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Matveeva KS, Shevyrev DV

AGE-RELATED ALTERATIONS IN THE IMMUNE SYSTEM OF AGING MICE 

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) С57BL/6 mice. 

Populations were tested by flow cytometry using the fluorescence-labeled antibodies. The aging phenotype was assessed based on the β-Gal enzyme activity with 

pre-treatment with bafilomycin А1, ensuring lysosomal alkalinization and allowing one to detect the increased enzyme activity typical for the aging cells (SA-β-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 CD8α+ dendritic cells, 

were reported in elderly mice. Furthermore, aging was associated with the significant increase in the levels of SA-β-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, β-galactosidase, SA-β-Gal, lymphocytes, myelocytes, mice
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К. С. Матвеева, Д. В. Шевырев

ВОЗРАСТНЫЕ ИЗМЕНЕНИЯ В ИММУННОЙ СИСТЕМЕ СТАРЕЮЩИХ МЫШЕЙ

Накопление сенесцентных клеток в тканях связано с функциональным ухудшением и развитием возраст-ассоциированных патологий. Ключевую 

роль в этом процессе играет сенесцент-ассоциированный секреторный фенотип (SASP), способствующий хроническому вялотекущему системному 

воспалению, которое ассоциировано с повышенным риском аутоиммунных и онкологических заболеваний, а также снижением устойчивости к 

инфекциям. В норме иммунная система удаляет сенесцентные клетки, однако с возрастом эффективность этого процесса падает, в том числе по 

причине старения иммунной системы. Целью исследования было изучить возрастные изменения в основных популяциях лимфоцитов и миелоцитов 

в образцах селезенки и костного мозга мышей преклонного возраста. Исследование проводили на группах молодых (n = 8) и пожилых (n = 4) мышей 

линии С57BL/6. Анализ популяций проводили с использованием флуоресцентно-меченых антител методом проточной цитометрии. Фенотип старения 

оценивали по активности фермента β-Gal с предварительной обработкой бафиломицином А1, который обеспечивает защелачивание лизосом и 

позволяет выявить повышенную активность фермента, типичную для стареющих клеток (SA-β-Gal). В результате у пожилых мышей было выявлено 

значимое повышение содержания миелоидных популяций, CD11c+В-клеток, дважды негативных T-лимфоцитов, а также снижение CD8α+ дендритных 

клеток. Кроме того, при старении значимо возрастало содержание клеток позитивных по SA-β-Gal, особенно в популяциях миелоидных клеток. 

Полученные данные указывают, что возрастные изменения носят системный характер и отражают так называемый миелоидный сдвиг, а также 

накопление провоспалительных популяций в миелоидном и лимфоидном компартментах. 
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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/p21CIP1 and p16INK4a/RB 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-κB 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 β-galactosidase (β-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 β-galactosidase (SA-β-Gal) [13, 14]. 
Traditionally, chromogenic substrates have been employed 
to assess β-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 β-Gal substrates has 
substantially expanded the utility of this marker, allowing 
simultaneous quantification of SA-β-Gal activity across distinct 
immune cell populations via flow cytometry [15]. To date, 
limited data exist regarding age-related changes in SA-β-Gal
activity across different immune cell subsets. Evaluating 
SA-β-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-β-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 µm) 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 µm 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-β-Gal staining

To estimate SA-β-Gal activity in living cells, the SPiDER-βGal 
vital dye was used (Cellular Senescence Detection Kit, Dojindo 
Laboratories, Japan), which represents a fluorogenic substrate 
specific for β-Gal. The bone marrow cells or splenocytes, 2 × 105 
cells per well, were incubated in the flat-bottom 96-well plate 
(NEST Biotechnologies, China), in 200 µL of the RPMI-1640 
complete medium supplemented with bafilomycin А1 (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 µmol/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-β-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)

А B

Phenotyping

For antibody staining a total of 2 × 105 cells were resuspended in 
200 µL of the FACS buffer, added 50 µL 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: 
TCRβ 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 µL. 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-β-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 

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-β-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-βGal (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 (53.5% (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+ В 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 CD8α+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+ 
В cells increased (0.03% (0.025–0.048) vs. 0.26% (0.18–0.4), 
p < 0.01) and that of CD8α+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-β-Gal activity across lymphoid 
and myeloid populations. Samples of the spleen showed 
a considerable increase in the counts of SA-β-Gal-positive 
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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-β-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 < 0.05, 
** — p < 0.01, *** —  p < 0.001
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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 (50.5% (43.8–86) vs. 85.1% 
(77.7–90.2), p < 0.01), as well as CD11c+ В 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-β-Gal-positive macrophages (64.4% 
(56.8–65.8) vs. 70.9% (66.1–76.5), p < 0.05), CD8α+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+ В 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-β-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-β-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 

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-β-
Gal-positive granulocytes, monocytes, and macrophages in 
the spleen of elderly mice is of special interest. The age-related 
accumulation of SA-β-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-β-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-β-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-β-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-β-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.

CONCLUSIONS

Our findings support the hypothesis of heterogeneous 
aging across different compartments of the immune system 
and highlight myeloid skewing as a hallmark feature of 
immunosenescence. Importantly, age-related alterations were 
observed not only in the peripheral immune compartment 
but also in the bone marrow. Specifically, the decline in 
B-cell frequency reflects age-associated suppression of 
B-lymphopoiesis, while the marked increase in pro-inflammatory 
CD11c⁺ B cells and SA-β-Gal-positive double-negative (DN) 
T lymphocytes, macrophages, and CD8α⁺ dendritic cells 
indicates active involvement of central immune organs in the 
aging process [27]. Notably, the accumulation of SA-β-Gal-
positive cells occurs in the bone marrow in close proximity to 
hematopoietic stem cells (HSCs). In this microenvironment, 
SASP factor secretion may disrupt the functional integrity 
of HSC niches, impair lymphopoietic potential, and thereby 
perpetuate a vicious cycle of age-related immune dysfunction 
[27, 28]. These observations expand current understanding of 
the dynamic remodeling of the immune system during aging. 
Consequently, further investigation of age-associated immune 
alterations — using a multimodal approach that includes SA-β-Gal
assessment — holds significant translational potential. Such 
research could guide the development of targeted strategies 
for the selective elimination of pro-inflammatory senescent 
cells, restoration of lymphopoietic capacity, and enhancement 
of overall immune competence in the elderly.
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PANEL OF IFN-I-INDUCED GENES IN SYSTEMIC SCLERODERMA: A STRATIFICATION BIOMARKER POTENTIAL

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‑qPCR (ΔΔCt) 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 

(p < 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 

(p < 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.
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ПАНЕЛЬ IFN-I-ИНДУЦИРУЕМЫХ ГЕНОВ ПРИ СИСТЕМНОЙ СКЛЕРОДЕРМИИ: ПОТЕНЦИАЛ 
БИОМАРКЕРА СТРАТИФИКАЦИИ

Системная склеродермия (ССД) остается заболеванием с высокой летальностью; валидированных биомаркеров для стратификации и мониторинга 

недостаточно.  Целью работы было изучить экспрессию разработанной панели IFN-I-индуцируемых генов (IFI27, IFI44, IFIT3, ISG15, XAF1) в периферической 

крови и пораженной коже при ССД. Исследовали образцы 48 пациентов с ССД и 31 здорового донора. Экспрессию генов определяли методом RT‑qPCR 

(ΔΔCt) с нормировкой по референсному гену «домашнего хозяйства»; экспрессию гена SFRP4 использовали как маркер кожного фиброза. Экспрессия 

IFN-I-индуцируемых генов была достоверно (p < 0,1) повышена как в крови, так и в коже пациентов с ССД относительно образцов здоровых доноров. 

Сопоставление экспрессии между компартментами показало, что уровни экспрессии генов XAF1, IFI44, IFIT3, ISG15 в крови пациентов выше (p < 0,01), 

чем в образцах кожи. Экспрессия гена IFI27, напротив, более выражена в коже (p < 0,01). Результаты исследования показывают, что разработанная 

тест-система оценки интерфероновой сигнатуры потенциально может быть использована как неинвазивный инструмент стратификации пациентов с 

ССД по анализу РНК, полученной из образца крови, в том числе для обоснования назначения терапии блокаторами рецептора IFN‑I.

Ключевые слова: системная склеродермия, интерферон I типа, интерфероновая сигнатура, анифролумаб, qRT-PCR, неинвазивная диагностика
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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 (lSS) 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 I, 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 

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 inflammatory 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 III, 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 IgG 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 °С 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) 

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 °С until 
mononuclear cells were isolated. Mononuclear cells were isolated 
from peripheral blood by sedimentation (Ficoll-Paque density 
gradient centrifugation (density 1.077 g/cm3)) (PanEco, Russia). 
The resulting cell fraction was placed in the RLT lysis buffer (Qiagen, 
Germany) and stored at –80 °С 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 °С 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 TaqMan 
reagent kit (Evrogen, Russia) [37]. The kit contains a ready-
to-use master mix comprising a reaction buffer for RT and 

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

Course
acute — 3/48 (6%) 
subacute — 5/48 (10%) 
chronic — 40/48 (84%)

0.24 
0.31 
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

Capillaroscopic pattern

late — 27/48 (56%), 
active — 16/48 (33%)  
early — 3/48 (6%) 
myopathic — 2/48 (4%)

0.50 
0.47 
0.24 
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 (МТ) — 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

High-intensity immunosuppressive therapy 
(MMF and/or RTX and/or МТ)

22/48 (46%) 0.50
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PCR, nucleotide triphosphates, and the hot start Taq DNA 
polymerase. In the first phase, during the first-strand cDNA 
synthesis, the Taq polymerase was inactivated by monoclonal 
antibodies; heating at 95 °C prior to PCR ensured the rapid hot 
start. The modified MMLV 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 µМ. Real-time PCR product 
accumulation imaging was performed using the TaqMan type 
fluorescent probes. The probes were added to the reaction at a 
concentration of 0.1 µМ. 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 
IFIT1, 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 ΔΔCt 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 (ΔCt) 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. 

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. 1А).

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. 2А, 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 signature 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-qPCR (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)
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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 (0 to –0.13).

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)

Note: * iqr — interquartile range. 

А. 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 1.1 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 3.11 2.02 2.89 2.56 1.91 3.69 0.72 1.07

IFI44 Control 0.31 0.06 0.28 0.06 1.38 0.69 1.15 0.68

IFI44 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 1.17 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

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, OAS1, OAS2, OAS3, 
SIGLEC1, 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 
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in the first one, but standardization by ΔCt 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 study, 
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 I interferons in 
the disease pathogenesis are consistent with the previously 

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 

Fig. 2. Comparison of interferon signature in blood and skin of patients with SS. А. 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 (n = 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% CI). 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 
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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 I 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 

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 I 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-qPCR panel developed that comprises the IFN‑I‑induced 
genes (IFI27, IFI44, IFIT3, ISG15, XAF1) 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-

Note: * — interquartile range.

