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С. А. Румянцев1,2,3, И. В. Кирилина1,2,3      , А. М. Гапонов2, Д. Р. Хуснутдинова4, Т. В. Григорьева4, Е. Д. Теплякова5, В. В. Макаров6, С. М. Юдин6, 
А. В. Шестопалов1,2,3

ВЗАИМОСВЯЗЬ УРОВНЕЙ ПРОВОСПАЛИТЕЛЬНЫХ ЦИТОКИНОВ С СОСТАВОМ БАКТЕРИАЛЬНОЙ 
ДНК КРОВИ У ДЕТЕЙ С ОЖИРЕНИЕМ 

Жировая ткань как источник развития хронического низкоинтенсивного воспаления активизирует клетки иммунной системы путем выработки цитокинов и 

хемокинов. Баланс между про- и противовоспалительными молекулами и их связь с бактериальной ДНК крови при ожирении у детей и подростков недостаточно 

исследованы. Цель исследования — нахождение паттернов взаимодействия между долями семейств бактериальной ДНК у здоровых детей и с ожирением, 

анализ уровней цитокинов и их связь с бактериальной ДНК крови, оценка альфа-разнообразия микробиома крови и сходства микробиомов крови и кала. 

Обследовано 163 человека (дети и подростки), которых разделили на 2 группы: 80 человек с ожирением I–III степени и 83 здоровых. Материал исследования — 

венозная кровь. Критерии включения в группы — отсутствие приема антибиотиков, про- и пребиотиков в течение трех месяцев. Методы — мультиплексный ИФА 

(иммуноферментный анализ); секвенирование участка v3-v4 гена 16S рРНК. Выявлены различия в микробиоме крови на уровне семейств как по доле, так и 

по частоте выделения бактериальной ДНК. Более 3/4 ДНК крови в обеих группах приходилось на 19 семейств. Значимо больший вклад в альфа-разнообразие 

у детей с ожирением принадлежал бактериальной ДНК Ruminococcaceae, однако в группе здоровых детей эта роль принадлежала Bacteroidaceae. Анализ 

бета-разнообразия крови позволил выявить у детей с ожирением значимую отдаленность микробиома крови и кала, что свидетельствует о преимущественно 

внекишечной транслокации бактериальной ДНК. Выявлено увеличение содержания ИЛ-17А (p = 0,017) и PD-L1 (p = 0,021) у детей с ожирением, а также 

различия в микробиоме крови в группах. Определены паттерны взаимодействия между долями бактериальной ДНК, оценены уровни цитокинов.
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RELATIONSHIP BETWEEN PRO-INFLAMMATORY CYTOKINE LEVELS AND BLOOD BACTERIAL 
DNA COMPOSITION IN OBESE CHILDREN

Adipose tissue, being  a source of chronic low-grade inflammation, activates cells of the immune system by producing cytokines and chemokines. The balance 

between pro- and anti-inflammatory molecules and their relationship with blood bacterial DNA in obese children and adolescents has not been studied sufficiently. 

This study aimed to find patterns of interaction between fractions of bacterial families in healthy and obese children, analyze cytokine levels and their relationship with 

blood bacterial DNA content, evaluate alpha diversity of blood microbiome and similarities of blood and fecal microbiomes. We examined 163 individuals (children and 

adolescents), who were divided into 2 groups, obese (n = 80, obesity classes I through III) and healthy (n = 83). The material sampled and studied was venous blood. 

Only individuals that have not been taking antibiotics, pro- and prebiotics for at least 3 months before the study were included. The methods employed were multiplex 

ELISA (enzyme immunoassay) and 16S rRNA gene sequencing (region V3–V4). From the angle of bacterial families, we found differences in their content (fractions) in 

blood microbiome and the frequency of isolation of their DNA therein. Nineteen  families accounted for over three quarters of all bacterial DNA identified in the blood. 

In obese children, one of the dominating roles was played by Ruminococcaceae, with their DNA a key part of the microbiome's alpha diversity, while in healthy participants 

this could be said about Bacteroidaceae. Analyzing beta diversity, we found that in obese children, fecal and blood microbiomes differed significantly, which indicates, 

mainly, extra-intestinal translocation of bacterial DNA. Obese children exhibited increased content of IL17A (p = 0.017) and PD-L1 (p = 0.021); there were differences 

in blood microbiome between groups. We identified the patterns of interaction between bacterial DNA fractions, and assessed cytokine levels.
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Table 1. Anthropometric indicators of groups

Group Control group Study group р-value

BMI, kg/m2, Me [Q
1
; Q

3
] 20.1 [19.4; 21.2] 27.0 [25.9; 28.8] < 0.001

Weight, kg, Me [Q
1
; Q

3
] 49.0 [45.0 ;55.5] 71.0 [61.0;78.0] < 0.001

Height, cm, Me [Q
1
; Q

3
] 157.0 [150.0; 165.0] 159.0 [154.0; 164.0] 0.619

Age, years, Me [Q
1
; Q

3
] 13.0 [11.0; 15.0] 13.0 [11.8; 15.0] 0.237

Gender (m/f) 57.8%/42.2% 52.5%/47.5% 0.187

Abnormal changes in human microbiota alter metabolism and 
promote growth of adipose tissue, gradually contributing to 
the development of obesity. This diagnosis is growing more 
and more common among both adults and children and 
adolescents, which substantiates the urgency of search for the 
yet unknown mechanisms behind this pathology. It is important 
to timely detect predisposition to obesity in children and 
adolescents, since it is possible to delay, or, at best, prevent 
progression of this disease, which leads to type II diabetes 
mellitus, dyslipidemia, disorders of cardiovascular, reproductive 
systems, liver, microvascular pathologies, etc. Obesity triggers 
morphological and functional changes in white adipose tissue, 
attracting immune cells such as macrophages, T cells, B cells, 
which infiltrate the tissue and start the inflammatory process. 
Such inflammation is smoldering and progressive, unlike acute 
inflammation aimed at eliminating the pathogen and restoring 
homeostasis. The inflammatory response can be conditioned 
by both endogenous (DAMP, Damage Associated Molecular 
Patterns) and exogenous (PAMP, Pathogen Associated 
Molecular Patterns) ligands (including bacterial DNA) recognized 
by PRR, pattern-recognizing receptors [1, 2]. Such receptors 
are expressed, inter alia, by adipocytes. Various pattern-
recognizing receptors, such as Toll-like receptors (TLRs), ply an 
active part in antiviral and antibacterial protection of the body. 
PAMP boost expression of adipocyte receptors and secretion 
of proinflammatory cytokines and adipokines. Activation of 
TLR-3 triggers a cascade of intracellular events accompanied 
by activation of immune cells and production of chemokines 
and proinflammatory cytokines like TNFα, IL1β, IL6, IL8, which 
are associated with expansion of inflammation in adipose tissue 
that supports development of insulin resistance [3].

At the same time, TLRs are involved in adipogenic 
differentiation: they are expressed together with PPARs 
(Peroxisome proliferator-activated receptors) at different stages 
of adipocyte differentiation [4, 5].

Currently, however, there are no descriptions of changes of 
blood microbiomecomposition and taxonomic diversity, nor its 
connections with the inflammatory factors.

Thus, the purpose of this work was to compare the 
levels of pro- and anti-inflammatory cytokines in blood of 
obese and healthy children, to reveal their relationship with 
blood microbiome's taxonomic diversity, and to identify the 
contribution of bacterial DNA (various families) to the formation 
of blood microbiome alpha diversity and its connections to the 
gut microbiome. 

METHODS

The study was conducted in 2019–2020. We examined 
163 people (children and adolescents) who applied to the 
children's city polyclinic № 1 in Rostov-on-Don seeking 
regular checkups. Of these, 80 individuals (aged 10-18 years, 
mean age 13.25 ± 2.00 years) comprised the study group: with 
alimentary constitutional obesity of varying degree, they have 
been diagnosed accordingly earlier and, therefore, followed-up 
(Table 1). The control group included 83 healthy children and 

adolescents (aged 10-18 years, mean age 12.92 ± 2.21 years) 
who did not have obesity nor other metabolic disorders (Table 1).

The inclusion criteria for both groups were abstaining from 
antibiotics, probiotic and prebiotic drugs for at least 3 months 
before the study, and availability of a signed informed consent 
to participate in the study. The exclusion criteria for both groups 
were severe somatic diseases (chronic renal failure, chronic 
liver failure, chronic heart failure), intestinal diseases (ulcerative 
colitis, Crohn's disease), acute stage of any disease. To be 
included in the study group, the participants also had to have 
been diagnosed with alimentary constitutional obesity of class 
I through III and have the body mass index of SDS > +2.0. The 
study was single-center, single-stage, with a random sample.

Blood of microbiome taxonomic composition was studied 
at the Center for Digital and Translational Biomedicine of Center 
for Molecular Health; Rostov Region Children's City Hospital 
№ 1; Pirogov Russian National Research Medical University; 
Kazan (Volga Region) Federal University. All participants 
donated blood and feces for laboratory studies, and had their 
anthropometric parameters registered.

We isolated microbial DNA in blood samples using a QIAamp 
BiOstic Bacteremia DNA Kit (Qiagen; Germany) in accordance 
with the manufacturer's protocol. DNA quality control, its 
quantitative and qualitative composition were evaluated by 
spectrophotometry (Qubit, Thermo Fisher Scientific; USA) and 
gel electrophoresis (1% agarose).

MiSeq benchtop sequencer (Illumina; USA) enabled library 
preparation and sequencing of the V3–V4 variable region of 
16S rRNA gene. We analyzed the resulting 16S rRNA gene 
sequences (reads) with the help of QIIME software (version 
1.9.1) [6] and Greengenes v.13.8 reference database [7], the 
sequence similarity threshold was put at 97%.

Concentrations of cytokines IL6, 8, 10, 17, TNFa were 
determined with commercially available kits: Milliplex (Merck; 
Germany) — Human Cytokine/Chemokine Magnetic Bead 
Panel; fractalkine — Human Myokine Magnetic Bead Panel; 
PD-L1 (programmed cell death-ligand 1) — Human Immuno-
Oncology Checkpoint Protein Panel Magnetic Bead Panel 
(ELISA), on a Magpix analyzer (Bio-Rad Laboratories; USA). 

For statistical processing of the data, we used MedCalc® 
Statistical Software version 20.110 (MedCalc Software Ltd; 
Belgium). The normality of distribution in all datasets was 
checked with the Shapiro–Wilk test. Since no distribution was 
normal, we used the median and its [25–75] percentiles the 
measure of central tendency. Mann–Whitney U test enabled 
comparison of the values of beta diversity indices (Euclidean 
distance, Manhattan distance, Bray–Curtis dissimilarity), 
cytokine levels, and analysis of differences in blood bacterial 
DNA. Chi-squared test was used to establish the frequency of 
detection of DNA of different bacterial families in blood samples 
donated by the participants (both groups). Regardless of the 
test, the differences were considered significant at p ≤ 0.05. 
To identify the relationship between the content of individual 
families (provided they were isolated in the blood samples) 
and the characteristics of diversity of blood microbiome, we 
calculated Spearman's rank correlation coefficient. Correlation 
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Fig. 1. Distribution of DNA of bacterial families identified the blood samples, both groups, %. Sphing — Sphingomonadaceae, Caulob — Caulobacteraceae, Bradyrh — 
Bradyrhizobiaceae, Microc — Micrococcaceae, Lachn — Lachnospiraceae, Rumin — Ruminococcaceae, Coryn — Corynebacteriaceae, Morax — Moraxellaceae, 
Propion — Propionibacteriaceae, Comam — Comamonadaceae, Strept — Streptococcaceae, Staph — Staphylococcaceae, Prevot — Prevotellaceae, Bacter — 
Bacteroidaceae

Control group Study group

Table 2. Comparison of the frequency of occurrence of DNA from individual bacterial families and their shares in the total pool of blood bacterial DNA

Note: the differences are significant compared to the control group: * — p < 0.1; ** — p < 0.05; *** — p < 0.001. 

Family
Frequency of occurrence in participants, % Share of the family in the total bacterial DNA pool

Control group Obese children Control group Obese children

Lachnospiraceae 85.5 86.3 0.1043 [0.0116–0.1954] 0.0314 [0.0074–0.0737]***

Prevotellaceae 84.3 71.3** 0.0220 [0.0053–0.0379] 0.0057 [0–0.0167]***

Sphingomonadaceae 84.3 95.0** 0.0536 [0.0115–0.1444] 0.1418 [0.0675–0.1946]***

Comamonadaceae 84.3 92.5 0.0100 [0.0029–0.0252] 0.0143 [0.0051–0.0371]*

Ruminococcaceae 71.1 82.5* 0.0618 [0–0.1281] 0.0247 [0.0035–0.0753]

Caulobacteraceae 65.1 81.3** 0.0082 [0–0.0750] 0.0768 [0.0148–0.1052]***

Bradyrhizobiaceae 49.4 78.8*** 0 [0–0.3148] 0.0370 [0.0031–0.3191]**

Porphyromonadaceae 44.6 61.3** 0 [0–0.0097] 0.0036 [0; 0.0113]*

Chitinophagaceae 32.5 65.0*** 0 [0–0.0039] 0.0039 [0–0.0118]***

Pasteurellaceae 22.9 36.3* 0 [0–0] 0 [0–0.0025]

Thermaceae 36.1 23.8* 0 [0–0.0053] 0 [0–0]*

factors (rho) were considered provided that |rho| ≥ 0.3, the 
constraint force was moderate on Chaddock scale (with p ≤ 0.05).

RESULTS

In the blood of healthy children, we identified bacterial DNA from 
29.0 [24.5–37.0] families, while samples donated by obese 
participants presented DNA belonging to 34.0 [28.0–42.0] 
bacterial families. In both groups, 19 families contributed over 
75% of all the bacterial DNA registered: Sphingomonadaceae, 
Caulobacteraceae, Bradyrhizobiaceae, Micrococcaceae, 
Lachnospiraceae, Ruminococcaceae, Corynebacteriaceae, 
Moraxellaceae, Propionibacteriaceae, Comamonadaceae, 
Streptococcaceae, Staphylococcaceae, Prevotellaceae, 
Chitinophagaceae, Bacteroidaceae, Porphyromonadaceae, 
Veillonellaceae, Enterobacteriaceae, Methylobacteriaceae (Fig. 1).

Compared to the control group, blood donated by 
obese participants significantly more often contained DNA 
of the following bacteria: Chitinophagaceae (p < 0.001), 

Caulobacteraceae (p < 0.001), Bradyrhizobiaceae (p = 0.004), 
Porphyromonadaceae (p = 0.091), and Sphingomonadaceae 
(p < 0.001); the situation was quite the contrary for 
Prevotellaceae (p < 0.001) and Lachnospiraceae (p < 0.001) 
(Table 2).

Statistically more common in obese children were bacterial 
DNA of: Sphingomonadaceae (p = 0.026), Ruminococcaceae 
(p = 0.085), Caulobacteraceae (p = 0.020), Bradyrhizobiaceae 
(p < 0.001), Porphyromonadaceae (p = 0.033), Chitinophagaceae 
(p < 0.001), Pasteurellaceae (p = 0.061); less frequently, we 
registered Prevotellaceae (p = 0.044), and Thermaceae (p = 0.084) 
(Table 2).

The analysis of taxonomic affiliation of blood bacterial 
DNA in the study group revealed a greater diversity thereof 
in obese children [8]. On the level of families, we analyzed 
relationships between indicators of alpha diversity and 
taxonomic composition of bacterial DNA, and, in both groups, 
found negative correlations between alpha diversity and DNA 
of the following families: Corynebacteriaceae, Micrococcaceae, 
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Table 3. The relationship between blood microbiome's alpha diversity and blood bacterial DNA at the taxonomic level

Control group Obese children

Bacteroidaceae family

Shannon Index rho = 0.669. p < 0.001. n = 57 rho = 0.358*. p = 0.015. n = 46

Simpson Index rho = 0.666. p < 0.001. n = 57 rho = 0.356*. p = 0.015. n = 46

Chao1 Index rho = 0.533. p < 0.001. n = 57

PD Index rho = 0.586. p < 0.001. n = 57

OTUs rho = 0.575. p < 0.001. n = 57

Prevotellaceae family

Shannon Index rho = 0.680. p < 0.001. n = 70 rho = 0.540. p < 0.001. n = 56

Simpson Index rho = 0.678. p < 0.001. n = 70 rho = 0.537. p < 0.001. n = 56

Chao1 Index rho = 0.320. p < 0.001. n = 70 rho = 0.358. p = 0.007. n = 56

PD Index rho = 0.535. p < 0.001. n = 70 rho = 0.329. p = 0.013. n = 56

OTUs rho = 0.445. p < 0.001. n = 70 rho = 0.333. p = 0.012. n = 56

Lachnospiraceae family

Shannon Index rho = 0.593. p < 0.001. n = 71 rho = 0.638. p < 0.001. n = 68

Simpson Index rho = 0.614. p < 0.001. n = 71 rho = 0.627. p < 0.001. n = 68

Chao1 Index rho = 0.348. p = 0.003. n = 71 rho = 0.368. p = 0.002. n = 68

PD Index rho = 0.369. p = 0.002. n = 71 rho = 0.365. p = 0.002. n = 68

OTUs rho = 0.345. p = 0.003. n = 71 rho = 0.321. p = 0.008. n = 68

Ruminococcaceae family

Shannon Index rho = 0.308. p = 0.018. n = 59 rho = 0.714*. p < 0.001. n = 65

Simpson Index rho = 0.357. p = 0.006. n = 59 rho = 0.706*. p < 0.001. n = 65

Chao1 Index rho = 0.394. p = 0.001. n = 65

PD Index rho = 0.461. p < 0.001. n = 65

OTUs rho = 0.390. p = 0.001. n = 65

Note: * —  reliability of differences in correlation coefficients between the groups.

Propionibacteriaceae, Streptococcaceae, Staphylococcaceae, 
Caulobacteraceae, Bradyrhizobiaceae, Sphingomonadaceae, 
Comamonadaceae, Moraxellaceae.

Only for families exhibited positive correlations with blood 
microbiome's diversity indicators, and, predominantly, their 
biotopes are large intestine (Bacteroidaceae, Lachnospiraceae, 
Ruminococcaceae) and oral cavity (Prevotellaceae) (Table 3).

To identify the biotopes that shape blood's microbiome, 
we analyzed correlations between the characteristics of the 
alpha diversity and shares of the various bacterial families 
that contributed the detected DNA. Positive correlations 
were established for Bacteroidaceae, Prevotellaceae, 
Lachnospiraceae, and Ruminococcaceae. Also, the correlations 
were positive for DNA of the microorganisms inhabiting mainly 
2 biotopes, the large intestine and the oral cavity, as well as 
the upper respiratory tract, and the genitourinary system; as 
for negative correlations, such were registered for DNA of 
bacteria found in the large intestine, on the skin, oropharynx, 
nasopharynx, esophagus, stomach, water, soil.

A noteworthy fact: in obese children, we registered a 
multidirectional change in the degree of positive correlations 
of alpha diversity indicators and bacterial families inhabiting 
the same biotope, as in the case of Bacteroidaceae and 
Ruminococcaceae families, with the said degree becoming 
milder for the former and stronger for the latter. 

Obese participants exhibited fewer extreme negative 
correlations between alpha diversity indicators and DNA of 
the Caulobacteraceae and Bradyrhizobiaceae families, while 
also showing negative correlations between the said indicators 
and DNA of the Porphyromonadaceae family; both of these 
observations are noteworthy in light of the fact that these families 

grow significantly more common in the total pool of blood 
bacterial DNA. Bacteria of the Caulobacteraceae family inhabit 
soil and water, and those belonging to the Bradyrhizobiaceae 
family are part of the core of the breast milk's microbiome.

The analysis of correlations in the groups revealed 
differences in the structure of relationships between DNA of 
different taxonomies: there were identified patterns common to 
both groups of participants and those unique to either study or 
control group.

It should be noted that correlations revolve around DNA of 
the Propionibacteriaceae family, which establishes links through 
two correlation patterns, one involving Lachnospiraceae, 
Prevotellaceae, Ruminococcaceae, Bacteroidaceae, the other — 
Enterobacteriaceae, Corynebacteriaceae, Streptococcaceae, 
Staphylococcaceae, Comamonadaceae, Moraxellaceae, 
Micrococcaceae, Caulobacteraceae, Sphingomonadaceae 
(Fig. 2, 3).

A noteworthy fact: in the study group, there are more 
unique correlations, and they mainly revolve around DNA of 
microbiome inhabiting extracellular biotopes (skin, oral cavity, 
soil, water).

In the context of analysis of beta diversity, we compared 
blood and fecal microbiomes. This comparison revealed a 
significantly more advanced beta diversity in the study group 
(Euclidean distance p = 0.03, Manhattan distance p = 0.07, 
Bray-Curtis dissimilarity p = 0.07), which indicates a greater 
difference between the microbiomes of blood and feces in 
obese children, and, in turn, reflects the contributions of 
intestinal and extra-intestinal microbiomes in the formation 
of blood microbiome, with the the part played by the former 
smaller than that of the latter (Fig. 4).
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Fig. 2. Positive correlations between bacterial DNA, control group (healthy children)

Fig. 3. Positive correlations between bacterial DNA, study group (obese children) Red lines show unique correlations in the group of obese children, black lines —
correlations common with the control group

Previously, we have shown that in the study group, blood 
microbiome's alpha diversity is insignificantly increased, which 
translates into a statistically significant growth of the number of 
operational taxonomic units (OTUs) and phylogenetic diversity 
(PD) index acquiring an upward trend. Given the above, these 
findings are complemented by the data on beta diversity and 
correlations between DNA of different families, with alpha 
diversity of obese children's blood microbiome enriched with 
DNA from extra-intestinal microbiomes and not intestinal 
microbiomes [8].

The study of cytokine levels revealed that obese children 
have the content of IL17A and PD-L1 significantly greater than 
their healthy peers (Table 4).

Based on the correlation analysis, we established statistically 
significant positive relationships in the study group (Table 5).

In the control group, correlation analysis allowed establishing 
the following relationships between cytokines and bacterial 
DNA (at the family level):

IL10 had moderate positive correlation with bacterial DNA 
of Erysipelotrichaceae (rho = 0.438, p = 0.005, n = 40); IL8 — 
with Bacteroidaceae (rho = 0.370, p = 0.005, n = 57); IL6 — 
with Pseudomonadaceae (rho = 0.528, p = 0.012, n = 22);
IL17A — with Microbacteriaceae (rho = 0.544, p = 0.006, n = 23), 
Bacillaceae (rho = 0.796, p < 0.001, n = 18), Fusobacteriaceae 
(rho = 0.506, p = 0.032, n = 18); PD-L1 — with [Tissierellaceae] 
(rho = 0.353, p = 0.044, n = 33), Pseudomonadaceae 
(rho = 0.528, p = 0.012, n = 22).

In the study group, we identified that IL10 had a moderate 
positive correlation with Lactobacillaceae (rho = 0.395, p = 0.034, 
n = 29); IL8 — with Veillonellaceae (rho = 0.354, p = 0.017, 
n = 45); IL6 — with Nocardiaceae (rho = 0.605, p = 0.010, 
n = 17), Lactobacillaceae (rho = 0.380, p = 0.042, n = 29), 
Veillonellaceae (rho = 0.459, p = 0.002, n = 45); IL17A — with 
Nocardiaceae (rho = 0.521, p = 0.032, n = 17), TNFα — with 
Nocardiaceae (rho = 0.495, p = 0.043, n = 17), fractalkine — 
with Bacillaceae (rho = 0.705, p = 0.010, n = 12).

The correlations between bacterial DNA and cytokine 
content revealed in the groups were associated with different 
families. In the group of healthy children, the systemic pro-
inflammatory cytokine IL8 correlated with bacterial DNA of 
Bacteroidaceae, which act as protectors in the intestine; in the 
group of obese children, we registered no such correlation. 
It should also be noted that in the control group, we found 
relationships with families belonging to five phyla: Firmicutes, 
Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria; in 
the study group, there were only two phyla involved, Firmicutes 
and Actinobacteria.

DISCUSSION

Our study has shown that obese children and adolescents 
have significantly elevated levels of IL17A and PD-L1. Normally, 
IL17A participates in maintaining the integrity of the epithelial 
barrier of mucous membranes through regulation of occludin, 

Ruminococcaceae

Bacteroidaceae

Prevotellaceae

Lachnospiraceae

Methylobacteriaceae

Propionibacteriaceae

Moraxellaceae Streptococcaceae

Micrococcaceae

Sphingomonadaceae

Caulobacteraceae

Comamonadaceae

Staphylococcaceae

Enterobacteriaceae

Corynebacteriaceae

Bacteroidaceae

Lachnospiraceae

RuminococcaceaePrevotellaceae

Propionibacteriaceae

Moraxellaceae

Streptococcaceae

Micrococcaceae

Sphingomonadaceae

Caulobacteraceae

Comamonadaceae

Porphyromonadaceae

Chitinophagaceae

Staphylococcaceae

Enterobacteriaceae

Corynebacteriaceae



10

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ИММУНОЛОГИЯ

ВЕСТНИК РГМУ   6, 2023   VESTNIKRGMU.RU| |

Fig. 4. Beta diversity in the groups. A. Manhattan distance. B. Euclidean distance. C. Bray-Curtis dissimilarity
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Table 4. Content of pro- and anti-inflammatory cytokines in children's blood serum

Analyzed indicator
Healthy children 

(n = 83)
Obese children 

(n = 80)
p-value

IL6, pg/ml,
Me [Q

1
;Q

3
]

1.09 
[0.28; 6.58]

1.19 
[0.52; 8.24]

0.561

IL8, pg/ml,
 Me [Q

1
;Q

3
]

8.65 
[4.05; 16.3]

11.5 
[6.08; 21.4]

0.103

IL10, pg/ml,
Me [Q

1
;Q

3
]

1.93 
[0.67; 4.08]

2.30 
[0.94; 6.02]

0.357

IL17A, pg/ml,
Me [Q

1
;Q

3
]

0.69 
[0.13; 4.88]

4.22 
 [0.39; 9.56]**

0.017

TNFa, pg/ml,
Me [Q

1
;Q

3
]

12.8 
[7.74; 21.8]

13.2 
[9.00; 20.7]

0.856

Fractalkine, pg/ml,
Me [Q

1
;Q

3
]

63.1 
[47.1; 228]

90.8 
[34.5; 209]

0.188

PD-L1, pg/ml
Me [Q

1
;Q

3
]

25.8 
[9.10; 53.1]

35.7 
 [19.5; 55.0]**

0.021

Note: различия достоверны по сравнению с контрольной группой: *р < 0,1; ** р < 0,05; *** р < 0,001. 

but its main function is to recruit neutrophils into the intestine 
when there is a threat of excessive permeability and with the 
aim of maintaining homeostasis. In one study, it was shown 
that inhibition of IL17A or IL17RA translated into a serious 
deterioration of the epithelial barrier [9]. Moreover, IL17A 
is the main regulator of the host-microbiota interaction at the 
physiological level and in the context of immuno-mediated 
inflammatory diseases [10]. In mice experiments, knockout of 
the IL17 gene induced intestinal inflammation [11]. However, 
experiments on the transgenic mice model of multiple sclerosis 
(HLA-DR3) have shown that IL17A deficiency (HLA-DR3.
IL17A-/- mice) promotes breeding of Treg-inducing intestinal 
bacteria, such as Prevotella, Parabacteroides and Bacteroides, 
which translates into a lighter course of the disease. It has also 
been shown that IL17A can regulate Treg activity and influence 
the course of the disease by modulating gut microbiota and 
establishing a new mechanism that allows immunomediators 
to affect that microbiota. Interestingly, DR3 mice with sufficient 
content of IL17A have the disease in a lighter form when 
kept together with the mice deficient in IL17A, which further 
emphasizes the dominant role of the microbiota in inducing 
Treg and alleviating the disease [12]. IL17A is involved in the 
pathogenesis of autoimmune diseases, such as rheumatoid 
arthritis, psoriasis, systemic lupus erythematosus, bronchial 
asthma, etc. [13]. The protocols of treatment of spondyloarthritis 
and psoriatic arthritis that relied on inhibition of IL17 caused the 

numbers of Clostridiales to shrink and those of Bacteroidales 
to grow. Thus, it can be assumed that, having elevated levels 
of IL17A, obese children are at risk of developing autoimmune 
diseases.

PD-L1 is a ligand that plays an important role in inhibiting 
the T cell-mediated immune response [14]. Binding of PD-L1 to 
PD-1 causes apoptosis of effector T cells and allows tumor cells 
to remain unaffected by the immune system, which makes the 
prognosis in the respective cases unfavorable. Several studies 
have shown that inhibition of interaction between PD-L1 and 
PD-1 enhances the adaptive immune response and increases 
antitumor activity [15–17]; it was also revealed that PD-L1 
is expressed on white and brown adipocytes in mice [18]. 
PD-L1 is a rather complicated molecule: its low expression or 
knockout on adipocytes increases antitumor immunity in mice 
with a neoplasm, and in the absence of a tumor, ablation of 
PD-L1 adipocytes exacerbates diet-induced weight gain, 
infiltration of pro-inflammatory macrophages into adipose tissue 
and insulin resistance [19]. PD-L1 has a twofold effect: on the 
one hand, when it is expressed at a slower rate, the antitumor 
immunity becomes stronger and suppresses tumor growth, 
and on the other hand, its boosted expression in adipocytes 
allows maintaining adipose tissue homeostasis and mitigating 
smoldering inflammation associated with proliferation of the 
adipose tissue and its infiltration by macrophages [20]. The gut 
microbiome may modulate the response of melanoma patients 
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Table 5. Statistical parameters of the cytokines correlation analysis

Obese children Healthy children

IL6 IL8 IL10 IL17A IL6 IL8 IL17A

IL8
rho = 0.583
p < 0.001 

n = 80

rho = 0.439 
p < 0.001 

n = 83

IL17A
rho = 0.505 
p < 0.001 

n = 80

rho = 0.391 
p < 0.001 

n = 80

rho = 0.349 
p = 0.001 

n = 80

rho = 0.344 
p = 0.001 

n = 83

rho = 0.446
p < 0.001 

n = 83

IL10
rho = 0.383 
p < 0.001 

n = 80

TNFa
rho = 0.441 
p < 0.001 

n = 80

rho = 0.400 
p < 0.001 

n  = 80

rho = 0.427 
p < 0.001 

n = 80

rho = 0.316 
p = 0.004 

n = 83

to PD-1 immunotherapy. A group of researchers suggested 
that patients with a "favorable" intestinal microbiome (e.g., 
with a high diversity and abundance of Ruminococcaceae 
and Faecalibacterium) have an enhanced systemic and 
antitumor immune response mediated by an improved antigen 
presentation and effector T cell function at the periphery of and 
inside tumor's microenvironment. Patients with "unfavorable" 
intestinal microbiome (e.g., with poor diversity and high relative 
content of Bacteroidales), on the contrary, have impaired 
systemic and antitumor immune responses mediated by limited 
intracellular lymphoid and myeloid infiltration and impaired 
ability to present antigens. The results of the respective 
study underscores therapeutic potential of modulation of the 
gut microbiome in patients receiving immunotherapy with 
checkpoint blockade [21].

The composition of dominant families of blood microbiome 
was similar in both group. Despite this we have registered 
significant differences in the frequency. This allows an 
assumption that children suffer significant negative changes in 
the permeability of intestine and other biotopes, mainly the skin. 
Alteration of the microbiota affects the quality and quantity of the 
wall microbiota, the processes of production of mucus by goblet 
cells that prevents penetration of pathogens. In the group of 
obese children, we have shown that DNA of the Bacteroidaceae 
family makes a significantly smaller contribution to the alpha 
diversity of the blood microbiome, which is consistent with the 
data from other researchers that investigated stool microbiome 
[8]. Other researchers have proven that a growing share of 
Proteobacteria against the background of obesity, non-
alcoholic fatty liver disease and non-alcoholic steatohepatitis 
[22–24] indicates predisposition to impairments of functions 
of liver and the entire gastrointestinal tract. A statistically 
significant decrease of the share of Lachnospiraceae in the 
study group entails deceleration of butyrate synthesis, which 
means poorer supply of energy to the intestinal epithelial 
cells and thinning of the intestinal barrier due to a slower 
activation of the claudine-1 protein [25]. Studies show that 
Ruminococcaceae are associated with the development of 

inflammatory bowel diseases, such as ulcerative colitis and 
Crohn's disease.

The main biotope for Ruminococcaceae is the large 
intestine, for Bacteroidaceae — large intestine, oral cavity, 
upper respiratory tract, and genitourinary system, and for 
Prevotellaceae — oral cavity, which suggests that translocation of 
bacterial DNA therefrom slows down.

According to the published papers, obese children exhibit 
positive correlations between the content of trefoil factors, 
namely, TFF3, and the intestinal microbiota, which indicates a 
violation of tolerance of the mucosal barrier to the microbial 
community [26].

Thus, it is likely that in obese children, due to the impaired 
peripheral tolerance and permeability of mucosal barriers, 
bacterial DNA translocates not only from the intestine, but also 
from the oral cavity and skin. As a result, blood microbiome 
grows more diverse. Bacterial DNA activates TLR9 receptors 
and triggers the secretion of pro-inflammatory cytokines, IL17A in 
particular, thus forcing the body to maintain balance and deploy 
anti-inflammatory mechanisms by activating PD-L1 synthesis.

CONCLUSIONS

In the group of obese children, alpha diversity is enriched 
with bacterial DNA of the Lachnospiraceae, Prevotellaceae, 
and Ruminococcaceae families. In that group, beta diversity 
becomes more advanced, too, which indicates a more intensive 
translocation of bacterial DNA from extra-intestinal microbiomes. 
Compared to the control group, there appear new patterns of 
correlations. In obese children, increased levels of IL17A and 
PD-L1 point to activation of pro- and anti-inflammatory 
mechanisms and the development of smoldering inflammation. 
Obesity is characterized by the appearance of significant 
correlations of DNA of the Nocardiaceae family with pro-
inflammatory cytokines, which highlights the role of translocation 
of DNA of this taxon in the development of smoldering 
inflammation and the possibility of developing approaches to 
reduce this translocation as part of an obesity treatment protocol.
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ALTERED CIRCADIAN EXPRESSION OF CYTOKINES IN BLOOD OF PATIENTS WITH ESSENTIAL 
HYPERTENSION FOLLOWING COVID-19

In spite of a vast number of trials devoted to quantitative characteristics of the cytokine profile in patients with various diseases, no exact reference intervals 

are presented. It is just as important that there is a limited number of trials analyzing circadian rhythms of cytokine synthesis in patients with arterial hypertension. 

The purpose of the work was to analyze the characteristics of circadian rhythms of cytokines (IL18, IL18 BP, LIF, sLIFr, M-CSF, MCSFR) in patients with Grade II 

essential arterial hypertension, and to detect pathogenetically significant characteristics developed following Covid-19. Blood samples were taken at 7.00–8.00, 

12.00–13.00, 19.00–20.00.00, 00.00–1.00 to determine the levels of IL18, IL18 BP, LIF, sLIFr, M-CSF, MCSFR in 18 patients (56 (95% CI (54–69) years) with 

essential arterial hypertension (EAH) within three days prior to and following Covid-19. For this, the immunoenzyme method was used. The obtained data 

demonstrated altered circadian expression of cytokines in the peripheral blood of patients with essential hypertension depending on whether they have EAH or 

not, and their additional distortion following Covid-19, which is stable in the majority of cases. It is preserved for six months as low IL18 BP (р < 0.001), and twofold 

increase of sLIFr and MCSF (р < 0,001) at 18.00. A significant association is determined between the circadian rhythms of sLIFr and altered systolic BP resulting in 

the abnormal rhythm with BP rise at night (night peaker) in patients with EAH following COVID-19. The obtained fundamental data offer prospects for new research 

of immunopathogenesis following COVID-19 in patients with hypertension taking into account circadian rhythms of cytokines in the blood.
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О. А. Радаева1      , А. С. Симбирцев2, Ю. А. Костина1, М. С. Искандярова1, Е. В. Негоднова1, С. В. Машнина1, В. В. Еремеев1, 
К. А. Красноглазова1, И. О. Бабушкин1

ИЗМЕНЕНИЯ ЦИРКАДИАННЫХ РИТМОВ УРОВНЕЙ ЦИТОКИНОВ В КРОВИ ПАЦИЕНТОВ 
С ЭССЕНЦИАЛЬНОЙ ГИПЕРТЕНЗИЕЙ В ПОСТКОВИДНОМ ПЕРИОДЕ

Несмотря на большое число исследований, посвященных количественным характеристикам цитокинового профиля пациентов с различными 

заболеваниями, нет точных референсных интервалов, и что не менее важно, ограничено число исследований, анализирующих циркадианные ритмы 

синтеза цитокинов у лиц с артериальной гипертензией. Целью работы было проанализировать особенности циркадианных ритмов содержания 

цитокинов (IL18, IL18 BP, LIF, sLIFr, M-CSF, MCSFR) в крови пациентов с эссенциальной артериальной гипертензией II стадии и выделить патогенетически 

значимые особенности, сформированные после перенесенной новой коронавирусной инфекции. Проводили забор крови в 7.00–8.00, 12.00–13.00, 

19.00–20.00.00, 00.00–1.00 для определения иммуноферментным методом уровней IL18, IL18 BP, LIF, sLIFr, M-CSF, MCSFR в течение трех суток у 

18 пациентов (56 (95% ДИ (54–69) лет) с эссенциальной артериальной гипертензией (ЭАГ) до и после перенесенной новой коронавирусной инфекции. 

Полученные данные демонстрируют изменения циркадианных ритмов содержания цитокинов в периферической крови у пациентов в зависимости от 

наличия ЭАГ, а также их дополнительное искажение в постковидном периоде, что в значимом проценте случаев имеет стойкий характер с сохранением 

более шести месяцев в виде снижения содержания IL18 BP (р < 0,001), двукратного увеличения sLIFr  и MCSF (р < 0,001) в 18.00. Определена достоверная 

связь между циркадианными ритмами содержания sLIFr в крови и изменения уровня систолического АД с формированием патологического ритма 

с ростом АД в ночное время (Hайт-пикер) у лиц с ЭАГ в постковидном периоде. Полученные фундаментальные данные открывают перспективы для 

новых исследований иммунопатогенеза постковидного периода у лиц с гипертензией с учетом циркадианных ритмов содержания цитокинов в крови.
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Table 1. Analysis of cytokines in the blood of patients with EAH prior to COVID-19

Note: * — significant level р < 0.001, ^ — р < 0.01, ' — р < 0.05 (dependent and independent samples were compared with the Wilcoxon and Mann–Whitney tests 
respectively) indicating time intervals (1–7:00; 2–12:00; 3–19:00; 4–00:00.) 

Time interval 7.00–8.00 12.00–13.00 19.00–20.00 0.00–1.00

1 2 3 4

IL18, pg/ml

Day 1 356 [271–460] 402 [258–437] 523 [391–639]*1.2 610 [489–720]*1.2.3

Day 2 317 [286–451] 398 [310–469] 551 [406–668]*1.2 689 [464–783]*1.2.3

Day 3 368 [239–490] 417 [267–452] 584 [390–627]*1.2 621 [429–718]*1.2.3

IL18 BP, pg/ml

Day 1 6100 [3800–6900] 6300 [4100–7200] 5900 [3700–6800] 5500 [3500–6400]

Day 2 5790 [3240–6450] 6100 [4320–7400] 6400 [4300–7100] 5800 [3200–6700]

Day 3 5900 [3400–6600] 5800 [4200–6700] 6200 [4500–6900] 5700 [3500–6900]

LIF, pg/ml

Day 1 7.48 [4.21–1о1.3] 7.64 [4.37–11.5] 12.3 [8.25–14.1]*1.2 10.1 [9.88–11.9]^1.2'3

Day 2 7.33 [4.18–12.1] 7.42 [3.91–11.9] 12.6 [8.12–14.3]*1.2 9.97 [10.2–12.2]^1.2.3

Day 3 7.54 [4.12–11.8] 7.48 [4.11–12.5] 12.7 [7.96–14.4]*1.2 10.2 [9.97–12.5]]^1.2'3

sLIFr, pg/ml

Day 1 3850 [2600–5100] 4100 [3600–4900] 5400 [4500–7300]*1.2 2900 [2300–3800]*1.2.3

Day 2 3910 [2770–5300] 3870 [3540–5200] 5640 [4800–7200]*1.2 3100 [2500–4200]*1.2.3

Day 3 3960 [2650–5250] 3840 [3590–5300] 5700 [4900–7400]*1.2 3720 [2400–4100]*1.2.3

M-CSF, pg/ml

Day 1 371 [308–493] 410 [290–482] 419 [327–494]*1^2 395 [315–526]

Day 2 350 [292–471] 421 [287–475] 415 [347–484]*1^2 405 [321–519]

Day 3 363 [315–488] 442 [293–490] 426 [351–492]*1^2 398 [309–524]

IL34, pg/ml

Day 1 127 [96.7–152] 144 [102–168] 93.6 [81.2–105]*2 80.2 [68.1–85.5]*1.2.3

Day 2 118 [90.8–141] 136 [96–153] 98.5 [85.6–117]*2 81.9 [66.2–87.7]*1.2.3

Day 3 131 [101.1–159] 148 [108–172] 101.7 [90.1–120]*2 92.7 [69.3–90.5]*1.2.3

MCSFR, µg/ml

Day 1 22.8 [17.4–28.3] 18.7 [12.2–31.1] 20.6 [12.5–35.7] 19.9 [17.9–31.2]

Day 2 24.4 [18.1–29.8] 19.3 [13.7–32.6] 23.2 [13.9–38.5] 26.2 [19.7–33.3]

Day 3 23.6 [17.8–27.7] 17.5 [12.8–31.9] 22.5 [13.1–37.2] 21.7 [18.5–32.7]

The trials devoted to the role of cytokines from post-COVID 
perspective are pressing as a large amount of knowledge 
related to the altered link of immune regulation during COVID-19 
is obtained. The restoration is a long-term process, including 
both early, and late periods of reconvalescence. Meanwhile, in 
the post-COVID era, virus-mediated changes of the cytokine 
profile can determine modification of non-infectious disease 
pathogenesis due to multiple organ action, including patients 
with essential arterial hypertension (EAH). It should be noted 
that in spite of a vast number of trials devoted to quantitative 
characteristics of the cytokine profile in patients with various 
diseases, no exact reference intervals are presented. It is just 
as important that there is a limited number of trials analyzing 
circadian rhythms of cytokine synthesis in patients with certain 
diseases. The things mentioned above are most significant 
for patients with EAH as daily curves of BP are essential and 
have been taken into account in practice for long. An increased 
rate of cardiovascular complications and development of the 
metabolic syndrome are detected in the post-COVID era. 
This can be associated with methods of therapy (wide use 
of corticosteroids) and role of coronavirus depending on pre-
existing immunopathogenetic and clinical characteristics 
of patients. Cytokine synthesis concentrations are not only 
factors, which are subject to daily patterns. In case of clinical 
or subclinical imbalance, they can influence the main center of 
the circadian clock such as the suprachiasmatic nucleus in the 
brain. It can also promote the loss of synchronization between 
the main center and peripheral 'clocks' [1, 2]. The chronobiology 
is perspective. It has a vast scope of significant scientific data 
[3, 4] and needs to expand a number of trials in the post-covid 
era. It should be noted that the individual analysis of daily curves 
of cytokines in the peripheral blood allows to be declarative of 
more complex patterns as compared to two-phase day and 

night changes. According to some data, the amount of IL2 in 
the serum forms a single peak approximately at noon, whereas 
IL10, TNF and GM-CSF display a two-phase pattern [5]. In 
the subjects, the first peak and second peak of TNF occur at 
07:30 and 13:30, respectively. So, it can't be considered as a 
cytokine of rest. The levels of IL10 are also displayed a biphasic 
pattern with one peak at 07:30 and the other one at 19:30 in 
12 hours. According to these results, the temporal patterns are 
unique for every cytokine with daylight peaks and night minima 
[2]. Thus, fundamental data about altered circadian rhythms of 
cytokine synthesis following the previous novel coronavirus can 
be both of a scientific and practical interest in the future.

