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ORIGINAL RESEARCH | IMMUNOLOGY

RELATIONSHIP BETWEEN PRO-INFLAMMATORY CYTOKINE LEVELS AND BLOOD BACTERIAL
DNA COMPOSITION IN OBESE CHILDREN
Roumiantsev SA'2%, Kirilina V25 Gaponov AM?, Khusnutdinova DR?, Grigoryeva TV*, Teplyakova ED®, Makarov VW, Yudin SM®, Shestopalov AV'22

" Pirogov Russian National Research Medical University, Moscow, Russia

2 Center for Digital and Translational Biomedicine, Center for Molecular Health, Moscow, Russia
2 The National Medical Research Center for Endocrinology, Moscow, Russia

4 Kazan (Volga Region) Federal University, Kazan, Russia

5 Rostov State Medical University, Rostov-on-Don, Russia

5 Center for Strategic Planning and Management of Biomedical Health Risks, Moscow, Russia

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 | through Ill) 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 (o = 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.

Keywords: obesity, cytokines, bacterial DNA, blood microbiome, children, inflammation, PD-L1

Funding: the work was done in the context of agreement #0373100122119000041 under the Project "Compilation of a bank of blood serum and faecal samples
from healthy donors and patients with obesity, metabolic syndrome, type Il diabetes mellitus, disrupted intestinal mucosal barrier, with the aim of identifying candidate
species-specific mediators of the human microbiota quorum sensing systems modulating endocrine and metabolic functions of adipose tissue."

Author contribution: Shestopalov AV, Roumiantsev SA — idea of the study, experiment planning, manuscript writing, editing; Yudin SM, Makarov VW — idea of the
study, editing; Gaponov AM — idea, experiment planning, manuscript editing; Kirilina IV — idea, experiment planning, data processing, manuscript writing, editing;
Grigoryeva TV — planning, data collection, data processing, editing; Teplyakova ED — experiment planning, manuscript editing; Khusnutdinova DR — data collection.

Compliance with ethical standards: the study was approved by the Local Ethics Committee of N.I. Pirogov Russian National Research Medical University
(Minutes #186 of June 26, 2019) and Local Ethics Committee of Rostov State Medical University (Minutes #20/19 of December 12, 2019). To be included in the
study, all patients and their parents mandatorily signed voluntary informed consent forms.

><] Correspondence should be addressed: Irina V. Kirilina
Ostrovityanova, 1, Moscow, 117997, Russia; kirilina-irina@bk.ru
Received: 13.10.2023 Accepted: 25.11.2023 Published online: 23.12.2023
DOI: 10.24075/brsmu.2023.049

B3AMMOCBA3b YPOBHEW MPOBOCMAJIUTENbHbIX LUTOKMHOB C COCTABOM BEAKTEPUAJIbHON
OHK KPOBW Y OETEN C OXKUPEHVEM
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PKvpoBas TkaHb Kak UCTOHYHUK PasBUTUS XPOHUHECKOTO HUBKOVHTEHCVIBHOMO BOCTIANIEHUS aKTUBM3VPYET KIETKV MMMYHHOW CUCTEMbI MyTeM BbIPaOOTKN LIUTOKVHOB 1
XEMOKVHOB. BanaHc Mexxay Mpo- ¥ MPOTUBOBOCNATATENBHbIMI MOMEKYTIAaMI 1 VX CBA3b C BakTepuraibsHo JHK KpoBu Mpvt OXXVpeHn y AeTel 1 MOJPOCTKOB HEAOCTATO4HO
veenenosatbl. Lienb nccnenoBaHna — HaxoxaeH1e NaTTepHOB B3aMMOLEVCTBIS Mexay AONAMM cemencTs baxTepransHon [HK y 300poBbix AETel 1 C OKMPEHNEM,
aHanm3 YPOBHEN LIMTOKUHOB 1 KX CBA3b ¢ HakTepransHoi [HK kposu, oleHka anbda-pasHoobpasis MUKpobroMa KpoBu 1 CXOACTBA MVKPOBMOMOB KPOBW 1 Karna.
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(MMMyHOhEePMEHTHBI aHanM3); ceKBeHnpoBaHme yHacTka v3-v4 reHa 16S pPHK. BbisiBneHb! pasnmiymisi B MUKPOOVIOME KPOBW Ha YPOBHE CEMENCTB Kak Mo Aone, Tak U
o YacToTe BblaeneHus bakTepuransHon JHK. Bonee 3/4 IHK kposu B 06erx rpynnax npuxoamnock Ha 19 cemelncTB. 3HaummMo 6onbLunii BKnag, B anbda-pazHoobpasiie
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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 Il 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 TNFa, IL1, 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 Ne 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

Table 1. Anthropometric indicators of groups

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 Il 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
Ne 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 QlAamp
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 (lllumina; 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

Group Control group Study group p-value
BMI, kg/m?, Me [Q;; Q,] 20.1[19.4; 21.2] 27.0[25.9; 28.8] < 0.001
Weight, kg, Me [Q,; Q] 49.0 [45.0 ;55.5] 71.0[61.0;78.0] < 0.001
Height, cm, Me [Q,; Q] 157.0 [150.0; 165.0] 159.0 [154.0; 164.0] 0.619
Age, years, Me [Q,; Q,] 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
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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

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
(o = 0.085), Caulobacteraceae (p = 0.020), Bradyrhizobiaceae
(o < 0.001), Porphyromonadaceae (p = 0.033), Chitinophagaceae
(o < 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,

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

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 229 36.3" 0 [0-0] 0 [0-0.0025]
Thermaceae 36.1 23.8* 0 [0-0.0053] 0 [0-0]

Note: the differences are significant compared to the control group: *—p < 0.1; ** — p < 0.05; ** — p < 0.001.
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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 = 0.5983.

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)

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 (tho = 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).

[ Bacteroidaceae ]

‘\

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), TNFa — 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,

Enterobacter/aceae

[ Lachnospiraceae ]—g Propionibacteriaceae

orynebactenaceae

[ Prevotellaceae ]——[ Ruminococcaceae ]

o

Staphylococcaceae ] Comamonadaceae ]

Streptococcaceae

[ Moraxellaceae

Micrococcaceae ]—[ Caulobacteraceae ]»

"

[ Porph yromonadaceae ]
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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
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Fig. 4. Beta diversity in the groups. A. Manhattan distance. B. Euclidean distance. C. Bray-Curtis dissimilarity

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

Table 4. Content of pro- and anti-inflammatory cytokines in children's blood serum

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,
infilttration 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

- Healthy children Obese children
Analyzed indicator (n=83) (n=80) p-value
IL6, pg/ml, 1.09 1.19 0.561
Me [Q,;Q,] [0.28; 6.58] [0.52; 8.24] ’
IL8, pg/ml, 8.65 1.5 0.103
Me [Q;;Q,] [4.05; 16.3] [6.08; 21.4] ’
IL10, pg/ml, 1.93 2.30 0.357
Me [Q;;Q,] [0.67; 4.08] [0.94; 6.02] ’
IL17A, pg/ml, 0.69 4.22 0.017
Me [Q;;Q,] [0.13; 4.88] [0.39; 9.56]** ’
TNFa, pg/ml, 12.8 13.2 0.856
Me [Q;;Q,] [7.74; 21.8] [9.00; 20.7] ’
Fractalkine, pg/ml, 63.1 90.8 0.188
Me [Q;;Q,] [47.1; 228] [34.5; 209] ’
PD-L1, pg/ml 25.8 35.7 0.021
Me [Q,;Q,] [9.10; 53.1] [19.5; 55.0]** ’

Note: paznmuns 4OCTOBEPHbI MO CPABHEHWIKO C KOHTPOMBHOM rpynnont: *p < 0,1; ** p < 0,05; *** p < 0,001.
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Obese children Healthy children
IL6 IL8 IL10 IL17A IL6 IL8 IL17A
rho = 0.583 rho = 0.439
IL8 p < 0.001 p < 0.001
n=2380 n=283
rho = 0.505 rho = 0.391 rho = 0.349 rho = 0.344 rho = 0.446
IL17A p < 0.001 p <0.001 p =0.001 p=0.001 p < 0.001
n=280 n=280 n=280 n=283 n=283
rho = 0.383
IL10 p < 0.001
n=280
rho = 0.441 rho = 0.400 rho = 0.427 rho = 0.316
TNFa p < 0.001 p < 0.001 p < 0.001 p =0.004
n=2380 n =80 n=280 n=283

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
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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
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ALTERED CIRCADIAN EXPRESSION OF CYTOKINES IN BLOOD OF PATIENTS WITH ESSENTIAL
HYPERTENSION FOLLOWING COVID-19

Radaeva OA'™, Simbirtsev AS?, Kostina YuA', Iskandyarova MS', Negodnova EV', Mashnina SV', Eremeev V', Krasnoglazova KA', Babushkin 10’
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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 |l
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% Cl (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 (o < 0.001), and twofold
increase of sLIFr and MCSF (p < 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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W3MEHEHUSA UWPKAOUAHHbBIX PUTMOB YPOBHEW LIUTOKUHOB B KPOBU MNALUVEHTOB
C 3CCEHUWANIBHOW TMNEPTEH3NEN B NMOCTKOBUOHOM NEPUOLE

0. A. PapaeBa'™=, A. C. Cumbupuer?, tO. A. KocTtuHa', M. C. VickaHaosaposa', E. B. HerogHoga', C. B. MawHuHa', B. B. Epemees’,
K. A. KpacHornaszosa', V1. O. BabyLukuH'

" HaupoHanbHbIi nccnepoBaTtensckiii MopaoBCKIMin rocyaapCTBEHHbIN yHBepCKTeT UMeHn H. M. Orapésa, CapaHck, Poccus
2 [ocyaapCTBEHHbIN HayYHO-MCCReaoBaTeNbCKI MHCTUTYT 0COB0 YMCTbIX GronpenapaTtoB deaepanbHoro Mearko-6ronorn4eckoro areHTcTea, CaHkT-INeTepbypr, Poccuist

HecMoTps Ha 60nbLLOE YMUCNO MCCNEA0BaHNIA, NMOCBSALLEHHbBIX KONMHYECTBEHHBIM XapakTepUCTUKaM LIMTOKMHOBOrO NPOMUNs NaLUnMeHToB ¢ pasnnyHbIMU
3a601eBaHNAMU, HET TOHHbBIX PEEPEHCHBIX MHTEPBAIOB, 1 YTO HE MEHEee BaXKHO, OrpaHUYeHo Y1MCIO UCCNeNoBaHWi, aHaM3VPYOLLINX LIMpKaauaHHbIe pUTMbI
CVHTE3a LITOKNHOB Y L, C apTepuanbHoin runepteHaneit. Liensto paboTbl 6bI10 NpoaHanM3npoBaTe OCOOEHHOCTU LMPKaAnaHHbIX PUTMOB COAEP>KaHNS
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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

Table 1. Analysis of cytokines in the blood of patients with EAH prior to COVID-19
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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 Il 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 Ne 13.01.04. 0001. J1.000005.06.11,
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

Time interval 7.00-8.00 12.00-13.00 19.00-20.00 0.00-1.00
1 2 3 4
Day 1 356 [271-460] 402 [258-437] 523 [391-639]*1.2 610 [489-720]"1.2.3
IL18, pg/ml 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
Day 1 6100 [3800-6900] 6300 [4100-7200] 5900 [3700-6800] 5500 [3500-6400]
IL18 BP, pg/ml 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]
Day 1 7.48 [4.21-101.3] 7.64 [4.37-11.5] 12.3[8.25-14.1]"1.2 10.1[9.88-11.9]*1.2'3
LIF, pg/ml 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]71.2.3
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]]71.2'3
Day 1 3850 [2600-5100] 4100 [3600-4900] 5400 [4500-7300]*1.2 2900 [2300-3800]*1.2.3
sLIFr, pg/ml 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
Day 1 371 [308-493] 410 [290-482] 419 [327-494]*1/2 395 [315-526]
M-CSF, pg/ml 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]
Day 1 127 [96.7-152] 144 [102-168] 93.6 [81.2-105]*2 80.2 [68.1-85.5]*1.2.3
IL34, pg/ml 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
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]
MCSFR, pg/ml 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]
Note: * — significant level p < 0.001, * —p < 0.01, ' — p < 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.)
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Table 2. Analysis of cytokines in the blood of healthy people prior to COVID-19
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Time interval 7.00-8.00 12.00-13.00 19.00-20.00 0.00-1.00
1 2 3 4
Day 1 185 [143-201] 164 [138-194] 214 [144-229] 301 [246-385]*1.2.3
IL18, pg/ml 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
Day 1 4720 [4210-5110] 4830 [4160-5200] 4660 [4320-5170] 6100 [5720-6930]*1.2.3
IL18 BP, pg/ml 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
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]
LIF, pg/ml 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]
Day 1 3920 [3130-4870] 4260 [3450-4610] 4440 [3610-4830] 4160 [3780-4520]
sLIFr, pg/ml 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]
Day 1 220 [143-283] 187 [137-240] 235 [138-281] 357 [315-394]"1.2.3
M-CSF, pg/ml 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
Day 1 162 [112-203] 170 [126-212] 169 [147-235]*2 158 [127-216]
IL34, pg/ml 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]
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
MCSFR, pg/ml 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 p < 0.001, » — p < 0.01, ' — p < 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 -1l 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 Il 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/m?, 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 |-Il CT), comparable therapy of
CQOVID-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 Il 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° C 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

Time interval 7.00-8.00 12.00-13.00 19.00-20.00 0.00-1.00
1 2 3 4

Day 1 460 [396-510] 445 [368-474] 590 [453-670] 792 [373-821]"1.2.3
IL18, pg/ml 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

Day 1 6300 [4110-7500] 6110 [3730-7460] 5100 [3700-6400]*1.2 5310 [3230-6370]"3
IL18 BP, pg/ml 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]

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
LIF, pg/ml 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

Day 1 4100 [2720-5000] 3820 [2910-4500] 7900 [6200-8400]*1.2 3870 [3100-4200]*3
sLIFr, pg/ml 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]

Day 1 630 [570-810] 593 [492-685] 830 [5640-973]*1.2 601 [518-710]*3
IL34, pg/ml 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]

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]
MCSFR, ug/ml 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]

Note: * — significant level p < 0.001, » —p < 0.01, ' — p < 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.).

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,,;—Q, ). 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 (o < 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 (p < 0.05) was detected at 00.00.
Meanwhile, qualitative levels of IL18 are significantly increased
in patients with hypertension (p < 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 (p < 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 BP
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
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(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 (o < 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 lll and IV of
altered sLIFrin 8 people) was accompanied with arise 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

Time interval 7.00-8.00 12.00-13.00 19.00-20.00 0.00-1.00
1 2 3 4
Day 1 151 [144-203] 158 [129-214] 169 [136-223] 291 [247-383]"1.2.3
IL18, pg/ml 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
Day 1 4670 [4170-5120] 4590 [4210-5310] 6400 [5370-7510]*1.2 6100 [5330-7820]*1.2.3
IL18 BP, pg/ml 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
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]
LIF, pg/ml 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]
Day 1 4120 [3620-4510] 3960 [3310-4580] 4210 [3640-4660] 4170 [3580-4790]
sLIFr, pg/ml 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]
Day 1 190 [138-236] 171 [139-247] 182 [121-268] 333 [287-412]"1.2.3
M-CSF, pg/ml 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
Day 1 146 [121-198] 152 [127-231] 221 [169-262]*1.2 155 [127-193]"3
IL34, pg/ml 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
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
MCSFR, pg/ml 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
Note: * — significant level p < 0.001, » — p < 0.01, ' — p < 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.).

(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 BR, 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 9.88, 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

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

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 [5693-954]1.2 650 [521-733]*3 618 [560-831]
MCSFR, pg/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]
Note: * — significant level p < 0.001, » — p < 0.01, ' — p < 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.).
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Table 6. Analysis of blood cytokines levels in patients with EAH 6 months following the novel coronavirus infection

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, pg/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]
Note: * — significant level p < 0.001, » — p < 0.01, ' — p < 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.).