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 (n = 10)

Gene Sample Mean valus Standard deviation Median Iqr*

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

IFI44 Blood 3.05 2.57 2.39 1.34

IFI44 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

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 (IFI44, IFIT3, ISG15, IFI27, XAF1) in the samples and clinical signs of the group 
of SS patients for blood (n = 35), (4А) and skin (n = 23) samples (4B)

4B IFIT3 IFIT27 IFIT44 ISG15 XAF1 SFRP4 Age Duration
Activity 
(EScSG)

Progression Diffuse form
Onset 
type

IFIT3 1.00 0.79 0.82 0.80 0.79 0.22 –0.36 0.13 0.01 –0.15 0.23 –0.19

IFIT27 0.79 1.00 0.87 0.74 0.59 0.03 –0.36 –0.09 0.15 –0.09 0.34 –0.08

IFIT44 0.82 0.87 1.00 0.87 0.52 –0.05 –0.51 –0.07 0.13 –0.09 0.28 –0.24

ISG15 0.8 0.74 0.87 1.00 0.54 0.05 –0.57 –0.04 0.21 0.02 0.31 –0.20

XAF1 0.79 0.59 0.52 0.54 1.00 0.22 –0.32 0.16 0.02 –0.19 0.16 –0.12

SFRP4 0.22 0.03 –0.05 0.05 0.22 1.00 0.37 0.22 –0.07 0.13 0.17 –0.15

Age –0.36 –0.36 –0.51 –0.57 –0.32 0.37 1.00 0.34 –0.25 –0.02 –0.19 0.05

Duration 0.13 –0.09 –0.07 –0.04 0.16 0.22 0.34 1.00 –0.01 0.16 –0.39 –0.34

Activity (EScSG) 0.01 0.15 0.13 0.21 0.02 –0.07 –0.25 –0.01 1.00 0.7 0.32 0.35

Progression –0.15 –0.09 –0.09 0.02 –0.19 0.13 –0.02 0.16 0.7 1.00 –0.1 –0.11

Diffuse form 0.23 0.34 0.28 0.31 0.16 0.17 –0.19 –0.39 0.32 –0.1 1.00 0.45

4A IFIT3 IFIT27 IFIT44 ISG15 XAF1 Age Duration
Activity 
(EScSG)

Progression Diffuse form
Onset 
type

IFIT3 1.00 0.16 0.49 0.63 0.63 0.03 0.01 0.24 0.06 0.08 0.11 

IFIT27 0.16 1.00 –0.04 0.77 –0.17 –0.03 0.10 0.06 0.03 0.27 –0.09 

IFIT44 0.49 –0.04 1.00 0.38 0.64 –0.13 –0.22 –0.08 –0.08 –0.13 0.24 

ISG15 0.63 0.77 0.38 1.00 0.24 0.00 0.00 0.16 0.08 0.21 0.06 

XAF1 0.63 –0.17 0.64 0.24 1.00 –0.08 0.04 0.06 –0.13 0.04 0.00 

Age 0.03 –0.03 –0.13 0.00 –0.08 1.00 0.31 0.18 0.32 –0.12 –0.16 

Duration 0.01 0.10 –0.22 0.00 0.04 0.31 1.00 0.15 0.07 –0.14 –0.36 

Activity (EScSG) 0.24 0.06 –0.08 0.16 0.06 0.18 0.15 1.00 0.60 –0.02 0.20 

Progression 0.06 0.03 –0.08 0.08 –0.13 0.32 0.07 0.60 1.00 –0.34 0.12 

Diffuse form 0.08 0.27 –0.13 0.21 0.04 –0.12 –0.14 –0.02 –0.34 1.00 0.15 

Onset type 0.11 –0.09 0.24 0.06 0.00 –0.16 –0.36 0.20 0.12 0.15 1.00

signature analysis by RT-PCR with the proposed gene panel, 
as this biomaterial is more accessible, less invasive and more 

reproducible; it also shows the informativeness potentially 
comparable with that of skin samples.
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Shatalova RO, Shevyrev DV

ALTERATIONS IN MITOCHONDRIAL AND LYSOSOMAL COMPARTMENTS UNDER 
CHEMOTHERAPY-INDUCED SENESCENCE

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 β-galactosidase 

(β-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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Р. О. Шаталова, Д. В. Шевырев

ИЗМЕНЕНИЯ МИТОХОНДРИАЛЬНОГО И ЛИЗОСОМНОГО КОМПАРТМЕНТОВ В УСЛОВИЯХ 
ХИМИОИНДУЦИРОВАННОЙ СЕНЕСЦЕНТНОСТИ

Старение связано с накоплением сенесцентных клеток, для которых характерно изменение функций, укорочение теломер, остановка клеточного цикла, 

устойчивость к апоптозу и метаболические нарушения. В последние годы широко изучают различные аспекты сенесцентности не только в контексте 

старения, но и в отношении терапии опухолей, так как сенесцентность в различных клетках опухоли может по-разному влиять на ход патологического 

процесса. Целью исследования было провести сравнительный анализ распространенных химиотерапевтических препаратов в контексте индукции 

сенесцентности и влияния на митохондриальный и лизосомный компартменты фибробластов, выделенных из кожи мышей линии C57BL/6. 

Сенесцентность клеток оценивали с помощью хромогенного и флуоресцентного методов определения активности фермента β-Gal. Окрашивание 

митохондрий проводили с использованием потенциалзависимого красителя MitoTracker® Orange, лизосомы окрашивали с помощью LysoTracker® Red. 

Для анализа использовали проточный цитометр BD LSRFortessa. В результате было выявлено значительное снижение митохондриального потенциала 

и усиление интенсивности флуоресценции лизосом в клетках с химиоиндуцированной сенесцентностью. Использование разработанного нами 

интегрального индекса индукции сенесцентности позволило установить, что влияние доксорубицина с точки зрения индукции сенесцентности и влияния 

на митохондриальный и лизосомный компартменты выражено сильнее, чем у цисплатина, блеомицина и этопозида.

Ключевые слова: сенесцентность, β-галактозидаза, SA-β-Gal, митохондрии, лизосомы, доксорубицин, цисплатин, блеомицин, этопозид
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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 PI3K/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 β-galactosidase activity, which becomes detectable at a 
suboptimal pH near 6.0 – hence termed senescence-associated 
β-galactosidase (SA-β-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 

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 trimmer, followed 
by disinfection with 70% ethanol for 2 minutes, allowing the 
alcohol to fully evaporate. A 2 × 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 mm2. 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-μm 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

2
 and subcultured upon reaching 85% 

confluence.

Assessment of SA-β-Gal Activity

Senescence-associated β-galactosidase (SA-β-Gal) activity 
was evaluated using the chromogenic substrate 5-bromo-4-
chloro-3-indolyl-β-D-galactopyranoside (X-Gal), which yields 
an intense blue precipitate upon enzymatic hydrolysis. Although 
β-galactosidase is constitutively present in lysosomes of most 
cell types and exhibits optimal activity at pH ~4.2, SA-β-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

3
Fe(CN)

6
], 
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50 mM potassium ferrocyanide [K
4
Fe(CN)

6
], 5 mM NaCl, 1 mM 

MgCl
2
, and 20 mg/mL X-Gal (dissolved in DMSO; 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-β-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-β-Gal activity, the vital 
fluorescent probe SPiDER-βGal (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

2
 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-βGal was added to a final concentration 
of 1 μM, 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 II, 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 II and inhibits its 
activity, preventing the resealing of DNA strand breaks normally 
introduced by topoisomerase II 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 μM for cisplatin; 10, 14, and 25 μM for bleomycin; 
and 5, 10, and 20 μM 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 (PI), 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% penicillin–streptomycin (PanEco, 
Russia), and incubated at 37 °C in 5% CO

2
 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 μM cisplatin, 10 μM bleomycin, and 5 μM 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-βGal 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 µM in DMEM/F12 medium supplemented with 1% FBS. 
Cells were incubated with the dye for 30 minutes at 37 °C in a 5% 
CO

2
 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 FlowJo (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-β-Gal 
activity with concomitant alterations in mitochondrial and 
lysosomal parameters.
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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-β-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-β-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-βGal and flow 
cytometry. The gating threshold for SA-β-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-β-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. 

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-β-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)
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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-β-
Gal–positive cells, the reduction in mitochondrial membrane 
potential, and the degree of lysosomal hypertrophy — we 
developed an Integrative Index of Senescence Induction (IISI):

where %SPiDER
i
+ and %SPiDER

C1
+ represent the percentage 

of SA-β-Gal–positive cells under a specific senescence inducer 
and under serum starvation (1% FBS), respectively; MFI

c10
mito 

and MFImito denote the median fluorescence intensity (MFI) of 
MitoTracker in the control condition with 10% FBS and under 
senescence induction, respectively; MFI

i
lyso and MFI

C10
lyso 

denote the MFI of LysoTracker under senescence induction 
and in the 10% FBS control, respectively.

The application of the IISI 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 

IISI = (

(

,× +
%SPiDER

i
+

%SPiDER
C1

+

MFI
c10

mito MFI
i
lyso

MFI
i
mito MFI
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Fig. 2. The upper row shows representative histograms of SA-β-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-β-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-β-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, 
**** — p < 0.001
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doxorubicin, cisplatin, bleomycin, and etoposide significantly 
increase the proportion of SA-β-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 (IISI).

Interestingly, serum starvation alone also led to an increase 
in SA-β-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 
[30, 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 (ΔΨm), 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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Fig. 3. Comparative analysis of the Integrative Index of Senescence Induction 
(IISI), which reflects the cumulative effect of each inducer across the three 
evaluated parameters: SA-β-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
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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-β-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 II 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-β-Gal–positive cells, 
consistently observed using both chromogenic X-Gal staining 

and the live-cell fluorogenic probe SPiDER-βGal. 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-β-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 
(IISI), 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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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) 

Makhachev DR    , Bulanov DV, Shovkhalov MM, Bekmurziev BZ, Geroev IA, Netsvetova AM, Zhusupova AR, Gubich DS, Manovski AM 

MORPHOLOGICAL, IMMUNOHISTOCHEMISTRY AND MOLECULAR ANALYSIS OF DIFFERENTIATED 
HIGH-GRADE CARCINOMA 

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 × 2.8 × 2.5 cm; the tumor showed pronounced architectonic heterogeneity, focal necrosis, high mitotic 

activity — 8–10 mitoses per 10 fields of view at ×400 (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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МОРФОЛОГИЧЕСКИЙ, ИММУНОГИСТОХИМИЧЕСКИЙ И МОЛЕКУЛЯРНЫЙ АНАЛИЗ 
ДИФФЕРЕНЦИРОВАННОЙ ВЫСОКОЗЛОКАЧЕСТВЕННОЙ КАРЦИНОМЫ

Высокозлокачественные неанапластические опухоли щитовидной железы (HGFC-NA) относятся к редкой и агрессивной категории новообразований, 

занимающих промежуточное положение между дифференцированными и анапластическими карциномами. Имеют место высокая смертность и 

ограниченные возможности стандартного лечения, которое обычно включает хирургическое удаление опухоли с последующей радиойодтерапией и 

супрессивной терапией левотироксином. При радиойодрезистентных формах дополнительно рассматривают таргетные тирозинкиназные ингибиторы, 

однако их эффективность ограничена. Представлен клинический случай дифференцированной высокозлокачественной карциномы (DHGTC) у 

пациентки 62 лет, перенесшей гемитиреоидэктомию. Использованы методы гистологического анализа, иммуногистохимии (TTF-1, PAX8, CK19, p53, 

Ki-67) и молекулярного тестирования ключевых маркеров (TERT, TP53, BRAF). Опухоль имела размеры 3,4 × 2,8 × 2,5 см, демонстрировала выраженную 

архитектоническую гетерогенность, очаговый некроз, высокую митотическую активность — 8–10 митозов на 10 полей зрения при ×400 (что соответствует 

≥ 5 на 2 мм2), а индекс пролиферации Ki-67 достигал 35%. С помощью ИГХ выявлена экспрессия TTF-1 и PAX8, p53 с мутационным типом экспрессии, 

что указывает на мутацию TP53. Молекулярное исследование не показало изменения в генах TERT и BRAF. Эти признаки позволили верифицировать 

диагноз DHGTC. Сделан вывод о необходимости комплексной морфо-молекулярной диагностики HGFC-NA, поскольку количественные параметры 

митотической активности, Ki-67 и статус TERT/TP53 определяют прогноз и выбор персонализированной терапии.
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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, ×200 magnification)

include solid, trabecular or insular growth pattern, absence of 
nuclear features of papillary carcinoma, and ≥ 3 mitoses per 
2 mm2 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 и 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 mm2 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 
II 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 × 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.

