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ASSESSMENT OF METASTATIC TRAITS OF THE CELLS WITH HYBRID PHENOTYPE IN BREAST CANCER
Mukhamedzhanov RK'#, Grigoryeva ES?, Tashireva LA?, Perelmuter VM?, Zavyalova MV'?, Savelieva OE?¢ B

' Siberian State Medical University, Tomsk, Russia

2 Cancer Research Institute, Tomsk National Research Medical Center, Russian Academy of Sciences, Tomsk, Russia
¢ Saint-Petersburg State Pediatric Medical University, Saint-Petersburg, Russia

4 Regional Children’s Clinical Hospital, Vladimir, Russia

Nowadays, great attention is paid to the study of circulating tumor cells (CTCs) due to their key role in distant metastasis. At the same time there is little data
on the properties of circulating cells showing simultaneous expression of the leukocyte and epithelial markers and their possible role in tumor progression and
chemotherapy resistance. The study was aimed to assess subpopulations of cells with hybrid epithelial/leukocyte phenotype and estimate the features of stemness,
epithelial-mesenchymal transition (EMT), and integrin interface, which determine the cells’ possible metastatic properties in breast cancer (BC). The survey data
from 128 patients with invasive breast carcinoma of no special type were included. Multicolor flow cytometry was used to assess the population structure and
metastatic potential of the cells circulating in blood and primary tumor cells with hybrid phenotype. The primary tumor cell suspension was prepared by mechanical
disaggregation. The high degree of heterogeneity was noted in the population of cells with hybrid phenotype, including the combination of the stemness and
EMT features, and diverse integrin interface. Cells with hybrid phenotype are involved in the mechanisms underlying lymph node and distant metastasis. In lymph
node metastasis, metastatic potential of these cells is associated with the stemness features (p = 0.0422) and co-expression of B3-, B4-, and aVB5-integrins
(o = 0.0338). In distant metastasis, metastatic potential of hybrid cells is associated with the stemness features (o = 0.015) and is not associated with the EMT
features and integrin expression.

Keywords: hybrid cells, circulating tumor cells, metastasis, stemness, epithelial-mesenchymal-transition, integrins
Funding: the study was supported by the RSF grant Ne 21-15-00140.

Author contribution: Mukhamedzhanov RK — literature analysis, data acquisition and statistical processing, manuscript writing; Grigoryeva ES — data acquisition
and analysis, manuscript writing; Tashireva LA — study design, manuscript editing; Perelmuter VM — data interpretation, manuscript editing; Zavyalova MV — study
planning, manuscript editing; Savelieva OE — study planning and management, data analysis and interpretation, manuscript writing.

Compliance with the ethical standards: the study was approved by the Ethics Committee of the Cancer Research Institute, Tomsk National Research Medical
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of Helsinki (1964) and all subsequent amendments and supplements regulating the research involving human biomaterials. The informed consent to study
participation was submitted by all subjects.
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OLIEHKA METACTATUHECKUX XAPAKTEPUCTUK KNETOK C T’MBPUAHBIM ®EHOTUMOM
MPU PAKE MOJIO4HOW >XKENE3bI

P. X. Myxamemxaros'*, E. C. Mpuropeesa?, J1. A. Tawwpesa?, B. M. MepenbmyTep?, M. B. 3aBbsanosa'?, O. E. CaBenbesa®*™

T CUBMPCKIIA rOCYAapCTBEHHDBIA MEAVLIMHCKIIA YHUBEPCUTET, TOMCK, Poccus

2 Hay4Ho-mccnefoBaTensCKMii IHCTUTYT OHKONOTM, TOMCKUIA HaLWIOHaTbHBIA UCCNEN0BaTeNsCKU MEOULIMHCKIIA LIEHTP POCCUIACKON akafemun Hayk, Tomck, Poccus
3 CaHKT-INeTepbypreKnii rocyaapCTBEHHbIN NeanaTpnYecKmin MeauumMHeK yHreepceuteT, CaHkT-MNetepbypr, Poccus

4 ObnacTHasa aetckas KnvHudeckas 6onbHuLa, Bnagummp, Poccuns

V3ydeHunto LumpkynmpyroLLmx onyxonesbix knetok (LIOK) B nocnegHee Bpemsi yoenstoT 60Mblioe BHUMaHWe, bnarogapst Ux BefyLlen ponn B hopMmupoBaHmim
OTAANEeHHbIX METACTa30B. B TO xe Bpemsi Mano AaHHbIX O CBOMCTBaxX LPKYMPYIOLLMX KIETOK C OAHOBPEMEHHOM SKCMPECCUEN NEAKOLTAPHBIX 1 aNUTenmanbHbIX
MapKEPOB 1 X BO3MOXHOM PO B OMyXOJIEBOM MPOrPeccUmn 1 pe3UCTEHTHOCTU K XMMoTepanuu. Llensio nccnefoBaHust 66110 M3y4nTb Cyononynsaummn KNeTok
C rMbpUaHbIM 3NUTENMANBHO-NENKOUMTaPHbIM (DEHOTUMOM, a TakXKe OLEeHWTb MPU3HAaKK CTBOSIOBOCTU, 3MnUTENMasibHO-Me3eHXManbHbIi nepexod (M) n
NHTErpUHOBBIN MHTEPEVC, 0OYCNOBNMBAIOLLME UX BO3MOXKHbIE METACTATUHECKIE CBOMCTBA NPY pake MonoYHon xenessl (PMXK). B paboTy BkoYeHb! fAaHHbIe
ncenenoBanHna 128 605bHbIX MHBA3VIBHOWM KapLMHOMOW HECTIELM(UHECKOrO TUMa MOOYHON xenesdbl. [ns oLeHK NonynsUMOHHOro cocTaBa U METacTaTm4eCckoro
noTeHuMana LUMpKYIMPYIOLLMX B KPOBW KNETOK W KIETOK MEePBUYHON OMNyXonn C rMMbpuaHbIM (OEHOTUMOM MCMONb30BaNM METOA, MHOMOLBETHON MPOTOYHON
umTomeTpun. CyCcneH3nio KNETOK MEPBUYHON OMyXOM roTOBUM METOLOM MEXaHW4eCcKown Aesarperaumn. B nomynsaumm knetok ¢ rmbpuaHbIM (heHoTUnom
OTMEYeHa BbICOKast CTeMeHb reTepOreHHOCTY, BKITHOYad KOMOMHALMIO NMPU3HAKOB CTBOMOBOCTY, OMIT 1 pasHoobpasHbii HTErPUHOBbLIN MHTepdenc. Knetkn
C rMOpUaHBIM (DEHOTUNOM MPUHMMAIOT y4acTue B MexaHM3Max NMMAQOreHHOro 1 reMaToreHHoro MeTacTasnpoBaHvist. [py nMMdoreHHoOM MeTacTasnpoBaHu
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Nowadays, great attention is paid to the study of circulating
tumor cells (CTCs). This is due to their key role in distant
metastasis and, therefore, in adverse outcomes of cancer.
Today, the data are available on their subpopulation composition
[1], stem-like properties [2], epithelial-mesenchymal transition
(EMT) [8], chemotherapy resistance [4]; the genomic profiling
data of CTCs have been also published [5]. Furthermore, the
importance of integrin expression in CTCs for metastasis in
breast cancer (BC) has been shown; the CTC integrin interface
can be associated with the location of distant metastases [6-7].
The data on the correlation of peripheral blood levels of these
cells with the survival rate and the risk of distant metastasis in
BC [8], lung cancer [9], ovarian cancer [10], colorectal cancer
[11], etc. are provided. Thus, in 2019 it was shown that the
presence of CTCs showing stemness and partial EMT features
was associated with adverse disease outcomes and reduced
overall survival rate. Cells with the same phenotype turned out
to be resistant to chemotherapy [12].

When studying various CTC populations, we have found
unusual cells showing simultaneous expression of the CD45
leukocyte and CD326 (EpCAM) epithelial markers. It turned
out that other researchers obtained similar results. Thus, cells
with the CD45+*CK*EpCAM* phenotype were found in blood
of patients with BC, and in 90% of cases expression of the
CD68 macrophage marker was also noted [13]. Cells with the
CD45*EpCAM* phenotype were found in primary tumors and
pleural effusion of all surveyed patients with non-small cell lung
cancer. Moreover, the higher percentage of such cells was
associated with adverse outcome [14].

Hybridization (cell fusion) between tumor cells and
macrophages or leukocytes is the most probable mechanism
underlying generation of cells showing simultaneous expression
of the leukocyte and epithelial markers. It has been noted
that formation of hybrid cells is associated with many body’s
physiological processes, such as muscle and bone tissue
formation, wound healing [15]. The CD45*EpCAM* cells’
physiological role is confirmed by detection of these cells in
blood of healthy donors. However, biological value of these cells
together with their role in physiological and disease processes
is poorly understood.

Due to the lack of knowledge about the cells showing
simultaneous expression of the leukocyte and epithelial
markers and the data on their possible role in tumor
progression and chemotherapy resistance [16], our study was
aimed to assess subpopulations of cells with hybrid epithelial/
leukocyte phenotype and estimate the features of stemness,
EMT, and integrin interface, which determine the cells’ possible
metastatic properties in breast cancer (BC).

METHODS
Patients

Survey results of 128 patients treated in the clinics of the Cancer
Research Institute, Tomsk National Research Medical Center, in
2015-2020 were included in the study. Inclusion criteria: invasive
breast carcinoma of no special type; age 29-76 years (average
age: 52.56 = 11.57; T1-4NO-3MO-1). Exclusion criteria: breast
cancer of other histological type; multiple primary malignant
tumors; exacerbation of chronic inflammatory disorder. To
assess the population structure and metastatic traits of the
circulating cells with hybrid phenotype, venous blood was
collected from 108 patients before neoadjuvant chemotherapy.
The association between cells with hybrid phenotype and
lymph node or distant metastasis was estimated in the group of
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patients without neoadjuvant chemotherapy (n = 79). To assess
properties of the cell populations with the primary tumor hybrid
phenotype, surgical material obtained from 35 patients during
surgical treatment (radical mastectomy or sectoral resection)
was studied. These patients were not prescribed neoadjuvant
therapy. The basic clinical and morphological parameters are
provided in Table. 1.

Sample preparation for flow cytometry

The patients’ venous blood was collected before the course
of neoadjuvant chemotherapy and surgical treatment in the
morning in the fasting state: 12 mL in the EDTA vacuum
tubes. The entire volume of blood was used to prepare cell
concentrate by sedimentation at 37 °C for 90 min at an angle
of 45° with subsequent collection of buffy coat with cells on the
boundary between the erythrocyte sediment and the separated
blood plasma, as well as the entire supernatant, in accordance
with the method by R.A. Pospelova [17].

Fresh cancer tissue samples were mechanically
disaggregated using the BD Medimachine System (BD; USA)
for cell suspensions. The total cell count of the resulting
suspensions was determined using the Luna-Il Cell Counter
system (Logos Biosystems; Korea).

Flow cytometry of samples and data processing

After Fc blocking with the Human TruStain FcX™ Fc Receptor
Blocking Solution (Biolegend; USA), 5 pL of the BV570 anti-
human CD45 (clone HI30; Sony Biotechnology, USA), BV650
anti-human CD326 (EpCAM) (clone 9C4; Sony Biotechnology,
USA), BV510 anti-human CD44 (clone G44-26; BD Horizon,
USA), PerCP/Cy5.5 anti-human CD24 (clone ML5; Sony
Biotechnology, USA), PE/Cy7 anti-human N-Cadherin (clone
8C11; Sony Biotechnology, USA) monoclonal antibodies and
7-AAD Viability Staining Solution (Sony Biotechnology; USA)
were added to the primary tumor cell concentrate and/or cell
suspension and incubated in the dark at room temperature for
20 min. Cell concentrate was also supplemented with 5 pL of
the BV 421-anti-B3 integrin (clone VI-PL2; BD Biosciences,
USA), Alexa Fluor 488-anti-B4 integrin (clone 422325; R&D
Systems, USA), BV Alexa Fluor 750-anti-aVB5 integrin (clone
P5H9; R&D Systems, USA) monoclonal antibodies. The
unstained control was processed in parallel. After incubation,
500 pL of the OptiLyse C buffer (Beckman Coulter; France)
were added to the samples for erythrocyte lysis, then the
samples were washed in 2 mL of the CellWASH solution
(BD Biosciences; USA) for 10 min at 300 g with subsequent
removal of supernatant. During the intracellular staining phase
each stained sample was supplemented with 250 pL of the BD
Cytofix/Cytoperm solution (BD Biosciences; USA), incubated
in the dark for 30 min at 4 °C, and then twice washed in
1 mL of the BD Perm/Wash buffer (BD Biosciences; USA) when
centrifuged at 300 g for 6 min. A total of 50 pL of the BD
Perm/Wash buffer (BD Biosciences; USA) were added to the
samples, the stained sample was supplemented with 5 pL
of the AF647-anti-human CK7/8 antibody (clone CAM5.2; BD
Pharmingen, USA) and incubated at 4 °C for 20 min. After that
each sample was washed in 1 mL of the CelWASH buffer (BD
Biosciences; USA) by centrifugation at 300 g for 6 min. In the final
phase 500 pL of the Cell Staining Buffer (Sony Biotechnology; USA)
were added to precipitate, and the sample was resuspended.

Nonspecific staining was controlled using appropriate
isotype antibodies. The BC MCF-7 cell line was used as a
positive control for antibodies against epithelial markers EpCAM
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Table 1. Characteristics of patients with invasive breast carcinoma of no special type

Parameter Parameter value Frequency, % (abs.)
Age 52.56 + 11.57
Luminal A 32.8% (42/128)
Luminal B 47.7% (61/128)
Molecular subtype
Triple negative 15.6% (20/128)
HER2neu+ 3.9% (5/128)
| 25.0% (32/128)
A 48.4% (62/128)
1B 17.2% (22/128)
Stage
A 1.6% (2/128)
B 4.7% (6/128)
nec 3.1% (4/128)
Yes 34.4% (44/128)
Lymph node metastasis
No 65.6% (84/128)
Yes 9.4% (12/128)
Distant metastasis
No 90.6% (116/128)
Positive 80.5% (103/128)
Estrogen receptors
Negative 19.5% (25/128)
Positive 71.9% (92/128)
Progesterone receptors
Negative 28.1% (36/128)
Positive 51.6% (66/128)
HER2 receptors
Negative 48.4% (62/128)
<20% 35.9% (46/128)
Ki67 expression
>20% 64.1% (82/128)
<2cm 28.1% (36/128)
Tumor size 2-5¢cm 67.2% (86/128)
>5cm 4.7% (6/128)
Postmenopausal 41.4% (53/128)
Menstrual status Premenopausal 54.7% (70/128)
Perimenopausal 3.9% (5/128)
Yes 38.3% (49/128)
Neoadjuvant chemotherapy
No 61.7% (79/128)
1 17.2% (22/128)
Tumor grade 2 63.3% (81/128)
3 19.5% (25/128)
Yes 5.5% (7/128)
Recurrence
No 94.5% (121/128)

and CK7/8 and a negative control for CD45. The histiocytic
lymphoma U937 cell line was used as a negative control for
antibodies against the above epithelial markers and a positive
control for CD45.

The samples were analyzed in the Novocyte 3000 flow
cytometer (ACEA Biosciences; USA) using NovoExpress 1.3.0
(ACEA Biosciences; USA). The concentration of circulating
cells per 1 mL of blood and the concentration of primary tumor
cells per 1000 tumor cells were calculated. When gating cells
with hybrid phenotype, the cells were first analyzed in the FSC
vs. SSC mode, then singlets were isolated in the FSC-A vs.
FSC-H mode. After that viable cells were isolated based on the
7-AAD negative stain, and then cell fluorescence parameters
were analyzed in appropriate channels. The gating strategy for
cells with hybrid phenotype is provided in Fig. 1.

Statistical analysis

Statistical processing of the results was performed using
the IBM SPSS Statistics 22 (Armonk; USA) and GraphPad
Prism 8.3.1 (GraphPad Software; USA) software packages.
All the studied parameters were tested for normality
using the Shapiro-Wilk test. Parameters were described
using median (Me) and interquartile range (Q,—Q,). The
differences in parameters were assessed using the Mann-
Whitney U test and the Wilcoxon signed-rank test. Fisher's
exact test was used to estimate the differences in the
traits’ frequency. Spearman's rank correlation coefficient
was calculated to determine the relationships between
the traits. The differences were considered significant at
p < 0.05 (5%).
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Fig. 1. Gating strategy for the populations of cells with hybrid phenotype and expression of the leukocyte, epithelial, stem and EMT markers (A), and integrin receptors
(B) exemplified by the cells circulating in blood

Logistic regression was used as a multivariate method to
assess the relationships between the traits and build the prognostic
models. When building mathematical models, the threshold values
were determined by ROC analysis. The probability of an event
was calculated using the following formula: P = e"/(1+e"), where
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P was the probability of a trait; Y was a regression equation
value; e was a mathematical constant equal to 2.72. When the
probability P > 50%, the risk of the event was considered to be
high; when the probability P < 50%, the risk was considered to be
low. The differences were considered significant at p < 0.05 (5%).
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Table 2. Frequency of cells with hybrid phenotype in patients with breast cancer

Ne Phenotype Frequency, % Significance level
Blood
1 CD45'EpCAM*CK7/8 93.5% (101/108) p,, = 0.1137; p, , = 0.0045
2 CD45*EpCAM*CK7/8* 86.1% (93/108) p,,=0.2785
3 CD45'EpCAM-CK7/8* 79.6% (86/108)
Primary tumor
4 CD45'EpCAM'CK7/8- 94.6% (35/37) Pe = 100001 s = 0.0125;
P, , = 0.0001
5 CD45'EpCAM*CK7/8* 70.3% (26/37) p,, = 0.0452; p, = 0.2305
CD45*EpCAM-CK7/8* 54.1% (20/37) P, , = 0.0046

RESULTS

Subpopulation composition of cells
with hybrid phenotype

Flow cytometry was used to estimate the expression of the
CD45 leukocyte marker and the EpCAM and CK7/8 epithelial
markers in the circulating cells and primary tumor cells. The

CD45* cell populations showing co-expression of two epithelial
markers (CD45*EpCAM+*CK7/8*) and mono-expression of
one epithelial marker (CD45"EpCAMCK7/8-, CD45*EpCAMCK7/8%)
were found in blood and primary tumors of the majority of
patients (Table 2).

The largest population most often found in both blood
and primary tumor was represented by cells with the
CD45*EpCAM*CK7/8 phenotype (Table 2; Fig. 2A).

A Tumor Blood
CD45'EpCAM-CK7/8" |
CD45"EpCAM*CK7/8* p < 0.0001
p < 0.0001
| CD45°EpCAM-CK7/8" |
I 1 1 1 I T T T 1
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Fig. 2. Number of cells with hybrid phenotype in blood and primary tumors of patients with breast cancer. A. Number of cells with various combinations of the
CD45 leukocyte and EpCAM and CK7/8 epithelial markers expression. B. Number of cells showing stem features. C. Number of cells showing features of epithelial-

mesenchymal transition
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Ne Phenotype Frequency, % Significance level
CD45*EpCAM*CK7/8"
1 CD44+CD24- 85.7% (54/63) p,, = 0.0540
2 CD44-CD24- 96.8% (61/63)
CD45*EpCAM*CK7/8*
Blood 3 CD44+CD24- 77.8% (49/63) P, =0.4179
CD44-CD24- 69.8% (44/63)
CD45*EpCAM-CK7/8*
CD44+CD24- 47.6% (30/63) P, , = 0.4760
6 CD44-CD24- 55.6% (35/63)
CD45*EpCAM*CK7/8"
7 CD44+CD24- 62.2% (23/37) P, , = 0.2030; p, , = 0.0126
8 CD44-CD24- 78.4% (29/37) Py, =0.0048
CD45*EpCAM*CK7/8*
Primary tumor 9 CD44+CD24- 51.4% (19/37) Py 4, = 0.3497; p, , = 0.0081
10 CD44-CD24- 37.8% (14/37) Py = 0.0030
CD45*EpCAM-CK7/8*
11 CD44°CD24- 43.2% (16/37) Py, =0.0811; p,, , = 0.6842
12 CD44-CD24 21.6% (8/37) P,y = 0.0015

potential increase [3, 12, 18]. Furthermore, the integrin
expression in CTCs plays an important role in metastasis and
is likely to promote targeting distant organs by these cells,
thereby determining the location of prospective metastases
[6-7]. The same properties can be possessed by CTCs with
hybrid phenotype. In this regard we have analyzed metastatic
potential of the cells with hybrid phenotype circulating in blood
and primary tumor cells by assessing the features of stemness,
EMT, and expression of integrin receptors.

No significant correlations were revealed for the number of cells
with hybrid phenotype in blood and primary tumors of BC patients.

Assessment of the metastatic traits in cells with hybrid
phenotype

Acquisition of the stemness and EMT features by tumor
cells, including CTCs, is associated with their capability of
self-renewal, anticancer therapy resistance, and metastatic
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Fig. 3. Number of cells with hybrid phenotype showing expression of 83, B4, and aVB5 integrin molecules in blood of patients with breast cancer
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Table 4. Frequency of cells with hybrid phenotype showing EMT features in patients with breast cancer

Ne Phenotype Frequency, % Significance level
CD45'EpCAM*CK7/8"
1 N-cadherin* 92.1% (58/63) p,,=0.7175
2 N-cadherin- 95.2% (60/63)
CD45*EpCAM*CK7/8*
Blood 3 N-cadherin* 65.1% (41/63) P, ,=0.0235
4 N-cadherin- 84.1% (53/63)
CD45*EpCAM-CK7/8*
5 N-cadherin* 52.4% (33/63) p, ;= 0.5909
6 N-cadherin- 58.7% (37/63)
CD45*EpCAM*CK7/8"
7 N-cadherin* 45.9% (17/37) P, = 0.0004; p, , = 0.0000
8 N-cadherin- 86.5% (32/37) Py, =0.1419
CD45*EpCAM*CK7/8*
Primary tumor 9 N-cadherin* 29.7% (11/37) Py 4, = 0.0340; p, , = 0.0009
10 N-cadherin- 56.8 (21/37) Pyo, = 0.0042
CD45*EpCAM-CK7/8*
11 N-cadherin* 5.4% (2/37) P4y, = 0.0001; p,, . = 0.0000
12 N-cadherin+ 45.9% (17/37) Py, = 0.2988

Detection of the stemness features

The results of the analysis of the stemness features in
the populations of cells with hybrid phenotype in blood
and primary tumor by flow cytometry are provided in
Table 3 and Fig. 2B. It was determined that the stemness
features were found in all populations of cells with hybrid
phenotype, in both blood and primary tumor. However, no
significant differences in the frequency of cells possessing
and not possessing stem-like properties were revealed.
Cells with the CD45'EpCAM*CK7/8-CD44+CD24- and
CD45*EpCAM*CK7/8+*CD44+CD24- phenotypes were less
common in primary tumor than in blood (p = 0.0126 and
p = 0.0081, respectively) (Table 3).

Quantification of the cell populations with hybrid phenotype
demonstrated that the CD45"EpCAM*CK7/8-CD44-CD24cells
showing mono-expression of the EpCAM epithelial marker and
no stemness features prevailed in blood (p = 0.0306); there
were significantly more hybrids possessing stem-like properties
among the CD45*EpCAM-CK7/8* cells of the tumor (p = 0.0233)
(Fig. 2B).

Detection of the EMT features

The EMT features in the populations of cells with hybrid
phenotype were estimated via detection of N-cadherin in the
cells by flow cytometry (Table 4; Fig. 2C).

Expression of N-cadherin was found in all populations of
cells with hybrid phenotype, in both blood and primary tumor.
However, N-cadherin-positive cells were significantly less
common than N-cadherin-negative cells (Table 4).

Quantification of cells showing EMT features demonstrated
that the number of cells with hybrid phenotype showing N-cadherin
expression in both blood and primary tumor was significantly lower
than the number of cells with no N-cadherin expression (Fig. 2C).

Integrin interface assessment

The results of analysis of the B3, B4, and aVB5 integrin
expression in circulating cells with hybrid phenotype by flow
cytometry are provided in Table 5 and Fig. 3. Estimation of the
studied cells’ frequency showed that cells with the B3*4+aVB5*
phenotype were the least common (p = 0.0003) (Table 5).

Table 5. Frequency of cells with hybrid phenotype showing integrin expression in patients with breast cancer

Ne Phenotype Frequency, % Significance level
1 B3*B4*aVB5* 64.1% (25/39) p, ¢ =0.0003

2 B3*B4+aVB5 82.1% (32/39) P, =0.0564

3 B3*B4-aVp5* 92.3% (36/39) P, =0.6151

4 B3*B4-aVR5 87.2% (34/39) p, ¢ =0.2002

5 B3B4*aVR5* 82.1% (32/39) P, =0.0564

6 B3B4*aVR5 97.4% (38/39) P, ¢ =1.0000

7 B3B4-aVp5* 97.4% (38/39) P, ¢ =1.0000

8 B3-B4-aVp5 97.4% (38/39)
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Fig. 4. Stem features and integrin expression in circulating cells with hybrid phenotype in breast cancer patients with lymph node metastasis

The number of circulating cells with hybrid phenotype
showing expression of the B3- and/or f4- and/or aV5 integrin
receptors (ITG+) was significantly higher (o = 0.0002) than the
number of cells showing no expression of these molecules
(ITG-) (Fig. 3).

Association between metastatic traits
of cells with hybrid phenotype and lymph
node metastasis

Comparative analysis of the metastatic traits in cells with hybrid
phenotype revealed the association of the cells showing the
stemness features and the expression of integrin molecules
with lymph node metastasis (LM).

Thus, the level of “stem” CD45*EpCAM*CK7/8-CD44+CD24~
cells in blood turned out to be significantly higher (o = 0.0422)
in patients with LM than in patients with no LM (Fig. 4).

The levels of ITG™ and ITG* cells with hybrid phenotype
were significantly higher in patients with no LM than in patients
with LM (p = 0.0103 and p = 0.0031, respectively) (Fig. 4).
At the same time, patients with LM has a significantly larger
number of ITG* cells (p = 0.0002) relative the number of
TG cells. The increase in the number of B3*B4+aVB5* cells
(o = 0.0338) compared to patients with no metastasis was
found in blood of patients with LM (Fig. 4).

The logistic regression models confirmed the role
in lymph node metastasis played by cells with hybrid
phenotype.
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Fig. 5. Stem and EMT features in circulating cells with hybrid phenotype in breast cancer patients with distant metastasis
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Fig. 6. Integrin expression by cells with hybrid phenotype in breast cancer patients with distant metastasis

Thus, the risk of LM in BC patients turned out to be associated
with the presence of cells with the CD45*EpCAM*CK7/8*
and CD45*EpCAM-CK7/8* phenotypes showing stemness
features in blood. The mathematical model is as follows:

Y=-24+27X -10X,

where Y is the regression equation value; -2.4 is the
regression coefficient of the constant term; X, is the level of
CD45 EpCAM*CK7/8* hybrid cells in blood (X, = 1 when the
frequency is less than 14.94 cells per 1 mL of blood, X, = 2
when the frequency exceeds 14.94 cells per 1 mL of blood);
2.7 is the regression coefficient of this trait; X, is the level of
CD45 EpCAM CK7/8+*CD44+CD24- cells in blood (X, = 1 when
the frequency exceeds 2.49 cells per 1 mL of blood, X, = 2 when
the frequency is less than 2.49 cells per 1 mL of blood); —1.0 is
the regression coefficient of this trait.

The model's sensitivity is 79% and specificity is 85% (* = 18.49;
p = 0.0001).

Thus, the study has shown that cells with hybrid phenotype
have such properties, as stemness and co-expression of 33-,
B4-, and aVB5-integrins, that are likely to contribute to the
mechanisms underlying lymph node metastasis in BC.

Association between metastatic traits
of cells with hybrid phenotype and
distant metastasis

Comparative analysis of the metastatic traits of cells with
hybrid phenotype showed that cells with no features of EMT or
stemness were associated with distant metastasis (DM).

Thus, patients with DM showed a significant increase
in the frequency of CD45*EpCAM*CK7/8N-cadh- and
CD45*EpCAM+*CK7/8*N-cadh- cells (o = 0.021 and p = 0.033,
respectively) compared to patients with no DM, and the
decrease in the frequency of CD45*EpCAM*CK7/8-N-cadh* and
CD45*EpCAM*CK7/8*N-cadh* cells (o = 0.0079 and p = 0.0079,
respectively) relative to N-cadherin-negative cells (Fig. 5).

The number of CD45*EpCAM-CK7/8+*CD44+CD24- cells in
individuals with DM was significantly lower than the number of
CD45*EpCAM-CK7/8*CD44-CD24- cells (p = 0.015) (Fig. 5).

No significant differences in the frequency of cells with hybrid
phenotype showing and not showing features of stemness and
EMT were found in primary tumors of individuals with DM.

Comparative analysis of the properties possessed by cells with
hybrid phenotype in individuals with DM revealed an increase in the
frequency of cells showing integrin expression (Fig. 6).

The number of ITG- cells was significantly lower than
the number of ITG* cells in patients with no DM or patients
with DM (p = 0.0100 and p = 0.0009, respectively) (Fig. 6).
The decrease in the number of 3—-f4+aVp5- circulating cells
(o = 0.0394) associated with DM relative to no DM was also
found (Fig. 6).

The risk of DM in BC patients turned out to be associated
with the presence of CD45*EpCAM+*CK7/8* cells in blood,
regardless of the presence of the features of stemness or EMT,
and CD45*EpCAM-CK7/8* cells showing stemness features.
The mathematical model is as follows:

Y = 63.5 - 31.8X, - 30.0X,,

where Y'is the regression equation value; 63.5 is the regression
coefficient of the constant term; X, is the frequency of
CD45"EpCAM*CK7/8* hybrid cells in blood (X, = 1 when
the frequency is less than 14.94 cells per 1 mL of blood,
X, = 2 when the frequency exceeds 14.53 cells per 1 mL of
blood); -31.8 is the regression coefficient of this trait; X, is the
frequency of CD45*EpCAM-CK7/8+*CD44+CD24- cells in blood
(X, = 1 when the frequency exceeds 2.49 cells per 1 mL of
blood, X, = 2 when the frequency is less than 2.49 cells per
1 mL of blood); —30.0 is the regression coefficient of this trait.
The model’s sensitivity is 100.0% and specificity is 98.3%

0@ = 29.52; p = 0.0000004).
DISCUSSION

A biological phenomenon of hybridization in cancer is still a
source of debate. Despite numerous in vitro and in vivo studies
conducted in the recent decades, there is still no evidence that
hybrid tumor cells can cause tumor progression.

Fusion of normal cells and cancer cells is considered to
be the most probable mechanism underlying hybrid cell
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generation. Thus, in vitro studies revealed spontaneous fusion
of normal breast epithethelial cells and cancer cells, cancer
cells only, epithelial tumor cells and endothelial cells, epithelial
tumor cells and stromal cells [19]. It was also noted that
the processes of cell fusion and hybrid cell generation were
enhanced after using radiotherapy and chemotherapy due to
local inflammation in the tumor microenvironment and tissue
regeneration processes [20-21]. Discovering the biological
nature of cells with hybrid phenotype is still a pressing issue.

Subpopulation analysis of cells with hybrid phenotype
has shown that these cells can express one epithelial marker
(EpCAM or CK7/8) or both markers. According to modern
concepts, the EpCAM and CK7/8 markers are expressed
mainly by epithelial cells [22]. However, there is evidence of
the EpCAM expression in the bone marrow-derived precursor
cells, such as early erythroid precursors [23]. Under physiologic
conditions, precursor cells are recruited from the bone marrow
during reparative regeneration if needed [24]. In tumor process,
these cells are involved in generation and maintenance of the
tumor and premetastatic niches and, therefore, contribute to
the emergence of metastatic foci in distant organs [25].

Thus, the cells showing expression of CK7/8 and CD45
(CD45"EpCAM*CK7/8* and CD45*EpCAM-CK7/8%) are likely
to by hybrids of leukocytes/macrophages and epithelial tumor
cells, while the CD45*EpCAM+CK?7/8~ cell population can be
represented by both leukocyte-epithelial hybrids and bone
marrow-derived hematopoietic progenitor cells.

