAAGCCAAAT
F: CACCCCACATTCCTGAAGATGACACTAC
22g-invR-2 9095 chr22:34,120,020-34,162,291
R: TGAGTGAGTGATCGCCTCCTTTATGAGA
F: AAACCTCTACCTCCAAAACCTATCCCCA
22g-invR-3 9259
R: TCCCACATTCTCTCCATCCTCTTCTTGT

4.0 software (Thermo Fisher Scientific Inc.; USA), and the
results were interpreted in accordance with the International
System for Human Cytogenomic Nomenclature (ISCN, 2020).
The CNV identified was matched to the data published in the
scientific literature and the information from the publicly available
databases: Database of Genomic Variants (DGV) (http://dgv.
tcag.ca/dgv/app/home), DECIPHER (http://decipher.sanger.
ac.uk/), and OMIM (http://www.ncbi.nlm.nih.gov/omim).
Genomic coordinates are provided in accordance with the
Human Genome February 2009 assembly (GRCh37/hg19).
Clinical significance of variants was assessed in accordance
with the standards of the American College of Medical Genetics
and Genomics (ACMG) [12].

Fluorescence in situ hybridization (FISH) on chromosomal
preparations from cultured peripheral blood lymphocytes
was performed using commercially available locus-specific
(22g11.2 LSI TBX1/22913 SHANKS3) and sub-telomere
(22qgter) DNA probes (Kreatech, Netherlands), as well as a DNA
probe specific to the short arms of acrocentric chromosomes
(Acro-p) (MetaSystems, Germany), in accordance with the
manufacturers’ protocols. Denaturation and hybridization
were performed using the ThermoBrite hybridization system
(StatSpin, USA), and assessment was conducted using the
Axiolmager M.1 epifluorescence microscope (Carl Zeiss,
Germany) and the Isis softwate tool for digital image processing
(MetaSystems, Germany).

The development of homemade DNA probes to refine
the structure of the patient’s recombinant chromosome 22
and assess the parental chromosomes parents represented
an important stage of the study. Primers were selected using
the Primer-BLAST NCBI software tool (https://www.ncbi.nim.
nih.gov/tools/primer-blast/) and the UCSC Genome Browser
database (http://genome.ucsc.edu). The OligoAnalyzer™

Tool (https://eu.idtdna.com/pages/tools/oligoanalyzer/) was
used to verify specificity of the selected primers. Primers were
synthesized by Evrogen (Russia). The nucleotide sequences of
the primers selected are provided in Table.

Sequences of the selected DNA primers were used
to conduct LR-PCR using the BioMaster LR HS-PCR (2x)
(BiolabMix, Russia) in the GeneAmp PCR System 9700 (Applied
Biosystems, USA) in accordance with the manufacturer’s
protocol. The resulting amplicons were purified on the columns
using the diaGene DNA purification kit for DNA isolation from
reaction mixtures (Dia-M, Russia) in accordance with the
manufacturer’s instructions, with subsequent combining of
purified PCR products in one test tube aimed at obtaining a
DNA probe approximately 30 kb in length. A nick-translation
method was used to introduce a fluorescent label into a DNA
probe. FISH with homemade DNA probes involved separate
denaturation of DNA in the chromosomal preparation and the
DNA probe [13-15].

Chromosomes were counterstained with DAPI | (Abbott
Molecular, USA) in Vectashield mounting medium (Vector
Laboratories, USA) at a 1:20 ratio. Metaphase chromosome
images were analyzed using the ISIS digital imaging system
(MetaSystems, Germany) integrated with an Axio Imager M1
epifluorescence microscope (Carl Zeiss, Germany).

RESULTS

In the first stage of molecular cytogenetic testing of the patient
with motor and speech developmental delay, craniofacial
anomalies, and hearing loss, chromosomal microarray
analysis (CMA) was performed. The analysis revealed three
interstitial micrtoduplications located in the long arm of
chromosome 22: arr[hg19] 22q11.21(18037572_21915207)
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Fig. 2. Familial case of intrachromosomal ins(22;22). A. Three-generation pedigree of the family with the de novo heterozygous carrier of the intrachromosomal insertion
on chromosome 22. B. CMA hybridization profile of chromosome 22 demonstrating three duplications in the patient. C. FISH results for the patient’s mother showing
hybridization with the DNA probe for the 22g11.2 region (TBX7, SpOrange) and the control probe for SHANKS (SpGreen), which is not involved in the rearrangement.
D. FISH results for the patient showing the recombinant chromosome 22, in which the duplicated fragment containing TBX7 (SpOrange) is inserted into the nucleolar

organizer region (p12) (acro-p, SpAqua).

x3,22912.3913.1(36793141_40756125)x3,22913.2
(41818449_43449759)x3 (Fig. 2B) sized 3.9 Mb, 4 Mb, and
1.6 Mb, respectively.