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
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COMPARATIVE BIOINFORMATICS ANALYSIS OF ANTIMICROBIAL RESISTANCE GENE POOL
IN THE GENOMES OF REPRESENTATIVES OF GENUS CORYNEBACTERIUM

Kulshan TA ™, Bugaeva 10, Soboleva EF, Allyanova MS, Popov DA, Shvidenko IG
Razumovsky Saratov State Medical University, Saratov, Russia

Currently, multidrug resistance of bacterial infectious agents poses a serious threat to the global public health. The following Corynebacterium strains are of special
importance for infections, including hospital-acquired ones: C. amycolatum, C. urealyticum, C. striatum, C. jeikeium, C. aurimucosum, C. genitalium that are resistant
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
genomes of some members of the genus Corynebacterium. The data on the whole genome nucleotide sequences of 22 Corynebacterium isolates readily available
from NCBI GenBank were assessed. Bioinformatics analysis of the whole genome sequences conducted in order to search for antimicrobial resistance genes in the
specified genomes was performed using the PATRIC online resource. It was found that the genomes provided comprised various combinations of 25 antimicrobial drug
resistance genes. Amino acid substitutions in GyrA (positions 87, 88 and 91) were revealed in some Corynebacterium strains, through which quinolone/fluoroquinolone
resistance could be realized.
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CPABHUTE/NbHbI BUONH®OPMATUHECKNIA AHAJIN3 COCTABA NTEHOB AHTUMWUKPOBHOW
YCTONYUBOCTU B FTEHOMAX NMPELCTABUTENIEVM POOA CORYNEBACTERIUM

T. A. Kynblianb™, . O. Byraesa, E. ®. Cobonesa, M. C. AnnaHosa, . A. Monos, V. I, LLsnagHKo
CapaToBCKWiN roCyAapCTBEHHbIN MEAVUMHCKIIA YHUBEPCUTET UMeHM B. 1. PagymoBckoro MuHMcTepcTBa 3apaBooxpaHeHns Poccuiickor ®enepaumm, Capatos, Poccust

B HacTosiLLee BpeMs MHOXXECTBEHHAsS aHTUMMKPOOHASA PE3NCTEHTHOCTb BaKTeprabHbIX MHPEKLMOHHBIX areHTOB NMPEeACTaBAseT CePbe3HYHO Yrpo3y A1 MUPOBOro
3apaBooxpaHeHns. Ocoboe 3HaueHVe B PasBuTn MHAEKLIMIA, B TOM HYMCHe rocinTaslbHbIX, MIpatoT criedytoLve Buabl kopuHebakTepwin: C. amycolatum, C. urealyticum,
C. striatum, C. jeikeium, C. aurimucosum, C. genitalium, KoTopble YCTOM4MBbI K 60MbLIOMY apceHasy aHTUMUKPOOHbIX npenapaTos. Llensbio nccnenosaHns 6uin10
npoBeaeHVe BUONHOPMATUHECKOrO aHanM3a CNeKTpa reHOB YCTONYMBOCTY K aHTUMUKPOBHBIM MpenaparamM B OnyOImMKoBaHHbIX FeHOMaxX HEKOTOPbIX MPeACcTaBUTeNei
pona Corynebacterium. ViccnenoBaHbl AaHHbIE O HYKNEOTUAHBIX MOCNeA0BaTeNIlbHOCTAX MOSHbIX TEHOMOB 22 LUTAMMOB KOPUHEOAKTEPWA, NMPEACTaBNEHHbIX B
cBoboaHom focTyne B NCBI GenBank. BriovHhopmMaTieckiuin aHama nosiHoreHOMHbIX MoCNefoBaTeNbHOCTEN C LEMbio MOVCKa reHOB aHTUMMKPOBHOM YCTOMHMBOCT
B yKa3aHHbIX reHOMax OCyLLIECTBAM C MOMOLLBIO OHNaiH-pecypca PATRIC. YcTaHOBNEHO, YTO NPeAcTaBneHHble reHOMbI B PasnnHHbIX KOMOUHALMAX COAepM anm
25 reHoB YCTOMYMBOCTY K aHTUMUKPOBHLIM MpenapaTam. Y HEKOTOPbIX LLUITAMMOB KOPUHEGAKTEPWUIA BbISBNEHbl aMUHOKUCNOTHbIE 3aMeHbl B GyrA (noauumm 87,
88 11 91), ¢ KOTOPbIMM MOXKET BbIThb CBsi3aHa peanvdaums yCTOMYMBOCTU K XUHOMOHaM/(DTOPXMHOMOHAM.

Kntouesble cnosa: C. amycolatum, C. jeikeium, C. striatum, C. urealyticum, C. aurimucosum, reHOMbl, FeHbl aHTUMUKPOBHOI YCTOMYMBOCTU, gYrA, aHTUMUKPOOHbIE
(NPOTUBOMVKPOOHbIE) NpenapaTb!
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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
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[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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Table 1. Corynebacterium non diphtheriae strains, the whole genome nucleotide sequences of which are used in the study

Ne 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 563 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) VTFJO0000000

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 JASNMHO000000000
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) ACYWO00000000

21 | Corynebacterium aurimucosum UMB7769 2013, USA, human (urine) JASOLNO000000000
22 | Corynebacterium genitalium ATCC 33030 n/a, USA, human (urogenital tract) ACLJ00000000

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 B-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)-lc (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) Isu (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 nsonvasnay), 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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Table 2. List of antimicrobial resistance genes found in the genomes of the studied Corynebacterium non diphtheriae strains using the PATRIC online resource

Antimicrobial drugs

Genes encoding antimicrobial resistance

Lipopeptides PgsA, gadpD (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')-1, aph(6)-Ic

Fusidic acid ef-G (fusA), Isu (rplF)
Cycloserine alr, dir
Isoniazid oxyR

Fosfomycins

murA, ispC (dxr)

Chloramphenicol cmx
Muropirocin ileS
Triclosan fabG
Bicyclomycin rho
Elfamycins ef-Tu(tufA)

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 (tetWV)
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')-1, 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  (B-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
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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 A and B 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. Jjeikeium 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

Ne 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')-1, aph(6)-1, Isu (rplF), ispC (dxr), cmx

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

4 Corynebacterium amycolatum ICIS 9 ispC (dxr)

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

6 Corynebacterium amycolatum ICIS 99 ermX, tetO (tetW), aph(3')-1, aph(6)-1, Isu (rplF), ispC (dxr)

7 Corynebacterium amycolatum 1189 ermX, tetO (tetW), aph(3')-1, aph(6)-1, Isu (rplF), ispC (dxr), cmx

8 Corynebacterium urealyticum DSM 7109 ermX, tetO (tetW), aph(3')-1, aph(6)-1

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

10 Corynebacterium urealyticum 996

ermX, tetO (tetW), Isu (rplF)

11 Corynebacterium urealyticum 994

tetO (tetW), Isu (rplF)

12 Corynebacterium striatum 2308

tetO (tetW)

13 Corynebacterium striatum 708C

mtrA, mtrB, ermX, tetO (tetW), gibB,aph(3')-1, aph(6)-1, Isu (rplF), fabG, cmx

14 Corynebacterium striatum 824M

ermX, tetO (tetW),aph(3')-1, aph(6)-1, Isu (rplF), gibB

15 Corynebacterium striatum 1197

oxyR

16 Corynebacterium striatum 1115

tetO (tetW), aph(3')-1, aph(6)-1, Isu (rplF),cmx

17 Corynebacterium striatum ATCC 6940

ermX, tetO (tetW),aph(3')-1, aph(6)-1

18 Corynebacterium jeikeium K411

ermX, tetO (tetW), aph(3')-1, aph(6)-1

19 Corynebacterium jeikeium 574

tetO (tetW), aph(3')-1, aph(6)-1, Isu (rplF),cmx

20 Corynebacterium jeikeium ATCC 43734

ermX, tetO (tetW), aph(3')-1, aph(6)-1

21 Corynebacterium aurimucosum UMB776

aph(3')-1, aph(6)-1, Isu (rpIF), cmx

22 Corynebacterium genitalium ATCC 33030

ermX, tetO (tetW), aph(3')-1, aph(6)-1, 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)/ lle (l), 91 —
Asp (D)/ Ala (A) — C. amycolatum ICIS 9; 87 — Ser (S)/ lle (1),
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 lle (l), 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/fluoroguinolone minimum inhibitory concentrations (MICs), are marked with frames

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
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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.




OPUTMHAJIbHOE UCCJIEJOBAHUNE | TEHETUKA

References

1.

Kharseeva GG, Voronina NA, Gasretova TD, Tyukavkina SYu, Sylka Ol,
Mironov AYu. The sensitivity to antibiotics of Corynebacterium
non diphtheriae isolated in hospitals of Rostov-on-don and the
Rostovskaya oblast. Russian Clinical Laboratory Diagnostics.
2017; 62 (8): 502-6. Russian.

Fernandez LV, Fortuny AS, Rodriguez EF. Corynebacterium
pyruviciproducens and Corynebacterium amycolatum mastitis in
immunocompetent no breastfeeding women. Revista Argentina
de Microbiologia. 2021; 53 (11): 39-42.

Jesus HNR, Rocha DJPG, Ramos RTJ, Silva A, Brenig B,
Goes-Neto A, at al. Pan-genomic analysis of Corynebacterium
amycolatum gives insights into molecular mechanisms
underpinning the transition to a pathogenic phenotype. Front
Microbiol. 2022; 13: 1-11.

Kharseeva GG, Voronina NA, Mironov AYu, Kharysova AR. The
antibiotics sensitivity of strains of corinebacterium non diphtheriae
circulating in Rostov-on-don and Rostov oblast. Russian Clinical
Laboratory Diagnostics. 2012; 10: 62—-4. Russian.

Alibi S, Ferjani A, Boukadida J, Cano ME, Fernandez-Martinez M,
Martinez-Martinez L, at al. Occurrence of Corynebacterium
striatum as an emerging antibiotic-resistant nosocomial pathogen
in a Tunisian hospital. Sci Rep. 2017; 7: 1-8. PubMed PMID:
28848236.

Kharseeva GG, Mangutov EO, But OM, Chepusova AV, Alutina EL.
Analysis of the frequency of allocation of Corynebacteria non-
diphtheria from patients with inflammatory diseases of the
respiratory tract. Russian Clinical Laboratory Diagnostics. 2019;
64 (7): 430-34. Russian.

Sahu V, Pathak MM, Das P, Ravi A. Corynebacterium jeikeium
as an unusual cause of keratitis: a case report from a tertiary care
hospital in Chhattisgarh, India. Cureus. 2021; 13 (12): 1-11.
Salem N, Salem L, Saber S, Ismail G, Bluth MH. Corynebacterium
urealyticum: a comprehensive review of an understated organism.

JNutepatypa

1.

Xapceesa I. I, BopoHuHa H. A., Tacpetosa T. 1., TiokaskuHa C. O.,
Cobinka O. V., MupoHoB A. KO. HyBCTBUTENBHOCTL K aHTUOMOTNKaM
wrammoB  Corynebacterium non diphtheriae, BblgeneHHbIX
B CcTaumoHapax PoctoBa-Ha-[oHy n PocToBckoM obnactu.
KnnHndeckas nabopatopHas anarHoctuka. 2017; 62 (8): 502-6.
Fernandez LV, Fortuny AS, Rodriguez EF. Corynebacterium
pyruviciproducens and Corynebacterium amycolatum mastitis in
immunocompetent no breastfeeding women. Revista Argentina
de Microbiologia. 2021; 53 (11): 39-42.

Jesus HNR, Rocha DJPG, Ramos RTJ, Silva A, Brenig B,
Goées-Neto A, at al. Pan-genomic analysis of Corynebacterium
amycolatum gives insights into molecular mechanisms
underpinning the transition to a pathogenic phenotype. Front
Microbiol. 2022; 13: 1-11.

Xapceesa I'. I, BopoHuHa H. A., Muporos A. 0., Xapucosa A. P.
AHTUONOTUKOHYBCTBUTENBHOCTL LWTammoB Corynebacterium non
diphtheriae, umpkynmpytowmx B PoctoBe-Ha [oHy 1 PocTtoBckon
obnacty. KnmHnyeckas nabopatopHas avarHocTtvika. 2012; 10: 62—4.
Alibi S, Ferjani A, Boukadida J, Cano ME, Fernandez-Martinez M,
Martinez-Martinez L, at al. Occurrence of Corynebacterium
striatum as an emerging antibiotic-resistant nosocomial pathogen
in a Tunisian hospital. Sci Rep. 2017; 7: 1-8. PubMed PMID:
28848236.

Xapceesa I. I, Manrytoe 3. O. byt O. M., Yenycoea A. B.,
AnytuHa 3. J1. AHanm3 4acToTbl BblgeNeHns HegnTepuinHbIX
KopuHebakTepuii 0T  OOMbHbIX C  BOCMANUTENbHbLIMA
3aboneBaHVaMM  pecnMpaTopHoro TpakTa. KnanHudeckas
naboparopHas anarHocTika. 2019; 64 (7): 430-34.

Sahu V, Pathak MM, Das P, Ravi A. Corynebacterium jeikeium
as an unusual cause of keratitis: a case report from a tertiary care
hospital in Chhattisgarh, India. Cureus. 2021; 13 (12): 1-11.
Salem N, Salem L, Saber S, Ismail G, Bluth MH. Corynebacterium
urealyticum: a comprehensive review of an understated organism.

10.

11.

12.

13.

14.

15.

16.

10.

11.

12.

13.

14.

15.

16.

Infection and Drug Resistance. 2015; 8: 129-45.

Gladysheva IV, Chertkov KL, Cherkasov SV, Khlopko YA,
Kataev VY, Valyshev AV. Probiotic potential, safety properties,
and antifungal activities of Corynebacterium amycolatum ICIS 9 and
Corynebacterium amycolatum ICIS 53 strains. Probiotics Antimicrob
Proteins. 2023; 15 (3): 588-600. PubMed PMID: 34807410.
GladyshevalV, Cherkasov SV, Khlopko YA, Plotnikov AO. Genome
characterization and probiotic potential of Corynebacterium
amycolatum human vaginal isolates. Microorganisms. 2022; 10
(2): 1-17. PubMed PMID: 35208706.

Gladysheva IV, Khlopko YA, Cherkasov SV. Draft genome
sequence of the vaginal isolate Corynebacterium amycolatum
ICIS 9. Genome Announc. 2017; 5 (37): 1-2. PubMed PMID:
28912325.

Ramos JN, Rodrigues IDS, Baio Pa VP, Veras JFC, Ramos RTJ,
Pacheco LG, et al. Genome sequence of a multidrug-resistant
Corynebacterium striatum isolated from bloodstream infection
from a nosocomial outbreak in Rio de Janeiro, Brazil. Mem. Inst.
Oswaldo Cruz. 2018; 113 (9): 1-5.

Sierra JM, Martinez-Martinez L, Vazquez F, Giralt E, Vila J.
Relationship between mutations in the gyrA gene and quinolone
resistance in clinical isolates of Corynebacterium striatum and
Corynebacterium amycolatum. Antimicrob Agents Chemother.
2005; 49 (5): 1714-19. PubMed PMID: 15855486.
Silva-Santana G, Silva CMF, Olivella JGB, Silva IF, Fernandes LMO,
Sued-Karam BR. Worldwide survey of Corynebacterium
striatum increasingly associated with human invasive infections,
nosocomial outbreak, and antimicrobial multidrug-resistance,
1976-2020. Arch Microbiol. 2021; 203 (5): 1863-80. PubMed
PMID: 33625540.

PATRIC (Pathosystems Resource Integration Center). Available
from: https://www.patricbrc.org.

UGENE (Unipro UGENE) 48.1. Available from: https://ugene.net/ru/.

Infection and Drug Resistance. 2015; 8: 129-45.

Gladysheva IV, Chertkov KL, Cherkasov SV, Khlopko YA,
Kataev VY, Valyshev AV. Probiotic potential, safety properties, and
antifungal activities of Corynebacterium amycolatum ICIS 9 and
Corynebacterium amycolatum ICIS 53 strains. Probiotics Antimicrob
Proteins. 2023; 15 (3): 588-600. PubMed PMID: 34807410.
GladyshevalV, Cherkasov SV, Khlopko YA, Plotnikov AO. Genome
characterization and probiotic potential of Corynebacterium
amycolatum human vaginal isolates. Microorganisms. 2022; 10
(2): 1-17. PubMed PMID: 35208706.

Gladysheva IV, Khlopko YA, Cherkasov SV. Draft genome
sequence of the vaginal isolate Corynebacterium amycolatum
ICIS 9. Genome Announc. 2017; 5 (37): 1-2. PubMed PMID:
28912325.

Ramos JN, Rodrigues IDS, Baio Pa VP, Veras JFC, Ramos RTJ,
Pacheco LG, et al. Genome sequence of a multidrug-resistant
Corynebacterium striatum isolated from bloodstream infection
from a nosocomial outbreak in Rio de Janeiro, Brazil. Mem. Inst.
Oswaldo Cruz. 2018; 113 (9): 1-5.