The purpose of the work was to analyze the characteristics 
of circadian rhythms of cytokines (IL18, IL18 BP, LIF, sLIFr, 
M-CSF, MCSFR) in patients with Grade II EAH, and to detect 
pathogenetically significant characteristics developed following 
Covid-19.

METHODS

The trial was conducted in 2019-2023 at the departments of 
immunology, microbiology, virus ology of the National Research 
Mordovia State University (microbiological and immunological 
laboratory — license № 13.01.04. 0001. Л.000005.06.11, 
permanent), Katkov SV National Clinical Hospital, North Caucasus 
Sanatorium Resort of the Ministry of Defense of Russia.

27 patients (10 females and 17 males) with Grade 2 EAH 
(group 1) and 16 healthy people (7 females and 9 males) with 
normal BP (group 2) have undergone through a dynamic 
complex (clinical, laboratory ad instrumental) observation. In 
2019 (prior to pandemic), they had their blood cytokine levels 
analyzed (7.00–8.00, 12.00–13.00, 19.00–20.00, 00.00–1.00) 
within three days. In 2020 (Wuhan-Hu-1 circulation), 18 patients 
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Table 2. Analysis of cytokines in the blood of healthy people prior to COVID-19

Time interval 7.00–8.00 12.00–13.00 19.00–20.00 0.00–1.00

1 2 3 4

IL18, pg/ml

Day 1 185 [143–201] 164 [138–194] 214 [144–229] 301 [246–385]*1.2.3

Day 2 178 [135–194] 157 [127–183] 196 [124–205] 289 [235–369]*1.2.3

Day 3 190 [148–210] 171 [145–201] 220 [151–235] 314 [253–390]*1.2.3

IL18 BP, pg/ml

Day 1 4720 [4210–5110] 4830 [4160–5200] 4660 [4320–5170] 6100 [5720–6930]*1.2.3

Day 2 4810 [4320–5230] 4920 [4210–5350] 4730 [4460–5250] 6450 [5840–7010]*1.2.3

Day 3 4780 [4270–5160] 4870 [4190–5280] 4690 [4410–5190] 6320 [5800–7000]*1.2.3

LIF, pg/ml

Day 1 1.38 [1.15–1.68] 1.47 [1.31–1.73] 1.33 [1.26–1.75] 1.35 [1.24–1.63]

Day 2 1.40 [1.17–1.71] 1.51 [1.35–1.77] 1.35 [1.29–1.78] 1.37 [1.27–1.66]

Day 3 1.41 [1.19–1.75] 1.54 [1.40–1.81] 1.37 [1.31–1.82] 1.41 [1.30–1.69]

sLIFr, pg/ml

Day 1 3920 [3130–4870] 4260 [3450–4610] 4440 [3610–4830] 4160 [3780–4520]

Day 2 3870 [3070–4790] 4990 [3390–4650] 4380 [3580–4770] 4130 [3690–4430]

Day 3 4010 [3210–4980] 5180 [3520–4700] 4530 [3720–4950] 4240 [3870–4610]

M-CSF, pg/ml

Day 1 220 [143–283] 187 [137–240] 235 [138–281] 357 [315–394]*1.2.3

Day 2 237 [160–299] 198 [149–243] 253 [155–310] 369 [328–404]*1.2.3

Day 3 228 [151–295] 191 [142–239] 244 [147–293] 361 [321–398]*1.2.3

IL34, pg/ml

Day 1 162 [112–203] 170 [126–212] 169 [147–235]*2 158 [127–216]

Day 2 158 [107–196] 167 [122–208] 165 [141–233]*2 155 [121–210]

Day 3 165 [116–210] 174 [131–218] 172 [150–239]*2 163 [133–215]

MCSFR, µg/ml

Day 1 31.6 [25.7–39.2] 27.9 [19.3–37.1] 44.7 [32.1–49.8]*2.3 67.7 [42.1–93.6]*1.2.3

Day 2 28.9 [23.5–38.7] 26.5 [18.2–35.3] 41.9 [29.9–48.3]*2.3 63.6 [38.8–89.7]*1.2.3

Day 3 32.1 [26.3–40.1] 28.6 [20.4–39.2] 45.3 [33.7–50.6]*2.3 69.5 [44.6–96.3]*1.2.3

Note: * — significant level р < 0.001, ^ — р < 0.01, ' — р < 0.05 (dependent and independent samples were compared with the Wilcoxon and Mann–Whitney tests 
respectively) indicating time intervals (1–7:00; 2–12:00; 3–19:00; 4–00:00.).

from group 1 (8 females and 10 males) and 9 patients (4 females 
and 5 males) from group 2 were diagnosed with COVID-19 as 
per relevant temporary methodical recommendations related 
to prevention, diagnostics and treatment of moderately to 
severely novel coronavirus infection, pneumonia (grade I–II CT).
Comparable treatment regimens were used (16 mg of 
dexamethasone per day, 500 mg of Sumamed TID, heparin 
(a group of researchers failed to influence the therapy). 

Inclusion criteria in 2019: Grade II EAH for 10 years (first 
stage of the trial), comparable hypotensive therapy (ACE 
inhibitors ± diuretic), 55–60 years, total cholesterol less than 
5.0 mmol/L, LDL less than 3.0 mmol/L, HDL more than 1.0 mmol/L,
TG less than 1.7 mmol/L, IMT less than 0.9 mm, glucose 
less than 5.5 mg/dl, BMI less than 30 kg/m2, comparable 
characteristics of day regimen (sleeping from 23.00 to 6.00, 
last food intake at 20.00, no disturbed sleep, intake of hypnotic 
agents and/or melatonin-containing preparations (as assessed 
by a neurologist), signing of an informed consent from by the 
patient. 

Additional inclusion criteria in 2020: participation in the trial 
of circadian rhythm in cytokines administration in patients with 
EAH in 2019, a history of COVID-19 (day 10 following clinical 
and laboratory convalescence in comparable hospitalization 
duration of 14–16 days), whereas group 2 included people 
without a history of EAH + COVID-19 (day 10 following clinical 
and laboratory convalescence in comparable hospital stay of 
14–16 days), COVID-19 was confirmed with the PCR method 
and results of a serologic examination, moderate to severe, with 
involvement of the lungs (grade I–II CT), comparable therapy of 
COVID-19, and a written consent form.

In 2019 and 2020, there were general exclusion criteria 
such as type 1 or 2 diabetes mellitus, allergic/autoimmune 
diseases, mental diseases, symptomatic AH, smoking, lack 

of readiness for a long-term examination, use of antiviral 
and immunomodulating medicinal agents during COVID-19 
and six months prior to the trial. Patients who had to take 
antihypertensive medicinal agents apart from ACE inhibitors 
and/or thiazide/thiazide-like diuretics (only for patients with 
Grade II EAH) were excluded from the trial.

Blood sampling times (7.00–8.00, 12.00–13.00, 19.00–20.00.00, 
00.00–1.00) and specter of cytokines (IL18, IL18 BP, LIF, 
sLIFr, M-CSF, MCSFR) were determined based on scientific 
trials of circadian rhythms of human cytokines biology [6, 7] 
and previous own trials of cytokines in EAH pathogenesis [8]. 
Based on our 10-year trial, the levels of IL18, IL18 BP, LIF, sLIFr, 
M-CSF, MCSFR are associated with the rate of cardiovascular 
complications in patients with EAH in a statistically independent 
mode. It explains the data about the specter of cells having the 
cytokines receptors [9] and their relation with metabolism of 
vasopressors and vasodilators.

Blood sampling was done at 7.00–8.00, 12.00–13.00, 
18.00–19.00.00, 00.00–1.00 (three days) using BD Vacutainer 
(Becton Dickinson; USA (for blood serum release), blood was 
centrifuged (1,500-2,000 rounds per minutes, 15 min) to get 
serum, which will be subsequently stored in labeled test tubes 
at –30° С for no longer than 30 days. Time from blood sampling 
to freezing was 60 min. Cytokines (IL18, IL18 BP, LIF, sLIFr, 
M-CSF, MCSFR) were determined by a certified professional 
with an enzyme-linked immunosorbent assay and Personal 
Lab TM immunoassay analyzer (Adaltis; Italy). Test systems 
produced by eBioscience (Bender MedSystems; Austria) and 
R&D Systems (USA).

Daily characteristics of patients were determined as per the 
following classification: dippers (BP decline from 10 to 20%), 
nondippers (BP declines less than 10%) and night-peakers 
(rise at night). Daily monitoring was done to all patients. It was 
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Table 3. Analysis of blood cytokines levels in patients with EAH 10 days following the novel coronavirus infection

Note: * — significant level р < 0.001, ^ — р < 0.01, ' — р < 0.05 (dependent and independent samples were compared with the Wilcoxon and Mann–Whitney tests 
respectively) indicating time intervals (1–7:00; 2–12:00; 3–19:00; 4–00:00.).

Time interval 7.00–8.00 12.00–13.00 19.00–20.00 0.00–1.00

1 2 3 4

IL18, pg/ml

Day 1 460 [396–510] 445 [368–474] 590 [453–670] 792 [373–821]*1.2.3

Day 2 446 [370–482] 435 [352– 459] 582 [442–649] 759 [338–803]*1.2.3

Day 3 454 [387–503] 440 [361–467] 588 [447–658] 781 [352–811]*1.2.3

IL18 BP, pg/ml

Day 1 6300 [4110–7500] 6110 [3730–7460] 5100 [3700–6400]*1.2 5310 [3230–6370]*3

Day 2 6150 [4030–7350] 5980 [3610–7320] 4820 [3550–6240] 4830 [3050–6180]

Day 3 6220 [4090–7460] 6050 [3690–7380] 4950 [3630–6330] 4910 [3170–6250]

LIF, pg/ml

Day 1 7.69 [4.35–10.8] 7.92 [4.51–10.5] 13.1 [8.74–15.6]*1.2 9.83 [9.12–11.7]*3

Day 2 7.33 [4.25–9.9] 7.63 [4.00–10.2] 12.6 [8.11–14.9] 9.10 [8.92–10.8]*3

Day 3 7.51 [4.31–10.4] 7.88 [4.32–10.4] 12.9 [8.55–15.4] 9.58 [9.05–11.3]*3

sLIFr, pg/ml

Day 1 4100 [2720–5000] 3820 [2910–4500] 7900 [6200–8400]*1.2 3870 [3100–4200]*3

Day 2 3850 [2680–4930] 3530 [2850–4320] 7590 [6030–7990] 3480 [2860–4080]

Day 3 3980 [2700–4980] 3660 [2890–4470] 7770 [6120–8250] 3750 [2970–4110]

IL34, pg/ml

Day 1 630 [570–810] 593 [492–685] 830 [540–973]*1.2 601 [518–710]*3

Day 2 605 [561–792] 561 [477–661] 812 [521–953] 582 [501–695]

Day 3 616 [569–802] 582 [485–672] 826 [530–964] 593 [512–693]

MCSFR, µg/ml

Day 1 9.18 [8.3–31.5] 10.23 [7.16–12.4] 10.5 [8.53–13.2] 9.51 [6.42–12.3]

Day 2 9.05 [8.1–29.6] 9.81 [6.91–11.5] 9.93 [8.41–12.8] 9.11 [6.30–11.8]

Day 3 9.10 [8.2–30.2] 10.12 [7.02–12.0] 10.4 [8.49–13.1] 9.26 [6.39–12.1]

accompanied by blood sampling to determine the levels of 
cytokines. 

The obtained results were statistically processed using 
StatTech v. 2.8.8 (StatTech, Russia) and Stat Soft Statistica 
10.0 (USA). The results were presented as a median (Me) and 
percentiles (Q

0,25
–Q

0,75
). It was assessed whether qualitative 

characteristics corresponded to normal distribution with the 
Shapiro–Wilk test. Dependent and independent samples 
were compared with the Wilcoxon and Mann–Whitney tests 
respectively. Regression Cox model was used, and the 
regression coefficient was assessed. Differences at p < 0.05 
were taken as statistically significant.

RESULTS

Analysis of altered concentration of investigated blood cytokines 
in patients with EAH allowed to determine the differences from 
regular patterns found among healthy persons (Table 1) within 
two days of the prepandemic period (Table 2). 

Within the system of IL18–IL18BP, an increase of IL18 in 
the peripheral blood was observed at 19.00 and 0.00 when 
compared with the results obtained at 7.00 and 12.00 (р < 0.001) 
with no growth of IL18 during the observation period. No 
increase of IL18 was found among healthy people. However, 
an increase of IL18 BP (р < 0.05) was detected at 00.00. 
Meanwhile, qualitative levels of IL18 are significantly increased 
in patients with hypertension (р < 0.001). During the early 
reconvalescence following novel coronavirus, patients with 
EAH had an additional decrease of 18 BP at 19.00, which 
was preserved at 00.00 (р < 0.001) when compared with data 
obtained at 7.00, 13.00, 19.00 (Table 3). This is how the group 
was extinguished from healthy people with an increased level 
of IL18 at 00.00 but with a compensatory increase of IL18 ВР 
at 20.00 (Table 4).

It was found out during analysis of LIF–sLIFR prior to 
SARS-CoV-2 that patients with EAH had experienced a growth 
of two components at 19.00, which was decreased at 00.00 

(Table 1). These changes were not observed among healthy 
people (table 2). During reconvalescence following the previous 
novel coronavirus, patients with EAH had a more pronounced 
(200%) increase of sLIFr at 19.00 with preserved changes and 
qualitative characteristics of LIF.

Levels of M-CSF and its receptors in patients with EAH 
went through no changes during a day of the pre-COVID period 
(Table 1). Meanwhile, healthy people had seen a growth of 
M-CSF at 00.00 against the background of increased M-CSF 
at 19.00 and 00.00 with restoration at 7.00. Qualitative 
characteristics of M-CSF were significantly higher in patients 
with hypertension during all time points (р < 0,001) as compared 
with healthy people. During reconvalescence following COVID-19, 
a peak increase of M-CSF was seen at 19.00 with a decrease 
at 00.00 among patients with EAH (not previously detected) 
with no changes of M-CSFR. Healthy people had no changes 
of circadian rhythms as compared to data obtained prior to 
SARS-CoV-2.

It should be noted that during monitoring of similar cytokines 
performed six months following COVID-19 85% of patients 
with EAH had circadian patterns developed after COVID-19 
as a decrease of IL18 BP at 19.00, two-fold increase of sLIFr 
and MCSF (Table 5) with restored patterns of post-COVID era 
among healthy people (Table 6). 

Compared characteristics of circadian rhythms of analyzed 
cytokines during the post-COVID era and altered course of 
EAH allowed to find out (during the intraquartile analysis) that 
an increase of sLIFr by 200% and more (quartiles III and IV of 
altered sLIFr in 8 people) was accompanied with a rise in systolic 
BP above 150 mm Hg at 19.00 in spite of antihypertensive 
therapy, which provided a therapeutic effect prior to the previous 
novel coronavirus therapy and in the morning/in the afternoon 
following the infection. It was required to change therapy (time 
of intake of a medicinal product) and increase the dose of basic 
preparations. Moreover, 8 of 18 patients with EAH included 
into the trial during the post-COVID era had a daily rhythm of 
BP as per the results of Holter monitoring. It was night peaker 
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Table 4. Analysis of blood cytokines levels in patients with EAH 10 days following the novel coronavirus infection

Note: * — significant level р < 0.001, ^ — р < 0.01, ' — р < 0.05 (dependent and independent samples were compared with the Wilcoxon and Mann–Whitney tests 
respectively) indicating time intervals (1 — 7:00; 2 — 12:00; 3 — 19:00; 4 — 00:00.).

Time interval 7.00–8.00 12.00–13.00 19.00–20.00 0.00–1.00

1 2 3 4

IL18, pg/ml

Day 1 151 [144–203] 158 [129–214] 169 [136–223] 291 [247–383]*1.2.3

Day 2 138 [133–196] 141 [120–203] 161 [128–215] 273 [233–375]*1.2.3

Day 3 145 [139–201] 149 [125–211] 165 [131–220] 282 [242–379]*1.2.3

IL18 BP, pg/ml

Day 1 4670 [4170–5120] 4590 [4210–5310] 6400 [5370–7510]*1.2 6100 [5330–7820]*1.2.3

Day 2 4320 [3890–5010] 4250 [4030–5100] 6050 [5150–7270]*1.2 5880 [5140–6510]*1.2.3

Day 3 4590 [3960–5090] 4420 [4110–5230] 6230 [5230–7440]*1.2 6010 [5220–6680]*1.2.3

LIF, pg/ml

Day 1 1.39 [1.12–1.64] 1.47 [1.24–1.72] 1.36 [1.05–1.55] 1.36 [1.21–1.7]

Day 2 1.25 [1.09–1.54] 1.38 [1.21–1.68] 1.33 [0.98–1.43] 1.34 [1.15–1.63]

Day 3 1.32 [1.11–1.61] 1.41 [1.22–1.70] 1.28 [0.91–1.20] 1.31 [1.08–1.56]

sLIFr, pg/ml

Day 1 4120 [3620–4510] 3960 [3310–4580] 4210 [3640–4660] 4170 [3580–4790]

Day 2 4030 [3430–4360] 3650 [3050–4270] 4090 [3400–4530] 3960 [3410–4530]

Day 3 4090 [3580–4420] 3820 [3220–4390] 4130 [3550–4610] 4080 [3490–4670]

M-CSF, pg/ml

Day 1 190 [138–236] 171 [139–247] 182 [121–268] 333 [287–412]*1.2.3

Day 2 175 [129–227] 160 [121–236] 171 [115–253] 292 [263–393]*1.2.3

Day 3 183 [131–230] 169 [128–241] 179 [119–261] 314 [275–403]*1.2.3

IL34, pg/ml

Day 1 146 [121–198] 152 [127–231] 221 [169–262]*1.2 155 [127–193]*3

Day 2 131 [115–179] 135 [113–219] 203 [153–248]*1.2 138 [115–174]*3

Day 3 142 [119–183] 148 [121–227] 217 [161–254]*1.2 144 [123–188]*3

MCSFR, µg/ml

Day 1 31.6 [24.3–39.7] 29.6 [21.2–36.5] 51.9 [34.2–58.8]*2.3 66.2 [38.5–101.3]*1.2.3

Day 2 27.6 [21.7–35.3] 26.8 [19.8–33.7] 48.3 [31.8–52.3]*2.3 59.1 [33.2–97.5]*1.2.3

Day 3 29.4 [23.8–38.2] 28.3 [20.9–35.9] 50.2 [33.4–55.7]*2.3 63.5 [35.9–99.7]*1.2.3

Table 5. Analysis of blood cytokines levels in patients with EAH 6 months following the novel coronavirus infection

Note: * — significant level р < 0.001, ^ — р < 0.01, ' — р < 0.05 (dependent and independent samples were compared with the Wilcoxon and Mann–Whitney tests 
respectively) indicating time intervals (1 — 7:00; 2 — 12:00; 3 — 19:00; 4 — 00:00.).

Time interval 7.00–8.00 12.00–13.00 19.00–20.00 0.00–1.00 7.00–8.00

1 2 3 4 5

IL18, pg/ml Day 1 457 [388–514] 449 [374–493] 589 [431–661] 791 [370–818]*1.2.3 461 [369–505]

IL18 BP, pg/ml Day 1 6280 [4100–7490] 6070 [3670–7350] 5210 [3280–6500]*1.2 5380 [3510–6400]*3 6220 [4010–7090]

LIF, pg/ml Day 1 7.26 [4.03–9.9] 7.88 [4.19–10.7] 12.9 [7.81–16.1]*1.2 10.1 [8.12–12.3]*3 7.31 [4.15–10.1]

sLIFr, pg/ml Day 1 4020 [2510–5100] 3790 [2880–4430] 7870 [6150–8390]*1.2 3690 [3110–4180]*3 3990 [2490–5020]

M-CSF, pg/ml Day 1 621 [554–816] 588 [461–625] 815 [593–954]*1.2 650 [521–733]*3 618 [560–831]

MCSFR, µg/ml Day 1 9.04 [7.3–13.5] 11.12 [6.76–13.1] 11.3 [8.41–13.9] 9.42 [7.12–13.1] 8.95 [6.81–12.8]

(increase of BP at night). Prior to SARS-CoV-2, all patients were 
classified as dippers. The patients had alternated circadian 
rhythms mentioned above such as a drop of IL18 BP for more 
than 58% and two-fold increase of sLIFr and MCSF. Meanwhile, 
a multiple correlation analysis of the relations between cytokine 
levels (IL18, IL18 BP, LIF, sLIFr, M-CSF, MCSFR) during all 
analyzed time points and level of systolic arterial pressure (as 
per results of daily monitoring of BP) has seen a statistically 
independent relation between the level of sLIFr and systolic BP: 
regression coefficient of 2.48, standard error of 0.22, t-criterion 
of 9.83, relative risk of increased systolic BP after 18.00 equal 
to 4.2 and Wald criterion of 16.3. 

DISCUSSION

The obtained data show that circadian rhythms of cytokines in 
the peripheral blood are alternated depending on the presence 
of EAH and their additional distortion during the post-COVID 
era. In the majority of cases, it is stable and can be preserved 

for over six months. Taking into account previously published 
data about the correlation between increased sLIFr over 
5,000 pg/ml and increased NT-proBNP (r = 0.87; p = 0.0007), 
and the correlation between MCSF and SDMA (r = 0.83; 
p = 0.0008) [7] it is shown that there is a pathogenetic significance 
of discovered circadian changes as EAH progresses. Thus, in 
spite of ability for vasodilation, which produces a positive effect 
in case of EAH, the secondary growth of NT-proBNP will result 
in progression of chronic cardiac failure and an increased risk of 
cardiovasclar complications [10]. The positive relation between 
MCSF and IL18 and growth of SDMA [8] is more frequently of 
a renal origin [11]. It can determine the vector of hypertension 
progression by canceling the essential nature. It is known 
about its production by endothelial cells under the influence 
of proinflammatory cytokines [12], which can be induced by 
viruses in this case.

Fundamental trials devoted to circadian rhythms 
of synthesis of certain regulatory peptides require high 
comparability of included patients (this was achieved during the 
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Table 6. Analysis of blood cytokines levels in patients with EAH 6 months following the novel coronavirus infection

Note: * — significant level р < 0.001, ^ — р < 0.01, ' — р < 0.05 (dependent and independent samples were compared with the Wilcoxon and Mann–Whitney tests 
respectively) indicating time intervals (1 — 7:00; 2 — 12:00; 3 — 19:00; 4 — 00:00.).

Time interval 7.00–8.00 12.00–13.00 19.00–20.00 0.00–1.00 7.00–8.00

1 2 3 4 5

IL18, pg/ml Day 1 143 [138–193] 151 [126–210] 163 [128–264] 273 [232–357]*1.2.3 154 [129–201]

IL18 BP, pg/ml Day 1 4530 [4030–4990] 4490[4010–5170] 6340 [4970–6960]*1.2 5990 [5330–7340]*1.2.3 4710 [3980–4920]

LIF, pg/ml Day 1 1.31[1.05–1.44] 1.39 [1.13–1.55] 1.29 [0.98–1.45] 1.32 [1.19–1.68] 1.33 [1.01–1.38]

sLIFr, pg/ml Day 1 4060 [3490–4330] 3830 [3110–4270] 4100 [3340–4220] 4160 [3390–4580] 4020 [3530–4290]

M-CSF, pg/ml Day 1 179 [128–216] 168[123–221] 181 [118–246] 311 [269–403]*1.2.3 184 [131–226]

IL34, pg/ml Day 1 139 [110–173] 154 [129–242] 218[159–258]*1.2 144 [107–173]*3 140 [114–185]

MCSFR, µg/ml Day 1 28.7 [23.8–37.7] 29.1 [20.3–36.4] 52.2 [35.7–60.1]*2.3 64.9 [36.5–110.1]*1.2.3 30.1 [21.4–32.9]
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trial and allowed to reduce the sample scope) and stable daily 
rhythms of life, alternated day and night phases; they are rather 
of a theoretical significance. However, in the analyzed clinical 
situations, there exist essential connections that determine 
clinical characteristics of hypertension with altered treatment 
regimens due to loss of control over BP when the daily rhythm 
developed prior to infection with SARS-CoV-2 is altered. 

The lack of a compensatory increase of cytokines with 
protected properties in relation to progressive endothelial 
dysfunction (IL18 BP, M-CSFR) was seen in patients with EAH 
during the post-COVID era. IL18-BP reduces the risk of renal 
damage on ischemia and reperfusion animal models due to anti-
inflammatory and antioxidant activity [13]. It is essential in AH. A 
new prospect of IL18 BP as a therapeutic target in cardiovascular 
diseases was recorded in a number of publications [13, 14]. 

A detailed analysis confirms the necessity of assessing 
four time points; the largest prognostic significance of the 
analyzed cytokines was determined at 19.00. It is essential 
for further related trials, which examine the role of cytokines in 

the pathogenesis of cardiovascular diseases and post-COVID 
syndrome. However, they are oriented towards a morning 
blood sample. It is probably less significant than blood sample 
taken at 19.00.

CONCLUSIONS

Analysis of the role of infection with SARS-CoV-2 in the altered 
circadian rhythms of cytokines (IL18, IL18 BP, LIF, sLIFr, M-CSF, 
MCSFR) in the blood of patients with EAH opens up prospects 
for the analysis of the role and other infectious agents in the 
change of the cytokine component of progressing endothelial 
dysfunction. Altered cytokines levels were assessed within 
a day at several time points. During surveillance of a patient 
over several days it was verified whether the observed regular 
patterns were repeated. Chronobiology requires diversified 
examination to expand the scope of fundamental data, which 
can explain clinical features of socially significant diseases and 
can be the basis of new principles of therapy in the future.
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Today, antimicrobial multidrug resistance of bacterial infectious 
agents poses a serious threat to global public health. Irrational 
use of antimicrobials for treatment of humans, in the livestock 
sector and agriculture is a determinant of widespread resistance 
to drugs among bacteria [1–3].

Selective pressure of antimicrobials on the bacterial 
population contributes to realization of various resistance 
mechanisms emerging due to acquisition of genetic 
determinants of resistance or spontaneous mutations 

[1, 4–6]. Assessment of evolutionary transformation of 
bacterial genomes associated with antibiotic resistance 
contributes to optimization of treatment strategies and 
preventive measures.  

Currently, the greater role played by normal flora members, 
specifically by members of the genus Corynebacterium, in 
infectious diseases can be associated with the spread of 
genes responsible for antimicrobial resistance across bacterial 
genomes. The increasingly frequent isolation of Corynebacterium 
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to the broad spectrum of antimicrobial drugs. The study was aimed to conduct bioinformatics analysis of the pool of antimicrobial resistance genes in the published 
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Т. А. Кульшань    , И. О. Бугаева, Е. Ф. Соболева, М. С. Аллянова, Д. А. Попов, И. Г. Швиденко

СРАВНИТЕЛЬНЫЙ БИОИНФОРМАТИЧЕСКИЙ АНАЛИЗ СОСТАВА ГЕНОВ АНТИМИКРОБНОЙ 
УСТОЙЧИВОСТИ В ГЕНОМАХ ПРЕДСТАВИТЕЛЕЙ РОДА CORYNEBACTERIUM 

В настоящее время множественная антимикробная резистентность бактериальных инфекционных агентов представляет серьезную угрозу для мирового 

здравоохранения. Особое значение в развитии инфекций, в том числе госпитальных, играют следующие виды коринебактерий: C. amycolatum, C. urealyticum, 

C. striatum, C. jeikeium, C. aurimucosum, C. genitalium, которые устойчивы к большому арсеналу антимикробных препаратов. Целью исследования было 

проведение биоинформатического анализа спектра генов устойчивости к антимикробным препаратам в опубликованных геномах некоторых представителей 

рода Corynebacterium. Исследованы данные о нуклеотидных последовательностях полных геномов 22 штаммов коринебактерий, представленных в 

свободном доступе в NCBI GenBank. Биоинформатический анализ полногеномных последовательностей с целью поиска генов антимикробной устойчивости 

в указанных геномах осуществляли с помощью онлайн-ресурса PATRIC. Установлено, что представленные геномы в различных комбинациях содержали 

25 генов устойчивости к антимикробным препаратам. У некоторых штаммов коринебактерий выявлены аминокислотные замены в GyrA (позиции 87, 

88 и 91), с которыми может быть связана реализация устойчивости к хинолонам/фторхинолонам.

Ключевые слова: C. amycolatum, C. jeikeium, C. striatum, C. urealyticum, C. aurimucosum, геномы, гены антимикробной устойчивости, gyrA, антимикробные 
(противомикробные) препараты
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№ Strain Year, place, isolation source GenBank ID:

1                 Corynebacterium amycolatum BER245 2011, Brazil, human (biomaterial collected from the ear) CP102778.1

2                  Corynebacterium amycolatum ICIS 53 2016, Russia, human (vaginal discharge) MIFV00000000

3                 Corynebacterium amycolatum VH6958 2016, Spain, human JAFJMB000000000.1

4                 Corynebacterium amycolatum ICIS 9 2017, Russia, human (vaginal discharge) MTPT00000000.1

5                 Corynebacterium amycolatum SB-1 2019, South Korea, human (skin) CP120206.1

6                 Corynebacterium amycolatum ICIS 99 2020, Russia, human (vaginal discharge) JAIUSU000000000

7                  Corynebacterium amycolatum 1189 n/a, Germany, n/a CP069513.1

8                 Corynebacterium urealyticum DSM 7109 1985, Germany, human (urine) AM942444

9                  Corynebacterium urealyticum VH3073 2017, Spain, human (urine) VTFJ00000000

10             Corynebacterium urealyticum 996 n/a, Germany, n/a CP065982.1

11              Corynebacterium urealyticum 994 n/a, Germany, n/a CP066064.1

12             Corynebacterium striatum 2308 2011, Brazil, human (blood) NRIO00000000.1

13             Corynebacterium striatum 708C 2021, UK (synovial fluid) JASNMG000000000

14              Corynebacterium striatum 824M 2022, UK, blood JASNMH000000000

15             Corynebacterium striatum 1197 n/a, Germany, n/a CP069514.1

16             Corynebacterium striatum 1115 n/a, Germany, n/a CP068158.1

17            Corynebacterium striatum ATCC 6940 n/a, human (urogenital tract) ACGE00000000

18            Corynebacterium jeikeium K411 2004, Germany, human (axilla region) CR931997.1

19            Corynebacterium jeikeium 574 2016, USA, human CP033784.1

20            Corynebacterium jeikeium ATCC 43734 n/a, human (urogenital tract) ACYW00000000

21             Corynebacterium aurimucosum UMB7769 2013, USA, human (urine) JASOLN000000000

22             Corynebacterium genitalium ATCC 33030 n/a, USA, human (urogenital tract) ACLJ00000000

Table 1. Corynebacterium non diphtheriae strains, the whole genome nucleotide sequences of which are used in the study

as pathogens, especially in immunocompromised individuals, 
is indicative of the greater role in the development of infectious 
complications in patients played by Corynebacterium [2]. 

The following Corynebacterium species are of special 
importance for development of infections: C. amycolatum (skin 
and soft tissue infections, bacteremia, endocarditis, genital 
infections), C. urealyticum (acute and chronic urinary tract 
infections, urolithiasis), C. striatum (true bacteremia, bacterial 
colonization of prostheses, catheters, breathing tubes, etc.), 
C. jeikeium (bacteremia, endocarditis, pneumonia, skin and 
soft tissue infections), C. aurimucosum (acute and chronic 
joint infections, diabetic foot ulcer infection), C. genitalium 
(urinary tract infections) [2, 3, 5, 7–14]. Multidrug resistance 
of some Corynebacterium species to β-lactams, macrolides, 
aminoglycosides, quinolones, tetracyclines and rifampicins, 
lincosamides, etc., should be noted [1, 4, 12–14].

However, the data on the Corynebacterium drug resistance 
are contradictory, that is why our study was aimed to conduct 
bioinformatics analysis of the pool of antimicrobial resistance 
genes in the published genomes of some representatives of the 
genus Corynebacterium.

METHODS

The study involved data on the whole genome nucleotide 
sequences of 22 strains of six Corynebacterium species 
(C. amycolatum, C. urealyticum, C. striatum, C. jeikeium, 
C. aurimucosum, C. genitalium) readily available from NCBI 
GenBank, isolated in different countries over the years (Table 1).

Bioinformatics analysis of whole genome sequences aimed 
at the search for antibiotic resistance genes in the specified 
genomes was performed using PATRIC (Pathosystems 
Resource Integration Center), Comprehensive Antibiotic 
Resistance Database (CARD), and Database of Antibiotic-
Resistant Organisms (NDARO) [15]. 

 Amino acid sequences of gyrA gene were acquired from 
Genbank. The UGENE (Unipro UGENE) 48.1 software package 
was used for analysis of gyrA amino acid sequences [16]. Amino 
acid sequence alignment was performed using the MUSCLE 
tool integrated into UGENE.

RESULTS

Bioinformatics analysis showed that the genomes provided 
comprised various combinations of antimicrobial resistance 
genes. A total of 25 different genes encoding resistance to 
drugs exhibiting antimicrobial activity were determined (Table 2).

It should be noted that the following genes were significantly 
less often found in the genomes of studied isolates (Table 3): 

1) tetO (tetW) (encodes resistance to tetracyclines) — was 
not found in genomes of 19 strains (86.4%);

2) aph (3')-I, aph (6)-Ic (encode resistance to 
aminoglycosides) — were not found in genomes of 14 strains 
(63.6%);

3) ermX (encodes resistance to macrolides, lincosamides, 
streptogramins) — was not found in genomes of 13 strains 
(59%); 

4) lsu (rplF) (encodes resistance to fusidic acid) — was not 
found in genomes of 12 strains (54.5%);

5) cmx (encodes resistance to chloramphenicol) — was not 
found in genomes of eight strains (36,4,3%);

6) ispC (dxr) (encodes resistance to fosfomycin) — was not 
found in genomes of seven strains (32%);

7) gibB (encodes resistance to aminoglycosides), oxyR 
(encodes resistance to изониазиду), fabG (encodes resistance 
to triclosan) — were not found in genome of one strain (4,5%) 
(Corynebacterium striatum 824M, Corynebacterium striatum 
1197, Corynebacterium striatum 708C, respectively). 

However, resistance to aminoglycosides, fusidic acid, 
fosfomycins was encoded by several genes. In this regard, the 
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Antimicrobial drugs Genes encoding antimicrobial resistance

Lipopeptides pgsA,  gdpD (ugpQ, glpQ)

Macrolides, penicillins mtrA,  mtrB

Macrolides, lincosamides, streptogramins ermX

Diaminopyrimidines folA (dfr)

Tetracyclines, glycylcyclines s10p (rpsJ)

Tetracyclines tetO (tetW)

Sulfonamides folP

Aminoglycosides s12p (rpsL, rpsJ), gibB, aph(3')-I, aph(6)-Ic

Fusidic acid ef-G (fusA), lsu (rplF)

Cycloserine alr, dlr

Isoniazid oxyR

Fosfomycins murA, ispC (dxr)

Chloramphenicol cmx

Muropirocin ileS

Triclosan fabG

Bicyclomycin rho

Elfamycins ef-Tu(tufA)

Table 2. List of antimicrobial resistance genes found in the genomes of the studied Corynebacterium non diphtheriae strains using the PATRIC online resource

lack of one gene in the genome can not indicate the isolate 
sensitivity to these antimicrobial substances. 

All other genes provided in Table 2 were found in 100% of 
genomes of 22 Corynebacterium strains. 

C. striatum 2308 was the strain containing 24 identified 
antimicrobial resistance genes out of 25. Only the tetO (tetW) 
gene was not found in its genome. According to the literature, 
this strain was isolated in 2011 from the blood culture of a man, 
who was treated at the hospital in Rio de Janeiro. Based on 
phenotypic characteristics, it showed sensitivity to tetracycline 
(MIC 1 mg/L), linezolid (MIC 0.25 mg/L) and vancomycin (MIC 
0.5 mg/L) only [12]. The data of bioinformatics analysis we have 
obtained confirm the phenotypic study results [12]: no tetO (tetW) 
gene (tetracycline resistance), no genes encoding resistance 
to oxazolidones (linezolid) and glycopeptides (vancomycin). It is 
worth noting that no linezolid and vancomycin resistance genes 
were found in any of the studied strains. However, the authors 
point out that this strain showed phenotypic resistance to 
erythromycin (MIC > 256 mg/L) and clindamycin (MIC > 256 mg/L), 
as well as to gentamicin (aminoglycoside) (MIC 256 mg/L) [12]. 
Such phenotypic effects may result from the presence of genes 
ermX and aph (3')-I, aph (6)-Ic.

Corynebacterium amycolatum ICIS 9 extracted from vagina 
of a healthy woman in 2017 in Russia turned out to be one 
more strain with the genome showing the lack of gene ispC (dxr) 
(fosfomycin resistance) only. However, fosfomycin resistance 
is also encoded by the murA gene, which was found in the 
genome. The authors of the paper considered Corynebacterium 
amycolatum ICIS 9 as a potential probiotic agent for treatment 
of vaginal dysbiosis [9–11]. The Corynebacterium amycolatum 
ICIS 9 phenotypic resistance to antimicrobials (amikacin, 
gentamicin (aminoglycosides), amoxicillin (β-lactams), 
clarithromycin (macrolide), chloramphenicol, ciprofloxacin 
(fluoroquinolone) and tetracycline) was determined [9–11]. 
Indeed, our bioinformatics study showed that the genome 
of this isolate comprised genes encoding resistance to 
penicillins, aminoglycosides, macrolides, chloramphenicol, 
fluoroquinolones, and tetracyclines (Table 2). 

As for strains, the genomes of which lack a significant 
number of antimicrobial resistance genes (6–10 genes), these 
included the following: C. amycolatum ICIS 99, C. amycolatum 

ICIS 53, C. amycolatum SB-1, C. amycolatum 1189, C. striatum 
824M, C. striatum 708 (Table 3).

The C. striatum 708 strain extracted from synovial fluid of 
a patient in the UK (BioSample: SAMN34403526) comprised 
the lowest number of antimicrobial resistance genes (19 genes).

Currently, many causes of antimicrobial resistance of 
microorganisms are distinguished. This phenomenon results 
not only from the presence of genetic determinants associated 
with antimicrobial resistance, but also with various mutations 
in these genes. It has been found that mutations in the 
short regions of genes gyrA and gyrB (quinolone resistance-
determining regions (QRDR)) encoding А and В subunits of 
DNA gyrase result in quinolone/fluoroquinolone resistance [9]. 

In Corynebacterium, quinolone/fluoroquinolone resistance 
results from spontaneous mutations in the gene encoding 
gyrase A subunit [12, 13]. It has been found that mutations 
associated with amino acid changes in positions 87, 88 and 
91 increase the minimum inhibitory concentrations (MICs) of 
quinolones/fluoroquinolones. Thus, amino acid substitutions in 
position 87, Ser (S) to Arg (R), Phe (F), Val (V), in position 88, Ala 
(A) to Pro (P), in position 91, Asp (D) to Tyr (Y), Gly (G), Ala (A), 
increased the ciprofloxacin, levofloxacin and moxifloxacin MICs 
[12, 13]. In this regard we considered it necessary to conduct a 
molecular genetic analysis of the gene amino acid sequence in 
22 studied strains. GyrA of Corynebacterium glutamicum ATCC 
13032 (GenBank ID: NP599264) was used as a reference when 
performing comparative analysis and determining the amino 
acid position number [13].

According to the literature data, the C. striatum ATCC 6940, 
C. jeikeium ATCC 43734 and C. urealyticum DSM 7109 isolates 
showed quinolone/fluoroquinolone resistance [13]. The gyrA 
amino acid sequences of these strains were used as controls.

The analysis showed that in the C. striatum ATCC 6940, 
C. jeikeium ATCC 43734, C. amycolatum 1189, 
C. aurimucosum UMB7769, C. striatum 1115, C. urealyticum 994, 
C. urealyticum 996, C. urealyticum DSM 7109, C.  jeikeium K411, 
C. amycolatum SB-1, C. genitalium ATCC 33030 strains, 
position 87 was occupied by Ser (S), while position 91 was 
occupied by Asp (D). According to the literature, such gene 
structure ensured the strains’ sensitivity to quinolones/
fluoroquinolones, despite the presence of resistance genes [12, 13].
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Table 3. List of antimicrobial resistance genes not found found in the genomes of the studied Corynebacterium non diphtheriae strains

№ Strain Antimicrobial resistance genes not found in the genome

1                Corynebacterium amycolatum BER245 ermX, tetO (tetW),ispC (dxr)

2                 Corynebacterium amycolatum ICIS 53 ermX, tetO (tetW), aph(3')-I, aph(6)-I, lsu (rplF), ispC (dxr), cmx

3                Corynebacterium amycolatum VH6958 tetO (tetW), lsu (rplF), ispC (dxr)

4                 Corynebacterium amycolatum ICIS 9 ispC (dxr)

5                Corynebacterium amycolatum SB-1 ermX, tetO (tetW), aph(3')-I, aph(6)-I,  lsu (rplF), ispC (dxr), cmx

6                 Corynebacterium amycolatum ICIS 99 ermX, tetO (tetW), aph(3')-I, aph(6)-I, lsu (rplF), ispC (dxr)

7                Corynebacterium amycolatum 1189 ermX, tetO (tetW), aph(3')-I, aph(6)-I,  lsu (rplF), ispC (dxr), cmx

8                 Corynebacterium urealyticum DSM 7109 ermX, tetO (tetW), aph(3')-I, aph(6)-I

9                 Corynebacterium urealyticum VH3073 tetO (tetW), lsu (rplF)

10              Corynebacterium urealyticum 996 ermX, tetO (tetW), lsu (rplF)

11              Corynebacterium urealyticum 994 tetO (tetW), lsu (rplF)

12             Corynebacterium  striatum 2308 tetO (tetW)

13              Corynebacterium striatum 708C mtrA,  mtrB, ermX, tetO (tetW), gibB,aph(3')-I, aph(6)-I, lsu (rplF), fabG, cmx

14             Corynebacterium striatum 824M ermX, tetO (tetW),aph(3')-I, aph(6)-I, lsu (rplF), gibB

15             Corynebacterium striatum 1197 oxyR

16            Corynebacterium striatum 1115 tetO (tetW), aph(3')-I, aph(6)-I, lsu (rplF),cmx

17             Corynebacterium striatum ATCC 6940 ermX, tetO (tetW),aph(3')-I, aph(6)-I

18             Corynebacterium jeikeium K411 ermX, tetO (tetW), aph(3')-I, aph(6)-I

19             Corynebacterium jeikeium 574 tetO (tetW), aph(3')-I, aph(6)-I, lsu (rplF),cmx

20          Corynebacterium jeikeium ATCC 43734 ermX,  tetO (tetW), aph(3')-I, aph(6)-I

21          Corynebacterium aurimucosum UMB776 aph(3')-I, aph(6)-I, lsu (rplF), cmx

22             Corynebacterium genitalium ATCC 33030 ermX, tetO (tetW), aph(3')-I, aph(6)-I, cmx

Ser (S) replaced with Arg (R) in position 87 was reported 
in C. amycolatum ICIS 53, C. amycolatum ICIS 99. As for 
C. amycolatum VH6958 strain, Ala (A) replaced with Pro (P) 
in position 88 was reported in addition to Ser (S) replaced 
with Arg (R) in position 87. It is worth paying attention to the 
C. amycolatum BER245 strain, for which Asp (D) replaced with 
Tyr (Y) in position 91 was reported along with Ser (S) replaced 
with Arg (R) in position 87. Such mutations dramatically 
increased the MICs of quinolones/fluoroquinolones [12, 13].

C. urealyticum VH3073 had two unique substitutions: 87 — 
Ser (S)/ Val (V) and 91 — Asp (D)/ Tyr (Y). C. striatum 2308, 
C. striatum 708C, C. striatum 824M had only one amino acid 
substitution: 87 — Ser (S)/ Val (V). Moreover, strains carrying 
unique substitutions were identified: 87 — Ser (S)/ Ile (I), 91 — 
Asp (D)/ Ala (A) — C. amycolatum ICIS 9; 87 — Ser (S)/ Ile (I), 
91 — Asp (D)/ Gly (G) — C. jeikeium 574; 87 — Ser (S)/ Phe (F), 
91 — Asp (D)/ Gly (G) — C. striatum 1197 (Fig. ). The evolutionary 
significance of these substitutions is to be determined in further 
studies. 