To verify the data obtained, FISH analysis of the chromosomal
preparations of the patient, her sister and parents was
conducted that involved the use of the commercially available
DNA probe for the 22g11.21 chromosomal locus (TBX7
gene). It was found that the patient’s mother was a carrier
of an intrachromosomal between-arm insertion involving the
22911.2 region inserted into the nucleolar organizer region
(p12) (Fig. 2C). Thus, the duplication including the TBX7 gene
resulted from the maternal meiotic crossing over event within
the centromeric segment of chromosome 22, which led to the
formation of the recombinant chromosome 22 observed in the
patient (Fig. 2D). Examination of the maternal grandparents
revealed no insertion, indicating that the mother’s chromosomal
rearrangement occurred de novo.

To verify the second and third microduplications, it was
hypothesized that there was a “single” duplication in the
22012.3913.2 region. For this purpose, homemade locus-specific
DNA probes were designed for two regions of chromosome
22: (hg19):36,911,962-36,938,387 and (hg19):41,525,966—
41,555,314, The primer design is provided in Table. The
FISH analysis showed that the patient’s mother carried an
intrachromosomal insertion involving the 22g12.3g13.1 region
into the nucleolar organizer region (p12) of chromosome 22
(Fig. 3B). Thus, the patient’s recombinant chromosome
22 contains both the duplication including the TBX7 gene
(22911.2) and the 22g12.3g13.1 duplication of maternal origin
(Fig. 3C).

Based on the data obtained, we proposed a hypothesis
regarding the complex mechanism underlying the chromosomal
rearrangement in the patient’s mother. A long disomic region of
14.9 Mb was identified between the proband’s first (22g11.21)
and second (22g12.3) duplications (Fig. 3A). This suggested
that the 22g11.21 and 22g12.3913.1 regions on the maternal
chromosome 22 were likely close together due to a paracentric
inversion (chr22(hg19):18,037,572-36,793,141). Therefore,
both of these regions were inserted together into the nucleolar
organizer region (p12) of chromosome 22 as a result of the initial
de novo rearrangement that occurred during meiosis in one of
her parents, whose karyotypes were assessed and turned out to
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be normal. To verify this hypothesis, two additional homemade
locus-specific DNA probes for the 22g11.23 and 22g12.3
regions were designed (chr22(hg19):24,426,053-24,452,928
and chr22(hg19):34,120,020-34,162,291 (Table). The
schematic representation of the complex chromosomal
rearrangement is shown in Fig. 4.

The comprehensive molecular cytogenetic analysis involving
the use of both commercially available and homemade DNA
probes confirmed the hypothesis about the complex mechanism
underlying the maternal chromosomal rearrangement. It was
shown that the patient’s recombinant chromosome 22 with
two microduplications resulted from two consecutive events
that occurred during the maternal meiosis: an initial paracentric
inversion in 22g11.21912.3 and the subsequent between-
arm insertion of the regions 22g11.21 and 22g12.3g13.1 into
the nucleolar organizer region 22p12. In this study, we did
not assess the third duplication; further analysis is planned to
clarify the complete mechanism underlying the formation of the
complex CR in the patient’s mother.

Thus, combining CMA and FISH with both the commercially
available and homemade DNA probes made it possible to
visualize the mechanism underlying the development of
chromosomal imbalance. According to the family’s three-
generation pedigree, the estimated empirical risk of giving
birth to a child with a chromosomal/genomic imbalance or
spontaneous abortion is 75%, which is considered a high
genetic risk (Fig. 2A).