Sierra JM, Martinez-Martinez L, Vazquez F, Giralt E, Vila J.
Relationship between mutations in the gyrA gene and quinolone
resistance in clinical isolates of Corynebacterium striatum and
Corynebacterium amycolatum. Antimicrob Agents Chemother.
2005; 49 (5): 1714-19. PubMed PMID: 15855486.
Silva-Santana G, Silva CMF, Olivella JGB, Silva IF, Fernandes LMO,
Sued-Karam BR. Worldwide survey of Corynebacterium
striatum increasingly associated with human invasive infections,
nosocomial outbreak, and antimicrobial multidrug-resistance,
1976-2020. Arch Microbiol. 2021; 203 (5): 1863-80. PubMed
PMID: 33625540.

PATRIC (Pathosystems Resource Integration Center). Available
from: https://www.patricbrc.org.

UGENE (Unipro UGENE) 48.1. Available from: https://ugene.net/ru/.

BECTHUK PIrMY | 6, 2023 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | IMMUNOLOGY

IMPACT OF UNTRANSLATED mRNA SEQUENCES ON IMMUNOGENICITY OF mRNA VACCINES
AGAINST M. TUBERCULOSIS IN MICE
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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.

Keywords: mRNA vaccine, BCG, adaptive immune response, tuberculosis

Funding: the study was supported by the Ministry of Science and Higher Education of the Russian Federation (agreement Ne 075-10-2021-113, project
ID RF----193021X0001).

Acknowledgements: the authors express their gratitude to staff members of the Sirius University of Science and Technology I. M. Terenin for in vitro transcription,
O. V. Zaborova for mRNA formulation into lipid nanoparticles.

Author contribution: Shepelkova GS — planning the experiments and experimental procedure (in vivo and ex vivo), data analysis, manuscript writing; Reshetnikov VW —
cloning, mRNA vaccine preparation, manuscript writing; Avdienko VG — experimental procedure (in vivo and ex vivo), data analysis; Sheverev DV — mRNA vaccine
preparation, data analysis; Yeremeev VV — study design, data analysis, manuscript writing; lvanov RA — study design, manuscript writing.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Central Tuberculosis Research Institute (protocol Ne 3/2 dated 11 May
2023) and conducted in accordance with the Order of the Ministry of Health No. 755 and the Guidelines issued by the Office of Laboratory Animal Welfare (A5502-01).

><] Correspondence should be addressed: Galina S. Shepelkova, Jauzskaja alleja, 2, 107564, Moscow, Russia; g.shepelkova@ctri.ru;
Vasily V. Reshetnikov, Olimpiyskiy prospekt, 1, Sochi, 354340, Russia; reshetnikov.vw@talantiuspeh.ru

Received: 17.11.2023 Accepted: 19.12.2023 Published online: 31.12.2023
DOI: 10.24075/brsmu.2023.054

BJIMAHVE HETPAHCJIMPYEMbIX MOCNEQOBATE/IbBHOCTEW MPHK HA UMMYHOIMEHHOCTb
MPHK-BAKLMH NPOTUB M. TUBERCULOSIS Y MbILLEN

I. C. Wenenbkosa™ B. B. PeweTHrkos??, B. . ABanerko', [1. B. LLlesbipes?, B. B. Epemees’, P. A. ViBaHos?

" LieHTpanbHbIn Hay4HO-1CCneaoBaTensCkuii MHCTUTYT Tybepkynesa, Mockea, Poccus
2 ABTOHOMHasi HeKOMMepYeckasi 0bpasoBaTesibHas opraH13aLs Bbicluero obpasoBaHus «Hay4HO-TEXHONornYecKuin yHnsepeuteT «Cupnyc», Cupuyc, Poccus
3 VIHCTUTYT LpTONOrN 1 reHeTukin Crnbmpckoro otaeneHns Poccuiickol akapemun Hayk, HoBocnbrpek, Poccus

BakuyHaums sensietcs ogHUM 13 Hambosnee yCnellHbIX MeaNLMHCKUX MEPOMPUSITUIA MO CHIDKEHMIO 3abB0NeBaeMoCTV U CMEPTHOCTY OT Tybepkynesa. B 1974 r.
BakLmHaums BLPK 6bina BtodeHa B PaclumpeHHyto mporpaMMy BakLHaLmK, 1 Ha cerogHs oxeaTbiBaeT 80% BCex AeTelr Ha 3eMHOM Lwape. K coxanenuo,
BakLyHa BLIK He 3almiiaeT oT Havbornee pacnpocTpaHeHHo hopMbl Tybepkynesa — Tybepkynesa nerkumx. Tpebyetcs CpoYHO paspaboTaTb HOBble CTpaTerm
BaKLHaLMW, 4TOObl OCTAHOBWTL LLIMPOKOMACLLTAOHOE pacnpoCTPaHeHVe MHAEKLMM C MHOXXECTBEHHOW NIEKaPCTBEHHOW YCTOMHMBOCTBLIO BO3byanTens. Liensio
1ccnenoBaHns Obio CPaBHUTL CMOCOOHOCTL Tpex BapnaHToB MPHK-BaKLMH, kogupytoLLmx anutonsl ESATE, cTuMynnposaTb (DOpMUpoOBaHme aganTyBHOMO
MMMyHUTETa Y Mbillet C57BL/6 (ELISpot, 3T, Tutpbl IgG), a Takke 3awmiars Mbiwen I/St ot 3apakenns M. tuberculosis. SheKTVBHOCTb yrnakoBaHHbIX
B HaHoMMnMaHble YacTuLbl MPHK-BakUMH, pasnmyaroLLVXCs MOCNeA0oBaTENlbHOCTAMM HETPaHC/IMPYEMbIX PEMOHOB, CpaBHMBaM ¢ adekTHocTeo BLPK. B
MOMYHEHHOM HaM SKCMEPVIMEHTASTBHOM MOAEM MaKCUMasTbHYHO 3dPeKTMBHOCTL MO BOMBLUMHCTBY MOKasaTtenelt MpoaeMOoHCTpYpoBana BakUyHa 5'-TPL-Esat6-3'-Mod.
Takvm obpasom, MPHK-BakumHa 5'-TPL-Esat6-3'-Mod MOXET 6biTb pacCMOTpeHa B KadecTBe KaHauaaTHOM AN AasibHelwel OnTuMM3aumn, NoBbILLEHNS ee
3 PEKTUBHOCTY 1 MOCNEAYIOLLErO MPYMEHEHNS ANS NPOMUNaKTUKIN TybepKynesa.

Kntouesble cnosa: MPHK-BakuuHbl, BLK, aganTnBHbI MIMMYHHbIN OTBET, Ty6epKynes

®duHaHCMpOBaHMe: VccnefoBaHve BbiNONHEHO Mpu Noaaepke MuHnMcTepcTea Hayku 1 Bbicllero obpasoBaHust Poccuiickon ®epepaumn (cornalleHve
Ne 075-10-2021-113, yH1KanbHbIN ngeHTudnkaTop npoekta PO----193021X0001).

BnaropapHocTu: aBTopb! BhipakatoT 6narogapHocTe coTpyaHnkam AHO BO «YHusepcuteT «Cupumyc» . M. TepeHnHy 3a NOCTaHOBKY TpaHCKpUNLmm in vitro,
O. B. 3aboposoit 3a hopmynsaumio MPHK B nunnaHble HaHoHaCTULLbI.

Bknap aBtopos: . C. LLlenenbkoBa — nnaHMpoBaHne 1 nocTaHoBKa 9KCNepUMEHTOB (in vivo 1 ex vivo), aHann3 pesynsTaToB, HanmcaHne pykonucu;
B. B. PelweTHrKOB — KoHMpoBaHWe, nogrotoeka MPHK BakuuHbl, Hanncanue pykonucy; B. I ABOMEHKO — MOCTaHOBKa 3KCMEPUMEHTOB (in Vivo 1 ex Vivo),
aHanma peaynetatos; [. B. LLesbipeB — nogrotoska MPHK BakuuHbl, aHanva pedynetaTtos; B. B. EpemeeB — am3ainH nccnefosaHns, aHanma pesynsraTtos,
Hanucanve pykonncy; P. A. VIBaHOB — an3aliH UCCneaoBaHvs, HanvcaHne pyKomnmucu.

CobnofeHune aTu4ecKnx CTaH[apToB: VccneaoBaHe ogobpeHo aTndecknum kommtetom OIrBHY «LIHNT» (npoTokon Ne 3/2 ot 11 mas 2023 r.), npoBegeHo
B cOOTBETCTBUM C Nprkasom MuHsgpasa Ne 755 1 PyKOBOACTBOM YnpaBneHns no oxpaHe 1abopaTopHbIX XXMBOTHbIX A5502-01.

><] Ansa koppecnoHpeHuuu: lanvHa CepreeBHa LLlenenbkosa, Ay3ackas annes, o. 2, 107564, r. Mockea, Poccust; g.shepelkova@ctri.ru;
Bacunuin Bnagummposuy PelueTtHrkos, OnumMnniicknii np-T, 4. 1, 1. Couu, 354340; Poccus; reshetnikov.vww@talantiuspeh.ru

Cratbsi nonyyena: 17.11.2023 Ctatbs npuHaTa K nevarun: 19.12.2023 OnybnukosaHa oHnanH: 31.12.2023
DOI: 10.24075/vrgmu.2023.054

BULLETIN OF RSMU | 6, 2023 | VESTNIKRGMU.RU




OPUTMHAJIbHOE UCCJIEQOBAHNE | UMMYHOIJIOI A

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 mMRNA
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
efficacy. 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 mMRNA 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 pg 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 (B6)/
infection (I/St).

Eight animals from each group of B6 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 1/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 B-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 Bglll 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

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 pL of PBS containing 50 IU of tuberculin purified protein
derivative (SCEEMP; Russia) 48 h after injection. The data were
presented as A (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 IFNy-producing cells

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

The 1/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 pL per dish. The Petri dishes
with applied suspensions were incubated at 37 °C. 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. 2A presents the results of IFNy-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 (o < 0.004 and p < 0.0008,
respectively). Among groups of animals immunized with
mMRNA 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
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Fig. 2. Adaptive immune response induction by mRNA vaccines. B6 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 (A), 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 A and C, eight mice per group for B. A, B. * — p < 0.05; ** — p < 0.01; ** — p < 0.001 compared to control. C. * —
significant difference from control for BCG, A — significant difference from control for 5'-Mod-Esat6-3'-Mod vaccine, ® — significant difference from control for
5'-Rabb-Esat6-3'-EMCV vaccine, B — significant difference from control for 5'-TLP-Esat6-3'-Mod vaccine

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 1gG 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. 3A).

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. 1/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 (A) 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 (A, B) and eight (C) mice per group; * — p < 0.05; ** — p < 0.01; ** — p < 0.001

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 (p = 0.0005 and p = 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 (p = 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 mMRNA vaccines
consisting of mMRNA 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
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from activation of cell-based immunity assessed based on the
delayed hypersensitivity reaction intensity and IFNy production
(based on ELlspot).

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 (AG), which is due to translation
inhibition [20]. In contrast, 5'-UTR of rabbit f-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
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PREPARATION OF A RECOMBINANT RIBONUCLEASE INHIBITOR IN E. COLI FOR USE
IN mRNA SYNTHESIS /N VITRO
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Technologies underlying the production of synthetic mMRNAs 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 dnakK, dnaJ, grpE give the target product yield of 45 mg/I and 60 mg/I, 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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Nony4YeHNE PEKOMBUHAHTHOIO MHTMBUTOPA PUBOHYKJIEA3 B E. COL/
AN NCNoJib3OBAHUA B CUHTESE mMPHK IN VITRO

M. B. 3axaposa', A. A. 3arockuH'?, P. A. VisaHos?, M. O. HaropHbix'2>

TVIHCTUTYT BMOXMIM 11 (DU3NONOMN MUKPOOPIaHN3MOB PoccuiicKor akagemun Hayk, MyuimHo, Poccurst
2 Hay4Ho-TexHonorndeckuin yHmeepcutet «Cupuyc», Coun, Poccus

TexHonorun, nexxalipe B OCHOBE MonyYeHns cuHTeTHeckx MPHK in vitro, 3Ha4nMTensHO paclumpnnm BOSMOXHOCTY X UCCNEA0BATENBCKOMO 1 TEpaneBTUHECKOro
npvMeHeHnsi. dnarmaHckor obnacTblo NpUMeHeHns ctana Huwa MPHK-BakuyH, 0QHaKo 3TOT Kflacc TepaneBTUHECKMX MOSEKYT MOXET ObiTb MPUMEHUM K
ropasgo bonee LWMPOKOMY Kpyry 3afad. B ocHoBe npouecca nony4eHns NCKYCCTBEHHbIX Monekyn PHK nexxunT peakumns (hepMeHTaTBHOrO cuHTe3a in Vitro,
OOHVM 13 KOMMOHEHTOB KOTOPOW SBAAETCH MHMMOUTOP PUBOHYKIeas. STOT 6enok Heobxoamm Afis 3alinTbl CUHTE3NPOBaHHbIX PHK oT aTtak pnboHykneas c
Lienblo NpefoTepaLLeHVst Aerpagaum Mofiekyn, YTo KpuTtuiHo ans PHK. Hatlle Bcero ncnonbaytoT MHrMbruTop prboHyKeas ayKaproTUYECKOrO NPOVICXOXAEHMS,
nosyYeHHbI B BUAE PEKOMOVHAHTHOrO 6efka B KneTkax 6akTepuii E£. coli. OgHako OH SBNAETCS CNOXHOW MULLIEHBIO 415t HApaboTKM B 6akTepusix, YTO 00yCrnoBneHo
ero CTPyKTypoW. Llenbto paboTbl 6bI10 NPOBEPUTL HAPaBbOoTKy PEKOMBMHAHTHOIO NHIMBKUTOPa PUOOHYKIea3 B padnnyHbIX WTammax E. coli, a Takke nokasartb
BAUSIHWE XENNEPHbIX MONMMNENTUAOB U KNETOYHbIX LLANepOHOB Ha 3TOT NpoLiecc. [py MOMOLLIM NOAXOA0B MrEHHON UHXXeHepU OblI CKOHCTPYMPOBaHb! Nnasmuabl,
C KOTOPbIX MPOBOAMIN HAPaOOTKY XMMEPHbBIX MOJIEKYST MHIMBUTOPa PUOOHYKIEa3 1 BCTIOMOraTesbHbIX MonmMnenTaos. OUeHKy BKiaa pasfindHbiX KOMMOHEHTOB,
BMMSIOLLMX HA PACTBOPMMOCTb LIENEBOr0 PEKOMOUHAHTHOrO 6enka, NMPOBOAMIN B XOLe AEHCUTOMETPUHECKOrO aHanmsa pesdynsratoB anekTpodopesa B MAATL
Onpegenunu, 4To KOMBUHaLMN BEKTOPA C CUMbHBIM MPOMOTOPOM 715t 3KCMPEeCccumn reHa nHrinbutopa prboHykneassl RNHT 1 BcrioMoraTenbHbIX NonvMnenTuaos
MBP 1 TIG Ha hoHe NOBbILLEHHON 3KCMPeccUn KNeTo4UHbIX LWanepoHoB dnakK, dnad, grpE gatoT Bbixod Lenesoro npoaykra 45 mr/n n 60 Mr/n COOTBETCTBEHHO.
[MonobpaHHble YCnoBKsa AatoT BO3MOXHOCTb KpynHOMacLLTabHbIX HapaboToK aToro 6enka Ans aanbHenwero ncnonb3osBaHns B cuHtede PHK in vitro npn
MPON3BOACTBE TePaneBTUHECKIX NPenapaToB.

KntoyeBble cnosa: VHMBUTOP PrBoHYyKeas, NPOoayKLVs PEKOMBUHAHTHbLIX GENKOB, LAnepoHbl, BCMIOMOraTebHbIe NoavnenTuab!

®uHaHcupoBaHue: paboTa BbINOMHEHa NPV NOAAePKKe NporpaMmMbl MUHCTEPCTBA BbicLLero obpasoBanuns 1 Haykn PO (cornawenne Ne. 075-10-2021-113,
YHUKaNbHbIA HOMep npoekTa RF----193021X0001).