Thus, 11 isolates have position 87 occupied by Ser (S), in 
4 strains it is occupied by Val (V), in 4 strains by Arg (R), in 2 
strains by Ile (I), in one strain by Phe (F). A total of 21 strains 
have position 88 occupied by Ala (A), while in one isolate it is 
occupied by Pro (P). A total of 17 isolates have position 91 
occupied by Asp (D), in 2 strains it is occupied by Tyr (Y), in 2 
strains by Gly (G), in 1 strain by Ala (A). 

To summarize, it is worth noting that double mutations in 
gyrA described in the literature as mutations causing a dramatic 
increase in MICs of quinolones/fluoroquinolones were found in: 
C. amycolatum VH6958 isolated in 2016 in Spain (BioSample: 
SAMN18038700) — Ser (S) replaced with (R) in position 87, Ala 
(A) replaced with Pro (P) in position 88; C. amycolatum BER245 
isolated in 2011 in Brazil from the patient with otitis — Ser (S) 
replaced with Arg (R) in position 87, Asp (D) replaced with Tyr 
(Y) in position 91; C. urealyticum VH3073 isolated in 2017 in 

Spain from the patient’s urine (BioSample: SAMN12621417) — 
Ser (S)/ Val (V) substitution in position 87, Asp (D)/ Tyr (Y) in 
position 91.

One mutation was found in two strains (C. amycolatum ICIS 53, 
C. amycolatum ICIS 99): Ser (S) replaced with Arg (R).

DISCUSSION

The spread of antimicrobial drug resistance genes by horizontal 
transfer causes the increase in the number of resistant 
microorganisms, including opportunistic pathogens. It is worth 
noting that Corynebacterium strains, such as C. amycolatum 
ICIS 53, C. amycolatum ICIS 9, C. amycolatum ICIS 99 isolates 
extracted from vaginal discharge of healthy women we have 
studied, had a large enough pool of antimicrobial resistance 
genes [9, 11]. In this regard, it is necessary to continuously 
monitor antimicrobial resistance of bacteria in order to 
develop effective measures against their growing resistance 
to antimicrobial drugs. The databases containing information 
about antibiotic resistance of bacteria will make it possible 
to compare the results obtained using different methods and 
estimate the abundance of antimicrobial resistance genes.

Our findings allowed us to single out a core set of antimicrobial 
resistance genes comprised in the Corynebacterium genomes. 
These data can be used as potential estimates of the use of 
antimicrobials for treatment of patients. However, molecular 
genetic testing should be combined with other methods based 
on phenotypic assessment of sensitivity to drugs, since the 
data on phenotypic and genotypic resistance are not always 
correlated. 

Antimicrobial resistance can be associated with various 
mutations. In particular, quinolone/fluoroquinolone resistance 
is realized mainly through acquisition of point mutations in the 
sequence of gyrA gene encoding DNA gyrase A subunit, while 
overexpressed efflux pump can also contribute to acquisition 
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Fig. The gyrA amino acid sequence of Corynebacterium non diphtheriae isolates taken as examples. Positions of point mutations found in the gyrA amino acid 
sequence, which, according to the literature, affect the increase in the quinolone/fluoroquinolone minimum inhibitory concentrations (MICs), are marked with frames 

Consensus sequence:

of quinolone resistance [12, 13]. In C. amycolatum, alteration 
in the GyrA position 87 ensured resistance to all the tested 
quinolones/fluoroquinolones [12, 13]. Such substitutions were 
also observed in the genomes of C. amycolatum strains we 
had assessed. Furthermore, some Corynebacterium strains 
carried several mutations in the gyrA amino acid sequence, 
which increased the MICs of quinolones/fluoroquinolones 
[12, 13]. Investigation of genetic variability through mutation 
is important for the study of evolutionary transformation of 
bacterial genomes and can be used to develop rapid molecular 
diagnostic tests.

CONCLUSIONS

A growing etiological significance of Corynebacterium for 
infectious diseases, especially as hospital-acquired pathogens 
among immunocompromized patients having a history of the 
long-term hospital stay, several courses of antibiotic therapy and 
treatment with the use of invasive medical devices, determines 
the need to constantly monitor pathogens. Antimicrobial 
resistance of bacteria is a major concern: 1) it was found 

that there was a large pool of antimicrobial resistance genes 
(25 genes) forming various combinations in the Corynebacterium 
genomes. The presence of gene was correlated to the isolate 
capability of being resistant to antimicrobial drugs. This 
represented an important evolutionary effect of the impact 
of antibiotics on the population structure of microorganisms. 
It should be noted that antimicrobial resistance is most often 
encoded by several genes. Variability of antimicrobial resistance 
determinants emphasizes the need for continuous monitoring 
of the Corynebacterium resistance profiles; 2) mutations were 
detected in the gyrA amino acid sequences of the studied 
strains (positions 87, 88, 91), which were considered to be 
associated with quinolone/fluoroquinolone resistance.

The goal of the study was achieved. The limited data on 
Corynebacterium, including molecular genetic data, hamper 
comparative analysis. Expansion of the range of strains, 
including ones represented in various databases, will contribute 
to better understanding of the genome structure, phenotypic 
characteristics, while identification of the range of antimicrobial 
resistance genes will expand the knowledge about the 
directions of antibiotic therapy.
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IMPACT OF UNTRANSLATED mRNA SEQUENCES ON IMMUNOGENICITY OF mRNA VACCINES 
AGAINST M. TUBERCULOSIS IN MICE

Vaccination is among the most effective measures to reduce tuberculosis morbidity and mortality. In 1974, BCG vaccination was included in the Expanded Program 

on Immunization. Today, it covers 80% of all children around the globe. Unfortunately, BCG vaccine provides no protection against pulmonary tuberculosis, the most 

prevalent form of tuberculosis. It is necessary to urgently develop new vaccination strategies to stop large-scale dissemination of infection caused by the multidrug-

resistant pathogen. The study was aimed to compare the capabilities of three variants of mRNA vaccines encoding ESAT6 epitopes of stimulating adaptive immune 

response formation in C57BL/6 mice (ELISpot, delayed hypersensitivity, IgG titers), as well as of protecting I/St mice against M. tuberculosis infection. Efficacy of 

mRNA vaccines comprising different untranslated regions packaged in lipid nanoparticles was compared with that of BCG vaccine. The 5'-TPL-Esat6-3'-Mod 

vaccine demonstrated the highest efficacy in our experimental model. Thus, the 5'-TPL-Esat6-3'-Mod mRNA vaccine can be considered as a candidate vaccine 

for further optimization, improving efficacy and subsequent use for prevention of tuberculosis.
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ВЛИЯНИЕ НЕТРАНСЛИРУЕМЫХ ПОСЛЕДОВАТЕЛЬНОСТЕЙ мРНК НА ИММУНОГЕННОСТЬ 
мРНК-ВАКЦИН ПРОТИВ M. TUBERCULOSIS У МЫШЕЙ

Вакцинация является одним из наиболее успешных медицинских мероприятий по снижению заболеваемости и смертности от туберкулеза. В 1974 г. 

вакцинация БЦЖ была включена в Расширенную программу вакцинации, и на сегодня охватывает 80% всех детей на земном шаре. К сожалению, 

вакцина БЦЖ не защищает от наиболее распространенной формы туберкулеза — туберкулеза легких. Требуется срочно разработать новые стратегии 

вакцинации, чтобы остановить широкомасштабное распространение инфекции с множественной лекарственной устойчивостью возбудителя. Целью 

исследования было сравнить способность трех вариантов мРНК-вакцин, кодирующих эпитопы ESAT6, стимулировать формирование адаптивного 

иммунитета у мышей C57BL/6 (ELISpot, ГЗТ, титры IgG), а также защищать мышей I/St от заражения M. tuberculosis. Эффективность упакованных 

в нанолипидные частицы мРНК-вакцин, различающихся последовательностями нетранслируемых регионов, сравнивали с эффективностью БЦЖ. В 

полученной нами экспериментальной модели максимальную эффективность по большинству показателей продемонстрировала вакцина 5'-TPL-Esat6-3'-Mod. 

Таким образом, мРНК-вакцина 5'-TPL-Esat6-3'-Mod может быть рассмотрена в качестве кандидатной для дальнейшей оптимизации, повышения ее 

эффективности и последующего применения для профилактики туберкулеза.

Ключевые слова: мРНК-вакцины, БЦЖ, адаптивный иммунный ответ, туберкулез 
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About 10 million cases of active tuberculosis (TB) and about 
1.5 million TB deaths are revealed annually all over the world 
[1]. The search for new TB vaccine frustrated many generations 
of enthusiastic researchers. Numerous painstaking attempts 
to understand the fundamental mechanisms underlying 
protective immunity in mycobacterial infection resulting only 
in understanding its complexity and not allowing to determine 
reliable immunological correlates of protection and form the 
basis for rational selection of promising vaccines. It is clear 
that unique features of effective immune response to the 
appropriate pathogen should be considered when developing 
the new generation vaccines [2]. The requirements for such 
vaccines should include: 1) induction of the “correct” ratio 
of T cell subpopulations and cytokine spectrum associated 
with the response to infection in combination with induction 
of protective and long-term (immunological memory) immunity; 
2) activation of the “correct” effector mechanisms aimed at 
prevention of infection or elimination of the infectious agent; 
3) high specificity for the infectious agent allowing to avoid the 
risk of autoaggression on account of cross-reacting antigens; 
4) the use of bacterial antigens expressed in the host by 
all isolates and strains; 5) immunogenicity for all major 
histocompatibility complex (MHC) haplotypes in the human 
population. 

The aspects most important for development of new effective 
TB vaccine are as follows: a) selection and combination of 
antigens, selection of the antigen physical and chemical properties 
(intracellular, surface-associates or secreted proteins, glycolipids, 
phospholigands); b) vaccine type (whole proteins or peptides, 
whole live attenuated or heat-killed bacteria, recombinant 
bacteria, DNA vaccines); c) vaccine form and administration 
route (high/low doses, adjuvants, immunomodulatory cytokines, 
immunostimulant DNA sequences).

The use of mRNA-based vaccines is a relatively new 
direction of vaccinology [3, 4]. The first experimental mRNA 
vaccines were developed in early 1990s. It has been shown 
that these induce both humoral and cell-based immunity in vivo 
[5, 6]. However, the first carriers used for transfer of mRNA 
molecules had poor safety profiles, while the per se use of 
mRNA led to the nucleic acid recognition by the immune system 
and degradation by RNAses [6]. These problems were partially 
overcome by using modified nucleosides in the mRNA molecule 
(replacement of uridine with pseudouridine or other analogues) 
making it possible to avoid induction of interferon-mediated 
antiviral pathways resulting in disruption of mRNA molecules 
[7]. At the same time, the toll-like receptor mediated activation 
of the innate immunity mechanisms by mRNA molecules can 
improve vaccination efficacy [8]. The development of carriers 
in the form of lipid nanoparticles (containing PEGylated lipids, 
cholesterol, ionizable lipids, and phospholipids) with improved 
safety profile increased the effectiveness of mRNA delivery. In 
general, these advances resulted in the growth and a constant 
interest in the use of mRNA vaccines for prevention of various 
infectious diseases, mostly viral. However, the experience 
of using mRNA vaccines for infectious diseases caused by 
bacteria is extremely limited.

Nevertheless, not all mRNA-based agents show high 
effiсacy. Low RNA stability in the cell results in premature 
RNA degradation, low translation efficacy, decreased levels and 
expression duration of the target protein [9]. One of the key roles 
in ensuring stability of mRNA molecules and effectiveness of their 
translation is played by regulatory sequences of untranslated 
regions (5'-UTR and 3'-UTR). It should be noted that, despite 
extensive studies of the UTR properties, the number of studies 
focused on assessing the contribution of distinct UTRs to 

translation of heterologous RNA is limited [10, 11]. The study 
was aimed to assess immunogenicity and protective effects 
of the TB mRNA vaccines comprising various combinations of 
5'-UTR and 3'-UTR sequences in the experimental murine model.

METHODS

Experimental design

The experiment involved 65 female C57BL/6Cit (B6) mice 
and 65 female I/StSnEgYCit (I/St) mice (body weight 20–25 g,
age 2–4 months) taken from the Central Tuberculosis Research 
Institute breeding nursery. The animals were kept in a 
conventional vivarium with the fixed 12.00 : 12.00 h light/dark 
cycle and ad libitum access to water and food. B6 mice were 
intramuscularly immunized twice at a 3-week interval using three 
different mRNA vaccine variants: mRNA 5'-TPL-Esat6-3’Mod, 
5'-Rabb-Esat6-3'EMCV and 5'-Mod- Esat6-3'Mod, 50 µg of 
RNA per injection (Fig. 1). Control animals were administered 
phosphate-buffered saline (PBS). BCG vaccination (BCG 
Pasteur) was performed once by subcutaneous injection with 
100,000 CFU/mouse five weeks before tissue harvesting (В6)/
infection (I/St). 

Eight animals from each group of В6 mice were used to 
assess delayed hypersensitivity. The remaining mice (five per 
group) were used to estimate T cell response (ELISpot) and 
titers of IgG and IgM against M. tuberculosis antigens. In I/St 
mice (five per group), mycobacterial load in the spleen and lung 
was determined 50 days after infection, along with the dynamic 
changes in mouse death rate after infection.

Cloning

To obtain constructs for further in vitro RNA transcription, a 
cassette comprising 5'-UTR, 3'-UTR and the earlier reported 
sequence encoding various ESAT6 protein epitopes [12] was 
inserted in the pSmart commercially available vector (Lucigen; 
USA). The 5’-UTR sequence of vaccine against SARS-CoV2 
(Moderna; USA), sequence of the late adenoviral tripartite 
leader (TPL) or Rabb rabbit β-globin (Appendix 1) were 
used as 5'-UTR. The 3'-UTR sequence of vaccine against 
SARS-CoV2 (Moderna; USA) or 3'-UTR sequence of the 
encephalomyocarditis virus (EMCV) was used as 3'-UTR. 
Fragments were linked together by PCR involving overlapping 
primers. The EcoRI and BglII restriction sites were introduced 
into the 5'-UTR-Esat6-3'-UTR construct that were used for 
cloning into the pSmart vector. The NEB-stable strain was used 
for culturing (New England Biolabs; UK).

In vitro mRNA transcription

In vitro transcription was performed as described earlier [12]. 
RNA was precipitated by adding LiCl to the concentration of 
0.32 M and EDTA (pH 8.0) to the concentration of 20 mM with 
subsequent incubation on ice for an hour. Then the solution was 
centrifuged for 15 min (25,000 g, 4 °C). The RNA precipitate 
was washed with 70% ethanol, dissolved in ultrapure water 
and then precipitated again with alcohol in accordance with 
the standard procedure. RNA concentration was determined 
by spectrophotometry based on absorption at 260 nm.

Formulation of mRNA into lipid nanoparticles

Formulation of mRNA into lipid nanoparticles was performed in 
the NanoAssemblr™ Benchtop system (Precision Nanosystems; 
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Fig. 1. Experimental design
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USA) as described earlier [13]. The lipid mixture components 
were as follows: ionizable lipidoid ALC-0315 (BroadPharm; USA), 
distearoylphosphatidylcholine (DSPC) (Avanti Polar Lipids; USA), 
cholesterol (Sigma-Aldrich; USA), DMG-PEG-2000 (BroadPharm; 
USA); the molar ratio (%) was 46.3 : 9.4 : 42.7 : 1.6. 

The concentration of mRNA loaded onto lipid nanoparticles 
was determined based on the difference in the fluorescent 
signal levels upon RiboGreen (Thermo Fischer Scientific; 
USA) staining of suspended particles before and after their 
destruction. The Triton X-100 detergent (Sigma-Aldrich; USA) 
was used to destroy the particles. The amount of encapsulated 
RNA in the particles in all samples constituted more than 95% 
of the total amount of RNA (encapsulated + free). Particle size 
was 80–90 nm, and polydispersity index was below 0.15.

Delayed hypersensitivity reaction measurement 

Delayed hypersensitivity reaction in mice of each group (eight 
mice per group) was assessed four weeks after vaccination 
based on the left hind paw swelling in response to administration 
of 40 µL of PBS containing 50 IU of tuberculin purified protein 
derivative (SCEEMP; Russia) 48 h after injection. The data were 
presented as Δ (difference in thickness of the left and right 
paws in mm). 

Antigens

The H37Rv M. tuberculosis sonicate, the soluble fraction of 
M. tuberculosis H37Rv disrupted by ultrasound, was used as 
antigen in ex vivo experiments [14]. 

Determination of titers of IgG and IgM against 
M. tuberculosis antigens

Murine blood serum was used to determine titers of specific 
antibodies (IgG and IgM) against mycobacterial antigens by 
enzyme immunoassay routinely used in laboratory settings [15, 16]. 
Serum dilutions between 1 : 50 and 1 : 400 were used for 
antibody determination.

Quantification of IFNγ-producing cells 

Protective T cell immune response was estimated based on the 
counts of splenocytes secreting IFNγ in response to stimulation 
with mycobacterial antigens using the Mouse IFNγ ELISpot 
Set (BD NJ; USA) and AEC Substrate Set (BD NJ; USA) in 
accordance with the manufacturer’s instructions. 

Evaluation of protective response 

The I/St mice were immunized twice (42 and 21 days before 
infection) with mRNA-based vaccines. BCG immunization was 
performed 35 days before infection. Mice were infected with the 
M. tuberculosis virulent strain in a dose of 500,000 CFU/mouse. 
Mycobacteria were quantified in the internal organs of infected 
mice on day 50 after infection. For that lungs and spleens of 
infected animals were isolated in the sterile environment and 
homogenized in 2 mL of saline. Then 10-fold serial dilutions of 
organ homogenates were prepared and sown on Petri dishes 
with Middlebrook 7H10 agar, 50 µL per dish. The Petri dishes 
with applied suspensions were incubated at 37 °С. Then, 21 
days later the M. tuberculosis H37Rv macrocolonies were 
enumerated in the dish and their number was recalculated with 
reference to the organ.

Statistical analysis

Statistical processing of the results was performed using the 
Student's t-test; Bonferroni correction was applied when 
comparing more than two groups. The differences were 
considered significant at p < 0.05. The data provided in figures 
are presented as means ± SEM. The Gehan–Breslow–Wilcoxon 
method was used for survival curves.

RESULTS

Immunogenicity of the tested vaccines was assessed based on 
their ability to induce specific cellular immune response ex vivo 
(ELIspot) and in vivo (delayed hypersensitivity), as well as on the 
specific antibody response in blood of vaccinated mice (Fig. 2). 
Fig. 2А presents the results of IFNγ-producing cell quantification 
in the spleens of experimental animals. Significant differences 
from controls were obtained for the 5'-Mod-Esat6-3'-Mod and
5'-TPL-Esat6-3'-Mod mRNA vaccines (p < 0.004 and p < 0.0008,
respectively). Among groups of animals immunized with 
mRNA vaccines, the group that received 5'-TPL-Esat6-3'-Mod
was the leader based on the IFN-producing cell counts 
(p < 0.004 and p < 0.0004 vs. 5'-Mod-Esat6-3'-Mod, 
5'-Rabb-Esat6-3'-EMCV mRNA vaccines, respectively). At the 
same time, the highest IFN-producing cell counts were found in 
the group of BCG-vaccinated mice (p < 0.006, p < 0.006 and 
p < 0.03 vs. 5'-Mod-Esat6-3'-Mod, 5'-Rabb-Esat6-3'-EMCV 
and 5'-TPL-Esat6-3'-Mod mRNA vaccines, respectively).  

The delayed hypersensitivity reaction of mice immunized 
with the 5'-Rabb-Esat6-3'EMCV and 5'-TPL-Esat6-3'-Mod 



30

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ИММУНОЛОГИЯ

ВЕСТНИК РГМУ   6, 2023   VESTNIKRGMU.RU| |

Fig. 2. Adaptive immune response induction by mRNA vaccines. В6 mice were immunized twice (42 and 21 days before the experiment) with mRNA vaccines. BCG 
immunization was performed 35 days before the experiment. On the day of experiment, IFN-producing cell counts were determined in responders to mycobacterial 
antigens (А), as well as the delayed hypersensitivity reaction (B) and production of specific antibodies against mycobacterial antigens (C). Means ± SEM are presented, 
where n — five mice per group for А and C, eight mice per group for B. А, B. * — p < 0.05; ** — p < 0.01; *** — p < 0.001 compared to control. C. * — 
significant difference from control for BCG, Δ — significant difference from control for 5'-Mod-Esat6-3'-Mod vaccine, ● — significant difference from control for 
5'-Rabb-Esat6-3'-EMCV vaccine, ■ — significant difference from control for 5'-TLP-Esat6-3'-Mod vaccine
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mRNA vaccines was significantly different from that of controls 
(p < 0.04 for these groups) and similar to the delayed 
hypersensitivity reaction of BCG-vaccinated mice (Fig. 2B). 
2B). There were no significant differences between the 
5'-Rabb-Esat6-3'EMCV, 5'-TPL-Esat6-3'-Mod and BCG groups.

The studies focused on assessing the development of 
humoral immune response to the TB mRNA vaccines also 
showed differences from controls. The results of determining 
(titration curves) the antigen-specific antibodies (IgG) are 
presented in Fig. 2C. All the tested vaccines, including 
BCG, stimulated production of anti-mycobacterial IgG in 
immunized mice. Furthermore, among mRNA vaccines, the 
maximum production of antigen-specific IgG was reported in 
response to immunization with 5'-Rabb-Esat6-3'EMCV and 
5'-TPL-Esat6-3'-Mod (compared to controls). There were no 
significant differences between the 5'-Rabb-Esat6-3'EMCV, 
5'-TPL-Esat6-3'-Mod and BCG groups. The levels of antigen-
specific IgM production in vaccinated mice were similar to that 
of controls (Appendix 2). Thus, our findings have shown that 
the Esat6 epitope-based mRNA vaccines cause the adaptive 
immune response induction. Despite the fact that all mRNA 
vaccine variants were less effective than BCG, we observed 

significant differences in their efficacy depending on the UTR 
sequences. The best results of testing the vaccine for both 
cellular and humoral immune response were obtained for the 
5'-TPL-Esat6-3'-Mod mRNA vaccine. 

The development of protective immune response was 
studied in the I/St mice susceptible to TB infection. Fig. 3
presents the results of determining mycobacterial load in 
infected animals, as well as the dynamic changes in death 
rate of immunized animals after infection. A significant 
decrease in the lung tissue mycobacterial counts compared to 
unvaccinated controls was revealed in mice immunized with the 
5'-Rabb-Esat6-3'-EMCV, 5'-TPL-Esat6-3'-Mod mRNA 
vaccines and BCG (Fig. 3B). Furthermore mycobacterial load 
in the lung tissue of the groups of mice vaccinated with the 
5'-TPL-Esat6-3'-Mod mRNA vaccine and BCG showed no 
significant differences. As for the spleen, significant differences 
from non-immunized controls were reported for BCG-vaccinated 
mice only (Fig. 3А).

The animals’ extended lifespan after infection is among 
major criteria of the vaccine protective effect. That is why we 
compared the dynamic changes in death rate in the control 
and experimental groups of mice after infection. Significant 
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Fig. 3. Protective immune response associated with immunization with mRNA vaccines. I/St mice were immunized twice (42 and 21 days before the experiment) 
with mRNA vaccines. BCG immunization was performed 35 days before the experiment. Mice were infected with the M. tuberculosis virulent strain in a dose of 
500,000 CFU/mouse. Mycobacterial load in the spleen (А) and the lungs (B) of infected animals was assessed 50 days later, along with the dynamic changes in the 
mouse death rate after infection (C). Means ± SEM are presented, where n – five (А, B) and eight (C) mice per group; * — p < 0.05; ** — p < 0.01; *** — p < 0.001
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differences from unvaccinated controls (Gehan–Breslow–
Wilcoxon method for survival curves) were reported for BCG-
immunized mice and mice immunized with the 5'-TPL-Esat6-
3'-Mod mRNA vaccine (р = 0.0005 and р = 0.04, respectively). 
Significant differences in the death rate of I/St mice vaccinated 
with BCG and 5'-TPL-Esat6-3'-Mod mRNA vaccine were also 
revealed (р = 0.01) (Fig. 3C). Similar to the adaptive immune 
response induction results, the 5'-TPL-Esat6-3'-Mod mRNA 
vaccine showed the highest efficacy among mRNA vaccines; it 
was the only vaccine that ensured reduced mortality relative to 
unvaccinated animals. 

DISCUSSION

In this study involving the murine model of TB infection we have 
shown that administration of two doses of mRNA vaccines 
consisting of mRNA encoding some ESAT6 mycobacterial 
protein epitopes encapsulated in lipid particles yields protective 
immune response, the efficacy of which  depends, inter alia, on 
the mRNA untranslated sequences comprised in the vaccine. 
Furthermore, stimulation of humoral immune response by 
various vaccine variants determined based on production 
of specific antibodies after vaccination is significantly different 

from activation of cell-based immunity assessed based on the 
delayed hypersensitivity reaction intensity and IFNγ production 
(based on ELIspot). 

Historically, the stidues of immune response to infection 
caused by M. tuberculosis were focused mainly on T cells and 
macrophages, since their role in granuloma formation was 
rather well understood. In contrast, the role of B cells in the TB 
infection pathogenesis was relatively understudied. Therefore, 
the majority of newly developed TB vaccines were focused on 
the cellular immune response induction [2]. However, a number 
of recent studies of TB vaccine efficacy in mice, nonhuman 
primates and humans revealed minor induction of antibodies 
against M. tuberculosis, which could be associated with the 
observed vaccine efficacy [17]. In our study, among all mRNA 
vaccines, maximum protection (based on the lung-derived 
mycobacterial culture and survival of infected mice) was 
achieved by using the 5'-TPL-Esat6-3'-Mod mRNA vaccine. 
Immunization with the 5'-TPL-Esat6-3'-Mod mRNA vaccine 
results in formation of pronounced cellular immune response 
and moderate production of specific anti-mycibacterial IgG. At 
the same time, immunization of mice with the 5'-Mod-Esat6-
3'-Mod mRNA vaccine stimulates active production of specific 
antibodies, but it is not associated with generation of protection 
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and does not activate the adaptive immune response cellular 
component.  

We assume that the differences between three mRNA 
vaccines differing only by untranslated sequences can be 
associated with the mRNA translation duration and intensity 
and, therefore, with different antigen presentation effectiveness. 
The adenovirus tripartite leader (TPL) sequence acts as an 
enchancer of the viral late gene mRNA translation and is 
believed to be capable of initiating cap-independent translation 
of the adenovirus late mRNA [18, 19]. The 5'-UTR TPL consists 
of 245 nucleotides and has a complex secondary structure. 
It has been shown that TPL comprises IRES, through which 
it can recruit the ribosome regardless of interactions with 
cap [18, 19]. However, since cap-independent translation 
initiation is activated only under conditions of cellular stress, 
we assume that our data on TRL are not related to the cap-
independent translation initiation. In addition to longer length, 
the TPL sequence has a higher GC content and a very negative 
minimum Gibbs free energy (ΔG), which is due to translation 
inhibition [20]. In contrast, 5'-UTR of rabbit β-globin (Rabb) and 
5'-UTR of the mRNA-1273 vaccine (Moderna) have the length 
of about 50 nucleotides and comprise no strong secondary 
structures [21]. Apparently, the secondary structures emerging 
in the 5'-UTR without any RNA-binding protein involvement 

have no pronounced inhibitory effect on translation, since these 
structures can be uncoiled by the eIF4A factor immediately 
before the translation initiation [22]. At the same time, the TPL 
strong secondary structure can contribute to engaging RNA-
binding proteins positively affecting translation.

Thus, the 5'-TPL-Esat6-3'-Mod mRNA vaccine seems to be 
the most promising for further research. Despite the fact that it is
inferior to BCG, further optimization, including increasing the dose of 
vaccine, cap or using the uridine analogues, can improve its efficacy. 
Assessment of prospects of using the 5'-TPL-Esat6-3'-Mod 
mRNA vaccine for revaccination after primary BCG vaccination 
can constitute the next phase of vaccine testing.    

CONCLUSIONS

The mRNA-based multi-epitope vaccines can be considered as 
independent preventive vaccines or booster vaccines against 
M. tuberculosis. Despite the fact that the studied vaccine 
variants have lower efficacy compared to BCG, the relationship 
between the efficacy and the sequence of regulatory regions 
has been revealed. Our findings have made it possible to 
determine the optimal combination of the expression cassette 
regulatory elements. Further development of mRNA vaccine 
against M. tuberculosis will be focused on improving its efficacy.
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PREPARATION OF A RECOMBINANT RIBONUCLEASE INHIBITOR IN E. COLI FOR USE 
IN mRNA SYNTHESIS IN VITRO

Technologies underlying the production of synthetic mRNAs in vitro have significantly expanded the possibilities for research and therapeutic use of this class of 

molecules. The flagship application area has been the niche of mRNA vaccines, but this class of therapeutic molecules has the potential to be applied in a much 

broader range of situations. The process of in vitro production of artificial RNA molecules is based on an enzymatic synthesis reaction, one of the components of 

which is a ribonuclease inhibitor. This protein protects synthesized RNA from attacks by ribonucleases and prevents degradation of the molecules, which is critically 

important  for RNA. Eukaryotic ribonuclease inhibitor synthesized as a recombinant protein in the cells of E. coli bacteria is the most common choice. However, 

the structure of this protein makes it a difficult product to make in bacteria. This study aimed to test the production of a recombinant ribonuclease inhibitor in 

various strains of E. coli, and to show the effect that helper polypeptides and cellular chaperones have on this process. Using genetic engineering approaches, 

we constructed plasmids, from which chimeric ribonuclease inhibitor molecules and helper polypeptides were produced. The influence of various components on 

solubility of the target recombinant protein was assessed with the help of densitometry, to which we have subjected products of the PAGE electrophoresis. It was 

determined that combinations of a vector with a strong promoter for the expression of the RNH1 ribonuclease inhibitor gene and helper polypeptides MBP and TIG 

against the background of increased expression of cellular chaperones dnaK, dnaJ, grpE give the target product yield of 45 mg/l and 60 mg/l, respectively. The 

selected conditions allow large-scale production of this protein for further use in in vitro RNA synthesis in the context of production of medicines.
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М. В. Захарова1, А. А. Загоскин1,2, Р. А. Иванов2, М. О. Нагорных1,2

ПОЛУЧЕНИЕ РЕКОМБИНАНТНОГО ИНГИБИТОРА РИБОНУКЛЕАЗ В E. COLI 
ДЛЯ ИСПОЛЬЗОВАНИЯ В СИНТЕЗЕ мРНК IN VITRO

Технологии, лежащие в основе получения синтетических мРНК in vitro, значительно расширили возможности их исследовательского и терапевтического 

применения. Флагманской областью применения стала ниша мРНК-вакцин, однако этот класс терапевтических молекул может быть применим к 

гораздо более широкому кругу задач. В основе процесса получения искусственных молекул РНК лежит реакция ферментативного синтеза in vitro, 

одним из компонентов которой является ингибитор рибонуклеаз. Этот белок необходим для защиты синтезированных РНК от атак рибонуклеаз с 

целью предотвращения деградации молекул, что критично для РНК. Чаще всего используют ингибитор рибонуклеаз эукариотического происхождения, 

полученный в виде рекомбинантного белка в клетках бактерий E. coli. Однако он является сложной мишенью для наработки в бактериях, что обусловлено 

его структурой. Целью работы было проверить наработку рекомбинантного ингибитора рибонуклеаз в различных штаммах E. coli, а также показать 

влияние хелперных полипептидов и клеточных шаперонов на этот процесс. При помощи подходов генной инженерии были сконструированы плазмиды, 

с которых проводили наработку химерных молекул ингибитора рибонуклеаз и вспомогательных полипептидов. Оценку вклада различных компонентов, 

влияющих на растворимость целевого рекомбинантного белка, проводили в ходе денситометрического анализа результатов электрофореза в ПААГ. 

Определили, что комбинации вектора с сильным промотором для экспрессии гена ингибитора рибонуклеазы RNH1 и вспомогательных полипептидов 

MBP и TIG на фоне повышенной экспрессии клеточных шаперонов  dnaK, dnaJ, grpE дают выход целевого продукта 45 мг/л и 60 мг/л соответственно. 

Подобранные условия дают возможность крупномасштабных наработок этого белка для дальнейшего использования в синтезе РНК in vitro при 

производстве терапевтических препаратов.

Ключевые слова: ингибитор рибонуклеаз, продукция рекомбинантных белков, шапероны, вспомогательные полипептиды
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Encoded by the RNH1 gene, ribonuclease inhibitor is a protein 
expressed in the cytosol; it inhibits pancreatic ribonucleases, 
merging with them into complexes and protecting cellular RNA 
from premature degradation [1, 2]. The inhibiting effect stems 
from non-covalent binding of protein ribonuclease molecules, 
which leads to blocking of both RNA-binding and catalytic 
ribonuclease domains [3]. Ribonuclease inhibitor is a fairly 
conservative protein, with homology over 70% in mammals - 
humans, mice, horses, and pigs. It consists of 15–16 leucine-
rich repeats (the exact number of repeats depends on the type 
of mammal), and each repeat includes 28–29 amino acids, 
has one alpha helix and one beta sheet. The repeats make 
up a U-shaped structure weighing approximately 50 kDa 
[4, 5]. Physico-chemical properties of ribonuclease inhibitor put 
it among acidic proteins, with isoelectric point in the region of 4.5. 
Thirty-two cysteine residues, which enable the enzyme, are 
another important characteristic of ribonuclease inhibitor. In 
native protein, cysteines are in a reduced state; they participate 
in the formation of a hydrophobic protein core. Oxidation of 
cysteine residues is accompanied by appearance of disulfide 
bridges between them, and conformational changes weaken 
the activity of ribonuclease inhibitor [6, 7]. 

Protein preparations of the ribonuclease inhibitor are of 
biotechnological value for the purposes of both research (in vitro 
RNA synthesis, in vitro translation, cDNA production) and mass 
production of medicines based on artificial RNA molecules. 
Therefore, since its discovery, there have been attempts to 
synthesize this enzyme in large quantities. Historically, the first of 
the said attempts sough to make the ribonuclease inhibitor from 
mammalian tissues [8]. As the recombinant DNA technologies 
matured, the focus of attention shifted to the most widely used 
E. coli bacterial system. However, recombinant ribonuclease 
inhibitor tends to aggregate in E. coli, like other proteins 
containing a large number of hydrophobic amino acids, and with 
cysteine residues in particular. Several other factors, including 
the high rate of translation associated with transcription in 
bacteria, bring accumulation of such recombinant proteins as 
inclusion bodies formed from aggregates of improperly folded 
protein molecules [9]. Therefore, early experiments designed to 
produce a functionally active soluble ribonuclease inhibitor in 
E. coli often ended with the entire protein accumulating as 
inactive aggregates, and when these were refolded in vitro, 
the resulting protein most often lost its potency, and the yield 
thereof was very low [10]. 

Various approaches have been developed to solve this 
problem. One of them suggests employing a vector with a 
weak promoter (for example, Ptrp) and a minimal medium 
for expression of the ribonuclease inhibitor gene. Such 
conditions weakened the expression of the target protein gene 
significantly, which allowed yielding considerable amounts of the 
recombinant inhibitor in a soluble form, but the overall level of 
the final product turned out to be significantly lower compared 
to expression systems where the target gene is controlled by 
the T7 promoter [2]. Another approach involves enriching the 
culture medium with DTT (dithiothreitol), thus keeping cysteines 
in a reduced state, which has a positive effect on the folding 
of many proteins prone to aggregation, including ribonuclease 
inhibitor [11]. This technique was further developed with 
cultivation under anaerobic conditions at a reduced temperature 
and with co-expression of the GroELS cellular chaperone, 
which brings the production of ribonuclease inhibitor to a fairly 
high level [12]. The downsides of this method are its complexity 
and the large number of additional components required, both 
complicating the technological process when the goal is to 
synthesize the protein at scale. Finally, another approach aims 

at producing the target product as a chimeric molecule with 
an fusion polypeptide that improves solubility of the target 
protein. In an earlier study, MBP fusion polypeptide was shown 
to positively affect production of the ribonuclease inhibitor in 
soluble form in E. coli [4].

The purpose of this work was to identify the conditions of 
production of the recombinant human ribonuclease inhibitor in 
E. coli that would simplify the process in the laboratories and 
facilities synthesizing the product at semi-industrial scale.

METHODS

Plasmid design

The genetic constructs used in this work were produced by 
the restriction ligase DNA cloning method. The DNA sequence 
of the RNH1 gene encoding human ribonuclease inhibitor was 
synthesized de novo with codon optimization for E. coli (IDT, 
https://www.idtdna.com /). Amplification of all DNA sequences 
followed the manufacturer's protocol (NEB) and employed 
Q5 high-fidelity polymerase. Cloning of the ribonuclease 
inhibitor gene into the set of vectors with fusion polypeptides 
based on pET28a (Novagen; USA) and pSol (Lucigen; USA) 
was done by restriction sites NdeI and NotI, in an enzymatic 
reaction, with two corresponding restriction endonucleases 
(Sibenzyme; Russia); the procedure lasted for 1 hour at the 
temperature of 37 °C. Next, we did electrophoresis in agarose 
gel and purified DNA fragments therefrom with the help of a 
GeneJET Gel Extraction Kit (Thermo; USA). These fragments, 
corresponding to the vector part and the ribonuclease inhibitor 
gene, were then used in the ligation reaction with T4-DNA 
ligase (NEB), which lasted for 30 minutes at room temperature. 
Competent E. coli 10G cells (Lucigen; USA) were transformed 
with the help of electroporation (Bio-Rad; USA) as prescribed 
by the manufacturer. Plasmid DNA was isolated from clones 
containing correct inserts, with confirmed correctness by the 
Sanger sequencing reaction.

Production of recombinant proteins in E. coli

We used the following strains intended for production of 
recombinant proteins in E. coli: BL21 (DE3) (Invitrogen; USA); 
KRX (Promega; USA); Rosetta (DE3) pLysS (Novagen; USA); 
BL21 Star (DE3) (Invitrogen; USA), Origami 2 (DE3) (Novagen; 
USA). Using plasmids containing genes of fusion polypeptides 
and the ribonuclease inhibitor, we electroporated each strain 
and seeded the LB liquid medium in test tubes (35 ml, including 
selective antibiotics) with a transformation mixture (100 µl) . The 
incubation lasted for 12–14 hours at 37 °C, with the stirring 
speed of 180 rpm. Next, we transplanted the grown culture in 
a ratio of 1:200 into test tubes or flasks containing the required 
amount of the LB culture medium (10–500 ml) with selective 
antibiotics. The cell culture was built up to the optical density (OD) 
of = 0.5–0.6 in a shaker at 180 rpm at 37 °C. Once the needed 
OD was reached, we cooled the culture on ice for 10 minutes, 
added the 1 mM IPTG inductor for pET28a-based vectors or 
0.2% L-rhamnose for pSol-based vectors, and incubated at 
different temperatures while stirring (120 rpm) for 10 hours (16 °C) 
or 2 hours (37 °C). Co-expressed cellular chaperone genes were 
induced by the introduced L-arabinose (0.5%) or tetracycline 
(5 ng/ml), with pre-incubation before adding the target gene 
expression inducers. Then, bacterial cells were deposited by 
centrifugation for 20 minutes at 6000 g and 4 °C.

To measure solubility of the resulting protein, we transferred 
the deposited cells into buffer A (50 mM Tris-HCl pH 7.5; 0.3 
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Fig. 1. Maps of vectors for production of ribonuclease inhibitor with the fusion polypeptides that increase solubility of recombinant proteins in E. coli. A. Variants based 
on the pET28a vector, T7 promoter. B. Variants based on the pSol vector, PRha promoter. RNH1 — gene encoding the human ribonuclease inhibitor; hPP — gene 
encoding one of the fusion polypeptides (MBP, TIG, TSF, FH8, PpiB, YrhB, SUMO, TRX, GST). pET28a vector backbone contains the kanamycin resistance gene, 
pBR322 replication origin, and the sequence encoding the lacI repressor. pSol vector backbone contains the kanamycin resistance gene, pUC replication origin, the 
rhamnose-induced PRha promoter, and the transcription terminator

А B

M NaCl; 0.005 M imidazole) and destroyed them using a Qsonica 
Q700 ultrasound disintegrator until the cell suspension on ice was 
clarified (ultrasonic pulses for 10 s, cooling — 60 s). The destroyed 
cells were deposited by centrifugation (15000 g), which lasted 30 
minutes at 4 °C. Next, we collected samples of the supernatant 
containing the target protein in the soluble form, and the 
precipitate with aggregates was dissolved in urea (2 M) for further 
electrophoretic analysis. PAAG electrophoresis (10%) was used 
to separate protein under denaturing conditions, as prescribed by 
the standard methods. After staining with Coomassie blue dye 
and washing it off, we photographed the gels and quantified the 
soluble and insoluble forms of protein. Image Lab application 
(Bio-Rad; USA) enabled densitometric analysis of the gels.

Protein purification using affinity chromatography

After ultrasonic destruction of the biomass and centrifugation 
of cellular debris, we filtered the remaining supernatant through 
a membrane with 0.22 µm pores. The resulting preparation for 
chromatographic purification contained the soluble fraction 
of proteins in buffer A (50 mM Tris-HCl pH 7.5; 0.3 M NaCl; 
0.005 M imidazole); it was applied on Nuvia IMAC Resin (Bio-
Rad), a chromatographic sorbent. The proteins were eluated 
by chromatographic buffer B (50 mM Tris-HCl pH 7.5; 0.5 M 
imidazole). In a Spin-X centrifuge concentrator (pore size 10 kDa),
purified preparation was concentrated from 5 to 1 ml. If 
necessary, we further treated it with TEV protease (following 
manufacturer's recommendations) overnight at 4 °C, and then 
repeated chromatographic purification, but after that only one 
fraction, that which did not bind to the sorbent and contained 
purified ribonuclease inhibitor, was collected. The target fraction 
was dialized against the storage buffer (40 mM HEPES-KOH 
pH 7.6, 100 mM KCl) at 4 °C. Glycerin (50%) and DTT (8 mM) 
were added for long-term storage at –20 °C.

RESULTS

Our first step in identification of the optimal conditions for 
production of soluble recombinant ribonuclease inhibitor 
was extension of the list of screened fusion polypeptides that 

increase solubility of this protein, since this approach has already 
been tested earlier [4]. For this purpose, we have constructed 
a set of twenty vectors based on two expression plasmids, 
pET28a (Novagen; USA) and pSol (Lucigen; USA). Two vectors 
contained the human ribonuclease inhibitor (RNH1) gene 
codon optimized for expression in E. coli, with its sequence 
encoding polyhistidine tag at the protein's N-terminus, which 
ultimately encoded the target protein molecule with a histidine 
tail for affine purification. The remaining plasmids encoded 
chimeric proteins consisting of fusion polypeptides (MBP, TIG, 
TSF, FH8, PpiB, YrhB, SUMO, TRX, GST) and a recombinant 
ribonuclease inhibitor. The induction of expression from T7 
(pET28a) or rhamnose (in the case of pSol) promoter in these 
plasmids enables production of chimeric proteins comprised 
of combinations of a ribonuclease inhibitor with different fusion 
polypeptides carrying the polyhistidine tag on the N-terminus for 
affinity purification (Fig. 1). It should be noted that a sequence 
encoding the proteolysis site for TEV protease was inserted 
between the ribonuclease inhibitor gene and genes of the fusion 
polypeptides. Thus, after primary affinity purification, it is possible 
to split off the fusion polypeptide and use affinity chromatography 
to produce a pure ribonuclease inhibitor preparation.