Assessment of the metastatic traits of cells with hybrid
phenotype has shown that these cells are involved in the
mechanisms underlying LM and DM. Thus, the logistic
regression data suggest that both metastasis types are
associated with the same patterns: the increase in the number
of circulating CD45*EpCAM+CK7/8* cells and the decrease in
the number of CD45*EpCAM-CK7/8* cells showing stemness
features. Furthermore, in LM, the increase in blood levels of
CD45*EpCAM*CK7/8- cells showing stemness features and
CD45*EpCAM* cells showing co-expression of 3-, 4-, and
aVB5-integrins is observed. In DM, there is an increase in the
number of CD45*EpCAM*CK7/8- and CD45*EpCAM*CK7/8*
cells showing no EMT features along with the decrease in
the number of the same cells showing EMT features and
CD45*EpCAM* cells showing mono-expression of $4-integrin.
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MULTIDISCIPLINARY APPROACH TO TREATMENT OF A PATIENT WITH UNRESECTABLE METASTATIC
LIVER LESION SPAWNED BY HER2* GASTRIC ADENOCARCINOMA GIVING

Kolomiets KV B4, Isaev IV, Kovalev WV, Grishchenko NV, Kokovihina DI, Morozova AA, Torosyan AR, Shashkova VV, Snegireva PV
Rostov State Medical University of the Ministry of Health of the Russian Federation, Rostov-on-Don, Russia

In 85% of patients worldwide, gastric cancer (GC) metastasizes from the very beginning or within three years. In 30-50% of cases, metastases, both synchronous
and metachronous, grow into liver. Multifocal liver metastases translate into an unfavorable prognosis: the median survival period is 10-15 months, with less than
10% of the patients surviving past three years. In such cases, the palliative treatment option is systemic chemotherapy. Combined with immunotherapy, transarterial
chemoembolization (TACE), a relatively new method of local treatment of metastatic foci, offer new options of combating liver metastases. This work presents
a clinical case of application of this combination coupled with chemotherapy to treat a patient with unresectable liver metastases spawned by HER2* gastric
adenocarcinoma. From the day of diagnosis, the patient's life expectancy was 42 months.
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MYNBTUOUCUMMIIMHAPHBIA NOAXOA K NEYEHUIO NALUMEHTA C HEPE3EKTABE/IbHbIM
METACTATUHECKUM MOPAXXEHVUEM NMEYEHN HER2* ADEHOKAPLIMHOMOMW XXEJTYOKA

K. B. Konomurey B2, U. B. Vcaes, B. B. Kosanes, H. B. lpuwerko, . V. KokosuxnHa, A. A. MoposoBsa, A. P. TopocsH, B. B. LLawkosa,
[1. B. CHervpeBa

PocToBckuiA rocyiapCTBEHHbIN MEAULIMHCKMIA YHBEPCUTET, PocToB-Ha-[oHy, Poccus

Y 85% 60nbHbIX BO BCEM MUPE Cpasy Wiv B TedeHne Tpex NeT pak xxenyaka (P>K) nepexoaunt B MeTactaTuyeckyto dopmy. MNedeHb SBASETCA OpraHoM
MeTacTaavposanuns PXK ¢ yactotoin 30-50%, BKOHast Kak CUHXPOHHbIE, Tak U METaxpOHHbIe MeTacTadbl. [py HanmymMm MynsTUOKabHbIX METACTA30B NeYeHN
MPOrHO3 AN NauMeHTOB BecbMa HebnaronpusTeH: MeayaHa BbDKMBAEMOCTW cOcTaBnsieT okono 10-15 MecsueB, a TPexeETHAS BbKMBAEMOCTb — MeHee
10%, 1 nanMaTBHbIM BAPUAHTOM flEHEHNS B TakunxX CIIy4asix SBASETCH CUCTEMHAs XvMmoTepanus. BHegpeHne OTHOCUTENBHO MOTOAOMO JIOKAIbHOrO MeToda
BO3AEVCTBUSA Ha MeTacTaTMYeCcKmne o4Harn — TpaHcapTepuanbHON XuMnoambonusawmn (TAX9) B KOMOUHaLMK C IMMYHOTEPanmeit OTKPbINO HOBbIE BO3MOXXHOCTM
JIe4EHNS METACTa30B B NeYeHb. [peacTaBneH KIMHUYECKIIA CyYai MCroNb30BaHNs METOAMKM TAXD B KOMOMHaLMM C UMMYHOTepanmel, a Takke Xvmuotepanvei
y naupeHTa npv HepeaekTtabenbHOM MeTacTaTVHeckoM nopakeHnn neveHr HER? afeHoKapLVMHOMON >KenyaKa ¢ NMPOAOIKUTENBHOCTBIO XKI3HM 42 Mecsilia ¢
MOMEHTAa YCTaHOBNEHWS AyiarHo3a.

KnioueBble CnioBa: pak >kenyaKa, MeTacTasbl paka >enyaka B nedeHb, TpaHcapTepuanbHas XMMYoaMBom3aLmus, UMMyHOTepanmsl, XMM1MoTepanms

Bknapg aBTopoB: K. B. Konomuel, — HanvcaHve ctatby, pegaktuposanve; V. B. Vcaes, M. B. CHernpesa — HanmcaHne ctatbi, 0630p nMTeparypbl, aHanma
naHHbIX; B. B. Koanes, H. B. MpuleHko — HanmcaHne ctatbn, 0630p nutepatypsbl, coop aaHHbix; . V. KokosuxuHa, A. A. Mopo3osa — HanvcaHue ctaTbu,
0630p NMTepaTypbl, KOHLEeNuWs 1 amaaiiH; A. P. TopocsH, B. B. LLawkoBa — HanvcaHue ctatbi, 0630p nuTepatypbl, nepepaboTka cTaTby.

CobniofeHne 3TUHECKUX CTaHAAPTOB: MaulVeHT rnofnvcan 4o6poBoNbHOE MHPOPMUPOBAHHOE Corflacue Ha MyobnmKauuio NepcoHanbHOM MEAMLMHCKOM
nHhopmMaLwn B 06e3nm4eHHoN hopme.

P<1 Ons koppecnongeHuum: KaprHa BruktoposHa Konomuetl
yn. KpacHoapmeiickas, . 198, r. Hosoyepkacck, 346400, Poccust; karina_kolomiets_99@mail.ru

Cratbsl nonyyeHa: 27.06.2023 Ctatbsi NnpuHATa K nevatu: 12.08.2023 Ony6nukoBaHa oHnaiiH: 29.08.2023

DOI: 10.24075/vrgmu.2023.031

In the worldwide cancer rating, gastric cancer (GC) is on the
5 place in terms of morbidity, and 3™ in terms of mortality [1].
Over 700 thousand people die from GC every year throughout
the world, since in most cases this disease is diagnosed at late
stages, when the neoplasm has already spawned metastases
[2, 3]. In the Russian Federation (RF), the incidence of GC is
slightly lower: in 2019, it was on the 7" place of the oncological
morbidity rating (5.7% of all cancer cases). However, in terms
of mortality, GC in RF is a more common cause of death than
worldwide: it holds the 2" place in the respective rating, being
the reason of 9.8% of deaths from malignant neoplasms. In
RF, the share of late stage diagnoses is noticeably high. In
2019, GC was the third type of cancer most often diagnosed
untimely, i.e., when it had already progressed to stage IV, and
45.8% of first-time GC patients died within a year from the day

of diagnosis [2, 4]. Approximately similar number of patients
have the tumor growing after treatment. As a result, in 85% of
GC patients the disease turns metastatic immediately or within
three years, which translates into an unfavorable prognosis [5].

Most often, GC spawns metastases into liver: it happens
in 30-50% of cases, counting both synchronous and
metachronous metastases. At the time of diagnosis, 35% of
patients have signs of remote metastases, and in 4-14% the
tumor metastasizes into liver; 25-30% have metachronous
metastases after therapeutic gastrectomy, and 80% of them
appear within the first two years after surgery. Patients with
metachronous GC metastasizing into liver survive for 11 months
on average, and less than 20% of them survive past the 5-year
mark. Excision of primary tumors and liver metastases can
increase the five-year survival rate to 23.8% [6].
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Fig. 1. A, B. MRI scan, abdominal cavity, 07.12.2019

Multifocal liver metastases translate into an unfavorable
prognosis: the median survival period is 10-15 months, with
less than 10% of the patients surviving past three years. In such
cases, the palliative treatment option is systemic chemotherapy.

Combined with immunotherapy, transarterial chemoemibolization
(TACE), a method of local treatment of metastatic foci, offer
new options of combating liver metastases. This method
allows solving several tasks at once: achieving the optimal
concentration of antitumor drugs directly in the tumor node
and optimization of the neoplasm's exposure thereto; inducing
ischemic necrosis of tumor tissue through impairment of
vascularization; reducing systemic toxicity of cytostatic drugs
by keeping their concentration in the systemic bloodstream
low [5, 9-11]. There are studies that have demonstrated the
effectiveness of TACE in GC patients with liver metastases,
but they are few. One of the retrospective studies cites mean
survival rate (MSR) of such patients after first TACE with
mitomycin only at 6 months and 25.5 months, respectively,
MSR after first TACE with mitomycin and gemcitabine — at
8.1 and 11.4 months, respectively, and MSR after TACE with
mitomycin in combination with gemcitabine and cisplatin — at
15.3 and 30.5 months, respectively [2, 12-14].

About 10-15% of GC cases are associated with activation
of HER2 (human epidermal growth factor receptor 2). It is the
overexpression of HER2 that indicates an aggressive course
of the disease and promises unfavorable prognosis: various
studies report a correlation between amplification of the HER2
gene (HER2+ status) and low overall survival rates of GC
patients. This fact necessitates introduction of more effective
antitumor drugs into clinical practice. The most promising
among the recent malignant neoplasm treatment methods
is the immune checkpoint therapy (ICT), which proved highly
effective against many types of tumors, including GC [15].

Fig. 2. A, B. MRI scan, abdominal cavity, 18.02.2020
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In this clinical observation, we assess the efficacy of a
multidisciplinary approach to treatment of an HER2* GC spawning
unresectable metastases into liver: TACE with fluorouracil combined
with immunotherapy and platinum-based drugs.

Clinical case description

Patient K., bornin 1967, self-referred to the clinic of Rostov
State Medical University in July 2019, complaints —
unmotivated weight loss, heaviness in the right hypochondrium.
He considers himself ill since July 2018, when a checkup at a
local clinic revealed GC; after the diagnosis, on 16.07.2018,
he underwent gastrectomy and plastic reconstruction at the
Stavropol Regional Clinical Oncology Dispensary.

Computed tomography of the abdominal cavity organs
on 01.07.2019 revealed two metastatic foci in the right lobe
of liver. Samples of the metastases were taken (needle core
biopsy) on 20.07.2019, their histological analysis yielded the
conclusion: glandular carcinoma. The diagnosis read: C78.7
secondary metastatic liver lesion; gastric cancer, pTSN1MO, st.
[IB, condition after gastrectomy on 16.07.2018, cl. gr. 2.

On 24.07.2019, the central venous port was implanted.
Then the patient received 7 courses of chemotherapy,
Ramucirumab with FOLFIRI: irinotecan 180 mg/m? + calcium
folinate 400 mg + fluorouracil 400 mg/m? as bolus + fluorouracil
2400 mg/m? intravenously, 48-hour infusion + ramucirumab
8 mg/kg on the 1st and 15th days every 28 days.

Control examination of 22.10.2019 revealed the level
of CEA at 21.50 ng/ml (reference values: 0-5.0) and CA at
19-9 — 44.56 units/ml (reference values: 0 x 37.0). During
the courses of systemic chemotherapy, the patient assessed
his condition as moderately severe, complaining of vomiting,
diarrhea, dizziness, fatigue.
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Fig. 3. A, B. MRI scan, abdominal cavity, 15.07.2020

Results of MRI of the abdominal cavity organs of 07.12.2019:
locus measuring up to 45 x 48 mm in the right lobe of liver,
S7-S8; locus measuring 31 x 37 mmin S7, on the lateral surface;
locus measuring 8 x 10 mm in the posteromedial surface of S8;
fuzzy 7-mm locus in the capsule of lower surface of S6; no data
indicates recurrence or carcinomatosis of peritoneum (Fig. 1A, B).
The patient considered his condition to be satisfactory. Factoring
in the volume of damage to the liver, prevalence and negative
dynamics, on 19.12.2019 the patient underwent another TACE
with oxaliplatin 100 mg and fluorouracil 1000 mg.

The postoperative supportive pharmacotherapy course
prescribed comprised:

— for analgesia — diclofenac 75 mg 2 times, IM, for 5 days;

— drotaverine hydrochloride 40 mg, 2 times a day, IM, for
5 days;

— octreotide 300 mcg, 2 times a day, SC, for 7 days;

— to prevent thromboembolic complications — enoxaparin
sodium 0.4 mg, SC, once a day for 7 days;

— infusion therapy — glucose 5% 500 ml + insulin
6 units, once a day, IV, for 3 days; NaCl 0.9% 500 ml + 40 mg
omeprazole, twice a day, IV, for 3 days.

— additionally, as prescribed by the vascular surgeon —
thioctic acid 600 mg + NaCl 0.9%, 100 ml once a day, IV, for
5 days; deproteinized calf blood derivate 10 ml + NaCl 0.9%,
100 ml once a day, IV, for 5 days; meldonium 10 ml + NaCl
0.9%, 100 ml once a day, IV, for 5 days; sulodexide 2 ml once
a day, IM, for 5 days.

When discharged, the patient assessed his condition as
satisfactory, despite the volume of metastatic foci; his body
temperature was slightly elevated during the first 2 days after
the TACE.

Report of the IHC examination of 19.01.2020: the liver
biopsy material contains adenocarcinoma metastases with
extensive foci of necrosis and focal lymphoid infiltration. Given
the clinical data, the likely situation is a gastric adenocarcinoma
metastasizing into liver. Conclusion: HER2*+ gastric adenocarcinoma
spawning metastases to liver.

Afterwards, the patient received chemotherapy courses
in his local clinic. Control examination revealed positive
dynamics: MRI of the abdominal cavity of 18.02.2020 had
shown that liver was enlarged, the bilobed size was 188 x
x 16 mm, parenchyma unevenly diffusely changed by signal;
the MRI picture was that of a metastatic lesion, in the right
lobe the focus measured up to 34 x 54 mm (previously
45 x 48 mm) in S7-S8, with the S7 focus, lateral surface,
measuring 28 x 29 mm (previously 31 x 37 mm), and the S8
focus, posteromedial surface, measuring up to 5 x 10 mm
(previously 8 x 10 mm), while the focus in the capsule of the
lower surface of S6 could not be detected at all (previously
7 mm) (Fig. 2A, B).

On 19.02.2020, as planned, the patient consulted with
a chemotherapist. Conclusion: as supportive therapy, the
patient may receive a course of paclitaxel 175 mg/m? on day
1 + trastuzumab 6 mg/kg, loading dose 8 mg/kg, on day 1,
cycling for 21 day. The patient underwent 3 courses of such
chemotherapy.

Results of MRI of the abdominal cavity, 30.04.2020: growing
single (2) metastases in the liver's right lobe, neoplasms tend
to merge (negative dynamics), contours of the liver are smooth;
the vertical size of the right lobe is 18.2 cm, left lobe is 5.1 cm,
liver cysts S7, S6 measuring up to 9 x 12 mm. In S8, S7 —
tumor nodes of measuring 39 x 60 and 27 x 44 mm (previously
35 x 54 and 28 x 29 mm), merging into a conglomerate.

With the extent of damage to the liver, prevalence and
negative dynamics of the process, complaints of heaviness
in the right hypochondrium accounted for, and given the
satisfactory condition of the patient, it was decided to keep
liver TACE in the treatment plan.

The patient was prescribed 5-day preoperative cardio
and hepatotropic preparatory course: thioctic acid 600 mg
+ NaCl 0.9% 100 ml, IV, once a day, for 5 days; meldonium
5 ml + glucose 250 ml, IV, once a day, ademetionine 400 mg +
glucose 250 ml, IV, once a day.

On 05.05.2020, the patient underwent TACE: lipiodol 10 ml
+ fluorouracil 1000 mg + 100 ml oxaliplatin. HydroPearl spheres
(800 nm) were used for arterial embolization. The patient was
prescribed post-surgery supportive pharmacotherapy.

From May to July 2020, the patient received 2 courses of
immunotherapy at his local clinic: nivolumab 210 mg IV, once
every 2 weeks. Results of MRI scanning, 15.07.2020: in S8,
S7 — tumor nodes, measuring 49 x 57 and 41 x 61 mm
(previously 39 x 60 and 27 x 44 mm), merging into a single
conglomerate (Figure 3A, B), which indicates progression.

With the extent of damage to the liver, prevalence
and negative dynamics of the process accounted for, the
patient underwent liver TACE with lipiodol 10 ml + cisplatin
100 mg on 07.08.2020. Post-surgery, he received supportive
pharmacotherapy.

Then, the patient underwent a course of chemotherapy
(paclitaxel 175 mg/m? on day 1 + trastuzumab 6 mg/kg,
loading dose 8 mg/kg) on day 1; cycle 21 days) combined
with a course of immunotherapy (nivolumab 210 mg infused IV
once every 2 weeks in the local clinic). During the courses, the
patient noted the following side effects: itching around knees,
skin redness, intermittent diarrhea and nausea.

Results of MRI of the abdominal cavity, 13.11.2020: a
lesion measuring 54 x 78 x 52 mm found in the liver's S7,
which indicated progression.

On 16.11.2020, the patient underwent parenchymal
chemoembolization of the arteries supplying the foci (lipiodol
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10 ml + fluorouracil 1000 mg) and arterial chemoembolization
with 800 nm HydroPearl spheres (2 ml — 1 syringe) + 100 mg
cisplatin. The patient was prescribed post-surgery supportive
pharmacotherapy.

Afterwards, the patient received immunotherapy: nivolumab
210 mg, IV, once every 2 weeks. Control examination of
18.12.2020 revealed stabilization of the metastatic focus. MRI
scanning results, abdominal cavity, 18.12.2020: tumor nodes
measuring 49 x 57 and 41 x 52 mm in S8, S7, merging into a
single conglomerate.

On 12.01.2021, the patient underwent TACE: EmboSphere
microspheres (500-700 nm) + fluorouracil 1000 mg + cisplatin
100 mg. Post-surgery, he received supportive pharmacotherapy.

Results of MRI of abdominal cavity, 04.03.2021: solid
formations measuring 98 x 61 x 70 mm (previously 49 x 57 mm)
and 28 x 32 x 17 mm (previously not found) in S7; a cystic
component therein measuring 16 x 11 x 14 cm, a solid
formation 22 x 13 mm (previously not found) on the anterior
diaphragmatic surface of the liver. Results of radiography
of thoracic organs, 14.03.2021: no pathological changes
detected in the lungs.

On 16.03.2021, the patient underwent TACE: HydroPearl
microspheres (500-700 nm) + fluorouracil 1000 mg + cisplatin
100 mg. The patient was prescribed post-surgery supportive
pharmacotherapy.

On 08.07.2021, the patient was admitted to the hospital
for repeated TACE. Four courses of immunotherapy were
conducted. Results of MRI of abdominal cavity, 05.07.2021:
solid formations measuring 89 x 54 x 72 mm (previously
98 x 61 x 70 mm) and 24 x 29 x 14 mm (previously 28 x 32 x
x 17 mm) in S7; a cystic component therein measuring 11 x 9 x
x 12 cm, a solid formation 17 x 11 mm (previously 22 x 13 mm)
on the anterior diaphragmatic surface of the liver.

With the extent of damage to the liver, prevalence and
negative dynamics of the process accounted for, the patient
underwent liver TACE with lipiodol 20 ml + fluorouracil
1000 mg + oxaliplati cisplatin 100 mg on 09.07.2021. Arterial
embolization was done with hemostatic sponge suspension.
Post-surgery, he received supportive pharmacotherapy.

To date, the patient is in a satisfactory condition, leads an
active lifestyle and takes courses of systemic chemotherapy
under the FOLFIRI regimen, despite a slight shrinking of
metastatic foci in the liver.
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Clinical case discussion

Surgical intervention against liver metastases spawned by
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cytostatic action selective, which translated into minimization
of systemic side effects.
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the FDA in 2017 based on the results of KEYNOTE-059
study as the 3“ line therapy for metastatic GC/CEC with
PD-L1 expression [8]. GC patients are also involved in a
large number of clinical studies investigating other therapy
regimens that rely on ICT inhibitors. Their combinations
with targeted drugs and chemotherapy are among the most
promising regimens [15].

CONCLUSION

New composite methods of treatment that combine TACE,
molecular targeted therapy (trastuzumab in the described case)
and inhibition in ICT are based on individual characteristics of
the tumor, its HER2+ status in particular. The intratumor activity
of gastric is pronounced, and its primary tumor and metastases
are heterogeneous; thus intracancerous heterogeneity in the
expression of HER2+ may signal of decreased effectiveness
of treatment. Determination of biomarkers or gene signatures
that can be translated into clinically significant prognostic
indicators of response to TACE is an important subject requiring
investigation.

The multidisciplinary approach involving TACE, immuno-
and chemotherapy in a patient with unresectable metastatic
liver lesions spawned by HER2* GC allowed controlling the
course of the disease for 42 months, which is virtually 4 times
longer than the median survival period in such cases. This is
a solid confirmation of efficacy of the composite therapy this
patient has received.
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POSSIBLE LINKS OF WILDFIRES WITH ONCOLOGICAL DISEASES OF CHILDREN
AND ADULTS IN THE RUSSIAN FAR EAST
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Russian Federal Far East District is a continental scale area where wildfires are frequent. We aimed to a) determine whether wildfires are related statistically to cancer for
children and adults in the Russian Federal Far East District (FFED); b) to estimate time lags of such relationships and c) to find out which age groups are most vulnerable
for wildfires. Annual number of fires (NF) in administrative units (AUs), normalized to the maximum value for all AUs in observation period 1992-2019, was taken as a
characteristic of wildfires in our analysis. Annual cancer incidence (Cl) for five cancer types for children up to 14 years and the entire population, normalized similarly to
NF, was compared to normalized NF. ARIMA models were used for time series analysis for the period 1992-2019. Linear statistical analysis was done for NF and Cl for
short time series (10-12 years) for the central AU of FFED for “children up to 4 years”; Three additional embryonal types of cancer and five benign types of tumors were
also focused in linear statistical analysis. ARIMA analysis revealed 27 associations between NF and Cl with a lag from O to 3 years for two age groups, and five cancer
types (p-values between 0.002 and 0.1). Linear statistical analysis for “children up to 4 years” revealed correlations for two from three embryonal types of cancer and three
from five benign tumors (0.002 < p < 0.046). Incidences of hematopoietic, lymphoid, vascular, and soft tissue neoplasms, as well as CNS tumors had associations with
wildfires for “children up to 4 years”, for “children up to 14 years” and “the entire population” age groups in many cases. Entire population and children up to 4 years in
the central AU of FFED are most sensitive to wildfire — cancer interactions. Associations “number of fires — cancer incidence” as a rule have time lags from O to 3 years.
Keywords: wildfires, cancer incidence, ARIMA analysis, Far Eastern Federal district of Russian Federation

Acknowledgments: we thank Professor N.E. Kosykh from Far Eastern Medical University for their help in collecting data on the updated incidence of malignant
neoplasms in children in Khabarovskij Kraj. We acknowledged Olga P. Gretsova for preparing the data for analysis. S. Venevsky acknowledges the support from
the Russian State Assignment of the Federal Research Centre of the Southern Scientific Centre of the Russian Academy of Sciences (SSC RAS) (122013100131-9)
and Department of Earth System Sciences of Tsinghua University.

Author contribution: Pinaev SK — author of the general idea and the main design of the study, collection and analysis of data, and formation of hypotheses; Venevsky S —
developed method of spatial and non-linear temporal analysis, presentation and interpretation of results of this analysis and made conclusions; Chakov VW — collection
and analysis of information about the fire situation in the Far Eastern Federal district on the basis of data presented in the public domain; Tian L — run ARIMA analysis;
Chizhov AYa, Gong P, Pinaeva OG — participated in the planning of the study and discussion of the results; Kaprin AD, Venevsky S — Participation in research planning
and formation of data on Cl based on the national cancer registry of Russia; Venevsky S, Pinaev SK — wrote the manuscript.

P><] Correspondence should be addressed: Sergey K. Pinaev
Muravyova-Amuskogo, 35, Khabarovsk, 680000, Russia; pinaev@mail.ru
Received: 25.04.2023 Accepted: 29.07.2023 Published online: 26.08.2023
DOI: 10.24075/brsmu.2023.028

BITUAHUE JNNIECHBIX MO>XAPOB HA OHKOJTOTMYECKUE 3AB0JIEBAHUA Y HACEJIEHUA OAJIbHETO BOCTOKA
C. K. Muraes'* ™, C. Berescknin®®, B. B. Yakos', J1. Taxb?, M. Tonr*, A. [. Kanpur®, B. B. CtapuHckuia®, A. 9. Ykos®”, O. I MNMuHaesa®

' Xabaposckuin GefiepanbHblii cCnenoBaTenbCkuii LIeHTp JansHeBOCTOMHOIO oTaeneHns Poccuiickoin akaaemmnn Hayk, Xabaposck, Poccus

2 YHuBepeuTteT LinHxya, MekuH, Kutai

3 HOXKHbI Hay4HbIN LIeHTP Poccuiickoi akagemin Hayk, PocTtoB-Ha-[loHy, Poccust

4 TOHKOHICKMIA YHUBEPCUTET, TOHKOHI

5 HawwoHanbHbIN MeAUUVHCKIMIA ccnefoBaTenbCKuiA LIeHTp pagvonoru MuHaapasa Poccun, Mocksa, Poccus

5 Poccuiickuin yHuBepenTeT Apyx6bl Hapopos, Mocksa, Poccuis

" ®epepanbHbI MEQULIMHCKMIA Brodrandeckuin LeHTp uMenmn A. V1. BypHassHa ®PefepanbHoro Meauko-bronorndeckoro areHtcTsa, Mocksa, Poccus

8 [lanbHEeBOCTOUHbI FOCYAAPCTBEHHBIN MEAVLIMHCKMIA YHBEPCUTET, Xabaposck, Poccust

LanbHeBocTo4HbIN heaepanbHblin okpyr (APO) Poccumn nogBep»KeH HacTbiM NecHbIM noxxapam. Liensbio paboTbl ObI10 BbIBUTL CBA3b MEXY OHKOMOrMYECKMMN
3ab0neBaHVIMIN 1 NECHBIMY NoxXapamn Ha Tepputopu JPO; OLeHUTb BpeMeHHbIE Naryt yKasaHHbIX CBA3EN; BbISIBUATb BO3PACTHbIE MPYMMbl, CTATUCTUYECKN Havibonee
YyBCTBUTESBHbIE K BO3AECTBIIIO NOXAPOB. H1cno noxkapos (HIM) 3a rog Ha TeppUtopuiv agMUHUCTRATVIBHBIX EAVHILL (AE), MPUBEAEHHOE K MAKCUMAaITBHOMY SHAYEHMIIO A1
Bcex AE 3a nepuopg, HabntoaeHns 1992—-2019 rr., ncronb30Basiv B Ka4eCTBe MokasaTtesisi IeCHbIX NMoxkapoB. [NokasaTenu 3abonesaemocTu NaTbio Budammn paka (3P) 3a
rof cpenu fete B Bo3pacTte A0 14 neT 1 HaceneHns B LIeNoM HOPMUPOBaUM aHanorn4Ho Yl 1 conocTtasnsm ¢ HOpPMUMPOBaHHBIMM MokazaTensmn Y. Bce kombuHawwmm
13 cemn AE PO mnccnenoBanm Ha Ham4mne CTaTUcTUHECKIX CBSA3E MeXXay HopMUpoBaHHbIMK nokasatensammn Yl n 3P, Mogenn ARIMA 1crnonb3oBanm Ans aHanmsa
BpemeHHbIX psaoB Y n 3P 3a neprog, 1992-2019 T JIHEAHbI CTATUCTUHECKUIA aHaNM3 MPUMEHS ANs 6oree KOPOTKMUX BpemMeHHbIX psigo Yl n 3P (1012 ner)
Ha TeppuTopn UeHTpanbHon AE PO ansa netelt B Bo3pacTe A0 4 neT. Mpn 3TOM KpoMe NEPEHCEHHbIX MATY BOOB AETCKOIO paka [Ans Kareropum «4eT MiaaLero
BospacTa (0—4 NneT)» Bbl PacCMOTPEHb! TPV AOMONHATENBHBIX BUA PaKa, a TakKe NaTb A06poKa4eCcTBEHHbLIX HOBOOOPAa3oBaHMii. AHanma ¢ nprMeHeHem mogen ARIMA
Mo3BOAMA BbISBUTE 27 cBs3ei Mexxay Yl v 3P ¢ narom ot 0 Ao 3 feT B ABYX BO3PaCTHbIX rpymnax Ans nsatv Biuaos paxa (0,002 < p < 0,1). JIHelHbI cTatncTnHeckmin
aHanma B rpynne «Aetv mnagero Bodpacta (0-4 rofa)» nokasdan Koppensumm ons Tpex U3 natv BUOOB paka, 4na ABYX M3 Tpex BUAOB SMOPUOHAIBHOMO paka v
TPex 13 NATV BUOOB AobpokadecTBeHHbIx onyxonel (0,002 < p < 0,046). BbiBoapl: konebaHuist 3a601eBaeMOCTV OMNyXOmsMM FeMOMOSTUHECKUX, NIMMAONAHbLIX TKaHEN,
COCYOMCTbIMI OMyXONsSMM, OMyXonsiMin Msrkix TkaHei 1 LIHC cpenn fetein mnaauero Bogpacta (0-4 roga), Aetei/nogpocTkos B BogpacTte 0—14 net 1 Hacenenvst PO B
LIeNIOM OTHaCTV CBA3aHbI C IECHbIMK Noxxapamn. Hacenenne PO B LienoM 1 Aetv B BO3pacTe A0 4 NeT Ha Tepputopun LigHTparsHon AE IPO Hanbonee HyBCTBUTENbHDI
K BO3ENCTBUIO NECHbIX NOXKapoB. CBA3b «HMCO MoXXapoB — 3ab60NeBaeMOCTb PakOM», Kak Mpasumno, UMeeT BpeMeHHol nar ot 0 o 3 net.

Knio4yeBble cnioBa: necHble noxapbl, 3a6onesaemocTb pakom, Mogenb ARIMA, [JansHeBoCTouHbIN heaepanbHbili okpyr Poccuiickoin ®epfepaummn

BnaropgapHocTu: aTopbl 6narogapsat npoeccopa H. E. Kocbix 13 MY 3a nomoLLs B cope AaHHbIX 0 3a601eBaEMOCTH 3N10KaHECTBEHHBIMV HOBOOOPA30BaHNSIMM
cpey feten B XabapoBckoM Kpae, a Takke O. M. [peuoBy 3a noarotoBky AaHHbiX Ans aHamsa. C. BeHeBCkuin BbipaxkaeT 6narogapHOCTb 3a MOAAEPKKY
DdenepanbHOMY MCCneaoBaTenbCKoMy LIEHTPY KOXXHOrO Hay4HOro LieHTpa PAH, okasaHHyto B pamkax Poccuiickoro rocyaapcteeHHoro 3aganns (122013100131-9),
1 [enapTameHTy CUCTeMHbIX Hayk 0 3emne YHrBepcuTeTa LinHbxya
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Growth of cancer incidence (Cl) worldwide is related not only
to the growth and aging of the population [1], but as well to
the growth of some environmental risks associated with
socioeconomic development and climate change. Studies at
large spatial scales — the global, national, and regional levels —
are necessary to understand the relationship between Cl and
environmental conditions. Such studies are conducted [2], but
their number is still not sufficient.

Russia had a slightly smaller increase in age-standardized
Cl rates in both sexes for all cancers in 195 countries or
territories from 2005 to 2015 (0% to 10%) in comparison with
other countries with high Human Development Index (HDI)
(10% to 20%) [3]. Inter-regional comparison of Cl rates in
Russia demonstrates, however, that not only is the aging of
the population in Russia is responsible for cancers, but also
other factors which likely include environmental air pollution.
Indeed, a comparison of all cancers age-standardized ClI in
the Russian Federation in total with the one in the Far East
Federal District (FEFD) in 2019 revealed that level of all cancer
incidences in FEFD is more than in Russia (269.15 against
249.54 per 100,000) [4]. Meanwhile, average age of population
is lowest in FEFD in relation to the other federal districts (and
2 years lower than for the entire Russia [5]). Wildfires could be
one of the factors promoting cancers in FEFD. Indeed, remote
sensing analysis confirms that areas burnt in forested areas in
Russia had a significant increasing trend from 2000 to 2016 [5]
which continues until now, presumably due to ongoing climate
change. The major input to the burned areas comes from the
Far East and East Siberian Federal Districts; major ignitions
occur near large cities in these districts, especially near the
southern border of the Asian part of the Russian Federation [6].
Wildfire smoke contains particulate matter PM2.5/ PM4 and
carcinogens, such as benzene and formaldehyde, which have
been shown to increase cancer risk in American firefighters [7].
Air pollution in FEFD [8] and tobacco consumption are close an
average for Russia here [9]. Thus, exposure to wildfires smoke
of population in southern settlements of FEFD may explain
excess of Cl in the district.

Smoke from wildfires was found to have variety of negative
effects to human health [7], increasing both mortality and
morbidity to cardiovascular, respiratory and other diseases.
Particulate matter in smoke were found to be most important
stressors, affecting human health through pulmonary oxidative
stress, which can cause cell death or DNA damage, and
inflammation [10]. Both oxidative stress and inflammation are
major modulators of cancers, thus, airborne particulate matter
was classified by the International Agency for Research on
Cancer as carcinogen of Group | for lung cancer and potentially
to other cancers [11]. Thus, long term exposure of humans to
PM and other carcinogens in wildfire smoke may affect cancer
mortality and/or cancer incidence.

For the first time V.A. Dobrykh and T.A. Zakharycheva
pointed out the connection between forest fires and malignant
neoplasms of the respiratory organs [12]. Subsequently, this was
confirmed by researchers from Canada, who also established
the effect of natural fire smoke on the incidence of brain tumors
[13]. We have previously reported on the relationship between
forest fires and the frequency of various neoplasms in children
and adults [14, 15].