Bknap aBTopoB: M. B. 3axapoBa — nonbop ycnosuin HapaboTKN PeKOMOUHaHTLIX BEKoB, 3KCNepMeHTbI MO HapaboTke B pasHbix WTammax E. coli;
A. A. 3arockvH — xpomatorpaduyeckas o4nMcTka pekoMouHaHTHbIX 6enkos; M. O. HaropHbIx — KoHUenums paboTbl, CO3AaHMe reHETUHECKNX KOHCTPYKLNIA,
HanuncaHune ctatby; P. A. iBaHOB — 06LLiee PyKOBOACTBO.
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Encoded by the RNHT 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
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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 Ndel and Notl, 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 pl) . 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-HCI pH 7.5; 0.3
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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
1o 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 pm pores. The resulting preparation for
chromatographic purification contained the soluble fraction
of proteins in buffer A (50 mM Tris-HCI 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-HCI 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 KCI) 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

A (7258) Notl

(5865) Ndel

PET_hPP_RNH1

7428 bp

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 (RNHT) 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 spilit 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).

B

_Ndel (651}

pSOL_hPP_RNH1

3685 bp

[2044) Notl

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. RNH7 — 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 lacl repressor. pSol vector backbone contains the kanamycin resistance gene, pUC replication origin, the

rhamnose-induced PRha promoter, and the transcription terminator
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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

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
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E (me137), 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

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
(DES), 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 dnakK, dnadJ, 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, dnad, 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,
dnad, 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/I in case of E. coli KRX-TIG-dnaK, dnaJ,
grpE, and 45 mg/| 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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Fig. 4. Effect of additional gene co-expression, cellular chaperones dnaK, dnad, 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

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 (DES3), 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
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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, dnad, 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, dnad, grpE, chaperone genes co-
expression, KRX E. coli strain, and b) TIG fusion polypeptide,
dnaK, dnad, 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/I. However, the
maximum vyield 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, dnad, grpE chaperone genes co-expression. This
combination gives a yield of 60 mg/I 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].
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CONCLUSIONS

This work shows that a systemic approach to identification of
conditions and components for production of enzymes and
therapeutic recombinant proteins in E. coli, given that they are
prone to aggregation and form inclusion bodies under normal
bacterial cultivation conditions, allows finding combinations
delivering significantly higher yields of the target protein in soluble
form. Moreover, it is possible to find the balance of conditions and
components needed to establish production at semi-industrial and
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GENETICALLY ENCODED LIGHT-INDUCIBLE SENSOR FOR NUCLEOLAR VISUALIZATION
Zhurlova PA, Besedovskaia ZV, Sokolinskaya EL, Putlyaeva LV &
Skolkovo institute of science and technology, Center for Molecular and Cellular Biology, Moscow, Russia

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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CO3O0AHUNE FrEHETUHMECKN KOOUPYEMOIO CBETOMHAYLUMUPYEMOIO CEHCOPA
ONnA BUSYANTUSALMN AOPbILLKA

M. A. XKypnosa, 3. B. bBecepoBckas, E. J1. CokonuHckas, J1. B. MNytnaesa =
CKONKOBCKUIA MHCTUTYT HayKW 1 TEXHONOMMI, LIeHTp MonekynapHom 1 knetouHom 6uonorun, Mocksa, Poccrs

SAOpPbILLKK y4acTBYIOT B ycuneHun npomykumn pPHK v nogaep»xarnn 6noreHesa prbocoM B OMyxXONEBbIX KNeTKax, YTo AenaeT VX >KeNaHHON MULLEHbIO B
FEHETUNHECKNX 1 OHKOMOMMHYECKMX UCCNeRoBaHMSX. Havnbonee yao6HbIM METOAOM BU3yanmsaumm sapbillka tnarogaps ceoert sMeKTUBHOCTN 1 JOCTYNMHOCTU
ABnseTcs hryopecLeHTHas MYKPOCKOMnus. B HacTosiLLiee Bpems MeTOb! BU3yanu3aLuymv sapbILLeK MO0 HETOUHbI, MO0 HEMPUIOAHbI AN XKUBbIX KIETOK, MO0
TPEeBYIOT MOCTOSHHOMO OKPALLMBaHUS AN1S1 KMBOrO MOHUTOPWHIA. Lienbio nccnegosaHus Gbino co3aaThb reHETUHECKN KOAVPYEMYIO CUCTEMY (DOTOMHOYLMPYEMbIX
ceHcopos (light-activated nucleolus sensor, LANS) ans Budyanusaummn sapbilika B peasibHOM BpeMeHn. KombrHaums gomeHa eMag ans cBeTouHayLmpyemon
avMepusauum 1 pyugepHoro gomerHa 6enka DPF3 nossonseT cucteme LANS athheKTMBHO OCYLLECTBNSATL HanpaBneHHoe nepemMelLieHre LieneBoro 6enka B
AAPILKO NOCPEACTBOM 0B/yHEHUS KNETKV KOPOTKUMM UMMyNbCamMyt CUHEro CBETA, He BAVSS Ha MOPAONoriio KneTok. [aHHas cucteMa no3sonseT yBenmynTs
npeacTaeneHHocTs Npobbl LANS2 B dapbiuke B 1,5 pada OTHOCUTENBHO 3HAYEHUIA MHTEHCMBHOCTY (DyOPECLIEHLMM, MOMYYEHHbIX A0 06MyHeHVs SapbiLLKa.
CospgaHHas cuctema ceHcopoB LANS no3BonnT yCKOPUTL MOUCK HOBbIX NIEKAPCTB U YAYHLINTb MEPBUYHBIA CKPUHWHI NEKAPCTBEHHBIX COEONHEHWIA B MOAENSAX
in vivo.

KniouyeBble cnoBa: annreHeTnka, dyopecLieHTHble 6enkn, eMags, onToreHeTnKa, SapbILKO
®duHaHcupoBaHue: paboTa bbina nopgaepxaHa rpaHTom PHO Ne 22-24-01109.

<] Ans koppecnoHaeHumn: Jngns BuktoposHa MNyTnsesa
Bonblon 6ynseap, A. 30, cTp. 1, . Mocksa, Poccus, 121205; lidia.mikhailova@mail.ru

Cratbsi nonyyeHa: 27.11.2023 CtaTtbsa npuHATa K nedatu: 11.12.2023 Ony6nvkoBaHa oHnaiiH: 17.12.2023

DOI: 10.24075/vrgmu.2023.048

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 |, 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.
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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
actgtgacttctgettggggggcetccaacatgaacaagaagagtgggeggcc,
DPF3_AATG_REV  gttaGAAGACatCATTGTGGCGACCGG
TCCGGATCCGCCCCCGCCGCTtttgageagttcececag),  which
introduced a Bpil restriction site into the sequence, and then
cloned into the pAGM1276 vector.

The MoClo technology and plCH47732 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]. Bpil (Bbsl) and Eco311 (Bsal) 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,) in DMEM
medium (PanEco; Russia) supplemented with 10% fetal bovine
serum (BioSera, France), 100 U/ml penicillin, and 100 ug/ml
streptomycin (PanEco; Russia). For transfection, Hel.a cells
were cultured in DMEM-full medium in 35 mm Petri dishes
with glass bottoms (SPL Life Sciences; Korea) and transfected
using Gendect-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).
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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 A60xH/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 LANST, 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 ROl 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 ROl (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 LANST
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. B. Fluorescence microscopy images of Hela cells transfected with LANS1 and LANS2 before (feft), during
(middlle), and after (right) blue light irradiation. White arrows indicate the nucleoli. C. 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)

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,
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NEAT1_1 LONG NON-CODING RNA REDUCES THE SURVIVAL OF PRIMARY NEURONAL

CELLS UNDER ER-STRESS
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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 Bc/2/2 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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OJIMHHAA HEKOOUPYHOLASA PHK NEAT1_1 CHU>XXAET BbI)KUBAEMOCTb NMEPBUYHbIX
HEWPOHHbIX KNETOK MPU 3MNP-CTPECCE

H. E. Mykaesa'?, B. H. 3anesckas?, A. B. devkut®, M. U, TaybuHckas?, O. A. Kyxapckast?, P. K. OBumnHHIKOB'2, A, V1. AntoxvH', M. C. Kyxapckuin'2 &

T POCCUINCKMI HALWOHaSbHBIN UCCefoBaTeNbCK MEOVLIMHCKUI YHUBEpCUTET UMeHn H. . Muporosa, Mocksea, Poccus

2 VIHCTUTYT Pr3MONOrMHecKn akTuBHbIX BellecTs defepansHoro MCCNefoBaTeNbCkoro LIEHTPa Npobiem XMMUHECKON (MU3NKV 11 MEAVLIMHCKON XviMun Poccuinckoi

aKkagemum Hayk, YepHoronoska, Poccunst

3 BenropoACKUI roCyAapPCTBEHHbIM HALMOHABbHBIN MCCNEA0BATENLCKUIA YHUBEPCUTET, Benropoa, Poccust
OnunHHas Hekopmpytowas PHK NEAT1 nrpaet BaxkHyto posib B paboTe LieHTpasnbHOM HepBHOM cucTemsl (LIHC) 1 ydacTByeT B pa3sutumn psiaa natosiormyeckmnx
cocTosHWA. [oBbILLeHe ypoBHS NEAT1 B MO3re MPOVCXOAWT MpU HEMPOAEreHepaTVBHbIX M MCUXNHECKNX 3a00neBaHMsIX. Kakyio pofb UrpaeT Takoe NoBbILLEHVe
ocTaeTcs HesicHbIM. PyHKUmoHanbHO NEATT cBs3bIBAIOT C peanvdauyein 0TBeTa Ha KNETOYHbIA CTPecc B HEPBHOW cucTemMe. Llenbto paboTbl ObI10 OUEeHUTL
B/IMSIHE MOBbLILLEHHOO YPOBHA KOpoTkoM 13othopMbl NEAT1_1 Ha BbPKMBAEMOCTb MEPBWHHBIX MMANOKaMNasibHbIX KylbTyp Mbiwen, npu SMP-ctpecce,
VNHIYLWPOBAHHOM C MOMOLLIO UHrMOUTOpa npoteacoM MG132. MNepBu4Hble KynsTypbl Oblv MONYyYeHb! OT TPAHCTEHHbIX XMBOTHbIX, aKcnpeccupytoLLix NEAT1_1
YeroBeka. XapakTepuCTVKy KNETOYHOrO cocTaBa W OLEHKY anonTo3a MpoBOAVAN C MOMOLLBIO MMMYHOLIMTOXVMUHYECKOTO OKpaLLMBaHWS. AHanM3 SKCnpeccum
rEeHOB CUMHaUTbHBIX MyTel anomTo3a OCYLLECTBAAM METOAOM KonndecTeeHHom [MLIP ¢ obpaTHolt TpaHckpunumen. MepBudHble HEMPOHHbIE KyMETYPbI, MONyYeHHbIe
OT TPaHCIEHHbIX XXMBOTHbIX, HE OTAIMYANMCH OT KYSLTYP AMKOMO TWMa No KIETOYHOMY COCTaBy 1 MOPOSIOMMHECKNM XapaKTepUCTUKaM HEMPOHOB. MNpy HayKUMn
OlP-cTpecca Npovcxoamno yCuUneHne anonToTUHECKON rbenn KNeTok, B TOM YUCHe HEMPOHOB, B KynbTypax, akcrnpeccupyrowmx NEAT1_1 B cpaBHeHun ¢
Ky/bTypamm AMKOro TUna. AKTYBaLVWS FeHOB CUrHanbHbIX nyTen SMNP-cTtpecca Atf4 1 DAit3 Obina MeHee BbipaXkeHa B TPaHCreHHbIX KysTypax npu ctpecce. Kpome
TOro, Gblfl CHPKEH YPOBEHb SKCMPECCUN aHTUaNONTOTUHECKNX reHoB Bel2/2 n Mcl1. Takum 06pa3om, NoBbiLLeHHbI ypoBeHb NEAT1_1 B NepBUYHbIX HEMPOHHbIX
Ky/bTypax yCuiamBaeT anontoTuyeckyto rvbens knetok npy SlNP-cTpecce.
KntouyeBble cnoBa: fiMHHbIe Hekogvpytouwme PHK, NEAT1_1, SINP-cTpecc, nepBuYHble HEMPOHHbIE KYBTYPbI, anonTo3
PuHaHCMpPOBaHUE: CCleaoBaHVe BbINOHEHO Npy (hrHaAHCOBOM Noaaepxke Poccuiickoro HayyHoro ®onaa, npoekT Ne 22-25-00645.

BnaropapHocTu: aBTOpbI BbipakatoT 6narogapHocTe LieHTpy kKonnekTueHoro nonsdosaHus VIOAB PAH (FFSN-2021-0005 (2021-2023) 3a npenocTaBneHHyo
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Long noncoding RNAs (IncRNAs) are molecules longer than
200 nucleotides without open reading frames [1]. INcCRNAs are
involved in various physiological and pathological processes
such as cell cycle regulation, cell differentiation, apoptosis, and
inflammation [2]. The role of INcRNAs 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
INcRNAs are specifically expressed in the brain [3]. Many
studies have demonstrated the involvement of INncRNAs 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 INcCRNAs
that has been convincingly shown to be associated with the
development of pathological conditions of the nervous system.
Changes in NEATT 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 IncRNA 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 ona C57BL6
genetic background (in press). The transgene presence was
confirmed by PCR. Animals were maintained at a 12h light/12h
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 pM 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 x 10* 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 uM or 10 pM.

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 Imaged 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 Ibal, 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 1x PBS (phosphate-buffered saline),
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Table. Sequences of primers used for RT-gPCR
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Name of primer Sequence of forward primer Sequence of reverse primer

B2m CATGGCTCGCTCGGTGAC CAGTTCAGTATGTTCGGCTTCC

Atf4 GGGTTCTGTCTTCCACTCCA AAGCAGCAGAGTCAGGCTTTC

Ddit3 CCACCACACCTGAAAGCAGAA AGGTGAAAGGCAGGGACTCA

Hspab TCGACTTGGGGACCACCTAT AGTGAAGGCCACATACGACG

Emc4 ATACCAGCGTGCAAGAGACC GGAATCTGCTTGAGGGGACC

Bcl2l1 CGGATTGCAAGTTGGATGGC TGCTGCATTGTTCCCGTAGA

Belzl2 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 1x 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 pm x 3000 pm 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 gPCRmix-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 gPCR 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
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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 uM and 10 pM 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



OPUI'MHANTbHOE NCCIELOBAHVE | HEMPOBWOJ

A NEAT1_1Tg
[l NeuN
GFAP
M Ibat
56.22%
1.87% Olig2  1.35%

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 (Ibal), 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 pm

was analyzed, i.e. all CC3* cells (both neurons and glia) were
counted.

Under acute ER stress induced by high concentration of
MG132 (200 pM) 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 highin 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 pM) 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 um. 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 pM MG132, there was an increase
in the expression of the following ER stress marker genes:
transcription factor Atf4, proapoptotic gene Chop (Ddit3),
chaperone Hspab (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, Bel2l2, Mcl1) (Fig. 5E-2) showed that induction
of moderate ER stress in WT cultures resulted in increased
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mRNA levels for Bcl2/2 and Mcl1 genes, whereas Bcl2/1
expression remained unchanged. In contrast, in transgenic
NEAT1_1Tg cultures, no significant activation of Bcl2/2 and
Mecl1 was observed under stress, with some upward trend for
Mecl1 though.

DISCUSSION

NEAT1 has been convincingly shown to be involved in various
pathological processes associated with neurodegeneration,
including neuroinflammation and apoptosis [5]. NEATT 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 NEATT1 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 uM MG132.

B. Apoptosis in cultures when treated with 10 pM 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 pM 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 um

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 uM MG132. B. Apoptosis in
cultures treated with 10 uM MG132. Two-way analysis of variance, Fisher's test. “* — p < 0.01; *** — p < 0.001; **** — p < 0.0001

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
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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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Fig. 5. Gene expression changes in transgenic (NEAT1_1Tg) primary and wild-type (WT) cultures treated with 10 uM MG132. A-G. Expression of genes associated with
ER stress. D-Z. Expression of apoptosis-related genes. One-way analysis of variance, Fisher's test. *— p < 0.05; ** - p < 0.01, *** — p < 0.001; **** — p < 0.0001
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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: Bcl2/1, Bcl2l2, and
Mecl1 [30]. Bel2l1 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

References

1. Kopp F, Mendell JT. Functional Classification and Experimental
Dissection of Long Noncoding RNAs. Cell. 2018; 172 (3): 393-407.

2. Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs:
insights into functions. Nat Rev Genet. 2009; 10 (3): 155-9.

3. Zimmer-Bensch G. Emerging Roles of Long Non-Coding RNAs as
Drivers of Brain Evolution. Cells. 2019; 8 (11).

4. Wan P, Su W, Zhuo Y. The Role of Long Noncoding RNAs in
Neurodegenerative Diseases. Mol Neurobiol. 2017; 54 (3): 2012-21.