Macroscopic examination

The tumor had a grey-white color, irregular lobular pattern, foci 
of necrosis and microcalcifications. Tumor size: 3.4 × 2.8 × 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 ×400, 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 (АТС) is provided. 
АТС 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. 3А); 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, ×100 magnification). B. High cellularuty, multiple atypical mitoses, sporadic multinucleated tumor cells (H&E, ×400 magnification)

А

B

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 mm2, 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 V600E 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 enrollment 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 mm2
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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, ×100 
magnification). B. Pronounced increase in cytological atypia and proliferation; frequent mitoses (≥ 5 per 2 mm2 when counted in the fields with the highest activity) 
(H&E, ×400 magnification)

А

B

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 mm2 ≥ 5 mitoses per 2 mm2

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)

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

3. Immunohistochemistry analysis: determination of the 
Ki-67, p53, 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 PI3K/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.
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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 

estimate poor prognosis. This observation emphasizes the need 
for comprehensive assessment of HGFC-NA tumors involving 
mandatory consideration of the quantitative criteria (mitotic 
activity, Ki-67), as well as the TERT and TP53 status. Disregard 
for these features can result in underestimation of the grade 
and selection of suboptimal treatment tactics. In the Russian 
context, the case presented demonstrates the importance of the 
molecular profiling introduction into routine practice of pathology 
diagnosis, which will make it possible to improve verification 
accuracy, enable timely detection of aggressive form and patient 
management strategy optimization.
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REVIVAL OF RADIOIMMUNOASSAY FOR DETERMINATION OF INSULIN AUTOANTIBODIES 

Insulin autoantibodies (IAA) represent the major serological marker of type 1 diabetes mellitus (T1D), the disease resulting from autoimmune damage to β-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 125I-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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А. В. Тимофеев1      , Р. Р. Галимов1, Е. А. Колесникова1, А. С. Артюхов1, Ю. С. Скоблов2, С. В. Тактаров3

РЕАНИМАЦИЯ РАДИОИММУНОЛОГИЧЕСКОГО МЕТОДА ОПРЕДЕЛЕНИЯ АУТОАНТИТЕЛ К ИНСУЛИНУ

Аутоантитела к инсулину (insulin autoantibodies, IAA) — один из главных серологических маркеров сахарного диабета 1-го типа (СД1) — заболевания, 

обусловленного аутоиммунным разрушением β-клеток в островках  поджелудочной железы. Тестирование на IAA используют в ранней и дифференциальной 

диагностике СД1 и при скрининге на это заболевание. Лучшие зарубежные клинико-диагностические лаборатории (КДЛ) тестируют IAA с помощью 

разных вариантов радиоиммунологического анализа (РИА). Операционные параметры РИА — диагностическая чувствительность (ДЧ), диагностическая 

специфичность (ДС) и диагностическая точность (ДТ) — в среднем составляют, соответственно, 44%, 100% и 81%. К сожалению, в России РИА уже 

давно не применяют для определения IAA. Все российские КДЛ с этой целью используют тест-системы, основанные на иммуноферментном анализе 

(ИФА). У этих тест-систем ДЧ, ДС и ДТ в среднем составляют, соответственно, 24%, 87% и 62%, т. е. существенно ниже, чем у тест-систем РИА. 

Целью нашей работы было воспроизвести метод РИА IAA в КДЛ РДКБ. Метод основан на конкурентном связывании IAA с инсулином и инсулином, 

меченным 125I. Тестировали IAA в образцах сывороток пациентов с впервые выявленным СД1 и пациентов без этого заболевания. ДЧ, ДС и ДТ 

составили, соответственно, 43%, 100% и 73%. Таким образом, операционные параметры воспроизведенного нами метода РИА IAA приближаются к 

параметрам методов РИА, применяемых в зарубежных КДЛ, и существенно превосходят параметры метода ИФА.

Ключевые слова: аутоантитела к инсулину, сахарный диабет 1-го типа, радиоиммунологический анализ, диагностическая чувствительность, диагно-
стическая специфичность, диагностическая точность
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Method
DSe, % DSp, % AUC DA, %

N
CDL

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

Table 1. Operational parameters of various IAA tests based on the IASP data [7]

Note: AUC — area under receiver operating curve; N
LAB

 — number of participating labs; Me — median; IQR — interquartile range.* — all labs used home-made test 
systems (commercially available systems were not used).

Type 1 diabetes mellitus (T1D) results from the autoimmune 
damage to β-cells in the pancreatic islets. Destruction of β-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 β-cell destruction takes place [2]. PS 
lasts months to years and ends when the population of 
β-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 β-cells, 
the potential autoimmune response targets. The most likely 
candidate for such antigens seemed to be insulin, the main 
product of β-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 β-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 β-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 β-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-β-cell immune response, for example teplizumab [6]. 

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-β-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 
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Fig. 1. RIA IAA procedure 1. Serum samples (75 µL) were poured into two series of 1.7 mL Eppendorf conical tubes (Costar 3207, Corning). A total of 75 µL 
of the 0.23М incubation buffer solution (IBS), pH 7.4 with the following composition were added to each A series tube: NaH

2
PO

4
 (Sigma-Aldrich, REF S-0751) 

0.014М; Na
2
HPO

4
 (Panreac, REF 141677) 0.067М; NaCl (Sigma-Aldrich, REF S-9625) 0.15М; bovine serum albumin (CDH, REF TC1546) 0.05%; Twin-20 

(Panreac, REF 162312) 0.05%. A total of 75 µL of the IBS with the recombinant human insulin (Insulin Reference Standard, Eli Lilly, USA) at a concentration of 
9 × 10–3 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 на ELMI-ST3 
orbital shaker (Elmi, Latvia) with the platform rotation speed 250 rpm at room temperature. IAA bound to insulin during incubation. 3. A total of 100 µL of IBS 
with the recombinant human insulin labeled with the 125I (125I-insulin) at a concentration of 7.5 × 10–6 U/mL were added to each tube of both series. Furthermore, 
100 µL of IBS with the 125I-insulin were added to each of two tubes to calculate total radioactivity. The 125I-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. Iodination involved the use of sodium iodide (125I) (ISOTOPE, RF). Finally, we obtained a stabilized 125I-insulin preparation with the following 
radiochemical charateristics: total activity — 352 kBq, specific activity — 58 TBq/mmol, radiochemical purity — 92%. 4. All the test tubes were sealed and 
incubated for 7 days in a refrigerator at +4 °С. During incubation the serum IAA bound to insulin and 125I-insulin, and the equilibrium between IAA binding with 
the labeled and non-labeled ligands established. 5. A total of 500 µL 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 0.05М (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 °С. 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 °С. 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 µL of BS-PEG with the 11% 
PEG-8000 previously cooled to 0 °С 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 °С. 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 γ-spectrometer (PerkinElmer, USA) at a measuring time of 1 min

А

B

Serum IBS BS-PEG Insulin 125I-insulin

Gamma counter

IAA

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.

Description of patient groups 

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, 
ZnT8A in the patient’s serum. 

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.

Calculation of IAA concentration

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 (RAА) and in the tube with unlabeled insulin (RA

B
);

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

– for each serum sample the 125I-insulin binding percent
(BP) in the test tube without unlabeled insulin (BP

А
) and in 

the tube with unlabeled insulin (BP
B
) was calculated using the 

formulas: BP
А
 = RA

А
 : TR

A
 and BP

B
 = RA

B
 : TR

A
;

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

А
–BP

B
;

– for each serum sample the IAA concentration (C
IAA

) was
calculated:

                  C
IAA

 = (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 
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Table 2. Results of measuring C
IAA

 in serum samples

Note: № — ordinal number of the serum sample; NOT1D — new-onset type 1 diabetes mellitus; MGD MODY2 — monogenic diabetes mellitus, MODY2 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 

T1D group Group C

№ Patient
CIAA, nU/mL

№ Patient
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 m 10.1 n-oT1D (E10.1) 102 24 m 40.9 T2D (E11) 15

4 m 4.0 n-oT1D (E10.1) 17 25 m 15.5 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 11.7 n-oT1D (E10.1) 41 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

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
IAA

 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
IAA

 
measurement in 21 serum samples of the T1D group and 18 
serum samples of group C. In the T1D group, the C

IAA
 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

IAA
 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, 

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 γ-globulin in a concentration of 0.025% 
that blocked nonspecific insulin binding with the non-IAA 
immunoglobulins in the serum samples. There was no such 
reagent in our IBS.

It 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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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 

manage to tune RIA IAA the Russian diabetologic science 
and practice are in need of in the Russian Children's Clinical 
Hospital, branch of the Pirogov University. 
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PROSPECTS OF FINDING PATHOLOGICALLY BASED THERAPIES FOR EPILEPSY ASSOCIATED 
WITH BRAIN GLIOMA 

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.

Keywords: tumor-associated epilepsy, glioma, primary brain tumors, neurooncology, antiepileptic drugs

Correspondence should be addressed: Vladimir A. Kalinin
Chapaevskaya, 89, Samara, 89443099, Russia; v.a.kalinin@samsmu.ru

1 Federal Center of Brain Research and Neurotechnologies of the Federal Medical Biological Agency, Moscow, Russia
2 Samara State Medical University, Samara, Russia

Received: 18.09.2025 Accepted: 06.10.2025 Published online: 27.10.2025

DOI: 10.24075/brsmu.2025.051

Author contribution: Ashkhatsava TI — data collection and systematization; Kalinin VA, Yakunina AV — data analysis, manuscript writing; Poverennova IE — 
manuscript editing.

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/).