Cancer is a complex phenomenon. It represents a class of
diseases that manifests in different forms and presentations.
Cancer destroys different target tissues and has a wide variety
of etiologies. In addition, age-specific global contributions of
cancer types to the total Cl are quite different for young children
up to 4 years, children/teenagers up to 14 years and the entire

population [3]. Thus, analysis of at least two age population
groups (children/teens up to 14 years and the entire population)
for Cl in conditions of airborne pollution can provide a full
picture of relationships between different cancer types and
wildfires. Here, we studied spatial and temporal associations of
wildfires with cancer incidence for the period 1992-2019 years
in two age population groups (children/teenagers up to 14
years and the entire population) for the Far East Federal district
in Russia prone to wildfires using an annual total number of
fires as a proxy for long term exposure of humans to smoke.
We also analyzed the relationship between the number of fires
(NF) and Cl in one age cohort of young children (0-4 years) for
the period 1972-1986 in Khabarovskij Kraj (central AU of the
FFED until 2018). This study has an objective a) to investigate
if statistically significant temporal associations exist between
the incidence of different types of cancer and NF in the Far
East Federal district in one age cohort (young children) and in
two population groups (children/teens 0-14 year and the entire
population) for NF and Cl and b) to estimate what are time
lags in these associations and c) to find out what age group
is most vulnerable to impact of wildfires. Existence of large
geographical regions, for which statistical relations between
wildfires and oncological diseases can be found, was a major
hypothesis of this study.

METHODS
Study area

The Far Eastern Federal District (FEFD) is sparsely populated
district (area 6.9 million km?) with a variety of climatic,
vegetation, and topographic features. The majority of the FEFD
population lives in large cities in the south of the district. Seven
administrative units (AUs) of the FFED with developed medical
registration system were taken for this study (Fig. 1).

Definition of spatial regions of analysis and cancer
classification used in this study

Spatial regions of analysis, where possibility of statistical
relationship between wildfires and oncological diseases was
investigated, were designed based on the set of seven AUs of
the FFED. Each spatial region of analysis was a combination
from one, two, etc., up to the seven AUs. Existence of statistical
relationship “wildfires/oncological diseases” was checked for
the all 127 spatial regions (C' + C2, + C°, + C*, + C°, + C° +
C’, =127), where C™, is a number of possible combinations of
m from the seven AUs) for two age groups “children/teenagers
up to 14 years” and “the entire population”. Difference in
etiology of cancers was not considered for comparison of
the two age groups. Analysis of all cancer incidences in this
study for young children up to 4 years, children/teenagers up
to 14 years and the entire population is done for major cancer
types for children for the unity of approach The major cancer
types for children in this study mainly followed the international
classification of malignant tumors [16]. Five major malignant
tumor types (leukemia (LK), Hodgkin lymphomas (HL), non-
Hodgkin lymphomas (NHL), central nervous system tumors
(CNS), and soft tissue sarcomas (STS)), which constitute major
child cancer cases both in highly industrialized countries, like
Russia, and in the world (approximately 75%) [16].

Possibility of existence of statistical relationship “wildfires/
oncological diseases” was studied in more details for the
age cohort of young children (0-4 years) in Khabarovskij Kraj
(central AU of the FFED until 2018). The choice of age cohort
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Fig. 1. Far Eastern Federal District (FEFD) of Russian Federation in borders till the year 2018 (in yellow) and administrative units used in our study: 1 — Primorskij Kraj;
2 — Khabarovskij Kraj; 3 — Amurskaja Oblast; 4 — Kamchatskij Kraj; 5 — Magadan Oblast; 6 — Sakhalin Oblast. Khabarovsk is the largest city of FEFD (613 thousand

inhabitants) and capital of FEFD till the year 2018

of young children (0-4 years) for an additional analysis was
done because tumors of young children usually are started
to develop already in prenatal period [17], while impact of
carcinogens at the level of entire population may take several
years or even decades [18]. Three additional embryonal types
of cancer (retinoblastoma, neuroblastoma, nefroblastoma)
and five major benign tumors (BT) in young children, namely
hemangiomas, lymphangiomas, teratomas, soft tissue tumors,
and papillomas, were included additionally to the five common
cancer types for young children (0-4 years).

Number of fires as a proxy for human exposure to wildfire
smoke in FEFD

It was possible to use either annual burnt area in AUs data or
annual number of fires in AUs data, because the fine resolution
data on spatial and seasonal distribution of fire hotspots were
limited by the year 1996 [19] and spatial-temporal Cl data are
available only at annual time step. Canadian researchers [20]
suggested to use annual burnt areas at a distance 30-50 km
from settlements for an analysis of relationships “wildfires/
oncological diseases. However, it is not possible to use total
areas burnt in AU (as a proxy of population exposure to smoke
from wildfires in FEFD due to uneven location of settlements in
FEFD (all major settlements are situated here to the south of
55 NL). Oppositely, total number of fires in administrative unit
in FEFD is a good proxy for long term exposure to carcinogens
(mostly PM2.5). Indeed, they highly correlate with areas burnt
for five southern populated AUs of FEFD (see Supplementary
Analysis of number of total, human and lightning fires in
administrative units of Russian Far East against areas burnt
in 1990-2014) and number of human ignited fires (situated
almost exclusively near the cities) is almost equal to number
of total fires in these five AUs. Administrative units with large
remote areas (Republic Sakha and Magadan Oblast) have
total area burnt mainly correlated with number of lightning
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fires which are few, while number of human fires (located in
proximity of cities) is still correlated to total number of fires in
these two remaining AUs. The fires in southern populated areas
are mainly understory small fires (92% on average for entire
FFED, see Supplementary Analysis of number of total, human
and lightning fires in administrative units of Russian Far East
against areas burnt in 1990-2014), which are producing major
emissions (including particulate) reaching population, while
large and long wildfires are going mainly in hardly accessible
areas in the North. Thus, this study adopts total number of fires
in AUs as a proxy for population long-term exposure to wildfire
carcinogens emissions. Annual total number of fires were
normalized to an average value for the entire period 28-years
period in each of the seven AUs for inter-comparison and
weighted to the population numbers in AUs when administrative
units were combined together.

Data

Data on Cl (persons with cancer for 100 000 persons) for five
major cancer types in seven listed oblasts (or AUS) in two age
groups (children and teenagers 0-14 years and the entire
population) for the 28-year period (1992-2019) were used in
this study (see Table 1 in Supplementary Data)). Data consist
of the annual number of all cancer cases by type registered for
one of the population groups in an AU to hundred thousand
persons in this group (e.g., for age population group: children/
teens 0-14 year in the year 1992, this is a number of cancer
cases by a type for persons of the 1978-1992 birth years in
the AU divided by the total number of children/teen 0-14 years
old in the year 1992, expressed in 100 000 persons, in this
AU). The data were extracted from federal statistical data using
the Informational Analytical Data Base Management System
(Russian state software registration number 2011617155) in the
Russian Center for Information Technology and Epidemiology
Studies in Oncology named after Pierre Herzen (author Olga
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Fig. 2. Analysis diagram for time series analysis, where NFi (t) — 28 years time series for normalized total number of fires in i-th, CIILK(t) — 28 years time series for
normalized cancer incidence to leukemia in i-th AU (similar abbreviation for other four cancer types), NFjii (f) — 28 years time series for normalized total number of fires
inj-th AU, I-th AU and i-th AU pooled together, CliiLK (t) — 28 years time series for normalized cancer incidence to leukemia in j-th AU, /-th AU and i-th AU pooled
together by one from two pooling algorithms (similar abbreviation for other four cancer types).

P. Gretsova, 2020). Annual cancer incidence values were
normalized to a maximum value for the entire period 28-years
period for the seven AUs for each of the five cancer types for
inter-comparison purposes.

We also analyzed data on tumor incidence in young children
0-4 year. Our data were collected for the largest city of FEFD,
Khabarovsk (over 613 thousand inhabitants), the capital of
FEFD until 2018, with the most developed medical registration
system, and for Khabarovskij Kraj (central AU until 2018). The
data were presented for the total number of births for years
1976-1986 in Khabarovsk for benign tumors (see Table 2,
Supplementary Data) and for years 1972-1988 for Khabarovskij
Kraj for malignant tumors (see Table 3, Supplementary Data).

Number of fires by the seven AUs (Table 4, Supplementary
Data) was downloaded from the Russian Ministry of Forestry
dataset.

Statistical analysis

Annual values of Cl by the five cancer types and NF in the
AUs were normalized for their maximum values over the
28-year period for all of the seven AUs. Such a normalization
allows comparison of amplitudes, trends, number of cycles
and autoregressive features of time series. This approach does
not allow to estimate factor dependence of Cl by NF (this was
not our objective), but allows to minimize influence of different
regional co-factors of oncological diseases by statistical
analysis.

Firstly, we checked if statistically significant difference of
medians for normalized NF and CI by the five cancer types
within each of the two population age groups for the seven AUs
was observed. This was done using Krsukal-Wallis test with a
threshold a = 0.05. Similar analysis was conducted after the

time series of Cl and NF were weighted to a ratio of total number
of population in an AU to the total number of population in all
seven AUs. Additionally, we checked if statistically significant
difference between Cls for the five cancer types (also for
the weighted by total number of population time series) was
observed within each from the seven AUs using Krsukal-Wallis
test with an o = 0.05.

The temporal dependence of Cl (normalized) on NF
(normalized) for a long time series (28 years) was studied using
ARIMA models [20], which were applied as for a description of
wildfires dynamic characteristics [21], so for description of Cls
[22]. An ARIMA model was first applied to the NF (assumed to
be a predictor) with a time lag of 0-6 years (upper border of
the time lag is approximately twice as the time for complete
renewal of organism’s cells). Afterwards, the ARIMA model
was fit to the CI (by type). The resulting fitted series (predicted
against dependent variables) were cross-correlated to identify
associations. A statistically significant association between NF
with a lag from O to 6 years and a Cl by type was prescribed
to have a p-value less than 0.05 and marginally statistically
significant association was prescribed to have a p-value
between 0.05 and 0.1. The Ljung-Box Q test was applied to
statistically significant associations to ensure that the residuals
series were white noise, which indicates the goodness of the
resulting association. Statistical associations “NF/CI” were
studied within two age groups (children/teens 0-14 years and
entire population) for the 127 sets of AUs combinations (C*, + C?, +
+C°% +C% +C° +C8 +C7, =127 see Fig. 2). Cancer incidence
time series for each cancer types and NF time series for all
AUs within one combination were pooled together making
five Cls time series and one NF time series for 28 years in this
combination. Pooling in a single time series for Cls from the
initial time series was performed in two ways: 1) annual mean
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Cl for several pooled AUs was calculated for each year and
2) annual Cls were weighted by ratios of population in each
from AUs to total population within the combination before
summation for each year. The two methods of calculation for
pooling together of ClI time series produce similar results,
but some difference in value exists (not shown). Pooling in
a single time series for normalized NF from the initial time
series was done with weighting of annual values by ratios
of population in each from AUs to total population within the
combination before summation for each year. One hundred
twenty-seven combinations were divided into seven classes
(with one to seven combined AUs in a class) and list of
correlated associations “CI/NF” in sense of ARIMA modelling
with their regression coefficients, p-values and time lags
was identified within each class (Fig. 2). Bonferroni-Holm
approach was applied to estimate a probability of type | error
when conducting multiple ARIMA calculation within each of
the two age groups for the five types of cancer.

A short time series of Cl by type were studied using linear
regression and correlation analyses for an age cohort “children
0-4 years”. We considered the possibility of time lags in
pollution stress for tumor development and conducted linear
regression and correlation analysis of Cl against NF with a time
lag relatively to the birth year of the children (-3, -2, -1, 0, 1,
2, 3 — in years). Such a linear statistical analysis was applied
to analyze the incidence of benign tumors in young children
cohorts 0-4 years old born between 1976-1986 against NF
in Khabarovsk. A similar analysis was performed for malignant
tumors in cohorts born between 1972-1988 for the entire
Khabarovskij Kraj.

We generalized our analysis of temporal relationships
between Cl and NF by making of histograms for number of
“CI/NF” statistical associations by the five cancer types within
each of the two age groups in the FFED with confidence
tresholds a = 0.1 and a = 0.05. Values of number of “CI/NF”
statistical associations were normalized to the maximum
value for the five cancer types to get a relative strength (RS) of
relationship between NF and ClI by the five cancer types within
each of the two age groups for the two values of the threshold
a.Hystogram for the coefficient of determination of linear
regression Cl against NF for the all types of cancer and benign
tumors for children 0-4 years for the central AU of the FFED
was used for generlaziation of the linear statistical analysis.

RESULTS

Comparison of distributions of normalized values of
cancer incidence and number of fires for administrative
units of Far Eastern federal district

We found that the median values for normalized CI for the five
cancer types in each of AU of FEFD had statistically significant
differences (o < 0.05) as for the age group “children and
teenagers 0-14 years”, so for “the entire population” group
(Fig. 3A-D) both in the case of normalized units and in the
case of normalized units, weighted by number of population
in an AU to the total population in the AUs. Medians of almost
all Cls and NF (elven for the normalized units and twelve (all)
for the normalized weighted units) had statistically significant
differences for the group of entire seven AUs within the two
age groups. An exception was a case of leukemia in the age
group “children and teenagers 0-14 years” for the normalized
units (p = 0.0536 close to the threshold). Weighting by number
of population in an AU to the total population in the AUs made
better subdivision of both Cls and NF by the AUs and larger
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statistical significance of differences as for the age group
“children and teenagers 0-14 years” (Fig. 3A, C), so for “the
entire population” group (Fig. 3B, D). Intervals between low and
upper quartiles of Cl distributions were (as a rule) larger for the
age group “children and teenagers 0-14 years” than for age
group “the entire population”. Distributions of Cls differed
from NF distributions most profoundly as by medians, so
by lower and upper quartiles, for Kamchatskij Kraj and
Sakhalin Oblast’.

Time series analysis of relationship between number of
fires and cancer incidence by cancer types and spatial
regions with different administrative units combinations

Statistically significant associations with marginal threshold
a = 0.1 between normalized NF and normalized Cl time series
by different cancer types and by two pooling methods with a
lag from O to 3 years, when controlled for probability of type
| error during multiple ARIMA calculations, were found for
27 pooled together combination sets of AUs within the two age
groups “children/teens 0-14 years” and “entire population”.
Statistically significant relationships (« = 0.05) were found for
eight spatial areas ((see Supplementary List of spatial clusters
of ARIMA associations between number of fires and cancer
incidence by types with regression coefficients and p-values
with statistical significance a = 0.1 and a = 0.05 after Holms-
Bonferroni correction) ). Majority (six from eight) statistical
relationships NF/Cl with a = 0.05 where found for pooling
together AUs method with weighting to number of population
in AUs. Kamchatskij Kraj and Sakhalin Oblast, where
distributions of NF and Cls are considerably different (see
above) were not met in any from 27 spatial regions with NF/ClI
relationships. The four most populous AUs pooled together
(Primorskij Kraj — Khabarovskij Kraj — Amurskaja Oblast —
Respublika Sakha) showed the largest number of ARIMA-based
statistical associations between NF and CI (six) with « = 0.1
(two from these six had a < 0.05). However, adding to a pooled
combination of an administrative unit with a smaller population
may distort the previously found associations. Negative values
of ARIMA-based regression coefficients of annual NF against
annual Cl were found in some cases (see Supplementary List
of spatial clusters of ARIMA associations between number of
fires and cancer incidence by types with regression coefficients
and p-values with statistical significance a = 0.1 and o = 0.05
after Holms—Bonferroni correction)). These negative regressions
coefficients were found for the age group “children/teens 0-14
years” for leukemia (only for time lag 2 years, not for other lags),
CNS tumors (lag 3 years) and STS tumors (lag 2 years) and for the
age group “entire population” for leukemia (only for lags 2 years
and 3 years, not for other lags). We found with ARIMA analysis
that time lags for statistical associations between NF and
Cl are rather independent from geographical area for a taken
cancer type. Time lags lay between zero (NHL for children) and
3 years (CNS tumors for children/teens 0-14 years), but mostly
they are equal to 2-3 years.

Results of linear analysis of statistical dependencies
between number of fires and benign, embryonal, and
malignant tumor incidence by type in the age cohort:
young children up to 4 years

Positive significant correlations between NF and tumor
incidence in the age group: young children 0-4 were found
for the period 1972-1986 in Khabarovskij Kraj/Khabarovsk.
Correlations were observed for all three groups analyzed: for
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Coefficient of deremination for linear regression between number of fires
and cancer incidence for young children 0-4 years in Khabarovskij Kraj when statistical
significance is 0.05
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Fig. 4. Coefficient of determination R2 for linear regression between number of fires and tumor incidence for young children up to 4 years in Khabarovskij Kraj

benign tumors (8 from 5 analyzed 0.66 < R? < 0.84; 0.003 <p <
0.014), embryonal tumors (2 from 3 analyzed 0.54 < R? < 0.74;
0.037 < p < 0.046), and malignant tumors (3 from 5 analyzed
0.533 < R?<0.73; 0.009 < p < 0.036) (Fig. 4).

Hodgkin lymphomas had largest coefficient of determination
R? for linear regression between NF and Cl for young children
up to 4 years. Generally, R? is higher for benign tumors than for
malignant tumors for this age cohort.

Both prenatal and postnatal influences of fires were found
for the age cohort: 0-4 years, which is seen from the time lags
(see Supplementary Linear Statistical Analysis), which are close
1o the ones from ARIMA-based analysis for certain cancer types.

Cancer types in relation to wildfires

Relative strength (RS) of relationships (from O to 1) between
normalized NF and CI, summed over all five types of cancer,
was larger for the age group “entire population” as for the
threshold a = 0.1 (Fig. 5A), so for the threshold « = 0.05 (Fig. 5B).
Leukemia and non-Hodgkin lymphomas had the largest
cumulative input to RS by both thresholds.

DISCUSSION

Statistical analysis of time series of Cl by the five cancer types
against NF confirms existence of statistical associations
CI/NF in spatial regions, consisting from combinations of the
five AUs of FEFD, excluding Kamchatskij Kraj and Sakhalin
Oblast. We speculate that absence of statistically significant
relationships between Cl and NF in spatial regions which
include Kamchatskij Kraj and Sakhalin Oblast, can be
explained by maritime climate in these AUs, which determines
smoke pattern from wildfires here. This hypothesis, as well as
a hypothesis of existence of other large scale environmental
spatial determinants, setting an absence or an existence
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of statistically significant relationships between Cl and NF,
should be studied further on.

Spatial regions, consisting from the AUs with largest
population numbers, demonstrate the largest number of
statistically significant CI/NF relationships. This can be explained
a) by bigger size of samples and/or b) by better medical
information systems in AUs with larger number of population.
Clarification of influence of demographic and logistic spatial
reasons for existence/absence of CI/NF relationships is a topic
for further studies as well.

[t can be assumed that negative ARIMA regression
coefficients, observed in some spatial regions of analysis for
some cases of cancer, are set by absence of seasonality in
Cl data. It is known that seasonality of Cl data is related to
non-sufficient registration of oncological diseases in periods of
summer vacations [23]. It may be assumed that oncological
diseases develop under carcinogens from smoke of large fires
in summer of previous year, but get registered in a cold time of
next year (i.e. 0.5 years are added to time lag, which should
be rounded by adding 1 year ). An example of such a situation
presumably can be a result of ARIMA regression for leukemia
in the age group “children/teens 0-14 years” in the spatial
region, consisting from Primorskij Kraj, Khabarovskij Kraj and
Sakha (Yakutia), (see Supplementary List of spatial clusters
of ARIMA associations between number of fires and cancer
incidence by types with regression coefficients and p-values
with statistical significance a = 0.1 and a = 0.05 after Holms-
Bonferroni correction). ARIMA regression coefficient in this case
is negative for the time lag 2 years, but positive for the time lag
3 years. It can be explained most likely, by late registration of
part of leukemia incidence cases, developed in the summer of
year 2, in the beginning of winter of the year 3. This hypothesis,
however, requires further investigation.

We found the stronger association of NF with CI for the
age population group “entire population” for majority from five
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Fig. 5. Relative strength (RS) of relationships (from 0 to 1) between normalized number of fires and cancer incidence for five types of cancer for two age groups with

confidence threshold a = 0.1 (A); with confidence threshold a = 0.05 (B)

cancers in terms of RS (Fig. 5). There can be several reasons:
1) pure demographic reason, i.e. a result of longer exposure of
“entire population” group to smoke carcinogens due to larger
age period within the group; 2) gerontological reason, i.e. due
to inclusion in this group elderly population prone to many
diseases including cancers; 3) socio-economic, i.e. result of
influence of cofounding factors, like smoking of cigarettes or
long-term exposure to industrial and/or agricultural carcinogens
of some part of “entire population”. Synergetic impact of
cofounding particulate emissions to cancer (e.g. particulate
emission from heating in winter in FEFD [24]) and joint impact
of heat wave and smoke of wildfires (e.g. example of Moscow
fires in 2010 [25]) should be considered in future,

There is wide experimental and observed evidence of
the carcinogenic impact of smoke from wildfires on humans
(e.g. [7]). Intrusion of carcinogenic chemicals and particles of
smoke into the blood leads to oxidative stress, an integrative
vector for environmental impacts on organisms, which in turn
promotes the hallmarks of benign and malignant tumors, such as
inflammation and genetic variation caused by mutations and direct
chromosome damage [26]. Three blood cancers (leukemia, non-
Hodgkin lymphoma, and Hodgkin lymphoma) most likely had the

strongest associations with wildfires, not only because blood is an
immediate agent of smoke intrusion, but also because oxidative
stress interacts with other negative external impacts on humans.
For example, the dependence of non-Hodgkin lymphoma on
environmental factors and certain lifestyles has been well studied
[27]. It was found that environmental factors that increase viral
exposure or reaction to viruses (from all HIV found mostly by
the entire population) pose a risk of non-Hodgkin lymphomas.
Wildfires most likely affect non-Hodgkin lymphomas by weakening
an individual’s immune system during inhalation of smoke with
further increase in reaction to viruses.

Our results demonstrate statistically significant relationship
between incidence to Hodgkin lymphoma and number of fires
both in FEFD for the age group “children/teens 0-14 years”
and in Khabarovskij Kraj for young children up to 4 years (with
the threshold o < 0.05). We speculate, that impact of wildfire
to development of Hodgkin lymphomas is related to respiratory
diseases caused by smoke, which weaken immunity with
further activation of new or chronic infection by Epstein—-Barr
virus (EBV). EBV is a | class carcinogen in the World Health
Organization category and pediatric Hodgkin lymphoma (for
children up to 10 years) is associated with EBV up to 80% [28].
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Leukemia is seen by some authors as “preventable
pathology” [29] because observations confirm an increase in
leukemia risk with prenatal, in utero, and postnatal exposure
to tobacco smoke or automobile gases in young children [30]
Our analysis demonstrated a broad range of negative impacts
of wildfire smoke on leukemia risk in the prenatal period for
young children 0—-4 year, so to children/teens 0-14 and entire
population leukemia with a variety of time lags.

We found on example of young children up to 4 years in
Khabarovsk City/Khabarovskij Kraj that incidence to benign
tumors has stronger correlation with number of wildfires in
comparison to incidence to malignant tumors. It is known that
benign tumors considerably outnumber malignant tumors, but
only few of benign tumors got transformed to the malignant
ones [31]. It would be useful to extent to the entire territory of
FEFD comparison of relationships Cl to NF with relationships
of incidence to benign tumors to NF in order to study a role of
wildfires to evolution of tumors in humans.

CONCLUSIONS

The following conclusions were drawn: 1) Fluctuations in the
incidence of hematopoietic, lymphoid, vascular, and soft tissue
neoplasms, as well as CNS tumors in young children 0-4 years,
children/teens 0-14 years and the entire population of FEFD to
some extent are related to wildfires, described by normalized
and weighted by population number NF as a proxy. 2) The most
sensitive age group to the impact of NF on Cl in FEFD is the
“entire population” group. 3) Development of different types of
neoplasia has different time lags and different relative strengths
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NONINVASIVE PREIMPLANTATION GENETIC TESTING FOR ANEUPLOIDY
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To date the world community is actively working to optimize the approaches to determining chromosomal abnormalities in embryos. The study was aimed to
assess the possibility of using noninvasive preimplantation genetic testing for aneuploidy (niPGT-A) through analysis of cell-free DNA in spent culture medium
(SCM). We conducted niPGT-A of aneuploid embryos by analysis of cell-free DNA in SCM. All blastocysts were considered to be aneuploid based on the results
of previous preimplantation genetic testing for aneuploidy (PGT-A) with trophectoderm (TE) biopsy. The study involved 11 embryos from seven couples. All the
embryos were warmed and individually cultured in the 10 pL drops for 9 h. All SCM was collected and analyzed by niPGT-A. The results obtained were tested for
concordance with previous PGT-A data. A total of 12 SCM samples were assessed: 11 samples, in which the embryos were cultured, and one control sample.
Chaotic niPGT-A results not allowing the karyotype diagnosis were obtained in one case (9.1%) out of 11. Full concordance of the PGT-A and niPGT-A results was
revealed in seven cases out of 10 (70%), while clinical concordance was found in nine cases out of 10 (90%). In one case (10%), the blastocyst was considered to
have euploid karyotype based on the niPGT-A data. It has been concluded that niPGT-A can be a promising method of preimplantation embryonal chromosomal
status diagnosis that requires no biopsy.
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HEMHBA3VNBHOE NMPEMMMNNAHTALUMOHHOE N/EEHETUMECKOE TECTUPOBAHUE HA AHEYTITJ1IOUOUN
O. V. NucunupiHa™, A, H. Ekumos, E. E. AtanunHa, A. T. Cbipkaluesa, E. I TopsinHosa, H. M. Makaposa, . FO. Tpodumos, H. B. onrywmnHa

HaumoHanbHbIn MeoVLMHCKNA MCCnefoBaTeNbCKUM LIEHTP akyLLIepCTBa, MMHEKONornn 1 nepuHatonorim nmenn B. . Kynakosa, Mocksa, Poccust

B HacTosLee Bpema B M1pe MAET akTvBHasA pabota no ONTUMU3aLMy NMPUMEHEHNSI MOAXOAO0B K OMPEAENEHNIO XPOMOCOMHOM NaTonornn aMopuroHos. Lienbto
1ccnefoBaHmnst Obl10 OLEHUTb BO3MOXXHOCTb MCMOMb30BaHNS HEMHBA3VMBHOIO MPEUMMIaHTaLWMOHHOIO reHETUHECKOrO TECTUPOBAHMIS Ha aHeynnonamn (HUMrT-A)
nyTem aHanm3aa BHeknetouHor [HK B oTpaboTaHHom KynbTypansHoi cpefe (OKC). MNposeaeHo HUMTT-A aHeynnonaHbIx aMOPYIOHOB MyTemM aHan3a BHEKNETOYHO
[OHK B OKC. Bce bnactoumcTbl 6binn aHeynionaHbIMI NO pesynsratam NPeaLecTBYOLEro NpenMniaHTauMoHHOro FeHETUHECKOrO TECTUPOBaHNSA Ha aHeyniovuaum
(MrT-A) ¢ 6ruoncueit TpodakToaepmbl (TOI). B nccneposaHve 6bi10 BKIYEHO 11 aMOPNOHOB OT Cemm Cynpy>Xecknx nap. Bce aMOproHbl pa3Mopavkmsani u
KynbTVBMpOBany B kannsx no 10 Mk B TedeHre 9 4. Becb 06bem OKC cobupani 1 aHanmnanposav nytem HUMTT-A. MonyyeHHble pedynTaThl CpaBHUBaIN Ha
COOTBETCTBME C MpeaLlecTByOLMMM AaHHbIMK 1Mo I T-A. CymMapHO BbINonHWM aHanmnd 12 obpasuoB OKC: 11 06pasuoB, B KOTOPbIX Obln KyNsTUBMPOBaHbI
3MOPUOHBI, 1 OAMH KOHTPOSBHLIA 0bpadeL. B ogHom cnydae (9,1%) 13 11 6binn nonyyeHbl XaoTUYHble pe3ynbTaTbl N0 AaHHbIM HUMTT-A, He No3BonstoLLME
NPOBECTU AMArHOCTUKY COCTOSIHUS KapuoTuna. [onHoe cooTBeTcTBUE pedynstatoB [T T-A 1 HUMTT-A nonyyveHo B cemu cnydasx n3 10 (70%), kKnnHU4eckoe
COOTBETCTBUE Pe3ynsTatoB — B AeBATN cnydasx 13 10 (90%). B ogHom cny4ae (10%) no aaHHbiM HUMTT-A kKaproTvn 6nacToumcTbl Obil AUArHOCTUPOBAH Kak
3ynnovaHbIin. BeiBog: HAMTT-A MOXET ObiTb NEPCNEKTUBHBLIM, He TPEOYHOLLIIM OVOMNCHI, METOLOM AMAarHOCTUKM XPOMOCOMHOMO cTaTyca npenMiaHTaLmoHHbIX
3MOPUOHOB.

KnioyeBble cnoBa: HeEVHBA3NBHOE MPENMMIaHTaLMOHHOE reHETUYECKOe TeCTUpOBaHme, HemHBaaveHoe I T-A, HUl T-A, NI T-A, oTpaboTaHHas KynsTypasnbHas
cpena, OKC, 6roncust TpodakToaepMbl, aHeyrnionans, BHekneTo4Has JHK
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Preimplantation genetic testing (PGT) was introduced into
clinical practice in the late 1980s (it was previously referred to
as preimplantation genetic diagnosis (PGD) or preimplantation
genetic screening). The first PGD programs were aimed to
avoid the X-linked inheritance. The range of detecting possible
genetic disorders expanded significantly with subsequent
development of the embryological and laboratory phase
technologies, and the new goals of the methods were both
preventing genetic disorders and improving the chances
of giving birth to a healthy child in difficult categories of the
assisted reproductive technology (ART) patients [1].

Currently, preimplantation genetic testing for aneuploidy
(PGT-A) by next generation sequencing (NGS) with
trophectoderm (TE) biopsy has become the most effective
method that is more and more widely used with the development
of the capabilities of embryological and genetic laboratories.
Numerous studies demonstrate high sensitivity and specificity
of this approach, however, the need for invasive interventions
still represents one of its drawbacks [1, 2].

Embryonic mosaicism and concordance between the
embryo’s TE chromosomal pattern and its inner cell mass (ICM)
are the other issues that attract the researchers’ attention [3, 4].
Despite the fact that biopsy of several cells makes it possible
to partially overcome the above shortage, it is impossible to
completely eliminate the risk of rejection of the embryo, the
transfer of which into the uterine cavity can result in giving birth
to a healthy baby.

Noninvasive analysis of cell-free DNA in spent culture
medium (SCM), in which the embryo has developed, is a
new promising PGT-A technology. Certain conditions of the
embryo culture and medium sample collection are required to
obtain adequate results (to increase the DNA concentration
and reduce possible contamination), however, no invasive
intervention is needed [5-7]. A number of researchers believe
that noninvasive preimplantation genetic testing for aneuploidy
(NiPGT-A) is a more helpful PGT-A method, particularly because
of the fact that, according to the literature, cell-free DNA
contained in SCM originates not only from the TE cells, but also
from the ICM [8, 9]. Other authors, on the contrary, argue that it
is unrepresentative, since the issue of the true origin of cell-free
DNA contained in SCM is yet to be resolved [10, 11]. Anyway,
this approach is extensively studied by the researchers and can
probably be used in clinical practice.

The study was aimed to assess the efficiency of niPGT-A.
For that we conducted re-analysis of blastocysts, that were
considered to be aneuploid based on PGT-A with TE biopsy,
by niPGT-A.

METHODS

Embryological phase was implemented at the B.V. Leonov
Department of Assisted Technologies in Infertility Treatment;
PGT-A and niPGT-A were performed in the Institute of
Reproductive Genetics.

The study involved 11 embryos from seven couples.
All blastocysts were considered to be aneuploid based on
previous PGT-A with TE biopsy. The embryos were obtained
in ART cycles with PGT-A by NGS in Apri-September 2020.

Embryo culture, TE biopsy and PGT-A
Fertilization of oocytes was performed by intracytoplasmic
sperm injection (ICSI), after that the fertilized cells were

transferred to the Continuous Single Culture Complete (CSCM)
medium (IrvineScientific; USA). All embryo culture steps and
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morphological assessment of blastocysts were performed in
accordance with the previously reported method [12]. On day
5-6 after fertilization, TE cell biopsy was performed in embryos,
the quality of which was considered to be excellent or good
according to morphological criteria. Borosilicate glass needles
were used for biopsy. After biopsy the embryos were subjected
to cryopreservation by vitrification in accordance with the
instructions of the culture media manufacturer. The cells
obtained were transported to the laboratory in the Eppendorf
tubes containing the lysis buffer and stored at a temperature
of =20 °C until subjected to further analysis. PGT-A was
performed by next generation sequencing (NGS) using the
lllumina platform (llumina; USA) in accordance with the
manufacturer's protocol. The results obtained were processed
using the SeqgVario software (DNA-Technology; Russia).

Embryo thawing and culture, spent culture medium
collection

The donated embryos were thawed in the Kitazato media
(Kitazato; Japan) in accordance with the manufacturer's
protocol. After that blastocysts were individually cultured in
10 pL microdroplets of the CSCM medium for 9 h. A drop of the
culture medium (1 sample) kept in the same culture conditions,
but containing no embryo, was used as a negative control. All
spent culture medium was collected in the Eppendorf tubes
and transferred to the laboratory, where the tubes were stored
at a temperature of —20 °C for 14 days until used for further
analysis.

Noninvasive preimplantation genetic testing
for aneuploidy

NiPGT-A was performed using the NICSInst kits (Yicon
Genomics; China) in accordance with the manufacturer's
instructions. The next generation sequencing was carried
out in the NextSeq unit (lllumina; USA). The results obtained
were analyzed using the original algorithms and software tools
developed by the Center for PGT-A by SeqgVario NGS.