5. An H, Williams NG, Shelkovnikova TA. NEAT1 and paraspeckles
in neurodegenerative diseases: A missing Inc found? Noncoding
RNA Res. 2018; 3 (4): 243-52.

6. Tollervey JR, Curk T, Rogelj B, Briese M, Cereda M, Kayikci M,
et al. Characterizing the RNA targets and position-dependent
splicing regulation by TDP-43. Nat Neurosci. 2011; 14 (4): 452-8.

7. Sunwoo JS, Lee S, Kim JH, Lim JA, Kim TJ, Byun JI, et al. Altered
functional connectivity in idiopathic rapid eye movement sleep
behavior disorder: a resting-state EEG study. Sleep. 2017; 40 (6).

8. Cheng C, Spengler RM, Keiser MS, Monteys AM, Rieders JM,
Ramachandran S, et al. The long non-coding RNA NEAT1 is
elevated in polyglutamine repeat expansion diseases and protects
from disease gene-dependent toxicities. Hum Mol Genet. 2018;
27 (24): 4303-14.

9. An H, Tan JT, Shelkovnikova TA. Stress granules regulate stress-
induced paraspeckle assembly. J Cell Biol. 2019; 218 (12): 4127-40.

10.  Kukharsky MS, Ninkina NN, An H, Telezhkin V, Wei W, Meritens CR,
et al. Long non-coding RNA Neat1 regulates adaptive behavioural
response to stress in mice. Transl Psychiatry. 2020; 10 (1): 171.

71.  Nishimoto Y, Nakagawa S, Hirose T, Okano HJ, Takao M, Shibata S, et al.
The long non-coding RNA nuclear-enriched abundant transcript
1_2 induces paraspeckle formation in the motor neuron during the
early phase of amyotrophic lateral sclerosis. Mol Brain. 2013; 6: 31.

12, Shelkovnikova TA, Kukharsky MS, An H, Dimasi P, Alexeeva S, Shabir O,
et al. Protective paraspeckle hyper-assembly downstream
of TDP-43 loss of function in amyotrophic lateral sclerosis. Mol
Neurodegener. 2018; 13 (1): 30.

138. Matsukawa K, Kukharsky MS, Park SK, Park S, Watanabe N,
lwatsubo T, et al. Long non-coding RNA NEAT1_1 ameliorates
TDP-43 toxicity in in vivo models of TDP-43 proteinopathy. RNA
Biol. 2021; 18 (11): 15646-54.

14. Nakagawa S, Naganuma T, Shioi G, Hirose T. Paraspeckles are
subpopulation-specific nuclear bodies that are not essential in
mice. J Cell Biol. 2011; 193 (1): 31-9.

15. Wiseman RL, Mesgarzadeh JS, Hendershot LM. Reshaping
endoplasmic reticulum quality control through the unfolded
protein response. Mol Cell. 2022; 82 (8): 1477-91.

16. Kukharsky MS, Everett MW, Lytkina OA, Raspopova MA,
Kovrazhkina EA, Ovchinnikov RK, et al. Protein homeostasis
dysregulation in pathogenesis of neurodegenerative diseases. Mol

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.

Biol (Mosk). 2022; 56 (6): 1044-56.

17. Merighi A, Lossi L. Endoplasmic reticulum stress signaling and
neuronal cell death. Int J Mol Sci. 2022; 23 (23).

18. Galehdar Z, Swan P, Fuerth B, Callaghan SM, Park DS, Cregan SP.
Neuronal apoptosis induced by endoplasmic reticulum stress
is regulated by ATF4-CHOP-mediated induction of the Bcl-2
homology 3-only member PUMA. J Neurosci. 2010; 30 (50):
16938-48.

719. Deikin AV, Kovrazhkina EA, Ovchinnikov RK, Bronovitskii EV,
Razinskaia OD, Smirnov AP, et al. A mice model of amyotrophic
lateral sclerosis expressing mutant human FUS protein. Zh Nevrol
Psikhiatr Im S S Korsakova. 2014; 114 (8): 62-9.

20. Kukharsky MS, Quintiero A, Matsumoto T, Matsukawa K, An H,
Hashimoto T, et al. Calcium-responsive transactivator (CREST)
protein shares a set of structural and functional traits with other
proteins associated with amyotrophic lateral sclerosis. Mol
Neurodegener. 2015; 10: 20.

21. Bail, You Q, Feng X, Kovach A, Li H. Structure of the ER membrane
complex, a transmembrane-domain insertase. Nature. 2020; 584
(7821): 475-8.

22. Mello SS, Sinow C, Raj N, Mazur PK, Bieging-Rolett K, Broz DK,
et al. Neat1 is a p53-inducible lincRNA essential for transformation
suppression. Genes Dev. 2017; 31 (11): 1095-108.

23. Zhong J, Jiang L, Huang Z, Zhang H, Cheng C, Liu H, et al. The
long non-coding RNA Neat1 is an important mediator of the
therapeutic effect of bexarotene on traumatic brain injury in mice.
Brain Behav Immun. 2017; 65: 183-94.

24. Zhang Y, Luo M, Cui X, O'Connell D, Yang Y. Long noncoding
RNA NEAT1 promotes ferroptosis by modulating the miR-362-3p/
MIOX axis as a ceRNA. Cell Death Differ. 2022; 29 (9): 1850-63.

25. Dong LI, Zheng Y, Gao L, Luo X. IncRNA NEAT1 prompts
autophagy and apoptosis in MPTP-induced Parkinson's disease
by impairing miR-374c-5p. Acta Biochim Biophys Sin (Shanghai).
2021; 53 (7): 870-82.

26. LiuY, Lu Z. Long non-coding RNA NEAT1 mediates the toxic of
Parkinson's disease induced by MPTP/MPP+ via regulation of gene
expression. Clin Exp Pharmacol Physiol. 2018; 45 (8): 841-8.

27. Hirose T, Virnicchi G, Tanigawa A, Naganuma T, Li R, Kimura H, et
al. NEAT1 long noncoding RNA regulates transcription via protein
sequestration within subnuclear bodies. Mol Biol Cell. 2014; 25
(1): 169-83.

28.  Rutkowski DT, Arnold SM, Miller CN, Wu J, Li J, Gunnison KM, et
al. Adaptation to ER stress is mediated by differential stabilities of
pro-survival and pro-apoptotic mRNAs and proteins. PLoS Biol.
2006; 4 (11): e374.

29. Hu H, Tian M, Ding C, Yu S. The C/EBP Homologous Protein
(CHOP) Transcription factor functions in endoplasmic reticulum
stress-induced apoptosis and microbial infection. Front Immunol.

BECTHVK PrMY | 6, 2023 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | NEUROBIOLOGY

30.

2018; 9: 30883.
Chipuk JE, Moldoveanu T, Llambi F, Parsons MJ, Green DR. The
BCL-2 family reunion. Mol Cell. 2010; 37 (3): 299-310.

Jlutepatypa

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Kopp F, Mendell JT. Functional Classification and Experimental
Dissection of Long Noncoding RNAs. Cell. 2018; 172 (3): 393-407.
Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs:
insights into functions. Nat Rev Genet. 2009; 10 (3): 155-9.
Zimmer-Bensch G. Emerging Roles of Long Non-Coding RNAs as
Drivers of Brain Evolution. Cells. 2019; 8 (11).

Wan P, Su W, Zhuo Y. The Role of Long Noncoding RNAs in
Neurodegenerative Diseases. Mol Neurobiol. 2017; 54 (3): 2012-21.
An H, Wiliams NG, Shelkovnikova TA. NEAT1 and paraspeckles
in neurodegenerative diseases: A missing Inc found? Noncoding
RNA Res. 2018; 3 (4): 243-52.

Tollervey JR, Curk T, Rogelj B, Briese M, Cereda M, Kayikci M,
et al. Characterizing the RNA targets and position-dependent
splicing regulation by TDP-43. Nat Neurosci. 2011; 14 (4): 452-8.
Sunwoo JS, Lee S, Kim JH, Lim JA, Kim TJ, Byun JI, et al. Altered
functional connectivity in idiopathic rapid eye movement sleep
behavior disorder: a resting-state EEG study. Sleep. 2017; 40 (6).
Cheng C, Spengler RM, Keiser MS, Monteys AM, Rieders JM,
Ramachandran S, et al. The long non-coding RNA NEAT1 is
elevated in polyglutamine repeat expansion diseases and protects
from disease gene-dependent toxicities. Hum Mol Genet. 2018;
27 (24): 4303-14.

An H, Tan JT, Shelkovnikova TA. Stress granules regulate stress-
induced paraspeckle assembly. J Cell Biol. 2019; 218 (12): 4127-40.
Kukharsky MS, Ninkina NN, An H, Telezhkin V, Wei W, Meritens CR,
et al. Long non-coding RNA Neat1 regulates adaptive behavioural
response to stress in mice. Transl Psychiatry. 2020; 10 (1): 171.
Nishimoto Y, Nakagawa S, Hirose T, Okano HJ, Takao M, Shibata S, et al.
The long non-coding RNA nuclear-enriched abundant transcript
1_2 induces paraspeckle formation in the motor neuron during the
early phase of amyotrophic lateral sclerosis. Mol Brain. 2013; 6: 31.
Shelkovnikova TA, Kukharsky MS, An H, Dimasi P, Alexeeva S, Shabir O,
et al. Protective paraspeckle hyper-assembly downstream
of TDP-43 loss of function in amyotrophic lateral sclerosis. Mol
Neurodegener. 2018; 13 (1): 30.

Matsukawa K, Kukharsky MS, Park SK, Park S, Watanabe N,
lwatsubo T, et al. Long non-coding RNA NEAT1_1 ameliorates
TDP-43 toxicity in in vivo models of TDP-43 proteinopathy. RNA
Biol. 2021; 18 (11): 1546-54.

Nakagawa S, Naganuma T, Shioi G, Hirose T. Paraspeckles are
subpopulation-specific nuclear bodies that are not essential in
mice. J Cell Biol. 2011; 193 (1): 31-9.

Wiseman RL, Mesgarzadeh JS, Hendershot LM. Reshaping
endoplasmic reticulum quality control through the unfolded
protein response. Mol Cell. 2022; 82 (8): 1477-91.

Kukharsky MS, Everett MW, Lytkina OA, Raspopova MA,
Kovrazhkina EA, Ovchinnikov RK, et al. Protein homeostasis
dysregulation in pathogenesis of neurodegenerative diseases. Mol
Biol (Mosk). 2022; 56 (6): 1044-56.

Merighi A, Lossi L. Endoplasmic reticulum stress signaling and
neuronal cell death. Int J Mol Sci. 2022; 23 (23).

BULLETIN OF RSMU | 6, 2023 | VESTNIKRGMU.RU

31.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tian S, Wu Q, Zhou B, Choi MY, Ding B, Yang W, et al. Proteomic
analysis identifies membrane proteins dependent on the ER
membrane protein complex. Cell Rep. 2019; 28 (10): 2517-26 5.

Galehdar Z, Swan P, Fuerth B, Callaghan SM, Park DS, Cregan SP.
Neuronal apoptosis induced by endoplasmic reticulum stress
is regulated by ATF4-CHOP-mediated induction of the Bcl-2
homology 3-only member PUMA. J Neurosci. 2010; 30 (50):
16938-48.

Deikin AV, Kovrazhkina EA, Ovchinnikov RK, Bronovitskii EV,
Razinskaia OD, Smirnov AP, et al. A mice model of amyotrophic
lateral sclerosis expressing mutant human FUS protein. Zh Nevrol
Psikhiatr Im S S Korsakova. 2014; 114 (8): 62-9.

Kukharsky MS, Quintiero A, Matsumoto T, Matsukawa K, An H,
Hashimoto T, et al. Calcium-responsive transactivator (CREST)
protein shares a set of structural and functional traits with other
proteins associated with amyotrophic lateral sclerosis. Mol
Neurodegener. 2015; 10: 20.

BaiL, You Q, Feng X, Kovach A, Li H. Structure of the ER membrane
complex, a transmembrane-domain insertase. Nature. 2020; 584
(7821): 475-8.

Mello SS, Sinow C, Raj N, Mazur PK, Bieging-Rolett K, Broz DK,
et al. Neat1 is a p53-inducible lincRNA essential for transformation
suppression. Genes Dev. 2017; 31 (11): 1095-108.

Zhong J, Jiang L, Huang Z, Zhang H, Cheng C, Liu H, et al. The
long non-coding RNA Neat1 is an important mediator of the
therapeutic effect of bexarotene on traumatic brain injury in mice.
Brain Behav Immun. 2017; 65: 183-94.

Zhang Y, Luo M, Cui X, O'Connell D, Yang Y. Long noncoding
RNA NEAT1 promotes ferroptosis by modulating the miR-362-3p/
MIOX axis as a ceRNA. Cell Death Differ. 2022; 29 (9): 1850-63.
Dong LI, Zheng Y, Gao L, Luo X. IncRNA NEAT1 prompts
autophagy and apoptosis in MPTP-induced Parkinson's disease
by impairing miR-374c-5p. Acta Biochim Biophys Sin (Shanghai).
2021; 53 (7): 870-82.

LiuY, Lu Z. Long non-coding RNA NEAT1 mediates the toxic of
Parkinson's disease induced by MPTP/MPP+ via regulation of gene
expression. Clin Exp Pharmacol Physiol. 2018; 45 (8): 841-8.
Hirose T, Virnicchi G, Tanigawa A, Naganuma T, Li R, Kimura H, et
al. NEAT1 long noncoding RNA regulates transcription via protein
sequestration within subnuclear bodies. Mol Biol Cell. 2014; 25
(1): 169-83.

Rutkowski DT, Arnold SM, Miller CN, Wu J, Li J, Gunnison KM, et
al. Adaptation to ER stress is mediated by differential stabilities of
pro-survival and pro-apoptotic mRNAs and proteins. PLoS Biol.
2006; 4 (11): e374.

Hu H, Tian M, Ding C, Yu S. The C/EBP Homologous Protein
(CHOP) Transcription factor functions in endoplasmic reticulum
stress-induced apoptosis and microbial infection. Front Immunol.
2018; 9: 30883.

Chipuk JE, Moldoveanu T, Llambi F, Parsons MJ, Green DR. The
BCL-2 family reunion. Mol Cell. 2010; 37 (3): 299-310.

Tian S, Wu Q, Zhou B, Choi MY, Ding B, Yang W, et al. Proteomic
analysis identifies membrane proteins dependent on the ER
membrane protein complex. Cell Rep. 2019; 28 (10): 2517-26 €b5.