DISCUSSION

The present case demonstrates a rare instance of recombinant
chromosome 22 formation resulting from the meiotic
segregation of a complex maternal intrachromosomal
rearrangement, specifically a combination of inversion and
insertion. Similar mechanisms have been previously described
in studies on rec(22) derived from maternal intrachromosomal
rearrangements. For example, several rec(22) cases have
been reported in which such maternal rearrangements led
to duplications of distal 22q regions in the offspring [16, 17].
One report describes a female patient with a 7 Mb duplication
in 22g13.1913.2, which was subsequently identified as a
meiotic segregation product of a maternal insertion [18].
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Fig. 3. FISH analysis with homemade DNA probes disproving the hypothesis of a “single” duplication. A. CMA hybridization profile of chromosome 22 in the patient
and schematic representation of the genomic localization of the homemade DNA probes designed to test the “single duplication” hypothesis. B. FISH results with
homemade DNA probes on maternal metaphase chromosomes, showing that the derivative chromosome 22 resulted from insertion of the 22q12.3 fragment into the
nucleolar organizer region (p12). The 22g13.1 region is not involved in the rearrangement. C. FISH results with homemade DNA probes on the patient’s metaphase
chromosomes, showing that the recombinant chromosome 22 contains an insertion of the duplicated 22g12.3 fragment into the nucleolar organizer region (p12). The
22q13.1 region is not duplicated and is represented by a single copy on each homologue

Our case extends these observations by demonstrating
that a recombinant chromosome 22 containing multiple
CNVs can arise from the inheritance of a complex maternal
intrachromosomal between-arm insertion combined with an
inversion.

The acrocentric chromosome 22 is one of the shortest
human chromosomes and contains the highest density of low-
copy repeats (LCRs) within its long arm. LCRs are DNA blocks
ranging in size from 10 to 400 kb that share a high degree

A -

chr22:24,426,053-24,452,928 @ | =
inv

201 @

chr22:34.120,020-34.162.

(95-97%) of nucleotide sequence identity. This homology
facilitates non-allelic homologous recombination (NAHR),
the mechanism underlying typical 22g11.2 deletions and
duplications [6, 19]. Optical genome mapping has confirmed
a high degree of LCR22 variability in the population, which
increases the likelihood of non-recurrent and complex
chromosomal rearrangements [20]. At the same time, more
complex, multi-stage events like the one we report here
are thought to be explained by other replication-mediated

B

inv 22

) )'

Fig. 4. A. Schematic representation of the mechanism underlying formation of the complex maternal de novo CR. B. Results of FISH analysis using the distal
homemade DNA probe (TxRed), the proximal DNA probe (SpGreen) for the inversion region (chr22(hg19):18,037,572-36,793,141) and the commercially available DNA

probe for the subtelomeric region of the long arm of chromosome 22 (SpAqua)
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mechanisms, specifically Fork Stalling and Template Switching
(FoSTeS) and Microhomology-Mediated Break-Induced Replication
(MMBIR) [3, 9, 10, 21].

In this case, we identified a complex intrachromosomal
rearrangement in the mother, consisting of a paracentric inversion
in 22g11.21912.3 (chr22(hg19):18,037,572-36,793,141),
followed by a between-arm intrachromosomal insertion of
the 22g11.21 and 22g12.3g13.1 regions into the nucleolar
organizer region at 22p12. The proximal inversion breakpoint
is located within LCR22 A-B (~18-21 Mb), a well-known
genomic instability "hot spot" that results in NAHR-mediated
chromosomal rearrangements. According to the literature,
inversions spanning the LCR22A-B or LCR22B-D/C blocks
can initiate non-recurrent chromosomal rearrangements [6, 22].
The distal inversion breakpoint on the long arm (~36.8 Mb)
lies outside the classic LCR22 boundaries in a region of
unique sequences at 22q12.3, making the involvement of
replication-mediated mechanisms (FoSTeS/MMBIR) more likely
[21-23]. The insertion of a large 22q segment into the short
arm (22p) is also consistent with known genomic architecture.
The p-arms of acrocentric chromosomes, which contain the
nucleolar organizer regions (NORs) and multiple repetitive
blocks, represent highly dynamic genomic regions [24].
Therefore, the combination of an LCR22-associated inversion
and an insertion into the 22p NOR creates a unique structural
background predisposing to multiple duplications during
meiotic segregation.