Analysis of the results

Statistical analysis was performed using the Jamovi software
package (freely distributed statistical software package). The
results obtained were tested for concordance with the earlier
reported PGT-A data. The full chromosome ploidy concordance
rate (based on the PGT-A and niPGT-A data) was considered
to be a primary endpoint of the study. The diagnostic
concordance rate (euploid/aneuploid) of the embryos based on
the PGT-A and niPGT-A data was a secondary endpoint. Binary
categorical data were specified as absolute numbers N and the
percentage of the total value for group P in the N format (P%).
Binomial test was used to determine statistical significance of
full and clinical concordance of the results. The significance
level (p) was set at 0.05.

RESULTS

A total of 12 SCM samples were analyzed: 11 samples, in
which the embryos were cultures, and one control sample. All
samples of the study group successfully went through whole-
genome amplification and analysis by NGS. No DNA was
detected in the control sample. The PGT-A and niPGT-A results
along with the concordance of these results for the studied
embryos are provided in Table 1.
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Table 1. Results of the studied embryos’ PGT-A and niPGT-A

Ne PGT-A results niPGT-A results Full concordance (+/-) Diagnostic concordance (+/-) Sex concordance
(11)x3 (11)x3
! Sex — XX Sex — XX * + +
(20)x3, (21)x1 (20)x3, (21)x1
i Sex - XX Sex - XX + + +
(17)x1, (22)x1 (17)x1, (22)x1
3 Sex — XY Sex - XY + + *
4 (8)x3, (21)x1 “heteroploid”
(22)x3 (22)x3
5 Sex - XY Sex - XY * * +
6 (8)x1, (18)x3, (22)x1 (8)x1, (18)x3, (22)x1 N . .
Sex - XX Sex - XX
(15)x3, (17)x3 (15)x3, (17)x3
7 Sex — XY Sex — XY * * *
21)x3 (15)x1,(21)x3 ~
8 Sex - XY Sex - XY + +
9 (22)x3 Del 5(p) ~ . ]
Sex - XY Sex - XX
(21)x2,5 ~ ~
10 Sex - XY N, XY +
(16)x3 (16)x3
" Sex - XY Sex - XY * * +

It is noteworthy that chaotic niPGT-A results not allowing
the karyotype diagnosis were obtained in one case (9.1%) out
of 11 (Fig. 1).

We failed to detect aneuploidy in an embryo based on the
niPGT-A data in one case out of 10 (10%) due to high noise
level, that is why the result was considered to be “euploid” (Fig. 2).

Full concordance of the results was obtained in seven
cases out of 10 (70%) (Fig. 3). Concordance of the results
based on sex chromosomes was determined in nine cases out
of 10 (90%). Clinical concordance of the results was found in
nine cases out of 10 (90%).

Comparison of full and clinical concordance between the
PGT-A and niPGT-A results is provided in Table 2. Binomial test
revealed no significant differences in the rate of full concordance
between the PGT-A and niPGT-A results (o = 0.344), however, a
significant result was obtained for diagnostic concordance
between the PGT-A and niPGT-A data (p = 0.021).

When assessing the results in accordance with the
intention to study, i.e. when assessing all 11 embryos that were
included in the study in practical terms, the results obtained
meant that in 81.8% of cases the clinical decision about the
possibility of embryo transfer in the uterine cavity would remain
unchanged. In 9.1% of cases, the clinical decision about the
possibility of embryo transfer made based on the niPGT-A data
only would be different (an euploid embryo was recommended
for transfer). It was impossible to make a clinical decision about
the possibility of embryo transfer in 9.1% of cases.

DISCUSSION

The study planned as a pilot project was limited by small sample
size, availability of aneuploid embryos only (based on the PGT-A

data), no analysis of the ICM chromosomal composition in the
studied blastocysts. Nevertheless, the study results showed
that cell-free DNA (cfDNA) was detected in SCM in 100%
of cases, a high proportion of results appropriate for clinical
interpretation (90.9%) was also reported.

In the majority of studies conducted so far the data of
PGT-A with TE biopsy have been considered as reference data
and compared with the niPGT-A results. The concordance rate
of the results in these studies is 33.3-89.1% [5, 8, 13-17].
However, it should be noted that the above papers more
often described the protocol for niPGT-A in a fresh cycle.
Our study involved the protocol for thawed embryos, and
the concordance rate was consistent with the data of the
above studies (full concordance in 70% of cases, diagnostic
concordance in 90% of cases).

In other studies the whole embryo was considered as a
reference, and SCM was collected after the post-thawing
embryo culture. The concordance rate of the niPGT-A and
PGT-A results for the whole embryo in such studies varied
between 32.2-89.9%. Xu et al. assessed SCM of the thawed
D3 embryos after culturing to 5 days. Among 42 embryos,
assessment of 66.7% showed full concordance of the results
[18]. Yin et al. assessed SCM of 75 thawed D5-D6 blastocysts
after culturing for 24 h. The diagnostic concordance rate
of the results was 89.8%, while full concordance rate was
32.2% [19]. Huang et al. managed to get information about
SCM of 48 D5-D6 embryos out of 52 after thawing and culturing
for 24 h. Full concordance rate of the results was 85.4% [9].
Shitara et al. reported full concordance rate of 56.3% when
assessing SCM after thawing and culturing 5D embryos for 24 h
and 6D embryos for 3 h [20]. Xu et al. assessed 35 thawed
3D and 5D embryos. The minimum incubation time was 24 h.

| £ vt

Fig. 1. An example of “heteroploid” niPGT-A result

S 10 11 12 13 14 15 16 17 18 19 20 2122 X Y

BULLETIN OF RSMU | 4, 2023 | VESTNIKRGMU.RU



= PO RS e TN O

OPUIMMHAJIbHOE NCCJIEQOBAHNE | TEHETUKA

= RO RS e OO =4 O

e I e e B | e o, e e, it ) et e i i i e el B e e R e =
1 2 a 4 B [} F B -] i0 11 12 13 14 16 16 17 1812 20 21 22
, []::] :
1 2 a 4 B [:] T B ] 0 11 12 13 14 15 16 17 1818 20 2122 A

Fig. 2. Results of the embryo PGT-A and niPGT-A showing discordance between the PGT-A and niPGT-A data: the upper curve shows aneuploidy based on the

PGT-A data, the lower curve shows euploidy based on the niPGT-A data.
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Fig. 3. An example of full concordance of the results based on the PGT-A and niPGT-A data

A total of 88.6% SCM samples successfully went through
whole-genome ampilification. Full concordance rate of the ICM
niPGT-A and PGT-A results was 58.3% (14/24) [21].

[t should be noted that the culture medium drop volume
in these studies involving culturing thawed embryos varied
between 10-30 L, while the test sample volume was 3.5-25 L.
Incubation time was at least 24 h in the majority of cases. Our study
demonstrated successful detection and analysis of cfDNA in SCM
when culturing thawed blastocysts for 9 h in the 10 pL drops,
thereby showing the possibility of obtaining adequate results after
culturing thawed embryos within a shorter time period.

Of particular interest is the study of additional options to
use niPGT-A in clinical practice. Noteworthy is the paper, the
authors of which performed niPGT-A for mosaic embryos
based on the results of previous PGT-A with TE biopsy. They
thawed and re-cultured 41 mosaic embryos for 14-18 h, then
performed PGT-A with TE biopsy of the whole embryo and
SCM niPGT-A. The results of ICM assessment showed that
84.4% of embryos (35/41) had normal chromosome pattern.
The niPGT-A data were concordant with the results of PGT-A
based on the whole embryo biopsy in 74.4% of cases [22]. In
the paper published the authors reported retrospective data
on the transfer of mosaic embryos in 60 couples having no
euploid embryos. Clinical pregnancy was later diagnosed in
30 patients. Thus, the researchers assumed that additional use
of niPGT-A in such clinical cases had some possible benefits.

In our study we also obtained one “euploid” niPGT-A result
for aneuploid embryo (karyotype (21) x 1.5) based on the data
of previous PGT-A with TE biopsy. Furthermore, no abnormality
of the 21st pair of chromosomes was detected (Fig. 2). Given
the above, it is reasonable to collect SCM in the cycles with
PGT-A in order to explore the possibility of additional niPGT-A
use for more correct diagnosis in complicated or questionable
cases (if necessary).

Also of interest is the paper published in 2022 focused on
assessing the chances of the clinical use of niPGT-A in the
thawed embryo transfer ART cycles [23]. The embryos were
thawed and cultured in the 20 pL drops for 6 h in all cases until
transferred into the uterine cavity. The authors retrospectively
assessed the outcomes of thawed embryo transfer in 210
patients based on the niPGT-A results. The rates of clinical
pregnancy, ongoing pregnancy and live birth were significantly
higher in embryos that were considered to be euploid based on
niPGT-A compared to aneuploid embryos (56.2% vs. 29.4%).
However, no differences in the above reproductive outcomes
between “euploid” and “chaotic” embryos were revealed based
on the niPGT-A data (56.2% vs. 60.4%). The percentage of
aneuploid embryos was significantly higher among the embryos
that were considered to be of low or medium quality based on
morphological features compared to the good quality embryos
(46%, 34.6% and 21.5%, respectively; p = 0.013). The
researchers noted a possible advantage of using a combination

Table 2. Comparison of the rates of full and clinical concordance between the PGT-A and niPGT-A results based on the binomial test data

Concordance Yes/No Share Total Proportion p
Yes 7 0.7
Full 10 p=0.344
No 3 0.3
Yes 9 0.9
Diagnostic 10 p=0.021
No 1 0.1
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approach (morphological assessment in combination with
niPGT-A) to selection of the most promising embryo in terms
of transfer into the uterine cavity. Furthermore, the authors
proposed to rank the embryos in order of decreasing priority
for embryo transfer in the following way: 1) good quality
euploid embryos; 2) good quality “chactic” embryos; 3) euploid
embryos of medium quality based on morphological features; 4)
“chaotic” embryos of medium quality based on morphological
features.

[t should be emphasized that other researchers also
recommend to interpret chaotic niPGT-A results with caution,
since such results are more likely to reflect the biomaterial storage
conditions and DNA degradation processes than the embryos’
chromosomal patterns [8, 24]. In our study we have also obtained
chaotic niPGT-A results in one case (9.1%) (Fig. 1).

Thus, it should be noted that dealing with cfDNA and
niPGT-A has some features that should be taken into account
when interpreting the results and selecting the most promising
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TRYPTOPHAN CATABOLITES AND PREDICTED GUT FLORA ENZYME-ENCODING GENE
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The signaling role of tryptophan and its catabolites is well known. However, their effects on the potential microbiota metabolic activity is still poorly understood. The
study was aimed to assess concordance between changes in the predicted gut microbiome enzyme-encoding gene abundance and the tryptophan catabolites.
The study involved 109 healthy volunteers and 114 obese patients. Quantification of tryptophan catabolites in the feces was performed by HPLC. Bacterial DNA was
extracted from fecal samples, and the 16S rRNA gene V3-V4 region was sequenced. Primary processing of the sequencing data was performed using the QIME
v.1.9.1 tool. The alleged metabolic role of microbiota members was explored via reconstruction of unobservable states using PICRUSt. The maximum number of
significant correlations between the unobservable states and the predicted gut microbiome enzyme-encoding gene abundance in obese individuals was reported
for indole-3-lactate. A significant correlation between indole-3-lactate and the abundance of genes encoding the enzymes involved in metabolism of fructose, amino
sugars, nucleotides, amino acids, polyamines, and sulfosaccharides was revealed. It has been found that obese patients show a threefold increase in the indole-3-
lactate-producing microbiota. It has been shown that in obese individuals microbial population of the intestine is represented by the totally different genera and species
of microorganisms. It is concluded that indole-3-lactate has a significant effect on the predicted gut microbiome enzyme-encoding gene abundance in obese patients.
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In the last decade, the research aimed at understanding
hologenome has reached a new level due to advances in high-
throughput next generation sequencing (NGS) allowing one
to accurately identify microbial species and related metabolic
pathways. A hologenome is a sum of the host genes and
symbiotic/mutualistic microbial genes [1]. There are numerous
reports of the studies focused on assessing the taxonomic gut
microbiota composition associated with various physiological
states and disorders. Many researchers pay close attention to
studying the role of dysbiosis in obesity and diabetes mellitus
[2], non-specific ulcerative colitis [3] and other gastrointestinal
tract disorders [4-6]. There is no doubt, that gut microbiota
is a major player in metabolic disorders and the so-called
“metabolic inflammation” [7]. It is well known that metabolites
produced by microbiota act as signaling molecules [8]. It has
been found that indole-3-ethanol, indole-3-pyruvate, and
indole-3-aldehyde regulate the apical junctional complex
integrity and ensure normal intestinal barrier permeability
via the aryl hydrocarbon receptors (AhR) of enterocytes
[9, 10]. Thus, microbial tryptophan catabolites (MICT) modulate
both intestinal barrier function and resistance to intestinal
pathogens [11]. However, there is still little data on regulation
of gut microbiota enzymes by tryptophan derivatives. That is
why one of the objectives of our study was to explore the
relationship between the predicted gut microbiome enzyme-
encoding gene abundance and the levels of tryptophan
catabolites.

Many researchers analyze the features of gut microbiota
taxonomic composition in healthy individuals and individuals
with various disorders [12, 13], such as obesity, or assess
fecal levels of tryptophan catabolites that are more likely to be
produced by microbiota only [8]. However, all this has yet to
be proven, since microbiota composition in obese patients is
still poorly understood [12]. Some authors believe that indole-
3-acetate is the entirely microbiota-derived metabolite [13],
however, an enzyme is expressed in humans that is potentially
capable of producing this metabolite. This enzyme, aldehyde
dehydrogenase (EC: 1.2.1.3), converts indole-3-acetaldehyde
to indole-3-acetate [14]. That is why the second objective of
our study was to estimate concordance between changes in
the levels of tryptophan metabolites and enzymes that could
potentially be involved in tryptophan metabolite production.
Today, it is believed that MICT include indole, tryptamine,
skatole, indole-3-pyruvate, indole-3-lactate, indole-3-acrylate,
indole-3-propionate, indole-3-acetamide, indole-3-ethanal,
indole-3-aldehyde, and indole-3-acetaldehyde [8]. It should
be noted that among all MICT the highest intestinal levels
have been reported for indole, which represents both quorum
sensing (QS) microbiota molecule and signaling molecule in
the human body [15]. It is generally accepted that the main
MICT also include indole-3-acetate and indole-3-lactate [16].
Tryptophan acquired from food can be metabolized into
indole-3-acetate by gut microbiota via the indole-3-acetamide
pathway catalyzed by tryptophan monooxygenase
(EC: 1.18.12.3) and indole-3-acetamide hydrolase (EC: 3.5.1.4).
Indole-3-lactate is derived from indole-3-pyruvate as a result
of the reduction reaction catalyzed by aromatic 2-oxoacid
reductase (EC: 1.1.1.110), while indole-3-pyruvate is formed
due to three enzymes: tryptophan transaminase (EC: 2.6.1.27),
L-tryptophan-pyruvate aminotransferase (EC: 2.6.1.99),
and L-amino acid oxidase (EC: 1.4.2.2). Indole-3-lactate
can be further converted to indole-3-acrylate by 3-(aryl)acryloyl-
CoA:(R)-3-(aryl)lactate CoA-transferase (EC: 2.8.3.17) [17]. It
should be noted that metabolite derived from indole-3-lactate
(indole-3-acrylate) activates indole pyruvate decarboxylase

(EC: 4.1.1.74) involved in indole-3-pyruvate conversion via the
indole-3-acetate pathway [17] (Fig. 1).

The studies focused on exploring obesity have revealed
elevated blood levels of indole-3-acetate, indole-3-lactate,
and indole in affected individuals [8, 18]. At the same time
many authors report impoverishment of microbiota taxonomic
composition in obese patients [19, 20]. The role of indole-3-
acetate and indole-3-propionate in suppression of inflammation
contributing to adipose tissue remodeling and insulin resistance
has been proven [21]. There is no doubt that correction of
the diet results in significant changes of the gut microbiota
taxonomic composition. However, it is difficult to say whether
these changes will be persistent and how long it will take to
return to the dysbiosis phenotype typical for obesity. These
indicators will often be specific for each particular patient [22].

Thus, this leaves open the question of the composition of
certain tryptophan metabolite producers, homeostatic stability
of this composition in healthy and obese individuals, as well
as the place these metabolites occupy in the overall metabolic
profile of the gut microbial community and theirimpact on the gut
microbiome enzymatic landscape. The “enzymatic landscape”
(@bundance of enzyme-encoding genes) is the presence and
content (in arbitrary units) of genes encoding various enzymes,
i.e. the possible presence of enzymes corresponding to the
abundance of microbial DNAs potentially capable of expressing
certain enzymes.

The study was aimed to assess the levels of tryptophan
metabolites in fecal extracts and their correlation with the
predicted gut microbiome enzyme-encoding gene abundance
in obese patients.

METHODS
Trial arm

A total of 223 patients with an average age of 39.9 + 4.2 years
were surveyed. Two clinical groups were formed. Group 1
(n = 109): control group of healthy volunteers with no obesity
and/or metabolic syndrome, average body mass index (BMI)
of 19.8 [18.5-22.0] kg/m? and waist circumference (WC) of
73.0 [68.0-74.5] cm. Inclusion criteria for group 1: age 30-50
years, BMI < 25 kg/m?, WC < 80 cm for females and < 94 cm
for males; taking no antibiotics, prebiotics or probiotics within
three months before enrollment; submitted informed consent
to study participation. Exclusion criteria for group 1: pregnancy
and lactation, decompensated chronic disease, cancer,
history of congenital tryptophan metabolism disorder, acute
viral respiratory infection; any gastrointestinal tract disorder
(including non-specific ulcerative colitis, Crohn's disease,
irritable bowel syndrome); depression; alcoholism, and no
obesity and/or metabolic syndrome. Group 2 (n = 114): study
group with obesity and/or metabolic syndrome, average BMI
of 33.0 [31.0-36.0] kg/m? and WC of 90.0 [96.0-105.0] cm.
Inclusion criteria for group 2: age 30-50 years, BMI 30-34.9 kg/m?,
WC > 80 cm for females and > 94 cm for males; taking no
antibiotics, prebiotics or probiotics within three months before
enrollment; submitted informed consent to study participation.
Exclusion criteria for group 2: pregnancy and lactation,
decompensated chronic disease, cancer, history of congenital
tryptophan metabolism disorder, acute viral respiratory infection;
any gastrointestinal tract disorder (including non-specific
ulcerative colitis, Crohn's disease, irritable bowel syndrome);
depression; alcoholism. Patients of the study groups did not
follow any diet. A stool (feces) sample was obtained from each
study participant. Individuals living in the same area (Rostov
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Fig. 1. MICT formation and role in human organism: indole-3-acetate and indole-3-propionate regulate hepatic lipogenesis and prevent fatty degeneration of the liver (1);
indole-3-propionate has a neuroprotective effect; indole-3-lactate is responsible for axonal growth and cognitive ability (2); indole-3-propionate regulates permeability
of the mucosal barrier, it increases the synthesis of tight junction proteins, reduces production of tumor necrosis factor-a (TNF-a) and possesses antioxidant activity
(8); in the pancreas, MICT suppress autoimmune inflammation and prevent type 1 diabetes mellitus; furthermore, it has been shown that indole-3-acetate suppresses
tumor cell proliferation in the pancreas (4); indole-3-acetate reduces production of pro-inflammatory cytokines by macrophages; indole-3-acetaldehyde increases
production of interleukin 22 (IL-22) in immune cells, including intestinal cells (5); in adipose tissue, indole-3-acetate and indole-3-propionate have an anti-inflammatory

effect, thereby preventing insulin resistance (6)

Region and the city of Rostov-on-Don) in summer and autumn
were enrolled in order to minimize the effects of climate, diet
and ethnic factors on the gut microbiome.

Chromatographic analysis

Stool samples were obtained from all study participants
in accordance with the study protocol. The samples were
transported and stored in accordance with the cold chain
protocol at a temperature not exceeding —40 °C.

The tryptophan metabolites were quantified in the
feces by high-performance liquid chromatography-mass
spectrometry (HPLC-MS/MS). Analysis was performed using
the Agilent 1290 LC system (Agilent Inc.; USA) equipped
with autosampler, thermostatted column compartment, and
degasser. During fecal sample preparation, the sample was
lyophilized to dryness, then a portion with the weight of about
5 mg was subjected to extraction in 50% aqueous methanol
solution supplemented with internal standard and ascorbic
acid. After centrifugation the sample was analyzed by HPLC-
MS/MS.

Chromatographic separation was performed using the
Discovery PFP HS F5 column (2.1 x 150 mm; 3 um, Supelco
Inc, St. Louis, Missouri, USA). Detection was carried out in the
Agilent 6470 triple quadrupole mass spectrometer (Agilent Inc.;
USA) coupled to MRM and electrospray ionisation. The parent
and daughter ions that were characteristic of each compound
in the MRM mode, as well as ionization and dissociation
parameters were optimized using standards for the studied
metabolites. The signal received was processed using the
Masshunter software (Agilent Inc.; USA).

The column temperature and flow rate were set at 40 °C
and 0.4 mL/min, respectively. The mobile phases consisted of
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0.1% aqueous formic acid solution (phase A) and acetonitrile
(phase B). The gradient program was as follows: 0 min — 1% B;
4 min — 10% B; 9 min — 90% B; 10 min — 90% B; 10.1 —
1% B; 12 min — 1% B. The positive ion electrospray ionization
was used. The main MS parameters were as following: gas
temperature — 300 °C; gas consumption — 8 L/min; nebulizer
gas — 20 pounds per square inch; inert gas heater — 300; inert
gas consumption — 10 L/min; capillary voltage — 3500 kV.

Metabolite concentrations were calculated by the internal
standard (2-hydroxynicotinic acid) method. The standards for
analytes were prepared using artificial matrix containing bovine
serum albumin and sodium chloride. The studied metabolites
were added to the matrix, and preparation was performed in
accordance with the assessment method.

The method was validated based on selectivity, linearity,
accuracy, reproducibility, matrix effect, and analyte stability.
Validation was performed in accordance with the FDA guidelines
on validation of bioanalytical techniques. Fecal samples were
lyophilized to dryness, them the sample with the weight of
about 5 mg was subjected to extraction in 50% aqueous
methanol solution supplemented with internal standard
and ascorbic acid. Sample preparation was performed as
follows: 100 pL of methanolic fecal extracts (calibrators or
QC) were mixed with the internal standard solution, 10 pL
of the source solution, 10 pg/mL of the 2-hydroxynicotinic
acid solution, and 400 pL of acetonitrile. Then the mixture
was shaken, centrifuged for 10 min at 13,000 rpm, and
evaporated to dryness in the vacuum centrifugal evaporator
at 37 °C. After that the residue was retrieved with 100 pL of
0.02% ascorbic acid solution in 10% methanol, centrifuged,
and transferred to the tube for LC-MS. The extract (5 pL)
was introduced into the liquid chromatography system for
further analysis by HPLC-MS/MS.
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Table 1. Fecal levels of tryptophan metabolites in adults, nmol/g

Metabolite Hezit:y1 ?)3;1“3 Okzss:e 1a1d 4L)"ts
Indole 464 + 462 389 + 361
Indole-3-lactate 454 + 18.6 101 + 218*
Indole-3-acetate 21.9 +40.6 21.9+429
Indole-3-propionate 21.51 +29.9 8.28 + 11.3*
Kynurenic acid 7.68 +9.15 5.59 + 9.71
Indole-3-carboxaldehyde 5.14 + 4.31 2.60 + 2.24*
Quinolinic acid 5.13 £ 4.71 2.23 +2.26"
Tryptamine 2.59 +7.42 2.11 £ 8.52
Xanthurenic acid 2.36 +4.18 1.06 + 2.22*
3-hydroxyindole-acetoacetic acid 2.35+4.28 1.45+2.13"
Kynurenine 0.651 + 0.961 0.551 + 0.571
Anthranilic acid 0.321 + 0.231 0.191 + 0.261*
Indole-3-acrylate 0.161 £ 0.211 0.051 £ 0.081*

Note: * — the difference is significant at p < 0.05.

16S rRNA gene V3-V4 region sequencing

Bacterial DNA was extracted from fecal samples using the
QlAamp Fast DNA Stool Mini Kit (QIAGEN GmbH; Germany).
The resulting microbial DNA was amplified using primers
specific for the 16S rRNA gene V3-V4 variable region. After
the AMPure XP (Beckman Coulter; USA) paramagnetic beads
purification of the mixture, the PCR products were indexed
using the Nextera XT Index Kit (lllumina, Inc.; USA). The mixture
was purified using paramagnetic beads again, and the resulting
libraries were sequenced using the MiSeq plarform (lllumina,
Inc.; USA) in accordance with the manufacturer’s protocol.

Technical processing of sequencing results

Quality control of the resulting reads was performed using the
fastQC tool in accordance with the following criteria: 1) base
quality distribution — at least 90% with the quality > 25;
2) base length distribution — at least 90% of reads reach
a length of 300 nucleotides; 3) maximum percentage of
undefined bases — 1.

The gene sequences obtained were assessed using
the QIIME v.1.9.1 tool and the Greengenes v.13.8 reference
database with the 97% similarity threshold. The data on the
bacterial taxa abundance in the overall pool of reads were
obtained as proportions (0—1) calculated based on the number
of mapped reads per taxon. The total number of observed
operational taxonomic units (Observed OTUs) was calculated
in order to characterize the gut microbiome alpha diversity. An
operational taxonomic unit is a surrogate taxonomic level, the
result of bacterial 16s RNA gene sequencing data clustering.

Bioinformatics analysis

Primary processing of the sequencing results and compilation
of the list of OTUs was performed in QIIME v.1.9.1 [23]. The
second phase involved analysis of the microbiota members’
probable metabolic role by reconstructing unobservable states
with PICRUSH [24].

The predicted enzyme-encoding gene abundance was
assessed using bioinformatics analysis involving matching
of metagenomic sequencing data with the KEGG Enzyme
database using PICRUS [24]. The resulting predicted enzyme-
encoding gene abundance data specified in relative units could

be compared between samples and cohorts of the studied
groups within a project.

Statistical analysis of the study results was performed using
the STATISTICA 12.0 software package (StatSoft Inc; USA).
All the data sets obtained were tested for normality using the
Shapiro-Wilk test. The distribution was normal, and the data
were presented as mean and standard deviation.

Spearman's rank correlation coefficients are provided
in tables. The correlation analysis involved assessment of
the correlation coefficient significance. The differences were
considered significant at p < 0.05.

RESULTS
Fecal levels of tryptophan catabolites

Assessment of the tryptophan catabolite fecal levels has shown
that indole and indole-3-lactate are dominant MICT (Table 1).
The fecal levels of eight tryptophan metabolites were
significantly lower in adult obese patients than in healthy
donors: indole-3-lactate, quinolinic acid, 3-hydroxyindole-
acetoacetic acid, anthranilic acid, xanthurenic acid, indole-3-
carboxaldehyde, indole-3-acrylate, and indole-3-propionate.
[t should be noted that obese patients have dramatically
reduced fecal levels of indole-3-lactate: the average level of this
tryptophan metabolite is 78% lower compared to normal (Table 1).

Correlation of the fecal tryptophan catabolite levels with
the predicted abundance of the gut microbiome
enzyme-encoding genes

We used PICRUSt analysis of the microbiome taxonomic
diversity to quantify the predicted abundance of various
enzyme-encoding genes based on the abundance of DNA
of various intestinal microorganisms in healthy and obese
individuals, then we performed the correlation analysis of the
predicted gut microbiome enzyme abundance and the fecal
levels of tryptophan catabolites.

[t was found that obese individuals had a stronger link
between the abundance of the gut microbiota enzyme-encoding
genes and the tryptophan metabolites. Thus, we have found 251
significant correlations (significance level = 3, p < 0.001) in healthy
subjects, while among obese individuals there are 479 significant
correlations with the same significance level (Fig. 2).
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Fig. 2. Quantitative analysis of the correlations “tryptophan catabolite — predicted gut microbiome enzyme-encoding gene abundance”. In healthy individuals,
anthranilic acid and indole-3-acrylate are the key catabolites that are closely linked to the predicted gut microbiome enzyme-encoding gene abundance. In obese
individuals, indole, indole-3-lactate, kynurenic and quinolinic acids are correlated to the predicted gut microbiome enzyme-encoding gene abundance

It was found that there were no significant changes in
the fecal indole levels of obese individuals (Table 1), while the
predicted gut microbiome enzyme-encoding gene abundance
correlated to the indole levels increased tenfold (Fig. 2).

A significant decrease in fecal levels associated with
obesity was found for the second dominant intestinal
tryptophan catabolite, indole-3-lactate (Table 1). However,
the number of significant correlation pairs for indole-3-lactate
and the predicted abundance of genes encoding various gut
microbiome enzymes increased from five pairs we had found
in healthy individuals to 214 pairs in obese individuals (Fig. 2).

In was found that in obese patients the potential key
signaling tryptophan metabolites correlated to the predicted
gut microbiome enzyme-encoding gene abundance were
as follows: indole, indole-3-lactate, kynurenic and quinolinic
acids. In non-obese individuals, these key signaling molecules
included indole-3-acrylate and anthranilic acid (Fig. 2).

Further analysis revealed enzymes, the predicted
abundance of genes encoding which was more strongly
correlated (Spearman's rank correlation coefficient 0.407-0.340)
to the fecal levels of indole-3-lactate (Table 2).

Among microbiome enzymes, the predicted abundance of
genes which is correlated to the intestinal levels of indole-3-
lactate in obese patients, the enzymes involved in metabolism
of carbohydrates, amino acids, polyamines, nucleotides
and sulfosaccharides were identified (Table 2). It was also
found that fecal levels of indole-3-lactate correlated with the
predicted abundance of genes encoding enzymes involved
in metabolism of amino acids: arginine, glutamate and
glutamine.

Correlation of the gut microorganism taxonomic
abundance with the fecal levels of indole-3-lactate

Analysis of the bacterial and archaeal abundance at the family
(f), genus (g) and species (s) levels in healthy subjects showed
that there was a significant correlation between the fecal levels
of indole-3-lactate and the abundance of the following families
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of microorganisms: Ruminococcaceae, Lachnospiraceae,
Akkermansiaceae, Barnesiellaceae (Appendix 1).

At the same time it was found that in obese patients other
members of gut microbiota, such as Enterobacteriaceae and
Pseudomonadaceae, were significantly correlated to fecal
levels of indole-3-lactate (Appendix 2). It is important to note
that in obese individuals microorganisms, the content of which
was correlated to intestinal levels of indole-3-lactate, were
different from normal. Whereas in healthy individuals a total of
54 significant correlations between various microbial species in
the intestine and indole-3-lactate were found, there were three
times more significant correlations in obese patients (154 pairs).

Our analysis revealed no significant correlations
between indole-3-lactate and the abundance of Klebsiella,
Pseudomonas, Escherichia-Shigella in the intestine of
individuals with normal weight. It is obvious that in obese
individuals indole-3-lactate is produced mainly by the family
Enterobacteriaceae. It is important to note that, according to
the literature, obesity results in the gut microbiota taxonomic
composition impoverishment [19]. However, our study has
shown that obesity instead results in enrichment of taxonomic
abundance of the gut microbiota being a potential producer of
indole-3-lactate.

DISCUSSION

It is interesting to note, that obese individuals show a decrease
in the fecal levels of tryptophan catabolites, and the maximum
decrease has been determined for indole-3-lactate. Meanwhile,
this specific metabolite is a dominant in both healthy and
obese individuals. However, we have found that indole-3-
lactate plays a key role as a potential regulator of the predicted
gut microbiome enzyme-encoding gene abundance only in
obese individuals. We have identified 214 various enzymes,
the predicted abundance of which is potentially dependent on
indole-3-lactate.