Т. И. Ашхацава1, В. А. Калинин2      , А. В. Якунина2, И. Е. Повереннова2

ПЕРСПЕКТИВЫ ПОИСКА ПАТОГЕНЕТИЧЕСКИ ОБОСНОВАННОЙ ТЕРАПИИ ЭПИЛЕПСИИ, 
АССОЦИИРОВАННОЙ С ГЛИОМОЙ ГОЛОВНОГО МОЗГА 

В последние десятилетия научные исследования глиальных опухолей головного мозга в большей степени сосредоточены на изучении биохимических и 

молекулярных механизмов как в самой опухолевой, так и в перитуморальной ткани, что открывает новые и беспрецедентные перспективы в понимании 

патогенеза и терапии эпилепсии, ассоциированной с глиомами. Данные свидетельствуют о том, что нейроны играют центральную роль в росте 

опухоли и, в свою очередь, раковые клетки могут изменять конфигурацию нервной системы и ее функций. В ткани, окружающей глиому, выявляются 

уровни внеклеточного глутамата до 100 раз выше, чем в здоровом мозге. В то же время существующие данные подтверждают концепцию о том, что 

возбуждающий нейромедиатор глутамат является важнейшим медиатором припадков, связанных с глиомой. В статье описаны некоторые аспекты 

патогенеза глиомы головного мозга. По мнению авторов, современные противоэпилептические препараты могут влиять на течение опухолевого 

процесса. Представлен ряд противоэпилептических препаратов, имеющих противоопухолевый потенциал.

Ключевые слова: опухоль-ассоциированная эпилепсия, глиома, первичные опухоли головного мозга, нейроонкология, противоэпилептические препараты
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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" (LEATs) [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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МНЕНИЕ    НЕЙРООНКОЛОГИЯ

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. Ionotropic receptors are those interacting with 
N-methyl-D-aspartic acid (NMDA), α-amino-3-hydroxy-5-
methyl-4-isoxazolpropionic acid (AMPA), and kainic acid (KA) 
[7]. The permeability of AMPA receptors to Ca2+ is determined 
by the presence or absence of the GluR2 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 

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. 
It 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-

competitive AMPA antagonist, may be one of the drugs of choice 
for additional therapy of the related epileptic seizures [16]. Other 
new antiepileptic drugs, such as lacosamide and brivaracetam, 
can probably affect both the quality of life of patients and their 
survival (given in pathogenetically justified combinations). The use 
of antiepileptic drugs that induce microsomal liver enzymes of the 
P450 system should be avoided, since sch action may reduce the 
effectiveness of chemotherapy. In addition, the use of inhibitors 
of the P450 system may increase the risk of adverse events 
caused by chemotherapeutic drugs. Clarification of the patterns 
of epileptogenesis is required both for the development of effective 
anticonvulsants and for the improvement of strategies designed 
for complex treatment of tumors associated with epilepsy.
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Kalinchuk AYu, Patskan IA, Stadelman MM, Grigorieva ES    , Tashireva LA 

TRANSCRIPTOMIC FEATURES OF FAP+ CELLS ACROSS MOLECULAR SUBTYPES OF BREAST CANCER

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 q-value = 0.0307) and expression of genes associated with metastasis (COL10A1, MMP13, CXCL14, TSPAN8). In contrast, FAP+ 

TAFs in triple-negative breast cancer display a pronounced immunomodulatory phenotype with overexpression of immunosuppressive genes (CD36, PLA2G2A, 

CHI3L1) and enrichment of immune response-related pathways (immune response (GO:0006955, FDR q-value = 7.85e-17), inflammatory response (GO:0006954, 

FDR q-value = 2.79e-11), regulation of cytokine production (GO:0001817, FDR q-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, FOXM1). 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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А. Ю. Калинчук, И. А. Пацкан, М. М. Штадельман, Е. С. Григорьева    , Л. А. Таширева 

ОСОБЕННОСТИ ТРАНСКРИПТОМНОГО ПРОФИЛЯ FAP+-КЛЕТОК В ОПУХОЛЯХ МОЛОЧНОЙ 
ЖЕЛЕЗЫ РАЗЛИЧНЫХ МОЛЕКУЛЯРНО-БИОЛОГИЧЕСКИХ ПОДТИПОВ 

Понимание подтип-специфичной вариабельности функциональных программ FAP+ опухоль-ассоциированных фибробластов (ОАФ) является 

фундаментальным для разработки эффективных терапевтических стратегий, нацеленных на стромальные мишени. Целью работы было 

идентифицировать подтип-специфичные сигнальные пути, маркеры и молекулярные особенности FAP+ ОАФ. Исследовали образцы тканей, 

полученные от 15 пациенток с раком молочной железы (РМЖ). С помощью пространственного транскриптомного анализа продемонстрировано, 

что FAP+ ОАФ при люминальном РМЖ проявляют фенотип, характеризующийся организацией внеклеточного матрикса (GO:0030198, FDR 

q-value = 0,0307) и экспрессией генов, ассоциированных с метастазированием (COL10A1, MMP13, CXCL14, TSPAN8). В отличие от этого, FAP+ ОАФ 

при тройном негативном раке демонстрируют выраженный иммуномодуляторный фенотип со сверхэкспрессией генов иммуносупрессии (CD36, 

PLA2G2A, CHI3L1) и обогащением сигнальных путей иммунного ответа (иммунный ответ (GO:0006955, FDR q-value = 7,85e-17), ответ на воспаление 

(GO:0006954, FDR q-value = 2,79e-11), регуляция продукции цитокинов (GO:0001817, FDR q-value = 3,39e-10)). Идентифицированы также подтип-

специфичные сигнатуры генов радиорезистентности: люминальные А- и Б-подтипы, показана активация путей репарации ДНК (IGF1R, ERBB3, CRIP1), в 

то время как тройные негативные опухоли демонстрируют обогащение маркеров эпителиально-мезенхимального перехода и стволовости (ZEB2, 

NOTCH4, FOXM1). Эти данные подчеркивают, что FAP+-фибробласты не являются однородной популяцией, а функционально специализируются в 

зависимости от подтипа опухоли, выступая в качестве архитекторов стромы при люминальном раке и регуляторов иммунного ответа при тройном 

негативном РМЖ. 

Ключевые слова: рак молочной железы, опухолевое микроокружение, фибробласты, пространственная транскриптомика
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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 HER2-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 TGFβ, 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 

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 q-value) obtained from the differential 
expression analysis. Biological processes with FDR q-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

А B C

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 
(v5.0.0) 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 q-value = 0,00058), tissue development 
(GO:0009888, FDR q-value = 0,0013), and extracellular matrix 
organization processes (GO:0030198, FDR q-value = 0,0307), 
whereas in triple-negative breast cancer patients, immune 

signaling pathways predominated, including immune response 
(GO:0006955, FDR q-value = 7,85e-17), inflammatory response 
(GO:0006954, FDR q-value = 2,79e-11), cytokine production 
regulation (GO:0001817, FDR q-value = 3,39e-10), as well as 
angiogenesis (GO:0001525, FDR q-value = 7,83e-08).

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 TSPAN8, whereas in 
triple-negative tumors, the genes comprised MMP7, COL4A1, 
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, GREB1, 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, S100A8/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
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signs of inflammatory response. This is consistent with 
the identified fibroblast marker genes, such as COL10A1, 
COL2A1, MMP13, CXCL14, and TSPAN8. 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 CXCL14 is a distinctive 
feature of fibroblasts that enhance metastasis and promote 
chemoresistance [21] according to mechanistic studies, as is 
TSPAN8, 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-
inflammatory 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 

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 ERBB3 are well-known receptor 
tyrosine kinases mediating radioresistance in malignancies 
[26, 27]. It has been shown that the gene SERPINA1 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
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Fig. 4. Genes associated with radioresistance in FAP+ regions of luminal and triple-negative breast tumors
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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.

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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OPTIMIZATION OF HUMAN B CELL CULTURE CONDITIONS FOR EXPANSION OF ACTIVATED 
OR DIFFERENTIATED B CELLS 

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 CD27highCD38high ASCs and CD95highBcl-6+ GC-like B cells. The highest expansion was observed 

in the cultures of CD27- naïve 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 В 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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С. Р. Соколова, И. Л. Григорова

ОПТИМИЗАЦИЯ УСЛОВИЙ КУЛЬТИВИРОВАНИЯ В-КЛЕТОК ЧЕЛОВЕКА ДЛЯ ЭКСПАНСИИ 
АКТИВИРОВАННЫХ ИЛИ ДИФФЕРЕНЦИРОВАННЫХ В-КЛЕТОК

Культуры В-клеток in vitro имеют важное значение для фундаментальной и прикладной науки: они могут быть использованы для изучения антигенной 

специфичности В- и T-клеток, а также для получения моноклональных антител и других биопрепаратов. Поэтому создание оптимальных протоколов 

культивирования активированных В-клеток, антитело-секретирующих клеток (АСК) и B-клеток герминативных центров (ГЦ) in vitro остается актуальной 

задачей. Целю работы было подобрать условия, обеспечивающие: высокий уровень экспансии и выживаемости В-клеток, накопление АСК, образование 

и накопление В-клеток ГЦ. Для этого В-клетки CD27– и/или CD27+ из периферической крови человека культивировали в присутствии фидерной линии 

3T3-hCD40L, различных комбинаций цитокинов (IL21, IL4, BAFF), компонентов человеческой сыворотки или в контрольных условиях в течение 7 дней. 

Цитофлуориметрический анализ В-клеточных культур показал, что совместное присутствие CD40L и IL21 необходимо для достижения высокой 

экспансии, выживаемости и дифференцировки В-клеток с образованием CD27highCD38high АСК и CD95highBcl-6+ ГЦ-подобных клеток. Наибольшая 

экспансия наблюдалась в культурах из CD27- наивных клеток в присутствии компонентов человеческой сыворотки, добавление IL4 умеренно повышало 

долю ГЦ-подобных клеток. Максимальное накопление АСК наблюдалось в культурах из CD27+-В-клетки памяти. Разработанный подход позволил 

подобрать оптимальные условия для культивирования В-клеток in vitro, а также наглядно продемонстрировал влияние как отдельных цитокинов IL-21, 

IL-4, BAFF, так и их комбинаций на В-клеточные культуры из различных субпопуляций.