Our case expands the spectrum of previously reported
rec(22) cases and demonstrates that the presence of a complex
maternal CR can lead to multiple interstitial duplications in the
offspring. This mechanism integrates two key factors: the
variable genome architecture resulting from the abundance of
low-copy repeats on chromosome 22, and the dynamic nature
of the ribosomal repeat arrays within the nucleolar organizer
region on its short arm.

The clinical manifestations in our patient, who carries
multiple CNVs on chromosome 22, include motor and speech
developmental delay, craniofacial dysmorphism, hypotonia,
and hearing loss. These clinical features align with the
phenotypic spectrum of 22g11.2 duplication syndrome, which
is characterized by developmental delay, behavioral disorders,
hearing loss, craniofacial anomalies, and variable degrees of
cognitive impairment. The phenotypic abnormalities associated
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THE TERMS "DOMINANT" AND "RECESSIVE" SHOULD BE AVOIDED DUE TO GENE THERAPY
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Pirogov Russian National Research Medical University (Pirogov University), Moscow, Russia

The accumulation of scientific data can conflict with theoretical propositions, requiring their revision. Ptolemy's model of celestial motion was repeatedly "upgraded"
until the paradigm fundamentally changed. Today, we not only understand the structure of the solar system but also see the universe across fourteen billion light-
years. Similarly, phenotype-based medical genetics still operates with concepts such as dominance, recessiveness, penetrance, expressivity, complementarity,
epistasis, and so on. These are descriptive terms of limited accuracy, which are redundant and often confounding in clinical settings. This opinion article re-examines
the relationship between molecular inheritance and its phenotypic manifestations in light of the growing role of gene editing and gene therapy. We believe that
the use of the classical terms “dominant” and “recessive” in a medical context should be avoided as non-informative and possibly misleading in terms of clinical
decisions and treatment choices.
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B MEOVLUWHE CNEAYET U3BErATb TEPMUHOB «JOMUHAHTHbBIW» U «PELLECCUBHbIN»
N3-3A PA3BUTUSA FEHHON TEPANUN

A. M. Tammncorus =4, [1. B. PebprkoB
Poccuiickinin HaumoHanbHbI MCCneaoBaTenbCKMii MEAVLIMHCKUIA yHMBepcuTeT (Mnporosckuin YrmeepceunTeT), Mocksa, Poccunst
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Establishing the relationship between a genotype and its
manifestation (phenotype) is a key task in genetics, which for
diploid organisms is complicated by the interaction of two
complete sets of (different) genetic information. Gregor Mendel
termed a parental trait expressed in the offspring “dominant”,
as opposed to cryptic “recessive” traits prone to vanishing.
Today, we know that traits represent the realization of the
function of proteins (or regulatory RNAs) encoded in DNA,
and a dominant phenotype can result from either increased
or decreased protein activity/concentration due to various
genetic and epigenetic factors: allelic polymorphism of the
protein-coding sequence, DNA methylation profile, histone
modification and promoter activity, small regulatory RNAs,
post-translational protein modification, polygenic interactions,
etc. In medical genetics, loss-of-function (LOF) mutations are
typically associated with recessive inheritance, while gain-
of-function (GOF) mutations are associated with dominant
inheritance. However, there are numerous exceptions to this
simplistic rule, highlighting the importance of understanding the
functional context and biological role of the affected protein or
the corresponding regulatory mechanism, particularly in view of
gene therapy options.

The rapid development of genetic programlming technologies
(including the modulation of gene activity by delivering additional
copies, CRISPR editing, or using small RNAs) has led to the
emergence of a wide range of high-tech drugs prescribed to
compensate for genetic disorders (if a function is deficient, it
obviously needs to be enhanced; if it is excessive, it needs
to be attenuated). At the same time, the “phenotypic” terms
dating from the mid-19" century continue to appear in medical
records, clinical treatment guidelines, laboratory test reports,
and even in gene therapy protocols. According to our estimates,
up to 8% of laboratory test reports describing specific molecular
events in monogenic diseases are misinterpreted by medical
geneticists because of confounding “phenotypic” descriptions.

Terminology: inheritance types and corresponding
molecular mechanisms

Autosomal dominant (AD) and autosomal recessive (AR)
diseases have clearly distinct patterns of occurrence in a
genetic pedigree. With AD inheritance, a single mutant copy of
the gene (heterozygous state) is sufficient for the development
of the disease, which is characterized by a 50% risk of vertical
transmission from generation to generation (examples include
Huntington's disease, Thomsen disease, Creutzfeldt-dakob
disease, and over 4,000 other conditions) [1-3].