We believe that the predicted abundances we have
determined for the enzymes involved in polyamine metabolism
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Table 2. Correlation “fecal levels of indole-3-lactate — predicted gut microbiome enzyme-encoding gene abundance” in obese patients

Spearman's
Enzymes rank correlation Metabolic pathways

coefficient
Allosakinase EC: 2.7.1.55 0.407 Fructose and monose metabolism
UDP-4-amino-4-deoxy-L-arabinose formyltransferase EC: 2.1.2.13 0.372 Amino sugar and nucleotide sugar metabolism
UDP-glucuronic acid dehydrogenase EC: 1.1.1.305 0.372 Amino sugar and nucleotide sugar metabolism
UDP-4-amino-4-deoxy-L-arabinose aminotransferase EC: 2.6.1.87 0.371 Amino sugar and nucleotide sugar metabolism
Sulfoquinovose isomerase EC: 5.3.1.31 0.370 Sulfoquinovose breakdown (sulfoglycolysis)
Oxalyl-CoA decarboxylase EC: 4.1.1.8 0.363 Glyoxylate and dicarboxylate metabolism
Glucose-1-phosphatase EC: 3.1.3.10 0.358 Gluconeogenesis
1,4-dihydroxy-2-naphthoyl-CoA hydrolase EC: 3.1.2.28 0.351 Vitamin K metabolism. Biosynthesis of secondary metabolites
N-hydroxyarylamine O-acetyltransferase EC: 2.3.1.118 0.351 N-acetylation of arylamines and acetylation of aryl hydroxamates
Dodecenoyl-CoA isomerase EC: 5.3.3.8 0.350 Lipid metabolism
Sulfofructose kinase EC: 2.7.1.184 0.349 Sulfoquinovose breakdown (sulfoglycolysis)
Formate dehydrogenase EC: 1.1.5.6 0.347 Sulfoquinovose breakdown (sulfoglycolysis)
Succinylornithine transaminase EC: 2.6.1.81 0.347 Arginine and polyamine metabolism
Enterobacter ribonuclease EC: 3.1.27.6 0.346 Two-step endonucleolytic cleavage producing 3'-nucleotides
Sulfofructosephosphate aldolase EC: 4.1.2.57 0.346 Sulfoquinovose breakdown (sulfoglycolysis)
Ferric-chelate reductase (NADPH) EC: 1.16.1.9 0.345 Reduction of ferric "O'ZS?;;';‘:”:Z;S")*&”“V of iron chefators
Succinic semialdehyde dehydrogenase (NAD(+) EC: 1.2.1.24 0.344 Glutamine glutamate metabolism
(d)CTP diphosphatase EC: 3.6.1.65 0.343 Pyrimidine nucleotide metabolism
dTl?P-4-amino-4,6-dideoxy-D-gaIactose acyltransferase 0.343 Biosynthesis of nucleotide sugars
EC:2.3.1.210
Inosine kinase EC: 2.7.1.73 0.343 Purine nucleotide metabolism
‘IIE'chl.:‘éNll-a;cse;)gfucosamine: lipid Il N-acetylfucosaminyltransferase 0.343 Enterobacterial common antigen biosynthesis
Kdo2-lipid IVA palmitoleoyltransferase EC: 2.3.1.242 0.342 Lipid A, lipopolysaccharide biosynthesis
Gluconate 2-dehydrogenase EC: 1.1.1.215 0.342 Ketogluconate metabolism, pentose phosphate pathway
Sulfolactaldehyde 3-reductase EC: 1.1.1.373 0.341 Sulfoquinovose breakdown (sulfoglycolysis)
Elg?gl-?ér.ié);)se 1-methylphosphonate 5-triphosphate synthase 0.340 Phosphonate and phosphinate metabolism

constitute an important target of indole-3-lactate in the
pathogenesis of obesity. It is well known that gut microbiota
synthesizes polyamines from arginine and its product, ornithine
[20]. Polyamine metabolism plays a pivotal role in regulation
of the systemic and mucosal adaptive immunity. Arginine, for
its part, is an important modulator of the macrophage and T
cell metabolism capable of affecting the effector functions of
these cells. Furthermore, polyamines inhibit production of pro-
inflammatory cytokines and possess antioxidant effect [25].
In the intestine, polyamines can reduce the cytokine release,
thereby promoting reparation of damaged epithelium and
restoration of normal barrier function. Spermine (polyamine)
inhibits activation of inflammasome, which is a protein complex
expressed by epithelial cells that is capable of regulating the
IL18 secretion [25]. It has been also shown that the presence
of the Bifidobacterium animalis probiotic strain can induce
resistance to oxidative stress and contribute to the increase
in life expectancy depending on the increased microbial
synthesis of polyamines [26]. According to the literature,
the elevated polyamine levels in white adipose tissue, liver
or skeletal muscles can stimulate energy metabolism and
protection from alimentary obesity [27]. It is also known that
polyamine metabolites are involved in adipogenesis [28].
It has been shown that treatment with exogenic spermine
effectively reduces body weight and fasting glucose levels,
it also improves glucose tolerance in mice with obesity caused
by diet [29]. Furthermore, spermine affects insulin receptors

and insulin sensitivity [30]. Thus, immunological and metabolic
effects of polyamines are largely congruent with the effects of
the indole AhR signaling. The correlations we have identified
may be indicative of the involvement of both indole-3-lactate
and polyamines in the mechanisms underlying tolerogenicity
(or their impairment) in obese patients; a simultaneous decrease
in these two tolerogenicity mechanisms associated with obesity
might cause the increase in the intestinal barrier permeability.
The relationship between the fecal levels of indole-3-
lactate and the predicted abundance of genes encoding the
gut microbiome enzymes involved in sulfoglycolysis is poorly
understood. The sulfoquinose (SQ) sulfosaccharide is produced
by almost all photosynthetic organisms on the Earth and is
metabolized by bacteria via sulfoglycolysis. The Embden—
Meyerhof-Parnas sulfoglycolytic pathway metabolizes SQ
to produce dihydroxyacetone phosphate and sulpholactate
aldehyde, it is similar to conventional glycolysis pathway [31, 32].
The literature reports studies focused on identification of
microorganisms involved in sulfoglycolysis [33]. However, there
are no studies aimed at assessing the relationship between the
sulfoglycolysis metabolites and the levels of indole tryptophan
metabolites. We have found significant correlations between the
predicted abundance of genes encoding the gut microbiome
enzymes involved in sulfoglycolysis and the fecal levels of
indole-3-lactate in obese individuals (Fig. 3). It should be noted
that sulfosaccharides represent a reservoir of sulfate that can
potentially be used for synthesis of glycosaminoglycans and

BECTHVIK PIMY | 4, 2023 | VESTNIKRGMU.RU



Some microbiome MICT

¥ 3-hydroxyindole acetate

4 Indole-3-carboxaldehyde

Indole-3-pyruvate

1 / ¥ Indole-3-acrylate

/ Indole-3-acetate
2 — § Indole-3-lactate
N ¥ Indole-3-propionate

§ Anthranilic acid

Healthy

N 214

ORIGINAL RESEARCH | ENDOCRINOLOGY

Microbiome enzymatic landscape

Obesity

Fructose
metabolism

/’ Polyamine

/ metabolism

— Sulfoglycolysis

\

l Nucleotide
metabolism
PFP

& Quinolinic acid

Indole

Kynurenic acid
4 Xanthurenic acid

Fig. 3. Obesity is associated with significant deviations of the link between the indole-3-lactate levels and the predicted gut microbiome enzyme-encoding gene
abundance. In healthy donors, a total of five significant correlation pairs between indole-3-lactate and the predicted gut microbiome enzyme-encoding gene abundance
were identified, while obese individuals showed a significant microbiome enrichment having significant correlation pairs for the fecal levels of indole-3-lactate and the
predicted abundance of genes encoding the enzymes involved in various metabolic pathways. § — decrease in the concentration of MICT in fecal samples; 1 —
indole-3-pyruvate affects cells of the intestine (via AhR) and determines the tight junction integrity; 2 — indole-3-acetate, indole-3-propionate, and indole-3-lactate
affect immune cells of the intestine (via AhR), increase the pathogen resistance and decrease the intestinal barrier permeability; 3 — interspecies-specific molecule

QS — indole having a constant concentration

remodeling of extracellular matrix, which is important for both
development of chronic sluggish inflammation associated with
obesity and formation of pro-tumorigenic phenotype typical for
obese individuals [21].

[t is important to note that we have found no significant
correlations between the fecal levels of tryptophan catabolites
and the abundance of genes encoding the gut microbiome
enzymes involved in their production.

Obesity is associated with alteration of the gut microbiota
genotype and possibly phenotype: the number of taxa that
might supply indole-3-lactate increases three times. Meanwhile,
a significant increase in fecal levels of indole-3-lactate can be
indicative of severe bacterial colonization of the intestine and
increased uptake of this tryptophan catabolite by appropriate
microbiota, the taxa typical for obese patients. It is fecal
levels of indole-3-lactate for which the number of significant
correlations with the predicted abundance of genes encoding
the enzymes involved in carbohydrate, lipid, nucleotide and
amino acid metabolism, as well as sulfoglycolysis, is increased.
Microbiota, including gut microbiota, is believed to be stable
and evolutionarily selected at the population level. However,
commensal microbiota can be qualitatively and quantitatively
modulated [19] by the diet, various signaling molecules and
cytokines. Perhaps, enrichment of the indole-3-lactate-
producing taxa is of a compensatory nature and occurs to
suppress production of pro-inflammatory cytokines that is
usually found in obese patients. Thus, itis well known that indole-
3-lactate has a profound anti-inflammatory effect: it is involved
in induction of immunoregulatory T cells and suppression of
inflammatory T cells [34]. The recent research has shown
that indole-3-lactate is a dominant tryptophan catabolite for
Bifidobacterium (B. longum subsp. infantis). Furthermore,
rather high levels of indole-3-lactate are found in human breast
milk [34]. We have shown that fecal levels of indole-3-lactate in
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obese patients might depend on the family Enterobacteriaceae
taxonomic abundance. Reduction of the share of this family in
gut microbiota is correlated to the decrease in indole-3-lactate
levels of obese individuals. However, taking into account the
increase in serum levels of indole-3-lactate in obese individuals
we have revealed earlier [18], it is likely that production of this
MICT in the intestine is stable or even increased, while transport
of indole-3-lactate from the intestine into blood in obese
patients can be intensified. The answer remains to be seen,
since not only gut microbiota can be the source of indole-3-
lactate, but also microbiota occupying other ecological niches
in the human body.

CONCLUSIONS

Indole and indole-3-lactate are dominant tryptophan catabolites
in both healthy and obese individuals. Obese patients show a
significant decrease in fecal levels of indole-3-lactate, quinaolinic
acid, 3-hydroxyindole-acetoacetic acid, anthranilic acid,
xanthurenic acid, indole-3-carboxaldehyde, indole-3-acrylate,
and indole-3-propionate. The maximum decrease is reported
specifically for indole-3-lactate. Obese individuals show a
stronger link between the predicted gut microbiome enzyme-
encoding gene abundance and MICT. In the group of healthy
subjects, the abundance of gut microbiome enzyme-encoding
genes is correlated to the levels of indole-3-acrylate and
anthranilic acid, while in obese individuals other MICT (indole
and indole-3-lactate) together with quinolinic and kynurenic
acids define the gut microbiome “enzymatic landscape”. The
more close correlations between the predicted gut microbiome
enzyme-encoding gene abundance and MICT have been
revealed specifically for indole-3-lactate. It has been
found that the fecal levels of indole-3-lactate are correlated
to the predicted abundance of genes encoding the gut
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microbiome enzymes, including those involved in metabolism of
carbohydrates, nucleotides, amino acids, polyamines, and
sulfosaccharides. No significant correlations between the
levels of tryptophan catabolites and the predicted abundance of
genes encoding the enzymes involved in tryptophan catabolite
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CLINICAL SIGNIFICANCE OF CYTOKINE COUNTING IN PATIENTS WITH MULTIPLE SCLEROSIS
AND ITS RELATIONSHIP WITH HERPES INFECTION
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There are persistent infections that contribute to the emergence and development of multiple sclerosis (MS) exacerbations; they are triggered by the Epstein—Barr,
herpes type 6, herpes simplex types 1 and 2, varicella-zoster viruses. Cytokines are crucial to arresting the spread of a herpes infection in a body. If their production is
out of balance, MS can progress faster. This study aimed at determining the level of cytokines in the blood serum of MS patients, assessing their clinical significance
and how they affect reactivation of herpes infection. We examined 36 patients (12 male and 24 female) with confirmed MS (McDonald criteria) in remission. In
18 of them, we diagnosed reactivation of peripheral herpes virus. Serum levels of 15 cytokines (IL183, IL4, IL6, TNF-a, INF-y, IL10, IL17A, IL17F, IL21, IL22, IL23,
IL25, IL31, IL33, sCD40L) were determined with the help of xMAP multiplexing. Compared to the control group, MS patients had increased levels of IL10, IL33
(p < 0.001), with high IL33 identified most often (20 patients; 52.8%). During exacerbations, the average level of IL10 grew up (p < 0.01), as did that of IL31, the
high levels of which were detected significantly more often (42.8 and 6.9%, respectively; p = 0.04). In addition, a prevailing scenario was the increased levels of
IL33 and other cytokines (IL17A, IL17F, IL21, IL31) (57.1 and 6.9% of cases, respectively; p = 0.008). Reactivation of herpes translated into higher levels of IL113,
IL23 and IL33 compared to cases without reactivation (p < 0.05 and p < 0.01, respectively). High levels of IL33 were significantly more frequently recorded in this
group of patients (77.7 and 33.3%; p = 0.008). We discuss involvement of IL10, IL31, IL33 and other cytokines in the pathogenesis of herpes-associated MS.
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KNMHNYECKOE 3HAYEHUE OMNMPEOENEHUNA ULMTOKNHOB Y NALMEHTOB C PACCESAIHHBIM CKJIEPO30M
1 BBAUMOCBA3b C M’EPNETUYECKON MHOEKLIVEN
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B BO3HWKHOBEHMN 1 padBUTUM 0BOCTPEHNI paccesaHHOro ckneposda (PC) y4acTByOT nepcucTupytoLme nHgekLmm: Brpycel dnwtenHa—bapp, repneca 6-ro
TUMa, NPOCTOro repreca 1-ro n 2-ro TMMNOB, BapuLEna-3oCcTep-BupycC. BbipaboTka LMTOKMHOB UMEET KITIOYEBOE 3HAYEHVE B OrPaHUYEHNN PACMPOCTPaHEHS
repreTy4eckon MHMeKLMM B OpraHname Yenoseka, a avcbanaHc nx npoaykuum sensetcs dakTopom nporpeccupoBanms PC. Llensto vccnepoBaHns Obino
onpenenTb YPOBEHb LIMTOKMHOB B CbIBOPOTKE KPOBM Y NaumeHToB PC, OLEHUTE X KIIMHUYECKOE 3Ha4YeHne 1 B3aMMOCBS3b C PeakTUBaLMen repneTuHeckomn
nHpexkummn. O6cnegoBaHo 36 nauneHToB (12 My>XHuH 1 24 >KeHLWKHbI), ¢ goctoBepHbiM PC (kputepun McDonald) n pemutupytolm TedeHrem. Y 18 venosek
BbIsiBfleHa peakTuBaLms NepuhepnHeckort reprec-BupycHom nHgekummn. CbiIBOPOTOYHBIN ypoBeHb 15 umTokmnHoB: IL1B, IL4, IL6, ®HO-a, HD-y, IL10, IL17A,
IL17F IL21, IL22, IL23, IL25, IL31, IL33, sCD40L rccnenoBani ¢ NoMOLLbIO MynsTunnekcHor TexHonorm xMAP. Tpun PC, B cpaBHeHUM C KOHTPOJIEM, BbISIBIEHO
yBennyeHue IL10, IL33 (p < 0,001). Hanbonee 4acto BbisBNANM BbicokMe 3HadeHns IL33 — y 20 (52,8%) naumeHToB. Mpu 060CTpeHnr 3aboneBannst CpeaHnii
ypoBeHb IL10 6bin Bbilwe (o < 0,01), 4OCTOBEPHO Hallle BCTpeYanmnch BbiCOKMe 3HadeHns IL31 (cooTBeTcTBEHHO 42,8 1 6,9%; p = 0,04) 1 NpeBanMpoBano codeTaHHOe
nosblenve IL33 ¢ apyrumm uptokuHamm (IL17A, IL17F, IL21, IL31) (cootBeTcTBEHHO B 57,1 11 6,9% cny4yaes; p = 0,008). MNpu peakTviBaLmmn reprec-s1UpycHo
nHpekumn yposeHb IL16, IL23 1 IL33 6bin Bbiwe, Yem 6e3 Hee (p < 0,05 n p < 0,01 cooTBETCTBEHHO). Bbicokune 3HaqeHrs IL33 3Ha4nMmMo valle pervcTpupoBan
B 3TON rpynne naumeHTos (77,7 1 33,3%; p = 0,008). O6cyxpaaetcst ydacTue IL10, IL31, IL33 v apyrvix LMTOKMHOB B NaToreHe3e acCoLMMPOBAHHOMO C BUPYCamm
repneca PC.
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Multiple sclerosis (MS) is a chronic disease of the central nervous
system with autoimmune inflammatory and neurodegenerative
mechanisms of development [1]. The processes important for
immunopathogenesis of the disease are penetration of activated
T cells (type 1 T helper cells (Th1), Th17 cells) and macrophages
through the blood-brain barrier into the brain tissue, local activation
of astrocytes and microglia, production of anti-inflammatory
cytokines by them [2, 3] and subsequent demyelination and
neuron degeneration. The etiology of MS remains unknown. It
is believed that, in addition to genetic factors, various persistent
infections contribute to its development [4]. Herpes simplex
virus type 1 and 2 (HSV-1 and HSV-2) [5], varicella zoster virus
(V2V) [6], human herpesvirus 6 (HHVB) [7] and Epstein—Barr virus
(EBV) play a major role in the occurrence of MS, development
of exacerbations and progression of the pathological process
[8-11].

Production of cytokines as part of the innate immune
response is crucial for arrest of spread of herpes infection
in a body [11, 12]. In MS cases, lack of balance between
production of pro- and anti-inflammatory cytokines is also
considered the key factor in the development of the disease's
exacerbations and progression of the inflammatory immune
response. Interleukins (IL) IL1-B, IL2, IL4, IL6, IL10, IL17, IL23,
tumor necrosis factor — (TNF-a) and interferon-y (INF-y) are the
best studied response agents [2, 3, 13-15]. The role played by
other cytokines, IL31 and IL33 in particular, in the pathogenesis
of MS has not been investigated sufficiently; the data available
originate from foreign sources exclusively [16-21]. Moreover,
neither in Russia nor abroad have researchers sought to
determine cytokines in blood serum during reactivation of
herpes infection in MS patients, and subsequently assess their
clinical significance. This gap in data presented in the published
works substantiated this study, which aimed at determining the
level of cytokines in the blood serum of MS patients, assessing
their clinical significance and how they affect reactivation of
herpes infection.

Table 1. Clinical characteristics of the MS patients (Me (25", 75" percentile), n = 36)
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METHODS

The work was conducted at the premises of the Research and
Educational Center for Demyelinating Diseases of the Yaroslavl
State Medical University and Center for Multiple Sclerosis of
Yaroslavl Clinical Hospital Ne 2 (Russia).

The study included 36 patients, 12 male and 24 female,
with MS confirmed under McDonald criteria [22] (Table 1). The
mean age of the patients at the time of the study was 38.5
(28.0; 48.5) years, the age of onset of the disease — 27.00
(21.5; 38.0) years, and duration of the disease — 9.50 (3.5; 12.5)
years. Multiple sclerosis was relapsing-remitting (RRMS) in all
patients, with 29 (80.6%) of them in remission and 7 (19.4%)
suffering exacerbation of the disease.

Thirty (83.3%) patients were undergoing a course of MS
disease modifying drugs (DMDs), with 14 taking glatiramer
acetate (GA), 16 — high-dose interferons (INF); the mean
duration of the course was 30.0 (9.0; 67.0) months. Six (16.7%)
patients were out of DMDs therapy at the time of examination.

For clinical assessment of the patients' neurological status,
we relied on the J.F Kurtzke's assessment system [23] that
includes the Functional Status Scale (FSS) and the Expanded
Disability Status Scale (EDSS). The average score on the
EDSS scale was 3.25 (2.00; 4.50), and the sum of neurological
impairment — 6.50 (3.00; 9.00) points. Using the F. Lublin's
classification [24], we divided the RRMS patients into active MS
(h=17,47.2%) and inactive MS (n = 19, 52.8%) groups. In the
active MS group, we also marked patients with highly active MS
(n =6, 35.3%), i.e., two or more exacerbations a year.

The key indicators of the course of the disease taken into
account were first symptoms, duration of the first remission,
patient's age at the time of onset, total neurological
impairment score on Kurtzke's scale (TNIS), number and
severity of exacerbations. We distinguished between mild MS
exacerbations (TNIS growing by 0.5-1 point on EDSS scale),
moderate exacerbations (growth by 1-2 points) and severe

Characteristic

Value

Gender, m/f, n (%)

12/24 (33.3/66.7)

Age (years)

38.50 (28.0; 48.5)

Age of onset (years)

27.00 (21.5; 38.0)

study, n (%)

Duration of the disease (years) 9.50 (3.5; 12.5)
MRI+ exacerbations (activity in RRMS), n (%) 17 (47.2)
Highly active, n (%) 6 (35.3)
Active exacerbation, n (%) 7/29 (19.4/80.6)
EDSS at the time of examination (points) 3.25 (2.00; 4.50)
Total number of exacerbations 4.00 (3.00; 6.00)
Average annual frequency of exacerbations 0.58 (0.33; 1.00)
Rate of progression (point/year) 0.40 (0.21; 0.75)
Duration of the 15t remission (months) 12.00 (6.00; 24.00)
Progression index 0.78 (0.35; 1.50)
Time to disability level 3 by EDSS (years) 2.25 (0.00; 7.00)
Severity of flu-like syndrome (points) 6.00 (2.00; 11.00)
Neurological impairment by FS scale (points) 6.50 (3.00; 9.00)
Active course of MS disease modifying drugs (DMDs) at the time of the 30 (83.3)

Duration of DMDs course (months)

30.00 (9.00; 67.00)

DMDS (n = 30): INF/GA, n (%)

16/14 (53.3/46.7)
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Table 2. Clinical characteristics of MS patients with and without clinical signs of PHVI reactivation (Me; 25", 75" percentile)

Characteristic MS with clinical signs of PHVI (n = 18) MS without clinical signs of PHVI (n = 18)
Gender, male, n (%) 4(22.2) 8 (44.4)
Female, n (%) 14 (77.8) 10 (55.6)

Age at the time of examination (years)

36.50 (28.00; 43.00)

39.00 (28.00; 57.00)

Age of onset (years)

24.00* (19.00; 30.00)

33.00 (23.00; 41.00)

Duration of the disease (years)

8.50 (3.00; 20.00)

10.50 (4.00; 12.00)

MRI+ exacerbations (activity in RRMS), n (%) 8 (44.4) 9 (50.0)
Highly active, n (%) 3(16.7) 3(16.7)
Active exacerbations, n (%) 5(27.8) 2(11.1)
Number of exacerbations 4.50 (3.00; 6.00 4.00 (3.00; 5.00)

Average annual frequency of exacerbations

0.67 (0.32; 1.00,

0.42 (0.33; 1.00)

EDSS at the time of examination (points)

3.25 (2.00; 4.00

3.25 (2.00; 4.50)

Rate of progression (point/year)

)
)
)
)

Duration of the 1st remission (months)

12.50 (8.00; 36.00)

12.00 (6.00; 20.00)

RND (points)

0.65 (0.25; 1.50)

0.91 (0.36; 1.50)

Time to disability level 3 by EDSS (years)

(
(
(
0.44 (0.19; 0.75
(
(
(

3.00 (0.00; 8.00)

(
(
(
0.40 (0.23; 0.65)
(
(
(

1.00 (0.00; 7.00)

TNIS on Kurtzke's scale (points)

6.50 (3.00; 9.00)

6.50 (4.00; 8.00)

with four viruses HSV-1, HSV-2, VZV, EBV, CMV, n (%)

Active course of DMDs at the time of the study, n (%) 16 (88.9) 14 (77.8)
Duration of DMDs course (months) 29.50 (5.00; 69.00) 34.50 (14.00; 63.00)
DMDs: INF, n (%) 10 (62.5) 6 (42.9)
DMDs: GA, n (%) 6 (37.5) 8 (57.1)
Flu-like syndrome as response to MSMT (points) 8.00 (1.00; 12.00) 5.00 (2.00; 6.00)
Prese_nce of serological markers of HSV-1 and HSV-2, VzZV 18 (100) 18 (100)
infections, n (%)

Prisence of serological markers of a recent EBV infection, 18 (100) 18 (100)

n (%)

Presence of serological markers of a recent CMV infection, 14 (77.9) 17 (94.4)

n (%)

Presence of serological markers of a recent mixed infection 3(16.7) 0

with two viruses HSV-1, HSV-2/VZV and EBV, n (%) :

Presence of serological markers of a recent mixed infection 4(222) 8 (44.4)
with three viruses HSV-1, HSV-2/VZV, EBV and CMV, n (%) : :
Presence of serological markers of a recent mixed infection 11(61.1) 10 (55.6)

Note: * — p < 0.05 between groups.

exacerbations (growth by more than 2 points) [25]. The mean
annual frequency of exacerbations was taken as a ratio of the
number of exacerbations to the duration of the acute period in
years. The rate of disease progression was taken as a ratio of
the level of disability (as per EDSS, in points) to the duration of
the disease in years (point/year).

The progression index, which reflects the rate of neurological
decline (RND), was calculated as the ratio of FSS score (TNIS) to
the duration of the disease in years. Prognosis of the MS course
was based on the calculated period of time before the patient
became persistently disabled (3 EDSS points), duration of the
first remission, and time before onset of secondary progression.

In the anamnesis, we paid special attention to herpesvirus
diseases. In order to refine the MS development and aggravation
risk factors, we designed a special questionnaire with which the
patients reported if they suffered manifestations of labial and
genital herpes often, had virus-associated exacerbations of MS,
lived with chronic stress, subfebrility, chronic foci of infection,
frequently contracted respiratory viral diseases and saw links
between them and exacerbations of MS. We also examined
patients for herpes rashes.

Based on the data obtained, the patients were divided
into two groups. The first group included 18 patients (50%)

with confirmed MS and reactivation of peripheral herpes
virus infection (PHVI). The inclusion criteria for this group
were confirmed MS combined with signs of PHVI, i.e.,
presence of both clinical (typical vesicular rashes, subfebrility,
lymphadenopathy, arthralgia, myalgia, etc.) and serological
signs of an active herpes virus infection; presence of only
clinical signs of HSV at the time of exacerbation or within two
weeks before and after it. Serological sign: low type-specific
IgG antibodies avidity index (less than 50%) and IgG positivity
coefficient (PC) three or more times greater than the reference
range or specific IgM antibodies in the blood. The second
group comprised 18 patients (50%) with confirmed MS
with no signs of reactivation of PHVI registered by clinical and
serological studies and/or recorded in the medical history. Table
2 presents clinical characteristics of these groups.

In cases of PHVI, the onset occurred at an earlier age
(o < 0.05, significant difference), the disease affected mainly
women and had a shorter duration. The flu-like response to
MS DMDs was more apparent, and exacerbations happened
virtually twice as often (27.8%) as in the control group (11.1%).
No differences were noted in other considered characteristics
of patients between the compared groups, including age at
the time of examination, disease severity, level of disability,
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Table 3. Concentration (Me; 25", 75" percentile) of cytokines in blood serum of participants from the MS and control groups

Indicator (pg/ml) (C;O:m;g; M?np:agz?ts MS, exacerbation (n=7) MS, no exacerbation (n = 29)
IL1B 1.45 (0.16; 2.18) 0.04 (0.00; 0.08)* 0.06 (0.00; 0.12) 0.04 (0.00; 0.05)
L4 0.01 (0.73; 3.24) 4.43 (2.22;10.95) 12.33 (2.89; 16.36) 5.51(2.22; 5.75)
IL6 1.36 (0.27; 3.68) 0.59 (0.30; 1.07) 0.81 (0.15; 1.48) 0.59 (0.30; 0.96)
IL10 0.01 (0.00; 0.01) 2.03 (0.90; 2.73)" 3.67 (1.80; 5.25)° 1.80 (0.90; 2.73)
IL17A 0.58 (0.00; 1.74) 0.57 (0.28; 0.89) 0.92 (0.42; 1.56) 0.57 (0.28; 0.78)
IL17 F 6.76 (4.02; 10.6) 0.01 (0.00; 0.78)* 0.01 (0.01; 5.10) 0.01 (0.01; 0.62)
IL21 0.01 (0.00; 0.49) 0.01 (0.00; 0.01) 0.01 (0.00; 0.01) 0.01 (0.00; 0.01)
IL22 47.43 (38.42; 72.64) 0.01 (0.00; 0.32)* 0.63 (0.00; 2.21) 0.01 (0.00; 0.32)
IL23 80.11 (0.00; 114.44) 2.94 (0.00; 8.81) 10.26 (0.00; 19.74) 2.94 (0.00; 7.34)
IL25 13.73 (6.1; 28.99) 0.11 (0.00; 0.32)* 0.32 (0.11; 0.84) 0.11 (0.00; 0.32)
IL31 6.28 (2.87; 8.62) 6.33 (3.85; 10.37) 8.81(6.33; 15.73) 6.33 (3.00; 9.43)
IL33 0.52 (0.17; 0.78) 4.32 (1.40; 7.49) 6.67 (2.79; 11.60) 4.18 (1.12; 6.67)
INF-y 0.45 (0.00; 5.33) 0.49 (0.49; 1.36) 0.49 (0.49; 1.48) 0.49 (0.49; 0.99)
TNF-a 17.38 (13.65; 31.61) 0.53 (0.45; 1.04)* 1.01 (0.49; 1.39) 0.51 (0.44; 0.68)
sCD40L 110.81 (83.58; 122.55) 76.77 (36.82; 115.04) 115.00 (69.49; 158.01) 69.02 (34.36; 110.35)

Note: * — p < 0.001 compared to the control group, ° — p < 0.01 compared to the MS group's no exacerbation subgroup.

MS DMDs therapy status. In both groups, patients had
mixed HSV infection in most cases, but only those with PHVI
exhibited serological markers of two infections (HSV-1, HSV-
2/NVZV and EBV).

The control group included 18 practically healthy donors
without clinical, historical and serological signs of PHVI. These
participants had no chronic neurological diseases and somatic
pathology in the acute stage. Seeking to detect diseases
that could affect results of the study, we examined everyone
(standard neurological examination) and collected medical
histories thoroughly. This group was comparable to the MS
group in terms of gender and age: 7 (38.9%) male and 11
(61.1%) female participants, mean age of 39.10 (29.00; 49.60).

Using the EIA method and standard kits (Vector-Best;
Russia), we examined blood serum of all participants (both MS
group and control group) with the aim to establish the levels
of type-specific IgM and IgG antibodies to HSV-1 and HSV-
2, IgM and IgG to V2V, IgM and IgG to capsid antigen VCA
EBV, IgG to early EA antigens and nuclear antigen NA EBVY,
IgM and IgG to CMV. The examination followed manufacturer's
instructions and was carried out in the clinical and diagnostic
laboratory of Set LLC (Yaroslavl). The Pl taken as reference for
the determined level of antibodies to HSV-1 and HSV-2 was
>1 u/ml, that for the level of IgG to CMV — 0.25 RU/ml. The
result was considered positive if the level of immunoglobulins
G (IgG) exceeded the PI by 3 or more times, the IgG avidity
index was low (less than 50%), or the blood contained
immunoglobulins M (IgM) and we clinically registered activation
of a latent herpes infection.

The concentration of 15 cytokines in blood serum (IL113,
IL4, IL6, IL10, IL17A, IL17F, IL21, IL22, IL23, IL25, IL31, IL33,
INF-y, TNF-a, sCD40L) was determined with the help of a
Bio-PlexTM 200 System analyzer (Bio-Rad; USA) utilizing
xMAP multiplexing technology. The tests were carried out with
manufacturer's reagents in the laboratory of the Translational
Medicine Research Institute of Pirogov Russian National
Research Medical University. We analyzed both the mean
level of each cytokine and the frequency of its increase (peaks
beyond the upper limit of normal M+3 ¢ in the control group).

For statistical processing, we used Statistica 10.0 software
package (StatSoft; USA) and generally accepted methods of
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parametric and nonparametric analysis. Mann-Whitney
test enabled comparison of two groups for parameters with
abnormal distribution, and for 3 or more groups in such cases,
we used the Kruskal-Wallis test. The results are presented as
a median (Me) with interquartile range [25", 75" percentile]. To
compare samples by qualitative attribute and to assess the
proportion of occurrence of a characteristic/sign, we used the
Fisher's exact test. Spearman's rank correlation coefficient
was used for the correlation analysis. The differences were
considered statistically significant at p < 0.05.

RESULTS

Cytokine study of the MS group patients
(acute stage and remission)

No gender-related differences were registered in the average
cytokine levels among participants from the MS group. We
detected significant positive associations between age of the
patients at the time of examination and concentration of IL6
(= 0.36; p < 0.05), TNF-a (r = 0.35; p < 0.05) and sCD40L
(r=0.42, p < 0.05); duration of the disease did not correlate
with cytokine level.

Compared to the control group, MS patients exhibited
significantly increased mean levels of IL10 and IL33 (o < 0.001)
upward trend of IL4 (p > 0.05) (Table 3). Concentrations of
IL1-B, IL17F 1IL22, IL25 and TNF-a against the background
of MS were significantly lower (p < 0.001) than in participants
from the control group, and the level of IL23 was lower, but the
difference did not reach significance (p > 0.05). The levels of
IL6, IL17A, IL21, IL31, INF-y and sCD40L did not differ in the
compared groups.

The most common phenomenon registered was
hyperproduction of IL33 (n = 20, 52.8%). Significantly less
frequently, we registered peaking levels of IL17A, IL17F, IL21,
IL31 (in 2.8, 5.6, 5.6 and 13.8% of cases, respectively). No other
cytokine level exceeded the upper limit of the reference range.
The level of IL17A, IL17F, IL21 has always been combined
with an increase of that of IL33. Hyperproduction of IL31 was
isolated only in one patient; in other participants, it was coupled
with hyperproduction of IL33. Isolated growth of concentration
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Table 4. Concentration (Me; 25", 75" percentile) of cytokines in blood serum of MS patients exhibiting clinical signs of reactivation of PHVI and not

Indicator (pg/ml) MS with clinical signs of PHVI (n = 18) MS without clinical signs of PHVI (n=18)
IL1B 0.05 (0.01;0.08) * 0.01 (0.00;0.05)
IL4 4.88 (2.35;0.05) 2.66 (1.75;6.04)
IL6 0.78 (0.30;1.55) 0.44 (0.30;0.74)
IL10 2.73 (1.80;2.73) 1.50 (0.60;2.26)
IL17A 0.75 (0.42;0.99) 0.50 (0.14;0.57)
IL17 F 0.16 (0.00;0.93) 0.01 (0.00;0.01)
IL21 0.01 (0.00;2.37) 0.01 (0.00;0.01)
IL22 0.32 (0.00;0.63) 0.01 (0.00;0.32)
IL23 8.80 (0.00;11.72)* 1.10 (0.00;5.87)
IL25 0.27 (0.11;0.53) 0.11 (0.00;0.21)
IL31 6.95 (5.09;9.43) 6.33 (3.00;13.78)
IL33 6.26 (3.63;9.96) ™ 2.37 (1.12;5.02)
INF-y 0.74 (0.49;1.48) 0.49 (0.49;0.99)
TNF-a 0.56 (0.44;1.06) 0.52 (0.45;0.74)
sCD40L 76.77 (34.36;110.35) 74.66 (39.5;127.72)

Note: * — p < 0.05; ** — p < 0.01 between groups.

of IL33, on the contrary, was detected in most (14 (70%) of 20)
patients, and in 6 it grew together with other cytokines, most
often — four cases — with IL31. High levels of IL33 were
significantly associated with increased concentration of IL17A
(r =0.38; p <0.05), IL17F (r = 0.38; p < 0.05), IL21 (r = 0.54;
p < 0.001) and IL31 (= 0.68; p < 0.001).