All the resulting genetic constructs were tested under the 
typical conditions of production of recombinant proteins in 
E. coli; for the purpose, they transformed cells of BL21 (DE3) 
strain, and enabled the said production at 37 °C. As expected, 
incubation of bacterial cultures at 37 °C yielded no soluble form 
of the ribonuclease inhibitor but only insoluble aggregates, 
regardless of the fusion peptide and from what promoter the 
target gene's expression was initiated (data not provided). When 
the incubation temperature was lowered to 16 °C, variants 
without fusion peptides also formed inclusion bodies, but in 
the end, there were several chimeric proteins in the soluble 
form (Fig. 2). Therefore, all our further attempts at production 
of the recombinant ribonuclease inhibitor were conducted at 
lower temperature (16 °C) . In particular, we registered good 
results when using the following fusion polypeptides: MBP 
(70–75% of the target product in soluble form), TIG (about 
90% of the target product in soluble form) and, to a lesser 
extent, PpiB (about 60% of the target product in soluble form). 
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Fig. 2. Effect of fusion polypeptides on solubility of ribonuclease inhibitor, production in E. coli BL21 (DE3) strain at 16 °C. A. Variants based on the pET28a vector, 
T7 promoter. B. Variants based on the pSol vector, PRha promoter. IS is the relative level of insoluble fraction, shown in red. SO is the the level produced soluble 
ribonuclease inhibitor, shown in blue. Density RU are densitometry of PAAG results shown in relative units
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Stronger promoter T7 ensured considerably bigger yield of 
the protein in pET28a vector systems compared to the pSol 
vector, which relies on a weaker rhamnose promoter (Fig. 2). 
Nevertheless, part of the target protein still transitioned into 
a functionally inactive state in the inclusion bodies, a problem 
that could be remedied by further optimization of the operating 
conditions.

The next step was to compare the yield of soluble 
ribonuclease inhibitor in different E. coli strains designed 
specifically for the production of recombinant proteins. 
As a rule, previous attempts on the task incorporated the 
experience of working with recombinant producers based on 
the E. coli BL21 (DE3) strain, but, in most cases, it is not the 
optimal choice in case of proteins prone to aggregation: a 
significant proportion of the product are insoluble aggregates. 
Therefore, seeking to refine the conditions of production of 
ribonuclease inhibitor, we compared the amounts of protein 
yielded by four more E. coli purpose-designed strains. Thus, 
in addition to the BL21 (DE3) strain, the following commercially 
available strains were experimented with (all with various design 
specifics conditioned by their intended use in the context of 
production of recombinant proteins). Origami strain 2 (DE3), 
with mutations in the genes of thioredoxin reductase (trxB) 
and glutathione reductase (gor), which promote formation 
of disulfide bonds and correct folding of some recombinant 
proteins in the cytoplasm of bacterial cells. BL21 Star (DE3) 
strain, with a mutation in the gene encoding ribonuclease 

E (rne131), which improves stability of the target gene's mRNA 
and may boost production of recombinant proteins. It was also 
interesting to try the Rosetta (DE3) pLysS strain, which can 
produce proteins without codon optimization to E. coli and also 
allows reducing background expression from the T7 promoter 
by additional expression of the T7 lysozyme gene, a natural 
inhibitor of DNA-dependent RNA polymerase of the T7 phage, 
which is of particular importance in the context of production 
of proteins potentially toxic to bacteria. Finally, the E. coli KRX 
strain, with a chromosomal copy of the T7 DNA-dependent 
RNA polymerase gene controlled by the rhamnose promoter, 
which governs basal expression better, and is also well titrated 
by rhamnose while producing high amounts of recombinant 
proteins, as ensured by the T7 promoter [13]. 

To see how selection of the strain affects production of 
the soluble form of the inhibitor, we continued working with 
the variants that showed best results at the previous stage, 
i.e., pET28a-based vectors encoding chimeric proteins, with 
fusion polypeptides MBP and TIG. As mentioned above, all 
comparative experiments with these strains implied bacterial 
culture incubation at 16 °C. Ultimately, it was the KRX strain 
that delivered the best yield (Fig. 3). The possible reason 
behind this result is a more suitable mode of expression by 
the T7 DNA-dependent RNA polymerase gene controlled by 
the rhamnose promoter, which refines the dose of T7 DNA-
dependent RNA polymerase accumulated in cells; accordingly, 
the recombinant ribonuclease inhibitor gene expression is 
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Fig. 3. Selection of the E. coli strain optimal for production of the recombinant ribonuclease inhibitor in soluble form, using vectors encoding a chimeric protein 
consisting of combinations of a ribonuclease inhibitor and two fusion polypeptides (MBP, TIG). IS is the relative level of insoluble fraction, shown in red. SO is the the 
level produced soluble ribonuclease inhibitor, shown in blue. Density RU are densitometry of PAAG results shown in relative units
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not "overloaded," as in the case of direct induction of the T7 
promoter with IPTG of lacUV5 promoter, when it is virtually 
impossible to weaken expression by titration. The BL21 (DE3) 
and BL21 Star (DE3) strains are also good options for the 
recombinant ribonuclease inhibitor production when combined 
with the selected fusion polypeptides and cultivated at low 
temperatures, but their yield of the soluble product is 10–15% 
(depending on the polypeptide) lower than that of the KRX 
strain. The remaining two strains performed considerably 
worse, with Origami 2 (DE3) being the outsider, probably due to 
its specific mutations designed to create intracellular conditions 
for the formation of disulfide bridges. Another possible reason 
for the poor results is the lower amount of biomass produced 
by these strains compared to KRX, BL21 (DE3) and BL21 Star 
(DE3), which may apparently be attributed to the introduced 
mutations affecting viability and metabolic processes in the 
cells. Thus, the second stage of the work revealed that in 
the context of production of the soluble form of ribonuclease 
inhibitor, the best "strain — fusion polypeptide" combinations 
are E. coli KRX-MBP and E. coli KRX-TIG.

There is one more tool used against formation of insoluble 
aggregates in production of recombinant proteins in E. coli: 
cellular chaperone genes co-expression, which helps proteins 
to adopt a native conformation. We tested the efficacy of this 
tool on chaperones dnaK, dnaJ, drpE, groES and groEL. Earlier, 
researchers reported a positive effect of some chaperones on 
the production of functional ribonuclease inhibitor [14, 15]. 
We decided to test them in the best combinations of the KRX 
E. coli strain and fusion polypeptide MBP, TIG, PpiB. This 
experiment revealed that the maximum effect — about 10% 
uptick of the target protein yield — was achieved against co-
expression of genes of dnaK, dnaJ, grpE (Figure 4). An earlier 
study mentioned that GroELS chaperone positively influenced 
production of the soluble form of ribonuclease inhibitor [12]; in 
this regard, the likely reason behind the differences with our 
findings is the use of different strains.

Thus, the highest yielding ribonuclease inhibitor production 
combination identified in this work includes the KRX E. coli 
strain, TIG and MBP fusion polypeptides, co-expressing dnaK, 
dnaJ, grpE chaperone genes, and cultivation temperature of 
16 °C. To accurately assess the yield of the target protein given 

by the tested combinations, we used affinity chromatography 
on a metal chelate carrier and subsequent proteolysis reaction 
with TEV protease. The total amount of soluble ribonuclease 
inhibitor was 60 mg/l in case of E. coli KRX-TIG-dnaK, dnaJ, 
grpE, and 45 mg/l for E. coli KRX-MBP-dnaK, dnaJ, grpE.

DISCUSSION

The rapid development of therapeutic applications of synthetic 
mRNAs underpins the need for preparative amounts of proteins 
required to produce large amounts of RNA in vitro [16, 17]. 
Apart from the enzymes that synthesize and modify RNA in 
vitro, another important component of the reaction mixture is 
ribonuclease inhibitor, a protein that prevents degradation of 
the RNA molecules caused by ribonucleases, which is crucial 
for medicines. Ribonuclease inhibitor is also widely used in 
research tasks related to the synthesis of RNA, cDNA, and in 
vitro translation. The production of this protein in recombinant 
E. coli strains is complicated by the specificity of its structure 
with abundant cysteine residues, and the tendency to 
aggregate in bacterial cells. Previous attempts at production 
of the soluble form of ribonuclease inhibitor in E. coli require 
special conditions that significantly complicate the technological 
process and make it costly to scale [11, 12]. This work aimed 
to find the ribonuclease inhibitor production conditions and 
method that would deliver large yields and be cost-effective 
from the technological point of view. 

As the first stage, we screened a number of fusion peptides 
that could increase the proportion of soluble ribonuclease 
inhibitor produced in E. coli. Previous studies have shown that 
polypeptides can significantly increase the yield of soluble form 
of recombinant proteins, including ribonuclease inhibitors 
[4, 18]. The ability to improve solubility of various recombinant 
proteins stems from the formation of chimeric molecules, the 
fusion part of which (polypeptide) can later be removed by 
proteolysis [9, 19]. We tested nine different fusion polypeptides: 
MBP, TIG, TSF, FH8, PpiB, YrhB, SUMO, TRX, GST; they differ 
significantly in their physico-chemical properties. Additionally, 
we tested them in two expression systems, one based on the 
commercially available plasmid pET28a (target gene expression 
controlled by a strong T7 promoter), and another on the pSOL 
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vector (expression controlled by a rhamnose promoter). The 
best results were ensured by MBP, TIG, and PpiB, with the yield 
highest in the systems utilizing MBP and TIG, and that with 
PpiB performing considerably worse (Fig. 2). Overall, all the 
experiments of this work have shown that larger polypeptides, 
such as MBP (42 kDa) and TIG (49 kDa), provide more of the 
final target product than fusions with smaller molecular weight, 
like PpiB (19 kDa). Comparing the yield of target products at 
the level of vector lines (pET28a and pSol, in this study), the 
unambiguous system of choice for production of ribonuclease 
inhibitor is that where a strong T7 promoter controls target 
gene expression (Fig. 2).

Having established that the most productive vector is that 
based on pET28a, encoding chimeric ribonuclease inhibitor 
variants with MBP and TIG fusion polypeptides, we moved to 
the next stage of optimization: selection of the suitable strain 
of E. coli from several commercially available options. For this 
purpose, we compared the ribonuclease inhibitor production 
capacity of BL21 (DE3), Origami 2 (DE3), BL21 Star (DE3), 
Rosetta (DE3) pLysS, and KRX E. coli strains, all of which are 
designed for production of recombinant proteins, but have 
certain specifics, which enables the comparison and allows 
selecting that which maximizes production of the soluble 
form ribonuclease inhibitor [20]. Under the conditions of this 
study, the highest ribonuclease inhibitor yield was delivered by 
the KRX E. coli strain (Fig. 3), likely because of the rhamnose 
promoter control over the T7 gene of DNA-dependent RNA 
polymerase, since this promoter has a low basal activity level 
and is better titrated by L-rhamnose. Apparently, this design 
feature allows finding the optimal balance of conditions for 
bacterial production of toxic or aggregation-prone recombinant 
proteins, while also ensuring a high yield of the target protein by 
reducing the amount of protein loss in inclusion bodies, which 
is common for production in strains with the chromosomal 
copy of T7 DNA-dependent RNA polymerase controlled by the 
lacUV5 promoter and induced by IPTG [21]. 

Finally, having established that the best "strain — fusion 
polypeptide" combinations are E. coli KRX-MBP and E. coli 
KRX-TIG, we decided to investigate the effect of the additional 

cellular chaperone genes co-expression on the yield of the 
target protein. For this purpose, we used a commercial kit 
(Takara; USA) that includes vectors carrying the genes of 
chaperones dnaK, dnaJ, grpE, groES and groEL, which, when 
produced additionally in the E. coli cells, often help "problematic" 
recombinant proteins to adopt the correct conformation, thus 
reducing the formation of insoluble aggregates [14, 15]. For 
recombinant ribonuclease inhibitor, the positive effect of 
groES and groEL on the protein production under anaerobic 
conditions has already been shown [12], but this approach is 
not always convenient when scaling technological processes to 
produce larger amounts of recombinant proteins. Interestingly, 
in our experimental conditions, aerobic cultivation of E. coli 
at a reduced temperature (16 °C), the best ribonuclease 
inhibitor yields were given by two combinations: a) MBP 
fusion polypeptide, dnaK, dnaJ, grpE, chaperone genes co-
expression, KRX E. coli strain, and b) TIG fusion polypeptide, 
dnaK, dnaJ, grpE chperone genes co-expression, KRX 
E. coli strain (Fig. 4). To accurately quantify recombinant 
ribonuclease inhibitor in such combinations, we performed 
affinity purification and then compared the the yield of the target 
product. The first combination produced 45 mg/l. However, the 
maximum yield of the final product, that is, the soluble form 
of ribonuclease inhibitor, was achieved in aerobic cultivation 
of the KRX E. coli strain at a reduced temperature (16 °C), 
transformed by the expression vector based on pET28a with 
a codon optimized ribonuclease inhibitor gene, in combination 
with the TIG fusion polypeptide gene, against the background 
of dnaK, dnaJ, grpE chaperone genes co-expression. This 
combination gives a yield of 60 mg/l when culturing bacteria in 
flasks on a standard LB medium, which is significantly higher 
than the results achieved earlier, and also easier from the 
bacteria cultivation perspective [4, 11, 12, 22].

The results of our study confirm the need for an integrated 
approach to the search for optimal conditions of production of 
aggregation-prone recombinant proteins in E. coli, especially 
when the goal is to scale up the process of synthesis of enzymes, 
therapeutic proteins, cytokine preparations or antigens for 
vaccines [23].

Fig. 4. Effect of additional gene co-expression, cellular chaperones dnaK, dnaJ, grpE (shown as KJE), groES and groEL (shown as ELS), on production of the 
recombinant ribonuclease inhibitor in the KRX E. coli strain at 16 °C. IS is the relative level of insoluble fraction, shown in red. SO is the the level produced soluble 
ribonuclease inhibitor, shown in blue. Density RU are densitometry of PAAG results shown in relative units
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The nucleolus is an intranuclear compartment that orchestrates 
cell cycle regulation, ribosome biogenesis, telomerase activity, 
p53 metabolism, and small RNA processing. Nevertheless, 
the primary role of nucleolus is the ribosome biogenesis, one 
of the most energy-intensive and tightly regulated processes 
in a cell [1]. Downregulation of rRNA gene transcription is 
related to the reduction in nucleolar size, while the amount of 
nucleolar rRNA has a positive correlation with the rate of protein 
synthesis and cell growth [2, 3]. Nucleolus undergoes changes 
during carcinogenesis, including increase in the size and 
abnormally stimulated functions, altering molecular pathways 
of such tumor suppressors as pRb, p53, c-Myc, cyclin D1, 
NF-kB, ErbB3, BCL-2, RAD51, and BCL-2 [4–8]. Numerous 
therapeutic strategies rely on targeting nucleolus, including 
using the selective inhibitors of RNA Pol I, mTOR, AKT, etc. 
[9] in therapy of haematological cancers [10, 11], non–small 
cell lung cancer [12], renal cell carcinoma, breast cancer, 
lymphoma [13], and others. Therefore, the development of new 

chemotherapeutic agents as well as studying their potential 
side effects may benefit from nucleolar visualization methods.

The most common method to visualize nucleolus is 
immunofluorescent staining using antibodies specific to nucleolar 
proteins [14]. Immunofluorescence is only compatible with fixed 
cells, therefore it cannot be used to study dynamic cell processes, 
while fluorescent microscopy appears to be a possible solution 
allowing for research of spatio-temporal changes in the nucleolus. 
[15]. Recently, a fluorescent probe for simultaneous mitochondria 
and nucleoli visualization was developed. It contained two emission 
metal complexes based on pyrazole linked to triphenylphosphine 
and copper (C1 and C2) [16]. Another fluorescent probe using 
a 9-(dicyanovinyl)julolidine (DCVJ) rotor was shown to efficiently 
target both mitochondria and nucleoli with minimal cytotoxicity 
[17]. These methods are useful for both imaging of live cells and 
monitoring their responses to stimuli, yet they are limited by the 
fact that fluorescent dyes degrade over time and are not inherited 
by daughter cells.

Zhurlova PA, Besedovskaia ZV, Sokolinskaya EL, Putlyaeva LV

GENETICALLY ENCODED LIGHT-INDUCIBLE SENSOR FOR NUCLEOLAR VISUALIZATION 

Nucleolus plays a vital role in enhancing rRNA production and maintaining ribosome biogenesis in tumor cells, making the nucleolus a desirable target for genetic and 

oncological research. The most convenient method for nucleolus monitoring is fluorescent microscopy, combining high efficiency and accessibility. Nevertheless, 

currently available fluorescent visualization methods are unsuitable for live-cell monitoring of nucleolus because they require continuous labeling. To address this 

issue, we have developed a genetically encoded Light-Activated Nucleolus Sensing (LANS) system for real-time nucleolar visualization. The combination of eMags 

domains and reader domain of DPF3 protein, responsible respectively for the light-induced dimerization and targeting the nucleolus, allowed LANS system to 

efficiently target nucleolus in several cancer cell lines without affecting cell morphology. This system makes it possible to increase the representation of the LANS2 

sample in the nucleolus by 1.5 times relative to the fluorescence intensity values obtained before irradiation of the nucleolus. LANS holds the potential to accelerate 

the search for new drugs and enhance the primary screening of drug compounds in in vivo models.
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СОЗДАНИЕ ГЕНЕТИЧЕСКИ КОДИРУЕМОГО СВЕТОИНДУЦИРУЕМОГО СЕНСОРА 
ДЛЯ ВИЗУАЛИЗАЦИИ ЯДРЫШКА

Ядрышки участвуют в усилении продукции рРНК и поддержании биогенеза рибосом в опухолевых клетках, что делает их желанной мишенью в 

генетических и онкологических исследованиях. Наиболее удобным методом визуализации ядрышка благодаря своей эффективности и доступности 

является флуоресцентная микроскопия. В настоящее время методы визуализации ядрышек либо неточны, либо непригодны для живых клеток, либо 

требуют постоянного окрашивания для живого мониторинга. Целью исследования было создать генетически кодируемую систему фотоиндуцируемых 

сенсоров (light-activated nucleolus sensor, LANS) для визуализации ядрышка в реальном времени. Комбинация домена eMag для светоиндуцируемой 

димеризации и ридерного домена белка DPF3 позволяет системе LANS эффективно осуществлять направленное перемещение целевого белка в 

ядрышко посредством облучения клетки короткими импульсами синего света, не влияя на морфологию клеток. Данная система позволяет увеличить 

представленность пробы LANS2 в ядрышке в 1,5 раза относительно значений интенсивности флуоресценции, полученных до облучения ядрышка. 

Созданная система сенсоров LANS позволит ускорить поиск новых лекарств и улучшить первичный скрининг лекарственных соединений в моделях 

in vivo.
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Genetically encoded fluorescent sensors overcome 
the limitations of the fluorescent dyes, providing the same 
flexibility, specificity, and compatibility with biological systems. 
Additionally, these sensors are non-toxic, suitable for real-
time monitoring, and more time-efficient compared to fixed-
cell analyses [18]. Recently, researchers have introduced 
a novel optogenetic system known as enhanced Magnets 
(eMags) [19]. This system is based on photodimerizing protein 
domains derived from the photoreceptor Vivid (VVD) found in 
Neurospora crassa. When exposed to blue light, oppositely 
charged VVD monomers, named eMagA and eMagB, undergo 
conformational changes forming dimers. The dimers dissociate 
without the presence of blue light, therefore the system can 
be used for the reversible light-dependent dimerization of the 
target proteins. 

In this study, we developed the Light-Activated Nucleolus 
Sensing (LANS), a novel genetically encoded fluorescent 
sensor system for real-time nucleolar monitoring. LANS take 
advantage of eMags light-dependent dimerization, suggesting 
possible application of the sensor in recruiting proteins of 
interest to the nucleolus using light stimuli. The LANS system 
can be beneficial for biomedical research, specifically for testing 
drugs affecting nucleolus functioning.

METHODS

Molecular Cloning

All plasmids were constructed using the Golden Gate cloning 
system [20] and the MoClo Toolkit vector set (AddGene Kit 
#1000000044). The sequences of eMagA and eMagB were 
obtained from [19] and synthesized by "Cloning Facility" 
(Moscow, Russia) in the pAGM1301 vector. The DPF3 
sequence was amplified using the following primers (DPF3_
CCAT_FOR gttaGAAGACatCCATgggaacagtcattcccaataact
actgtgacttctgcttggggggctccaacatgaacaagaagagtgggcggcc, 
DPF3_AATG_REV gttaGAAGACatCATTGTGGCGACCGG
TCCGGATCCGCCCCCGCCGCTtttgagcagttcccag), which 
introduced a BpiI restriction site into the sequence, and then 
cloned into the pAGM1276 vector.

The MoClo technology and pICH47732 vector were used 
for the assembly of the final plasmids eMagB-mScarlet(LANS2) 
and DPF3-mNeonGreen-NLS-eMagA(LANS1), following the 
protocol described in [20]. BpiI (BbsI) and Eco31I (BsaI) restriction 
enzymes (Thermo Scientific, Waltham, MA; USA) and T4 phage 
ligase (Evrogen; Russia) were used for cloning.

Cell Culture and Transfection

HeLa Kyoto cells were cultured at 37 °C (5% CO
2
) in DMEM 

medium (PanEco; Russia) supplemented with 10% fetal bovine 
serum (BioSera, France), 100 U/ml penicillin, and 100 µg/ml 
streptomycin (PanEco; Russia). For transfection, HeLa cells 
were cultured in DMEM-full medium in 35 mm Petri dishes 
with glass bottoms (SPL Life Sciences; Korea) and transfected 
using GenJect-39 reagent (Molecta; Russia) following the 
manufacturer's instructions.

Live Cell Fluorescence Microscopy

For live-cell visualization, cells were cultured in confocal dishes 
with glass bottoms (SPL Life Sciences). Just before microscopy, 
the DMEM medium was replaced with MEM visualization 
medium (PanEco) supplemented with 10% fetal bovine serum 
(BioSera) and 20 mM HEPES (Corning, New York, NY, USA). 

In vivo fluorescence microscopy was performed using the 
Keyence Biorevo BZ-9000 fluorescent microscope (Keyence; 
Japan). Cells were imaged at 60x magnification using the CFI 
Plan Apo λ60xH/NA1.40 objective. Images were acquired in 
two channels: green (GFP-B filter cube, excitation 480/30 nm) 
for blue light irradiation of cells for 200 ms and visualization 
of LANS1, red (Texas Red filter cube, excitation 560/40 nm, 
emission 630/75 nm) for detection of LANS2 fluorescence.

Image Analysis

To calculate relative nucleolus to cytoplasm distribution of the 
sensors over time, the “ROI manager” tool of the Fiji software 
was used. First ROI was manually set by tracing the nucleolus, 
second ROI was set as an area of the cytoplasm in the same 
cell. The values corresponding to nucleolus/cytoplasm ratio 
(Fluorescence intensity; Fig. 1) were obtained by first dividing 
intensity of the first ROI (normalized by the area) by the 
corresponding value of the second ROI, and second dividing 
the obtained value by the same value corresponding to the 
preinduction image. Graph was made with GraphPad Prism 8.

RESULTS

We engineered a genetically encoded fluorescent system 
LANS, which is based on a photodimerizing pair of probes, 
LANS1 and LANS2. LANS1 consists of the PHD domain 
sequence taken from the DPF3 protein, the green fluorescent 
protein mNeonGreen, a nuclear localization signal (NLS), and 
the eMagA (Fig. 1A, upper panel). eMagA is part of the 
light-dependent enhanced Magnets (eMags) system, based 
on the Vivid photoreceptor (VVD) from Neurospora crassa 
[19]. The complementary LANS2 contains the eMagB and the 
red fluorescent protein mScarlet (Fig. 1A, lower panel). Also, 
DPF3, is a domain with affinity for the histone modification 
H3K4me1 in its dimeric state, however, in our laboratory it has 
been experimentally demonstrated that the sensor based on 
the monomeric DPF3 accumulates in the nucleolus (Fig. 1C). 
Therefore, before blue light induction LANS1 was enriched in 
the nucleolar regions, while LANS2 was distributed uniformly 
across the cellular compartments. After the 200 ms induction 
LANS1 and LANS2 interacted by oppositely charged eMag 
domains, forming a heterodimer (Fig. 1B).

To demonstrate the reversibility of LANS2 binding to the 
nucleolus, we exposed cells expressing LANS to 200 ms of 
blue light, followed by incubation in darkness. We compared 
the relative changes in fluorescence levels before and after 
the exposure and revealed that the probe returned to its initial 
distribution within approximately 60 seconds (Fig. 1D).

Our findings demonstrate the potential of the developed 
LANS system for reversible light-dependent visualization of the 
nucleolus compartment in live cells. A combination of LANS1 
enriching the nucleoli regions and LANS2 freely moving across 
the cell enabled recruitment of LANS2 to the nucleolar regions 
through brief exposure to blue light. Moreover, this sensor can 
be effectively used to investigate nucleolus dynamics and to 
directly transport proteins of interest to the nucleolus by fusing 
the proteins to LANS2.

DISCUSSION

The nucleolus is a dynamic subnuclear compartment, which 
plays a crucial role in ribonucleoprotein assembly for ribosome 
biogenesis as well as in rRNA synthesis and processing. 
Therefore, nucleolar alterations are associated with aging and 
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Fig. 1. Characterization of the genetically engineered LANS system enabling light-dependent recruitment of LANS2 to nucleoli. A. Schematic representation of the lightdependent 
dimerization probes LANS1 and LANS2. FP=fluorescent protein. В. Fluorescence microscopy images of HeLa cells transfected with LANS1 and LANS2 before (left), during 
(middle), and after (right) blue light irradiation. White arrows indicate the nucleoli. С. Fluorescence image of the nucleolus in HeLa cell expressing the DPF3-mScarlet sensor. 
D. Graph showing the nucleolus/cytoplasm relative fluorescence ratio for LANS2 during the experiment. Data represent mean ± range (n = 33 nucleoli)
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are critical in development of different human pathologies, 
including cancer and neurodegeneration [21]. Numerous 
research laboratories are actively developing optogenetic 
delivery systems to target proteins to the nucleolus [22]. 
These systems rely on photosensitive proteins that undergo 
structural changes and form dimers when exposed to 
specific wavelengths of light. As a result, such systems bring 
target proteins together. Researchers have effectively utilized 
photodimerizing domains to control diverse cellular processes, 
including signaling pathways [23, 24], organelle transport 
[25, 26], nucleocytoplasmic transport [27, 28], cytoskeleton 
dynamics [29], and phase separation [30, 31].

The results obtained in this work indicating the possibility 
of light-induced targeting into the nucleus, are quite consistent 
with data obtained in other laboratories. For example, the 
photoinduced nuclear localization signal LINuS allowed 
researchers to translocate the mCherry protein from the 
cytoplasm into the nucleus, increasing its representation 
in the nucleus by approximately 1.8 times [32], while the LANS 
system allowed us to increase the representation of the LANS2
probe in the nucleolus by 1.5 times regarding to the fluorescence 
intensity values   obtained before irradiation of the nucleolus. 
Thus, this sensor system may be useful for light-induced 
recruitment of target proteins into the nucleolus.
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CONCLUSIONS

In this study we introduced LANS, a novel genetically encoded 
light-dependent sensor system, which exhibits minimal cellular 
toxicity. By triggering the light-induced heterodimerization of 
the sensor system by eMagA and eMagB photodomains, we 
observed the translocation of theLANS2 probe to the nucleolus, 

allowing us to visualize this compartment. It is important to 
mention that the nucleolus/cytoplasm fluorescence intensity 
ratio before and after irradiation is relatively modest (Fig. 1D), 
likely due to the high expression levels of the LANS1 and LANS2 
in our experimental setup. This concern can be addressed in the 
future by optimizing the concentrations of sensor components 
or creating a stable cell line expressing LANS.
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NEAT1_1 LONG NON-CODING RNA REDUCES THE SURVIVAL OF PRIMARY NEURONAL 
CELLS UNDER ER-STRESS

NEAT1 long non-coding RNAs play an important role in the central nervous system (CNS) and are associated with a number of pathological conditions. Increased 

levels of NEAT1 in the brain have been observed in neurodegenerative and psychiatric diseases — the significance of such an increase is still poorly understood. 

Functionally, NEAT1 is associated with cellular stress pathways in the nervous system. The aim of the current study was to evaluate the effect of increased levels 

of the short isoform NEAT1_1 on survival of mice primary hippocampal cultures under ER-stress induced by MG132 proteasome inhibitor. Primary cultures 

were obtained from transgenic animals expressing human NEAT1_1. Cellular composition and apoptosis were assessed using immunocytochemical staining. 

The expression of apoptosis signaling pathway genes was analyzed by quantitative PCR with reverse transcription. No differences in cellular composition and 

morphological characteristics of neurons were observed in primary neuronal cultures obtained from transgenic animals as compared to wild type cultures.  Induction 

of ER-stress resulted in a more significant increase in apoptotic death of cells including neurons in NEAT1_1 expressing cultures in comparison with the wild type 

cultures. ER-stress signaling pathway genes Atf4 and Ddit3 were less expressed in transgenic cultures under stress. Expression of Bcl2l2 and Mcl1 anti-apoptotic 

genes was reduced as well. Thus, high levels of NEAT1_1 in primary neuronal cultures increased apoptotic cell death under ER-stress.
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Длинная некодирующая РНК NEAT1 играет важную роль в работе центральной нервной системы (ЦНС) и участвует в развитии ряда патологических 

состояний. Повышение уровня NEAT1 в мозге происходит при нейродегенеративных и психических заболеваниях. Какую роль играет такое повышение 

остается неясным. Функционально NEAT1 связывают с реализацией ответа на клеточный стресс в нервной системе. Целью работы было оценить 

влияние повышенного уровня короткой изоформы NEAT1_1 на выживаемость первичных гиппокампальных культур мышей, при ЭПР-стрессе, 

индуцированном с помощью ингибитора протеасом MG132. Первичные культуры были получены от трансгенных животных, экспрессирующих NEAT1_1 

человека. Характеристику клеточного состава и оценку апоптоза проводили с помощью иммуноцитохимического окрашивания. Анализ экспрессии 

генов сигнальных путей апоптоза осуществляли методом количественной ПЦР с обратной транскрипцией. Первичные нейронные культуры, полученные 

от трансгенных животных, не отличались от культур дикого типа по клеточному составу и морфологическим характеристикам нейронов. При индукции 

ЭПР-стресса происходило усиление апоптотической гибели клеток, в том числе нейронов, в культурах, экспрессирующих NEAT1_1 в сравнении с 

культурами дикого типа. Активация генов сигнальных путей ЭПР-стресса Atf4 и Ddit3 была менее выражена в трансгенных культурах при стрессе. Кроме 

того, был снижен уровень экспрессии антиапоптотических генов Bcl2l2 и Mcl1. Таким образом, повышенный уровень NEAT1_1 в первичных нейронных 

культурах усиливает апоптотическую гибель клеток при ЭПР-стрессе.
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Long noncoding RNAs (lncRNAs) are molecules longer than 
200 nucleotides without open reading frames [1]. lncRNAs are 
involved in various physiological and pathological processes 
such as cell cycle regulation, cell differentiation, apoptosis, and 
inflammation [2]. The role of lncRNAs in evolution of mammalian 
and human brain seems to be of particular importance. This is 
supported by the fact that about 40% of all identified human 
lncRNAs are specifically expressed in the brain [3]. Many 
studies have demonstrated the involvement of lncRNAs in the 
development of the nervous system, neuronal plasticity as well 
as in the pathogenesis of neurological diseases [4]. NEAT1 
(nuclear enriched abundant transcript 1) is one of the lncRNAs 
that has been convincingly shown to be associated with the 
development of pathological conditions of the nervous system. 
Changes in NEAT1 levels in the brain are observed in a number 
of neurodegenerative diseases and psychiatric disorders such 
as amyotrophic lateral sclerosis (ALS), frontotemporal dementia 
(FTD), Huntington's disease (HD), Alzheimer's disease (AD), and 
schizophrenia [5]. In most cases, increased NEAT1 levels in the 
brain of patients with these diseases are [6–8]. Whether the role 
of such increase is protective or pathogenetic is still unclear. 
Experimental data suggest that NEAT1 is a stress-activated 
gene and its expression is increased in response to pathological 
effects of stress at the cellular level [9, 10]. NEAT1 gene is 
transcribed into two RNA isoforms, NEAT1_1 (3.7 kb) and 
NEAT1_2 (23 kb) overlapping at their 5'-ends [5]. Accumulation 
of the long NEAT1_2 isoform in human nervous system cells 
has been confirmed for developing ALS conditions only [11, 12].
For other diseases, NEAT1 dysfunctions are apparently 
associated with changes in the short isoform levels (NEAT1_1) 
[13]. In mice, the long isoform was not normally detected in the 
nervous tissue while the short isoform is expressed in all parts 
of the CNS [14].

Under physiological conditions, endoplasmic reticulum 
(ER) is the main subcellular compartment involved in protein 
quality control, where proteins are properly folded, matured, 
and degraded [15]. When these processes are disrupted, 
unfolded and misfolded proteins are accumulated in cells 
resulting in ER stress, a specific type of cellular stress [16]. This 
most common pathologic event at the cellular level occurs in 
neurons located in the lesion zone during neurodegeneration 
[17]. In case of impossibility to restore protein homeostasis, 
cell adaptive programs shift towards induction of apoptotic 
signaling pathways leading to death of the irreversibly damaged 
neurons [18].

NEAT1 is involved in forming specific ribonucleoprotein 
(RNP) complexes in cells [6, 11, 13]. Pathological aggregation of 
RNP proteins TDP-43 and FUS leads to ER stress and neuronal 
death. TDP-43 and FUS aggregation in the nervous system 
was found in ALS, FTD, AD and other neurodegenerative 
diseases. The direct interaction of NEAT1 with such proteins 
raises the question about the possible influence of this RNA 
on the development of pathological aggregation and cell death 
[12, 13].

In the current study, we investigated the effect of the 
increased levels of NEAT1_1 lncRNA on cell survival in primary 
hippocampal cultures obtained from transgenic mice under ER 
stress induced by the proteasome inhibitor MG132.

METHODS

Primary hippocampal cultures

The study was performed on primary neuronal cultures 
obtained from NEAT1_1Tg transgenic mice expressing the 

short isoform of human NEAT1_1 in the nervous system. The mice 
were obtained by transgenesis as described previously [19] and 
harbor a transgene encoding human NEAT1_1 in the genome 
under the control of the pan-neuronal Thy1 promoter  on a C57BL6 
genetic background (in press). The transgene presence was 
confirmed by PCR. Animals were maintained at a 12 h light/12 h 
dark cycle, with food and water supplied ad libitum. 

Primary neuronal cultures were obtained from the 
hippocampus of NEAT1_1Tg transgenic mice and wild-type 
(WT) control mice on the third day after birth (P3) as described 
previously [20]. Hippocampi isolated from at least three animals 
of the same genotype were used for culture; each experiment 
was independently repeated at least twice. After hippocampal 
dissection, the samples were incubated in a solution of 0.1% 
trypsin in Hanks' balanced salt solution (HBSS) with 10 mM 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 
and 1 mM sodium pyruvate for 40 min. This was followed by 
mechanical dissociation in a solution of Neurobasal medium 
(PanEco; Russia) containing 50 units/mL penicillin/streptomycin, 
0.2% beta-mercaptoethanol, 500 µM L-glutamine, 0.36% 
glucose, and 10% horse serum. Samples were centrifuged for 
5 min at 1500 rpm. The cell pellet was resuspended in freshly 
prepared medium, and cell counting was performed using a 
Goryaev chamber (hemocytometer) and trypan blue staining. 
B27 supplement (Thermo Fisher Scientific; USA) or NeuroMax 
supplement (PanEco; Russia) was added to the medium to 
increase the survival of primary neurons in culture. Cells were 
seeded on 12-mm-diameter coverslips coated with poly-L-
lysine, with approximately 3 × 104 cells per glass. On the next 
day, medium was changed to fresh medium without serum. 
A subsequent medium change was performed every 3 days 
replacing only half of the medium. Cultures were incubated at 
37 °C, 5% carbon dioxide, and 95% humidity. The cultures were 
analyzed after 7 days from seeding.

To induce endoplasmic reticulum stress (ER stress), cells 
were treated with a solution of MG132 proteasome inhibitor 
(Sigma-Aldrich; USA) in DMSO (PanEco; Russia) with a final 
concentration of 200 µM or 10 µM. 

Immunocytochemical staining using microtubule-
associated protein Tau antibody (SAB4300377; Sigma-
Aldrich, USA) was performed to visualize neuronal bodies and 
outgrowth processes, for subsequent Sholl analysis; to confirm 
the neuronal phenotype, cells were stained with NeuN marker 
(antibody MAB377; Millipore, USA). Images were obtained 
using a Carl Zeiss Axio Observer 3 microscope (Germany) 
equipped with an Axiocam 712 mono camera (Carl Zeiss; 
Germany). Semi-automatic Sholl analysis was performed using  
the ImageJ plugin as described earlier [10]. For each genotype, 
30 neurons were analyzed.

Immunocytochemical staining 

To characterize the cellular composition of primary neuronal 
cultures, we performed the immunocytochemical staining using 
markers of the main types of neuronal tissue cells: NeuN, a 
marker of differentiated neurons (antibody MAB377; Millipore, 
USA), GFAP, a marker of astrocytes (antibody G9269; Sigma-
Aldrich, USA), Olig2, a marker of oligodendrocytes (antibody 
ab109186; Abcam, UK), and Iba1, a marker of microgliocytes 
(antibody ab178846; Abcam, UK). For each marker, six glass 
coverslips from two independent cultures for each genotype 
were analyzed. Apoptotic cell death was assessed by staining 
with antibodies to the activated form of caspase 3, CC3 
(antibody AB3623; Sigma-Aldrich, USA). Cells were washed 
from the medium with 1× PBS (phosphate-buffered saline), 
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Table. Sequences of primers used for RT-qPCR

Name of primer Sequence of forward primer Sequence of reverse primer

B2m CATGGCTCGCTCGGTGAC CAGTTCAGTATGTTCGGCTTCC

Atf4 GGGTTCTGTCTTCCACTCCA AAGCAGCAGAGTCAGGCTTTC

Ddit3 CCACCACACCTGAAAGCAGAA AGGTGAAAGGCAGGGACTCA

Hspa5 TCGACTTGGGGACCACCTAT AGTGAAGGCCACATACGACG

Emc4 ATACCAGCGTGCAAGAGACC GGAATCTGCTTGAGGGGACC

Bcl2l1 CGGATTGCAAGTTGGATGGC TGCTGCATTGTTCCCGTAGA

Bcl2l2 ATTGGATGGTGGCCTACCTG CCCGTATAGAGCTGTGAACTCC

Mcl1 AACGGGACTGGCTTGTCAAA CTGATGCCGCCTTCTAGGTC

Casp3 CGGGGAGCTTGGAACGGTA CCACTGACTTGCTCCCATGT

fixed with 4% paraformaldehyde for 15 min and permeabilized 
with ice-cold methanol for five minutes. Non-specific binding 
was blocked using 5% goat serum blocking solution in PBS 
with Tween 20 for 1 hour at room temperature. The coverslips 
were then incubated with primary antibodies at 1:1000 dilution 
in a blocking solution for 1 hour at room temperature, washed 
out with 1× PBS, and incubated with secondary fluorescently 
labeled antibodies Goat anti-Rabbit IgG Alexa Fluor™ 568 
(A-11011; Thermo Fisher Scientific, USA) and Goat anti-Mouse 
IgG Alexa Fluor™ 488 (A-11029; Thermo Fisher Scientific, USA) 
at 1:1000 dilution in PBS-Tween 20 solution for 90 minutes at 
room temperature. Cell nuclei were stained with DAPI solution 
(Sigma-Aldrich; USA). The coverslips were mounted on slides, 
in a drop of Immu-Mount medium (Thermo Fisher Scientific; 
USA). For analyzing cell types and apoptosis, coverslips were 
imaged on a Cytation 3 Reader (BioTek; USA) with Gen5 3.08 
Software (BioTek; USA). At least 3000 µm × 3000 µm area was 
scanned in a multichannel fluorescence mode. The scanned area 
was stitched into a single panoramic image, and a number of 
positively stained cells for each specific marker was analyzed. 
For each marker, the results were normalized to the total number 
of cells estimated by DAPI-stained nuclei counting.

Gene Expression Analysis

Expression of genes involved in ER stress major signaling 
pathways and apoptosis were assessed by quantitative real-time 
reverse transcription PCR (RT-PCR) on a CFX96 instrument (Bio-
Rad; USA). Cells were grown on a six-well plate for 7 days. Total 
RNA was isolated using ExtractRNA reagent (Evrogen; Russia) 
according to the manufacturer's protocol. RNA samples were 
further treated with DNase (Sigma-Aldrich; USA) according to the 
manufacturer's protocol. The concentration of purified RNA was 
measured using Nanodrop 2000 spectrophotometer (Thermo 
Fisher Scientific; USA). Synthesis of complementary cDNA 
strand was performed using the Magnus Reverse Transcriptase 
kit (Evrogen; Russia) according to the manufacturer's protocol. 
Quantitative real-time PCR was performed on a CFX96 instrument 
(Bio-Rad; USA) using qPCRmix-HS SYBR kit (Evrogen; Russia) 
according to the manufacturer's protocol. Beta-2-microglobulin 
gene (B2m) was used as an endogenous control. The list of 
primers we used is presented in Table.

The program for qPCR included initial denaturation for 
5 min at 95 °C, followed by 40 cycles: at 95 °C for 20 s, at 60 °C
for 30 s, at 68 °C for 30 s. The results were analyzed using 
Bio-Rad CFX Manager software (Bio-Rad; USA).

Statistical Analysis of Data

Statistical analysis was performed using Statistica 12.0 
(StatSoft, Inc.; USA) and GraphPad Prism 8 (GraphPad 

Software; USA) software. In all cases, results are presented as 
arithmetic mean and standard error of the mean (x ± m) with 
individual values where appropriate. Details of the statistical 
analysis for each group of data are presented in the figure 
description. Differences in the obtained results were considered 
statistically significant at a significance level of p < 0.05.

RESULTS

Cellular composition and morphology of neurons in 
primary neuronal cultures expressing NEAT1_1 do not 
differ from control ones

Primary hippocampal cell cultures obtained from NEAT1_1Tg 
transgenic mice and from wild-type (WT) animals on the third 
day of postnatal development (P3) were used in the experiment. 
The isolated cells were cultured in vitro for 7 days. Culturing 
conditions (use of serum, nutrient supplement B27, etc.) were 
selected to obtain a mixed culture containing all major cell types 
of nervous tissue. Staining for markers of cell types showed that 
the primary neuronal cultures contained approximately 9 ± 1.3% 
neurons, 61 ± 5.6% astrocytes, 28 ± 2.5% oligodendrocytes, 
and 2  ± 0.5% microgliocytes (Fig. 1A, B). No differences were 
found between cultures of different genotypes — NEAT1_1Tg 
and WT - in terms of cellular composition.

To characterize neuron morphology and assess the effect 
of increased NEAT1_1 expression on morphofunctional 
characteristics related to cell activity and plasticity, we 
performed Sholl analysis evaluating the neurite outgrowth. No 
significant differences in the branching complexity in neurons of 
two different genotypes (NEAT1_1Tg and WT) were detected 
although a tendency of decreasing number of neurites in neuron 
proximal regions was observed for transgenic NEAT1_1Tg 
cultures (Fig. 2A, B). Thus, NEAT1_1 expression was shown to 
have no effect on neuronal plasticity.

In transgenic NEAT1_1Tg cultures, apoptotic cell death 
was more often observed under ER stress 

Analysis of apoptotic cell death by immunocytochemical 
staining for activated caspase-3 (CC3) showed that under 
normal conditions, a small number (2–4%) of CC3-positive 
(CC3+) cells were detected in cell cultures while the signal was 
mostly not colocalized with NeuN marker indicating the glial 
nature of dying cells (Fig. 3 A–B).