Ключевые слова: В-клетки, антитело-секретирующие клетки, АСК, В-клетки герминативных центров, ГЦ, культуры лимфоцитов человека in vitro, 3T3-CD40L
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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 EcoRI 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 pcDNA3.1+ 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. Ivanovsky 
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 1× 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. P050E) 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 × 106 MCs were pre-
incubated in blocking solution with addition of 10 μg/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; 
BioLegend, 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 × 104 (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 CD27high CD38high — 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, 
*, **, ***, **** — p ≤ 0.05; 0.001; 0.0001; 0.0001, respectively
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BD Biosciences, USA, cat. No. 561524) for 12 h. The following 
subpopulations were identified using cytometric analysis 
of cultures: CD19+CD27highCD38high (defined as ASC), 
CD19+CD38–CD27–, CD19+CD38–CD27+, CD19+CD38+CD27– 
B cells, CD19+CD95high B cells (corresponding to activated B 
cells), CD19+CD95highBCL6+ 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™ III cell sorter 

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 μg/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

Table 2. Experimental design for studying cultures of CD20+CD27– naive B cells and CD20+CD27+ memory B cells

3T3 3T3-hCD40L 3T3 3T3-hCD40L 3T3 3T3-hCD40L 3T3 3T3-hCD40L

RPMI-1 RPMI-2 RPMI-1 RPMI-2

– + IL-21

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. P060E) at least 3 times, and plated onto a six-
well plate (Wuxi NEST, cat. no. 703002) at a density of 3 × 105 
cells/well. The following day, 1.5 × 104 sorted CD19–CD20– B 
cells were added. Cultivation was performed in the following 
media: RPMI-1 based on RPMI-1640 (PanEco, Russia, cat. no. 
C330p) with the inclusion of 10% FBS, 1× sodium pyruvate 
(PanEco, Russia, cat. no. F023), 1× GlutaMAX™ (Thermo 
Fisher Scientific, USA, cat. no. 35050061), 1× antibiotic mixture 
and RPMI-2 based on the richRPMI (BioinnLabs, cat. no. 
bn-3A3R), containing human transferrin, insulin, albumin, as 
well as glutathione and additional microelements and vitamins, 
with the inclusion of 10% FBS, 1× GlutaMAX™, 1× antibiotics. 
Recombinant human IL-21 (rhIL-21, SCI-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 (SCI-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). А 
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 × 104 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 CD27highCD38high 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 CD95high 
B cells (Fig. 2B). Moreover, up to 80% of all CD95high B cells 
had the CD27–CD38–phenotype (Fig. 2D, E). The number 
of CD27+CD38–CD95high and CD27–CD38+CD95high B cells 
in cultures increased with the combined addition of hCD40L 
and IL-21 (Fig. 2G, I) while their proportion did not change 
(Fig. 2F, H).

To assess the accumulation of CD95high 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–CD95high 
BCL6+ B cells were equally abundant in cultures with RPMI-1 
and RPMI-2 (Fig. 2O, 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.



59BULLETIN OF RSMU   5, 2025   VESTNIK.RSMU.PRESS   DOI: 10.24075/BRSMU.2025.053| ||

ORIGINAL RESEARCH    MOLECULAR BIOLOGY

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–I. Analysis of the surface expression of CD95 and co-expression of CD27 and CD38 on B cells in cultures (excluding CD27high 

CD38high — 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 CD95high -B cells in cultures. Quantitative analysis of the percentage of B cells and the absolute number of live CD95high -B cells 
for CD27–CD38– (D, E), CD27+CD38– (F, G), and CD27–CD38+ (H, I) 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+CD95high -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+CD95high 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 CD95high B cell (B–I) and BCL6+CD95high 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+CD95high 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 × 104 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 CD27highCD38high — 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

А

B

D

F

H

J

C

E

G

I

K

CD20+CD27–

В cells

CD20+CD27+

В cells

Singlets

99.2 97.5 2.04

97.8

0.9

55.6

1.378.3

99.5

3.496 2099.1

74.1

57.3

0.4

В cells Live В cells

CD27high 
CD38high 

cells

CD27–СD38–

cells

CD27+СD38–

cells

CD27–СD38+

cells

CD20+CD27– B cells

CD20+CD27+ B cells

 Live В cells, number Dead В cells, number

% of B cells

% of B cells

B cells, number

B cells, number

C
el

ls
, n

um
b

er

C
el

ls
, n

um
b

er

C
el

ls
, n

um
b

er
C

el
ls

, n
um

b
er

C
el

ls
, n

um
b

er

%
 o

f 
B

 c
el

ls

%
 o

f 
liv

e 
ce

lls

%
 o

f 
liv

e 
ce

lls
%

 o
f 

liv
e 

ce
lls

%
 o

f 
liv

e 
ce

lls

8 × 105 8 × 105

2 × 105

5 × 104

1 × 105

3 × 104

2 × 104

1. 5 × 105

4 × 104

5 × 104

1 × 104

0

0

1.5 × 105

1 × 105

5 × 104

0

6 × 105 6 × 105

4 × 105

2 × 105

4 × 105

2 × 105

0 0

15 100

50

50

30

10

20

10

15

5

0

40

20

0

0

5

50

30

10

40

20

5

10

0

****

IL4 IL4

IL4

IL4 IL4

BAFF

****

****
*

*

**

**

*

****

**

*BAFF

BAFF

BAFF BAFF

IL4
BAFF

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 × 104

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 CD27highCD38high 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 × 104 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 CD27high CD38high 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 CD95high B cells in cultures. Quantitative analysis of the percentage of CD95high B cells (D) and the absolute number of live 
CD38+CD95high 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 CD95high 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
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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 CD95high phenotype. Moreover, the proportion and 
number of CD95high B cells were slightly increased in CD27–

naive B cell cultures (Fig. 4A-C). Notably, a trend toward a 
decrease in the CD27–CD38+CD95high B cell subpopulation 
was observed in the presence of IL4 under all other tested 
conditions (Fig. 4D, E).

Analysis of the number and proportion of CD95highBCL6+ 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 BCL6 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. 4I, 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 CD27highCD38high ASC in B-cell 
cultures. It was shown that in the presence of both hCD40L 
and IL-21, CD27highCD38high 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 CD27highCD38high 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 CD27highCD38high 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 CD95highBCL6+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 CD95highBCL6+ 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 
CD95highBCL6+ 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 

expansion, it is preferable to use CD27– naive B cells and a 
medium supplemented with a combination of human serum 
proteins (including insulin, transferrin, and albumin). Meanwhile, 
using CD27+ memory B cells and adding BAFF to medium are 
preferable for making ASC more abundant. In this study, we 
were able to assess the accumulation of CD95highBCL6+ GC-
like B cells. However, the combination of conditions used was 
insufficient to significantly increase the abundance of GC-like B 
cells in cultures. Presumably, the generation of GC-like B cell 
culture from peripheral blood B cells may require using FDC-
like feeder cells and additional soluble factors.
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СРАВНИТЕЛЬНЫЙ АНАЛИЗ КОНСТРУКЦИЙ МЕТАЛЛИЧЕСКИХ КАРКАСОВ 
ЭНДОВАСКУЛЯРНЫХ СПИРАЛЕЙ

В современных условиях развитие отечественного производства медицинских изделий приобретает особое значение в контексте обеспечения 

устойчивости системы здравоохранения. Использование международного опыта при разработке эмболизационных спиралей с учетом возможностей 

российских производств позволит создать изделия, соответствующие мировым стандартам. Целью работы было провести систематический анализ шести 

моделей эндоваскулярных спиралей ведущих зарубежных производителей и комплексное изучение конструктивных особенностей металлических 

каркасов спирали, включая оценку геометрических параметров, используемых материалов и технических решений. По результатам исследования 

и их сопоставления с клиническими и экспериментальными литературными данными определены оптимальные параметры для создания прототипа 

спирали: диаметр проволоки 0,07–0,12 мм, замковый механизм типа «спираль-сердечник» и полимерный атравматический кончик. Данные решения 

обеспечивают оптимальное сочетание эксплуатационных характеристик и технологичности изготовления. Полученные результаты формируют 

основу для разработки отечественных аналогов, соответствующих современным клиническим требованиям, с учетом имеющихся производственных 

возможностей.
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COMPARATIVE ANALYSIS OF METALLIC ENDOVASCULAR COIL FRAME DESIGNS

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 

findings and a comparison with clinical and experimental literature data we determined the optimal parameters for creating the coil prototype: the wire diameter 

0.07–0.12 mm, coil-core type interlock mechanism, and atraumatic polymer tip. These solutions ensure the optimal combination of performance characteristics 

and manufacturability. The findings provide the basis for the development of domestic analogues meeting the today’s clinical requirements, considering the available 

production capacity. 
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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 
coils, 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.

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)

А

C

B

D

Mnufacturer Model
Coil wire 
material

Wire diameter, 
mm

Coil diameter, 
mm

Atraumatic tip type
Interlock 

mechanism type
Polymer fiber 
attachment

COOK MEDICAL 
LLC (USA)

Nester G52754 Platinum
0.125 ± 0.003 
(0.116–0.134)

0.537 ± 0.004 
(0.526–0.548)

Spherical, melted
Coil-coil (screw-type 

connection)

Between the 
coil turns due to 

friction

COOK MEDICAL 
LLC (USA)

MReye Flipper 
G20235

Inconel®
0.172 ± 0.003 
(0.163–0.181)

0.777 ± 0.007 
(0.760–0.794)

Spherical, brazed
Coil-coil (screw-type 

connection)
Between the coil t
urns due to friction

MicroVention, 
Inc (USA)

Terumo AZUR 18 
45-480810

Platinum
0.072 ± 0.005 
(0.059–0.085)

0.302 ± 0.004 
(0.291–0.313)

Nibbled, covered with 
polymer glue

Detachment by 
electrical current 

Hydrophilic polymer 
in the form of a sheath

Boston Scientific 
Corporation 
(USA)

Interlock Spiral 
2D M00136155

Platinum
0.079 ± 0.003 
(0.070–0.088)

0.306 ± 0.004 
(0.295–0.317)

Spherical, brazed Milled interlock 
Between the coil

turns due to friction

Boston Scientific 
Corporation 
(USA)

Interlock Spiral 
-35 M001363700

Platinum
0.176 ± 0.005 
(0.163–0.189)

0.526 ± 0.005 
(0.513–0.539)

Spherical, brazed (the 
diameter is larger than 

the coil thickness)

Groove-groove 
milled interlock

Between the coil 
turns due to friction

PFM Medical 
GmbH

Nit-Occlud PDA 
145044V1

Titanium 
nickelide

0.243 ± 0.003 
(0.234–0.252)

0.763 ± 0.005 
(0.750–0.776)

Spherical, brazed
Coil-core 

(semi-helicoidal 
connection)

No
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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)

А

C

B

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 coil.

Fig. 3. Terumo AZUR 18 endovascular coil manufactured by MicroVention, Inc.: general view (A); distal part of the coil, 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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D E
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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. 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)

А B

C

E

D

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)

А B

C D
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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 и 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 Hydrocoil (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 

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)
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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 coils.

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.

It is 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 

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 
used to ensure the required biotechnical characteristics of the 
structure of the universal coil prototype. To determine the coil 
optimal shape and dimensions, it is planned to continue the study 
of their mechanical properties and polymer fibers used. The shift 
from prototype development to serial production of domestic 
embolic coils is possible, but it requires the creation of an 
appropriate technological base and significant investment costs.
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Chepeleva EV    , Kozyr KV, Vaver AA, Khakhalkin VV

CYTOCOMPATIBILITY OF PRESSURELESS SINTERED POROUS B
4
C-CERAMICS ASSESSED IN VITRO

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
4
C)-based porous ceramic material to confirm the possibility of its use for 

bone defect replacement. The B
4
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
4
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
4
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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Е. В. Чепелева     , К. В. Козырь, А. А. Вавер, В. В. Хахалкин

Материалы, применяемые при восстановлении костных дефектов, имеют ряд системных ограничений. Металлические импланты, демонстрируя высокую 

механическую прочность, обладают недостаточной остеоинтеграционной способностью, в то время как керамические и полимерные материалы 

имеют лучшую биосовместимость, но не удовлетворяют требованиям по механической надежности в зонах значительной нагрузки. В этой связи 

перспективным направлением представляется исследование новых классов материалов, сочетающих прочностные характеристики с остеогенным 

потенциалом. Цель исследования — оценить цитосовместимость пористого керамического материала на основе карбида бора (B
4
C) для подтверждения 

возможности его использования при замещении костных дефектов. Заготовки B
4
C изготавливали методом свободного спекания при 1900–2100 °C, 

исследование ультраструктуры поверхности полученных образцов проводили методами атомно-силовой и сканирующей электронной микроскопии. 