During exacerbation of MS, the average level of IL10 was
significantly higher than outside of this period (p < 0.01), and,
the levels of IL4, IL23, IL31, IL33 and sCD40L tended to grow
(o > 0.05). The mean values of IL1R, IL6, IL17A, IL17F, IL21,
IL22, IL25, TNF-a and INF-y did not differ between the
compared groups.

High levels of IL31 were registered significantly more often
during exacerbations (in 42.8% and 6.9% of cases, respectively;
p = 0.04), with IL33 production simultaneously on the rise
(71.4 and 51.7%; p > 0.05). The level of IL33 was predominantly
growing with other cytokines (IL17A, IL17F, IL21, IL31) (in 57.1
and 6.9% of cases, respectively; p = 0.008). We have also
identified positive associations between MS exacerbations and
high values of IL17A (r=0.34; p <0,05), IL17F (r=0.34; p < 0.05)
and IL31 (r = 0.41; p < 0,01). The combined hyperproduction
of IL33 correlated significantly exacerbations of the disease
(r=0.53; p =0.001).

Cytokine levels in MS patients depending on the clinical
manifestations of reactivation of PHVI

In MS patients with clinical manifestations of PHVI, the average
level of IL13, IL23 and IL33 was significantly higher than in
those who did no have the infection reactivated (p < 0.05 and
p < 0.01, respectively); we have also noted the upward trend
for mean values of IL4 (p > 0.05; Table 4). Concentrations of
IL6, IL10, IL17A, IL17F, IL21, IL22, IL25, IL31, INF-y, TNFa and
sCD40L did not differ between the compared groups.

The frequency of growth of IL31 was similar in both groups
of patients (16.7 and 11.1%; p > 0.05). As for IL33, its level was
significantly more often (77.7%) higher against the background
of reactivated PHVI than outside of this condition (33.3%;
p = 0.008). Clinical signs of PHVI were detected somewhat
more often when IL33 was growing together with other
cytokines than alone (in 83.3 and 64.3% of cases, respectively);
with IL 33 concentration at the normal level, PHVI manifested

itself only in 25% of cases (p = 0.02). Hyperproduction of IL33
was significantly associated with reactivation of PHVI (r = 0.45;
p = 0.006); we established no similar pattern for IL17A, IL17F,
IL21 and IL31 (r = 0.17, r = 017, r = 0.24 and r = 0.08,
respectively; p > 0.05 in all cases).

Isolated or combined increase of level of IL33 was
significantly associated with frequent (more than once a year)
manifestations of Herpes labialis (- = 0.42 and r = 0.38, p < 0.01
in both cases), and simultaneous growth of IL33 and other
cytokines pointed to repeated episodes of herpes zoster in
adulthood (r = 0.55; p < 0.001).

The amount of antibodies to the EBV IgG capsid protein
significantly positively correlated only with concentration of IL113
(r=0.34; p < 0.05). We identified no correlations between the level
of other cytokines and laboratory markers of herpetic infection.

DISCUSSION

The clinical significance of cytokine counting in MS patients is
ambiguous. Some authors point to gender as a factor affecting
their levels: 1L31 and sCD40L was found increased in male
MS patients [26], IL33 — in female MS patients [18]. Other
researchers state that gender and age of the patients have no
effect on serum concentration of IL33 [27], or report its increase
mainly in elderly patients [28]. IL31 and sCD40L typically grow
during the early (up to 5 years) period of the disease [19], which
was established by other authors, too [21]: they discovered
significant negative correlations between duration of the disease
and levels of IL18, IL17, IL21, IL23, IL31 and IL33. In our study,
we identified no differences in cytokine concentrations between
men and women, there was no relationship with the duration of
the disease found, and age of the patients positively correlated
only with the values of IL6, TNFa and sCD40L.

Compared to the control group, MS patients had
significantly higher concentrations of IL10, IL33, IL4 tending to
grow, and simultaneously falling levels of IL16, IL17F, IL22, IL25
and TNF-a. These results are somewhat consistent with data
reported by other authors. In a controlled study that analyzed
15 cytokines (multiplexing), MS patients had increased blood
plasma concentrations of IL4, IL33, sCD40L and decreased
level of TNF-a, as well as high counts of IL1£, IL10, IL33 and
low level of sCD40L in the cerebrospinal fluid [17].
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Low level of proinflammatory cytokines in MS patients is
associated with the effect of MS DMDs [26, 29]. The majority of
participants of our study (83.3%) were also taking MS DMDs.
However, there is a study that involved RRMS patients that did
not take such drugs [17]. In addition, another study reports high
concentration of IL33 in 32 RRMS patients registered before
they started therapy with glucocorticoids or MS DMDs [16]. A
multiplex analysis of concentration of 41 cytokines in 56 naive
MS patients revealed that the levels of IL2, IL4, IL7, IL8, IL17A,
TNF-a and sCD40L drop compared to healthy donors [15].

During exacerbation of MS, levels of IL1%, IL2, IL6, IL17,
IL23, TNF-a, INF-y typically grow and those of IL4 and IL10
drop [2, 3, 30]. However, some papers report that during
this phase of the disease, the level of IL17 goes down while
counts of TNF-a and IL10 remain on par with values registered
in the control group [31], while RRMS patients in remission
enjoy a significant decrease in the concentration of IL10 [32].
Participants of our study had the level of IL10 significantly higher
during exacerbations, which also triggered hyperproduction of
IL31 and growth of IL33 and other cytokines (IL17A, IL17F,
IL21, IL31).

One of the main objectives of this study was to assess the
effect of herpetic infection on cytokine levels in MS patients. In
the literature available to us, we found no studies investigating
the the relationship between production of cytokines and
reactivation of herpes infection. The best researched connection
is that between y-herpesviruses, EBV [10, 33] and HHV-6 [7] in
particular, and chronic latent infection in B cells and T cells of
MS patients [12]. In adolescent patients predisposed to MS,
these viruses cause development of the disease [11, 12, 33].
Relapses of MS may be associated with faults in control of EBV
reactivation by CD8*T cells [34]. B-herpes CMV infection, on
the contrary, can protect against MS and reduce the risk of its
occurrence [35].

However, a-herpes viruses (HSV-1, HSV-2 and VZV) are
partake in pathogenesis of MS. The viruses of this group can
persists in neurons for a long time, periodically reactivate and
replicate (lytic pattern), which triggers relapses with a short
reproductive cycle and rapid destruction of the infected host
cells [36]. In a case-control study, HSV-1 DNA was detected in
peripheral blood monocytes of 45.1% of RRMS patients, while
in healthy people this indicator was at 3.4% [37]. HSV-1 is more
often found in the brain tissue of MS patients than in that of
individuals without this disease [38].

In MS patients, monoinfection of herpesvirus is less
common than the mixed variety. The most frequently diagnosed
combination includes four herpesviruses: HSV-1 and 2 + VZV
+ EBV + CMV [39]. Development of clinical exacerbations of
RRMS was established to be accompanied by reactivation of
HSV-1 in peripheral blood monocytes [40]. HSV-1 seropositivity
is associated with an increased risk of MS in individuals who
have no DRB1*15 allele [41]. These data confirm the possible
involvement of HSV-1 and HSV-2 and VZV in the development
of MS and its exacerbations in patients specifically predisposed
genetically.

Analyzing the clinical signs peculiar to the reactivated
PHVI group, we identified a number of characteristic features
that sum up to an earlier disease onset age and frequent
exacerbations. This is consistent with the data reported by
other researchers [42] and the results of our earlier work [39].
We detected significantly higher mean levels of IL183, IL23, IL33,
and prevailing production of IL4 in the RRMS patients with
clinical manifestations of PHVI that participated in this study.
At the same time, IL113 and IL23 did not rise in other groups.
High values of IL33 were significantly more common in PHVI

BECTHUK PIMY | 4, 2023 | VESTNIKRGMU.RU

OPUIMMHAJTIBHOE NCCJIEQOBAHWE | HEBPOJIOT A

patients; the level of this protein was growing both alone and
in combinations with IL17A, IL17F, IL21 or IL31. There was
also a significant association between high levels of IL33 and
clinical manifestations of recurrent infection that are typical for
a-herpes viruses HSV-1 and HSV-2, and VZV.

Our results allow discussing the special character of the role
played by cytokines in the pathogenesis of MS associated with
herpes viruses, which is obviously linked to the realization of
their biological functions. For example, IL10 has a powerful anti-
inflammatory effect and affects the innate and acquired immune
response. It curtails production of IL113, IL6, IL8, IL12, IL23 and
TNFa, which also possesses neuroprotective action effect [43].
Traditionally, increased level of IL10 in MS patients is linked to
the early stages of remission of the disease, with production
of IL17, IL23 and IL25 suppressed in the background [2]. Our
data indicate that RRMS exacerbations may be accompanied
by simultaneous growth of IL10 and proinflammatory cytokines.

The encountered differences may stem from our use
of multiplexing technology to count the cytokines. Unlike
uniplexing analysis technology, common earlier, multiplexing
enables simultaneous assessment of a complex of molecules
and not just individual indicators. For example, multiplexing
allowed detecting growth of IL10, IL17 and IL23 in RRMS in
remission [21].

At the same time, viral infections can trigger excessive
synthesis of IL10, which is of particular importance if the patient
has MS. In the active phase of inflammation, this protein is
produced to limit the undesirable consequences of hyperactive
innate immunity response to the pathogen [44]. However,
evolving, viruses have learned to use the immunoregulatory
function of IL10 to evade the host's immune system and thus up
their chances of survival. With inflammation in the active phase,
antiviral CD4 and CD8 T cells become the main sources of IL10
[45], but the protein, which suppresses the function of Th1 cells,
reduces their ability to present the antigen. Increased synthesis of
IL10 with prolonged activity of the antigen can deplete the stock
of antiviral T cells, switch their phenotype and thus make them
cells predominantly producing IL10 that are unable to activate
upon repeated presentation of the antigen [44].

In addition, EBV encodes synthesis of the protein that
is @ homologue of human IL10 (viral homologue IL10 (EBV
IL10), as well as synthesis of conventional IL10 (cIL10) [46].
EBV IL10, a late lytic phase protein encoded by the BCRF-1
gene, is approximately 80% homologous to human IL10. IL10
homologues allow the virus to escape immune response of the
host or limit its action. Compared to IL10, EBV IL10 induces a
much weaker STAT3 phosphorylation in the peripheral blood
monocytes; itis less effective in suppressing inflammatory genes
[47]. EBV IL10 degrades expression of CD163 on monocytes,
which translates in inhibition of their polarization in M2 cells
possessing antiinflammatory properties. Moreover, the process
disrupts participation of monocytes in clearance of apoptotic
cells, which, accumulated, promote secondary necrosis. It
is believed that, with EBV infection in the background, IL10
synthesized by cells and EBV IL10 act simultaneously and in a
functionally coordinated manner, helping the virus to stay in B
lymphocytes for a long time and neutralize the antiviral potential
of T cells [46]. EBV IL10 can activate B cells [48]. Both of these
cytokines are found in CNS; they support the pool of B-cells
with latent EBV infection, which locally stimulate pathogenic T
cells. Given the presence of serological markers of EBV infection
in all RRMS patients involved in this study, it is possible that
these mechanisms shaped production of IL10 in our case, too.

IL17 is known to be one of the key cytokines in the
pathogenesis of MS [2]. It also plays an important role in
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the immune response to viral infections [12]. Stimulated
by HSV, Th17 cells produce IL17 [49]. The expression of
KIR2DL2 receptor on NK cells in MS patients makes them
more susceptible to HSV-1 infection [50]. The bulk of IL17A
is released by KIR2DL2+NK cells [51]. In this study, we did
not register differences in concentrations of IL17A and IL17F
between RRMS and control groups; the levels did not differ
during exacerbations and remissions and were not dependent
on PHVI reaction or lack thereof.

IL23 also participates in pathogenesis of MS. Compared
to healthy donors, RRMS patients have more serum IL23 [52].
Moreover, IL23 plays an important role in HSV infection cases. It
induces proliferation of memory T cells [53] and can be detected
as early as on the 3rd day of infection in the nerve ganglia of
mice infected with HSV [54]. IL23 stimulates production of
IL17 by NK cells, attracts neutrophils to the infection locus and
supports local synthesis of antiinflammatory cytokines IL18, IL6
and TNFa. We have registered a significant growth of IL23 in
the reactivated HSV group, which was not the case for IL17.

IL31 belongs to the IL family; it is mainly synthesized by Th2
cells, and it is dependent on IL4 [55, 56]. IL31 acts through
a heterodimeric receptor that comprises an IL31RA chain and
a — chain of the oncostatin M receptor. The protein targets
mast cells found in peripheral tissues innervated with minor
nerve fibers, as well as in endoneural part of peripheral nerves,
brain's tunic and blood vessels [57]. Various subpopulations
of leukocytes, epithelial and stromal cells, spinal ganglia,
keratinocytes and fibroblasts were found to express IL31RA
[20, 58]. IL31 and its receptor play an important part in regulation
of neuroinflammation. IL31 promotes tissue remodeling and
inflammation through induction of IL6, chemokines and matrix
metalloproteinases [59, 60]. Compared to healthy donors,
RRMS patients had high level of IL31 in serum, which decreased
during remissions [19, 52]. The patients involved in this study
also had IL31 hyperproduced during exacerbations, but it was
not related to PHVI reactivation.

IL33 is a member of the IL1 family, which includes IL1B
and IL18. It plays an important role in pathogenesis of various
diseases, including MS [55]. Compared to healthy donors,
RRMS patients were found to have significantly higher level of
blood serum IL33 [52]. The action of IL33 is realized through
binding to its receptor, ST2, which can be soluble (pST2)
and membrane-bound (ST2). The first form of the receptor
is a decoy, it isolates free IL33 and thus locally restricts the
activity of extracellular IL33, which allows avoiding undesirable
consequences of inflammatory reactions [62]. IL33 affects
various types of cells bearing ST2 receptors on their surfaces.
The list includes eosinophiles and basophiles, mast cells, Th1
and Th2 lymphocytes, cytotoxic T lymphocytes, natural killers
and Type 2 innate lymphocytes [63]. Membrane-bound ST2
activates the MyD88/NF-kB signal pathway reinforcing function
of mast cells, Th2 cells, regulatory T cells and Type 2 innate
lymphocytes [62].

It is believed that polymorphism of IL33 and ST2 play
an important part in the development of MS. There are data
suggesting connection between single nucleotide polymorphism
rs1929992 in the gene of IL33 and various courses of MS [64].
Another controlled study reports no significant differences
in the frequency of detection of three single nucleotide
polymorphisms, IL4 (rs2070874), IL17A (rs2275913) and L33
(rs7044343) [65]. Only the genetic polymorphism rs10204137
of IL33 receptor's gene was shown to have associations with
MS against the background of high levels of this protein [66].

While IL33 is one of the best studied cytokines in the
context of neural system pathologies and MS, its participation

in neuroinflammation and neurodegeneration is ambiguous. It is
expressed not only on astrocytes and oligodendrocytes but also
on neurons and microglia cells [67]. ST2, the receptor of IL33,
is mainly found on neurons and oligodendrocytes. The cross-
expression of IL33 and ST2 on various CNS cells indicates the
complexity of autocrine and paracrine mechanisms of IL33/ST2
signaling in CNS, in addition to the protein's immunomodulating
action in cases of inflammation [67].

IL33 boosts invasion of CNS by immune cells from the
blood flow and activation of the resident immune cells [55].
IL33 directly affects oligodendrocytes and activates astrocytes
[67-69].

In MS patients, peripheral leukocytes and astrocytes are the
important sources of IL33, which activates the microglia cells
[16, 70]. IL33 released by the glia forces neighboring cells to
produce inflammatory molecules that are detrimental to neurons
[71, 72]. The glial maturation factor also makes astrocytes
produce IL33 faster, and the protein acts synergistically with it
and promotes synthesis of TNF-a by these cells [73]. Incubation
of the mixes of astrocytes and neurons or only neurons with
IL33 decreases their amount, rids neurons of their processes,
destroys their network and shapes neurite-like changes of the
cells' exterior [73].

IL33 also participates in damaging and disruption of reparation
of myelin. Experiments on the co-cultures of myelinated cells of
rat's CNS have shown that IL33, while not influencing the density
of axons, can suppress their myelination significantly [67]. In MS
patients, the levels of IL33 mRNA and IL33 itself are very high in the
lesions [16]. Foci of inflammation were also found to host high local
expression of ST2 in axons and damaged myelin, as opposed to its
diffused distribution in the normal human brain cortex [67].

At the same time, there is an ongoing discussion about the
neuroprotective effects of IL33. The plasma levels of IL33 were
revealed to be increased in patients with mild MS, and blood
concentration of this cytokine shown to correlate negatively with
the amount of T2 hyperintensive lesions seen on MRI scans
[21]. The growth of IL17A and IL33 in the blood serum of MS
patients is not connected to EDSS [65]. Macrophages are known
to actively participate in inflammatory processes with MS in the
background [74]. IL33 modulates polarization of microglia into
the M2 phenotype and promotes neuroprotection [75].

Administration of recombinant IL33 to mice with experimental
autoimmune encephalomyelitis (EAE) after onset of the disease
switches the immune response from proinflammatory, mediated
by Th1 and Th17 cells, to antiinflammatory, dependent on Th2.
M2 polarized macrophages produce less IL17 and INF-y and
more IL5 and IL13 [76]. In EAE cases, high levels of circulating
IL33 are considered to constitute the mechanism self-limiting
chronic inflammation. With low concentration, the effect
produced by IL33 may be insufficient, which is compensated
for by production of other cytokines, such as IL1. It seems
like these mechanisms are universally important; they also
play a part in prevention of generalized encephalitis with a
herpes infection in the background, which is confirmed by the
increased levels of IL18 and IL33 in the reactivated PHVI group.

Gender is also a factor. Experiments on SJL mice infected
with EAE have shown that male subjects had the concentration
of testosterone growing when they were immunized with myelin
peptide (PLP139-151), which stimulates production of IL33 by
mast cells with androgen receptor on their surface [77]. IL33
activates Type 2 innate lymphocytes producing IL13, which
accumulate in lymph glands, brain tunics and CNS, and promote
Th2 dependent protective response. In male specimen, ST2+
maste cells and basophils sensitive to IL33 boost polarization of
Th2 cells through production of IL4 and IL13.
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With testosterone level low, mast cells in female specimen
express molecules of IL1B and TNF-a instead of IL33;
moreover, its insufficient amount disallows activation of Type 2
innate lymphocytes. These lymphocytes, in turn, are known to
help restore tissues, they actively express IL33's receptor on its
surface and can produce IL4, IL5, IL9, IL13 [63, 78]. Without
the suppressive effect of IL33, the encephalitogenic Th17
dependent immune response prevails in females. This response
can be inhibited by administration of exogenous IL33.

Through activation of Type 2 innate lymphocytes, IL33
controls accumulation of regulatory T cells in the foci of
inflammation, as well as their effector function and macrophage
polarization [79]. IL33 also stimulates regulatory B cells that are
important for maintaining peripheral tolerance and suppression
of inflammatory autoimmune reactions. Administration of IL33
to mice increases the amount of B cells producing IL10 [80, 81].

IL33 participates in the innate immune response to tissue
damage peculiar to infections. However, this cytokine appears
in circulation and functions differently from IL18 and IL18 [79].
Typically, IL33 is released from cells as a biologically active
full-sized molecule during necrosis or necroptosis, but not cell
apoptosis [82, 83]. As opposed to IL1f and IL18, formation of a
biologically active form of IL33 does not require preconditioning
with caspase 1 and participation of inflammasome. On the
contrary, its molecule can undergo apoptosis-associated
scission by caspases 3 and 7, which makes half-life of IL33
shorter and decreases its biological activity [84]. Inactivation
of IL33 via caspases suppresses the immune response, not
enhances it. IL33 is also contained in the cell nucleus as a
chromatin-associated factor, which is rapidly released during
their necrosis [85, 86]. Interacting directly with NF-kB, nuclear
IL33 isolates it and prevents signal transmission, acting as a
nuclear transcription suppressor and thereby reducing the pro-
inflammatory activity of cells [87].

Other enzymes, such as neutrophil serine proteases,
cathepsin G and elastase, are capable of sciccioning IL33 and,
unlike caspases, increase the biological activity of cut forms by
10-30 times compared to the full-size form [88, 89]. Mast cell-
specific chymase and tryptase generate a form of IL33 with
enhanced ability to activate Type 2 innate lymphocytes [90],
which, unlike Type 1 and Type 3 innate lymphocytes, are not
present in active lesions in MS patients [12] but participate in
HSV-IL2-induced demyelination of the CNS, as shown in a
mice model of MS [91].

Necroptosis was found to develop against the background
of MS [92]. Cortical lesion samples from a patient with caspase
8 activation defect contained mediators RIPK1, RIPK3, MLKL
characteristic of it. The mechanisms of necroptosis induced by
TNF-a lead to degeneration of oligodendrocytes, and inhibition
of receptor of protein kinase 1 (RIPK1) prevents their death [92].

Necrosis and necroptosis of cells are also peculiar to
an HSV infection [93]. Such an infection makes various
molecules, including the viral DNA genome, RNA types
obtained by transcription, non-coding cellular RNAs, activate
transmembrane (toll-like) and cytosolic pattern recognition
receptors associated with pathogens, and they transmit
signals through individual adapter proteins to initiate innate
antiviral immunity. This leads to the production of cytokines, cell
necroptosis through mechanisms similar to those in MS, which
are linked with protein kinase-3 by its receptor (RIPK3), and
activation of the NF-kB pathway [94].

Programmed necrotic cell death limits virus replication and
virion propagation [95]. In such situations, IL33 appear in the
circulation and acts as an alarm signal. It initiates biological
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effects aimed at elimination of threats to the body, including
through the of production of pro-inflammatory cytokines [55].
Activation of NF-kB via toll-like receptor signaling pathways
leads to secretion of TNF-a and IL1-B, which mediate the
transcription of IL33 [96, 97]. IL33 itself also induces mRNA
expression in TNF-a and IL1-B microglia.

In many cases, the combined increase of IL33 and IL31
correlates with the severity of signs of inflammation [55]. It is
believed that IL33 secreted as a result of cell damage promotes
IL4-dependent release of IL31 by Th2 cells [98]. These data
may explain the association of IL33 and IL31 we have registered
during MS exacerbations, as well as the joint production of IL33
and IL1B, IL4, IL23 in the reactivated herpes infection group.

There is a delicate balance between direct damage (necrosis)
to cells in an HSV infection case and an immune response to
it [99]. In infection recurrence, excessive cytokine production
can not only limit the spread of the virus but also activate
mechanisms of cell necroptosis with organ dysfunction, which
is especially important for the CNS, where tissue regeneration
capabilities are limited [12, 99, 100].

The reflection of these processes, apparently, is the
increase in the concentration of IL33 detected by us mainly
during reactivation of HSV. It is possible that a-herpes viruses,
HSV-1 and HSV-2, as well as V2V, should not be considered
an etiological cause of MS in most cases; rather, they may be
viewed as a factor contributing to excessive activation of the
immune system in genetically predisposed individuals, which
is crucial for progression of demyelinating diseases. Processes
such as molecular mimicry, regulation of endogenous
retroviruses, or impaired remyelination can be mediated
by this pathogen [101], and frequent relapses of this infection
create conditions for the progression of neurodegeneration and
transition of RRMS into SPMS.

Our data are consistent with the opinion of other researchers
about the importance of the IL31/IL33/ST2 axis in the
development of MS, which is possibly based on its participation
in demyelination in the CNS, in contrast to the protective
antinflammatory function of the injected recombinant IL33.
Moreover, they expand our understanding of the involvement
of herpetic infections in immuno-inflammatory reactions
and processes of demyelination or remyelination disorders
characteristic of MS. Further investigation of functioning of
IL10, IL31 and IL33/ST2 systems, which are an important
link between immune cells, the nervous system and the
epithelial tissues, under herpes viral load, will be crucial for the
development of new approaches to treatment of MS [102].

CONCLUSION

The results of this work indicate the important involvement of
IL10, IL31 and IL33 in the pathogenesis of MS, but their role is
ambiguous. We believe that the increase of level of IL10 in MS
patients, during exacerbations and otherwise, largely depends
on the realization of its biological role in inflammation caused
by an EBV infection. On the contrary, the combined growth of
the levels of IL113, IL23 and especially IL33, registered during
reactivation of PHVI, is apparently triggered by HSV and VZV.
Our study was exploratory in nature, we did not formally
assess the sample size and adjusted for multiple comparisons,
therefore, the results/trends learned should be confirmed in
future works. Nevertheless, this study reflects the data of
real clinical practice of managing patients with RRMS, which
brings us closer to deciphering the mechanisms involved in
exacerbation of MS and progression of the disease.
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SPEECH IMPROVEMENT IN CHILDREN WITH CEREBRAL PALSY BY "BRAIN-COMPUTER-HAND
EXOSKELETON" NEUROINTERFACE REHABILITATION

Pavienko VB &, Viasenko SV, Orekhova LS, Biryukova EA
Vernadsky Crimean Federal University, Simferopol, Russia

As explained earlier, neurorehabilitation sessions involving the use of the non-invasive “brain — computer — hand exoskeleton” interface reduce hand muscle spasticity and
improve motor skills in children with cerebral palsy (CP). However, the changes in the patients’ speech functions and their relationship with the upper limb mobility
have not been analyzed. The study was aimed to assess the correlation between the motor and speech functions of children with CP, as well as to detect the
changes in motor realization of speech production following complex treatment of patients including sessions of neurorehabilitation. The study involved children with
CP aged 6-15. The index group (n = 40, 16 girls, 24 boys) received complex resort treatment with the course of neurorehabilitation, while the comparison group
(n =20, 10 girls, 10 boys) received standard resort treatment. A significant (o < 0.001) correlation between the total ABILHAND-Kids score and the indicators of
speech production motor realization was revealed. In patients of the index group, complex treatment with the course of neurorehabilitation resulted in the significant
(p < 0.001) decrease in hand spasticity and the increase in the total ABILHAND-Kids score and speech scores. No significant changes of these indicators were
revealed in children of the comparison group. Beneficial effects of neurorehabilitation may be based on the enhanced plasticity of the neural circuits responsible
for planning and execution of complex hand movements, as well as speech processes. The findings can be used to develop new methods for correction of motor
and cognitive spheres in children with CP.
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YNYYLWEHUE PEYU Y OETEN C AUN HA ®OHE PEABUIUTALUN C MPUMEHEHUEM
HEWPOUHTEP®ENCA "MO3I-KOMIMbIOTEP-9K30CKEJIET KUCTU"

B. B. MaBneHko =, C. B. BnaceHko, J1. C. Opexosa, E. A. BuptokoBa
KpbIMcknin henepanbHbit yHMBepeuTeT uMenn B. V. Bepraackoro, Cumdeponons, Poccus

Kak 6bl110 nokasaHo paHee, ceaHcbl HelipopeabunuTaLmn ¢ MPUMEHEHEM HEUHBa3MBHOIO MHTEPMECa «MO3r—KOMMBIOTEP—3K30CKENET KUCTN» CHKALOT Y AeTen
C AETCKUM LiepebpaibHbiM napanyoM (ALM) cnracTYHOCTb MbILLLL KUCTY W YyHLLAIOT ABMraTenbHble HaBblki. OfHaKO M3MeHeHMe peseBblX (YHKLMIA MaLMeHToB
N UX CBSI3b C MOABWKHOCTBIO BEPXHVX KOHEYHOCTEN He aHanuanposanu. Llenbio nccnepoBaHus 6bino MpoaHamavpoBaTh CBA3b My ABUraTeNbHbIMI 1
peyeBbIMU hyHKUMaMI geTen ¢ LM, a Takke BbIBUTbL M3MEHEHMSI MOTOPHOW peann3auyn BbiCKasblBaHWS Yy NaLMEeHTOB B pesy/btate KOMMIEKCHOro
NeYeHns, BKIKOHAIOLLIEro ceaHcbl Helpopeabunutauun. B nccnenosaHum npuHany ydactne getr ¢ UM B Bospacte 6-15 net. OcHoBHas rpynna (n = 40,
16 neBo4ek, 24 ManbvMKa) MPOXOAMIa KOMMIEKCHOE CaHaTOPHO-KYPOPTHOE NEYEHVE C KYPCOM Hempopeabunmtaumm, a rpynna cpasHeHns (n = 20, 10 geBo4ek,
10 Masb4vKoB) — CTaHAaPTHOE CaHATOPHO-KYPOPTHOE neveHune. Boisenena ctatnctndeckn aHaqmmas (o < 0,001) B3anMoCBA3b MEXY BEMMHNHON CyMMaPHOro
nokasatens wkasbl «<Bo3mMoxxHocTH knctn — petw» («ABILHANDKIdS») 1 nokasaTensMmn MOTOPHOM peannsaLim BbicKasbiBaHWs. KoMmnekcHas Tepanms ¢ Kypcom
HelpopeabunMTaumy Npueena y NauMeHToB OCHOBHOW MPyMMbl K CTATUCTUYECKM 3HaYMMbIM 13MeHeHMsM (0 < 0,001): CHKEHMIO CMacTUHHOCTY KUCTEN PyK, POCTY
cymmapHoro nokasatens «ABILHANDKIids» 1 nokasatenein peyn. Y geter rpynnbl CPaBHEHVS CTATUCTUHECKM 3HAYUMbBIX U3MEHEHUI OaHHbIX NoKasaTenen He
BbIsiBIeHO. OCHOBOWM MO3WTUBHbIX 3dEKTOB HepopeabnnMTaLm MOXET ObITb YCUNEHME MAACTUHHOCTU HEMPOHHBIX Lienei, KOHTPOMMPYIOLLWX BbINOSHEHNe
CNOXHbIX ABVKEHUIA PYK, @ Takxe pevesble MpoLecchl. [MonydeHHble AaHHbIe MOryT ObiTb MCMONb30BaHbI MPKU pa3paboTke HOBbIX METOAOB KOPPEKL
OBUraTenbHON 1 KOrHUTMBHOM cdepbl aeten ¢ AN,

Knto4yeBble cnoBa: feTu, LiepebpalibHblii napanmnd, peyb, MHTEPMENC MO3r—KOMMbIOTEP
®DrHaHCMPOBaHUeE: VICCreaoBaHIe BbIMOMHEHO 3a CHET rpaHTa Poccuiickoro HayqHoro dhoraa v Pecrnybnikin Kpbiv Ne 22-15-20035, https://rscf.ru/project/22-15-20035/
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Today it is acknowledged that cerebral palsy (CP) is much more
than “postural and motor impairment”, it is often associated
with a broad spectrum of dysfunctions that includes cognitive,
language, and sensory perception disorders [1]. As stated in
the recently published review, 30-87% of patients with CP
have speech disorders [2]. A more severe motor impairment
is associated with the more severe speech disorders [1, 3-5].
The correlation analysis has made it possible to reveal the
relationship between the severity of motor impairment and the
severity of speech disorder in patients with CP aged 10-12 [6].

Similarity of motor and speech disorders associated with CP
is explained by anatomical proximity of the cortical speech and
motor regions, as well as their pathways. Functional similarity of
the speech and motor systems has been also noted: organization
of each speech act and movement requires preserved explicit
kinesthetic perception that goes along with any movement of
articulation and other muscles [2]. That is why the exercises
designed to overcome motor deficits (especially in hands) are
recommended to develop speech functions in children.

Currently, of particular relevance are methods for
rehabilitation of the limb motor functions in patients with CP
based on the use of non-invasive brain-computer interfaces
(BCI) and the principles of biofeedback. Such methods make it
possible to reinforce innate physiological resources of the child’s
brain [7]. Originally, the number of studies showed the potential
for using BCI in children with CP in order to detect when the
patient imagines limb movement or movement intention based
on the analysis of EEG dynamics [8—10]. The children used BCI
to control the cursor movement or various game objects on
the computer screen. The researchers from South Korea, who
used the results of these and some other studies, utilized a BCI
integrated with the electrical stimulator of the wrist extensor
muscles [11]. Electrical stimulation was launched based on the
on-line analysis of EEG parameters when the patient imagined
hand extension. Children with CP showed improvement of the
parameters of hand movement execution and focus after a
series of sessions.