Acute and moderate ER stress was induced by treatment 
with MG132 proteasome inhibitor (200 µM and 10 µM MG132 
concentrations, respectively). On the seventh day of cultivation, 
MG132 proteasome inhibitor was added to the medium for 
4 h, after that the medium was changed. Apoptosis levels 
were evaluated after 4 h, 12 h and 24 h. The total cell death 
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Fig. 1. Cellular composition of hippocampal primary cultures derived from transgenic (NEAT1_1Tg) and wild-type (WT) mice A. Percentages of neurons (NeuN), 
astrocytes (GFAP), microgliocytes (Iba1), and oligodendrocytes (Olig2) in primary cultures. B. Representative photographs of primary cultures stained for markers of 
different cell types. Cell nuclei are stained with DAPI. The scale bar is 100 µm
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was analyzed, i.e. all CC3+ cells (both neurons and glia) were 
counted.

Under acute ER stress induced by high concentration of 
MG132 (200 µM) in WT cultures, cell death was detected in 4 h 
after treatment. Number of cells dying as a result of apoptosis 
increased in 12 h and remained high in 24 h. At the same time, in 
cultures obtained from transgenic animals, a significantly higher 
number of apoptotic cells was detected 4 h after treatment, 
whereas at subsequent time points this index was comparable 
to WT cultures treated with MG132 (Fig. 3A).

A low concentration of MG132 (10 µM) was used to model a 
moderate transient ER stress. In this case, total apoptotic death 

also increased in 4 hours however, in 12 hours the number of 
CC3+ cells decreased, and in 24 hours it matched the values for 
control cultures without MG132 treatment indicating recovery 
of cell cultures after stress. Compared with WT after stress, in 
NEAT1_1Tg cultures the number of apoptotic cells was higher 
4 hours after treatment, and the same trend persisted for 12 
hours, whereas the difference leveled off at 24 hours (Fig. 3B).

To assess how ER stress affects neuronal survival, we 
performed co-staining for CC3 and the differentiated neuron 
marker NeuN, and then counted cells expressing both markers. 
In cultures with a high concentration of MG132, neuronal death 
peaked at 4 h (Fig. 4A), whereas at a low MG132 concentration 
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Fig. 2. Morphofunctional characterization of primary neurons. A. Representative photographs of wild-type (WT) and transgenic neurons (NEAT1_1Tg). 
Immunocytochemical staining for microtubule-associated protein Tau (shown in red), neuronal marker NeuN (shown in green), and cell nuclei stained with DAPI. The 
scale bar is 50 µm. B. Analysis of branching of primary neuron processes (Sholl-analysis). The graph shows the average number of intersections of circles of a given 
radius with processes. Multiple t-test with Holm-Sidak correction

it peaked at 12 h (Fig. 4B). In each case, neuronal death was 
significantly higher in cultures expressing the NEAT1_1Tg 
transgene.

Response to ER-stress is altered in transgenic 
NEAT1_1Tg cultures

To determine the possible mechanism of increased death of 
cells, particularly neurons, in transgenic neuronal cultures 
expressing human NEAT1_1, we analyzed the expression 
of genes involved in signaling pathways of cellular response 
to ER stress as well as apoptosis genes. It was shown that 
4 h after treatment with 10 µM MG132, there was an increase 
in the expression of the following ER stress marker genes: 
transcription factor Atf4, proapoptotic gene Chop (Ddit3), 
chaperone Hspa5 (Grp78 or BiP) (Fig. 5A–B). Similar changes 
in the expression of these genes occurred in transgenic cultures 
after MG132 treatment. At the same time, the expression of Atf4 
and Ddit3 did not reach the levels observed in WT cultures after 
ER stress induction. The expression level of the gene encoding 
ER protein Emc4 having protective properties under stress [21] 
was significantly reduced in NEAT1_1Tg cultures both under 
normal conditions and under ER stress (Fig. 5G).

Caspase-3 (Casp3) mRNA levels did not differ between 
transgenic and control cultures and did not change in response 
to stress (Fig. 5D). Analysis of expression of apoptosis inhibitor 
genes (Bcl2l1, Bcl2l2, Mcl1) (Fig. 5E–Z) showed that induction 
of moderate ER stress in WT cultures resulted in increased 

mRNA levels for Bcl2l2 and Mcl1 genes, whereas Bcl2l1 
expression remained unchanged. In contrast, in transgenic 
NEAT1_1Tg cultures, no significant activation of Bcl2l2 and 
Mcl1 was observed under stress, with some upward trend for 
Mcl1 though.

DISCUSSION

NEAT1 has been convincingly shown to be involved in various 
pathological processes associated with neurodegeneration, 
including neuroinflammation and apoptosis [5]. NEAT1 gene 
promoter has a binding site with p53 protein which is capable 
of increasing NEAT1 levels [22]. An extended experimental data 
indicates a protective role of NEAT1. In mouse experiments 
using an adenoviral vector for RNA delivery, Neat1_1 was 
shown to have an anti-apoptotic effect in a brain injury model as 
well as in cell culture of hippocampal neurons from HT-22 mice 
under hypoxia and glucose deficiency [23]. NEAT1 knockdown 
in human neuroblastoma SH-SY5Y cells increased apoptotic 
death in the simulation of viral infection using double-stranded 
RNA treatment [12]. At the same time, NEAT1 overexpression 
can stimulate ferroptosis in HepG2 hepatocarcinoma cells 
[24], and inhibition of NEAT1 in toxic (MPP+) cell and animal 
models of Parkinson's disease led to a decrease in cell death 
and proapoptotic markers [25, 26]. Thus there are conflicting 
data on the effect of NEAT1 on cell death. Specific pro- or 
anti-apoptotic effect of NEAT1 may possibly depend on a type 
of damaging effect. Understanding the mechanism of NEAT1 
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Fig. 3. Apoptotic death in transgenic (NEAT1_1Tg) primary cultures and wild-type (WT) cultures. A. Apoptosis in cultures when treated with 200 µM MG132. 
B. Apoptosis in cultures when treated with 10 µM MG132. Two-factor analysis of variance, Fisher's test. * — p < 0.05; ** — p < 0.01. B. Representative photographs 
of cell cultures upon treatment with 10 µM MG132 after 12 h. Neurons stained for the differentiated neuron marker NeuN (shown in green), the apoptotic cell death 
marker activated caspase 3, CC3 (shown in red), and nuclei stained with DAPI (shown in blue). Scale section is 100 µm
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action is further complicated by the fact that unlike in vivo 
nervous tissue and primary neurons, in most cell cultures the 
long isoform (NEAT1_2), a basis for paraspecles assembly, is 
expressed as well [5, 12]. Formation of paraspecles, in turn, 
can be stimulated by cellular stress of various types including 
proteasome inhibition [27]. Therefore, it is difficult to identify 
independent roles of short and long NEAT1 isoforms in the 
cellular response to stress.

We have shown that ectopic expression of the transgene 
encoding the short isoform of human NEAT1_1 in the mouse 
nervous system had no effect on cellular composition (Fig. 1) 
and morphology of primary neuronal cultures (Fig. 2) derived 
from hippocampi. Induction of ER stress with the proteasome 
inhibitor MG132 resulted in apoptotic cell death of primary 
culture cells (Fig. 3), and apoptosis intensity depended on stress 

level (MG132 concentration). At the same time, the number of 
apoptotic cells was higher in cultures expressing the NEAT1_1 
transgene compared with WT cells in stress conditions. As it 
was shown earlier for mouse embryonic Neat1 knockout 
fibroblasts, the absence of Neat1 increases death of these 
cells in response to MG132 treatment [27]. Stable Neat1 levels 
might be important for cell survival under stress or its effect 
on cell death depends on type of cells. The primary culture 
used in this study was mixed and contained both neurons and 
glial cells. This made it possible to assess survival of neurons 
in the experiment under the mutual influence of different cell 
populations of neuronal origin. To determine the specific effect 
of increasing NEAT1_1 levels on neuronal survival, we estimated 
the number of cells expressing both the mature neuronal marker 
NeuN and activated caspase-3 (CC3). Stress resulted in a more 
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Fig. 4. Apoptotic neuronal death in transgenic (NEAT1_1Tg) primary and wild-type (WT) cultures. A. Apoptosis in cultures treated with 200 µM MG132. B. Apoptosis in 
cultures treated with 10 µM MG132. Two-way analysis of variance, Fisher's test. ** — p < 0.01; *** — p < 0.001; **** — p < 0.0001
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intensive neuronal death in transgenic cultures (NEAT1_1Tg) 
compared with wild-type cultures (WT) (Fig. 4). Thus, NEAT1_1 
expression enhanced apoptosis of primary neurons under ER 
stress. An increased number of apoptotic neurons in transgenic 
cultures without treatment compared with control cultures was 
observed for all time points. Although these differences are not 
statistically significant, it can be assumed that there is some 
predisposition of transgenic neurons to trigger apoptosis under 
normal conditions, and this should be investigated further.

Cellular ER stress response includes three different 
signaling pathways based on kinases acting as stress sensors: 
PERK, ATF6, and IRE1 [16]. When they are activated, an overall 

protein synthesis is inhibited and protective mechanisms are 
triggered, primarily aimed at adapting to stress and restoring 
protein homeostasis. However, under severe stress or its 
prolonged persistence, the balance shifts towards activation 
of proapoptotic signaling pathways leading to cell death 
[28]. We have shown that ER stress causes activation of the 
PERK pathway evidenced by an increase in Atf4 mRNA levels 
however, this activation was less in NEAT1_1Tg cultures (Fig. 5). 
Accordingly, activation of proapoptotic Ddit3 (Chop) gene which 
belongs to the same PERK/ATF4/CHOP signaling pathway 
and acting as activator of cell transition to apoptosis under ER 
stress, was also reduced in NEAT1_1Tg cultures [29]. In both 
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cultures, expression of Hspa5 chaperone gene (BiP) increased 
under ER stress. Rapid response of NEAT1_1Tg cells to stress 
and triggering of apoptosis through caspase-3 activation could 
be explained by initial differences in the amounts of caspase-3 
inactive form in cells. Analysis of caspase-3 (Casp3) expression 
showed that at least at the initial stage of stress development, 
4 h after MG132 treatment of cells, its levels were similar in all 
four groups. Since the number of cells stained with antibodies 
against caspase-3 activated form was increased in 4 hours 
after the stress induction, the difference between NEAT1_1Tg-  
and WT-cell death levels is likely to be due to some other 
regulatory factors, in particular the cleavage of procaspase-3 
with formation of its activated form. We analyzed the expression 
of the following apoptosis inhibitor genes: Bcl2l1, Bcl2l2, and 
Mcl1 [30]. Bcl2l1 expression did not change in response to ER 
stress. For Bcl2l2 and Mcl1 genes, an increase in their levels 
was observed in WT cultures while in NEAT1_1Tg cultures such 

activation was practically absent for Bcl2l2 and was significantly 
less for Mcl1. In NEAT1_1Tg cultures, there was a decrease in 
mRNA level of Emc4 gene related to conserved transmembrane 
proteins required for protein stacking in ER. The lack of Emc 
proteins can lead to ER stress [31]. Thus, an increased level 
of NEAT1_1 in neuronal cultures during ER stress results in a 
decrease in regulatory anti-apoptotic signals which enhances 
cell death including neuronal death. 

CONCLUSIONS 

Additional expression of transgenic human NEAT1_1 long non-
coding RNA under ER stress promotes apoptotic neuronal death 
in primary hippocampal cultures. Increasing levels of this RNA 
in the nervous system of patients suffering neurodegenerative 
diseases (ALS, FTD, HD) with protein aggregation and ER 
stress can be considered as a pathogenetic factor.
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Suponeva NA, Bakulin IS, Poydasheva AG    , Sinitsyn DO, Zabirova AH, Lagoda DYu, Piradov MA

PREFRONTAL CORTEX TRANSCRANIAL THETA-BURST STIMULATION FREQUENCY-DEPENDENT 
EFFECTS ON COGNITIVE FUNCTIONS

Theta-burst stimulation (TBS) is widely used due to induction of the long-lasting effects with short protocol duration. To reduce the variability of the effect, approaches 

to personalize it, such as using theta-gamma coupling frequencies (TGC), are being investigated. The study was aimed to develop the personalized protocol of 

navigated intermittent theta-burst stimulation (iTBS-ind) based on TGC, and to compare this protocol with the standard one (iTBS-5/50) and sham stimulation 

(iTBS-sham). The study involved 16 healthy volunteers (М — 7; 29.6 years), who were randomized to receive one session of each protocol of the left dorsolateral 

prefrontal cortex iTBS. The effects were estimated using the n-back test with simultaneous presentation of verbal and spatial stimuli (n = 2, 3), Digit Span test, 

Corsi blocks task, Tower of London test; testing was performed immediately before, immediately after and 60 min after stimulation. No severe adverse events were 

reported. Significant effect was obtained when performing assessment after 60 min for iTBS-5/50 in the n-back test with spatial stimuli (n = 3) (p
corr

 = 0.018), for 

all protocols in the Tower of London test (p
corr

 = 0.039 for iTBS-5/50, p
corr

 = 0.045 for iTBS-ind, p
corr

 = 0.003 for iTBS-sham). The iTBS-5/50 effect was significantly 

higher compared to iTBS-sham in the spatial n-back test (n = 3) (p
corr

 = 0.039), but lower compared to iTBS-ind and iTBS-sham in the Corsi blocks task (p
corr

 = 0.038 

and 0.048, respectively). Thus, we failed to confirm the personalized protocol efficacy and superiority to the standard protocol and sham stimulation. Considering 

the effect of standard protocol, its further investigation can be promising.

Keywords: transcranial magnetic stimulation, non-invasive neuromodulation, phase-amplitude coupling, theta-gamma coupling, left dorsolateral prefrontal cortex, 
cognitive functions, intermittent theta-burst stimulation
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Н. А. Супонева, И. С. Бакулин, А. Г. Пойдашева    , Д. О. Синицын, А. Х. Забирова, Д. Ю. Лагода, М. А. Пирадов

ЧАСТОТНО-ЗАВИСИМЫЙ ЭФФЕКТ ТРАНСКРАНИАЛЬНОЙ СТИМУЛЯЦИИ ТЕТА-ВСПЫШКАМИ 
ПРЕФРОНТАЛЬНОЙ КОРЫ НА КОГНИТИВНЫЕ ФУНКЦИИ

Стимуляция тета-вспышками (TBS) находит широкое применение благодаря индукции долговременных эффектов при короткой длительности 

протокола. Для уменьшения вариабельности эффекта исследуют подходы к ее персонализации, например, по частотам тета-гамма сопряжения (ТГС). 

Целью исследования было разработать протокол персонализированной по ТГС навигационной стимуляции интермиттирующими тета-вспышками (iTBS-ind) и 

сравнить его со стандартным (iTBS-5/50) и имитацией стимуляции (iTBS-sham). В исследование включены 16 здоровых добровольцев (М — 7; 29,6 лет), 

которым в случайном порядке проводили по одной сессии каждого протокола iTBS левой дорсолатеральной префронтальной коры. Эффект оценивали с 

помощью тестов n-back c одновременным предъявлением вербальных и пространственных стимулов (n = 2,3), Digit span, Corsi blocks, Tower of London; 

тестирование проводили до, сразу и через 60 мин после стимуляции. Серьезных нежелательных явлений не зарегистрировали. Статистически значимый 

эффект получен при оценке через 60 мин для iTBS-5/50 на тест n-back с пространственными стимулами (n = 3) (p
corr

 = 0,018), для всех протоколов — 

на тест Tower of London (p
corr

 = 0,039 для iTBS-5/50, p
corr

 = 0,045 для iTBS-ind и p
corr

 = 0,003 для iTBS-sham). Эффект iTBS-5/50 был статистически 

значимо выше по сравнению с iTBS-sham в отношении пространственного теста n-back (n = 3) (p
corr

 = 0,039), но ниже по сравнению с iTBS-ind и iTBS-

sham в отношении теста Corsi blocks (p
corr

 = 0,038 и 0,048 соответственно). Таким образом, не удалось подтвердить эффективность и преимущества 

персонализированного протокола по сравнению со стандартным и имитацией стимуляции. В связи с полученным эффектом стандартного протокола 

может быть перспективным дальнейшее его изучение.
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Non-invasive neuromodulation, specifically transcranial magnetic 
stimulation (TMS), is used both in the study of cognitive function 
and as a potential method to enhance it in healthy individuals 
and patients [1–3]. 

The effect of repetitive TMS is thought to be due to its 
influence on neuroplasticity mechanisms [4, 5]. It is not confined 
to the stimulated area and extends over the functionally 
linked components of neural networks [1]. In recent years, 
an increasing attention was paid to investigation of patterned 
TMS protocols, including theta-burst stimulation (TBS), when 
“bursts” of three stimuli with a specified frequency (usually 30 or 
50 Hz) are delivered at a frequency of 3 or 5 Hz. Bursts can be 
presented continuously for 20 or 40 s (continuous TBS, cTBS) 
or for 2 s with an interval of 8 s (intermittent TBS, iTBS) [6–7]. 
TBS is characterized by the sufficiently long neuromodulatory 
effect duration with short duration of stimulation, which makes 
the use of TBS in clinical practice promising [8].

The data on the TBS effect on cognitive functions in healthy 
volunteers are controversial [9]. One of the reasons can be high 
inter-individual variability in response to stimulation reducing 
the group effect. Furthermore, are poorly reproducible at the 
individual level: cognitive function improvement in healthy 
volunteers in response to the TBS session is observed in 
70% of cases, however, it is reproduced only in 37.5% when 
reassessed on a different day  [10].

The development of personalized protocols (particularly, 
based on stimulation frequency) represents one of the 
approaches to variability reduction. In addition to selection 
based on individual cortical rhythm frequencies [11, 12], 
selection based on the cortical oscillation phase-amplitude 
coupling (PAC) is a relatively new method. 

The most studied variant of PAC is the theta-gamma 
coupling (TGC), which is important for memory processes. In 
TGC the amplitude of oscillations in the gamma range (over 
30 Hz) is modulated by phase of oscillations in the theta range 
(4–8 Hz) [13–15]. TGC has been shown to correlate with working 
memory (WM) test scores and several other cognitive functions 
in healthy volunteers [16] and its decline has been observed 
in Alzheimer's disease, moderate cognitive impairment and 
mental disorders  [13, 17].

The results of sporadic studies involving the use of the non-
invasive neuromodulation protocols personalized based on the 
TGC frequency are available. A significantly more prominent 
effect of one session of personalized protocol on the n-back 
test results in healthy volunteers compared to standard iTBS 
(6/30 and 5/50 Hz) when performing assessment 45 min after 
stimulation was revealed, along with significant differences in 
the characteristics of the TMS-evoked EEG potentials between 
the standard and personalized protocols [18]. Considering 
these data, the study was aimed to assess the effects of the left 
dorsolateral prefrontal cortex (lDLPFC) personalized stimulation 
protocol based on TGC on the cognitive test results in healthy 
volunteers and to compare its efficacy with that of standard 
protocol and sham stimulation.

METHODS

Prior to inclusion in the study, participants completed a 
questionnaire to identify contraindications to TMS and a modified 
version of the Edinburgh Handedness Inventory (EHI) [19]. 
Medical history of each participant was taken and demographic 
data were acquired, routine electroencephalography (EEG) with 
standard functional tests was performed to exclude epileptiform 
activity (Neuron-Spectr 4/P, Neurosoft LLC; Russia). Inclusion 
criteria: informed consent; age 18–40 years; laterality index > 40 

based on EHI. Non-inclusion criteria: contraindications to 
MRI/TMS; epileptiform activity on the routine EEG; history of 
neurological or mental disorders; the use of medications having 
an effect on the CNS; decompensated chronic somatic disorder. 
Exclusion criteria: severe adverse events (AEs) revealed during 
the TMS procedure (TMS-induced epileptic seizure, syncope, 
etc.); development of somatic, mental or neurological disiases; 
pregnancy; refusal to participate.

Determining individual theta–gamma coupling frequencies

To determine the TGC frequencies, the 64-channel EEG 
(10–10 electrode placement system) synchronized with the 
n-back test (Latin consonants were presented with n = 3, the 
details of the method are provided below) was recorded. The 
actiCHamp Plus 64 (BP-100-2511) system (Brain Products 
GmbH; Germany) was used for EEG recording; synchronization 
was performed using the Trigger Station (Brain Trends; Italy); 
paradigm was written in the E-Prime 3.0 software (Psychology 
Software Tools; USA). Three series of 24 stimuli were presented 
(6 matching stimuli per session were presented at 3000 ms 
intervals, the stimulus presentation time was 250 ms. There 
were breaks for rest between series, the duration of which was 
determined by volunteers (10–20 s). Training with n = 1 and 2 
was conducted before the main test. 

EEG preprocessing and analysis was performed in EEGLAB 
and MATLAB (The MathWorks, Inc.; USA). Preprocessing 
involved removal of channels with high noise levels; referencing 
to the average reference; 1–80 Hz band filtering with a 49–51 Hz 
band-stop filter; removal of intervals with artifactualsignal; artifact 
removal by independent component analysis. The signals from 
the Fz and Pz electrodes were analyzed to calculate the phase 
and amplitude of the TGC, respectively [18]. The averaged 
signal of all recording electrodes was used as a reference. We 
analyzed intervals from 250 ms after the end of the stimulus 
display to the moment of the next stimulus display with 
a cutting of 750 ms on each side to reduce edge artifacts 
(69 intervals of 1000 ms each). Wavelet transform was applied 
with the cycle number of 6 and 4 for phase and amplitude to 
extract rhythms. The coupling strength was estimated using 
the mean vector length (MVL) as the most sensitive under the 
assumption of monophasic coupling. The index normalization 
procedure was used to eliminate unbalanced phase distribution 
and large amplitude fluctuations. The TGC comodulograms 
were plotted for each subject. The frequencies of maximum 
TGC were used to develop a personalized iTBS protocol.

Theta-burst stimulation protocols

TMS was performed with the MagPro X100 + MagOption 
stimulation device (Tonika Elektronik A/S; Denmark) in 
combination with the Localite TMS Navigator system (Localite 
GmbH; Germany) and the Axilum Robotics TMS-Cobot robotic 
positioning system (Axilum Robotics; France) using the liquid-
cooled figure-of-eight coil. For navigated TMS, MRI was 
performed in the 3D-Т1-MPR (3D T1 multiplanar reconstruction) 
mode using the MAGNETOM Verio and MAGNETOM Prisma 
scanners (Siemens Healthcare GmbH; Germany) (voxel size 
1.0 × 0.977 × 0.977 mm3, 176 sagittal slices). The target 
within lDLPFC was defined as a spot located 5 cm anterior 
to the “hot spot” of the first dorsal interosseous (FDI) muscle 
cortical representation; the localization was specified based 
on individual structural MRI data. Electromyography recording 
of motor evoked responses involved the use of the Ag/Cl 
electrodes (Neurosoft LLC; Russia) placed on the muscle 
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belly (active electrode) and the tendon (reference electrode). 
Intensity equal to 75% of individual resting motor threshold 
determined in accordance with the Rossini-Rothwell protocol 
for FDI prior to each session was used in the active stimulation 
protocols. 

During the crossover study each subject underwent one 
stimulation session according to the protocols below with at 
least 72 hours between sessions. All sessions were conducted 
within the same time frame (8–14 or 14–17 hours). Protocols 
were pseudo-randomized by the Latin square method and 
included the following:

• iTBS-5/50 — standard iTBS protocol (bursts of 3 stimuli 
at 50 Hz, bursts were applied with a frequency of 5 Hz). One 
block consisted of 10 bursts, an interval between blocks was 
8 s, the total number of stimuli per session was 600;

• iTBS-ind — personalized iTBS protocol (bursts of 
3 stimuli, the stimulus frequency corresponded to the gamma 
rhythm frequency and the frequency of bursts corresponded 
to the frequency of theta rhythm at maximum TGC determing 
during the previous step). One block consisted of 10 bursts, an 
interval between blocks was 8 s, the total number of stimuli per 
session was as close to 600 as possible for this frequency ratio;

• iTBS-sham — sham stimulation involved the use of special 
figure-of-eight coil  imitating the sounds of stimuli presented, 
but not inducing stimuli themselves, and local low-intensity 
electrical stimulation imitating the sensations of magnetic 
stimulation. The duration and frequency of the sound imitation 
of stimuli were similar to standard, and the electrical stimulation 
intensity was determined individually based on the severity of 
sensations in the area subjected to stimulation. 

Cognitive tests  

Neuropsychologial testing was performed using PEBL v 2.0 
(Psychology Experiment Building Language) [20]. Participants 
put on the noise-canceling headphones to minimize distractions. 
The following tests were used: n-back test involving simultaneous 
presentation of spatial and verbal stimuli; backwards Corsi 
blocks task; Forward Digit Span; Tower of London. 

In the n-back test, the subjects were simultaneously 
presented with spatial (position of squares) and verbal (Latin 
consonants) stimuli [21]. The subject had to determine whether 
the current stimulus matched the one presented n steps before 
and to press the key when there was a match. The accuracy of 
performance was assessed using the d’ sensitivity index [22]. 
It was calculated based on the number of correct keystrokes in 
response to to a matching stimulus (hits) and and the number 
of false keystrokes in response to a mismatching stimulus 
(false alarms). The number of hits was normalized to the total 
number of matching stimuli (6 for the version of the task used), 
and the number of false alarms was normalized to the total 
number of mismatching stimuli (16 and 17 for n-back test with 
n = 2 and n = 3, respectively). Z transformation was applied to 
each normalized value, and d’ was calculated as a difference of 
Z-values for hits and false alarms. Considering the simultaneous 
presentation of verbal and spatial stimuli, the total d’ value for 
two types of stimuli with each n was also determined. The 
results obtained with n = 2 and n = 3 were analyzed. Training 
involving separate presentation of verbal stimuli with n = 1 and 2, 
spatial stimuli with n = 1, and the combination of two types of 
stimuli with n = 1 was performed before each n-back test. 

In the Corsi blocks task, one had to memorize the order, 
in which squares were presented, and reproduce it in reverse 
order. The maximum length of the correctly recalled sequence 
was estimated. 

In the Digit Span test, the subject was presented a 
numerical sequence, which he/she had to reproduce in direct 
order, starting from the sequence of 5 digits, with the step of 
1 digit, up to a maximum length of 10 digits. The maximum 
length of numerical sequence the subject could correctly recall 
or the total number of correctly recalled sequences (after the 
maximum length of 10 digits was achieved) was estimated. 

In the Tower of London test, the subject was offered to 
reproduce the specified sequence of colored disks by moving 
the disks. The time of task performance was recorded. 

The test scores were measured at three time points: 
Т0 — before stimulation, Т1 — immediately after the end of 
stimulation, Т2 —1 h after the end of stimulation. The effects 
of stimulation at Т1 and Т2 were estimated as the difference 
between the values at each of these points and the initial value 
at Т0.

Statistical data processing

Statistical analysis was performed using the IBM SPSS Statistics 
software package (v.23) (IBM, SPSS Inc.; USA). Estimation of 
individual effects of each protocol at Т1 and Т2 compared to 
Т0 as well as comparison of effects between different protocols 
was peformed using the Friedman test. The Wilcoxon test with 
Bonferroni correction was used to identify significant differences 
for pairwise comparisons. The significance threshold was set 
as p = 0.05.

Assessment of the stimulation protocol 
safety and tolerability

All participants completed the standardized questionnaire 
for assessment of AEs during the TMS session immediately 
after stimulation and within 24 h after stimulation, before each 
subsequent stimulation session.   
 
RESULTS

A total of 25 individuals were screened, among them four had 
contraindications to TMS (three individuals used drugs affecting 
the CNS, one had somatic disorder). Among the included 
volunteers five failed to complete the study (four for logistical 
reasons, one due to poor tolerability of TMS). The data of 16 
volunteers were included in the final analysis (seven males, 
average age 29.6 years).

Individual theta–gamma coupling frequencies

The following TGC frequencies used for individual protocols 
were obtained based on the analysis of the EEG data with 
paradigm (Table 1). An example of individual comodulogram is 
provided in Fig.

Safety and tolerability

The data of 50 sessions were analyzed (16 iTBS-ind, 17 iTBS-
5/50, 17 iTBS-sham). No severe AEs were reported. One 
volunteer refused to continue participating after the second 
session of stimulation (iTBS-5/50) due to the development of 
mild headache (3 points on the Numeric Pain Scale, NPS) and 
difficulty concentrating. 

Mild AEs were reported in 29 sessions (78%) (Table 2).
Mild to moderate pain in the area of stimulation was the 
most common AE reported during TMS (12 sessions, 24%; 
2–5 points on NPS). more intense pain (7–8 points on NPS) 
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Fig. Individual comodulogram of healthy volunteer. The color scale indicates the values of mean vector length (MVL); maximum theta–gamma coupling is marked with 
the red circle (frequencies of 7,6; 40 Hz)
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was reported during the iTBS-ind stimulation in one case and 
during the iTBS-sham in one case. Headache within 24 h after 
stimulation also had low intensity (2–3 points on NPS). 

Cognitive effects

Analysis of effects of distinct protocols

When assessing the effects of distinct protocols using the 
Friedman test assessing differences at three time points), 
significant differences were revealed after the iTBS-5/50 
protocol for the n-back tests with spatial stimuli (n = 3) (p = 0.013), 
Corsi blocks (p = 0.044) and Tower of London (p = 0.015), 
as well as after the iTBS-ind and iTBS-sham protocols for the 
Tower of London test (p = 0.02 and p = 0.006, respectively). 

When performing pairwise comparison using the Wilcoxon 
test, significant differences were reported for the iTBS-5/50 
protocol in the n-back test with spatial stimuli (n = 3) between 

measurements at Т2 and Т0 (p
corr

 = 0.018, Bonferroni correction 
for multiple comparison) and in the Tower of London test between 
measurements at Т2 and Т1 (p

corr
 = 0.039); comparisons of 

other tests turned out to be non-significant. As for protocols 
iTBS-ind and iTBS-sham, significant differences were reported 
in the Tower of London test between measurements at Т2 and 
Т0 (p

corr
 = 0.045 and p

corr
 = 0.003, respectively) (Table 3).

Comparison of effects between protocols

When comparing protocols, significant differences were 
reported in the n-back test with spatial stimuli (n = 3) for 
differences between Т1 and Т2, as well as in the Corsi blocks 
task for differences between Т0 and Т2 and between Т1 and 
Т2 (Table 4). Pairwise comparison involving the use of the 
Wilcoxon test revealed significant differences in the n-back 
test with spatial stimuli (n = 3) between protocols iTBS-5/50 
and iTBS-sham (the effects of the iTBS-5/50 was larger) 

Table 1. Individual theta–gamma coupling frequencies

N

Theta–gamma coupling frequencies Протокол стимуляции

Individual theta 
frequency, Hz

Individual gamma 
frequency, Hz

Frequency of bursts, Hz
Frequency of stimuli within 

the burst, Hz
Total number of stimuli

1 7,6 42 8 41.7 624

2 8 44 8 43.5 624

3 7 48 7 47.6 588

4 6 56 6 56 600

5 7 30 7 30 588

6 7 32 7 32.3 588

7 7 50 7 50 588

8 5 44 5 44 600

9 8 30 8 30 624

10 4 60 4 59.9 600

11 4 30 4 30 600

12 4 32 4 32 600

13 5 38 5 38 600

14 5 30 5 30 600

15 6 42 6 42 600

16 6 34 6 34 600
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(p
corr

 = 0.039), in the Corsi blocks task between points Т2 and 
Т1 for protocols iTBS-5/50 and iTBS-ind, as well as iTBS-5/50 
and iTBS-sham (the effects of the iTBS-5/50 protocol was 
smaller compared to other protocols; p

corr
 = 0.038 and 0.048, 

respectively) (Table 5).

DISCUSSION

During the study we developed an lDLPFC iTBS personalized 
protocol based on individual TGC frequencies, gained 
experience of its application on healthy volunteers and 
showed a beneficial safety and tolerability profile. No significant 
differences from the standard protocol or sham stimulation were 
reported in the majority of tests. Significant effect was reported 
only in the Tower of London test for assessment of executive 
functioning. It was shown that standard protocol was effective 
for the spatial WM and divided attention test (n-back test with 
n = 3), and the change was significantly larger compared to 
sham stimulation. On the other hand, the simpler spatial WM 
test (Corsi blocks) revealed significantly worse execution 

after this protocol showing significant differences from sham 
stimulation and personalized protocol.

In contrast to the earlier reported data, we failed to find 
benefits of the effects of personalized protocol compared to the 
standard protocol, there also were no differences from sham 
stimulation [18]. The observed decrease in task completion 
time in the Tower of London test may be due to learning, since 
the same statistically significant effect was observed during 
sham stimulation. However, no significant differences between 
protocols were revealed in this test. Perhaps, the lack of the 
personalized protocol effect results from the destructive TMS-
induced activity interference with individual cortical rhythms. 
This assumption is in line with the results of studies focused 
on the use of transcranial alternating current stimulation  
(tACS), in which the effect was dependent on the theta cycle 
phase, during which the gamma frequency current was 
applied [23, 24]. When using TMS, control of the theta bursts’ 
synchronization with endogenous theta rhythm is possible only 
with the use of the “closed-loop” systems with sumiltaneous 
EEG-TMS recording and synchronization of stimuli with the 

Table 2. Adverse events during stimulation and within 24 h after stimulation

Note: iTBS-5/50 — standard theta-burst stimulation protocol, iTBS-ind — personalized theta-burst stimulation protocol, iTBS-sham — sham stimulation 

Protocol iTBS-5/50 iTBS-ind iTBS-sham

Total number of sessions 17 16 17

AEs during stimulation

Sessions with AEs 7 8 14

Cases of headache during stimulation 2 2 8

Non-painful unpleasant sensations 4 5 3

Drowsiness 2 1 2

Concentration difficulties 1 0 1

AEs within 24 h after stimulation

Total number of sessions 4 1 1

Headache within 24 h after stimulation 3 1 1

Other unpleasant sensations within 24 h after stimulation 4 0 1

Table 3. Effects of distinct protocols on the results of cognitive tests

Test iTBS-5/50 iTBS-ind iTBS-sham

n-back

n Stimulus type T1-T0 T2-T0 T2-T1 T1-T0 T2-T0 T2-T1 T1-T0 T2-T0 T2-T1

n = 2

L
–0.32 

[–0.42; 0.42]
–0.04 

[–0.75; 0.74]
–0.12 

[–0.55; 0.35]
0.04 

[–0.37; 0.45]
0.04 

[–0.39; 0.44]
0.00 

[–0.02; 0.71]
–0.07 

[–0.76; 0.58]
0.19 

[–0.23; 0.69]
0.10 

[–0.32; 1.00]

S
–0.10 

[–0.35; 0.65]
0.05 

[–0.08; 0.86]
0.27 

[–0.33; 0.83]
0.00 

[–0.29; 0.35]
0.00 

[–0.29; 0.39]
0.07 

[–0.42; 0.42]
–0.42 

[–0.54; 0.49]
–0.26 

[–1.09; 0.56]
0.05 

[–1.12; 0.81]

Total
0.02 

[–0.60; 0.86]
0.67 

[–0.70; 0.84]
0.57 

[–0.68; 0.78]
0.22 

[–0.56; 0.52]
0.26 

[–0.56; 0.95]
0.24 

[–0.36; 0.71]
–0.02 

[–0.99; 0.39]
0.40 

[–1.29; 0.97]
0.32 

[–0.31; 1.17]

n = 3

L
–0.13 

[–0.61; 0.55]
–0.24 

[–0.54; 0.13]
–0.23 

[–0.68; 0.71]
0.03 

[–0.50; 0.70]
0.19 

[–0.26; 0.64]
–0.10 

[–0.49; 0.58]
–0.11 

[–0.77; 0.59]
–0.32 

[–0.56; 0.70]
–0.06 

[–0.88; 0.65]

S
0.32 

[–0.09; 0.89]
0.89 

[0.00; 1.18]
0.40 

[0.16; 0.74]
–0.05 

[–0.61; 0.73]
0.16 

[–0.70; 1.09]
0.12 

[–0.35; 1.02]
0.06 

[–0.35; 0.58]
–0.07 

[–0.42; 0.05]
–0.16 

[–0.39; 0.15]

Total
0.29

[–0.60; 0.62]
0.62 

[–0.58; 1.23]
0.50 

[–0.93; 0.99]
–0.45 

[–0.76; 0.50]
0.36 

[–0.25; 1.41]
0.11 

[–0.80; 1.24]
0.09 

[–0.54; 0.49]
–0.05 

[–0.96; 0.47]
–0.25 

[–0.70; 0.74]

Digit span
0.00

[–1.00; 1.25]
1.00 

[–0.25; 2.00]
1.00 

[0.00; 1.00]
0.00 

[–0.25; 1.00]
0.00 

[–1.00; 1.00]
–0.50 

[–1.00; 1.00]
–0.50 

[–1.25; 1.00]
0.00 

[–1.25; 0.25]
0.00 

[–1.00; 0.25]

Corsi blocks
0.00 

[0.00; 1.00]
0.00 

[–1.25; 0.00]
0.00

[–2.00; 0.00]
0.00 

[–0.25; 1.25]
0.00 

[0.00; 1.25]
0.00 

[0.00; 0.25]
0.00 

[0.00; 1.25]
0.00 

[0.00 2.00]
0.00 

[0.00; 0.00]

Tower of London
–4.00

[–51.8; 17.25]
–23.50 

[–43.8; –4.25]
–19.00

[–38.5; –3.25]
–26.00 

[–48.3; 15.0]
–36.00 

[–68.0; –4.25]
–19.00 

[–35.3; 1.5]
–10.00 

[–49.8; 9.25]
–32.00 

[–54.5; –14.50]
–15.50 

[–36.8; 3.5]

Note: iTBS-5/50 — standard theta-burst stimulation protocol, iTBS-ind — personalized iTBS protocol, iTBS-sham — sham stimulation; Т1-Т0 — difference between 
values measured immediately after and before stimulation (hereinafter the data are presented as М [Q

1
; Q

3
]), Т2-Т0 — difference between values measured 60 min 

after the end of stimulation and before stimulation; L — verbal stimuli, S — spatial stimuli, Total — total d’ value for verbal and spatial stimuli with the same n; Digit 
Span — test for assessment of the sequence of digits recall, Corsi blocks — test for assessment of the spatial sequence recall; Tower of London — Tower of London 
test; significant differences (p < 0.05, pairwise comparison using the Bonferroni adjusted Wilcoxon test) are marked in bold; positive difference values correspond to 
performance improvement in all tests, except Tower of London
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peaks of individual theta rhythm [25], however, the protocol 
efficacy and feasibility need to be studied.

The reported spatial WM improvement in response to one 
session of standard iTBS protocol is compliant with the results 
of some other studies [26, 27]. The use of the n-back test 
variant with simultaneously presented verbal and spatial stimuli 
assessing both WM characteristics and divided attention 
is a peculiarity of our study. No significant differences were 
observed when evaluating the test with verbal stimuli and the 
total score, so it is unlikely that the observed effect is due 
to a change in task strategy. The standard protocol had an 
oppositely directed effect on the other spatial WM test — Corsi 
blocks, i.e. a decrease in the number of memorized stimuli, 
although it was non-significant. The possible explanation could 
be that the lDLPFC stimulation affected mainly the processes 
of information processing in the WM or divided attention important 
for the n-back test execution, while the process of information 
maintenance was more important for the Corsi blocks task. 
Such multidirectional effects of protocol on two important WM 
components, information maintenance and processing, agrees 
well with the concept of the zero-sum game, according to 
which improvement of one function in response to stimulation 
is accompanied by deterioration of the other one and eventually 
leads to a zero result [28].

The emergence of significant differences in testing only after 
the standard iTBS protocol can be explained by the fact that 
stimulation with a frequency of 5 and 50 Hz is most effective 
for induction of the long-term potentiation, as has been earlier 
shown in animal models [6]. An alternative explanation can be 
based on the assumption that the WM capacity is determined 
by the ratio of gamma/theta frequencies. In this case stimulation 
with a frequency lower than individual theta rhythm leads to 
the increase in the WM capacity, which has been confirmed by 
studies involving the use of tACS [29, 30]. A similar approach 
can be realized using iTBS protocols.

All detected effects were noted when performing delayed 
measurements (an hour after the beginning of stimulation), 
while measurements performed immediately after stimulation 
revealed no significant differences for any of the protocols. The 
duration of the effect is consistent with the results obtained 
earlier, according to which the effect on cognitive functions 
is absent when measured immediately after stimulation, but 
is detected in repeated measurements in the delayed period 
(60 min in our study, 20 and 40 min — according to the literature)  
[26]. It is reasonable to estimate the stimulation effects not only 
immediately after the end of stimulation, but also throughout 
the intended effect duration.

Small sample size can be considered the study limitation, 
however, this power is sufficient to detect "large" effects.
Furthermore, variability of individual TGC and the issues 
related to selection of algorithm for individual TGC calculation 
represent a significant limitation. The lack of significant effect on 
the results of some tests (such as n-back test with n = 2; Digit 
Span, Corsi blocks) can also be due to their low complexity and 
the “ceiling effect”. One more limitation is the crossover design 
that can result in learning effect between sessions. However, 
the possible bias due to learning was minimized by the Latin 
square method. Furthermore, volunteers undervent several 
training tests before the beginning of stimulation sessions.

CONCLUSIONS

Thus, we have demonstrated safety and efficacy of the lDLPFC 
personalized theta-burst stimulation based on individual TGC 
frequencies, but the effect on cognitive test scores could not 
be confirmed. Standard iTBS protocol turned out to show a 
significant effect different from sham stimulation. In this regard, 
further investigation of this protocol, for example, in patients 
with cognitive impairment, can be promising. Considering the 
results obtained, it seems reasonable to test the alternative 

Table 4. Comparison of effects between protocols 

Note: pT1-T0 — significance level for differences of values measured at Т1 and Т0, pT2-T0 and pT2-T1 — the same for Т2 and Т0, Т2 and Т1, respectively; L — verbal 
stimuli, S — spatial stimuli, Total — total d’ value for verbal and spatial stimuli with the same n; Digit Span — test for assessment of the sequence of digits recall, Corsi 
blocks — test for assessment of the spatial sequence recall; Tower of London — Tower of London test; significant differences are marked in bold (p < 0.05, comparison 
using the Friedman test)

Test
pT1-T0 pT2-T0 pT2-T1

n-back

n Stimulus type

n = 2

L 0.57 0.779 0.56

S 0.459 0.083 0.646

Total 0.185 0.57 0.717

n = 3

L 0.533 0.21 1

S 0.276 0.236 0.028

Total 0.57 0.21 0.829

Digit span 0.789 0.319 0.16

Corsi blocks 0.872 0.04 0.006

Tower of London 0.779 0.668 0.35

Table 5. Pairwise comparison of the effects of protocols

Note: Identification of protocols: iTBS-5/50 — standard theta-burst stimulation protocol, iTBS-ind — personalized iTBS protocol, iTBS-sham — sham stimulation; 
pT2-T0 — significance level for differences of values measured at Т2 and Т0, pT2-T1 — significance level for differences of values measured at Т2 and Т1; S — spatial 
stimuli, Corsi blocks — test for assessment of the spatial sequence recall; significant differences are marked in bold (p < 0.05, Wilcoxon test adjusted for multiple 
comparisons)

Test Comparison iTBS-5/50 vs iTBS-ind iTBS-5/50 vs iTBS-sham iTBS-ind vs iTBS-sham

n-back (S, n = 3) pT2-T1 1 0.039 1

Corsi blocks
pT2-T0 0.186 0.105 1

pT2-T1 0.033 0.048 1
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PREDICTING THE OUTCOMES OF IN VITRO FERTILIZATION PROGRAMS USING A RANDOM 
FOREST MACHINE LEARNING MODEL

Currently, in vitro fertilization (IVF) with embryo transfer is the main method of treatment of all forms of infertility, but successful cases ending in pregnancy still 

account for only a third of all cycles performed. It is necessary to take into account many parameters and investigate the connections between them in order to 

properly evaluate the results of IVF. Over the past decades, a number of IVF prediction models have been developed with the aim at assessing the outcomes in 

individual cases, but, given the generally poor prognostic capacity, only a few of them have proven to be clinically significant. This study aimed to create nonlinear 

IVF outcomes prediction models and identify the most significant factors affecting the said outcomes. Using a database containing information on more than 700 

indicators of 7004 women aged 18 to 45 years who participated in the IVF program in Russia from 2010 to 2020, we trained a random forest model that predicted 

pregnancy in the IVF cycle with ROC-AUC = 0.69. This paper describes 20 most successful predictors of the resulting model and interprets their contribution to the 

prognosis. Of these, body mass index (BMI) and the number of received and fertilized oocytes have been covered in the scientific literature previously as predictors 

of IVF outcomes, but other parameters, such as anamnestic data, previous participation in an IVF program (number of cases and their results), as well as serum 

concentration of AMH, rarely appear in foreign prognostic models.
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Г. М. Владимирский1, М. А. Журавлева1, А. Э. Дашиева2      , И. Е. Корнеева2, Т. А. Назаренко2

ПРОГНОЗИРОВАНИЕ ИСХОДОВ ПРОГРАММ ЭКСТРАКОРПОРАЛЬНОГО ОПЛОДОТВОРЕНИЯ 
С ИСПОЛЬЗОВАНИЕМ МОДЕЛИ МАШИННОГО ОБУЧЕНИЯ «СЛУЧАЙНЫЙ ЛЕС»

Программы экстракорпорального оплодотворения (ЭКО) с переносом эмбрионов в настоящее время являются основными методами лечения всех 

форм бесплодия, однако успешные случаи, заканчивающиеся наступлением беременности, по-прежнему составляют лишь треть из числа всех 

проведенных циклов.  Для оценки результатов лечения бесплодия методом ЭКО необходимо учитывать множество показателей и изучать взаимосвязь 

между ними. За последние десятилетия был разработан ряд моделей прогнозирования ЭКО для оценки индивидуальных результатов лечения, но лишь 

немногие из них оказались клинически значимыми, из-за их плохой прогностической способности. Целью исследования было создать нелинейные 

модели прогнозирования исходов ЭКО и выявить наиболее значимые факторы, влияющие на результат лечения. На основе базы данных, содержащей 

информацию по более чем 700 показателям 7004 женщин в возрасте от 18 лет до 45 лет, прошедших лечение в программе ЭКО на территории 

Российской Федерации с 2010 по 2020 г., была обучена модель «Случайного леса», прогнозирующая беременность в цикле ЭКО с ROC-AUC = 0,69.  