With AR inheritance, a mutation in both copies of the gene
is required for the development of the disease (homozygous/
compound heterozygous state). In such cases, the parents
are usually healthy carriers, and the disease in the offspring
occurs due to the coincidence of nonfunctional alleles with a
25% probability (examples include hereditary hearing loss, cystic
fibrosis, phenylketonuria, and over 3,000 other conditions) [4-6].

In the case of X-linked recessive inheritance, the trait is
phenotypically manifested in males in the hemizygous state,
while homozygosity/compound heterozygosity for the mutation
is required for manifestation in females. Classic examples of
this group of diseases are hemophilia A and color blindness,
and over 100 similarly inherited conditions have been described
[7, 8].

In X-linked dominant inheritance, the presence of a
single mutant allele is sufficient for manifestation. This type of
inheritance is characterized by more severe consequences
in males, sometimes lethal early in development. An affected
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woman has a 50% chance of transmitting the disease to
offspring of both sexes, while an affected man transmits the
mutant allele to all of his daughters and none of his sons.
About 40 diseases have this pattern of inheritance. A striking
example of X-linked dominant condition is Rett syndrome [9].
Importantly, in women, the pathogenic allele in each individual
cell will be either active or not as a result of X-inactivation;
the ratio can vary, which explains the phenomenon of varying
symptom severity in heterozygous carriers.

The classical Mendelian scheme assumes 100% phenotypic
expression of any allele (penetrance) with full strength (expressivity),
and that the presence of a mutant variant in a particular number
of copies is unambiguously linked to the phenotype. However,
for many hereditary conditions, both autosomal dominant
and X-linked, so-called incomplete penetrance is observed
(when some carriers of a pathogenic allele remain clinically
asymptomatic throughout their lives due to the genomic
landscape and environmental factors). Incomplete penetrance
creates significant difficulties for medical genetic counseling, as
a phenotypically healthy individual can transmit a mutant allele
to an offspring who unexpectedly develops the disease. Age-
dependent penetrance and variable expressivity are recognized
as well; it should be noted that manifestation of any trait is age-
dependent and variable in strength, even in identical twins. For
example, for autosomal dominant neurofibromatosis type 1 or
hereditary cancer syndromes caused by mutations in tumor
suppressor genes (such as BRCA1 or TP53), the penetrance is
considered age-dependent, while the expressivity varies [10].

Conventionality of “dominance” and “recessiveness”
in the context of gain- and loss-of-function mutations

From a molecular perspective, different inheritance patterns are
typically associated with functional types of mutations. Gain-of-
function mutations confer a new or enhanced function to the
protein, which is pathogenic even with a normal second allele.
This mechanism most often underlies dominant diseases.
However, the disease typically occurs only in heterozygotes,
as homozygosity for such critical defects leads to embryonic
death early in development.

By contrast, loss-of-function mutations result in complete
or partial loss of protein function (for example, due to promoter
inactivation or severe disruption of protein structure) and are
usually associated with recessive diseases [11, 12].

However, under certain conditions, LOF mutations can
lead to dominant pathologies (in heterozygotes). This occurs
through two main mechanisms: haploinsufficiency and
dominant-negative effects. Haploinsufficiency occurs when the
level of normal protein synthesized from a single functioning
allele is insufficient to fully implement the necessary functions,
leading to the development of disease (examples include
Marfan syndrome, DiGeorge syndrome, Williams syndrome,
and approximately 500 other diseases) [13—15]. In the context
of incomplete penetrance, haploinsufficiency can predispose
to disease (examples include tumor suppressor genes, such
as TP53 in Li-Fraumeni syndrome, BRCAT1 in ovarian cancer,
etc.) [16, 17].