Later the non-invasive “brain-computer-hand exoskeleton”
interfaces that identified typical EEG patterns associated with
kinesthetic motor imagery and triggered movement of the
exoskeleton “gloves” were used for rehabilitation of children
with CP [12, 13]. It has been found that the neurorehabilitation
sessions involving the use of such non-invasive BCls improve
the effectiveness of rehabilitation measures applied during the
resort phase of treatment. As aresult, hand spasticity is reduced,
muscle strength and the range of hand motion are improved,
and the range of everyday skills is expanded. This promotes
socialization of patients with CP. However, the changes in
speech functions of patients have not been analyzed in the
above studies. That is why our study was aimed to assess
the relationship between the motor and speech functions of
children with CP and to detect the changes in the patients’
motor realization of speech production after the complex resort
treatment including sessions of neurorehabilitation.

METHODS
Sample characteristics

The study was performed at the Health and Rehabilitation
Technology Centre (V.I. Vernadsky Crimean Federal University)
and the Gelilovitch “Chaika” Sanatorium for Children and their
Parents for children with neurological disorders (Republic
of Crimea). The study involved 60 children aged 6-15, who
underwent health resort rehabilitation. Inclusion criteria: the
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diagnosis of CP according to ICD-10; hemiparesis with the
motor activity level not exceeding Il according to the Gross
Motor Function Classification System for Cerebral Palsy
(GMFCS) in the patient’s structure of neurological disorder.
Exclusion criteria: refusal to participate in the study obtained
from the patient, his/her parent or legal representative; motor
activity level exceeding lll according to GMFCS; aphasia;
epilepsy not responding to medication; vision problems not
allowing the patient to see the instructions on the screen;
moderate, severe or profound mental retardation (F71-73
according to ICD-10).

The index group included 40 individuals (16 girls, 24
boys) aged 6-15, who underwent complex resort treatment
including the course of neurorehabilitation with the use of the
Exohand-2 “brain—-computer—hand exoskeleton” interface. The
comparison (control) group included 20 children (10 girls, 10
boys) aged 7-13, who underwent complex resort treatment
involving the use of standard methods. It should be noted that
parents more often registered their children for the course of
neurorehabilitation when the children had more severe motor
function impairment. Thus, no randomization when forming
the groups of patients is a limitation of our study. The complex
resort treatment received by both groups of patients included
the following: exercise therapy, paretic muscle massage,
pelotherapy, hydrokinesitherapy in thermal mineral water,
electrical stimulation of muscles that were antagonists of
paretic ones.

Assessment of motor and speech
function parameters

The following scales were used to assess the upper limb
motion range:

1. Modified Ashworth Scale (MAS) allowing the neurologist
to estimate spasticity by assessing the resistance experienced
during passive range of motion using the 5-point scale (0-4).

2. ABILHAND-Kids, the questionnaire allowing the
parents to assess the child’s upper limb motor function
when performing daily activities (3 levels of the ability to
use the skill: "Impossible", "Difficult" or "Easy"). This scale
showed responsiveness and high sensitivity when used to
detect changes after the intense training of children with
CP. It was recommended for monitoring of the patients’
functional state in clinical trials [14]. In addition to standard
action performance indicators (impossible to perform — X0,
difficult to perform — X1, easy to perform — X2), a cumulative
indicator (X) ranging between 0 and 42, which was calculated
according to the formula X = X1+ 2X2, was used to assess
functions in general [12].

Neuropsychological diagnosis of speech disorder in children
was performed in accordance with the guidelines [15]. The level
of motor realization of speech production was assessed by
three methods.

1. Assessment of oral praxis and articulatory motility
(evaluation of lip and tongue movement, pouting stretch
according to the instructions or following the model). The
maximum score was 30.

2. Assessment of pronunciation of sounds (repeating
words). The maximum score was 30.

3. Making sentences based on the pictures (the child was
presented a series of pictures, such as “a boy washes his
hands”, which he/she had to describe using one sentence).
Correctness of word order, agrammatism and paragrammatic
errors were taken into account during the test. The maximum
score was 45.
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Table 1. Hand spasticity scores according to the Ashworth scale in patients of the index and comparison groups before and after treatment (Me [Q,; Q,])

Spasticity (score) Before treatment After treatment P
Index group, n =40
Left hand 2,0[1,5;2,0] 1,0 [1,0; 2,0] p < 0,001
Right hand 2,0[2,0; 3,0] 2,0[1,0; 2,0] p < 0,001
Comparison group, n =20
Left hand 2,0[1,0; 3,0] 1,0[1,0; 2,0] p=0,028
Right hand 2,5[1,0; 3,0] 2,0[1,0; 2,5] p=0,018

Rehabilitation procedures

Each child in the index group had 10 sessions of rehabilitation
procedures involving the use of the complex consisting of non-
invasive BCI and Exohand-2 hand exoskeleton (manufactured
by Exoplast LLC, Moscow, in accordance with RU No. RZN
2018/7681). The non-invasive BCI operation is based on the
analysis of EEG patterns emerging when an individual imagines
hand extension. The program ensures detection of kinesthetic
motor imagery based on the EEG pattern analysis, generates
the visual feedback signal and issues commands to control the
hand exoskeleton.

During neurorehabilitation training the patient was seated
in a chair in front of the computer monitor, on which visual
instructions were displayed. Hands were housed inside the
exoskeleton “gloves”. There was a white round mark for gaze
fixation in the center of the screen with three arrows around
it, which changed color to mark the instructions. The patient
executed the following commands: to relax, to kinesthetically
imagine the left or right hand extension. To produce a particular
kinesthetic image when imagining movement, the children were
instructed as follows: “Imagine you have a small ball in your
hand, you open your hand and drop it. Feel this movement”.
When the patient executed the task precisely, the mark for
gaze fixation changed its color to green (the color intensity was
dependent on EEG parameters), the exoskeleton executed the
appropriate movement, and the hand was passively extended.
Thus, the combined visual and kinesthetic feedback signal was
generated.

Initial assessment of the upper limb motion range and
speech function parameters in children of the index and
control groups was performed on day two after admission
to the sanatorium. The index group patients took a course of
neurorehabilitation consisting of 10 sessions (every day except
Sunday) starting from day three of resort treatment according
to the same scheme: three times per session of 8 min with
a rest break of at least 5 min. The motor imagery task for

each hand was repeated 24 times during the session. The
percentage of correct answers of the classifier (which triggered
the exoskeleton and ensured passive extension of the hand)
during the first and second session was about 60%, while after
the patient’s training, by the end of the course, it reached 75-80%.
On the next day after the end of the course (day 14-15 of stay
in the sanatorium) the data on motor and speech activity of
the index group patients were acquired again. Parameters of
controls were also assessed on day 14—15 of resort treatment.

Other details of the method have been reported earlier [12, 16].

Statistical analysis

Statistical data processing was performed using the Statistica
12 software (StatSoft Inc.; USA). The distribution of the studied
indicators was assessed using the Shapiro-Wilk test. When
the distribution was normal, the data were presented as mean
and standard error of the mean; the Student's t-test was used
to assess intergroup differences. When the distribution was
non-normal, statistical data were presented as median and
interquartile range (Me [Q,; Q,]); the Mann-Whitney U test was
used to assess the intergroup differences, while the intragroup
differences were assessed using the Wilcoxon signed rank test.
Sperman’s rank correlation was used to calculate the correlation
coefficients. The differences and correlation coefficients were
considered significant at p < 0.05.

RESULTS

Characteristics of motor and speech functions before
rehabilitation procedures

The average age of children in the index and control groups
was 10.2 + 0.4 and 10.1 + 0.3 years, respectively, there
were no significant differences (p = 0.92). Among patients of
the index group, left-sided hemiparesis was revealed in 11
individuals, and right-sided hemiparesis was found in 29 study

Table 2. Everyday activity management scores according to the ABILHAND-Kids scale in patients of the index and comparison groups before and after treatment (Me

[Q; Q)
Everyday activity management Before treatment After treatment p
(score)
Index group, n =40
Impossible 1,5[0,0; 7,0] 0,0 [0,0; 6,0] p = 0,001
Difficult 8,0 [3,5; 14,0] 7,0[3,0; 13,0] p=0,055
Easy 6,0 [0,0; 12,0] 7,0[0,0; 16,0] p < 0,001
Total score 23,0 [14,0; 33,0] 27,0 [16,0; 37,0] p < 0,001
Control group, n=20
Impossible 2,0[0,5; 4,5] 2,0[0,0; 3,0] p=0,068
Difficult 9,0 [6,0; 13,0] 8,0 [6,0; 13,5] p=0,593
Easy 7,0 [4,0; 12,0] 7,0 [4,0; 12,0] p=0,593
Total score 27,5 [13,5; 33,0] 27,5 [15,5; 32,5] p=0,593
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Table 3. Motor realization of speech production in patients of the index and comparison groups before and after treatment (Me [Q,; Q,])

Spasticity (score) Before treatment After treatment P
Index group, n= 40
Oral praxis and articulation 20,0 [13,0; 25,0] 24,0 [16,0; 27,0] p < 0,001
Pronunciation of sounds 18,0 [12,0; 26,0] 20,0 [12,0; 28,0] p < 0,001
Sentence making 22,0 [5,0; 35,0] 25,0 [6,0; 40,0] p < 0,001
Comparison group, n = 20
Oral praxis and articulation 23,0 [14,0; 27,0] 28,0 [15,5; 26,0] p =0,800
Pronunciation of sounds 21,5 [12,0; 25,0] 21,5 [13,0; 25,0] p=0,109
Sentence making 24,0 [18,5; 36,0] 25,5 [19,0; 37,0] p=0,237

participants. In the comparison group (controls), left-sided
hemiparesis was revealed in seven children, and 13 children
had right-sided hemiparesis. Among patients with left-sided
hemiparesis the total ABILHAND-Kids score was 27 [19; 34],
while children with right-sided hemiparesis had a slightly lower
score, 23 [12; 32]. However, the differences in this parameter
between patients with left-sided and right-sided hemiparesis
were non-significant (o = 0.27). The patients with right-sided
hemiparesis also had lower scores for pronunciation of sounds,
oral praxis and sentence making than children with left-
sided motor impairment, however, the differences were non-
significant (p = 0.18-0.93).

The hand spasticity scores of patients of the index and
comparison groups are provided in Table 1, the ABILHAND-
Kids scores for daily activity management are presented in
Table 2, and the characteristics of motor realization of speech
production are provided in Table 3. There were no significant
differences between the scores of the groups before treatment.

Calculation of the Spearman’s rank correlation coefficients
showed that the left hand spasticity scores determined in all
the surveyed children (n = 60) before treatment negatively
correlated with the scores for oral praxis, articulatory motility,
pronunciation of sounds, making sentences from pictures
(r = -0.37, -0.36, -0.30 at p = 0.004, 0.005 and 0.019,

respectively). The right hand spasticity scores correlated
significantly with the scores for pronunciation of sounds (- = -0.49
at p < 0.001), i.e. the higher the level of hand spasticity, the
lower the level of speech production motor realization. The
total ABILHAND-Kids score and the scores for oral praxis,
pronunciation of sounds and making sentences from pictures
shows a significant (o < 0.001 in all cases) positive correlation
(r=0.69, 0.62, 0.62, respectively), i.e. the better preserved the
upper limb function, the higher the level of speech production
motor realization. An example of such correlation between the
score for hand function and the ability to adequately pronounce
sounds is provided in Fig.

Characteristics of motor and speech functions after
rehabilitation procedures

A significant decrease in the left and right hand spasticity
after both standard resort treatment and complex treatment
including the course of neurorehabilitation was revealed in both
groups of children (Table 1). However, the analysis of daily
activity management based on the parent-reported data (total
ABILHAND-Kids score) made it possible to reveal a significant
improvement in the index group only (Table 2). The significant
improvement of the speech production motor realization level
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Fig. Correlation between the ABILHAND-Kids scores and scores for pronunciation of sounds in 60 children with CP
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was also found only in the index group children (Table 3).
Oral praxis, pronunciation of sounds and making sentences
from pictures are the components of speech ability and can
be considered as the repeated measurements requiring the
use of Bonferroni correction for four comparisons. However,
significance of differences is retained after applying the
correction (as can be seen from p-values).

It should be noted that no significant differences in the
studied indicators have been found after treatment. This may
be due to the fact that children with the slightly lower scores for
everyday skills and motor realization of speech production were
included in the index group, where the more complex treatment
including the course of neurorehabilitation was used, because
of their parents’ desire. Their scores did not significantly exceed
that of the comparison group even after treatment.

Meanwhile, the following facts further indicate the efficiency of
complex resort treatment that involves rehabilitation procedures
including the course of neurorehabilitation. In the index group
consisting of 40 children, oral praxis and articulation improved
in 33 individuals (83%), pronunciation of sounds improved in 24
(60 %), and sentence making improved in 31 patients (78%).
Among 20 children of the comparison group who received
standard resort treatment only, improvement of scores for oral
praxis and articulation associated with pronunciation of sounds
was found only in three individuals (15%), while the sentence
making improvement was revealed in four patients (20%).

DISCUSSION

We have gathered evidence suggestive of the correlation
between the upper limb function parameters and the level
of speech production motor realization. The findings confirm
the theory that actions including the sequence of fine motor
skill components and actions that ensure speech production
involve the same cognitive and motor neural network [3]. It has
been shown that hand function improvement following a series
of neurorehabilitation sessions in children with CP is associated
with the increase of scores for oral praxis, articulation,
pronunciation of sounds and making sentences from pictures.
Such combination of changes may me based on the plasticity
processes enhancement not only in the neural circuits of
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PROMISING BIOCEMICAL MARKERS OF PARKINSON'S DISEASE
Gusyakova OA, Smirnov SV B4, Kuznetsova OYu, Apergenova AR, Albikova AR

Samara State Medical University, Samara, Russia

Parkinson's disease (PD) is a chronic neurodegenerative disease associated with specific neurological deficits in patients, it mainly affects dopaminergic neurons
in the substantia nigra causing accumulation of the neurotoxic amounts of aggregated a-synuclein protein in the neuronal cell bodies. The paper reports the
authors' view of certain pathochemical and biochemical aspects of the Parkinson’s disease development in terms of interplay between the metabolic pathways
of catecholamines and pigments, particularly the possible pathway of neuromelanin synthesis in the neuronal cell bodies and its importance in the life of cells.
Assessment of the use of certain neurodegenerative disorder biomarkers, which are of direct pathognomonic value, in the laboratory diagnosis of the disease
is provided. It is suggested to use the results in the field of deeper understanding of biochemical patterns underlying neuronal death for early diagnosis of PD in
individuals of different age groups, as well as for further study of pathogenesis based on fundamental biochemistry and pathobiochemistry of intracellular processes.
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MEPCMNEKTUBHbIE BUOXUMNYECKUE MAPKEPbI BOJIEBHU MAPKNHCOHA
0. A. Tycsikosa, C. B. CmupHos =, O. HO. KysHewosa, A. P. AnepreHosa, A. P. Afbbukosa

Camapckuii rocyaapcTBEHHbI MeauUMHCKNIA yHBepcuTteT, Camapa, Poccus

BonesHb MapkuHcoHa (Bl) — xpoHnyeckoe HerpoaereHepaTnBHoe 3aboeBaHne C XapakTepHbIMUA HEBPOMOrMHYECKMI PACCTPOMCTBaMN Y NaLMEHTOB,
nopaxaroLee npevMyLLECTBEHHO A0MaMUHEPTNHECKME HENPOHBI YEPHON CyOCTaHLMN C HaKOMIEHNEM B Tenax HEeMpPOHOB HEMPOTOKCUYHbIX [03 arperatoB
6enka a-CuHyKnenHa. B ctaTbe NpeacTasneH B3rmsg, aBTOPOB Ha OTAENbHbIE MATOXUMUYECKUE N BUOXUMUHECKIE acmeKTbl Pa3BuTus 60ne3Hn MNapknHcoHa BO
B3aVIMOCBSI3Y MyTen 0OMeHa KaTexoaMnHOB Y MUMMEHTOB, B YaCTHOCT BO3MOXXHOMO MyTIN CUHTE3a HepOMESaHHa B Tenax HeMPOHOB 1 ero 3Ha4YeHNe B XKN3HM
KkneTku. [JaHa oueHka onpefeneHHbIM, UMEIOLLMM NMPSMOe NMaTOrHOMOHWYHOE 3HaYeHne, BromMapkepam HerpoaereHepaTBHON naTonorn B nabopaTopHom
[MarHocTnKe 3Toro 3aboneBaHyst. MpensioxkeHo NCNoNb30BaTh NOyYeHHbIe Pe3ynbTaThl B cdpepe ryOoKoro NoHMMaHNst GUOXMMUHECKINX MPOLECCOB, NEXALLNX B
OCHOBE HepoHabHOW CMepTW, ANS paHHEen anarHoCTkM Bl B padHbIx BO3pacTHbIX Mpynnax 1 AasibHenLero ndy4eHns natoreHesa Ha OCHOBe hyHaamMeHTanbHOM
OMOXMMUN 1 NATOBMOXMMUM MPOLECCOB, MPOTEKAIOLLMX B KNETKE.

Knto4yeBble cnoBa: 605e3Hb INapKknHcoHa, gohamiH, ohamMyHOBbIE PELIENTOPbI, KIKOYEBbIE acreKTbl MaToXVMUN 1 NaToreHesa, GroMapKepsbl
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Parkinson's disease (PD) is a chronic neurodegenerative and
neuroinflammatory disease associated with the development
of motor and non-motor impairments. The disease mainly
affects dopaminergic neurons in the substantia nigra causing
accumulation of a-synuclein protein and Lewy bodies in the
cells. Individuals over the age of 65 are more likely to develop
PD; the prevalence is about 140 cases per 100,000 population.
The incidence of PD among males is 1.5 times higher, which
can be due to exposure to toxic substances, traumatic brain
injury, X-linked genetic defects. However, the researchers pay
maximum attention to the neuroprotective role of estrogens.
Taking into account the low pace of studying the mechanisms
underlying this disorder, no description of the key aspects
of pathobiochemistry and in-depth studies of particular
processes, no understanding of the chemical essence of the
behavior of certain substances that are of diagnostic value, this

disorder can be considered to be an urgent medical and social
issue, especially for individuals of older age groups [1-11].
The study was aimed to familiarize the reader with our opinion
about certain pathochemical aspects of Parkinson's disease
and laboratory value of some biomarkers.

Interrelationship between the dopamine and melanin
biosynthesis pathways

Neuromelanin is synthesized directly from catecholamines.
L-DOPA (L-dihydroxyphenylalanine) is subjected to hydroxylation
and decarboxylation in natural conditions as a dopamine
precursor. An alternative pathway of the mediator and its
precursor metabolism is represented by endosomal accumulation
of the mediator that moves to mitochondria by means of specific
transporter (VMAT?2) to be further biotransformed by monoamine
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oxidase (MAQ). The over-ac cumulated dopamine and DOPA
are oxidized by iron-containing enzymes to quinones and
semiquinones and are stored in the form of neuromelanin [12, 13].
The neuromelanin exact structure and functions are still poorly
understood. We are going to try to model the cyclic structure
of possible neuromelanin polymer formation and suggest the
reader to discuss this structure. The structure of dioxyindole
is provided below (Fig. 1). This fused heterocycle has rather
interesting properties allowing us to shed some light on its
biochemical behavior in the cell bodies of the CNS neurons
and its role of possible neuromelanin monomer.

In particular, we believe that the side chain hydroxyl group
being mainly an ortho-director enables aggregation through
lateral cross-linking of the benzene rings of the benzpyrrole
bicyclic system of indole involving attachment to the linear
structure of neuromelanin in ortho position. However, considering
the properties of the pyrrole part of the indole molecule, different
pattern of interaction should be expected. It is pyrrole rings that
enable formation of the product of intermolecular cyclization,
similar to unsubstituted porphyrins, yielding tetra-dioxyindole. The
+M effect of eight OH groups in the cyclic structure contributes
to better stabilization of the delocalized m-conjugated system
and enhancement of its chelating properties towards the center
(as in heme), however, enhancement of acidic properties by the
type of phenaol in lateral OH groups of the molecule benzene
nucleus should be also taken into account (Fig. 2).

Considering the fact that iron ions (Fe**) accumulate in
the cells as part of the ferritin micelles after passing through
apoferritin that can be rich with tryptophan amino acid residues,
iron ions (Fe?*) oxidize and stay in the micelle core in the
form of complex complexone with the following biochemical
composition: [(FeO*OH),(FeO*OPO,H,)]. We can see similar
stoichiometric ratio of OH groups (highlighted in bold) that can
be involved in retention of the +3 oxydation state iron ions.
Furthermore, the chelating part apparently can reduce Fe®* ions
to Fe? is addition to pericyclic adsorption of eight Fe** ions
by the cyclic variant of neuromelanin. This presents a certain
danger to the cell’s life and underlies neuronal death. The reason
is that the iron ions contained in such structure (despite the fact
that it is similar to porphyrin structure) cannot have the same
function as that contained in the heme transport substances
with constant +2 oxydation state or in cytochromes, in which
iron is in fact represented by the Fe**/Fe* redox couple. This
is how the +2 oxidation state iron ions being powerful reducing

HO

+M
HO X
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Fig. 1. Chemical structure of dioxyindole being the neuromelanin monomer
involved in the eumelanin metabolic pathway of tyrosine

agents are accumulated, thereby provoking oxidative stress
and eventually cell death.

Dopamine biochemical properties and functions

Dopamine, a mediator of neuroendocrine and paracrine regulation
of the peripheral organs, does not cross the blood-brain barrier.
Dopamine receptors belong to the family of the transmembrane
metabotropic type G protein-coupled receptors. Five dopamine
receptor subtypes were revealed when the gene cloning
technique was introduced: D,, D,, D,, D,, D,. Dopaminergic
receptors are considered to be “slow” G (from the word “guanine)
protein-coupled receptors using secondary intracellular mediators
(8',5'-cyclic adenosine monophosphate or cAMP in this case), in
contrast to “fast” receptors (such as GABA receptors) that bind
directly to the ligand-gated channels. Receptors are divided into
two main groups: 1) D,-like receptors (D,, D,) activate adenylate
cyclase, activation of such receptors causes muscle relaxation
and vasodilation; 2) D,-like receptors (D, D,, D,), presynaptic in
sympathetic nerves, inhibit adenylate cyclase, activation of such
receptors enchances the effects of catecholamines. In the central
nervous system (CNS) these receptors play an important role in
regulation of motion and cognitive function realization. Receptors
of the D, , and D,, subgroups regulate the cardiovascular system
functions. Disruption of the substantia nigra and abnormalities
of the D,-like receptors can be observed in individuals with
Parkinson’s disease; dopamine production and the effect on the
receptors are reduced [8, 9].

PD laboratory signs
In blood serum and oral fluid

Presynaptic a-synuclein protein is involved in the synaptic vesicle
transpot and subsequent neurotransmitter release. There are three

HO

Fig. 2. Possible product of intermolecular cyclization: dioxyindole tetramer as a basis of the neuromelain cyclic tructure
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Fig. 3. Chemical structure of uric acid in the form of two possible native tautomers

a-synuclein isoforms produced by alternative splicing: 140 amino
acids (base form), 126 amino acids and 112 amino acids. The base
form of a-synuclein consists of the hydrophobic central region (non-
amyloid component), amino-terminal region containing recurring
amino acid sequences, and the negatively charged C-terminal
region containing several phosphorylation sites and the domain
responsible for a-synuclein chaperone activity. The N- terminal
region is similar to the lipid-binding domain of apolipoproteins,
which indicates the a-synuclein ability to interact with the membrane
lipids. There is an assumption that two forms of this protein exist
in the cells: native and membrane-binding. The a-synuclein native
form is an unfolded protein with the disordered spiral structure. It
is the increase in neurotoxic aggregates of this small protein that is
important for the disease pathochemistry [3].

The Parkinson disease protein 7 (DJ-1 protein) is involved in
cell functions, including transcription regulation and the response
to oxidative stress, the processes that are directly related
to neurodegeneration. Mutations of the gene encoding this
protein are a rare cause of autosomal recessive parkinsonism;
such mutations are associated with impaired DJ-1 capability of
dimerization, its stability and folding. The DJ-1 protein functions
include antioxidant, transcription co-activator and molecular
chaperone activity. This protein has different catalytic and
non-catalytic functions in different compartments of the cell: the
DJ-1 protein acts as a co-activator of various signaling pathway
in the cell nucleus, thereby preventing cell death; in mitochondria,
it is contained in syntasomes, in which it interacts with the ATP
synthase B-subunit. The decrease in the levels of normal protein
results in the decrease in its function in oxidative stress [6, 14].

Uric acid: the risk of PD is inversely related to plasma
levels of uric acid. Thanks to its double bonds, uric acid can
possess antioxidant activity as an unsaturated, electron-
deficient heterocyclic structure [7, 8, 10-12]. This property of
the compound can underlie total antioxidant capacity of blood
plasma and cerebrospinal fluid, thereby protecting the human
body against reactive oxygen species and nitrogen (singlet
oxygen, hydroxyl radicals, hydrogen peroxide and peroxynitrite).

In blood plasma

The emergence of autoantibodies in blood plasma of individuals
with PD is associated with chronic neuronal damage and
degeneration. Neuropeptides, nucleofactor 200, S100, etc. are
products of neuronal degradation (this triggers autoimmune
component of the disease pathogenesis resulting in synthesis
of specific antibodies (cell adhesion molecule 4, myaotilin,
fibronectin, elongation factor 1-alpha 1).

In cerebrospinal fluid

High interleukin 6 (lI6) levels are associated with the 3.5-fold
increase in the risk of PD, which is a neuroinflammation

OH
H
HN N N =~ N
0 —; ‘ A\ OH
o N N A N
HO N H

biomarker. Interleukin 6 belongs to the family of 1I6 cytokines,
the other members of which include 1111, 1127, 1131, etc. The 6
biological activity is related to its ability to activate the target
genes involved in cell differentiation, survival, apoptosis, and
proliferation. 116 is involved in intracellular signal transmission,
thereby causing activation of tyrosine kinase triggering
phosphorylation of transcription factors involved in regulation of
the 116 synthesis. Stimulation of the acute phase inflammatory
response, associated with the expression of the ll-encoding
gene in the liver and manifesting itself in the increase in the
concentration of the acute phase inflammatory proteins (primarily
C-reactive protein and haptoglobin), represents the 116 pro-
inflanmatory effect. We believe that one of its pathochemical
mechanisms can underlie its pro-inflammatory effect on glial
cells in case of high levels in cerebrospinal fluid, as well as the
decrease in biosynthesis of neurotrophic peptides (belonging
to the group of peptide NTF biomolecules, which, like IL6,
implement signaling pathways through gp130 in the neuronal
membrane apparatus) that contribute to survival of the cerebral
neurons in oxidative stress in healthy body. In inflammation, this
group of cytokines is likely to play a role of intracellular anti-
inflaonmatory factors similar to anti-inflammatory myokines of
the muscle tissue belonging to the same family of biomolecules
based on biochemistry [15].

Uric acid

In our opinion, biochemical potential of uric acid in
neurodegenerative disorders is of interest. As is known, there
are two tautomeric forms of this organic acid: lactim and
lactam. In the body it obviously can exist in both forms playing
a certain role in pathochemistry of some disorders, including
PD (Fig. 3). Thus, a well-known fact in the PD pathogenesis is
the loss of catecholamine neurons by the patient’s body that
eventually results in progression of clinical manifestations. This
means that the effects of substances capable of increasing the
effects of biogenic amines have a certain positive influence on
the disease course and the patients’ condition improvement.
It has been found that the patients’ health improvement
correlates with the increase in the levels of this metabolite in
cerebrospinal fluid. The logical question is: what is the possible
mechanism of action of the acid itself? Apparently, there are
at least two such mechanisms. According to pharmacological
biochemistry, tri- and dimethylxanthines are inhibitors of certain
phosphodiesterases. The enzymes of this class are divided into
two types based on their localization in the cell: membrane-
bound and cytosole. It is possible that the lactim form of this
acid that has a certain dipole moment and a polarized OH
group (besides, not only one) has strong acidic properties and
is unable to cross the cell membrane. However, by analogy with
the “mobile” OH group and aromatic nature of the chroman core
of tocopherols, it can be retained in the membrane apparatus of
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certain cells, including neurons. Furthermore, on the one hand
it functions as a local antioxidant, and on the other hand as a
phosphodiesterase inhibitor (as a xanthine derivative), thereby
prolonging the effects of catecholamines (while biogenic amines
have a membrane-mediated mechanism of action). Meanwhile, it
is the membrane-bound form of mostly type | phosphodiesterase
that is inhibited: it targets cAMP activated by Ca?* cations,
4Ca?-calmodulin complex + cGMP in healthy body.

CONCLUSION

Thus, we have systematized and characterized in terms of
biochemistry the following laboratory signs of Parkinson’s
disease: 1) a-synuclein accumulation; 2) mutations of the
gene encoding the DJ-1 protein; 3) changes in a number of
blood plasma antibodies; 4) presence of potential biomarkers:
I16, uric acid. A number of processes play an important role
in pathochemistry of Parkinson’s disease: the decrease in the
levels of dopamine and the number of neurons in the substantia
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BIOCHEMICAL AND MORPHOLOGICAL SUBSTANTIATION OF THE CONNECTIVE TISSUE HYPOTHESIS
OF MANDIBULAR THIRD MOLAR ERUPTION
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Studying the mechanism underlying tooth eruption is an important and promising area due to the increased incidence of the diseases associated with tooth eruption
abnormalities or difficulties that can result in purulent and septic complications. The study was aimed to explore variability and structural features of the hard tissue
mineral component and organic matrix in mandibular third molars being at different stages of tooth eruption. Microscopic examination and biochemical testing of the
enamel, dentin, and dentin—enamel junction of the study participants’ (n = 67; females aged 14-36) mandibular third molars were performed by scanning electron
microscopy and Fourier transform infrared (FT-IR) spectroscopy. The association of the tooth eruption stage with the hard tissue structural features, such as the
degree of mineralization and the size of dentinal tubules, orientation and size of the enamel prisms, was revealed. There were significant differences in the mandibular
third molar hard tissue water content, which was demonstrated by metabolic processes and maturation rate (p < 0.05). According to the IR spectroscopy data,
intensity of the collagen absorption bands in the enamel increases with age, while in dentin it decreases (1202, 1249, and 1342 cm™). Furthermore the combination
of the reduced intensity of the 1202 cm-~" band with the increase in the 1342 cm" dentin—enamel junction band confirms the important role it plays as a link between
the enamel and dentin due to its metabolic, shock-absorbing, protective, and nutritional functions. The findings demonstrate significant changes in the wrapping
and orientation of the collagen fibrils and fibers in the hard tissue, which affect primary spatial orientation and mandibular dental topography.
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BUOXUMMYECKOE 1 MOP®OTIOM'MYECKOE OBOCHOBAHUE COEAVHUTENIBHOTKAHHOW MMOTES3bI
MPOPE3bIBAHNA HUXXHUX TPETbUX MOJIAPOB

A. C. KopuuyHos™ B, B. [1. BarHep?, J1. B. Benbckas®, K. H. KypsitHukos™, . O. Cepos?, B. A. KpacHog?, I. O. TurpaHsH', V. A. BoHaaps'

T OMCKMIA rocyaapCTBEHHbIN MeanUMHCKINIA yHBepcuTeT, OMcK, Poccus

2 LleHTpasbHbIn Hay4HO-MCCNEea0BaTENbCKUA MHCTUTYT CTOMATONOMM 1 HYeNOCTHO-NMLEBON xvpyprin, Mocksa, Poccust
3 OMCKUI rocyAapCTBEHHbIN Negarornieckuii yHnsepcuteT, OMmck, Poccurst

4 Topoackast KnMH1Yeckas cToMatosnorndeckast nomknvHnka Ne 1, Omck, Poccust

V13y4eHne MexaHr3ma NpopesbiBaHisa 3y60B ABMSETCH BXKHbIM 1 MEPCNEKTVBHBIM HAaNpaBieHeM BBULY YBEMMHEHVS YaCTOTbl Cry4aeB BO3HVKHOBEHMS 60ONe3Hel,
CBSI3aHHbIX C HAaPYLLEHNEM UMK 3aTPYOHEHHbBIM NMPOPE3bIBaHMEM, KOTOPbIE MOTYT NMPUBOAUTL K MTHOMHO-CEMTUYECKMM OCNOoXHeHUAM. Llensto nccnenosaHms 6bino
N3y41Tb BapnabenbHOCTb 1 CTPYKTYPHbIE OCOBEHHOCTN MUHEPATBHOIO KOMMOHEHTA U OPraHNYeCcKoro MaTpukca B TBEPAbIX TKaHAX HKHUX TRETLMX MOSSPOB,
HaxoOaLLUMXCH Ha pasHbIX CTaausx NPopesbiBaHNA. Y yHaCTHUKOB UCCNefoBaHus (n = 67; »KeHLWHbI, BO3pacT oT 14 0o 36 neT) NpoBOAUIM MUKPOCKOMUHYECKOE
1N BMOXUMUYECKOE WICCefoBaHNe aManu, AeHTUHA W OManeBO-AEHTUHHOIO COEOVHEHUSI HVDKHMX TPETbUX MOSSIPOB MEeTodaMn PacTpOBOW SMEKTPOHHOMN
MuKpockonumn n NK-®ypbe-cnekTpockonuu. NpoaeMoHCTP1poBaHa CBA3b CTaamin NPOPE3bIBaHMA CO CTPRYKTYPHBIMU OCOBEHHOCTSAMM TBEPLbIX TKAHEN: yPDOBHEM
MUHEpanM3aLm 1 padmepamin AEHTUHHbIX KaHasbLIEB, OpUeHTaumern 1 pagmepammn amManeBbix Npram. CopeprKanve Bodbl B TBEPABIX TKAHSAX HVPKHMX TPETBIX
MOJISPOB 3HAYMMO Pa3NMYaETCs, YTO XapaKTepK3yoT OOMEHHbIE MPOLIECCHI 1 CKOPOCTb co3peBaHys (0 < 0,05). Mo faHHbIM VK-cnekTpocKonuin MHTEHCUBHOCTL
MoJsioc NOMOLLEHMS KofiareHa ¢ BO3pacToM B aManv yBENUYMBAETCS, a B AeHTUHE yMeHbllaeTcs (1202, 1249 1 1342 cM™), Mpu 3TOM COYeTaHre CHIDKEHUS!
VHTEHCUBHOCTW nosockl 1202 cM™' ¢ yBenndeHreM nonockl 1342 cm™' y aManeBo-AeHTUHHOIO COEAMHEHS MOATBEPXAAET €ro BaKHYHO POJIb CBA3YHOLLIErO 3BEHa
MEXY SMasblo 1 AEHTUHOM 3a CHET OOMEHHOM, aMOPTU3MPYIOLLIEN, 3aLLUMTHOW, NUTaTeNbHON OYHKUMIA. MonyYeHHble faHHbIE YKasbiBalOT Ha 3HAYUTENbHbIE
N3MEHEHWNST YMaKoBKW 1 OpPUEHTaLWMIN KOMnareHoBbIX rOpuna 1 BONOKOH B TBEPAbIX TKaHSX, YTO BAUSET Ha MEPBUYHYIO MPOCTPAHCTBEHHYIO OpUEHTaLMIO 1
TOonorpatu4eckoe PacronoXKeHne 3y60B B HVDKHER YentoCcTu.