Описаны 20 самых успешных предикторов полученной модели с интерпретацией их вклада в прогнозирование. Из них индекс массы тела (ИМТ), число  

полученных и оплодотворившихся ооцитов описаны в научной литературе как предикторы исхода программ ЭКО, в то время как другие признаки, 

например анамнестические данные,  количество и исходы предыдущих программ ЭКО, а также сывороточная концентрация АМГ, редко фигурируют в 

зарубежных прогностических моделях.
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Infertility is a problem affecting tens of millions of families. The 
development of assisted reproductive technologies (ART) gives 
such couples the hope that they can be parents. According 
to the report by Russian Association of Human Reproduction, 
in 2020, 148660 ART cycles were performed in the Russian 
Federation (RF), and about 34250 children were born. However, 
despite the population's need for this treatment being satisfied, 
clinical pregnancy occurs only in 34.8% of all embryo transfers 
[1]. There are many factors influencing the outcome of IVF, and 
they complicate the assessment of effectiveness of the cycles. 

Therefore, development of a decision-making tool based on the 
analysis of these factors could improve the quality of medical 
care and counseling for patients in an IVF program.

Scientific literature offers several machine learning 
models that predict IVF outcomes and help identify women's 
characteristics and parts of the the program's protocol that 
affect such prediction the most [2].

Linear models are the most common approach to predicting 
results of IVF. A 2020 review identified 35 such models, all of 
them based on either logistic regression or Cox regression [3]. 
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Often, such studies do not assess the quality of the models, 
although there are preferred methods for this, like ROC-AUC 
and c-statistics. ROC (receiver operating characteristic) analysis 
and the resulting ROC curve underpin qualitative assessment of 
predictive models. ROC analysis implies building four-field tables 
and measuring the model's sensitivity and specificity. ROC curve 
is a graphical plot that allows evaluating quality of the model by 
two classes. The ordinate axis is frequency of true positive 
results (sensitivity), and the abscissa axis is frequency of false 
positive results (specificity). The values are from 0 to 1 (that is, 
from 0 to 100%). The resulting curve shows the dependence of 
correctly classified positive cases on the number of incorrectly 
classified negative cases. In an ideal classifier, the ROC curve 
graph passes through the upper-left corner, where the proportion 
of true positive cases is 1.0, or 100% (ideal sensitivity), and the 
proportion of false positive cases is 0. Another characteristic 
used in assessment of quality of the model is area under curve 
(AUC). The higher the AUC, the higher predictive power of the 
model. More often, AUC is intended for comparative analysis 
of several models. In literature, the values of ROC-AUC in IVF 
results prediction range from 0.58 to 0.73 [3–12].

Typically, linear IVF success predictive models include 
about seven attributes. The most common are the woman's 
age, causes of infertility, outcome of previous pregnancies and 
IVF program enrollments, number of oocytes obtained and 
embryos transferred [4, 5, 9–11]. Some researchers believe 
that a limited number of attributes, which are used in the vast 
majority of studies, makes the predictive power of models 
rather modest, and advocate identification of new factors 
affecting outcome of the procedure [13].

Despite being commonly used, logistic regression models 
have a number of disadvantages. For example, several studies 
have revealed the nonlinear character of relationship between 
the success of IVF and key attributes, such as woman's age, 
number of oocytes obtained, and treatment initiation year 
[10, 11]. In such cases, cubic spline function can enable data 
interpolation (for example, age) and make linear models non-
linear, or the data can be transformed to be polynomial [8, 10, 11]. 
Still, such modifications of linear models are based on a simple 
(polynomial) relationship between the target variable and the 
attributes.

Besides, logistic regression models are interpreted, and 
they do not possess high predictive power. Therefore, many 
researchers have turned to non-linear, non-interpretable machine 
learning models relying on random forest, gradient boosting, and 
neural networks. Random forest and gradient boosting are often 
considered the most advanced methods applicable to binary 
classification problems involving tabular data, since they tend 
to be unequaled in accuracy and generalization power [2]. As a 
rule, ROC AUC for such models ranges from 0.68 to 0.86, which 
is higher than that for linear classifiers [14–16].

The main limitation of non-linear non-interpreted models is 
the complexity of estimation of significance of each attribute 
to the prediction model. However, methods developed in the 
recent years enable interpretation of attributes for any machine 
learning model, regardless of their complexity. For this study, 
we used the SHAP method, which is based on the Shapley 
value, a concept from cooperative game theory. This method 
calculates contribution of each attribute to the prediction relying 
on the approximated Shapley value (average contribution of an 
attribute to all coalitions thereof) [17], which allows accurate 
predictions of the IVF programs outcomes.

This study aimed to build nonlinear IVF outcome prediction 
models and identify the most significant factors affecting the 
said outcome. 

METHODS

Clinical material 

To build the model, we used data covering the characteristics of 
7004 women and presenting the outcomes of their participation 
in the IVF programs. They were treated at 17 ART clinics in RF 
from 2011 to 2020. The inclusion criteria were age from 18 to 
45 years, and infertility for any reason (N97). The exclusion criteria 
were contraindications for ART and pregnancy, as per the Order 
of the Ministry of Health of the Russian Federation #803n of July 
31, 2020"On the procedure of application of assisted reproductive 
technologies, respective contraindications and restrictions."

 Figure 1 shows the distribution of clinics participating in the 
study by subjects of the RF. For the purpose of collection of the 
material, we developed questionnaires listing 770 attributes, 
which were filled by specialists at the said clinics. The resulting 
data were broken into several blocks: social characteristics of 
patients (124 questions), medical history (171 questions), which 
included data on the state of somatic health (58 questions), 
gynecological health (108 questions), history of infertility and 
treatment methods (73 questions), laboratory examination 
data (6 points), data on the patient's partner (210 questions), 
data on the protocol of ovarian stimulation (7 questions) and 
embryological stage (30 questions), support for the luteal 
phase, and outcome of participation in the IVF program.

Data processing and analysis

Preprocessing of the data for the model included selection of 
the minimum value among several analyses of serum hormone 
levels (anti-mullerian hormone, or AMH; follicle stimulating 
hormone, or FSH; lutenizing hormone, or LH; thyroid 
stimulating hormone, TSH; prolactin). After removal of sparse 
and duplicate data, there remained 408 attributes. Gaps were 
filled with averages. We used odds ratio (OR) for the statistical 
analysis [18]; the respective p value was calculated as per [19].

Selection of attributes and interpretation 
of their significance 

In this study, we used random forest, a machine learning method 
that relies on an ensemble of decision trees for classification tasks. 
Each individual tree in such a forest gives a prediction of a class, and 
the class with the highest number of votes becomes the prediction. 
The purpose of this work was to forecast pregnancy after IVF.

After building the random forest, we applied the Gini 
coefficient to measure inequality of the attributes. This coefficient 
allows comparing distribution of an attribute in a sample with 
a different number of units [20]. The model used for attribute 
allocation had hyperparameters, which are manually adjusted 
before training and allow maximization of the ROC AUC value 
in a five-fold cross validation; subsequently the model was 
trained on a full dataset. Selecting the attributes in the optimal 
amount, we applied the recursive selection method with five-fold 
cross validation, which implies removal of the least significant 
attribute at each step. All of the above methods were used in the 
implementation of the scikit-learn library [21]. The SHAP method 
[17], designed for interpretation of significance of attributes in a 
non-linear model, enabled extended interpretation of the results.

Models used

Because of the large number of binary and categorical attributes, 
as well as nonlinear dependencies between the attributes and the 
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Fig. 1. Geographical scope of the study   
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Fig. 2. Mean cross validation ROC AUC dynamics during elimination of attributes. The diagram shows the maximum ROC AUC and the standard deviation of the value 
in cross validation

target variable, we used the random forest model implemented 
in the scikit-learn library as the main classifier [21]. GridSearch 
method with five-fold cross validation [21] enabled selection of the 
model's parameters, and the classes of the model were assessed 
using ROC AUC, which is less sensitive to the imbalance of 
classes in the data. Ultimately, the best parameters for the random 
forest model were the maximum depth of 50, not less than 
2 objects per sheet, and 2000 trees in total. In addition, we tested 
the Catboost classifier model [22], which was chosen for its built-
in support of categorical attributes that distinguishes it from other 
implementations of the gradient boosting algorithm. The target 
variable for all trained models was pregnancy (or lack thereof).

RESULTS

Recursive selection of attributes has shown that ROC AUC 
reaches its maximum (0.69) when training of the random forest 
involves 220 of them. In cross validation, the maximum Catboost 

ROC AUC value was 0.68, therefore, further on, we used the 
random forest model, which is more convenient for interpretation. 
Figure 2 presents dynamics of this model's ROC AUC metric 
when the attributes are gradually removed therefrom.

At the outset, gradual removal of the attributes translates 
into insignificant changes of the ROC AUC value, which drops 
abruptly only when the their number goes below 33. Therefore, 
we chose 33 as the optimal amount of attributes in the model, 
with the ROC AUC value therewith reaching 0.69.

Gini coefficient was applied to establish the significance 
of 20 attributes with the greatest impact on the prediction 
(Fig. 3).

The attributes most significant for the prediction were date 
of birth (age), the number of fertilized oocytes, and the total 
number thereof, which is consistent with the data reported by 
international studies [16].

Compared to other hormone indicators, serum AMH had 
the greatest weight in prediction, but in international studies, 
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Fig. 3. Gini significance for 33 best attributes learned after training the random forest on 220 attributes
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it is much less common than the levels of gonadotropins (FSH 
and LH) [8]. The clinic where the patient underwent IVF was 
also a significant factor.

The top 20 attributes were analyzed additionally using 
the SHAP method. As shown on Fig. 4, the chances of a 
successful outcome of IVF, as predicted by the model, grow 
along with the values of such attributes as the number of 
fertilized oocytes, date of birth of the patient, the level of AMH, 
use of progesterone in the luteal phase of the cycle.

We have built models predicting the outcome of IVF for 
individual infertility diagnoses. The resulting ROC AUC values 
did not exceed the value of the metric for the entire sample, 
which allows concluding that using models for certain types of 
infertility is impractical (Table).

Women with unsuccessful IVF in the past have a lower probability 
of a successful IVF than women joining the program for the first 
time or whose previous attempts were successful (OR = 0.7675; 
p < 0.0001). Therefore, it is natural that the variable reflecting the 
number of past attempts is one of the significant attributes selected 
via the random forest classifier, which performed best in the cross 
validation trial. Nevertheless, we consider the model described by 
us to be more relevant for the Russian population than the foreign 
models described in the literature. 

DISCUSSION

Our data indicate that prognostic quality of the current random 
forest model (ROC AUC = 0.69) is comparable to that of the 

similar models described in foreign studies. For example, a 
recent report presented a model with the best ROC AUC value 
of 0.68 [14].

Despite the said comparability of ROC AUC of our model 
and foreign models, in most cases, they are based on different 
criteria of selection of pairs, even with similar target variable. 
Some models described in the foreign literature disregard data 
on the past IVF attempts and consider the outcomes of the 
first program a woman participates in [14]. Our IVF model relies 
on the results of previous cycles:  40.9% of the women whose 
histories comprised the training dataset had unsuccessful IVF 
attempts previously. Thus, our model allows predicting IVF 
outcomes for a single cycle, which is an advantage, since 
some models by foreign researchers prognosticate cumulative 
success for several IVF cycles [10, 11].  

All the above factors make comparison of the models by 
numerical indicators only partially objective. For example, it 
can be assumed that our model has a higher ROC AUC than 
the earlier described model [14], since it factors in data on the 
previous IVF attempts, which, for the 40.9% of women who 
enjoyed no success before (and whose data was part of the 
training dataset), translates into 92.95% chance of failure in the 
next IVF cycles.

Considering the effectiveness of the developed model 
from a clinical perspective, we should note the identified 
most important IVF outcome predictors peculiar to Russian 
infertile couples. The list of such attributes includes both those 
traditionally accounted for (woman's age, number of fertilized 
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Fig. 4. Diagram of SHAP values for the 20 most significant attributes. A positive class means successful IVF, negative class — failure thereof
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Table. Results of five-fold cross validation of the random forest model, individual infertility diagnoses, in the context of selection of hyperparameters using the 
GridSearch method

Infertility diagnosis (ICD-10) Number of patients ROC-AUC

Female infertility associated with anovulation 
(N 97.0) 
 
Female infertility of tubal origin (N 97.1) 

Female infertility of uterine origin (N 97.2) 

Female infertility associated with male factors
(N 97.4)

1279 

 
 

3191 
 

1248
 

 3226

0.69 ± 0.02 

 
 

0.66 ± 0.02 
 

0.66 ± 0.05 

0.68 ± 0.01 

oocytes, total number of oocytes, BMI, AMH level) and the 
predictors typically unregarded. For example, progesterone 
drugs during the luteal phase were shown to be associated with 
successful outcomes. Although prescribing progesterone is a 
routine clinical tactic, until now there has been no mathematically 
proven justification for the need to support the luteal phase of the 
induced cycle. Besides, there is now an objective confirmation 
of the negative effect previous unsuccessful IVF attempts have 
on the planned one. This fact, apparently, necessitates a review 
of the treatment tactics when the patient's history cites several 
(four, in this study) IVF failures. Despite the fact that today IVF 
is a routine infertility treatment method, and it would seem that 
all clinics apply standard protocols and technology, our model 
revealed establishment-dependent differences based on the 
data provided by them, which may justify an analysis of their 
approaches. An interesting fact uncovered in this study is the 
lack of dependence of IVF outcome on the confirmed infertility 
diagnosis in situations when all other significant factors are 
similar. This is contradictory to the results of many studies that 

seek a link between success/failure of IVF and infertility as a 
nosology.  

CONCLUSIONS
 
Over the past decades, a number of IVF prediction models 
have been developed that aim at assessing the outcomes 
in individual cases, but, due to the insufficient prognostic 
capacity and statistical methods used, only a few of them 
have proven to be clinically significant. Machine learning, which 
enables interpretation of data and development of predictive 
models, finds increasingly wider application in clinical practice, 
especially for complex systems with multiple variables. In 
this study, we have built a model that predicts the outcome 
of IVF cycles with satisfactory forecasting efficiency, identified 
the important factors of IVF effectiveness, and uncovered 
interactions between them. We will continue to explore practical 
applications of the model seeking to assess the impact of 
variables on the efficacy of treatment.
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EXPLORATION OF THE FEMTOSECOND LASER PULSE THERMAL EFFECTS ON THE MOUSE EMBRYOS 
DURING THE ASSISTED HATCHING PROCEDURE

Impaired hatching of the embryo from the zona pellucida (ZP), the specialized protective shell, immediately before implantation is one of the factors of infertility. 

Hatching impairment is often due to the ZP hardening or thickening. In such cases, the laser assisted hatching procedure is used to overcome infertility. During 

this procedure a hole is drilled in the ZP facilitating the embryo release. The question of the safe use of laser for assisted hatching remains open, since laser beam 

can heat the environment and cause thermal shock in embryos. The study was aimed to assess safety of the mouse embryo femtosecond laser exposure during 

the assisted hatching procedure using the embryo viability and HSP gene expression assessment methods. A new type of pulsed laser was used in the study 

for the ZP dissection — the femtosecond laser. The energy of such pulses was two orders of magnitude lower than the energy of laser dissectors currently used 

in the clinics. To assess the femtosecond laser exposure to the embryo, the house mouse (Mus musculus) embryos were stained with fluorescence dyes, and 

expression of the genes encoding heat shock proteins (Hsp90aa1 and Hspa5) was assessed. The embryonic cells remained viable after the laser assisted hatching 

procedure involving the use of a femtosecond laser, while expression levels of the genes encoding heat shock proteins were slightly increased compared to the 

negative control group (p = 0.408).
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М. В. Кубекина1,2      , М. А. Филатов1,2, Ю. Ю. Силаева1,2, Д. С. Ситников2

ИССЛЕДОВАНИЕ ТЕПЛОВОГО ВОЗДЕЙСТВИЯ ФЕМТОСЕКУНДНЫХ ЛАЗЕРНЫХ ИМПУЛЬСОВ 
НА ЭМБРИОНЫ МЫШИ В РАМКАХ ПРОЦЕДУРЫ ВСПОМОГАТЕЛЬНОГО ХЕТЧИНГА

Одной из причин бесплодия является нарушение хетчинга — процесса вылупления эмбриона из специальной защитной оболочки (ZP, zona pellucida,) 

непосредственно перед имплантацией. Часто нарушение хетчинга обусловлено уплотнением или утолщением ZP. Для преодоления бесплодия в таких 

случаях прибегают к процедуре вспомогательного лазерного хетчинга, когда с помощью лазера в ZP делают отверстие, облегчая выход эмбриона из 

нее. Вопрос безопасности применения лазера для проведения процедуры вспомогательного хетчинга остается открытым, поскольку лазерное излучение 

способно нагревать окружающую среду и потенциально вызывать у эмбрионов термический шок. Целью настоящей работы было оценить безопасность 

фемтосекундного лазерного воздействия на эмбрионы мыши в рамках процедуры вспомогательного хетчинга, используя методы исследования 

жизнеспособности эмбрионов и уровней экспрессии генов HSP. Для диссекции ZP в работе использовали новый тип источника лазерных импульсов 

фемтосекундной длительности. Энергия указанных импульсов на два порядка ниже энергии миллисекундных лазерных диссекторов, применяемых в 

клиниках в настоящий момент. Для оценки фемтосекундного лазерного воздействия на эмбрион производили окрашивание эмбрионов домовой мыши 

(Mus musculus) флуоресцентными красителями, а также оценивали уровни экспрессии генов, кодирующих белки теплового шока: Hsp90aa1 и Hspa5. После 

выполнения процедуры вспомогательного лазерного хетчинга с использованием фемтосекундного лазера клетки эмбрионов сохраняли жизнеспособность, 

а уровни экспрессии генов, кодирующих белки теплового шока, повышались незначительно по сравнению с группой отрицательного контроля (p = 0,408).

Ключевые слова: эмбрион, мышь, бластоциста, блестящая оболочка, zona pellucida, вспомогательный лазерный хетчинг, фемтосекундные лазерные 
импульсы, белки теплового шока
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The problem of infertility affects millions of people [1]. Its causes 
are extremely diverse; assisted reproductive technologies, 
such as in vitro fertilization (IVF) and in vitro (extracorporeal) 
embryonic culture are used for treatment. Mammalian 
preimplantation embryos (including human) are surrounded 
by the specialized protective shell: zona pellucida (ZP). It is 
composed of glycoproteins forming a porous structure [2, 3]. 
Due to the presence of very small pores (several dozen 
nanometers in diameter only), ZP provides access to the 
embryo for nutrients from the environment, but prevents the 
entry of viruses and bacteria, i.e. has a protective function. 
The embryo goes through several stages in its development: 
cleavage, formation of morula and blastocyst. When the 
blastocyst stage is reached, the embryo has to get off the 
ZP. The process of the embryo release from the ZP is called 
hatching. Hatching is normally followed by implantation, i.e. 
by the embryo attachment to the uterine wall. When hatching 
is impaired, the embryo cannot get off from the ZP and get 
implanted. Infertility due to impaired implantation is a very 
common phenomenon. The causes of hatching impairment are 
diverse: too thick or too hard ZP, insufficient levels of enzymes 
needed for local ZP breaching. In such cases the laser assisted 
hatching procedure, during which a hole is drilled in the ZP 
facilitating the embryo release, is used. 

There are various assisted hatching methods: chemical, 
mechanical and laser. When using a chemical method, 
the ZP is treated with specific chemicals causing the ZP 
disruption, such as acidic Tyrode's solution [4], or enzymes, 
such as pronase [5]. However, such treatment can have a 
direct effect on the embryonic cells, which can result in the 
decrease of its capacity of further normal development. When 
using mechanical hatching, the hole in the ZP is made with a 
specialized microneedle [6, 7], however, embryonic cells are 
likely to be damaged during this procedure, which adversely 
affects embryogenesis. Laser assisted hatching (LAH) is most 
popular in many IVF clinics [8, 9]. During LAH, a cut-out in 
the ZP is made with millisecond laser dissectors. These allow 
one to make a 5–10 µm hole in the ZP, which is enough for 
both zona thinning and dissection to the full depth. The ZP 
disruption is due to heating the medium to a temperature of 
several hundred degrees [10]. The adverse effects of using 
millisecond (ms) dissectors include heating the environment 
surrounding the exposed area, which can result in embryonic 
cell damage. Thus, when using the Zylos-tk dissector (Hamilton 
Thorne; USA) with the pulse duration of 0.5 ms and power of 
300 mW, heat spreads to the distance of about 16 µm from 
the laser beam center and leads to the temperature increase to 
60 °С within the pulse duration [11]. That is why it is 
recommended to perform dissection of the embryo’s ZP during 
the early stage of development, when the perivitelline space is 
large enough (more than 15 µm). 

The use of femtosecond (fs) lasers allowing one to achieve 
high beam intensity with low laser pulse energy is considered to 
be promising. Femtosecond laser exposure results in medium 
heating of the area of beam focus, however, heat does not have 
time to spread sidewise due to short pulse duration. Theoretical 
estimations have shown that the size of the heated area is 
comparable with the spot size of a focused laser beam [12], 
while maximum heating of aqueous medium with the laser pulse 
intensity of 1.8–5 TW/cm2 at a wavelength of 514 nm matches 
the range of 5–30 °С [13]. In the earlier studies, irradiation at 
a specified wavelength with the intensity of ~2.5 TW/cm2 was 
used for embryo microsurgery [14]. In this study, the intensity 
in laser beam focus was 3 TW/cm2. To assess safety of using 
a femtosecond laser beam for assisted hatching of mouse 

embryos, we conducted experiments focused on exploring 
embryo viability after the ZP laser microsurgery. Furthermore, 
the experiments focused on assessing the expression of 
genes encoding heat shock proteins (HSPs), the synthesis 
of which in the cells starts when the temperature increases, 
were conducted. HSPs are essential to maintain native spatial 
protein structure, which becomes especially important under 
heat stress. In eukaryotes, heat shock proteins of the families 
Hsp70 and Hsp90 are most strongly activated by heat stress; 
that is why members of these families were selected for the 
study [15].

Thus, the study was aimed to assess safety of the mouse 
embryo femtosecond laser exposure during the laser assisted 
hatching procedure. For this embryo viability and HSP gene 
expression in embryos were investigated.

 
METHODS

Experimental apparatus

Microsurgical manipulations on embryos were performed using 
the “Femtosecond Laser Scalpel” system (Joint Institute for 
High Temperatures RAS; Russia) [16]. The beam generated by 
the TETA femtosecond laser (Avesta; Troitsk, Russia) was used 
to produce a laser scalpel. Laser pulses emitted by the source 
had the following parameters: pulse duration τ — 280 fs, 
energy — 330 µJ, wavelength λ — 1028 nm, pulse repetition 
rate — 2.5 kHz. There was a KDP (potassium dihydrogen 
phosphate, KH

2
PO

4
) crystal installed on the beam path to 

convert infrared radiation into visible light; radiation leaving the 
crystal had a wavelength (λ) of 514 nm. Then it was fed through 
the right side port of the Olympus IX-71 inverted microscope 
and focused into a spot with a radius  r = 1.4 µm at the 1/e level 
with the 20хUPlanFL microlens (Olympus; Japan) having a 0.5 
numerical aperture (NA). Attenuator installed next to the laser 
source (Fig. 1) was used to adjust pulse energy. A telescope 
was used to align the laser beam diameter with the objective 
lens aperture, as well as to avoid energy loss associated with 

Fig. 1. Femtosecond laser scalpel scheme. 1 — fs laser, 2 — attenuator, 
3 — KDP crystal, 4 — glass plate, 5 — photodiode, 6 — telescope, 7 — laser 
beam shutter, 8 — mirrors for the laser beam wavelength, 9 — microlens, 
10 — motorized microscope stage, 11 — Petri dish with embryos, 12 — substage 
condenser, 13 — substage lamp, 14 — video camera, 15 — inverted microscope
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the microlens frame beam limiting. The DET36A2 photodiode 
(Thorlabs Inc.; USA), to which part of the laser beam was 
branched using a thin glass plate (Fresnel reflection) was used 
to control the laser pulse energy. Photodiode output signal 
was digitized with the Tektronix TDS 5054 oscilloscope. The 
photodiode signal amplitude was calibrated using a power 
meter consisting of the S120VC photodiode detector and 
the PM100D console (Thorlabs Inc.; USA). The detector was 
temporarily installed on the SCAN IM 120×80 microscope 
stage (Märzhäuser Wetzlar; Germany) to record the power of 
laser beam leaving the microlens.

To perform microsurgery, embryos were placed in Petri 
dishes with the glass bottom. The thickness of the glass bottom 
was 170 µm (beam was focused through the dish bottom). 
The Petri dish was placed on the motorized microscope stage 
(Märzhäuser Wetzlar; Germany) to move the embryo relative to 
the stationary laser beam. Embryo imaging was performed with 
the DFK 72AUC02 camera (The Imaging Source; Germany), 
and the image was displayed on the personal computer screen. 
Software written in LabView (National Instruments, USA) was 
used for automatization of microsurgical procedure, which 
allowed the operator to control such parameters, as energy, 
pulse repetition rate and laser beam divergence, and set the 
laser beam trajectory drawing it directly on the image of the 
embryo. The ZP dissection was performed using a sequence 
of laser pulses with the speed of embryo movement relative to 
the beam of 0.01 mm/s.

Animal handling

The study involved CBA х C57Bl/6J F1 hybrid mice. Animals 
were kept at the 14 : 10 h light/dark cycle at a temperature 
within the range of 22–24 °С. They had ad libitum access to 
water and food (special extruded feed for mouse breeding). 
All the procedures involving animals were conducted in 
accordance with the guidelines of the Bioethics Commission, 
Institute of Gene Biology RAS.
 
Early embryo manipulation

A large number of zygotes were obtained using a widely 
used protocol for ovulation induction involving the use of the 
follicle-stimulating hormone and chorionic gonadotropin [17]. 
Hormonal ovulation induction was performed in accordance to 
the two-step protocol: PMSG was administered intraperitoneally 
at 13:00 of day 1 (Follimag; Mosagrogen, Russia), 5 IU per 
animal; hCG was administered intraperitoneally 48 h later 
(Chorulon, Merck Animal Health; USA), 10 IU per animal. After 
that these females were housed with males for mating. The 
fact of copulation was determined next morning based on the 
presence of the copulatory plug. 

 
Obtaining embryos

The zygote stage embryos were collected (0.5 days of 
embryogenesis, Е0.5) and cultured in vitro. Female mice were 
euthanized by cervical dislocation to obtain embryos. Collected 
oviducts were placed in the Ooclean medium (PanEco; Russia), 
where the adipose tissue was separated by the syringe needles 
and tweezers. Then oviducts were transferred to the 100 µL 
pure drop of the Ooclean medium, where the oviduct ampullae 
were dissected to obtain zygotes surrounded by the cumulus 
cells. Then about 0.03 g of hyaluronidase (Lydase; Microgen, 
Russia) were added to this drop to separate zygotes from the 
cumulus cells. The resulting zygotes were serially washed in 

four droplets of Ooclean medium and transferred to the culture 
medium. 
 
Embryo culture

The embryos were cultured to the morula stage (Е2.5) in the 
four-well plates (Termo Scientific Nunc, USA) using the culture 
medium for gametes and embryos (Fujifilm Irvine Scientific; 
USA). During the morula and blastocyst stages (Е3.5) the 
embryos were cultured in the 20 µL medium drops covered 
with mineral oil (Origio; Denmark), 2–3 embryos per drop.  

 
Transportation of embryos

The embryos were obtained and cultured to the morula stage 
in the Institute of Gene Biology RAS, while embryo culture to 
the blastocyst stage and LAH were performed in the Joint 
Institute for High Temperatures RAS. The embryos were placed 
in the 0.5 mL eppendorf tube filled with the HEPES-containing 
medium (Ooclean; PanEco, Russia) for transportation. The 
eppendorf tube with embryos was placed in a thermos 
flask with water heated to 37 °С in order to ensure constant 
temperature during the embryo transportation. Embryos were 
transported within 90 min.

 
Groups of embryos

The embryos used in the study were divided into four groups: 
negative (1) and positive (2) controls, non-viable embryos (3), 
experimental group (4). There were four embryos in the group 
of non-viable embryos and 30 embryos per group in other 
groups.

 1. The embryos cultured under standard conditions (5% 
CO

2
/air 37 °C) in an incubator (Binder; Germany) were used as 

negative controls.
 2. Blastocysts exposed to the temperature of 42 °С for 

30 min were used as positive controls. Thermal exposure was 
also provided in a CO

2
 incubator (5% CO

2
/air 42 °C). During 

exposure, the embryos were in the same culture medium and 
in the same culture dishes (four-well plates) as intact embryos. 
Then blastocysts of this group were cultured under standard 
conditions for 2 h to produce response to thermal exposure.

3. To obtain non-viable embryos, the embryos were treated 
with a fixative solution (4% paraformaldehyde in phosphate 
buffered saline (PBS)) and permeabilized in the 0.003% PBS-
Triton solution.

4. The experimental group included embryos exposed to 
laser beam during the LAH procedure. Microsurgery of the 
embryo’s ZP was performed at the blastocyst stage (~Е3.5). 
A day before the experiment, the morula stage embryos were 
distributed across well-prepared glass bottom Petri dishes 
(catalogue number 200350, SPL Lifesciences; Korea) (three 
embryos per droplet) and transferred to the incubator. Three 
~20 µL droplets of culture medium were previously formed 
in each Petri dish and then covered with liquid paraffin oil for 
IVF 1 media (catalogue number E0350-160; PanEco, Russia). 
On the day of experiment, the Petri dish was taken out of the 
incubator and placed on the microscope stage. The embryos’ 
total time out of the incubator did not exceed 10 min.
 
Experiment

To perform LAH, the operator applied the laser beam trajectory 
over the embryo image, thereby shaping the embryo’s ZP 
incision (Fig. 2А, green polyline). The incision was U-shaped, as 
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in the earlier study [16]: laser beam cut the ZP to 80–90% of its 
thickness. The software performed microsurgery automatically, 
moving the embryo along the specified trajectory relative to 
the stationary beam and controlling the moment of the laser 
emission switch on/off. The laser pulse energy used in the 
experiment was 30 nJ. Microsurgery outcome is provided in 
Fig. 2B.

Fluorescence staining

The groups of embryos were stained simultaneously with three 
dyes: 

1) Hoechst 33342 (Thermo Scientific; USA) — control stain, 
excitation/emission 350/461, working concentration 1 µg/mL;

2) Propidium Iodide (Thermo Scientific; USA) — non-viable 
cell stain, excitation/emission 493/636, working concentration 
500 nmol;

3) Calcein-AM (Sigma Aldrich; USA) — living cell stain, 
excitation/emission 494/517, working concentration 1 µmol.

Fluorescent dyes were brought to the working concentration 
in the culture medium for gametes and embryos. This medium 
was used to culture the embryos for 30 min at 37 °С in the 
incubator. Then the embryos were washed in three droplets 
of fresh Ooclean medium (PanEco; Russia) to remove the 
dyes, and their viability was assessed using the Eclipse Ti-E 
fluorescence inverted microscope (Nikon; Japan).
 
Determining gene expression

RNA was extracted using the TRIzol reagent (Thermo Scientific; 
USA) in accordance with the manufacturer’s protocol. To 
obtain complementary DNA (cDNA), reverse transcription 
was performed using the MMLV RT kit (Evrogen; Russia) 
according to the manufacturer’s protocol. Gene expression 
was determined by real-time PCR in the CFX96 amplifier (Bio-
Rad; USA) using the qPCRmix-HS SYBR ready-made mixture 
(Evrogen; Russia). The cDNA samples from blastocysts were 
amplified in three iterations using primers for the reference 

Table. Primers used in the study (sequences are shown in the 5' to 3' direction)

Gene Genbank No Forward primer (5’ → 3’) Reverse primer (5’ → 3’) Product size

Hprt NM_013556.2 CAGCGTCGTGATTAGCGATGA GCCACAATGTGATGGCCTCC 174

Hsp90aa1 NM_010480.5 TGAGCAGTATGCCTGGGAGT CGACCCATTGGTTCACCTGT 75

Hspa5 NM_001163434.1 GGAATGACCCTTCGGTGCAG GTCTTGGTTTGCCCACCTCC 109

Fig. 2. Images of the embryos obtained before (A) and after (B) the zona pellucida microsurgery. The scale bar is 20 µm

А B

Hprt and Hsp90aa1 and Hspa5 heat shock protein genes. 
The nucleotide sequences of primers used in the study are 
provided in Table 1. The Hsp90aa1 and Hspa5 expression was 
calculated using the well-known ΔCt method [18].

RESULTS
 
Determining embryo viability by fluorescence staining

To determine the effects of laser microsurgery on the mouse 
embryo viability, all groups of embryos were subjected to 
fluorescence staining (Fig. 3).

After laser microsurgery the embryos were stained with the 
Calcein-AM dye, the same as positive and negative control 
groups; the Propidium Iodide dye was detected in embryos of  
non-viable group only. Such results make it possible to draw a 
conclusion that  the experimental group embryos remain viable 
after laser microsurgery. Minor differences in the Calcein-AM 
and Hoechst 33342 staining intensity can be explained by bias 
in the settings of the microscope camera, which should be 
manually adjusted when assessing each group of embryos.
 
Determining expression of the Hsp90aa1 and 
Hspa5 heat shock genes

It is well-known that exposure of biological object to laser pulse 
is associated with local heating [19, 20]. The embryo culture 
at unphysiologically high temperatures (≥ 39 °С) promotes 
the increase in the expression of genes encoding heat shock 
proteins [21]. Upregulation of these genes is part of the 
cellular response to thermal shock. To determine the laser 
microsurgery effects on the expression of genes Hsp90aa1 
(Hsp90 family) and Hspa5 (Hsp70 family) encoding heat shock 
proteins in embryos, expression of these genes was assessed 
in the negative and positive control groups, as well as in the 
experimental group of embryos exposed to laser beam (Fig. 4).

Distribution of the data obtained was non-normal, therefore, 
a nonparametric test was used for analysis. The data were 
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compared using the nonparametric Kruskal–Wallis test. The 
differences were considered significant at р < 0.05. Significant 
differences between the negative and positive control groups 
(p = 0.033) were reported for both studied genes. The 
differences between other groups were non-significant: 
p = 0.408 when comparing the experimental group with 
the positive control group, p = 0.890 when comparing the 
experimental group with the negative control group during 
assessment of the expression of both genes, Hsp90aa1 and 
Hspa5.

Expression of genes Hsp90aa1 and Hspa5 in the negative 
and positive control groups shows significant differences, 
however, the differences in expression of both genes between 
the experimental and negative control group, as well as between 
the experimental and positive control group are non- significant. 
Consequently, it can be assumed that laser microsurgery can 
cause a slight increase in the HSP gene expression in mouse 
blastocysts.

 
DISCUSSION
 
Temperature is a key factor of embryogenesis, and its effects 
in the context of simulating physiological and biochemical 
environment of the genital tract have been assessed in a number 
of studies [22–24]. The earlier research confirms the impact 
of thermal stress on reproductive efficiency of both domestic 
animals and humans. The temperature increase affects oocyte 
maturation and embryogenesis, especially at early stages of 

development, before the zygotic genome activation. This 
makes oocytes and embryos sensitive to thermal stress, which 
can disturb their development.  Similar effects were reported as 
early as several decades ago [22–24].

There are data indicating that laser irradiation can exert 
adverse effects on the living objects, for example, effects 
related to thermal exposure [25, 26]. To date, the question 
of the embryos’ millisecond laser exposure safety remains 
open. The research results show that this procedure has some 
risks and adverse effects [27]. In particular, the use of laser 
exposure for assisted hatching at the 6–8 cell stage resulted 
in significant reduction of the number of cells in the embryos. 
Similarly, at the two cell stage, elevation of DNA fragmentation 
at the blastocyst stage was detected. The authors expressed 
concern toward the fact that, despite the increased hatching 
rate, DNA damage could affect the implantation potential and 
further embryogenesis. Similar conclusions about the adverse 
effects of breaching the ZP integrity at the early stages of pre-
implantation development were reported [28].

The study conducted as early as in 1999 showed that 
blastocyst usually responds to the millisecond laser pulses, 
which results in the blastocyst collapse [29]. Blastocyst 
recovery takes time, which makes it difficult to predict the terms 
of hatching and hampers trophectoderm biopsy. In this regard, 
the use of femtosecond laser pulses can be more effective, 
since the ZP microsurgery, even that performed during late 
embryogenesis, does not result in the blastocyst collapse and 
delayed hatching. However, available data show that the use 

Fig. 3. Fluorescence staining of different groups of embryos. Viable embryos were stained with Calcein-AM, non-viable embryos with Propidium Iodide, nuclei of viable and 
non-viable embryos with Hoechst 33342
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Fig. 4. Graphic representation of heat shock protein gene expression in the negative and positive control groups, as well as in the experimental group of embryos. 
Expression of genes Hsp90aa1 (A) and Hspa5 (B) encoding heat shock proteins
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of femtosecond lasers can be also dangerous for biological 
objects. Their effects were shown to lead to the rabbit corneal 
stromal cells’ death [30].

To assess thermal effects of laser pulses, modeling of 
the femtosecond pulse absorption vs. millisecond pulse 
absorption was performed (Fig. 5) [31]. Spatial distributions of 
temperatures for the ms (λ = 1480 nm, τ = 0.6 ms, P = 180 mW) 
and fs (λ = 514 nm, τ = 280 fs, intensity I0 = 2.5 × 1012 W/cm2) 
pulses both at the time of reaching maximum temperature 
(solid curve) and at the stage of medium cooling (dotted curves) 
are provided. The exposure parameters are considered to be 
optimal for the ZP dissection [10, 31]. In case of femtosecond 
laser exposure, heat is concentrated primarily within the beam 
focus area (r < 1.4 µm), which paves the way for safe embryo 
microsurgery within the framework of LAH. At the same time, 
a millisecond pulse is capable of heating a significantly larger 
area of the medium; one should be careful when performing 
the ZP dissection to minimize the risk of thermal damage to the 
embryonic cells adjacent to the ZP.

To assess safety of using femtosecond lasers for LAH, 
we conducted experiments involving staining of embryos with 
fluorescence dyes and determining the HSP gene expression. 
It was found that the embryos remained viable even after the 

ZP microsurgery (staining of embryos with the Calcein-AM vital 
dye was observed). 

To determine thermal shock experienced by the embryos 
due to laser beam exposure, we measured the expression of 
genes encoding two key heat shock proteins: Hsp90aa1 and 
Hspa5. We found significant differences in expression of these 
genes between the positive and negative control groups, while 
expression of these genes in the experimental groups showed 
no significant differences from the control groups. The findings 
are consistent with theoretical estimates.

 
CONCLUSIONS
 
The findings of this pilot study suggest that the effects observed 
can result from local laser beam exposure, and the embryo 
generally remains viable. Thus, comprehensive assessment of 
the efficacy and safety of laser assisted hatching involving the 
use of the fs laser requires further research. It is necessary to 
perform experimental comparison of the femtosecond laser and 
millisecond lasers widely used in clinical practice in the context of 
their impact on the heat shock protein expression, as well as to 
assess the femtosecond laser effects on the mouse embryos in 
vivo by transferring the embryos to gestational surrogates.
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Goncharov SV    , Bozhenko VK, Zakharenko MV, Chaptykov AA, Kulinich TM, Solodkiy VA

THE POSSIBILITY OF EVALUATION MRNA EXPRESSION PROFILING TO PREDICT PROGRESSION 
OF LOCAL STAGE COLORECTAL CANCER

Progression assessment enables implementation of the colorectal cancer (CRC) tertiary prevention measures aimed at early detection and timely treatment of 

metastatic cancer. The study was aimed to develop a model of CRC progression using pathomorphological and molecular genetic characteristics of tumors. Relative 

expression of mRNAs of 63 genes from various functional groups was determined in the tumor specimens of 223 patients with stage T
1–4

N
0–2

M
0
 CRC. The median 

follow-up period was 42 months. Binary logistic regression models were constructed, in which likelihood of progression within 36 months after the CRC diagnosis was 

a target variable. Explanatory variables were as follows: tumor grade, angiolymphatic invasion, ratio of the number of metastatic lymph nodes to the total number 

of lymph nodes in the surgical specimen, patient’s age and tumor localization, as well as expression levels of genes CCNB1, Ki67, GRB7, IGF1, Il2, Il6, Il8, GATA3. 