Цитотоксичность образцов B
4
C оценивали непрямым методом по отношению к мезенхимальным стволовым клеткам человека. Получены следующие 

показатели выживаемости клеток: для образцов после автоклавирования — 102,1% (24 ч) и 99,1% (72 ч); после обработки этиленоксидом — 110,0% 

(24 ч) и 94,4% (72 ч). Статистически значимых различий между группами не выявлено (U-критерий Манна–Уитни). Полученные результаты позволяют 

рассматривать B
4
C-керамику как перспективное решение для костной пластики, однако для оценки ее клинического потенциала требуются дальнейшие 

исследования, включая разработку протоколов стерилизации для образцов большего размера и сложной формы.

Ключевые слова: карбид бора, костные импланты, керамика, стерилизация, биосовместимость
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Table 1. Comparative analysis of the major classes of materials for bone grafting [3–11]

Material class Examples Benefits Limitations 

Biomaterials

Bone tissue Autograft
No risk of rejection, 
osteoconductivity, osteoinductivity

Limited material volume, additional surgical 
intervention and the associated risk of 
complications

Allograft
No material volume limitation, 
osteoconductivity, osteoinductivity

Risk of immune rejection, risk of viral ot 
bacterial infection transmission, additional 
steps required for processing

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

Biocompatibility, biodegradability
Low mechanical strength, natural 
impurities, variability of properties

Natural minerals Corals Biocompatibility Limited availability, slow resorption

Synthetic materials

Metals
Titanium and alloys, tantalum, stainless 
steel, magnesium and alloys

High mechanical strength and wear 
resistance, biocompatibility

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

Bioceramics
Bioinert (ceramic aluminum oxide); 
biodegradable (hydroxyapatite, β-tricalcium 
phosphate, bioglass)

Biocompatibility, structural similarity 
to bone tissue, osteoconductivity/
osteoinductivity (depending on the 
structure and composition)

Brittleness, low bending and torsional 
strength, difficulty controlling the resorption 
rate

Polymers

Biodegradable (polycaprolactone, polylactic 
acid, polyglycolic acid)

Biodegradability, biocompatibility, 
versatility Low mechanical strength, risk of 

inflammation due to degradation products

Non-biodegradable (polyethylene, 
polyurethane)

Biocompatibility, versatility

Composite materials
Hydroxyapatite-collagen matrices, calcium 
phosphate coatings on metals

Combination of mechanical 
properties and biocompatibility

Production complexity, high cost, possible 
structure heterogeneity

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 

(~2.52 g/cm3), and chemically inert nature [17]. The properties 
of B

4
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 × 5 × 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 ВТ 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 
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Fig. 1. Overall appearance of the B
4
C ceramics samples produced by pressureless 

sintering 

Table 2. Characteristics of the B
4
C ceramics samples produced by pressureless sintering [18]

Technical characteristics Value

Raw material particle size 3 µm

Density 1.8 g/cm3

Bending strength 250–300 Mpa

Open porosity of the semi-finished product 50–60 %

electron microscope (KYKY Technology Co., Ltd., China) at an 
accelerating voltage of 20 kV and electron beam amperage of 
120 µA. The sample surface topography was assessed with 
the NTEGRA II 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

2
 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

2
. To assess cytotoxicity of the extracts, 

the cells were sown on the flat bottom 96-well culture plates, 
2 × 104 cells per 200 µL of medium in each well, and incubated 
throughout 24 h. Then the medium was replaced with 200 µL 
of the extract. After incubation in extracts at 37 °C in the humid 
atmosphere with 5% CO

2
 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 (А): 

                 Cell viability = (А
experimental group

/А
control

) × 100%.

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

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 Ме (25%; 75%), where Ме 
is the median, and interquartile range represents the values 
of the 25th and 75th percentiles. Bonferroni correction was 
applied to adjust for multiple comparisons; after adjustment the 
significance level was as follows: α = 0.0125; the intergroup 
differences were considered significant at р < 0.0125.

RESULTS

The overall appearance of the boron carbide-based porous 
ceramic samples sized 5 × 5 × 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 µm (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 µm. 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 µm, the 
elevational gradient is 1.563 ± 0.607 µm (Fig. 3). On the surface 



77

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ТРАВМАТОЛОГИЯ

ВЕСТНИК РГМУ   5, 2025   VESTNIK.RSMU.PRESS   DOI: 10.24075/VRGMU.2025.044| | |

Fig. 2. Microstructure of the surface of the B
4
C ceramics produced by pressureless 

sintering. Scale bar — 70 µm

Fig. 3. AFM image of the relief of the surface of the B
4
C ceramics produced by 

pressureless sintering. Field size 10 × 10 µm. Scale of the Z axis: 0–0.74 µm

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
4
C) and titanium (Ti) 

samples sterilized by autoclaving (А) or with ethylene oxide (Е). Ме (25%; 75%), Mann–Whitney U-test
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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 ВТ 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

4
C nanoparticles produced by solvothermal synthesis 

have no toxic effect on the HeLa (cervical cancer) and HEK-293 
(human embryonic kidney) cells in the concentrations of 100–
800 µg/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

4
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 × 5 × 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

4
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

4
C as a biocompatible material for implants are poorly 

undestood. The use of B
4
C as an additive when making porous 

ceramic matrices of aluminum oxide results in improvement of 
their mechanical properties and cytocompatibility [24], but the 
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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

2
O

3
) 

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/cm3), which is comparable 
with the cortical bone tissue density, while the density of the 
aluminum oxide-based ceramics is 3.94 g/cm3 [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

4
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 °С). 
The ceramic composite produced in this way has a specific 
gravity of 2.2–2.6 g/cm3 and the bending strength of at least 
600 MPa [18].

The pore geometry and the material surface roughness 
are additional factors affecting adhesion and cell proliferation 
in the implantation site [28]. The pore complex spatial 
organization not only increases the area for cell adhesion, but 
produces mechanical stimuli for cell differentiation. The surface 
roughness, in turn, contributes to adhesion of the extracellular 
matrix proteins via integrin receptors, and the surface 
hydrophilicity associated with microrelief ensures the optimal 
wettability, thereby contributing to the nutrient diffusion and 
cell migration [29]. It has been shown that osteoblast adhesion 
and proliferation on the hydroxyapatite surfaces increase with 
increasing surface roughness from 0.733 ± 0.203 to 4.680 ± 
0.433 µm [30]. In this study we did not assess cell adhesion 
and proliferation on the surface of the boron carbide-based 
ceramics to determine the optimal material processing method; 
further research is planned.

CONCLUSIONS

The study conducted has shown cytocompatibility of the ceramic 
samples made of boron carbide by pressureless sintering, 
which makes this material a promising candidate to be used 
for medical implants. However, the study limitations associated 
with small sample size require validation in further experiments 
involving large or complex-structured semi-finished products. 
In clinical practice, the material developed can be used to 
produce personalized implants for replacement of bone tissue 
defects in maxillofacial surgery and orthoperdics, especially in 
the cases requiring the combination of mechanical strength 
and bone tissue integration capacity. It is reasonable to use the 
B

4
C ceramics as a component of the combined constructs for 

arthroplasty, in which its low density makes it possible to reduce 
the total endoprosthesis weight. To improve the boron carbide-
based porous matrix strength, it is a far-reaching approach to 
produce composite materials by impregnation of semi-finished 
products with molten metals. Further directions of assessing 
the B

4
C ceramics biocompatibility include estimation of the 

effect of miscrostructure (particle size, porosity) on the surface 
adhesive properties and osteogenic activity in vitro, study of 
the material long-term stability under physiological conditions, 
as well as investigation of the stress-corrosion behavior with 
the cyclic load mimicking the natural biomechanics, which is 
especially important for joint replacement.
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SUSCEPTIBILITY OF THE NONTUBERCULOUS MYCOBACTERIA CIRCULATING IN RUSSIA 
TO BEDAQUILINE

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 µg/mL. The minimum inhibitory concentration of bedaquiline inhibiting 50% (MIC
50

) and 90% (MIC
90

) of NTM strains of 

each spesies was determined. It has been shown that the bedaquiline MIC
50

 for M. avium, M. intracellulare, M. chimaera, M. kansasii is < 0.125 µg/mL, MIC
90

 — 

from < 0.125 to 0.5 µg/mL, for M. xenopi: MIC
50

 —4 µg/mL, MIC
90

 — > 4 µg/mL, M. abscessus: MIC
50

 — 1 µg/mL, MIC
90

 — 2 µg/mL.
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ЧУВСТВИТЕЛЬНОСТЬ К БЕДАКВИЛИНУ НЕТУБЕРКУЛЕЗНЫХ МИКОБАКТЕРИЙ, ЦИРКУЛИРУЮЩИХ 
НА ТЕРРИТОРИИ РОССИИ

Заболевания, вызываемые нетуберкулезными микобактериями (НТМБ), являются проблемой здравоохранения во всем мире из-за роста 

заболеваемости и связанной с этим смертности. В связи со сложностью лечения микобактериоза актуален поиск препаратов, эффективных в 

отношении НТМБ. Бедаквилин одобрен в 2012 г. как препарат для лечения туберкулеза. Целью исследования было определить чувствительность к 

бедаквилину основных клинических значимых видов НТМБ, распространенных в РФ. За период 2011–2024 гг. было выделено 345 изолятов НТМБ: 

289 медленнорастущих видов НТМБ (M. avium, M. intracellulare, M. chimaera, M. kansasii, M. xenopi) и 56 — быстрорастущих (M. abscessus). Определение 

лекарственной чувствительности к бедаквилину проводили методом микроразведений в 96-луночном планшете, используя диапазон концентраций 

бедаквилина от 0,125 мкг/мл до 4 мкг/мл. Определяли минимальную подавляющую концентрацию бедаквилина, к которой чувствительны 50% (МПК
50

) 

и 90% (МПК
90

) штаммов НТМБ каждого вида. Показано, что в отношении M. avium, M. intracellulare, M. chimaera, M. kansasii МПК
50

 бедаквилина 

составила < 0,125 мкг/мл, МПК
90

 — от < 0,125 до 0,5 мкг/мл, в отношении M. xenopi: МПК
50

 — 4 мкг/мл, МПК
90

 — > 4 мкг/мл, M. abscessus: МПК
50

 — 

1 мкг/мл, МПК
90

 — 2 мкг/мл.
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Table. Bedaquiline MIC for the studied NTM species 

NTM group NTM species
Number of 

isolates

Number of isolates with MIC (µg/mL) MIC mode 
(µg/mL)

MIC
50

MIC
90

<0.125 0.25 0.5 1 2 4 4

Slow-growing

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

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

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 µL/mL [19]. The bedaquiline fumarate 

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 × 105 CFU/mL and 
sown onto a plate, 100 µL per well [21]. Plates were incubated 
at 37 °С 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

50
 and MIC

90
 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

50
 for all species were < 0.125 µg/mL, MIC

90
 was 

between < 0.125 and 0.5 µg/mL, depending on the species. 
One more slow-growing NTM species, M. xenopi, showed low 
susceptibility to bedaquiline with MIC

50
 of 4 µg/mL and MIC

90
 

> 4 µg/mL. The fast-growing NTM species showed moderate 
susceptibility to bedaquiline with MIC

50
 and MIC

90
 of 1 µg/mL 

and 2 µg/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 µg/mL (Figure).