ORIGINAL RESEARCH | NEUROLOGY

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

Suponeva NA, Bakulin IS, Poydasheva AG =, Sinitsyn DO, Zabirova AH, Lagoda DYu, Piradov MA
Research Center of Neurology, Moscow, Russia

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 (M — 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 (7 = 3) (o, = 0.018), for
all protocols in the Tower of London test (o = 0.039 for iTBS-5/50, p,,, = 0.045 for iTBS-ind, p . = 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) (o, = 0.039), but lower compared to iTBS-ind and iTBS-sham in the Corsi blocks task (o = 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.
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YACTOTHO-3ABUCUMbIN 3DDEKT TPAHCKPAHUAJIBHOW CTUMYNALNKU TETA-BCMNbILLKAMMA
MPE®POHTAJIbHOW KOPbl HA KOTHUTUBHbIE ®YHKLWMN

H. A. CynoHesa, W. C. Bakynun, A. I Monpawesa ™, [. O. CunnupiH, A. X. 3abuposa, . tO. Maroga, M. A. Mupanos
HayuHbin LeHTp HeBposnorumn, Mocksa, Poccust

Ctumynsiums TeTa-Benbilkamy (TBS) HaxoouT LMPOKOE NPUMEHeHVe bnarofaps HAYKLMM AONrOBPEMEHHbBIX 3PMEKTOB NpY KOPOTKON ANUTENbHOCTM
npoTokona. [Ans ymeHbLLeHVs BaprabenbHOCTU addeKTa nccnedytoT MOAXOMp! K ee NepcoHanmsaLmm, HanprMep, no Yactotam TeTa-ramma conpskerus (TrC).
Llensto nccnegosaHis b0 pa3paboTarh MPOTOKON NEPCOHaM3MPOBaHHON Mo TI'C HaBUMFALIMIOHHOM CTUMYNSLIMN MHTEPMUTTURYIOLLMMM TeTa-BCrbiukamu (TBS-ind) 1
CpaBHUTb €ro co cTaHaapTHbIM (ITBS-5/50) n nMmutaument ctumynaumn (iTBS-sham). B nccnepgosaHme BkoHeHbl 16 300poBbix 4o6poBonbLEes (M — 7; 29,6 ner),
KOTOPbIM B CrlyHaliHOM NopsiaKe MPOBOAWN MO OAHON CeCCUM KaxKOoro npoTtokosa iTBS nesoi aopconarepanbHoin npedpoHTaibHOM Kopbl. ShdhekT oLeHBanm ¢
MOMOLLIbIO TECTOB N-back ¢ ogHOBpPeMeHHbIM NpeabsaBieHneM BepbanbHbIX U MPOCTPaHCTBEHHbIX CTUMYNOB (1 = 2,3), Digit span, Corsi blocks, Tower of London;
TECTMPOBaHVE MPOBOAVM [0, Cpasy 1 Yepesd 60 MuH nocne ctumynsummn. CepbeaHblx HexxenaTtenbHbIX SBNeHW He 3aperncTprpoBany. CTaTncTUHECKV 3HaYVIMbIA
3hheKT nosnyHeH npu oLieHke Yepes 60 mrH ang iTBS-5/60 Ha TecT n-back ¢ npocTpaHcTBeHHbIM cTumynamit (n = 3) (o, = 0,018), Ansa Bcex NPOTOKOoB —
Ha TecT Tower of London (o, = 0,039 ana iTBS-5/50, p_,, = 0,045 ans iTBS-ind v p_ = 0,003 ana iTBS-sham). SchpexT iTBS-5/50 Gbl CTATUCTUHECKN
3Ha4VIMO BbILLIE MO CPaBHEHNO € ITBS-sham B OTHOLLEHWM NPOCTPaHCTBEHHOTO TecTa n-back (n = 3) (o, = 0,039), HO HKe No cpasHeHwio ¢ ITBS-ind 1 iTBS-
sham B oTHowweHum TecTa Corsi blocks (o = 0,038 1 0,048 cOOTBETCTBEHHO). TakiM 06Pa3oM, He yaanoch NMoATBePAUTL 3PMEKTUBHOCTbL 1 MPEenMyLLIeCTBa
NepPCOHAIM3NPOBAHHOMO MPOTOKOMA MO CPaBHEHWMIO CO CTaHAAPTHLIM W UMUTaLMEN CTUMYNALMK. B CBA3K ¢ NoMyHYeHHbIM 3(DHEKTOM CTaHAaPTHOrO MPOTOKONa
MOXET ObITb MEPCMNEKTUBHLIM AaNbHELLIEE €r0 N3yYeHne.

corr corr

KnioyeBble cnosa: TpaHCKpaHabHas MarHUTHas CTUMYNSLWS, CTUMYNSLMS TeTa-BCrblLLKaMM, HEVHBa3VBHAS! HEMPOMOLYNALMS, (Da30BO-aMMINTYAHOE COMpshKeHne,
TeTa-raMmMa ConpsixeHve, nesast JopconatepanbHas npepoHTanbHas kopa, KOrHUTUBHble dyHKUMK, intermittent theta-burst stimulation
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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 (IDLPFC) 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 1840 years; laterality index > 40
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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; [taly);
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-T1-MPR (3D T1 multiplanar reconstruction)
mode using the MAGNETOM Verio and MAGNETOM Prisma
scanners (Siemens Healthcare GmbH; Germany) (voxel size
1.0 x 0.977 x 0.977 mm?3, 176 sagittal slices). The target
within IDLPFC 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:

e [TBS-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;

e {TBS-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;

¢ {TBS-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 withn =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:
TO — before stimulation, T1 — immediately after the end of
stimulation, T2 —1 h after the end of stimulation. The effects
of stimulation at T1 and T2 were estimated as the difference
between the values at each of these points and the initial value
at TO.

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 T1 and T2 compared to
TO 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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Table 1. Individual theta-gamma coupling frequencies
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Theta-gamma coupling frequencies [MpoTokon cTumynsauum
N I?dividual theta Individual gamma Frequency of bursts, Hz Frequency of stimuli within Total number of stimuli
requency, Hz frequency, Hz the burst, Hz
1 7,6 42 8 M7 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

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 (7 = 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 (o = 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 (7 = 3) between

70
65
60
55
50
45
40

35

Frequency for amplitude (Hz)

30

25

20
3 4 5 6

measurements at T2 and TO (p__ . = 0.018, Bonferroni correction
for multiple comparison) and in the Tower of London test between
measurements at T2 and T1 (p_ = 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 T2 and
TO (p_.. =0.045 and p___ = 0.003, respectively) (Table 3).

corr corr

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 T1 and T2, as well as in the Corsi blocks
task for differences between TO and T2 and between T1 and
T2 (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)

7 8 9

Frequency for phase (Hz)

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

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

(b, = 0.039), in the Corsi blocks task between points T2 and
T1 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__ = 0.038 and 0.048,
respectively) (Table 5).

corr

DISCUSSION

During the study we developed an IDLPFC 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

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

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 [28, 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

Test iTBS-5/50 iTBS-ind iTBS-sham
n | stimulus type T1-TO T2-TO T2-T1 T1-TO T2-TO T2-T1 T1-TO T2-T0 T2-T1
L -0.32 -0.04 -0.12 0.04 0.04 0.00 -0.07 0.19 0.10
[0.42;0.42] | [-0.75;0.74] | [-0.55;0.35] | [-0.37;0.45] | [-0.39;0.44] | [-0.02;0.71] | [-0.76;0.58] | [-0.23;0.69] | [-0.32;1.00]
oo s -0.10 0.05 0.27 0.00 0.00 0.07 -0.42 -0.26 0.05
= [-0.35;0.65) | [-0.08;0.86] | [-0.33;0.83] | [-0.29;0.35] | [-0.29;0.39] | [-0.42;0.42] | [-0.54;0.49] | [-1.09;0.56] | [-1.12;0.81]
Total 0.02 0.67 0.57 0.22 0.26 0.24 -0.02 0.40 0.32
n-back [-0.60; 0.86] | [-0.70;0.84] | [-0.68;0.78] | [-0.56;0.52] | [-0.56;0.95] | [-0.36;0.71] | [-0.99;0.39] | [-1.29;0.97] | [-0.31;1.17]
L -0.13 -0.24 -0.23 0.03 0.19 -0.10 -0.11 -0.32 -0.06
[-0.61;0.55] | [-0.54;0.13] | [-0.68;0.71] | [-0.50;0.70] | [-0.26;0.64] | [-0.49; 0.58] | [-0.77;0.59] | [-0.56;0.70] | [-0.88;0.65]
he3 s 0.32 0.89 0.40 -0.05 0.16 0.12 0.06 -0.07 -0.16
= [-0.09; 0.89] | [0.00;1.18] | [0.16;0.74] | [-0.61;0.73] | [-0.70;1.09] | [-0.35;1.02] | [-0.35;0.58] | [-0.42;0.05] | [-0.39;0.15]
Total 0.29 0.62 0.50 -0.45 0.36 0.11 0.09 -0.05 -0.25
[-0.60; 0.62] | [-0.58;1.23] | [-0.93;0.99] | [-0.76;0.50] | [-0.25;1.41] | [-0.80; 1.24] | [-0.54;0.49] | [-0.96;0.47] | [-0.70;0.74]
Digit span 0.00 1.00 1.00 0.00 0.00 -0.50 -0.50 0.00 0.00
gt sp [-1.00;1.25) | [-0.25;2.00] | [0.00;1.00] | [-0.25;1.00] | [-1.00;1.00] | [-1.00;1.00] | [-1.25;1.00] | [-1.25;0.25] | [-1.00;0.25]
Corsi blocks 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
[0.00;1.00] | [-1.25;0.00] | [-2.00;0.00] | [-0.25;1.25] | [0.00;1.25] | [0.00;0.25] | [0.00;1.25) [0.00 2.00] [0.00; 0.00]
Tower of London -4.00 -23.50 -19.00 -26.00 -36.00 -19.00 -10.00 -32.00 -15.50
[-51.8;17.25] | [-43.8;-4.25] | [-38.5;-3.25] | [-48.3;15.0] | [-68.0; 4.25] | [-35.3;1.5] | [-49.8;9.25] | [-54.5;-14.50] | [-36.8; 3.5]

Note: iTBS-5/50 — standard theta-burst stimulation protocol, iTBS-ind — personalized iTBS protocol, iTBS-sham — sham stimulation; T1-TO — difference between
values measured immediately after and before stimulation (hereinafter the data are presented as M [Q,; Q,]), T2-TO — 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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Table 4. Comparison of effects between protocols

OPUTMHAJIbHOE NCCJIEOOBAHVE | HEBPOJ1OI NA

Test
- Stmulus pe pT1-TO pT2-TO pT2-T1
L 0.57 0.779 0.56
n=2 S 0.459 0.083 0.646
n-back Total 0.185 0.57 0.717
L 0.533 0.21 1
n=3 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

Note: pT1-TO — significance level for differences of values measured at T1 and TO, pT2-TO and pT2-T1 — the same for T2 and TO, T2 and T1, 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)

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 IDLPFC 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.

Table 5. Pairwise comparison of the effects of 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 IDLPFC
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

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
pT2-TO 0.186 0.105 1
Corsi blocks
pT2-T1 0.033 0.048 1

Note: Identification of protocols: iTBS-5/560 — standard theta-burst stimulation protocol, iTBS-ind — personalized iTBS protocol, iTBS-sham — sham stimulation;
pT2-TO — significance level for differences of values measured at T2 and TO, pT2-T1 — significance level for differences of values measured at T2 and T1; S — spatial
stimuli, Corsi blocks — test for assessment of the spatial sequence recall; significant differences are marked in bold (o < 0.05, Wilcoxon test adjusted for multiple
comparisons)
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hypotheses when conducting further research (for example,
the hypothesis of individual stimulation with frequencies lower
than the measured TGC frequencies or stimulation phase
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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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MPOMHO3MPOBAHWE NCXOA0B NMPOIMPAMM 3KCTPAKOPIOPAJIbHOIO OMNi10AOTBOPEHUA
C UCMNOJIb3OBAHMEM MOZEN MALLMHHOIO OBYYEHUSA «CJTYYANHBINA JIEC»
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2 HaumoHanbHbI MEAULMHCKMIA CCNER0BaTENbCKUA LIEHTP akyLLepCTBa, MHeKonorum 1 nepuHatonorun umexn B. W. Kynakosa, Mocksa, Poccus

[MporpaMmbl 3KCTPakoprnopansHoro onnofaoTBopeHnst (OKO) ¢ nepeHOoCoM aMOPUOHOB B HACTOSILLEE BPEMS SBASKOTCH OCHOBHBIMU MeTOAaMV fleHeHnst BCex
hopm Hecnnoansl, o4HaKo ycneLluHble Cryyan, 3aKaH4vBaloLMECst HACTyNNeHnemM 6epeMEHHOCTU, NO-NPEXHEMY COCTaBNSIOT NWLb TPETb M3 Y1cna BCex
NPOBEAEHHDBIX LMKNOB. [Ns OLeHKN pesynsTaToB Nedenns 6ecnnoamnst MetofoM SKO HeobXoaMMO yHMThIBATL MHOXECTBO NokasaTesnei U n3yyaTb B3avMOCBS3b
MexXay HAMK. 3a nocnefHne AecatuneTns 6oin padpaboTaH psg Modene nporHo3npoBaHisg OKO Anst OLEHKN MHAVBUAYaSbHBIX PE3YTATOB NIEHEHIS, HO LU
HEMHOIVE 13 HUX OKa3aMCh KIMHUYECKN 3HAYVMbIMK, 13-3a KX MIOXOM MPOrHOCTUHECKOM CNOCOOHOCTY. Llensio nccneqoBaHns Obino co3natb HeNMHenHbIe
Mogenm nporHo3vpoBanns nexonos SKO 1 BbISBUTL Havbonee 3HaqnMble (hakTopbl, BAMSIOLLME Ha Pe3ynbTaT fleveHns. Ha ocHoBe 6a3bl AaHHbIX, COAepKaLLen
nHpopmaumio no Gonee Yem 700 nokasatensm 7004 »eHWWH B Bo3pacTe oT 18 net o 45 net, npolwenwmnx nedeHve B nporpamme 9KO Ha Tepputopum
Poccuiickon ®epepaumm ¢ 2010 no 2020 r., 6bina obyyeHa mogenb «CnyyariHoro neca», NporHoaupytoLLias 6epemeHHocTb B Lmkne OKO ¢ ROC-AUC = 0,69.
OnmcaHbl 20 cambIX YCreLLHbIX NPeaVKTOPOB MOyYeHHOM MOAENM C MHTepNpeTaumel Ux Bknada B nporHoaviposanme. 13 Hux nHoeke macesl Tena (VMMT), yiucno
MOMYYEHHbIX 1 OMIIOAOTBOPUBLLMXCS OOLWTOB OMMCaHbl B HAY4HOW NUTepaType Kak npeamkTops! ncxopa nporpamm 9KO, B TO Bpemst kak Apyrne npuaHaku,
HanpumMep aHaMHECTUHECKME AaHHble, KOMMHYECTBO 1 UCXOdp! MpeaplayLinx nporpamm KO, a Takke CbIBOPOTOHHAA KOHLEeHTpaumst AMI, peako huryprpyioT B
3apy6eXKHbBIX MPOrHOCTUHECKUX MOAENSIX.
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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].

BULLETIN OF RSMU | 6, 2023 | VESTNIKRGMU.RU



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 enroliments, 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.
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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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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

Ulan-Ude
®

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. 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
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Fig. 3. Gini significance for 33 best attributes learned after training the random forest on 220 attributes

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 inthe past have alower 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

BECTHVK PrMY | 6, 2023 | VESTNIKRGMU.RU

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

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, untilnow 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.

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 1279 0.69 +0.02
(N 97.0)
Female infertility of tubal origin (N 97.1) 3191 0.66 + 0.02
Female infertility of uterine origin (N 97.2) 1248 0.66 + 0.05
Female infertility associated with male factors 3226 0.68 + 0.01
(N 97.4)
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EXPLORATION OF THE FEMTOSECOND LASER PULSE THERMAL EFFECTS ON THE MOUSE EMBRYOS
DURING THE ASSISTED HATCHING PROCEDURE

Kubekina MV12 B Filatov MA'2, Silagva YuYu'?, Sitnikov DS?
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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 (Hsp90aaT and Hspab) 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 (o = 0.408).
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WCCNEAOBAHUE TEM/IOBOIrO BO3AENCTBUA ®EMTOCEKYHAHbIX JIJASEPHbBIX UMMNY/TIbCOB
HA SMBPUOHbBI MbILLIN B PAMKAX MPOLIEAYPbI BCITOMOTATE/IbHOIO XETHUHIA

M. B. KybekunHa'?E, M. A. dunatos'?, tO. 0. Cunaesa'?, [1. C. CUTHWKOB?

" ViHcTuTyT Bronorum reHa Poccuiickoin akanemun Hayk, Mocksa, Poccust
2 O6beONHEHHbI MIHCTUTYT BbICOKUX Temnepatyp Poccuiickoi akagemun Hayk, Mockea, Poccust

OpHol 13 Npu4nH 6ecnioans ABNSIETCA HapyLLEHNe XeTHMHra — npoLiecca BblTyrieHns amMOproHa 13 crieumansHON 3awmTtHor obonoyku (ZP, zona pellucida,)
HenocpenCcTBEHHO Meper UMMIaHTaumen. Yacto HapyLLeHne XETHUHra 0BYCIOBNEHO YrNIOTHEHNEM UK yTosLeHVeM ZP. [Ins npeofoneHns 6ecrnnofyst B Takmnx
crnyyasx npuberaioT K NMpoLeaype BCMOMOraTenbHOro 1a3epHOro XeTymHra, Korga ¢ MoMOLLptO nasepa B ZP fenatoT oTBepcTve, obnerdast BbIxod, sMOpuroHa 13
Hee. Bonpoc 6e30nacHOCTV NpUMeEHeHKs Nadepa AN NPOBEAEHNSA NPOLEyPbl BCMOMOraTelsHOro XeTHMHIa OCTaeTCA OTKPbIThIM, MOCKOSbKY Na3epHOe 13NyyeHre
CMOCOBHO HarpeBaTh OKPYXKaKOLLYIO Cpemy W MOTEHLWANbHO Bbi3blBaTb Y OMOPUOHOB TEPMUHECKUIA LLIOK. Lienbio HacTosLLen paboTbl 6bINO OLEHTL 6e30MacHOCTb
hemMTOCEKYHOAHOMO N1a3epHOro BO3AENCTBUSA Ha SMOPUOHBI MbILLM B paMKax npoledypbl BCIOMOraTefleHOro XeTHuHra, UCnonb3ys MeTohpl MCCNefoBaHNs
>KN3HECNOCOBHOCTY AMOPUIOHOB 1 YPOBHEN akcnpeccun reHoB HSP. [Ins anccexkupmn ZP B paboTe MCnonb30Ba HOBbIA TUM UCTOYHMKA NTAa3EPHbIX MMMYNbCOB
(hEMTOCEKYHAHOW O/MTENBHOCTU. DHEPIUS yKasaHHbIX MMMYbCOB Ha [Ba MOpsiaKa HIDKE SHEPrM MUNMCEKYHOHbIX NIa3epHbIX AVCCEKTOPOB, MPUMEHSIEMbIX B
KIIMHUKaX B HACTOSILLIN MOMEHT. [ns oLeHKM (PeMTOCEKYHAHOMO Na3epHOro BO3AENCTBIS Ha AMOPVIOH MPOV3BOAMAM OKpaLLMBaHe SMOPUOHOB JOMOBOW MbILLIV
(Mus musculus) hnyopecUeHTHBIMI KpaCUTENAMM, a TakKe OLEHMBAM YPOBHI SKCMPECCUM MEHOB, KOOMPYHOLLWX Benki TennoBoro Lwoka: Hsp90aal v Hspab. Mocne
BbIMOMHEHWS MPOLIEAYPbI BCMIOMOraTesIsHOro 1a3epHOro XETHMHA C UCTIONb30BaHMEM (DEMTOCEKYHIHOMO Nlasepa KNeTky SMOPUOHOB COXPaHsv MN3HECTIOCOBHOCTb,
a YPOBHM 3KCMPECCUM FEHOB, KOAVPYHOLLIMX OENKI TEMMOBOrO LLIOKA, MOBbILLIANMCE HE3HAYMTENBHO MO CPABHEHWIO C MPYMMo OTPULATENBHOMO KOHTPONS (o = 0,408).