Prediction accuracy of the model using clinical and morphological characteristics was 56.6%. Inclusion of CCNB1, Ki67, GRB7, IGF1, Il2, Il6, Il8, GATA3 expression 

profiles in the model increased accuracy to 80.6%. Thus, prediction of CRC progression for treatment personalization requires additional parameters beyond 

information acquired within the framework of conventional morphological TNM classification. The use of molecular markers as predictors significantly increases the 

CRC progression prediction accuracy. Further research is needed for validation and quality improvement of prognostic models.
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С. В. Гончаров    , В. К. Боженко, М. В. Захаренко, А. А. Чаптыков, Т. М. Кулинич, В. А. Солодкий

ВОЗМОЖНОСТИ ИСПОЛЬЗОВАНИЯ ПРОФИЛИРОВАНИЯ ЭКСПРЕССИИ МРНК ДЛЯ ПРОГНОЗА 
ПРОГРЕССИРОВАНИЯ ЛОКАЛЬНЫХ СТАДИЙ КОЛОРЕКТАЛЬНОГО РАКА

Оценка прогрессирования позволяет реализовать меры третичной профилактики колоректального рака (КРР), направленные на раннее выявление 

и своевременное лечение метастатической болезни. Целью исследования было разработать модель прогрессирования КРР с использованием 

патоморфологических и молекулярно-генетических характеристик опухоли. У 223 пациентов с КРР в стадиях T
1-4

N
0-2

M
0
 в образцах из опухоли были 

определены относительные уровни экспрессии мРНК 63 генов из разных функциональных групп. Медиана наблюдения 42 месяца. Сформированы 

логистические модели бинарного выбора, в которых целевой переменной служила вероятность прогрессирования в течение 36 месяцев от момента 

установки диагноза КРР. Объясняющими переменными были дифференцировка опухоли, ангиолимфатическая инвазия, соотношение числа 

метастатических лимфоузлов к их общему числу в операционном препарате, возраст пациента и локализация опухоли, а также показатели экспрессии 

генов CCNB1, Ki67, GRB7, IGF1, Il2, Il6, Il8, GATA3. Точность прогноза в модели с использованием клинико-морфологических показателей составила 

56,6%. Включение в модель профиля экспрессии генов CCNB1, Ki67, GRB7, IGF1, Il2, Il6, Il8, GATA3 повышает точность до 80,6%. Таким образом, 

прогнозирование прогрессирования КРР для персонализации лечения требует дополнительных показателей, выходящих за пределы информации, 

получаемой в рамках традиционной морфологической классификации TNM. Использование молекулярных маркеров в качестве предикторов 

значительно повышает точность прогнозирования прогрессирования КРР. Необходимы дальнейшие исследования для валидации и улучшения качества 

прогностических моделей.

Для корреспонденции: Сергей Владимирович Гончаров
ул. Профсоюзная, д. 86, 117997, г. Москва, Россия; 9015@mail.ru

Российский научный центр рентгенорадиологии, Москва, Россия

Статья получена: 13.09.2023 Статья принята к печати: 01.12.2023 Опубликована онлайн: 23.12.2023

DOI: 10.24075/vrgmu.2023.050

Соблюдение этических стандартов: исследование одобрено этическим комитетом ФГБУ «Российского научного центра рентгенорадиологии» 
МЗ РФ (протокол № 4 от 26 апреля 2018 г.), проведено в соответствии с Хельсинкской декларацией Всемирной медицинской ассоциации. Все участники 
подписали добровольное информированное согласие на участие в исследовании. 

Финансирование: работа поддержана грантом РНФ 22-15-00448.

Вклад авторов: С. В. Гончаров, В. К. Боженко, В. А. Солодкий — концепция и дизайн исследования; В. К. Боженко, С. В. Гончаров, Т. М. Кулинич, 
М. В. Захаренко, В. А. Солодкий — cбор и обработка материала; С. В. Гончаров, А. А. Чаптыков, В. К. Боженко, Т. М. Кулинич — написание текста; 
С. В. Гончаров, А. А. Чаптыков, В. К. Боженко, Т. М. Кулинич, М. В. Захаренко, В. А. Солодкий — редактирование.

Ключевые слова: колоректальный рак, предиктивные маркеры, прогностические модели прогрессирования КРР, КРР



80

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ОНКОЛОГИЯ

ВЕСТНИК РГМУ   6, 2023   VESTNIKRGMU.RU| |

Table 1. Genes included in the analysis

Biological effects in the cell Gene

Proliferation Ki-67, CCND1, CCNB1, PTEN, STK-15(AURKA), P16INK4A, P14ARF, HER2/neu(C-erbB2), TERT

Apoptosis BCL2, BAX, BAG1, NDRG1, BIRC5

Transcription С-MYC, MYBL2

Cell–cell interactions MMP2, MMP7, MMP8, MMP9, ММР11, CTSL2, PAPPA, TPA

Cell differentiation ESR1, PGR, CYP19А1, GRB7, СD45, СD56, CD68, CD69

Growth factors VEGFA121, VEGFA165, VEGFA189, SCUBE2, IGF1, IGF2, TGFβ

Immune response regulation 
IL1β, IL2, IL6, IL7, IL8, IL10, IL12α, IL15, СOX-2, TNFα, TLR2, TLR4, TLR7, IFNγ, GNLY, HLA-G1, HLA-G5, LIF, LIFR, 
LGALS1, GATA3, IL2Rα, GREM1

Metabolism GSTM1

Colorectal cancer (CRC) occupies one of the leading places 
in the structure of cancer incidence in Russia and all over the 
world. Furthermore, prevalence of colon cancer in the Russian 
Federation increased from 116.7 to 161.0 cases per 100,000 
population over the last decade, while prevalence of rectal 
cancer increased from 90.4 to 121.1 cases [1].

Today, cancer stage according to the TNM system and 
grade are the main parameters determining the CRC prognosis. 
However, even the groups of patients with CRC clinically 
homogeneous based on stage and grade are characterized 
by high heterogeneity of the disease course and uncertain 
prognosis. Such diversity is due to the fact that several tumor 
variants with different molecular pathogenesis that form the 
tumor biological heterogeneity go under the guise of the same 
morphological type of cancer.

Сlinical prediction tools that are traditionally based on the 
statistical regression models represent one of the methods to 
combine all the prognostic information allowing one to avoid 
further stratification of the intermediate TNM system based on 
binary logistic regression [2]. With appropriate development 
and testing, these tools will be able to integrate and personalize 
information about the prognosis of certain patient and provide 
refined assessment of progression risk for clinical use.

To date, several test systems for determination of the 
disease prognosis and therapy efficacy based on assessing 
expression of genes in the tumor tissue have been created. 
Such test systems, as OncotypeDX, ColoPrint, ColDx, 
determine the likelihood of cancer progression based on 
the estimated expression of a number of genes in the tumor 
[3]. The efficiency of these commercially available systems is 
criticized in some papers. Thus, there is a report on the creation 
of a more effective system for prediction of CRC progression 
and I–II stage cancer response to treatment compared to 
OncotypeDX and ColoPrint [4]. The authors create a patient-
specific treatment plan for early stage CRC, suggesting to 
include adjuvant chemotherapy in the treatment regimen, 
which is usually not done according to the current international 
and national guidelines.

There are also specific biological predictors for prediction of 
the possibility of CRC metastasis to the lymph nodes, such as 
heat shock protein 47 (HSP47) [5]. According to the authors, 
detection of this protein will also contribute to the treatment 
approach personalization in patients at high risk of metastasis 
to the lymph nodes.

Currently, various prognostic models based both on the use 
of advanced mathematical methods (neural network models, 
artificial intelligence models, construction of binary сlassification 
tree (BCT), peer reviews, etc.) and expansion of the set of 
explanatory variables (determination of point mutations, 
microsatellite instability, investigation of tumor microenvironment 

and expression profiles) are constantly proposed. However, 
there is still a need for prognostic model improvement. These 
issues prompted us to assess the possibility of expression 
profiling of mRNAs from tumor specimens in order to evaluate 
the colorectal cancer prognosis.

METHODS

The mRNA expression profiles of 63 genes (Table 1) of potential 
contributors to various carcinogenesis pathways determined in 
217 specimens of colorectal adenocarcinoma of different 
localization were included in the study. Adenocarcinoma 
specimens from the right half of the colon constituted 23% 
(50 specimens), while that from the left half of the colon 
constituted 39.6% (86 specimens). Rectal tumor specimens 
made up 37.4% (81 specimens). There were 97 males 
(44.7%), 120 females (45.3%). Specimens were collected during 
pathomorphological examination of surgical material. Inclusion 
criterion: morphologically verified colorectal adenocarcinoma, 
local stages T

1-3
, N

0-2
, M

0
. No specific anticancer treatment 

was performed before surgery. During the study the long-term 
outcomes were monitored in all patients for at least 36 months. 
The median follow-up period was 42 months. Exclusion criterion: 
multiple primary colorectal cancer, history of other type of cancer 
or cancer of other type at the time of inclusion in the study.

We had earlier reported the method of RNA extraction and 
real-time PCR settings [6]. As a result, relative expression of 
mRNAs of the studied panel of genes belonging to different 
functional groups was determined in each specimen of 
adenocarcinoma having different embryonic-anatomical 
localization.

Statistical data processing was performed using the Jamovi 
open source statistical software package (The Jamovi project; 
Australia). The logistic regression models constructed were 
evaluated based on R2 Durbin–Watson test for autocorrelation 
(DW). The model quality was considered acceptable at R2 > 0.3 
and DW > 1.5. 

We set the task to construct a binary logistic regression 
model for prediction of 3-year disease-free survival in patients 
with CRC using the mRNA expression profiles obtained 
considering the data of pathomorphological report. For that 
we formed a set of explanatory variables conditionally divided 
into two categories. The first category included the data of the 
surgical specimen pathomorphological examination: T and N, 
grade, lymphovascular and angiolymphatic invasion, ratio of 
the total number of resected lymph nodes to the number of 
metastatic ones. The second category of explanatory variables 
included mRNA expression profiles of 63 genes in the tumor 
specimens. To test predictive ability of the model developed, 
initial sample of patients was randomized into two subsamples: 
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Table 2. Logit model using conventional criteria to predict the risk of CRC progression

Variables Coefficient Standard error z-Statistics Probability

Grade (G) –0.834489 0.368047 –2.267346 0.0234

Lymphovascular/angiolymphatic invasion –2.444482 0.582805 –4.194337 0

Resected to metastatic lymph node ratio –1.511334 0.583617 –2.589598 0.0096

Age 0.047712 0.017803 2.680001 0.0074

Tumor localization 0.724943 0.454279 1.595811 0.1105

constant 0.33256 1.114196 0.298475 0.7653

McFadden R2 0.292908

Note: Grade (G) is “0” when grade is G1 or G2 and “1” when grade is G3; the variable is “0” when histological assessment reveals no signs of angiolymphatic and/or 
lymphovascular invasion and “1” when there is at least one such sign; the ratio of the number of metastatic lymph nodes to the total number of resected lymph nodes 
in the surgical specimen is 0–1; Age is the patient’s age in whole years; Localization is tumor localization, which takes the value of “0” in cases of right-sided tumors 
(cecum, ascending colon, transverse colon) and “1” in cases of left-sided tumors (descending colon, sigmoid, rectum); 0.332 is a constant coefficient (constant) used 
in the model.

Table 3. Classification matrix of the logit model based on conventional clinical and morphological risk factors of CRC progression

Actual data (number of patients)
Accurate prediction 
(number of patients)

Prediction accuracy (%)

No progression 139 123 88.4

Progression 78 29 37

Overall accuracy 56.62

index (90% of observations) used to construct the model and 
control (10% of observations) used to assess the likelihood of 
prediction made using the model constructed. The percentages 
of the above subsamples suit the general practice adopted 
in modern scientific literature. Calculation was performed in 
the EViews v. 7.0 software package (IHS Global Inc.; USA). 
Assessment and comparison of the concurrent probit and logit 
models based on the McFadden's coefficient of determination 
and Akaike and Schwartz information criteria showed that logit 
specification was the most successful.

RESULTS

During the first phase, a logit model for prediction of CRC 
progression within 36 months after the diagnosis was 
constructed using conventional clinical and morphological 
criteria for CRC progression risk only as explanatory variables 
(Table 2).

R2 was 0.29, and Durbin–Watson statistic was 1.51. 
These characteristics of binary logistic regression model 
suggest that the analysis of conventional morphological risk 
factors of progression, such as adenocarcinoma grade, tumor 
localization, total number of resected lymph nodes and number 
of metastatic ones predicts the CRC progression probability 
with the minimally satisfactory accuracy. Table 3 provides a 
classification matrix of this logit model.

Fig. 1 shows accuracy of the model developed with inclusion 
of conventional prognostic factors.

As we have pointed out before, the overall prediction 
accuracy of this model (56.62%) was not high, while prediction 
accuracy of 37% in patients with no progression was considered 
to be unsatisfactory. We used mRNA expression profiles of a 
panel of 63 genes from tumor specimens as supplementary 
explanatory variables during the next phase of the study.

The research resulted in construction of the second 
logit model, in which mRNA expression profiles from tumor 
specimens were added to morphological characteristics 
as explanatory variables. A total of 12 characteristics 
(variables) turned out to be significant in the mathematical 
model (Table 4).

R2 coefficient was 0.4 in this model, while Durbin–Watson 
statistic was 1.64. A significant increase in the accuracy of the 
model constructed was achieved by including the expression 
levels of genes CCNB1, Ki67, GRB7, IGF1, IL2, IL6, IL8, 
GATA3 from tumor specimens in the regression equation. 
Classification matrix is provided in Table 5.

The overall classification accuracy was 80.6% (Fig. 2). We 
would like to emphasize that   prediction accuracy in patients 
with no progression increased from 37 to 70.5% relative to the 
first model.

This model was used to calculate a personalized 
prognosis for each patient in our sample. Fig. 3 presents 
graphic representation of personal risk distribution based on 
progression detection. The median risk indicator was 57.1% 
[38.2; 70.7] in the group with no progression detected and 
79.2% [68.3; 96.4] in cases of progression detection. The 
differences in risk indicators turned out to be significant 
(Kruskal–Wallis test: р < 0.05).

The risk factors of colorectal cancer progression assessed 
by pathomorphologists during the routine examination 
enable construction of the prognostic model that is minimally 
satisfactory in terms of accuracy. The increase in the prognostic 
model accuracy can be achieved through analysis of 
information beyond the bounds of pathomorphological 
stage. Assessment of mRNA expression profiles of genes 
CCNB1, Ki67, GRB7, IGF1, IL2, IL6, IL8, GATA3 in tumor 
specimens makes it possible to increase accuracy from 
56.62 to 80.6%. The changes in expression of other genes 
of the panel also seem to be important, however, inclusion of 
those in the model does not result in higher accuracy due to 
multicollinearity, which can testify additionally that changes in 
the large intestinal mucosa associated with colorectal cancer 
are systemic.

We have noted that classical pathomorphological signs 
of high risk of CRC progression, such as lymphovascular 
and angiolymphatic invasion, grade, type of lymph node 
involvement, have negative regression coefficients, while 
GATA3 tumor suppressor has a positive coefficient. This pattern 
seems to be consistent: increased activity of the GATA3 cancer 
suppressor is typical for the less aggressive CRC course [7], 
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Fig. 1. Prediction accuracy when using conventional clinical and morphological risk factors of CRC progression 

Prognosis Actual data 

Progression No progression General prognosis

120

80

100

60

20

40

0

88.4

37

55.62

Table 4. Logit model using mRNA expression profiles

Variables Coefficient Standard error z-Statistics Probability

Lymphovascular/angiolymphatic invasion –2.631111 0.657195 –4.003548 0.0001

Resected to metastatic lymph node ratio (“lymph nodes”) –2.101045 0.67982 –3.09059 0.002

Age 0.05032 0.019404 2.593334 0.0095

Grade (G) –1.028091 0.415533 –2.474153 0.0134

CCNB1 0.535019 0.207419 2.579411 0.0099

Ki67 –0.511469 0.276974 –1.846634 0.0648

GRB7 –0.456156 0.185794 –2.455168 0.0141

IGF1 –0.196378 0.079666 –2.465027 0.0137

IL2 –0.245648 0.100843 –2.435952 0.0149

IL6 0.202048 0.092241 2.190427 0.0285

IL8 –0.234825 0.094272 –2.490925 0.0127

GATA3 0.333421 0.174847 1.906929 0.0565

Constant 11.04682 3.481664 3.172857 0.0015

McFadden R2 0.403

Note: Grade (G) is “0” when grade is G1 or G2 and “1” when grade is G3; the variable is “0” when histological assessment reveals no signs of angiolymphatic and/or 
lymphovascular invasion and “1” when there is at least one such sign; the ratio of the number of metastatic lymph nodes to the total number of resected lymph nodes 
in the surgical specimen is 0–1; Age is the patient’s age in whole years; CCNB1, Ki67, GRB7, IGF1, Il2, Il6, Il8, GATA3 are expression levels of appropriate genes in the 
tumor; 11.05 is a constant coefficient used in the model.

while the presence of metastatic lymph nodes in the specimen, 
low grade, and angiolymphatic invasion indicate high risk of 
progression.

DISCUSSION

The urgent task of improving the outcomes of local stage 
colorectal cancer tertiary prevention is inextricably linked with 
objective stratification of cancer prognosis aimed at treatment 
personalization and, which is especially important, assessing 
the effectiveness of the existing and prospective treatment 
regimens. Despite the fact that to date pathomorphological 
CRC stage is the basis for the disease progression prognosis, 
it is the study of information about pathological progression 
without any reference to CRC stage that can become the key to 

overcoming the challenge of progression risk assessment. This 
information can be represented primarily by molecular genetic 
data obtained by analysis of tissues of the affected organ. 
We used 12 indicators obtained during pathomorphological 
examination and molecular genetic testing of the tumor to 
develop a prognostic logit model of progression. These include 
both generally accepted risk factors, such as tumor grade, 
angiolymphatic and perineural invasion, as well as nature of 
changes in the lymph nodes resected during surgery, and 
mRNA expression of eight genes: CCNB1, Ki67, GRB7, IGF1, 
IL2, IL6, IL8, GATA3.

The role of these genes in carcinogenesis was repeatedly 
discussed in the literature [8–12]. These genes belong to 
functional groups of regulators of cell cycle (CCNB1) and 
proliferation (Ki-67 GRB7), growth factors (IGF-1) and cytokines 

Table 5. Classification matrix of the logit model using mRNA expression profiles of eight genes

Actual data (number of patients)
Accurate prediction 
(number of patients)

Prediction accuracy (%)

No progression 139 120 86.3

Progression 78 55 70.5

Overall accuracy 80.6
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Fig. 2. Prediction accuracy of the logit model using mRNA expression profiles of eight genes
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(IL2, IL6, IL8) involved in the colorectal cancer invasion and 
metastasis [12].

When comparing our findings with the earlier reported 
data, including the reports of large-scale studies, we noticed 
that it was difficult to clearly interpret the characteristics of 
tumor grade, angiolymphatic and lymphovascular invasion due 
to the lack of common classification system and assessment 
standards [13–15]. This enables considerable variation of 
these characteristics across different clinics [16, 17]. Thus, 
for example, it is believed that PNI detection rate is usually 
underestimated, and the detection rate values vary between 
9 and 42% [18]. The role of the resected to metastatic lymph 
node ratio in the specimen in CRC was first explored in 2005 
[19]. This indicator was defined as a negative independent 
prognostic factor in stage III disease associated with overall 
and disease-free survival of patients with CRC. The indicator 
has a stronger influence on the prognosis of rectal cancer, 
than that of colon cancer. Its prognostic value increases when 
assessing more than 12 lymph nodes. Critical values of this 
indicator vary between 0.125 and 0.3 in different studies. 
There is still no consensus about the minimum number of 
lymph nodes harvested for appropriate estimation of this 
parameter.

It should be noted that, thanks to the efforts of medical 
associations, the clinical genomic databases have become 
available in the recent years. The analysis of such datasets 

allows one to better understand the CRC genomic landscape 
and assess treatment efficacy and safety in the subgroups 
of patients with different genomic profiles. It is noted in the 
literature that the differences between the databases on 
demographic, clinical characteristics, treatment regimens 
and overall survival should be considered when developing 
research and interpreting the results acquired from the clinical 
genomic databases [20].

Anyway, our findings confirm the trend: analysis of 
additional information, primarily molecular genetic data, beyond 
the bounds of pathomorphological stage in individuals with 
colorectal cancer significantly increases accuracy of predicting 
the likelihood of progression. Furthermore, the search for 
new predictors and, just as important, extensive validation of 
prognostic systems should be continued.

CONCLUSIONS

We have found that the risk factors of CRC progression 
identified during standard pathomorphological examination 
ensure prediction accuracy of 56.62% when using a binary 
prognostic logit model in our sample of patients. Moreover, 
classification errors occur primarily because of patients 
showing no progression throughout the 36-month follow-
up period. Inclusion of mRNA expression levels of genes 
CCNB1, Ki67, GRB7, IGF1, Il2, Il6, Il8, GATA3 from tumor 

Fig. 3. Individual prognosis distribution in the model using clinical and morphological risk factors of progression
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specimens in the model as explanatory variables increases 
prediction accuracy to 80.6%. This suggests that expansion 
of the search for outcome predictors beyond the bounds of 

the TNM pathomorphological stage is a promising way to 
increase accuracy in order to implement effective CRC tertiary 
prevention measures.
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Uveal melanoma (UM) is a rare primary malignant tumor 
originating from uveal melanocytes (choroid (90%), ciliary body 
(6%), iris (4%)) of the eye. According to the aggregate data, the 
incidence level is 5.2 cases per 1 million population. In Russia 
this value varies between 6.23–8 cases per 1 million adult 
population across the regions. The average age at diagnosis 
is 62 years, while the peak age range is 70–79 years [1, 2]. 
However, despite the achievements in treatment of primary 
tumor and radical nature of surgery, the majority of patients 
develop distant metastases. Metastatic disease is found in less 
than 2% of patients when performing initial diagnosis of the eye 
tumor. Liver is the main target organ for metastasis in 89–93% of 
cases. Such tropism of UM toward hepatocytes is explained by 
the fact that there are three types of receptors hyperexpressed 
in the primary tumor on the cell surface: IGF-1R (insulin-like 
growth factor receptor), cMET (HGFR — hepatocyte growth 
factor receptor) and CXCR4 (chemokine receptor). Their main 

function is to control cell migration, cancer cell invasion and 
proliferation [3, 4]. The median overall survival (OS) without 
surgery in this group of patients reaches 2–3 months. 

Immunotherapy, transarterial chemoembolization (TACE), 
immunoembolization, radioembolization, thermal ablation, and 
isolated chemoperfusion are the methods most commonly 
used for treatment of metastatic liver disease from UM.

The use of TACE to control growth of metastatic liver 
melanoma was first reported in 1986. In 1986, the use of cisplatin 
and polyvinyl alcohol particles during chemoembolization to 
control growth of UM metastases in the liver was started [5]. 

To date, a total of 19 studies focused on TACE efficacy 
in patients with metastatic liver disease from UM have been 
published, among them 13 retrospective studies, five prospective 
studies, and one randomized study. The median overall survival 
(OS) varies between 5.2 and 23 months. Cisplatin was the 
most commonly used drug. Other chemotherapy agents were 
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as follows: vinblastine, dacarbazine, vincristine, dactinomycin, 
carmustine, mitomycin С, doxorubicin, irinotecan, paclitaxel, 
carboplatin, and melphalan [1, 2]. 

Despite the achievements in treatment of metatatic melanoma 
of the skin, UM still shows poor sensitivity to drug therapy, 
including advanced immunotherapy with immune checkpoint 
inhibitors, target therapy and chemotherapy. Nevertheless, 
despite lower efficacy of combination immunotherapy for UM 
relative to melanoma of the skin, its positive role was noted in the 
recent years. According to the data provided by different authors, 
despite the 1-year survival rate within 30–50%, the combination of 
ipilimumab and nivolumab is considered to be the most effective 
among all other treatment options showing low efficacy.

A retrospective analysis of the treatment outcomes of eight 
patients with metastatic UM was conducted in 2019. The 
patients received combination therapy with ipilimumab and 
nivolumab along with TACE followed by nivolumab maintenance 
therapy. In 5 patients with stage M1a disease out of 8, life 
expectancy of 12–24 months was achieved. Life expectancy 
of three patients with stage M1b disease was 7–30 months. 
Partial response was achieved in two patients, stabilization of 
disease in four patients; disease progression was observed 
in two patients. The median OS (time from the date of initial 
immunotherapy administration to the date of death/last follow-
up) of eight patients calculated using the Kaplan–Meier method 
was 14.2 months [6, 7].

Assessment of lactate dehydrogenase (LDH) levels showed 
that the complete response rate of patients with LDH levels 
above normal was very low: complete response was observed 
in only one patient out of 105. LDH levels were excluded 
from the list of the complete response prognostic factors to 
be considered, when PD-L1 and tumor burden were taken 
into account. The latter, as is known, represents an important 
factor when considering the likelihood of positive response and 
long-term survival associated with the use of such drug, as 
pembrolizumab (antibody that inhibits PD-L1) [8].

The case study was aimed to demonstrate the possibility 
and efficacy of multidisciplinary approach: using TACE 
(carboplatin) in combination with immunotherapy in patient with 
metastatic liver disease from UM.

Clinical case

Patient P., 62 years old, contacted the clinic in February 2023. 
Ophtalmic examination performed in February 2019 revealed a 
left eye ciliochoroidal melanoma sized 13 х 14 mm on ultrasound. 
Given the neoplasm size and the lack of media transparency, 
eye removal surgery was recommended. Enucleation of the 
left eye was performed on July 7, 2020 at the City Emergency 
Hospital (Volgodonsk).

Findings of the surgical specimen histopathological 
examination, August 27, 2020: UM composed of nevus-like 
and spindle cells. Scleral tumor invasion in certain areas. 
Tumor containing large amounts of melanin. High mitotic count, 
vascular invasion. 

Then the patient underwent scheduled follow-up 
examinations every 3 months, with which together with the 
two-fold increase in the interval between the last instrumental 
examinations (6 months) 17 month later a mass in the right lobe 
of the liver (S6–S7) up to 8 cm in diameter, which had not been 
seen before, was found after enucleation of the left eye. Two 
weeks later abdominal computed tomography (abdominal CT) 
revealed one more mass up to 1.5 cm in diameter in S8 of the 
liver. This suggests that it is reasonable to perform appropriate 
diagnostic imaging in all patients:

– Abdominal MRI (magnetic resonance imaging), August 
21, 2020: MR features of diffuse changes in the pancreas; 

– Laboratory tests, November 23, 2020 within the age 
norm, except for LDH level elevation to 458 U/L (reference 
range: 135–225 U/L).

November 18, 2020 — spiral CT (spiral computed 
tomography) of the abdomen and retroperitoneal space that 
revealed diffuse changes in the liver tissue and the pancreas, 
simple cyst on the right kidney;

– Laboratory tests, November 29, 2021 within the age 
norm, LDH 223.0 U/L, ESR (erythrocyte sedimentation rate) 48 mm.

Abdominal spiral CT, November 19, 2021: left adrenal mass 
sized 1.7 х 1.4 cm could be seen, probably due to adenoma.

abdominal MRI, November 18, 2021 — summary: diffuse 
changes in the pancreas, cyst on the right kidney, left adrenal 
adenoma;

– Laboratory tests, May 13, 2022 within the age norm, LDH 
277.0 U/L, ESR 42 mm.

– Abdominal MRI, May 19, 2022: MR features of diffuse 
changes in the liver and pancreatic tissue. Left adrenal mass 
lesion (adenoma, incidentaloma). 

Abdominal CT, November 25, 2022, summary: masses in 
the right lobe of the liver (not previously seen).  

Contrast-enhanced abdominal CT, December 13, 2022: 
CT features of metastasis masses in the liver right lobe 
(S7–S6  — low density heterogeneous mass without clear 
margins sized 78 х 47 х 75 mm showing contrast uptake 
heterogeneity; S8 — low density lesion 14 mm in diameter (not 
previously seen) showing low contrast uptake). 

Histological examination protocol of December 19, 2022, 
summary: liver fragment showing the presence of a solid tumor 
with necrotic foci consisting of atypical epithelioid cells with 
hyperchromatic nuclei and eosinophilic cytoplasm without 
clear margins; some cells contained the pigment melanin. Liver 
trephine biopsy showed metastatic melanoma.

The following diagnosis was established: secondary 
liver cancer; stage III A T3вN0M0 left eye uveal melanoma, 
postoperative condition (July 2020), progression (November 
2022), (НЕР), clinical group 2.

Status localis on ophthalmic examination: left-sided 
anophthalmos, recurrent herpes simplex keratitis (epithelial 
corneal dystrophy), immature mixed senile cataract, pigmented 
choroidal nevus in the right eye.

During the scheduled chemotherapist consultation 
(December 29, 2022) it was recommended to prescribe the 
following immunotheraphy (IT) regimen in case of satisfactory 
blood cell counts and no somatic contraindications considering 
the disease dynamics: nivolumab 3 mg/kg on day 1 + 
ipilimumab 1 mg/kg on day 1; 21 day cycle.

The patient contacted the clinic of the Rostov State 
Medical University after one course of IT, in February 2023. 
Given liver involvement, medical history and instrumental 
assessment data, as well as tumor expansion, it was decided 
to perform transarterial chemoembolization (TACE) on the case 
conference. 

Surgical intervention specifications, February 24, 2023: 
the right radial artery puncture using the common site was 
performed in the supine patient in aseptic environment of the 
cath lab after the appropriate surgical site conditioning (18G 
angiographic needle). The Seldinger technique of catheter 
placement was used (5F introducer, 11 cm). A 5F HH1 catheter 
(125 cm) was sequentially introduced into the right brachial 
artery, axillary artery, brachiocephalic trunk, aortic arch, thoracic 
aorta through the 035" hydrophilic sheath (180 cm). Sheath 
was removed, and aortography was performed: the celiac 
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trunk arised at the level of the L1 vertebral body. Selective 
catheterization of the celiac trunk orifice was performed: 
cranial approach, non-dilated and tortuous splenic artery, no 
hypertrophy of gastric branches (anastomoses). The common 
hepatic artery arised from the celiac trunk in a normal way, 
division into the left and right hepatic arteries, gastroduodenal 
artery were normal. The catheter sheath was replaced. The 
right hepatic artery supplying the tumor foci was selectively 
catheterized using the H1 catheter (125 cm) with the 0.014" 
Asahi Chikai microsheath (АSAHI INTECC CO., LTD; Japan) 
(165 cm). TACE of the arteries supplying the foci was performed 
(lipiodol 20 mL + carboplatin 450 mg). Artery embolization 
was performed using the Cutanplast hemostatic sponge 
(Mascia Brunelli; Italy). The follow-up angiography revealed a 
prominent contrast uptake reduction along the right hepatic 
artery segmental branches supplying the tumor foci. No signs 
of nontarget embolization were revealed. Catheter was inserted 
into the aorta; the follow-up angiography showed that the right 
and left hepatic, gastroduodenal, superior mesenteric arteries 
were not compromized. The instruments were sequentially 
removed. Introducer was removed, compression hemostasis 
was provided (8 min, stable, aseptic pressure dressing).

To prevent thromboembolic complications, supportive 
drug therapy was prescribed after surgery that included 
anticoagulants and nonsteroidal anti-inflammatory drugs as 
analgesics, since post-embolization syndrome (PES) with the 
duration between two days and three weeks was observed in 
many patients (90–100%) after TACE. It is believed that PES 
is mediated by inflammatory cytokines released due to liver 
necrosis caused by embolization or chemotherapy drugs. 
The major PES manifestations are as follows: fever, pain in the 
right hypochondriac/epigastric region, nausea, vomiting, liver 
failure worsening and, as a result, transaminase level increase. 
However, fortunately, PES can be successfully relieved by 
symptomatic drug therapy.

The patient was discharged on day 8 after surgery; at the 
time of discharge he considered his condition to be satisfactory 
despite the size of metastatic foci; a low-grade fever was 
reported within three days after TACE, along with moderate 
pain in the right hypochondriac and epigastric regions. 

Then the patient underwent IT courses (3 courses) at the 
place of residence, and the follow-up examination revealed 
improvement.

The contrast-enhanced abdominal CT performed on April 
24, 2023, revealed CT features of metastasis masses in the 
liver right lobe (S7–S6 — low density heterogeneous mass 
without clear margins sized 54 × 43 × 61 mm showing contrast 
uptake heterogeneity; S8 – low density lesion 9 mm in diameter 
showing low contrast uptake). Comparison with the abdominal 
CT scan of November 25, 2022 revealed improvement. The 
TACE efficacy was assessed one month later based on 
CT/MRI with intravenous contrast using the RECIST 1.1 
(2009) (Response evaluation criteria in solid tumours) 
criteria, according to which partial response (regression) was 
achieved: > 30% sum of the largest sizes (long axes) of lesions.

On May 14, 2023 (3 months later), the patient was admitted 
again for the second TACE procedure, because of the previously 
achieved partial response to combination therapy. He underwent 
four IT courses. Given liver involvement, expansion and 
improvement, TACE was performed: lipiodol 20 mL + carboplatin 
450 mg. Artery embolization was performed using the Cutanplast 
hemostatic sponge. Supportive drug therapy was prescribed after 
surgery. The patient was discharged on day 7 after surgery; at the 
time of discharge he considered his condition to be satisfactory 
and reported no fever or subcostal pain.

According to the National Cancer Institute Common 
Terminology Criteria for Adverse Events (NCI-CTCAE), in which 
the adverse event severity varies between 0 (normal range) and 
4 and 5 (disability and death, respectively), grade 1 fever was 
observed. Furthermore, after TACE, moderate pain in the right 
hypochondriac and epigastric regions (grade 1) was reported 
during the early postoperative period.

To date, the follow-up period is 12 month with no signs 
of disease progression. The patient’s condition is satisfactory. 
He leads an active life and undergoes the courses of systemic 
IT since June 2023 until now (November 2023) according 
to the maintenance phase regimen: nivolumab 3 mg/kg by 
intravenous infusion once every 14 days. 

Clinical case discussion 

TACE for UM liver metastases using carboplatin and lipiodol, 
viscous ethiodized oil that is selectively delivered through a 
catheter to induce ischemic tumor necrosis by blocking arterial 
inflow into the tumor (while healthy liver parenchyma is preserved 
due to dual blood supply from the portal vein and hepatic artery), 
in combination with the gradual release of chemotherapy agent 
in the area of metastasis and its selective cytostatic effect with 
minimal systemic side effects. It is obvious that more than 
70% patients with malignant hepatic tumors require palliative 
chemotherapy. However, systemic chemotherapy efficacy in 
inoperable cancer does not exceed 20–30% with survival of 
3–4 months even in case of using several drugs. Apparently, 
when the chemotherapy drugs are administered intravenously, 
the therapeutic concentration is achieved only for a short while 
and does not have a necessary effect on the tumor cells, 
while prominent impairment of the liver detoxication function 
limits the use of high anticancer drug doses. Immunotherapy 
significantly improved the prognosis of patients with melanoma 
of the skin, but no such clinical effect is observed in patients 
with metastatic UM. However, the efficacy of combination 
immunotherapy is higher than that of other drug treatment 
options (anti-PD-1 monotherapy, chemotherapy, etc.) used for 
UM. Partial hepatectomy can be considered in patients with 
good liver function only, to avoid potential decompensation of 
liver function. Systemic chemotherapy is also of limited use 
in patients with unresectable liver metastases. That is why 
alternative treatment methods, such as radiofrequency ablation 
and microwave ablation, are recommended for such patients. 
When neither surgery, nor local ablation techniques succeed, 
TACE is an option for local tumor control. This treatment gave 
promising results in patients with inoperable liver metastases. 
Due to the combination of direct chemotherapeutic use and 
a vascular occlusion technique, cytostatic substances are in 
contact with the target malignant cells over a longer time. 

One of the TACE shortcomings is represented by formation 
of hypoxic microenvironment that enhances neoangiogenesis 
and can thereby contribute to early progression. It is well 
known that angiogenesis is a key factor of tumor growth and 
metastasis in many cancer types, including metastatic liver 
cancer [9].

CONCLUSION

The features of the UM clinical course compared to the skin 
form of the disease include longer time to progression and 
predominance of liver metastasis; molecular genetic features 
are also different (the major molecular abnormalities typical for 
melanoma of the skin (BRAF, NRAS mutations) are not involved 
in induction of the disease processes associated with UM). 
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Based on the available data, the combined use of ipilimumab 
and nivolumab represents one of the main treatment regimens 
for this group of patients. The new combination treatment 
methods involving TACE and immunotherapy (nivolumab + 
ipilimumab in the reported case study) used to treat metastatic 
liver disease from UM made it possible to control the disease 
course throughout 12 months. The patient demonstrated 
improvement in the form of reduced metastatic foci size, which 
was nevertheless encouraging, since minimal median OS of 
this category of patients associated with TACE and no surgical 
treatment was exceeded by 2 and 4 times, respectively. However, 
further research is needed to determine optimal therapy in 
order to achieve maximum efficacy and minimize side effects. 

Prospective randomized studies will help determine safety and 
efficacy of the combination locoregional and systemic therapy 
for metastatic UM. TACE is an alternative treatment method for 
patients with unresectable liver metastases allowing for selective 
delivery of high chemotherapy agent doses to the tumor 
bed and embolize the target vessels with minimum systemic 
bioavailability, which minimizes systemic side effects, thereby 
preserving the surrounding liver tissue. The lack of effective 
treatment methods for metastatic liver disease from UM forces 
us to seek for new approaches to treatment of this disorder. In 
this regard, today, it is necessary to optimize treatment based 
on the available methods, such as systemic (chemotherapy/
immunotherapy) and local (TACE and other) methods.
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The features of reparative regeneration of the jawbone defects 
result primarily from the high degree of the oral cavity microbial 
contamination. One milliliter of oral fluid contains billions of 
microorganisms that form associations consisting of various 
bacterial species (streptococci, neisserias, vibrios, spirilla and 
spirochetes), the majority of which are obligate or facultative 

anaerobes that maintain viability over a long time and actively 
replicate [1].

Chemical composition of the saliva has a significant impact 
on the jawbone tissue spontaneous regeneration, since the 
increased activity of proteolytic enzymes and fibrinolytic 
activators promotes the blood clot dissolution and washing 

Poryadin GV, Eremin DA, Khelminskaya NM    , Kravets VI, Zhitareva IV, Posadskaya AV, Krasnov NM, Shen PA, Gureshidze MA

EFFICACY OF THE JAWBONE DEFECT ELIMINATION

The regenerative medicine methods are being actively developed both in Russia and abroad due to relevance of this direction, especially in the field of the 

jaw osteoplasty. Autologous, allogeneic and xenoplastic materials, as well as the calcium phosphate ceramics synthetic preparations are conventionally used 

to normalize and stimulate osteogenesis, however, the treatment outcomes are not always unequivocal. The study was aimed to substantiate the use of the 

biocomplex consisting of plasma rich in growth factors (PRGF) and xenoplastic material to improve the jawbone osteogenesis efficacy. The study involved 136 

patients (105 females and 31 males aged 21–67) divided into four groups based on the method of bone defect restoration. In group 1, no osteoplastic material 

was used; in group 2, osteoplasty involved the use of the PRGF fibrin gel; in group 3, the Osteobiol Gen-Os material was used; in group 4, osteoplasty involved 

using the combination of the Osteobiol Gen-Os material and plasma rich in growth factors (PRGF). Computed tomography and digital densitometry were performed 

before surgery and 3, 6, 12 months after it to assess the dynamics of osteogenesis. A year later restoration of the lost bone tissue volume was reported in 100% of 

patients in group 4, 70.27% of patients in group 3, 43.47% of patients in group 2, 37.5% of patients in group 1; Fisher's exact test revealed significant differences 

in the osteoplasty outcomes in groups 3 and 4 (p = 0.00002). There were significant differences in bone density between patients of groups 1 and 2 twelve months 

after surgery (p = 0.044), between patient of groups 3 and 4 three (p = 0.004), six (p = 0.0001) and 12 (p = 0.0001) months after surgery. The findings show that 

the method proposed is effective.
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Г. В. Порядин, Д. А. Еремин, Н. М. Хелминская    , В. И. Кравец, И. В. Житарева, А. В. Посадская, Н. М. Краснов, П. А. Шень, М. А. Гурешидзе

ЭФФЕКТИВНОСТЬ УСТРАНЕНИЯ КОСТНЫХ ДЕФЕКТОВ ЧЕЛЮСТЕЙ

Методы регенеративной медицины в России и за рубежом активно развиваются в связи с актуальностью этого направления, особенно в вопросах 

костной пластики челюстей. Для нормализации и стимуляции остеогенеза традиционно применяют ауто-, алло- и ксенопластиченские материалы, а 

также синтетические препараты на основе кальций-фосфатной керамики, но результаты лечения не всегда однозначны. Целью исследования было 

обосновать применение биокомплекса плазмы крови, богатой факторами роста PRGF, и ксенопластического материала для повышения эффективности 

остеогенеза костных дефектов челюстей. В исследовании участвовало 136 пациентов (105 женщин и 31 мужчина, в возрасте 21–67 лет), в зависимости 

от метода замещения костного дефекта разделенных на четыре группы. В 1-й группе остеопластические материалы не применяли, во 2-й пластику 

проводили фибриновым гелем PRGF, в 3-й — материалом Osteobiol Gen-Os, в 4-й — материалом Osteobiol Gen-Os совместно с препаратом плазмы, 

богатой факторами роста PRGF. Для динамической оценки процесса остеогенеза проводили компьютерную томографию с цифровой денситометрией 

до операции и через 3, 6, 12 месяцев после нее. Через год восстановление утраченного объема костной ткани в 4-й группе зафиксировано у 100% 

пациентов, в 3-й — у 70,27%, во 2-й — у 43,47%, а в 1-й у — 37,5%, точный критерий Фишера выявил статистически значимые различия результатов 

костной пластики в 3-й и 4-й группах (p = 0,00002). Статистически значимо различаются показатели плотности костной ткани у пациентов 1-й и 2-й 

групп через 12 месяцев после операции (p = 0,044), у 3-й и 4-й групп — через 3 (p = 0,004), 6 (p = 0,0001) и 12 (p = 0,0001). Полученные результаты говорят 

об эффективности применения предложенной нами методики.
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out of the defect cavity, thereby complicating the course of 
postoperative period and disrupting the organotypic bone graft 
formation [2]. 

Some clinical and experimental studies have shown that 
extraction of maxillar and mandibular teeth is followed by bone 
resorption in the tooth extraction sockets. Furthermore, bone 
deterioration is more prominent on the buccal side than on the 
lingual and palatal sides [3, 4]. Two thirds of the alveolar bone 
tissue is lost three months after tooth extraction [5]. Six months 
after surgery, the average clinical width and height loss in the 
tooth socket is 63% and 22% of the baseline, respectively 
[4], that is why many clinicians point to the need to preserve 
the alveolar process (part) after tooth extraction using various 
osteoplastic materials [6, 7].    

Bacterial contamination of the bone defect adversely affects 
regeneration by distorting bone repair, therefore, there is no full 
bone cavity replenishment. A similar pattern is observed in the 
projection of bone defects caused by benign neoplasms of the 
jaw, the invasion of which results in bone tissue resorption and 
causes compression of the trigerminal nerve branches with 
typical neurological symptoms [8]. 

 To date, numerous studies have been published reporting 
good outcomes of spontaneous jawbone defect regeneration 
after enucleation of cysts, including in cases of large defects 
[9–11]. Comparative assessment of the use of xenografts, 
allografts and synthetic material to preserve the volume of the 
alveolar process (part) of the jaw for the 25-year period was 
performed. Computer analysis of the data obtained revealed 
no clinically significant differences between application of 
osteoplastic materials and barrier membranes of different origin 
used for preservation of the alveolar process (part) of the jaw. 
Furthermore, postoperative complications significantly slowed 
bone tissue repair and thwarted formation of the full-fledged 
organotypic graft [12]. This suggests the need for further 
study of the methods for bone tissue regeneration stimulation 
using various materials and their combinations, as well as for 
identification of standard indications for the use of osteoplasty 
techniques.

The study was aimed to substantiate the use of the 
biocomplex consisting of plasma rich in growth factors 
and osteoplastic material to improve the effectiveness of 
osteogenesis in the limited jawbone defects.

 
METHODS

The clinical x-ray study was performed at the Pirogov City 
Clinical Hospital № 1, department of maxillofacial surgery and 
dentistry of the Pirogov Russian National Research Medical 
University of the Ministry of Health of the Russian Federation, 
in 2014–2022. 

To assess the dynamics of the jawbone tissue regeneration, 
we performed the clinical x-ray study and surgical treatment of 
136 patients aged 21–67, among them 105 (77.2%) females 
and 31 (22.8%) males. The patient inclusion criteria were as 
follows: the established diagnosis of chronic periodontitis, 
periapical abscess with a fistula, root cyst, follicular cyst, incisive 
canal cyst. Exclusion criteria: decompensation of concomitant 
disorder, malignant neoplasms of any stage or remission for 
less than five years, circulatory system diseases, hepatitis В 
and С, diabetes mellitus, thrombocytopenia, moderate to 
severe generalized periodontitis. Pregnancy and the history 
of concomitant disorder with complications during the study 
period were also considered to be the exclusion criteria.  In 
15 cases (11.03%), resorption of mandibular canal and incisive 
canal walls with the development of trigeminal neuropathy was 

reported. The bone cavities were divided into three subgroups 
based on their size: small cavities (volume up to 1 cm3) were 
diagnosed in 52 cases (39%), medium cavities (volume up to 
2 cm3) were observed in 53 patients (38.2%), large cavities 
(volume exceeding 2 cm3) were reported in 31 cases (22.8%). 