Based on this tentative ECOFF value it can be concluded 
that 208/210 (99.05%; 95% CI 96.59–99.74%) of the studied 
M. avium strains, 19/20 (95.00%; 95% CI 76.39–99.11) 
M. intracellulare strains, 24/24 (100%; 95% CI 86.20–100.00) 
M. chimaera strains, 27/27 (100%; 95% CI 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.
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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 (MAC 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 
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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 (МАС) that includes M. avium, M. intracellulare, 
M. chimaera, turned out to be highly susceptible to bedaquline (MIC 
mode — < 0.125 µg/mL). M. abscessus was less susceptible 
(MIC mode — 1 µg/mL), and the lowest susceptibility was 
reported for M. xenopii (MIC mode — 4 µg/mL).

The results obtained for the NTM species included in МАС 
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 µg/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 µg/mL to 1 µg/mL, which is significantly 
lower compared to the values we have determined [14].

In a number of studies the bedaquline ECOFF value for 
slow-growing NTM of 1 µg/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 µg/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 µg/mL
and > 16 µg/mL; the bedaquline MIC

50
 and MIC

90
 were 0.13 µg/mL 

and >16 µg/mL, respectively. In our study involving 56 
M. abscessus strains, unimodal MIC distribution with the 
mode of 1 µg/mL was reported, and MIC

90
 was 2 µg/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 МАС 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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Mokienko OA1,2      , Bobrov PD1,3, Soloveva AA1, Isaev MR1,3, Kerechanin YaV1,3, Ratnikova VYu1, Kataitsev VA1, Shagina ED1, Nikishina VB1 

NEUROPHYSIOLOGICAL MARKERS OF THE ILLUSION CAUSED BY THE MIRROR VISUAL FEEDBACK 

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 (p = 0.094). The correlations between EEG and NIRS parameters were reported for 

the posterior parietal cortex only (r
s
 = 0.527, p = 0.003). 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.

Keywords: mirror illusion, mirror visual feedback, electroencephalography, near-infrared spectroscopy, cerebral cortex, neurophysiological markers

Correspondence should be addressed: Olesya A. Mokienko 
Ostrovityanova, 1, stroenie 1, Moscow, 117997, Russia; o.mokienko@ihna.ru

1 Pirogov Russian National Research Medical University, Moscow, Russia
2 Russian Сenter of Neurology and Neurosciences, Moscow, Russia
3 Institute of Higher Nervous Activity and Neurophysiology of the Russian Academy of Sciences, Moscow, Russia

Received: 29.09.2025 Accepted: 16.10.2025 Published online: 28.10.2025

DOI: 10.24075/brsmu.2025.052

Author contribution: Mokienko OA — research design, analysis of the results, manuscript writing; Bobrov PD — data analysis, manuscript writing; Soloveva AA — 
experimental procedure, analysis of the results; Isaev MR, Kerechanin YaV — data analysis; Ratnikova VYu, Kataitsev VA — experimental procedure; Shagina ED — 
research design, discussion; Nikishina VB — research conceptualization, discussion. 

Funding: the study was conducted under the State Assignment of the Ministry of Healthcare of the Russian Federation (No. 125022602910-2). 

Acknowledhements: the authors express their gratitude to the study participants for their contribution to the scientific knowledge development.

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/).

Compliance with ethical standards: the study was approved by the Ethics Committee of the Institute of Clinical Psychology and Social Work, Pirogov Russian 
National Research Medical University (protocol No. 28 dated 23 October 2024). All subjects signed the informed consent to take part in the study.

Ключевые слова: зеркальная иллюзия, зеркальная визуальная обратная связь, электроэнцефалография, ближняя инфракрасная спектроскопия, кора 
головного мозга, нейрофизиологические маркеры

О. А. Мокиенко1,2       , П. Д. Бобров1,3, А. А. Соловьева1, М. Р. Исаев1,3, Я. В. Керечанин1,3, В. Ю. Ратникова1, В. А. Катайцев1, Е. Д. Шагина1, 
В. Б. Никишина1 

НЕЙРОФИЗИОЛОГИЧЕСКИЕ МАРКЕРЫ ИЛЛЮЗИИ, ВЫЗВАННОЙ ЗЕРКАЛЬНОЙ ВИЗУАЛЬНОЙ 
ОБРАТНОЙ СВЯЗЬЮ

Нейрофизиологические механизмы иллюзии, вызванной зеркальной визуальной обратной связью, остаются недостаточно изученными, несмотря на 

клиническое применение зеркальной терапии при фантомном болевом синдроме и при постинсультном гемипарезе. Цель исследования — определить 

нейрофизиологические корреляты зеркальной иллюзии у здоровых людей методами одновременной регистрации электроэнцефалографии (ЭЭГ) 

и ближней инфракрасной спектроскопии (БИКС). Обследовано 30 здоровых добровольцев (12 мужчин, 18 женщин; средний возраст 24 ± 8 лет). 

Экспериментальная процедура включала три блока: бимануальное движение без зеркала, движение одной рукой с зеркалом; тактильная стимуляция 

с зеркалом. Анализировали степень десинхронизации ЭЭГ-ритмов альфа-диапазона (8–13 Гц) в первичных сенсомоторных областях, дополнительной 

моторной области и задней теменной коре, а также методом БИКС, изменение концентрации окси- и дезоксигемоглобина (HbO и HbR). При движении 

рукой с зеркалом происходила билатеральная активация первичных сенсомоторных областей обоих полушарий: десинхронизация мю-ритма 9,71 

[2,82; 16,20]%, в контралатеральном и 5,64 [2,84; 12,13]% в ипсилатеральном полушарии (p = 0,797), а также увеличение концентрации HbO на 6,88 

[3,07; 17,20] нмоль/л в контралатеральном и на 4,91 [0,11; 14,59] нмоль/л в ипсилатеральном полушарии (p = 0,094). Корреляции между ЭЭГ и БИКС-

показателями выявлены лишь в задней теменной коре (r
s
 = 0,527, p = 0,003). Субъективные характеристики иллюзии коррелировали с эмоциональной 

реакцией, и лишь отдельные из них слабо коррелировали с нейрофизиологическими показателями. ЭЭГ и БИКС дополняют, но не заменяют друг друга 

при изучении зеркальной иллюзии, формирование которой обусловлено многоуровневой сетевой организацией мозговых процессов.
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Fig. 1. А. 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

А

B

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 MI 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 MI 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 MI'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 

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. 
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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 MI 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 "I had a feeling of 
touch in the reflected hand" (third block);

– ownership: "I 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 I could directly control the 
movements of my hand in the mirror" (second block).

Additionally, the participants mentioned when the MI 
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 MI 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 0 (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, O1, O2, F7, F8, C7, C8, P7, P8, Cp5, Cp6, 
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, Fcc3, Ccp3, C3h, Ccp1, Fcc1, C1h, Fccz, Fc1h, Ccpz, 

C2h, Ccp2, Cp2h, Fcc2, C4h, Fcc4, Ccp4, C6h, Cp1h, 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 × 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

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

Condition
HbO, nmol/l HbR, nmol/l

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 

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

s
) 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 (25th and 75th 
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

s
 = 0.527, p = 0.003) in the block involving unimanual movement 
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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 MI 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 MI and the degree of desynchronization or 
a change in the concentration of HbO 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 (r

s
 = 0.370, 

p = 0.044) and a change in the concentration of HbO in the area 
of the supplementary motor cortex (r

s
 = 0.425, p = 0.022), as 

well as a weak correlation of the sense of agency with a change 
in the concentration of HbO (r

s
 = 0.392, p = 0.036) and HbR 

(r
s
 = –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 MI and the degree of desynchronization of the 
mu rhythm (both contra- and ipsilateral).

Most of the subjective parameters of MI 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

s
 = –0.471, p = 0.009) 

and in the area of the supplementary motor cortex (r
s
 = –0.419, 

p = 0.021), as well as with changes in the concentration of 
HbO in the area of the supplementary motor cortex (r

s
 = –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 

Table 3. Subjective perception of mirror illusions, unimanual movement or sensory stimulation

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

Illusion 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] – –

Rate of onset, persons*

Immediately 8 9

–

First quarter 5 5

Second quarter 3 9

Third quarter 6 3

Fourth quarter 3 1

No onset 5 2

Emotional reaction, 0-10 points

Surprise 6.0 [3.0; 7.0]

–

Interest 8.0 [6.0; 8.0]

Exaltation 3.0 [1.0; 7.0]

Anxiety 1.0 [0.0; 5.0]

Calmness 7.5 [4.0; 9.0]
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Table 4. Subjective perception of mirror illusions, unimanual movement or sensory stimulation

Illusion parameter
Emotional reaction

Surprise Interest Exaltation Anxiety Calmness

Illusion vividness – unimanual 
movement

rs = 0.523 
p = 0.003

rs = 0.378 
p = 0.039

rs = 0.469 
p = 0.008

rs = 0.404 
p = 0.027

rs = –0.199 
p = 0.291

Ownership – arm movement
rs = 0.568 
p = 0.001

rs = 0.482 
p = 0.007

rs = 0.551 
p = 0.002

rs = 0.401 
p = 0.028

rs = –0.305 
p = 0.101

Agency – arm movement 
rs = 0.626 
p < 0.001

rs = 0.502 
p = 0.005

rs = 0.588 
p < 0.001

rs = 0.391 
p = 0.032

rs = –0.305 
p = 0.101

Vividness of the illusion – sensory 
stimulation 

rs = 0.227 
p = 0.226

rs = 0.231 
p = 0.217

rs = 0.303 
p = 0.104

rs = –0.108 
p = 0.570

rs = 0.268 
p = 0.152

Ownership  – sensory stimulation
rs = 0.487 
p = 0.006

rs = 0.410 
p = 0.025

rs = 0.499 
p = 0.005

rs = 0.401 
p = 0.028

rs = –0.173 
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 MI 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 

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 MI onset; there 
were no control block that would involve unimanual movement 
without a mirror; the questionnaire collecting perception of MI 
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 MI 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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Yurchenko DA    , Markova ZhG, Petukhova MS, Matyushchenko GN, Shilova NV

MOLECULAR CYTOGENETIC CHARACTERIZATION OF A RARE RECOMBINANT CHROMOSOME 22 
CAUSED BY A MATERNAL INTRACHROMOSOMAL INSERTION