KntoyeBble cnoBa: aMOpVoH, MbilLb, 6GacToumcTa, brnecTsulas obono4dka, zona pellucida, BcnomoraTtebHbil NadepHbI XETHUHT, (DEMTOCEKYHHbIE NadepHble
MMMYNbCbI, GEKM TEMOBOTO LLIOKa
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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 ym 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 pm from
the laser beam center and leads to the temperature increase to
60 °C 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 pm).

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/cm? at a wavelength of 514 nm matches
the range of 5-30 °C [13]. In the earlier studies, irradiation at
a specified wavelength with the intensity of ~2.5 TW/cm? was
used for embryo microsurgery [14]. In this study, the intensity
in laser beam focus was 3 TW/cm?. 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 T — 280 fs,
energy — 330 pd, wavelength A — 1028 nm, pulse repetition
rate — 2.5 kHz. There was a KDP (potassium dihydrogen
phosphate, KH,PO,) crystal installed on the beam path to
convert infrared radiation into visible light; radiation leaving the
crystal had a wavelength (A) 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 pm at the 1/e level
with the 20xUPlanFL 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
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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 120x80 microscope
stage (Marzhauser 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 um (beam was focused through the dish bottom).
The Petri dish was placed on the motorized microscope stage
(Méarzhauser 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 x C57BI/6J F1 hybrid mice. Animals
were kept at the 14 : 10 h light/dark cycle at a temperature
within the range of 22-24 °C. 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 (Folimag; 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, E0.5) 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 pL
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

BULLETIN OF RSMU | 6, 2023 | VESTNIKRGMU.RU

ORIGINAL RESEARCH | GYNECOLOGY

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

Embryo culture

The embryos were cultured to the morula stage (E2.5) in the
four-well plates (Termo Scientific Nunc, USA) using the culture
medium for gametes and embryos (Fuijiflm Irvine Scientific;
USA). During the morula and blastocyst stages (E3.5) the
embryos were cultured in the 20 pL 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 °C 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,/air 37 °C) in an incubator (Binder; Germany) were used as
negative controls.

2. Blastocysts exposed to the temperature of 42 °C for
30 min were used as positive controls. Thermal exposure was
also provided in a CO, incubator (5% CO,/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 (~E3.5).
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 pL 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. 2A, green polyline). The incision was U-shaped, as
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Fig. 2. Images of the embryos obtained before (A) and after (B) the zona pellucida microsurgery. The scale bar is 20 um

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 pg/mL;

2) Propidium lodide (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 pmol.

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 °C 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 gPCRmix-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)

Hprt and Hsp90aal and Hspab heat shock protein genes.
The nucleotide sequences of primers used in the study are
provided in Table 1. The Hsp90aa1 and Hspab expression was
calculated using the well-known ACt 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 lodide 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 °C) 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 Hsp90aai
(Hsp90 family) and Hspab (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

Gene Genbank No Forward primer (5’ — 3’) Reverse primer (5° — 3’) Product size
Hprt NM_013556.2 CAGCGTCGTGATTAGCGATGA GCCACAATGTGATGGCCTCC 174
Hsp90aatl NM_010480.5 TGAGCAGTATGCCTGGGAGT CGACCCATTGGTTCACCTGT 75
Hspab NM_001163434.1 GGAATGACCCTTCGGTGCAG GTCTTGGTTTGCCCACCTCC 109
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Propidium lodide

Merged

Fig. 3. Fluorescence staining of different groups of embryos. Viable embryos were stained with Calcein-AM, non-viable embryos with Propidium lodide, nuclei of viable and

non-viable embryos with Hoechst 33342

compared using the nonparametric Kruskal-Wallis test. The
differences were considered significant at p < 0.05. Significant
differences between the negative and positive control groups
(o = 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, Hsp90aa? and
Hspab.

Expression of genes Hsp90aa and Hspab 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
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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
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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 Hspab (B) encoding heat shock proteins

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 (A = 1480 nm, T = 0.6 ms, P = 180 mW)
and fs A = 514 nm, T = 280 fs, intensity 10 = 2.5 x 1012 W/cm?)
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 pm), 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
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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: Hsp90aal and
Hspab. 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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Fig. 5. Radial temperature profiles at different times for the millisecond (A) and femtosecond (B) pulse. Laser beam size at 1/e level is marked with arrows. Time (t) is

counted down from the beginning of the pulse
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THE POSSIBILITY OF EVALUATION MRNA EXPRESSION PROFILING TO PREDICT PROGRESSION
OF LOCAL STAGE COLORECTAL CANCER

Goncharov SV &4, Bozhenko VK, Zakharenko MV, Chaptykov AA, Kulinich TM, Solodkiy VA
Russian Scientific Center of Roentgenoradiology, Moscow, Russia

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, N, ,M, 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, 12, 116, I8, GATAS.
Prediction accuracy of the model using clinical and morphological characteristics was 56.6%. Inclusion of CCNB1, Ki67, GRB7, IGF1, lI2, 6, II8, 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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BO3MO>XHOCTU UCIMOJIb3OBAHUA MPOPUTTMPOBAHUA SKCMNPECCUN MPHK /15 MPOrHO3A
MPOrPECCUPOBAHUSA NNOKAJNbHbIX CTAAUIN KOJIOPEKTAJTIbHOIO PAKA

C. B. Ton4apos ™, B. K. BoxxeHko, M. B. 3axapeHko, A. A. Yantbikos, T. M. KynuHnd, B. A. Cononkui
Poccuiickuin HayyHbI LIeHTP peHTreHopaamonorin, Mockea, Poccust

OueHka NporpeccrpoBaHnst MO3BONSET Pean3oBaTe Mepbl TPETUHHOM NPOMUNaKTUKK KoNopekTanbHoro paka (KPP), HanpasneHHble Ha paHHee BbiSiBEHVe
1 CBOEBPEMEHHOE JlIeHeHne MeTacTaTndeckon 6onesHu. Liensto nccneposanus 6bino paspabotatb Momens nporpeccuposanns KPP ¢ ncnonb3osaHem
NaToMOPONOTUHECKIIX 11 MOMEKYIAPHO-TEHETUHECKYIX XapaKTepHCTVIK onyxomu. Y 223 nauueHTos ¢ KPP B craguax T, ,N .M B o6pasuiax 13 onyxosv Bbim
onpefeneHbl OTHOCUTENbHbIE YPOBHM akcnpeccn MPHK 63 reHoB 13 pasHbix yHKUMOHaNbHbIX rpynn. MegvaHa Habniogerns 42 mecsaua. ChopMmnpoBaHb!
JIOTUCTUYECKME MOLENM BUHAPHOrO BbIOOPA, B KOTOPbIX LIENIEBOI MEPEMEHHOW Cy>XXI/a BEPOSTHOCTb MPOrPECCHPOBaHUS B TeveHne 36 MecsiLieB OT MOMEHTa
ycTtaHoBkM avarHosa KPP. O6bsacHaoWmMMK nepemMeHHbIML Gbinn anddepeHLmpoBKa onyxonn, aHruonumddarnyeckas MHBasusl, COOTHOLLEHWe 4ncna
MeTacTaTuHeCcKnX IMMOY310B K 1x OBLLIEMY YMCAY B ONepaLioHHOM npenaparte, BO3PAaCT NaLMeHTa 1 ToKanmaaums onyxou, a Takke nokasareny sKCcrnpeccum
reHoB CCNB1, Ki67, GRB7, IGF1, li2, II6, I8, GATA3. TOYHOCTb MPOrHo3a B MOAENN C UCMONb30BaHNEM KITMHUKO-MOPONOrM4ECKX NoKasaTenei coctasmuna
56,6%. BkntodeHre B Mofenb npoduns akcnpeccun reHos CCNBT, Ki67, GRB7, IGF1, l12, 116, 118, GATA3 noBbllLaeT To4HOCTb 10 80,6%. Takvm 06pasom,
nporHosnposanve nporpeccuposaHns KPP ons nepcoHanmaaumnn nedeHns TpedyeT AOMOMHWUTENbHbIX NokasaTenel, BbIXOAALLMX 3a Npeaesbl MHopmaumm,
nosty4aemMon B pamkax TpaguLMOHHON Mopdonorndeckon knaccudukaummn TNM. Vcnonb3oBaHne MONEKyNApHbIX MapKepoB B Kad4ecTBe MPeaVKTOPOB
3HauMTENBbHO NOBbILLAET TOYHOCTL MPOrHO3MPOBaHKSA NporpeccupoBaHns KPP, Heobxoaumbl fanbHenLLne ccnefoBaHvs Ans BanmaaLmm U ynyyLeHns kadectsa
MPOrHOCTUHECKNX MOAENEN.

KnioueBble cnoBa: KONOPEKTabHbIN PaK, NMPEAVKTVBHBIE MapKEPbl, MPOrHOCTUYECKMe Mogenn nporpeccuposaHns KPP, KPP
®duHaHcupoBaHue: paboTta nogaepxarHa rpaHtom PH® 22-15-00448.

Bknap aBtopos: C. B. loH4apos, B. K. BoxeHko, B. A. Conogkuii — koHUenuus n ansaiH ncenegosanns; B. K. BoxkeHko, C. B. ToHdapos, T. M. KynuHuy,
M. B. SaxapeHrko, B. A. Conopkuin — cbop n obpabotka matepunana; C. B. loHuapos, A. A. HanTeikos, B. K. BoxxeHko, T. M. KynnHn4 — HanmcaHve TekcTa,;
C. B. ToHuapos, A. A. Hantbikos, B. K. BoxxeHko, T. M. KynnHuy, M. B. 3axaperko, B. A. Conookuii — pegakTmpoBaHue.

Cob6noaeHne 3TUHECKUX CTaHOApPTOB: MCCneaoBaHne ofobpeHo 3TUYECKUM KoMmuTeToM PIBY «POCCUMMCKOro Hay4YHOro LieHTpa peHTreHopaamonorim»
M3 PO (npotokon Ne 4 oT 26 anpens 2018 I.), NpoBeAeHO B COOTBETCTBUN C XeNbCUHKCKOW AeKkrapauyein BcemmpHon MeayumHcKo accoumaimn. Bee yHacTHVKM
nognucany Lo6poBobHOE MHPOPMUPOBaHHOE COrfacuhe Ha yqacTue B MCCnefoBaHnm.
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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.

Clinical 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
[38]. 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 |-ll 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 classification
tree (BCT), peer reviews, etc.) and expansion of the set of
explanatory variables (determination of point mutations,
microsatellite instability, investigation of tumor microenvironment

Table 1. Genes included in the analysis

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, ,, N, ,, M,. 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 studly.

We had earlier reported the method of RNA extraction and
real-time PCR settings [6]. As a result, relative expression of
mMRNAs 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 R? > 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 mMRNA 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:

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 C-MYC, MYBL2

Cell—cell interactions

MMP2, MMP7, MMP8, MMP9, MMP11, CTSL2, PAPPA, TPA

Cell differentiation

ESR1, PGR, CYP19A1, GRB7, CD45, CD56, CD68, CD69

Growth factors

VEGFA121, VEGFA165, VEGFA189, SCUBE2, IGF1, IGF2, TGFj

Immune response regulation LGALST, GATA3, IL2Ra, GREM1

IL1B, IL2, IL6, IL7, IL8, IL10, IL12a, IL15, COX-2, TNFa, TLR2, TLR4, TLR7, IFNy, GNLY, HLA-G1, HLA-G5, LIF, LIFR,

Metabolism GSTM1
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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 R? 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.

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).

R? 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).

R? 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,
GATAS3 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: p < 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 mMRNA 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
GATAS3 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],

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

i 1 0,
(number of patients) Prediction accuracy (%)

No progression 139 123 88.4
Progression 78 29 37
Overall accuracy 56.62
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Fig. 1. Prediction accuracy when using conventional clinical and morphological risk factors of CRC progression

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

Table 4. Logit model using mRNA expression profiles

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,
L2, IL6, IL8, GATAS.

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

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
CCNBT1 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
L2 -0.245648 0.100843 -2.435952 0.0149
L6 0.202048 0.092241 2.190427 0.0285
L8 -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 R? 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, lI2, 116, I8, GATA3 are expression levels of appropriate genes in the
tumor; 11.05 is a constant coefficient used in the model.

Table 5. Classification matrix of the logit model using mMRNA expression profiles of eight genes

Accurate prediction

Actual data (number of patients)

(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 mMRNA expression profiles of eight genes

(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 Il 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.

[t 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, lI2, 116, I8, GATA3 from tumor
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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
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METHODS FOR COMBINATION TREATMENT OF METASTATIC UVEAL MELANOMA
Kolomiets KV ™, Ponomareva ES, Posypina YaR, Mihailov Il, Mandzhiev CB, Povetkina EV, Tuguz RR, Bulgakov SM, Repunova VI
Rostov State Medical University, Rostov-on-Don, Russia

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 tumor incidence 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. UM most often spreads to the liver (89-93%). The clinical case of using transarterial chemoembolization (carboplatin) in combination with immunotherapy
(nivolumab + ipilimumab) in patients with metastatic liver disease from UM is provided. The disease control within 12 months has been achieved, which, in turn,
demonstrates the possibility and efficacy of multidisciplinary approach.
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YBeanoHas MenaHoma (YM) — pefkast nepBuyHas 310ka4eCTBEHHas OMyxofb, POPMUPYIOLLAACA U3 MeNaHOLMTOB yBeanbHOro Tpakta (xopuounaen (90%),
unnnapHoro Tena (6%), pagy>kHor 060n04Kn (4%)) rnadHoro siénoka. Mo COBOKYMHbIM AaHHbIM, YPOBEHb 3a601eBaEMOCTH COCTaBNSAEeT 5,2 cnyyas Ha 1 MH
HaceneHusa. B Poccumn sToT nokasarenb B pasHbix PervioHax Bapbupyet oT 6,23 fo 8 cnyqaes Ha 1 MH B3pOCoro HaceneHns. Havbonee vacto (89-93%) YM
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C UMMyHOTepanuen (HuBonymab + nnuanMymad) y naumeHTa ¢ MeTacTaTMyYeCcKM NMOPaXKEHMEM MeYeHN yBeanbHOW MenaHoMOW. Bbiil OCTUMHYT KOHTPOMb
3a60M1eBaHVIst Ha MPOTSHKEHUM 12 MECSILIEB, HTO, B CBOKO O4epelb, AEMOHCTPMPYET BO3MOXHOCTL U 3PMEKTUBHOCTb MYNBTUAVCUMMIIMHAPHOMO NOAX0Aa.
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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, amongthem 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 C, 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
ipiimumab 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 x 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:
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— 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 x 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 x 47 x 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 lll A T3BNOMO left eye uveal melanoma,
postoperative condition (July 2020), progression (November
2022), (HEP), 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 (ASAHI 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 x 43 x 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 parenchymaiis 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.
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EFFICACY OF THE JAWBONE DEFECT ELIMINATION
Poryadin GV, Eremin DA, Knhelminskaya NM =, Kravets VI, Zhitareva IV, Posadskaya AV, Krasnov NM, Shen PA, Gureshidze MA
Pirogov Russian National Research Medical University, Moscow, Russia

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 (o = 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.