Clinical groups were formed based on the jaw osteoplasty 
method. Group 1 consisting of 24 individuals (17.65%) showed 
spontaneous bone tissue regeneration due to filling the cavity 
with a blood clot; in group 2 consisting of 23 patients (16.91%), 
the bone defect was filled with plasma rich in growth factors 
(PRGF) in the form of gel. Group 3 included 37 patients 
(27.20%), among them seven patients showed resorption of 
the alveolar canals and compression of the trigerminal nerve 
branches. In this group osteoplasty was performed using the 
Osteobiol Gen-Os xenogeneic material (Tecnoss; Italy). Group 4
consisted of 53 patients, among them eight patients had 
neurological symptoms associated with compression of the 
inferior alveolar and nasopalatine nerves in the mandibular and 
incisive canals, respectively. The jaw defects in this group were 
repaired using a complex consisting of the Osteobiol Gen-Os
material and plasma rich in growth factors (PRGF). The 
complex was obtained by polymerization of the xenogeneic 
material granules in the liquid phase. In group 4, the PRGF 
fibrin membrane was used to ensure decompression of the 
neurovascular bundle and separation of the augmentation area 
from the canal cavity. The PRFG Sistema IV centrifuge (BTI 
Biotechnology Institute; Spain) was used to obtain the plasma 
preparation rich in growth factors (PRGF). Preoperative dental 
examination and treatment were conducted in accordance 
with the general guidelines “Periapical Tissue Diseases” [13]. 

During the postoperative period, clinical assessment of 
patients was performed on days 1, 3, 5, and 7. All patients 
were recommended to rinse the oral cavity with an antiseptic 
solution, to apply antiseptic gel to the surgical wound area, to 
use the methods to ensure local hypothermia in the operated 
areas within 3 days after surgery for 10–15 min every hour. The 
broad-spectrum antibiotics and medium therapeutic doses of 
non-steroidal anti-inflammatory drugs were prescribed. Suture 
removal was performed on day 10–14 after surgery.

To study the jaw structure and determine the studied 
materials’ capability of full-fledged bone tissue volume 
restoration, the data of cone beam computed tomography 
scans obtained using the Galileos (Sirona; Germany) or KaVo 
3D eXam (KaVo; Korea) dental computed tomography system 
before treatment and 3, 6, 12 months after surgery were used. 
The Galileos Viewer and Vidar Dicom Viewer 3.1 software tools 
were used to determine the defect shape, size, and localization, 
as well as the contact with adjacent anatomical structures; the 
jawbone volume and density were measured in the Hounsfield 
units (HU).

Mathematical and statistical processing of the data obtained 
was performed using the IBM SPSS Statistics 21.0 software 
package, the following modules were used: descriptive 
statistics, t-test for independent samples (Student's t-test), 
nonparametric Mann–Whitney U test for two independent 
samples. The medstatistic.ru online resource (calculator) was 
also used. The following programs were applied: analysis of 
contingency tables using the χ2 test, two-sided Fisher's exact test.

RESULTS

The analysis of the jawbone tissue regeneration dynamics 
performed a year after surgery suggested that the best 
osteoplasty outcomes were observed in group 4, where the 
lost volume of bone tissue was restored in all 52 cases (100%), 



92

ORIGINAL RESEARCH    SURGERY

BULLETIN OF RSMU   6, 2023   VESTNIKRGMU.RU| |

while in group 3 a full-fledged filling of bone cavity with the 
graft was reported only in 26 cases (70.27%) (p = 0.00002, 
< 0.05). In groups 1 and 2, complete restoration was reported for 
small defects only, in 9 cases (37.5%) among patients of group 
1 and 10 cases (43.47%) among patients of group 2, while 
no restoration of volume was reported for medium to large 
cavities; no significant advantage of one of the groups was also 
found (p = 0.905, > 0.05; p = 0.77, > 0.05). However, the slightly 
higher x-ray intensity values were reported for clinical group 2 
on month 3, 6 and 12 after surgery.

Patients of groups 1 and 2 demonstrated significant 
differences in the digital densitometry data 12 months after 
surgery (p = 0.044, < 0.05), which suggested that the use of the 
PRGF preparation in the form of gel significantly improved the 
bone tissue regeneration qualitative characteristics. In patients 
of clinical group 4, the average jawbone density values obtained 
three months after surgery were 721.73 ± 24.41 HU, while 
in group 3 these were significantly lower: 445.11 ± 7.92 HU 
(p = 0.004, < 0.005). After 6 months the difference between the 
average bone tissue x-ray intensity values became smaller; the 
values of group 3 were within in range of 600.54 ± 11.68 HU, 
while that of group 4 were in the range of 843.58 ± 19.7 HU. 
However, significant differences persisted (p = 0.0001, < 0.05). 
The average bone density value of patients of control clinical 
group 3 did not change significantly over a year after surgery, 
it was 608.95 ± 18.71 HU. In group 4, this indicator slightly 
increased (898.64 ± 20.18 HU), but it was still significantly 
different (p = 0.0001, < 0.05). 

DISCUSSION   

Auto-osteoplasty is considered to be a gold standard of 
osteoplasty in surgical practice, however, allogeneic bone, 

xenografts and synthetic materials are extensively used to 
restore medium to large bone defects, when a large amount of 
bone is needed [14–18]. Good outcomes of the jawbone defect 
osteoplasty were achieved when using plasma preparations 
rich in autologous and allogeneic platelets and growth factors 
[19–22]. The results of the randomized controlled trial involving 
comparative analysis of bone tissue repair following the use of 
xenogeneic and allogeneic osteoplastic materials, as well as 
plasma rich in growth factors, showed that plasma preparation 
was significantly superior to other studied materials [23]. Many 
authors note that it is necessary to combine materials of 
different origin in order to enhance the augmentation material 
regeneration potential [24–28]. 

CONCLUSIONS

Comparative analysis of the dynamic changes in the volume 
and density of bone tissue in the projection of limited defects 
in all clinical groups demonstrated that the use of biocomplex 
of the Osteobiol Gen-Os bone material and plasma rich in 
growth factors (PRGF) was superior to that of the conventional 
method used in control group 1, as well as to the separate use 
of Osteobiol Gen-Os and plasma rich in growth factors (PRGF) 
in the form of gel. Simplicity and accessibility of the method to 
generate the plasma preparation rich in growth factors (PRGF), 
along with the relatively low cost, absolute level of biological safety 
and no toxic effects on the organism, make this technique one 
of the methods to address the issues of regenerative medicine. 
The study results obtained based on the informative clinical 
x-ray data have shown that the proposed method of using the 
Osteobiol Gen-Os osteoplastic material in combination with 
plasma rich in growth factors (PRGF) is promising for everyday 
use in clinical practice.
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Minasov BSh, Yakupov RR, Bilyalov AR, Minasov TB, Valeev MM, Mavlyutov TR, Nigamedzanov IE, Akbashev VN    , Karimov KK

PREOPERATIVE PLANNING OF HIP ARTHROPLASTY 

Preoperative planning of hip arthroplasty provides surgeons with a unique opportunity of thorough investigation of the patient’s anatomy, allows them to determine 

optimal implant size and position, as well as to prevent potential complication. Advances in digital technology enable expansion of opportunities of preoperative 

planning due to using three-dimensional modeling. The study was aimed to compare precision of the three-step preoperative planning of hip arthroplasty and the 

standard method. Methods: The study involved 224 patients with various forms of degenerative and dystrophic diseases of the hip joint, who were divided into the 

index and control groups based on the planning method. In the index group, preoperative planning of arthroplasty was conducted in three steps: assessment of 

bone density in the zones of fixation based on CT; virtual design involving the use of automated programs; 3D model construction based on the computer model. 

X-ray images and endoprosthesis templates were used in the comparison group. The results showed that there were no significant differences between planning 

methods in patients with osteoarthritis and avascular necrosis of the femoral head (p > 0.05), in contrast to the group with traumatic hip joint pathology showing 

significant differences (р
с
 = 0.002). Conclusions: the three-step algorithm for preoperative planning of hip arthroplasty showed higher efficacy in patients with various 

nosological forms of degenerative and dystrophic diseases of the hip joint compared to the standard method.
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Б. Ш. Минасов, Р. Р. Якупов, А. Р. Билялов, Т. Б. Минасов, М. М. Валеев, Т. Р. Мавлютов, И. Э. Нигамедзянов, В. Н. Акбашев    , 
К. К. Каримов

ПРЕДОПЕРАЦИОННОЕ ПЛАНИРОВАНИЕ АРТРОПЛАСТИКИ ТАЗОБЕДРЕННОГО СУСТАВА

Предоперационное планирование артропластики ТБС предоставляет хирургам уникальную возможность тщательного изучения анатомии пациента, 

позволяет определить оптимальный размер, позиционирование импланта, а также предупредить потенциальные осложнения. Развитие цифровых 

технологий позволяет повысить возможности предоперационного планирования за счет использования трехмерного моделирования. Цель: провести 

сравнение точности трехэтапного предоперационного планирования артропластики ТБС по сравнению со стандартным методом. В исследование 

было включено 224 пациента с различными формами дегенеративно-дистрофических заболеваний ТБС, которые были разделены на основную и 

контрольную группу в зависимости от метода планирования. В группе исследования предоперационное планирование артропластики проводилось 

в три этапа: оценка плотности костной ткани в области опорных зон на основании КТ-томографии; виртуальное проектирование с использованием 

автоматизированных программ; изготовление 3D-модели на основе компьютерного моделирования. В группе сравнения использовали 

рентгенограммы и шаблоны эндопротеза. Результаты показали, что статистически значимой разницы между методами планирования не было у 

пациентов, страдающих остеоартрозом и аваскулярным некрозом головки бедра (p > 0,05), в отличие от группы с посттравматической патологией 

ТБС, у которой отмечалась статистически значимая разница (р
к
 = 0,002). Выводы: алгоритм трехэтапной методики предоперационного планирования 

артропластики ТБС показал более высокую эффективность для пациентов с различной нозологической формой дегенеративно-дистрофических 

заболеваний ТБС по сравнению со стандартным методом.

Ключевые слова: эндопротезирование тазобедренного сустава, артропластика, предоперационное планирование, объемное моделирование, 3D-печать
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Fig. 1. Determination of bone density in the zones of fixation located in the acetabular area based on the  horizontal (A, B, C) and frontal (D, E, F) CT scans of the 
73-year-old patient: at the level of inferior acetabulum (А); at the level of the acetabulum middle part (B); at the level of superior acetabulum (C) (Average total bone 
density according to the Hounsfield scale — 30.65 HU.); at the level of posterior acetabulum (D); at the level of the acetabulum middle part (E); at the level of anterior 
acetabulum (F). (Average total bone density according to the Hounsfield scale — 30.09 HU.) 

А B C

D E F

In recent decades, the share of high-tech medical care in 
traumatology and orthopedics dramatically increased, 
including endoprosthetic replacement of major joints in the 
lower limbs: hip and/or knee joint [1]. Total hip replacement 
(THR) is a standard surgical procedure used for treatment of 
severe disorders [2]. The main purpose of hip replacement is 
pain relief and functional lower limb restoration allowing the 
patient to return to active role and improve his/her quality 
of life. When performing total hip replacement (THR), the 
endoprosthesis acetabular component and stem should 
have appropriate component size and position, which is 
essential for achieving good functional outcome and longevity 
of the prosthesis. However, incorrect positioning or sizing 
of the endoprosthesis components increases the risk of 
intraoperative and postoperative complications, such as limb 
lengthening or shortening, intraoperative fractures, aseptic 
loosening, dislocation of the endoprosthesis head, etc. [3]. 
All these contribute to postoperative pain in the operated 
joint, instability and premature failure of the endoprosthesis 
components, thereby bringing dissatisfaction to the patient 
and reducing his/her quality of life [4]. Joint replacement 
of any type requires preoperative planning and intraoperative 
control. Preoperative planning is of utmost importance for 
optimization of the THR outcome. It helps the surgeon to 
visualize the final implant position after thorough assessment of 
clinical and radiography data [5]. In case of primary arthroplasty, 
preoperative planning can be performed using standard 
x-ray images, 2D templates or appropriate software. When 
performing primary arthroplasty in patients having a history of 
injury, osteotomy, surgical procedures, preoperative planning is 
hampered by non-compliance with the radioanatomical criteria.

Superimposition of the endoprosthesis templates onto the 
standard x-ray image of the hip joint for accurate sizing and 
positioning of the acetabular and femoral endoprosthesis 
components represents a conventional method of preoperative 
planning of THR. 

Three-dimensional planning makes it possible to more clearly 
define the patient’s unique anatomical features and reference 
points and ensures optimal visualization for preoperative implant 
sizing. The 3D planning methods allow one to more accurately 
determine the size of the endoprosthesis acetabular component 
and stem (96–100%) compared to 2D templates (16–43%). The 
results confirm superiority of 3D methods over 2D templates in 
terms of implant sizing accuracy. The computed tomography 
data used in 3D planning represent an appealing alternative to 
navigation for restoration of the limb length and axis [6–9].  

The lack of unified approaches to planning of surgical 
treatment prevents achieving identical treatment outcomes 
in similar clinical situations. It is necessary to create certain 
preoperative planning algorithm for selection of treatment 
tactics in patients with various joint disorders.

The study was aimed to compare the effectiveness of the 
three-step preoperative planning of hip arthroplasty based on 
the nosological form of degenerative and dystrophic disease of 
the hip joint and that of the standard method.

METHODS

Comparative analysis of outcome estimates for various methods 
of preoperative planning of THR was conducted. A total of 224 
patients were enrolled. Inclusion criteria: grade III–IV (Kellgren & 
Lawrence classification) primary (idiopathic) osteoarthritis of the 
hip associated with grade III or more joint function impairment; 
grade II–III aseptic necrosis of the femoral head with severe 
pain; post-traumatic condition (condition after osteosynthesis 
for proximal femur or acetabulum fractures) with complications 
in the form of post-traumatic ostheoarthrosis or nonunion, 
and individuals in need of hip arthroplasty. The diagnosis was 
established based on the clinical and anamnestic data, as 
well as using instrumental assessment methods (radiography, 
computed tomography and magnetic resonance imaging). 
Exclusion criteria: infectious inflammatory disease of the 
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Fig. 2. Determination of bone density in the zones of fixation located in the acetabular area based on the sagittal, horizontal and frontal CT scans of the 73-year-old 
patient. А. Bone density estimation based on the sagittal scan. B. Bone density estimation based on the frontal scan. C. Bone density estimation based on the 
horizontal scan. (Average total bone density according to the Hounsfield scale — 869.13 HU.)

А B C

Fig. 3. Survey frontal x-ray image of the pelvis and the right hip joint of the 73-year-old patient. Diagnosis: condition after osteosynthesis involving the use of the DHS 
system. False joint of the right femoral neck. A. X-ray image acquired at admission to surgery — osteosynthesis of the right femur involving the use of the DHS system. 
B. X-ray image acquired after osteosynthesis involving the use of the DHS system. C. Sizing and positioning of the endoprosthesis components using the TraumaCad 
v. 2.4 software. (Planned size of the acetabular component — 50, femoral component — 4)

А B C

affected segment; concomitant somatic disorders representing 
absolute contraindications to surgery; no informed consent 
submitted by the patient, age under 18 years. All patients 
were divided into two groups: index group (116 people) and 
comparison group (108 people). The index group was divided 
into three subgroups: 34 patients with ostheoarthrosis (average 
age 60.8 ± 7.2 years), 30 patients with avascular necrosis of 
the femoral head (average age 43.9 ± 7.9 years), 52 patients 
with post-traumatic hip joint disorders (patients of this group 
underwent osteosynthesis for fractures of the femoral neck, 
trochanter region of the femur, acetabulum of the pelvis, etc.) 
(60.2 ± 11.1 years). The comparison group was also divided 
into three subgroups:  33 patients with ostheoarthrosis (average 
age 61.3 ± 6.8 years), 29 patients with avascular necrosis of the 
femoral head (42.6 ± 8.4 years), 46 patients with post-traumatic 
hip joint disorders (59.3 ± 12.7 years). The average age of all 
surveyed patients was 57 ± 6.2 years, 119 people (53.12%) 
were females, 105 people (46.87%) were males. 

 In the index group (n = 116), preoperative planning of hip 
arthroplasty was performed in three phases.

In the first phase, bone density in the acetabular and 
femoral areas was determined in three planes based of the 
hip joint computed tomography (CT) data using the Hounsfield 
scale. Bone density was assessed around the perimeter of 
the zones of fixation considering the planned implant location 
and installation site. Determination of the zone with optimal 

bone density and the regions with reduced bone density, 
osteosclerosis, cysts and various defects was an important 
criterion of the endoprosthesis installation and positioning. 
When performing preoperative planning in patients having a 
history of osteosynthesis, it was difficult to determine bone 
density in the zones of fixation due to the presence of “metal 
artifacts” (Fig. 1 and 2).

In the second phase, the TraumaCad v. 2.4 software 
(Brainlab; USA) was used to determine the optimal size and 
position of the endoprosthesis components. For that x-ray 
image of the pelvis with the hip joint was uploaded to the 
program, over which the digital template of the endoprosthesis 
femoral and acetabular components was superimposed. 
However, when performing preoperative planning of 
endoprosthetic replacement using software, complete proximal 
femur visualization was hampered by the presence of surgical 
hardware (Fig. 3).

In the third phase, the Geomagic Studioс (Raindrop 
Geomagio Inc.; USA) and 3D Slicer (Copyright 2023, Slicer 
Community; USA) software was used for virtual installation 
of the endoprosthesis components following construction 
of a volumetric model of the baseline condition (Fig. 4). This 
phase enabled estimation of the segment anatomy distortion, 
more accurate adjustment of the endoprosthesis positioning, 
provision of starting biomechanics, and determination of the 
hip arthroplasty tactics. In cases of severe hip joint deformities, 
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Fig. 4. Female patient, 73 years. Comparison of the endoprosthesis component dimensions during preoperative planning based on volumetric modeling performed 
before and after hip arthroplasty. A. Volumetric model of the right hip joint with virtual installation of the endoprosthesis components (planned size of the acetabular 
component — 52, femoral component — 6). B. Survey x-ray image of the pelvis and right hip joint after installation of endoprosthesis, the dimensions of acetabular and 
femoral components corresponded to the planned dimensions  

А B

Fig. 5. Patient, 45 years. Preoperative planning based on volumetric prototyping. A. Printed 3D model of the hip joint before arthroplasty. B. Printed 3D model of the 
hip joint after arthroplasty. C. Preoperative planning of the right hip arthroplasty based on volumetric modeling

Table 1. Endoprothesis component sizing accuracy depending on the nosological form of degenerative and dystrophic disease of the hip joint (%)

Note: р
c
 — significance of differences from controls.

Osteoarthritis (subgroup I)
Avascular necrosis of the femoral 

head (subgroup II)
Post-traumatic disorder 

(subgroup III)

Control group Index group Control group Index group Control group Index group

Number of people n = 33 n = 34 n = 29 n = 30 n = 46 n = 52

Endoprothesis component sizing accuracy (%) 81.82 85.29 (рc = 0.7) 82.76 86.67 (рc  = 0.68) 47.83 78.85 (рк  = 0.002)

А B C

computer modeling was combined with 3D printing of the 
affected segment before and after hip arthroplasty (Fig. 5).

In the control group (n = 108), preoperative planning 
was performed by standard methods: posterioanterior x-ray 
images of the pelvis with the hip joint were used, over which 
the templates of the endoprosthesis components (draft) were 
superimposed to determine the implant size. 

Preoperative planning was followed by surgical treatment, 
THR, in both studied groups.

RESULTS

The results were assessed based on the match of the 
endoprosthesis component dimensions determined before 
and during surgery (intraoperatively). The index group patients 
with osteoarthritis and avascular necrosis of the femoral 
head showed higher implant sizing accuracy, however, it was 

comparable with that of the control group (p > 0.05). The 
subgroup with post-traumatic disorders showed significant 
differences in the accuracy of the intended endoprosthesis 
component size determination between the index and the 
control groups (р

c
 = 0.002). The main results and the implant 

sizing accuracy depending on the disease entity and the 
preoperative planning method are provided in Table 1 and Fig. 6. 

DISCUSSION

Comparability of the results of the index and control group 
patients with osteoarthritis and aseptic necrosis could result 
from minor anatomy distortion in the segment of the pelvis and 
the lower limb, while in patients with post-traumatic disorders 
the planned endoprosthesis component dimensions in controls 
did not match actual size in more than a half of cases, which 
suggested low effectiveness of standard planning method 
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Fig. 6. Implant sizing accuracy when using different preoperative planning methods 

Im
p

la
nt

 s
iz

in
g

 a
cc

ur
ac

y 
(%

)

Osteoartritis

Index group

85.29

78.85

82.76
86.67

81.82

47.83

Control group

90

50

70

30

10

80

40

60

20

0

Aseptic necrosis

Post-traumatic disorder

Table 2. Selection of preoperative planning technique based on the form of degenerative and dystrophic disease of the hip joint 

Groups of patients Preoperative planning phases

Patients with avascular necrosis of the femoral head, primary osteoarthritis 
and no prominent anatomy distortion

Determination of bone density in the acetabulum and zones of fixation 
based on CT in accordance with the Hounsfield scale 
 
Using the automated software to determine the endoprosthesis component 
dimensions based on 2D design

Patients with avascular necrosis of the femoral head, primary osteoarthritis 
and prominent anatomy distortion (secondary deformities of the spine and 
pelvis, rigidity, lower limb shortening by more than 3 cm) 
 
Patients with post-traumatic disorders of the hip joint having a history of 
various types of proximal femur surgery (osteosynthesis) or acetabular 
fractures

Determination of bone density in the acetabulum and zones of fixation 
based on CT in accordance with the Hounsfield scale 
 
Using the automated software to determine the endoprosthesis component 
dimensions based on 2D design 

Preoperative planning involving construction of volumetric 3D models

in this group of patients due to more prominent segment 
anatomy distortion resulting from fractures, osteosynthesis 
or reconstructive surgery, as well as to the hip joint anatomy 
distortion, impaired joint congruence, secondary pelvic and spinal 
deformities, lower limb shortening by more than 3 cm [10–12].

The analysis resulted in creation of the algorithm for 
selection of preoperative planning method based on the forms 
of degenerative and dystrophic diseases of the hip joint and 
severity of the hip joint anatomy distortion (Table 2).

CONCLUSIONS

The proposed approach to selection of preoperative planning 
technique makes it possible to accurately determine the 

endoprosthesis component dimensions and contributes 
to correct orientation and positioning of the endoprosthesis 
components during hip arthroplasty. The proposed algorithm of 
the three-step method showed higher effectiveness of preoperative 
planning and personalized design for patients with various 
nosological forms of degenerative and dystrophic diseases of 
the hip joint compared to the standard method, it also enabled 
accurate endoprosthesis component sizing. Preoperative 
planning of hip arthroplasty by the proposed method allows one 
to assess the disease characteristics at the local and systemic 
levels. The most challenging situations are observed in patients 
with post-traumatic disorders of the hip joint. This is due to 
the fact that patients of this group usually show severe bone 
disruption in the femoral and acetabular zones of fixation.
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FOVEAL MICROSURGICAL RECONSTRUCTION TECHNIQUE FOR MACULAR HOLE

Macular rupture is among major vitreoretinal disorders resulting in significant visual function decline. In recent years, the use of platelet-rich autoplasma in the macular 

rupture surgery is considered to be promising. However, despite high rate of macular rupture closure (78–96%), the development of new technology for foveal 

microarchitectonics restoration and visual function improvement currently remains a pressing issue. The study was aimed to develop a new foveal reconstruction 

technique for macular rupture involving the use of autologous conditioned plasma. The reported study involved 9 patients (10 eyes) with idiopathic macular hole, 

who underwent standard three-port 27G vitrectomy involving the use of autologous conditioned plasma in accordance with the technique developed. The proposed 

technique makes it possible to achieve good clinical and functional surgical treatment outcome and ensures optimal and more manageable reconstruction of foveal 

microarchitectonics.
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Х. П. Тахчиди   

ТЕХНОЛОГИЯ МИКРОХИРУРГИЧЕСКОЙ РЕКОНСТРУКЦИИ ФОВЕА ПРИ МАКУЛЯРНЫХ РАЗРЫВАХ

Одной из ведущих витреоретинальных патологий, приводящих к значительному ухудшению зрительных функций, является макулярный разрыв. 

В последние годы в хирургии макулярных разрывов перспективно использование аутоплазмы крови с повышенным содержанием тромбоцитов. 

Но, несмотря на высокий процент закрытия макулярных разрывов (78–96%), на сегодняшний день актуальным вопросом остается разработка новых 

технологий, направленных на восстановление микроархитектоники фовеолярной области и повышения зрительных функций. Целью исследования было 

разработать новую технологию реконструкции фовеолярной области при макулярных разрывах с использованием аутологичной кондиционированной 

плазмы. В представленную работу вошли 9 пациентов (10 глаз) с идиопатическим сквозным макулярным разрывом, которым была выполнена стандартная 

трехпортовая 27G-витрэктомия с применением аутологичной кондиционированной плазмы по разработанной технологии. В результате хирургического 

лечения предлагаемая технология позволяет получить высокие клинико-функциональные результаты, а также обеспечивает оптимальную и более 

управляемую реконструкцию микроархитектонику фовеа.

Ключевые слова: макулярный разрыв, оптическая когерентная томография, аутологичная кондиционированная плазма, витрэктомия, компьютерная 
микропериметрия
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Idiopathic macular hole is a foveal defect affecting all neuroretinal 
layers and characterized by decreased visual acuity, central 
scotoma and metamorphopsia [1–4]. According to the literature 
data, the macular hole incidence is about 3–5 cases per 1000 
population aged over 55, it is more prevalent among women 
aged 60–70. The disorder is unilateral in 80% of cases [5]. 

In 2013, the researchers of the International Vitreomacular 
Traction Study Group (IVTSG) proposed an optical coherence 
tomography (OCT)-based anatomic classification system for 
assessment of the central retina condition in individuals with 
macular holes. According to the classification, macular holes 
are classified as small (≤ 250 µm), medium (250–400 µm), and 
large (>400 µm) based on minimal diameter [6, 7].

The internal limiting membrane (ILM) peeling with 
subsequent gas-air mixture tamponade had been considered 
the gold standard treatment for full-thickness macular hole [8]. 
To further improve the efficacy, modified surgical approaches 
to treatment of macular holes were proposed: mechanical 

approximation of the hole edges, ILM peeling followed by the 
hole sealing with inverted ILM flap, amniotic membrane plug, 
anterior lens capsule transplantation, ILM preservation [9–12]. 

In recent years, the use of platelet-rich autoplasma is one 
of the promising directions of the macular hole surgery. Two 
methods to obtain plasma are currently being actively used in 
treatment of retinal disorders: PRP (platеlet-rich plasma with 
the platelet content 3–4 times higher compared to baseline 
blood levels) and ACP (autologous conditioned plasma almost 
deprived of white blood cells and having an increased platelet 
concentration that is 2–3 times higher compared to baseline 
blood levels). The local use of autologous factors in macular 
surgery makes it possible to achieve good anatomic and 
functional outcomes and minimize retinal tissue injury during 
surgery [6, 13–15]. However, despite high rate of macular hole 
closure (78–96%) [16, 17], the quest for restoration of foveal 
microarchitectonics and, therefore, for improvement of visual 
functions, currently remains a pressing issue. 
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The study was aimed to develop a new technique for foveal 
reconstruction in individuals with macular holes based on the 
use of autologous conditioned plasma.

METHODS

The study involved 9 patients (10 eyes) aged 62–76 (average 
age 66.1 ± 7.41 years), who underwent surgery due to 
idiopathic full-thickness macular hole at the Ophthalmology 
Research Center, Pirogov Russian National Research Medical 
University. 

All patients underwent comprehensive eye examination 
involving the use of standard (visometry to determine 
uncorrected visual acuity (UCVA) and best-corrected visual 
acuity (BCVA), pneumatonometry, biomicroophthalmoscopy 
with a MaxField indirect lens (Ocular Inc.; USA)) and specific 
assessment methods, such as spectral-domain optical 
coherence tomography (SD-OCT) performed with the 
Spectralis HRA+OCT system (Spectralis HRA+OCT, Heidelberg 
Engineering, Module, OCT-2 85,000 Hz, Inc.; Germany), 
microperimetry (MAIA, CenterVue; Italy). 

Inclusion criteria: idiopathic full-thickness macular hole. 
Exclusion criteria: concomitant eye disorder (age-related 
macular degeneration, glaucoma, partial optic atrophy, vascular 
disorders, diabetic retinopathy, intraocular mass, retinal 
detachment, corneal scars or opacities), traumatic macular 
hole, macular hole duration exceeding 6 months.

The macular hole duration before surgery was between 
3 weeks and 5 months. The follow-up period was 3–16 months.
The study results were processed using standard descriptive 
statistical tools of the Microsoft Office Excel. The data were 
provided as М ± σ, where М was the mean, σ was the standard 
deviation.  

Assessment showed that UCVA was 0.18 ± 0.13 and BCVA 
was 0.3 ± 0.17. OCT revealed macular holes with intraretinal 
cysts in all cases. The maximum macular hole diameter was 
759.2 ± 174.7 µm, the minimum diameter was 343.4 ± 96.6 µm, 
the average central retinal thickness (CRT) was 416 ± 65.3 µm. 
According to the IVTSG classification, the patients were divided 
into groups as follows: group with ≤ 250 µm — 0 eyes; group 
with 251–400 µm — 7 eyes; group with ≥ 401 µm — 3 eyes. 
Microperimetry showed that the average retinal sensitivity (RS) 
in the studied group was 22.7 ± 1.52 dB. 

All the patients underwent treatment involving the use of 
the developed technique: in the first phase phacoemulsification 
and intraocular lens implantation was performed in patients 
with lens opacities. Then three-port 27G vitrectomy with 
isolation and removal of the posterior hyaloid membrane was 
performed. After that the ILM was stained and removed. After 
the ILM removal, at least 1/3 of the vitreous cavity volume was 
substituted with the perfluorocarbon liquid (PFCL) that filled 
the posterior pole of the eye and hermetically “sealed” the 
macular hole. As a result, the hermetically sealed intraocular 
fluid pressurized by the irrigation fluid and the pressure head 
of PFCL stayed in the macular hole intrawound area. Then the 
fluid was passively evacuated from the macular hole area with 
an extrusion needle, the irrigation fluid pressure was 15 mm Hg. 
The vertical needle bevel was brought close to the hole area, 
not touching the retina. Owing to the differences in viscosity 
between PFCL and intraocular fluid, intraocular fluid, that was a 
priority when performing evacuation from the hole area, turned 
out to be more motile in terms of competitive aspiration (Fig. 1). 
As the wound fluid was evacuated, the negative pressure (“mild 
micro-vacuum”) occurred in the hole area, which ensured even 
and atraumatic approximation of the ragged macular hole 

walls around the perimeter of the wound. To ensure visual 
control of the process of bringing together the hole walls, we 
lifted the needle tip above the hole area. When the hole walls 
fail to fuse completely, the manipulation involving the wound 
fluid aspiration can be repeated many times to achieve the 
necessary outcome (fusion). In case of unintended aspiration 
(“adhesion”) of the inner retinal surface of the macular hole 
edges, it is necessary to stop passive aspiration by closing the 
extrusion needle hole with the finger and slowly lifting the needle 
tip over the retina perpendicularly to the surface. As a result of 
this action, the retinal surface uniformly pressurized by PFCL 
gravity easily peels off the needle bevel without damaging the 
retinal tissue. This procedure is associated with no risk.

When exposed to negative pressure in the hole area, the 
aggregate foveal tissue of the fused macular hole walls was 
held in this position due to the PFCL gravity for at least 10 min 
(hole retention time) (Fig. 2). During this time we intraoperatively 
prepared ACP using the Arthrex ACP double-syringe system. 
A total of 15 mL of the patient’s venous blood were collected in 
the Arthrex ACP syringe. After blood collection, the syringe was 
installed in the ROTOFIX 32A centrifuge (Hettich; Germany) for 
further centrifugation for 5 min at 1700 rpm. A total of 0.2–0.4 mL 
of ACP was taken up in the micro-syringe for application to 
the macular hole area. After the required time of the macular 
hole retention in the closed state (at least 10 min) was over, 
PFCL was substituted with the irrigation fluid. At this point 
the fused macular hole walls temporarily stayed closed due 
to weakening of the centrifugal force of the stretched retinal 
tissue elasticity. This time was enough to apply the prepared 
autoplasma forming a hermetic plaque sealing the hole area on 
the surface of the macular area of the retina. The autoplasma 
layers were applied to the macular area until a faint translucent 
plaque emerged (Fig. 3А). After that the irrigation fluid was 
substituted with air.

RESULTS

After a month of postoperative follow up (eight patients, 10 eyes) 
UCVA increased to 0.45 ± 0.21, BCVA was 0.54 ± 0.13. 
Microperimetry showed that the average RS was 24.86 ± 1.53 dB. 
According to the OCT data, the average CRT decreased from 
416 ± 65.3 µm to 299.3 ± 49.2 µm.

On the follow-up examination three months later UCVA 
increased to 0.53 ± 0.22 and BCVA increased to 0.66 ± 0.12. 
The average RS was 25.27 ± 3.3 dB. The average CRT 
decreased to 290.3 ± 46.3  µm.

After six months of follow up (seven patients, eight eyes) 
UCVA was 0.53  ± 0.3, BCVA was 0.73 ± 0.15. The average 
CRT was 274.6 ± 37.6 µm. The average RS was 25.7 ± 2.11 dB.

In a year (five patients, six eyes), UCVA was 0.42 ± 0.33, BCVA 
was 0.75 ± 0.21. According to the OCT data, the average CRT 
was 285.2 ± 31.8 µm. The average RS was 25.4 ± 2.32 dB.

The longest follow-up period (up to 16 months) was 
reported for one patient (one eye) with preoperative UCVA of 
0.05 and BCVA of 0.1. CRT was 450 µm. The average RS was 
22.7 dB. On the follow-up examination 16 months after surgery 
UCVA and BCVA increased to 0.1 and 0.8, respectively. CRT 
decreased to 336 µm. The average RS was 27.8 dB.

As a result of surgical treatment, OCT showed complete 
macular hole closure and foveal structure restoration in all cases. 
According to the OCT findings, regression of the intraretinal 
cysts diagnosed before surgical intervention was observed in 
the early postoperative period (after 6 h and 3 days) (Fig. 4, 5).

No postoperative complications were reported in any case; there 
were no relapses throughout the postoperative follow-up period.
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Fig. 1. Phases of the technique: vitreous cavity volume substitution with the 
perfluorocarbon liquid with subsequent aspiration of intraocular fluid from the 
hole area 

Fig. 2. Phases of the technique: under exposure to negative pressure in the hole 
area, the aggregate foveal tissue of the macular hole fused walls is held in this 
position due to the perfluorocarbon liquid gravity 

Fig. 3. Phases of the technique: application of the ACP prepared to the surface of 
the macular area of the retina with subsequent emergence of the hermetic plaque 
sealing the hole area (А) and filling the entire intrawound space (B)

А

B

DISCUSSION

Part of the foveal tissue dies when the macular hole is 
formed. The remaining highly functional foveal tissue of the 
retina provides a morphofunctional basis for visual function 
restoration. However, after the macular rupture, the surviving 
part of the foveal tissue is shifted from its microanatomical/
microhistological site. Therefore, microarchitectonics of the 
remaining foveal tissue part is impaired and, consequently, 
visual functions are reduced. The situation of macular tissue 
disorganization is aggravated by edema and microcysts, 
the traumatic inflammation and degeneration sequelae. 
Furthermore, the presence of the circular tissue defect in the 
fovea creates the priority for centrifugal forces related to the 
surviving retinal tissue elasticity, which more and more actively 
stretch the remaining foveal tissue and shift it towards the 
macular area periphery as time passes.

Some authors have reported the methods of mechanical 
approximation of the macular hole edges by smoothing the 
retina surrounding the hole with the vitreous spatula from the 
periphery to the center [18] or by using the retinal “massage” 
with the silicone cannula [19] for repositioning of the macular 
hole edges. However, these manipulations dramatically 
increase the risk of reactive retinal edema, retinal pigment 
epithelial dislocation and spontaneous retinal detachment 
along the hole edge, which, in turn, can result in the foveal 
tissue loss and reduced functional potential of the retina after 
the anatomical fusion [20–22].

The proposed technique of fluid removal from the macular 
hole area by passive aspiration involving hermetic sealing of 
the area with the PFCL ensures manageable and maximally 
atraumatic fluid evacuation from the hole and the surrounding 
macular tissues of the retina. The fluid removed by this method 
creates the steadily increasing negative pressure, micro-
vacuum that generates centripetal forces primarily pulling up 
and fusing the most functionally valuable parietal edge foveal 
tissue remains, in the intrawound space of the macular hole. 
At the same time, the fused macular hole walls are fixed in the 
foveal area by the PFCL gravity. 

Thus, the “micro-vacuum” steadily increasing around the 
perimeter of the circular macular hole results in simultaneous 
minimally traumatic retraction, smoothing and fusion of the 
opposite macular hole walls behind the torn parts of the 
surviving foveal tissue. Along with this process, exposure to 
the PFCL gravity results in the fact that the fused remains of 
the macular hole wall tissue are fixed and retained in the foveal 
area. This micro-manipulation brings the surviving foveal tissue 
to the baseline microanatomical/microhistological position.

The time of the hole wall retention in the closed state by 
the PFCL gravity proposed by the technique (at least 10 min) 
makes it possible to significantly weaken the centrifugal forces 
associated with elasticity in the stretched retinal tissue. This 
important feature enables temporary retention of the fused 
macular hole walls in the closed state after the PFCL removal. 
Thus, there is enough time to cover the wound surface with 
ACP to achieve the hermetic plaque formation. The following 
takes place when applying ACP to the sealed wound along with 
the process of finalizing the plaque formation in the macular 
hole intrawound space. 

Under the forming ACP plaque, after the holding force effect 
termination (fixing force, PFCL gravity), the remaining centrifugal 
forces of the retinal tissue elasticity are activated, which begin 
to stretch the closed walls of the macular hole from the center 
to the periphery. As a result, partial micro-separation of the 
macular wound walls occurs under the hermetic plaque. When 
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Fig. 4. OKT on the retina. Phases of macular hole closure after vitrectomy involving the use of ACP. А. Defect of all neuroretinal layers (macular hole). B. Follow up in 
the early postoperative period (on day 3). C. Follow up in the late postoperative period
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А. Before surgery, macular hole size min/max (543/979 µm), BCVA — 0.2. B. On day 3. C. After 12 months, BCVA — 0.9

А. Before surgery, macular hole size min/max (418/1001 µm), BCVA — 0.2. B. On day 3. C. After 12 months, BCVA — 0.8

А. Before surgery, macular hole size min/max (409/541 µm), BCVA — 0.3. B. On day 3. C. After 6 months, BCVA — 0.9

А. Before surgery, macular hole size min/max (323/638 µm), BCVA — 0.1. B. On day 3. C. After 16 months, BCVA — 0.8

А. Before surgery, macular hole size min/max (276/501 µm), BCVA — 0.7. B. On day 3. C. After 12 months, BCVA — 0.9

А. Before surgery, macular hole size min/max (251/843 µm), BCVA — 0.7. B. On day 3. C. After 3 months, BCVA — 0.9

А. Before surgery, macular hole size min/max (391/798 µm), BCVA — 0.2. B. On day 3. C. After 3 months, BCVA — 0.7

micro-separation of the macular wound walls occurs, negative 
pressure is created in the resulting wound micro-lumen that 
increases with increasing micro-lumen size and forms a micro-
vacuum effect ensuring suction of the liquid fractions of the 
entirely noncoagulated ACP. This process changes over time 
and continues at the level of microscopic alterations.

ACP soaked up into the micro-lumen (Fig. 3B) ensures the 
best and fullest microscopic coverage of the glued uneven 

surfaces of the torn macular tissue. Furthermore, autoplasm 
leaks into irregularities, micro-cracks and micro-cavities. Thus, 
the maximum ACP (“biological glue”) coverage of the fused 
(glued) macular hole wound surfaces is achieved.

An adhesive biological insert (clot) of coagulated ACP is formed 
between the fused surfaces. The tomography scans (Fig. 5), where 
we managed to obtain OCT images with air tamponade 6 h after 
surgery, clearly demonstrate that ACP fills the entire intrawound 
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Fig. 5. Phases of macular hole closure after vitrectomy involving the use of ACP. А. Defect of all neuroretinal layers (macular hole). B. Follow up in the early postoperative 
period (after 6 h). C. Follow up in the late postoperative period

А. Before surgery, macular hole size min/max (327/856 µm), BCVA — 0.3. B. After 6 h. C. After 12 months, BCVA — 0.5

А. Before surgery, macular hole size min/max (257/623 µm), BCVA — 0.2. B. After 6 h. C. After 12 months, BCVA — 0.5

А. Before surgery, macular hole size min/max (239/812 µm), BCVA — 0.5. B. After 6 h. C. After 12 months, BCVA — 1.0
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А
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space, leaking into the wound wall irregularities. The ACP insert 
having a branched configuration duplicates the macular hole wall 
uneven curvature. This confirms the mechanism of micro-vacuum 
ACP suction from the plaque covering the macular hole. Moreover, 
already at this stage, the lack of parietal retinal cysts and cavities 
attracts attention, which demonstrates effective evacuation of 
both wound fluid and tissue fluid of patiental macular hole areas, 
including retinal cysts and hole wall cavities, from the macular hole. 

On day three, all these signs become more prominent, 
which confirms the described foveal reconstruction mechanisms 
(Fig. 4). In the majority of cases, the insert transforms into a 
macular tear junction (adhesion line), which is associated with 
the macular profile formation and morphological organization of 
the macular/foveolar area tissue structure. The macular/foveolar 
area architectonics is restored. The images make it possible to see 
the processes of retinal segmentation and restoration of the most 
important retinal structures: foveal profile, ellipsoid zone, external 
limiting membrane, outer plexiform layer, inner plexiform layer.

In the long-term period, the architectonics restoration is 
completed and a soft scar is formed in the fovea at the site 
of the tear, around which the macular/foveolar retinal area 
framework structures fuse. The surviving neuronal cell structures 
of the fovea tend to occupy their normal microanatomical/
microhistological positions, thereby ensuring restoration of 
preserved visual potential of the retina. Thus, the process of 
foveal architectonics micro-reconstruction is completed.  

Along with the adhesive potential, the insert contains 
an equally significant range of natural biological substances 
ensuring the regeneration and reparation potential. In fact, 
the proposed technique is very close to micro-mechanisms 
underlying the natural tissue restoration process that ensures 
continuous physiological self-repair of the tissue microdamage 
occurring throughout the human body’s active life. 

CONCLUSIONS

1. The use of mild micro-vacuum for atraumatic fusion of 
the remaining foveal tissue of the retina, as well as for the 
maximum coverage of uneven surfaces of the torn macular 
tissue with the adhesive compound, ensures optimal foveal 
microarchitectonics reconstruction. 2. Understanding of the 
micro-processes associated with the proposed technology of 
the macular hole wall fusion (adhesion) results in the possibility 
of improving the technique and achieving the better and more 
full-fledged restoration of visual functions. 3. Bringing the techniques 
closer to the natural processes of the living tissue self-repair 
enables the optimal use of body’s resources for restoration of 
damaged foveal microstructures and vital functions. 4. The 
more nuanced understanding of micro-processes associated 
with manipulations in the living tissue microworld opens up new 
opportunities for the development of clinical medicine dealing 
with microworld of the living human.
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