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: 22q11.21, 22q12.3–q13.1, and 22q13.2. 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 22q11.21–q12.3, followed by an interstitial insertion of the 22q11.21 and 22q12.3–q13.1 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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Д. А. Юрченко    , Ж. Г. Маркова, М. С. Петухова, Г. Н. Матющенко, Н. В. Шилова

МОЛЕКУЛЯРНО-ЦИТОГЕНЕТИЧЕСКАЯ ХАРАКТЕРИСТИКА РЕДКОГО СЛУЧАЯ РЕКОМБИНАНТНОЙ 
ХРОМОСОМЫ 22 ВСЛЕДСТВИЕ МАТЕРИНСКОЙ ИНТРАХРОМОСОМНОЙ ИНСЕРЦИИ

Формирование рекомбинантных хромосом в потомстве носителей инверсий и инсерций представляет собой серьезную проблему клинической генетики в 

связи с высоким риском рождения детей с хромосомной патологией. Представлен клинический случай. Целью исследования было в ходе молекулярно-

цитогенетической диагностики рекомбинантной хромосомы 22 установить структуру и происхождение хромосомного дисбаланса у пациентки с 

задержкой моторного и психоречевого развития, черепно-лицевыми аномалиями и тугоухостью. При проведении хромосомного микроматричного 

анализа у пробанда с задержкой психомоторого развития и признаками дисморфогенеза были обнаружены три интерстициальные дупликации: 

22q11.21, 22q12.3q13.1 и 22q13.2. FISH-анализ с использованием коммерческих и несерийных ДНК-зондов позволил установить, что у матери пациентки 

имеется сложная интрахромосомная перестройка: сочетание инициирующей парацентрической инверсии 22q11.21q12.3 и последующей межплечевой 

инсерции районов 22q11.21 и 22q12.3q13.1 в район ядрышкового организатора 22p12. Соответственно, выявленная у пробанда рекомбинантная 

хромосома является результатом сегрегации материнской сложной внутрихромосомной перестройки. Полученные результаты подчеркивают 

диагностическую ценность комплексного цитогеномного подхода для точной идентификации сложных хромосомных нарушений, определения их 

происхождения и оценки генетических рисков при медико-генетическом консультировании.

Ключевые слова: интрахромосомная инсерция, инверсия, рекомбинантная хромосома 22, FISH, несерийные ДНК-зонды, CNV, дупликация 
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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.)

А B C

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 I 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 22q11.2 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].

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–II 
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 50th and 75th 
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. 
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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)

dup22q12.3_1
F:GTGGGGTGGAAATAGAGGAGGAAAAGTG

9118

chr22:36,911,962–36,938,387

R: ACACAATAACGCAGAGAGTGAAATGGGT

dup22q12.3_2
F: ACCCATTTCACTCTCTGCGTTATTGTGT

9818
R: CCAGCTTCATCTCATTCCTCTCTTGTCC

dup22q12.3_3
F: CACTCTTGCTGCTCTAGGGTTTCTTCTC

9964
R: ATGGGAATCTATTTTGTCTCCTGTCGCC

22q13_1
F: GTCTCCCCCTCAAAAATGCTGGTGATAA

9874

chr22:41,525,966–41,555,314

R: CAAGTAGCCTTCAGAGTTCCATCTGCTC

22q13_2
F: AAGACAGACGGATGGAAAACCTAGTTGC

9002
R: GACATACTTGAGACACTGGAGCTTGACC

22q13_3
F: AACTCTCCTATAATGCCTCCAGGGTCTC

9520
R: GCAACACACAAGTTCAGCAAAAACCAAC

22q-invG-1
F: GTTCAAAGCCCCCACAGTCTTCCCAATG

9890

chr22:24,426,053–24,452,928

R: AGGAGGAGGTCACAAGTCCCATACCACT

22q-invG-2
F: AGTGGTATGGGACTTGTGACCTCCTCCT

9643
R: ACATGCTGGCGGGGAAAGAGACAGTTTA

22q-invG-3
F: GAGTAGGGAGGGATGCTGCTGGGTTAAG

9182
R:GAGGAGACCAGAGAAGAGGGTGGCAATG

22q-invR-1
F: GTGGAGAGGAGAGTGTGAATAGGGAAGT

9068

chr22:34,120,020–34,162,291

R: GGTTGTTGCGAGATGAATGAAGCCAAAT

22q-invR-2
F: CACCCCACATTCCTGAAGATGACACTAC

9095
R: TGAGTGAGTGATCGCCTCCTTTATGAGA

22q-invR-3
F: AAACCTCTACCTCCAAAACCTATCCCCA

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 
(22q11.2 LSI TBX1/22q13 SHANK3) and sub-telomere 
(22qter) 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 
AxioImager 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.nlm.
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 I (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). А. 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 22q11.2 region (TBX1, SpOrange) and the control probe for SHANK3 (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 TBX1 (SpOrange) is inserted into the nucleolar 
organizer region (p12) (acro-p, SpAqua).
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x3,22q12.3q13.1(36793141_40756125)x3,22q13.2 
(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 22q11.21 chromosomal locus (TBX1 
gene). It was found that the patient’s mother was a carrier 
of an intrachromosomal between-arm insertion involving the 
22q11.2 region inserted into the nucleolar organizer region 
(p12) (Fig. 2C). Thus, the duplication including the TBX1 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 
22q12.3q13.2 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 22q12.3q13.1 region 
into the nucleolar organizer region (р12) of chromosome 22 
(Fig. 3B). Thus, the patient’s recombinant chromosome 
22 contains both the duplication including the TBX1 gene 
(22q11.2) and the 22q12.3q13.1 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 (22q11.21) 
and second (22q12.3) duplications (Fig. 3A). This suggested 
that the 22q11.21 and 22q12.3q13.1 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 (р12) 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 

be normal. To verify this hypothesis, two additional homemade 
locus-specific DNA probes for the 22q11.23 and 22q12.3 
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 22q11.21q12.3 and the subsequent between-
arm insertion of the regions 22q11.21 and 22q12.3q13.1 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. 2А).

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 22q13.1q13.2, 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. А. 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 22q13.1 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 22q12.3 fragment into the nucleolar organizer region (p12). The 
22q13.1 region is not duplicated and is represented by a single copy on each homologue
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Fig. 4. А. 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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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 

(95–97%) of nucleotide sequence identity. This homology 
facilitates non-allelic homologous recombination (NAHR), 
the mechanism underlying typical 22q11.2 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 
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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 22q11.21q12.3 (chr22(hg19):18,037,572–36,793,141), 
followed by a between-arm intrachromosomal insertion of 
the 22q11.21 and 22q12.3q13.1 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 22q11.2 duplication syndrome, which 
is characterized by developmental delay, behavioral disorders, 
hearing loss, craniofacial anomalies, and variable degrees of 
cognitive impairment. The phenotypic abnormalities associated 

with 22q11.2 duplication are highly heterogeneous. This 
variability is thought to be associated with dose-dependent 
effects of key genes such as TBX1, as well as the influence of 
additional duplicated segments in the 22q12–q13 region, which 
may contribute to neurodevelopment and hearing function
[8, 25, 26].

In terms of methods, this case emphasizes the need for a 
comprehensive cytogenomic approach. Standard karyotyping 
cannot detect CNVs smaller than 10 Mb; therefore, CMA and 
FISH were pivotal in this study. CMA revealed three interstitial 
microduplications but did not clarify the mechanism underlying 
their formation. Only FISH, using both commercially available 
and homemade DNA probes, enabled us to determine the 
topology of the chromosomal rearrangement and demonstrate 
that two of the three duplications resulted from the abnormal 
meiotic segregation of a complex maternal intrachromosomal 
rearrangement. It is important to emphasize that the use of 
homemade locus-specific DNA probes, obtained by long-
range PCR, was critical: this allowed us to distinguish between 
the hypothesis of a "single" duplication and the presence of two 
distinct duplications, and to confirm a paracentric inversion in 
the long arm of chromosome 22 as the key starting point for 
the formation of the complex chromosomal rearrangement in 
the mother.

Thus, the applied cytogenomic strategy—integrating 
CMA and FISH with both commercial and homemade DNA 
probes—enabled us to determine the origin and mechanism of 
formation, and to reconstruct the complex intrachromosomal 
rearrangement in a patient presenting with motor and speech 
developmental delay and dysmorphic features. These findings 
also indicate a high genetic risk for the family to have another 
child with a chromosomal abnormality.

CONCLUSIONS

This study describes a rare case of multiple interstitial duplications 
on chromosome 22 resulting from meiotic segregation of a 
complex intrachromosomal rearrangement that arose de novo 
in the proband’s mother. Our findings show that a combination 
of a paracentric inversion and subsequent insertion events 
can generate recombinant chromosomes harboring multiple 
CNVs, leading to a clinically significant chromosomal 
imbalance.
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Gamisonia AM    , Rebrikov DV

THE TERMS "DOMINANT" AND "RECESSIVE" SHOULD BE AVOIDED DUE TO GENE THERAPY

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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А. М. Гамисония    , Д. В. Ребриков

Понимание устройства системы ведет к оптимизации описывающей ее модели. Модель движения небесных тел Птолемея многократно усложнялась с 

целью подгонки под реальность, пока точка зрения исследователей кардинально не изменилась. Аналогично и «фенотипическая генетика» до сих пор 

пытается описывать наблюдаемое в терминах XIX в.: доминантность, рецессивность, пенетрантность, экспрессивность, комплементарность, эпистаз и 

т. д. Сегодня мы не просто понимаем устройство Солнечной системы, но видим Вселенную на четырнадцать миллиардов световых лет. Использовать 

в клинической генетике описательную фенотипическую терминологию — то же самое, что определять расположение небесных тел по гороскопу. 

В статье рассмотрено соотношение некоторых молекулярных механизмов наследования и их фенотипических проявлений. На фоне возрастающей роли 

геноредактирующей, генозаместительной и генокомпенсаторной терапии использование фенотипических терминов «доминантный» и «рецессивный» 

становится нежелательным, поскольку не отражает молекулярный профиль заболевания и может вводить врачей в заблуждение при выборе метода лечения.

Ключевые слова: доминантный, рецессивный, генотип, фенотип, потеря функции, возрастание функции, гаплонедостаточность, доминантно-негативный 
эффект, клиническая генетика, генозаместительная терапия, генокомпенсаторная терапия, геномное редактирование
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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 programming 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-19th 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-Jakob 
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 

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, BRCA1 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.

CONCLUSION

Thus, in modern medical genetics, the phenotypic terms 
"dominant" and "recessive" are losing their diagnostic and 
prognostic value. Their persistent use can mislead the clinical 
interpretation of molecular-genetic findings and critically undermine 
the choice of therapeutic strategy. With the rapid development 
of gene replacement, gene compensatory therapy, and genome 
editing, the emphasis should be shifted from formally classifying 
the mode of inheritance to accurately determining the molecular 
routes of pathogenesis — whether the cause of a disease is a 
consequence of a deficiency or excess of a specific macromolecule 
(protein, tRNA, etc.). This functional approach is essential for the 
prescription of pathogenetically based and personalized therapy.
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