Keywords: jaw defect, osteoplasty, plasma rich in growth factors, xenograft, osteostimulation, osteoconduction
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SPDEKTUBHOCTb YCTPAHEHUSA KOCTHbIX JE®EKTOB YEJIKOCTEN
I B. MopsapvH, A. A. EpemnH, H. M. XenminHekas =, B. . Kpaseu, V1. B. XKutapesa, A. B. MNocaackas, H. M. KpacHos, I1. A. LLleHb, M. A. Typelunpze

Poccuinckmin HaumoHanbHbIN MCCNeAoBaTENBCKNIA MEQULIMHCKIN YH1BEPCUTET nMeHn H. W. Tnporoea, Mocksa, Poccus

MeTogpl pereHepaTVBHON MeayUVHbl B POoccun 1 3a pybexKoM akTUBHO Pa3BMBAtOTCS B CBHA3W C aKTyaslbHOCTBIO 3TOrO HampasfeHns, 0COOEHHO B BOMPOCax
KOCTHOW MNacTuki YentocTen. [na Hopmanmdaumm 1 CTUMYASILMA OCTeoreHe3a TPaOULMOHHO MPUMEHSIIOT ayTo-, a/flo- Y KCEHOMIACTUYEHCKUE MaTepuasbl, a
TaKKe CUHTETUYECKME NpenapaThbl Ha OCHOBE KanbLuii-hocthaTHON KepaMmnki, HO pe3ynsTaThl NleHenns He Beeraa ogHo3HauqHb!. Llensto nccneposaHms 66110
060CHOBaTh MPUMEHeHWe BLOKOMMEKCa Nna3Mbl KpoBK, boraTton hakTopamn pocta PRGF, 1 KceHonnacTu4eckoro matepuana ans noBbilLeHVst 3peKTVBHOCTH
OCTeoreHe3a KOCTHbIX AedeKToB HentocTen. B nccnegosanmm yqactsosano 136 naumeHTos (105 »eHLmH 1 31 My>kdmnHa, B Bo3pacTe 21-67 neT), B 3aBUCMMOCTH
OT METOAA 3aMeLLEeHMs KOCTHOMO AedekTa pasfaeneHHblX Ha YeTbipe rpynnbl. B 1- rpynne octeonnactu4eckne Matepuasbl He NPUMEHANN, BO 2-11 NNacTuKy
nposoann hrbpuHoBbiM renem PRGF, B 3-11 — matepuanom Osteobiol Gen-Os, B 4-i1 — matepuranom Osteobiol Gen-Os COBMECTHO € MpenapaToM mnniasmbl,
6oraton haktopamu pocta PRGF. [Ins anHamm4eckom OLEeHKM NpoLecca ocTeoreHesa NpoBOAMIN KOMMBbIOTEPHYHO TOMOrpacuio ¢ LMMPOBOMA AeHCUTOMETPUEN
[0 onepaumm 1 Yepe3 3, 6, 12 mecsiLeB nocne Hee. Yepes rof BOCCTaHOBEHWE yTpaYeHHOro o6bema KOCTHOWM TKaHu B 4-14 rpynne 3adukcunposaHo y 100%
naumeHToB, B 3-1 —y 70,27%, BO 2-n — Yy 43,47%, a B 1-i1 y — 37,5%, TO4HbI KpuTepuii Puiliepa BbISBUN CTATUCTUHECKM 3HAYMMblE Pa3Nnyms peaynstaTtos
KOCTHOWM nnactvkun B 3-i 1 4-i1 rpynnax (o = 0,00002). CTaTUCTUHECKN 3HAYMMO PasnnyatoTcs nokasarenn nioTHOCTY KOCTHOWM TKaHW Y MaumeHToB 1-1 un 2-i
rpynn Yepes 12 Mecses nocne onepaum (p = 0,044), y 3-i 1 4-i rpynn — vepes 3 (p = 0,004), 6 (p = 0,0001) 1 12 (o = 0,0001). Mony4eHHble pesynsTaTsl FOBOPSAT
06 3(PHEKTVBHOCTI MPVMEHEHNS MPEANOMKEHHON HAMN METOANKN.

KntoueBble cnoBa: fedeKT HentocT, KOCTHasA nnacTvika, nnasmMa, boratas akropamu pocTa, KCeHOrpapT, OCTECTUMYNALMSA, OCTEOKOHAYKLMS

Bknap astopos: B. /1. Kpasey, A. B. MNMocaackas, H. M. KpacHos — KoHuenums 1 ansari nccnegosanus; M. A, LLers, M. A. Typewwmage, H. M. KpacHoB — Kypaupms
nauieHToB 1 obpaboTka AaHHblx; V1. B. XKutapesa — cratnctndeckas obpabotka; H. M. KpacHos — moaroTtoBka HYepHoBuka pykonvicys; I B. MopsaguH, . A.
EpemnH, H. M. XenmmnHckas — pefakTvpoBanve.

CobntofieHne 3TU4eCKMX CTaHAaPTOB: 1CCefoBaHVe 000bpeHo aTndecknm kabuHetom PHAMY nvern H. . Muporosa (Mpotokon Ne131 ot 27 sHeaps 2014 1),
OT NaLWeHTOB BbINo NMoNyYeHoO LOOPOBONBHOE MH(POPMMPOBaHHOE COrnacuhe Ha yqacTue B MCCnefoBaHnn.

><] Ansa koppecnoHaeHuun: Hatanest MuxainosHa XenmmnHckas
yn. OctpoBuTaHOBa, A. 1, . Mocksa, 117997, Poccus; Khelminskaya@mail.ru
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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
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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 Ne 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 B
and C, 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
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reported. The bone cavities were divided into three subgroups
based on their size: small cavities (volume up to 1 cm?3) were
diagnosed in 52 cases (39%), medium cavities (volume up to
2 cm®) were observed in 53 patients (38.2%), large cavities
(volume exceeding 2 cm?®) 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 x? 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%),
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while in group 3 a full-fledged filing 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
(o = 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,
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PREOPERATIVE PLANNING OF HIP ARTHROPLASTY
Minasov BSh, Yakupov RR, Bilyalov AR, Minasov TB, Valeev MM, Mavlyutov TR, Nigamedzanov |E, Akbashev VN &, Karimov KK
Bashkir State Medical University, Ufa, Russia

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 (o, = 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.

Keywords: hip replacement, arthroplasty, preoperative planning, volumetric modeling, 3D printing
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NPEAONEPALMNOHHOE NMJIAHUPOBAHUE APTPOIMJNIACTUKN TASOBEPEHHOIO CYCTABA

B. L. MuHacos, P. P. flkyrnos, A. P. bunanos, T. B. MuHacos, M. M. Banees, T. P. Masntotos, 1. 3. HuramenssaHos, B. H. Akbalues =,
K. K. Kapvmos

Baluknpckuii rocyAapCTBEHHbIN MEOVLIMHCKNIN YHMBEPCUTET, Ydha, Poccus

[MpenonepaLyoHHoe NnaHnpoBaHne apTponnacTuki TEC NpeaocTaBnseT XvpypramMm YHUKaIbHYO BO3MOXXHOCTb TLLATENIBHOIO U3YYEHWst aHaTOMUM MauueHTa,
MO3BOMAET OMNPeneNUTb ONTUMaUTbHBIA Pa3Mep, MO3MLMOHMPOBaHE UMMIaHTa, a Takke NpedynpeanTb NoTeHUMabHble OCNoXXHeHUs. PassuTrie umhpoBbIX
TEXHOMOMMIA MO3BOSISET MOBbICUTL BO3MOXHOCTV MPEA0NEPALIMOHHOMO MNaHMPOBaHNSA 3a CHET NCMOSb30BaHNA TPEXMEPHOrO MoaenpoBaHus. Liens: nposectn
CpaBHEHME TOYHOCTW TPEX3TanHOro MPeAonepaLyioHHOro NaaHMpoBaHKst apTpornacTukn TBC Mo cpaBHEeHWIO CO CTaHapTHbIM MeTofom. B uccnenoBaHvie
ObINO BKMOYEHO 224 MaupeHTa ¢ pasnm4HbiMi hopMamMi AereHepaTuBHO-ANCTPOdmHeCcKmX 3abonesaHnii TBC, koTopble Bbinn pa3aeneHbl Ha OCHOBHYIO 1
KOHTPOJIbHYIO FPYMMy B 3aBUCUMOCTW OT MeToAa NMiaHMpoBaHuist. B rpynne nccnenoBaHms npeaonepauyoHHoe NiaHnpoBaHne apTpomniacTvkn MpoBOAMIIOCH
B TPpW 3Tana: oLjeHka NIoTHOCTU KOCTHOW TKaHW B 061acTy OMOPHbIX 30H Ha ocHOBaHUW KT-Tomorpadun; BUpTYyanibHOe MPOEKTUPOBaHWE C UCMOb30BaHEM
aBTOMaTU3MPOBaHHbIX MpPOorpamMMm; unarotosneHve 3D-mMopen Ha OCHOBE KOMMbIOTEPHOrO MOAENMPOBaHWsA. B rpynne cpaBHeHVs MCnonb3oBanm
pEHTreHorpaMMbl 1 LLIAGMOHbLI 3HAOMPOTE3a. Pe3ynsTaThl Mokasanm, YTo CTaTUCTUYECKM 3HAYUMON PasHULbI MeXAy METOLaMU MIaHUpOBaHUst He Oblo Y
naumeHToB, CTPafatoLLMX OCTEOAPTPO30M 1 aBaCKYNSPHLIM HEKPO30OM rofoBkM 6efpa (o > 0,05), B oTAnYMe OT rpynnbl C MOCTTpaBMaTUYECKON NaTonoruem
TBC, y KoTopoi oTMevaack CTatucTU4eckm sHaunmas pasHiua (o, = 0,002). BbiBob!: anropyT™ TPEXaTarnHo MEeTOAMKIA NPefonepaLioHHOro MiaHMpoBaHs
apTtponnactukn TEC nokasan 6onee BbICOKYIO 3PMPEKTUBHOCTb ANA NALMEHTOB C PA3NIM4HON HO30MOMMHECKON (DOPMOW AereHepaTnBHO-ANCTPOMUHECKIX
3abonesaHuin TBC no cpaBHEHUIO CO CTaHAAPTHbIM METOAOM.
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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 llI-IV (Kellgren &
Lawrence classification) primary (idiopathic) osteoarthritis of the
hip associated with grade Ill or more joint function impairment;
grade II-lll 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

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 (A); 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.)

BECTHVK PIMY | 6, 2023 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | SURGERY

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. A. 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.)

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 (69.3 + 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 Studioc (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,

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)
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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

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 (p, = 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

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 (%)

Osteoarthritis (subgroup 1)

Avascular necrosis of the femoral Post-traumatic disorder

head (subgroup ) (subgroup )
Control group Index group Control group Index group Control group Index group
Number of people n=33 n=234 n=29 n=230 n=46 n=>52
Endoprothesis component sizing accuracy (%) 81.82 85.29 (p,=0.7) 82.76 86.67 (p, = 0.68) 47.83 78.85 (p, = 0.002)

Note: p_ — significance of differences from controls.
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Fig. 6. Implant sizing accuracy when using different preoperative planning methods

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

ORIGINAL RESEARCH | SURGERY

B Osteoartritis
[l Aseptic necrosis

[ Post-traumatic disorder

Control group

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.

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
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FOVEAL MICROSURGICAL RECONSTRUCTION TECHNIQUE FOR MACULAR HOLE
Takhchidi KP =
Pirogov Russian National Research Medical University, Moscow, Russia

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.

Keywords: macular rupture, optical coherence tomography, autologous conditioned plasma, vitrectomy, microperimetry
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><] Correspondence should be addressed: Khristo P. Takhchidi
Volokolamskoe shosse, 30, korp. 2, Moscow, 123182, Russia; hpt1301@gmail.com

Received: 04.12.2023 Accepted: 18.12.2023 Published online: 31.12.2023
DOI: 10.24075/brsmu.2023.055

TEXHONOMMSA MUKPOXUPYPIMYECKOW PEKOHCTPYKLIMY ®OBEA NMPU MAKYJNSIPHbIX PA3PbIBAX
X. M. Taxumon =
Poccuiickunini HaumoHanbHbI MCCRegoBaTenbCKA MeAULIMHCKMI YHUBepcuTeT umenHn H. V1. Muporosa, Mockea, Poccus

OpfHoM 13 BeayLLWX BUTPEOPETVHAIBbHBIX MAaTONOrUIA, NMPUBOAALLNX K 3HAYUTENBHOMY YXYALLEHMIO 3pUTENbHbIX (DYHKLWIA, ABASETCA MakynsipHbIA paspbiB.
B nocnenHvie rogbl B Xvpyprm MakynsipHbIX paspblBOB NMEPCrneKTUBHO MCMOMb30BaHVE ayTonnasMbl KDOBM C MOBbILLEHHbIM COAEPXKaHNeM TPOMOOLMTOB.
Ho, HECMOTPSA Ha BbICOKUIN MPOLEHT 3aKPbITUA MakyNApHbIX PadpblBoB (78-96%), Ha CErogHALLHMA AeHb aKTyasbHbIM BOMPOCOM OCTAEeTCHA pa3padboTka HOBbIX
TEXHOMOM, HamPaBNEHHbIX Ha BOCCTAHOBIIEHME MUKPOAPXUTEKTOHUKY (hOBEONSIPHON 0BNacT 1 MOBbILLEHWS 3pUTESbHBIX (hyHKLMIA. Lienbto nccnegosaHmus Gbi1o
pa3paboTaTb HOBYIO TEXHOMOMMIO PEKOHCTPYKLMM (hOBEONAPHONM 061acTV NMPK MaKynsSpHbIX PasdpbiBax C MCMONb30BaHVEM ayTONOMMHYHON KOHAMLMOHMPOBaHHOM
nnasmbl. B npeacTaeneHHyto paboTy BoLm 9 naumeHTos (10 mas) ¢ avonaTuHecKM CKBO3HBLIM MaKySISPHbIM Pa3pbIBOM, KOTOPbIM Oblia BbIMOTHEHa CTaHAAPTHaSA
TpexnopToBas 27 G-BUTPIKTOMUS C NMPUMEHEHVEM ayTONOMMYHOM KOHANLIMOHMPOBAHHOM NiasMbl N0 padpaboTaHHO TexHonornu. B peaynstare Xupyprit4eckoro
nedYeHns npepfiaraeMast TeXHONOMS NMO3BONSET MOMYyHUTb BbICOKME KIMHMKO-(YHKLMOHABbHbIE Pe3yNsTaThl, a Takke obecnedmBaeT onTuMasbHyto 1 Gonee
YNPaBASeMytO PEKOHCTPYKLIMIO MUKPOAPXUTEKTOHNKY dhoBea.
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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 pm), medium (250-400 pm), and
large (>400 pm) 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

BULLETIN OF RSMU | 6, 2023 | VESTNIKRGMU.RU

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 (platelet-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; ltaly).

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 M + o, where M was the mean, ¢ 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 um, the minimum diameter was 343.4 + 96.6 pm,
the average central retinal thickness (CRT) was 416 + 65.3 pm.
According to the IVTSG classification, the patients were divided
into groups as follows: group with < 250 ym — O eyes; group
with 251-400 pm — 7 eyes; group with > 401 ym — 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. 3A). 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 ym 10 299.3 + 49.2 um.

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 t0 290.3 + 46.3 pm.

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 um. 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 um. 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 um. 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 upm. 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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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 plague. When
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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

A

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 (A) and filling the entire intrawound space (B)



A. Before surgery, macular hole size min/max (391/798 ym), BCVA — 0.2. B. On day 3. C. After 3 months, BCVA — 0.7

Fig. 4. OKT on the retina. Phases of macular hole closure after vitrectomy involving the use of ACP. A. 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

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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A. Before surgery, macular hole size min/max (239/812 um), BCVA — 0.5. B. After 6 h. C. After 12 months, BCVA — 1.0
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Fig. 5. Phases of macular hole closure after vitrectomy involving the use of ACP. A. 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

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 confirns 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.
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