A dominant-negative effect is observed when the LOF
mutant protein not only loses function but also actively disrupts
the functioning of intracellular systems, for example, through
inclusion in multimeric complexes, changes in receptor titer, and
other methods of competitive inhibition. Thus, LOF mutations
can manifest as either recessive or dominant mutations
(examples include Brugada syndrome, Culler-Jones syndrome,
and approximately 700 other diseases) [18, 19].
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Thus, comparing the heterozygous GOF effect of protein
hyperactivity/overconcentration and the heterozygous
dominant-negative LOF effect of competitive inhibition of
multicomplexes, it can be argued that the key factor in
understanding the molecular mechanisms of pathology and
choosing the correct pathogenetic therapy (gene delivery or
genome editing) is the deficiency or excess of function, not
homo/heterozygosity (and, especially, not the phenotype).

Incomplete penetrance adds uncertainty to the decision
to use a gene therapy, especially when prescribing treatment
before the clinical manifestation of a monogenic hereditary
disease [20]. In such cases, it is necessary to weigh the
reversibility of pathological processes with delayed phenotypic
manifestation against the safety of the gene therapy.

References

1. McColgan, P., & Tabrizi, S. J. (2018). Huntington's disease: a clinical
review. European journal of neurology. 25 (1): 24-34. Available
from: https://doi.org/10.1111/ene.13413.

2. Suetterlin K, Matthews E, Sud R, McCall S, Fialho D, Burge J, et al.
Translating genetic and functional data into clinical practice: a series
of 223 families with myotonia. Brain: a journal of neurology. 2022; 145
(2): 607-20. Available from: https://doi.org/10.1093/brain/awab344.

3. Chen C, Dong XP. Epidemiological characteristics of human prion
diseases. Infectious diseases of poverty. 2016; 5 (1): 47. Available
from: https://doi.org/10.1186/s40249-016-0143-8.

4. Sommen M, Schrauwen |, Vandeweyer G, Boeckx N, Corneveaux JJ,
van den Ende J, et al. DNA Diagnostics of Hereditary Hearing
Loss: A Targeted Resequencing Approach Combined with a
Mutation Classification System. Human mutation. 2016; 37 (8):
812-9. Available from: https://doi.org/10.1002/humu.22999.

5. Polgreen PM, Comellas AP. Clinical Phenotypes of Cystic Fibrosis
Carriers. Annual review of medicine. 2022; 73: 563-74. Available
from: https://doi.org/10.1146/annurev-med-042120-020148.

6. van Spronsen FJ, Blau N, Harding C, Burlina A, Longo N, Bosch AM.
Phenylketonuria. Nature reviews. Disease primers. 2021; 7 (1): 36.
Available from: https://doi.org/10.1038/s41572-021-00267-0.

7. Bemtorp E, Fischer K, Hart DF, Mancuso ME, Stephensen D, Shapiro
AD, et al. Haemophilia. Nature reviews. Disease primers. 2021;
7 (1): 45. Available from: https://doi.org/10.1038/s41572-021-
00278-x.

8. larossi G, Coppeé AM, Passarelli C, Maltese PE, Sinibaldi L,
Cappelli A, et al. Blue Cone Monochromatism with Foveal
Hypoplasia Caused by the Concomitant Effect of Variants in
OPN1LW/OPN1MW and GPR143 Genes. International journal
of molecular sciences. 2021; 22 (16): 8617. Available from:
https://doi.org/10.3390/ijms22168617.

9. Renieri A, Meloni |, Longo |, Ariani F, Mari F, Pescucci C, Cambi F.
Rett syndrome: the complex nature of a monogenic disease.
Journal of molecular medicine (Berlin, Germany). 2003; 81 (6):
346-54. Available from: https://doi.org/10.1007/s00109-003-
0444-9.

70. Chen S, Parmigiani G. Meta-analysis of BRCA1 and BRCA2
penetrance. Journal of clinical oncology: official journal of the
American Society of Clinical Oncology. 2007; 25 (11): 1329-33.
Available from: https://doi.org/10.1200/JC0.2006.09.1066.

11. Jiao SY, Yang YH, Chen SR. Molecular genetics of infertility: loss-

Jlutepatypa

1. McColgan, P., & Tabrizi, S. J. (2018). Huntington's disease: a clinical
review. European journal of neurology. 25 (1): 24-34. Available
from: https://doi.org/10.1111/ene.13413.

2. Suetterlin K, Matthews E, Sud R, McCall S, Fialho D, Burge J, et al.
Translating genetic and functional data into clinical practice: a series
of 223 families with myotonia. Brain: a journal of neurology. 2022; 145

CONCLUSION
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