KntoueBble cnosa: IK-cnekTpockonvisi, AMCnnass CoeauHUTENbHOM TKaHW, BUOoXVMIS, MpopesbiBaHne, aMaslb, AeHTUH, SMaNeBo-AEHTVHHOE CoeanHeHne

Bknap asTopos: A. C. KOpLLYHOB — NaHnpoBaHue NCCNeaoBaHust, aHama NMTepaTypbl, HTEppeTaums AaHHbIX, HABOP KMHMYECKOro Matepyana, NoaroToBKa
pykonvicy; B. [l. BarHep — nnaHnpoBaHue VCCNefoBaHisl, aHanms InTeparypbl, UHTepnpetauys gaqHsix; J1. B. benbckas — mnnaHMpoBaHve UCCnenoBaHns,
npoBeeHne BUOXMMUHECKIIX UCCBA0BaHMA, NOAroToBKa pykommcy; K. H. KypsiTHYKOB — HaBop KIMHWYECKOrO Matepurarna, aHaima Nuteparypsl, HTepripeTaLys
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Tooth eruption is a unique natural process with multifactorial
reproducibility mechanism that makes it possible to judge about
the development of not only oral, but also the whole body’s
organs and tissues [1]. Eruption is a complex biological event
involving dynamic changes at the tissue and cellular levels [2].
It is guided by anatomical structures, biological and molecular
factors that make the tooth move to its final functional position
in the oral cavity [3].

During eruption the teeth move in three directions and
gradually increase in size within the alveolar part of the mandible
before active eruption. The tooth demonstrates minor circular
movements when the coronal part is formed [4, 5].

Some tooth eruption theories were proposed centuries ago,
many of these theories were revised, amended or disproved [6].
The best known and well substantiated ones are as follows: the
tooth theory (Hunter, 1870), alveolar theory (L.J. Baume, 1890),
pulp theory (G.V. Yasvoin, 1929), bone tissue rearrangement
theory (J. Tandler, 1928; A.Ya. Katz, 1940; B. Orban, 1953;
J. Reichborn-Kjennerud, 1959; M.Ya. Berry, 1968). Many
authors accept the theory that the connective tissue embracing
the erupting mandibular third molar is the most probable source
of eruptive forces [7]. According to other data, the coronal and
basal cells of tooth enamel and tooth follicle can send a signal
that induces differentiation of the relatively nearby mesenchymal
or progenitor cells, transforms these into cells having specific
functions, i.e. osteoblasts and osteoclasts [8].

According to another hypothesis, vascular and tissue
pressure can affect the eruption rate. The experiment involving
dental alveoli of rats has shown that pressure increases after
removal of interstitial fluid, eventually causing the eruption rate
reduction [9].

The researchers believe that a major role is played by
differentiation of the tooth germ tissues, when the volume
increases and certain pressure (tension) is generated in it under
the force during eruption [10].

The developing mandibular third molar must be through the
cascade of mineralized and non-mineralized connective tissues,
and the enamel provides an insulating barrier that protects
the tooth against physical, chemical, and thermal exposures
under favorable conditions. In some cases the dental enamel
structure insufficiency can make the course of dental disease
more severe. There is an opinion that dental enamel contains
no collagen, however, there are sporadic reports that provide
evidence of the presence of collagen in this unique biological
tissue [11, 12].

The complex epithelial-mesenchymal interactions and
crosstalk within hard tissues take place at the early stages of
tooth formation [13]. Recent observations make it possible
to challenge conventional scientific evidence and assume
that the enamel crystal growth is initiated by the mineralized
collagen fibrils from dentin. Then these crystals cross the
dentin—enamel junction to reach the ameloblast membrane
and spread across the enamel surface. Such structure
makes it possible to build the connective complexes, in
which secretory ameloblasts form a semi-permeable barrier
for intercellular transport of minerals and ions that circulate
freely in the enamel matrix. Intercellular transport of fluids that
neutralize pH of the enamel matrix can be realized through the
above connective complexes [14].

The presence of collagen fibrils in the dental hard tissues
is of significant scientific and practical value for dentistry. It
has been found that in humans, amelogenins and enamelins
interact with the collagen family members during intraosseous
eruption [13]. Collagens are produced by odontoblasts and
are found in the dentin, while amelogenins are produced by

ameloblasts and are contained in the enamel. It has been
shown that type IV collagen is expressed within the dentin—
enamel junction, type | and VIl collagens come from dentin and
cross the dentin—enamel junction to reach the enamel. The role
of the amelogenin—collagen and enamelin—collagen interactions
or expansion of dentinal collagens into the enamel inner matrix
will help explain the importance and unusual structural and
biochemical features of the dentin—enamel junction [15].

Thanks to the development of dentistry, biochemistry,
nanotechnology, new protein, dentin, and bone species have
been reported that possess unique capabilities of affecting the
hard tissue mineral structure. Microscopy results are indicative
of the complex relationship between the apatite crystals; the
issues of intermolecular and intramolecular interactions between
protein matrices and the maxillofacial region mineralized tissue
inorganic phase are the most pressing [16].

It is well known that inorganic phase of the dental enamel
and dentin is represented by hydroxyapatite crystals showing
more stable vibrations in the mid-IR region [12].

The literature reports studies of proteins contained in human
fetal tooth germs and mature enamel of permanent teeth. Such
studies cover just a few frequencies or IR spectra of proteins,
while interpretation of the studies can be found in sporadic
reports. More recent studies show that dental enamel of the
fetal tooth germ is not similar to the erupted tooth enamel. The
tooth germ enamel contains thousands of times less protein
than the permanent tooth enamel, it differs little from soft
tissues of the body in terms of density and protein content [17].

It has been found that the components of organix matrix
originate from the dentin-enamel junction, where it partially
intertwines with the dentin collagen fibrils along the whole
length. The organic matrix that is above the dentin—-enamel
junction is represented by the layer of intertwined fine fibers
forming something like an inhomogeneous wide-loop mesh
along the whole length of the dentin—enamel junction separating
enamel from dentin. Such a complex structure allows many
researchers to affirm that the dentin collagen fibrils intertwine
with the enamel organix matrix [18]. This, in turn, results to
the emergence of collagen among specific enamel proteins,
amelogenins and enamelins, while the organic matrix diffraction
pattern is determined by the diffusely blurred rings.

The other studies demonstrate the decrease of the organic
phosphate levels in the fetal dental enamel and mature enamel
with age, which is reflected in the decrease in the IR spectra
absorption bands. IR spectra of fetal dental enamel differ
considerably from the collagen and keratin spectra, which
makes it possible to consider the majority of enamel proteins to
be collagen or keratin type proteins [19].

During enamel formation, intensity of the protein bands that
are within the absorbance region of carboxyl groups is reduced
in the IR spectra due to binding of mineral components. The
content of orthophosphate groups in the fetal tooth germ
enamel increases during formation of the apatite structure,
while in mature enamel, the content of orthophosphate groups
almost does not change with age. Intensity of vibrations of
pyrophosphate groups contained in apatite of the enamel
increases during pre- and postnatal ontogenesis [20].

Based on the reviewed literature, we believe that it is relevant
and desirable to describe new ideas about the mandibular third
molar eruption on the basis of biochemical and morphological
rearrangements in these teeth.

The study was aimed to explore variability of the hard
tissue organic matrix and mineral component in mandibular
third molars being at different stages of tooth eruption using
microscopy and biochemical methods.
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Table 1. Size of the dentin layer and dentinal tubules of mandibular third molars of the surveyed patients during various eruption phases

Age group / Parameter 14-17 years 18-21 years 22-26 years 27-31 years 32-36 years
1 — - - — —
5 2.9 2.8 3.3 3.5 3.4
[2.7; 3.0] [2.6;3.0] [3.1; 3.5] [3.3;3.8] [3.3; 3.6]
3.2¢ 3.3* 3.7¢ 3.9* 3.4
Dentin layer thickness, mm 3 [3.0; 3.5] [3.1; 3.5] [3.6; 3.9]** [3.8;4.0] [3.2; 3.6]
(p=0.002) (p=0.01) (p=0.002) (p=0.02) (p=1.90)
3.7 3.8 4.1* 4.3* 3.2
4 [3.6; 3.8] [3.6; 3.9] [4.0; 4.3]* [4.2; 4.5] [3.1; 3.5]"
(p=0.002) (p =0.001) (p=0.02) (p=0.001) (p=1.99)
1 — — — — —
2.33 2.35 2.41 2.41 2.41
2 [2.31; 2.34] [2.33; 2.36] [2.39; 2.43]** [2.40; 2.43] [2.40; 2.43]
2.39* 2.39* 2.46* 2.45* 2.34*
Width of dentinal tubules near the pulp, nm | 3 [2.37; 2.43] [2.37; 2.42] [2.45; 2.48]** [2.44; 2.47] [2.32; 2.35]"*
(p=0.001) (p=0.02) (p=0.02) (p=0.02) (p = 0.0001)
2.45* 2.43 2.49* 2.48 2.31
4 [2.44; 2.47) [2.42; 2.44] [2.48; 2.51]* [2.47; 2.49] [2.29; 2.32]
(p=0.02) (p=0.91) (p = 0.001) (p=0.22) (o= 0.34)
1.21 1.28 1.25 1.24 1.21
! [1.19; 1.26] [1.19; 1.28] [1.22; 1.28] [1.22;1.27] [1.18; 1.25]
3.24* 3.26" 3.41* 3.39* 3.13
2 [3.21; 3.28] [3.23; 3.29] [3.39; 2.44]** [3.35; 3.45] [3.09; 3.17]*
(p = 0.0001) (p = 0.0001) (p = 0.0001) (p = 0.0001) (p=0.001)
ot gt s e
3 [3.29; 3.31] [3.32; 3.35]** [3.43; 3.48]** [3.44; 3.46] [8.07; 3.17*]
(p=0.02) (p=0.01) (p = 0.56) (p=0.19) (p=0.88)
3.35* 3.36 3.51 3.52* 3.15
4 [3.32; 3.39] [3.33; 3.39] [3.46; 3.55]** [3.48; 3.55] [8.11; 3.19]*
(p=0.02) (p=0.17) (p=1.05) (p=0.02) (p=1.98)

Note: * — differences between tooth eruption phases; ** — significant differences between age groups (Mann-Whitney U test, Wilcoxon signed-rank test, Bonferroni
corrected at p < 0.02). No significant differences in/between age groups have been revealed (p > 0.05). 1 — tooth germ phase; 2 — tooth grown to the level of the
gum; 3 — tooth grown to the mid-crown of the second molar; 4 — fully erupted tooth.

METHODS
Clinical trial

The study involved 67 women aged 14-17, 18-21, 22-26, 27—
31, 32-36, who were followed up and treated by orthodontist
and oral surgeon at the General Practice Dental Department
of the City Clinical Dental Polyclinic Ne1, Center for Diagnosis
and Treatment of Connective Tissue Dysplasia of the Omsk
State Medical University (Omsk, Russian Federation). All
study participants underwent extraction of teeth 38, 48 (due
to orthodontic indications or tooth eruption difficulties) in
2021-2022. IR spectroscopy was performed in the Laboratory
of Biochemistry Research of the Omsk State Pedagogical
University.

Inclusion criteria for the study group: women, who underwent
extraction of intact teeth (38, 48), with the confirmed diagnosis
(according to ICD-10) of K05.22 (aggressive periodontitis),
K05.32 (chronic periodontitis), KOO0.6 (disturbances in tooth
eruption), KO1.0 (embedded teeth); age 14-36 years; Slavic
appearance (Caucasian race); connective tissue dysplasia; total
score of +17 (severe degree). The comparison group included
normosthenic women.
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Exclusion criteria: male patients, women under the age

of 14 and over the age of 36; mandibular third molars with
chronic foci of infection in periapical tissues affected by
caries; subcompensated or decompensated chronic disorder;
individuals addicted to alcohol or drugs, those who had earlier
used ulcerogenic drugs (non-steroidal anti-inflammatory drugs,
glucocorticosteroids, etc.); hypersthenic body habitus; Asian or
Negroid appearance; connective tissue dysplasia; total score
of less than 17 (mild-to-moderate degree); the diagnosis not
mentioned as an inclusion criterion (according to ICD-10).

The mandibular third molar eruption stages were assessed
based on the computed tomography images and divided into four
groups: tooth germ, tooth grown to the level of the gum, tooth
grown to the mid-crown of the second molar, fully erupted tooth.

Connective tissue dysplasia was diagnosed, and dental
hard tissues were collected for biochemical tests in accordance
with the previously reported methods [21, 22].

Method to collect enamel, dentin-enamel junction, dentin
for microscopy

During the first phase the extracted tooth was fixed with a
woodworking clamp and separated in a mesiodistal direction
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Fig. 1. Structure of dentinal tubules, packaging of enamel prisms in the surface and deep layers (scanning electron microscopy; 1500x magnification). Structure of
dentinal tubules: 14-17 years (A); 18-21 years (B); 22-26 years (C); 27-31 years (D); 32-36 years (E). Packaging of enamel prisms in the surface layer: 14-17 years
(F); 18-21 years (G); 22-26 years (H); 27-31 years (l); 32-36 years (J). Packaging of enamel prisms in the deep layer: 14-17 years (K); 18-21 years (L); 22-26 years

(M); 27-31 years (N); 32-36 years (O)

with a diamond disc to provide a longitudinal section. The tooth
fragment prepared was placed in the PVC tube chuck with the cut
turned down and poured with the two part epoxy resin for 24 h.
During the second phase the resulting specimen was
processed using the MP-1B Grinder/Polisher (MRC; UK) and the
800, 1500, 2000, 2500 grit dexter grinding wheels (Leroy Merlin;
France). Final polishing was performed using the felt polishing
wheel with the GOI polishing paste for plastics. The specimen
surface was pickled with the 37% phosphoric acid (H,PO,) for
20 s in the enamel area and for 15 s in the dentin area. The
specimen was dried with the cellulose napkin. The specimen
was placed on the stage of the Jeol JCM - 5700 scanning
electron microscope (JEOL Ltd.; Japan) for examination. The
use of the described method makes it possible to study the
enamel, dentin, and dentin—enamel junction morphology on the
longitudinal section using a scanning electron microscope.

Method of IR spectra acquisition and pre-processing

The enamel, dentin, and dentin—enamel junction samples were
dried to the constant weight at a temperature of 105 °C for 6 h,
then the mass fraction of moisture was determined. Powders
were tested in tablets pressed in a mixture with potassium
bromide (ratio 1 : 100; diameter 3.5 mm). The spectrum of pure
potassium bromide previously dried at a temperature of ~600 °C
for 6 h was used as a reference spectrum. IR absorption
spectra were acquired with the FT-891 Fourier transform
infrared spectrometer (SIMECS; Russia) in the 500-4000 cm™
range (number of scans — 32, resolution — 4 cm™). Baseline
correction and normalization of spectra were performed using
the ZalR 3.5 software (SIMECS; Russia). Position and intensity
of the absorption bands (AB) were determined in all spectra.

Statistical data processing

Statistical analysis of the results was performed using the
Statistica 10.0 software package (StatSoft; USA) by nonparametric
methods: Wilcoxon signed-rank test for dependent samples and
Mann-Whitney U test for independent samples. The sample
was described using median (Me) and interquartile range in the

form of the 25" and 75" percentiles (L,; U). The differences
were considered significant at p < 0.05.

RESULTS

Our findings have shown that dentinal tubules originate on the
dentin inner surface and cross dentin in the outward direction
perpendicular to the tangential fibers of the ground substance.
The radial and tangential collagen fibers define topographic
arrangement and correct orientation of the dentinal tubules.
It has been noted that in young people (aged 14-17, 18-21),
the dentinal tubules are small, in contrast to the age groups of
22-26 years, 27-31 years, 32-36 years. In the age group of
32-36 years the decrease in the dentinal tubule size is observed
that is due to the reduced trophic function and dental hard
tissue mineralization, obliteration and emergence of numerous
denticles, which adversely affect metabolic processes and can
results in the dental hard tissue diseases. As mandibular third
molar moves towards the occlusal plane and full eruption, the
size of dentinal tubules significantly increases in all age groups
(14-17 years, 18-21 years, 22-26 years, 27-31 years) (p < 0.05)
(Table 1; Fig. 1A-E).

Our studies have demonstrated the increase in mineralization
of the dentinal tubule inner layer at the stage of mandibular third
molar eruption to the mid-crown of the second molar in the age
groups of 21-26 years, 27-31 years, which is consistent with
the literature data on the dentinal tubules’ varying width [23]. The
described ring of the dentinal tubule mineralization is narrower
near the pulp and wider near the dentin-enamel junction (Table
1; Fig. 1A-E). Thickening of the dentin layer is reported in all the
compared age groups, except for the group aged 32-36, in which
its thickness remains unchanged with the mandibular third molar
development and its growth to the mid-crown of the second
molar. Dentinogenesis proceeds evenly and actively throughout all
stages of tooth eruption, which is reflected by statistical analysis of
the groups being compared (p > 0.05) (Table 1).

The width of prisms in various areas of enamel changes
with age and as mandibular third molar eruption proceeds.
We have revealed a significant increase in the size of enamel
prisms in individuals aged 27-31; no such increase is observed
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Table 2. Width of enamel prisms in various enamel layers of mandibular third molars of the surveyed patients during various eruption phases

Age group / Parameter 14-17 years 18-21 years 22-26 years 27-31 years 32-36 years
4.13 4.16 4.25 4.44 4.45
1 [4.11; 4.15] [4.13; 419" [4.22; 4.29]** [4.42; 4.46] [4.42; 4.49]
4.21* 4.29* 4.36* 4.51* 4.53*
2 [4.19; 4.23] [4.26; 4.31]* [4.34; 4.37]* [4.49; 4.53] [4.51; 4.55]
(p =0.0002) (p=0.001) (p = 0.0002) (p=0.0001) (p=0.001)
Width of enamel prisms in the
surface layer, nm 4.46* 4.49* 4.52* 4.59* 4.61*
3 [4.43; 4.48] [4.45; 4.53] [4.50; 4.55]** [4.56; 4.61] [4.57; 4.64]
(p = 0.0002) (p=0.0002) (p=0.001) (p=0.001) (p =0.0002)
4.35* 4.55 4.59* 4.68* 4.71*
4 [4.33; 4.38] [4.52; 4.59] [4.56; 4.62] [4.65; 4.72] [4.69; 4.73]
(p=0.0001) (p=0.58) (p=0.0001) (p=0.0002) (p = 0.002)
4.52 4.51 4.55 4.66 4.65
! [4.50; 4.55] [4.48; 4.54] [4.53; 4.56]** [4.63; 4.69] [4.63; 4.68]
4.61* 4.62* 4.63* 4.78* 4.76*
2 [4.60; 4.63] [4.60; 4.65] [4.60; 4.67] [4.74; 4.82] [4.73; 4.79]
(p =0.002) (p=0.001) (p=0.0001) (p=0.001) (p=0.001)
Width of enamel prisms in the deep layer, nm 4.71* 4.73* 4.75* 4.92* 4.91*
3 [4.68; 4.75] [4.71; 4.76] [4.73; 4.77] [4.90; 4.95] [4.87; 4.95]
(p = 0.002) (p=0.002) (p=0.001) (p=0.001) (p=0.001)
4.89* 4.87* 4.82* 5.02* 4.99*
4 [4.85; 4.91] [4.85; 4.91] [4.80; 4.85]** [5.00;5.05] [4.97; 5.02]
(p = 0.0002) (p=0.001) (p =0.002) (p=0.0001) (p=0.02)

Note: * — differences between tooth eruption phases; ** — significant differences between age groups (Mann-Whitney U test, Wilcoxon signed-rank test, Bonferroni
corrected at p < 0.02). No significant differences in/between age groups have been revealed (p > 0.05). 1 — tooth germ phase; 2 — tooth grown to the level of the
gum; 3 — tooth grown to the mid-crown of the second molar; 4 — fully erupted tooth.

in individuals over the age of 32 (p > 0.05). The rapid increase in
the size of prisms in deep layers of enamel was detected during
such tooth eruption stages, as tooth germ and tooth grown to
the level of the gum, in all groups being compared. The width
increase in the enamel surface layer throughout early stages of
the mandibular third molar eruption is far behind relative to deep
layers in all age groups (p > 0.05) (Table 2; Fig. 1E-O).

We have found that growth of prisms in the enamel surface
layer significantly increases in the age groups of 18-21 years
(o = 0.001), 22-26 years (p = 0.002) during the stages of tooth
germ and tooth grown to the level of the gum, while in deep
layers it is increased in the age group of 22-26 years throughout
all stages of tooth eruption (p < 0.05).

We have revealed significant differences in the mandibular
third molar hard tissue water content that characterize metabolic
processes and the rate of the molars’ maturation on their way
to full eruption. The highest enamel water content is observed
in the age groups of 18-21 years, 22-26 years at the stage of
the mandibular third molar grown to the level of the gum. No
significant changes in the enamel water content were revealed
at other stages of tooth eruption (p > 0.05) (Table 3).

The dentin water content changes with age. The highest
dentin water content is observed in the age groups of 18-21
years, 22-26 years throughout all phases of tooth eruption
(o < 0.05). A significant increase in water content associated
with the mandibular third molar full eruption is observed in the
above age groups. No significant differences have been revealed
in other age groups, however, the water content downward trend
has been reported for the age group of 32-36 years (Table 3).
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The same changes in this parameter as that reported for
dentin have been reported for the dentin—-enamel junction,
along with positive dynamics of the increase in the age group of
22-26 years throughout all phases of tooth eruption (Table 3).

A total of 19 absorption bands have been identified in
the mandibular third molar hard tissue IR spectra: 3239 cm-™'
(vsO-H); 2963 cm™ (vasCH3); 2922 cm™ (vasCH,); 2855 cm™
(vsCH,); 1769 cm™" (vC=C); 1637 and 1618 cm" (vC=0); 15646 crm’!
(6N-H, vC-N); 1454 cm™ (8asCH3, 6CH,); 1418 cm™ (VC-N,
8N-H, 8C-H); 1384 cm™ (8CH3); 1342 cm~' (CH2); 1249 and
1202 cm™ (8N-H, vC-N); 1106 cm™" (vsPO, vCC, vCO); 1050
cm™ (PO4); 1037 cm™ (vCC, vCO, vCH,OH); 967 cm™ (vPO,);
876 cm™ (80-C-0) [22].

It has been shown that the set of absorption bands
found in the mandibular third molar hard tissue IR spectra
qualitatively does not change with age, while intensity of certain
absorption bands changes significantly (Fig. 2). Intensity of
the absorption bands of the methyl and methylene groups
of lipids and proteins decreases with age (2855, 2922
and 2963 cm™), while that of phosphate groups increases
(1050 cm™). This suggests the higher degree of hard tissue
mineralization in the age groups of 27-31 years, 32-36 years.
Apparent changes in the dentin-enamel junction structure
predominate among age groups (Fig. 2B). Intensity of the
dentinal collagen absorption bands (1202, 1249 and 1342 cm™)
decreases with age (Fig. 2C), while that of the enamel
increases (Fig. 2A); the dentin—enamel junction occupies an
intermediate position and combines the decrease in the 1202 cm™
band intensity with the increase in the 1342 cm™ intensity
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Table 3. Water content of the mandibular third molar hard tissues during various eruption phases in the group of surveyed patients

Age group / Parameter 14-17 years 18-21 years 22-26 years 27-31 years 32-36 years
3.97 4.02 4.28 4.18 4.22
[3.68; 4.09] [3.94; 4.15]* [4.19; 4.36] [4.05; 4.29] [4.11; 4.34]
4.14 4.43* 4.49* 4.21 4.25
[4.01; 4.25]* [4.28; 4.56] [4.37; 4.65]** [4.06; 4.29] [4.13; 4.39]
(p = 0.54) (p=0.02) (p=0.02) (p=0.94) (p=0.94)
Enamel, % 4.29 4.58 4.59 4.38 4.41
[4.18; 4.42]* [4.46; 4.65] [4.49; 4.71] [4.28; 4.50] [4.29; 4.56]
(p=0.78) (p=0.88) (p=0.84) (p=0.92) (p=0.95)
4.28 4.59 4.65 4.42 4.39
[4.15; 4.41]* [4.46; 4.69] [4.54; 4.76] [4.29; 4.58] [4.25; 4.51]
(p=0.79) (p=0.48) (p=0.81) (p=0.96) (p=0.83)
10.23 10.38 10.77 10.19 10.31
[9.89; 10.43] [10.03; 10.49]** [10.56; 10.92]** [9.91; 10.39] [10.17; 10.45]
10.56 10.89* 11.32* 10.41 10.43
Dentin-enamel junction, % [10.12; 10.73] [10.61; 10.98]* [11.05; 11.52]* [10.28; 10.54] [10.27; 10.59]
(p=0.47) (p=0.02) (p=0.02) (p=1.13) (p=0.81)
10.65 10.98 11.71* 10.58 10.55
[10.11; 10.79] [10.79; 11.14]* [11.54; 11.96]* [10.39; 10.76] [10.36; 10.72]
(p=0.87) (p=0.45) (p=0.02) (p=0.74) (p=1.91)
7.93 8.35 8.43 8.05 8.12
[7.76; 8.11]* [8.21; 8.56] [8.29; 8.61]** [7.89; 8.26] [8.01; 8.29]
8.15 8.82* 8.91* 8.32 8.23
Dentin-enamel junction, % [8.02; 8.32]* [8.65; 8.99] [8.75; 9.22]** [8.19; 8.52] [8.05; 8.44]
(p=0.75) (p=0.02) (p=0.02) (p=0.72) (p=0.38)
8.43 8.95 9.01 8.44 8.34
[8.25; 8.63]** [8.82; 9.19] [8.81; 9.35]** [8.23; 8.64] [8.11; 8.59]
(p=0.21) (p=0.49) (p=0.82) (p=0.98) (p=0.91)

Note: * — differences between tooth eruption phases; ** — significant differences between age groups (Mann-Whitney U test, Wilcoxon signed-rank test, Bonferroni
corrected at p < 0.02). No significant differences between age groups have been revealed (p > 0.05). 1 — tooth germ phase; 2 — tooth grown to the level of the gum;

3 — tooth grown to the mid-crown of the second molar; 4 — fully erupted tooth.

(Fig. 2B). Such findings demonstrate an important role of the
dentin—enamel junction being a key link between the enamel
and dentin due to metabolic, shock-absorbing, protective, and
nutritional functions.

The principal component analysis of the enamel, dentin and
dentin—enamel junction samples’ IR spectroscopy results in
different age groups has shown that no differentiation of groups
is reported for enamel and dentin. The vertical axis partially
separates the age groups of 14-17 years and 27-31 years from
other groups, however, such differentiation is non-significant
(o = 0.5298 for enamel and p = 0.4157 for dentin) (Fig. 3A, B).
The opposite pattern can be observed for the dentin—enamel
junction (Fig. 3C, D). It is clear that the age groups of 14-17
years and 27-31 years are to the left of the vertical axis, while the
horizontal axis separates these groups from each other (Fig. 3C). In
this case differentiation of the groups is significant (p = 0.0392).
The absorption bands of phosphate ions (1050 cm™; r = 0.7843;
p < 0.0001), methyl and methylene groups of the lipid or protein
carbon skeleton (2963 cm™'; r = 0.7268; p < 0.0001), (2855 cm™;
r=0.6967; p < 0.0001), and collagen (1202 cm™'; r = 0.6592;
p < 0.0001) (1249 cm™'; r = 0.4763; p < 0.0001) contribute the

most to differentiation of age groups (Fig. 3D), as we have earlier
reported. A negative correlation coefficient has been obtained
for the 1037 cm™ (r = -0.8105; p < 0.0001) and 1418 cm™’
(r=-0.6498; p < 0.0001) absorption bands. As for the second
axis, maximum contribution has been reported for the 1454
cm™ absorption band (r = 0.7371; p < 0.0001) corresponding
to vibrations of the methyl and methylene groups of proteins
and the 1249 cm™ collagen absorption band (r = -0.4117;
p < 0.0001) (Fig. 3D).

The differences in the enamel, dentin, and dentin—enamel
junction have been demonstrated at various stages of the
mandibular third molar eruption. No significant changes in
enamel have been revealed at the tooth germ stage, biochemical
processes represent an integrated process. The mandibular third
molar movement is associated with significant changes. The 0-0
horizontal axis separates the group with the teeth erupted to the
middle of the second molar (above the axis) from the groups with
fully erupted teeth (below the axis). The 0-0 vertical axis divides
the groups with fully erupted teeth and the groups that are in
the tooth germ phase. A more clear delineation of the groups is
observed for dentin and dentin—enamel junction.
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Fig. 2. Relative changes in the intensities of the IR spectra absorption bands: Enamel (A), dentin-enamel junction (B), dentin in various age groups relative to the group

aged 14-17 (%) (C)

DISCUSSION due to correct organization of the dentin-enamel junction via a
complex system of the tangling collagen fibrils in it [24]. The

When comparing IR spectra in the comparison groups we dentin biochemical alterations can results in abnormal enamel

agreed that orientation and organization of the collagen fibrils  prism maturation, especially at early stages.

in dentin at early tooth eruption stages defined correct enamel It has been noted that collagens are expressed in the

prism packaging. Strong dentin-to-enamel adhesion is achieved  dentin-enamel junction and dentin in all age groups. The
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Fig. 3. Principal component analysis of IR spectra of various age groups: enamel (A), dentin (B); dentin-enamel junction: individual factor chart (C), variable factor map (D)
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significance of such interactions, as amelogenin—collagen
and enamelin—collagen, as well as the expansion of dentin
collagens into the inner matrix of the deep enamel layer
help explain structural, biochemical, and morphofunctional
changes of enamel after the mandibular third molar eruption
[25, 26].

We have found that sufficiency of the dentin—enamel junction
and dentin connective tissue complex provides a strong semi-
permeable barrier for intercellular transport of minerals and ions
that circulate freely in the enamel matrix, thereby enabling a faster
and more full-fledged maturation of mandibular third molars.
Our observations complement the data of foreign researchers
on the enamel crystal growth induced by the collagen fibrils
of the dentin-enamel junction and dentin [27]. The enamel
heterogeneity and integrity depend on the dentin—enamel
junction and dentin biochemical and morphological state. The
presence of congenital or acquired disorder or condition can
impair the collagen structure, thereby causing major alterations
of the dentin—enamel layer and enamel [28, 29].

The facts, that clinical material was collected from residents
of one region only (Omsk Region), from women, mandibular
third molars were the object of the study and no other groups of
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ANTIBACTERIAL, ANTI-ADHESIVE AND ANTI-BIOFILM-FORMING ACTIVITY OF PLANT COMPLEXES
AGAINST PERIODONTOPATHOGENIC BACTERIA IN VITRO
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Periodontitis is a problem urgent in Russia and throughout the world in general. Because of the dynamically changing flora causing this diseases, the treatment
methods designed against it should be adapted on a regular basis. The classic approach to arresting development of the acute process relies on 0.2-0.12%
chlorhexidine, a chemical antiseptic, but after 3 weeks of use, its efficacy drops drastically because pathogenic flora adjusts thereto. In the recent years, plant-
based complexes with antiseptic properties have shown their capacity to challenge the classic approach. Obviously, efficacy of active ingredients depends on the
form of the final product. The marker of periodontitis in the oral cavity is Staphylococcus aureus. Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter
baumannii have virulence markers that are copathogens for periodontitis. This study aimed to find plant-based preparations capable of eliminating the said microbes
and Streptococcus mitis, Streptococcus oralis, Streptococcus salivarius, Enterococcus faecalis. We compared antibacterial, adhesion and biofilm formation
preventing properties of Phytodent plant-based products in various forms: water solution, water-alcohol solution, oil solution, gel. Long exposure form — gel —
proved to be the most effective in terms of the properties tested. Products with synthetic and plant-based antiseptics, as well as those with plant-based antiseptics in
maximum concentration (elixir), had comparable efficacy. Water and oil solutions are less effective because of the lower active ingredient concentration and relatively
brief exposure. Our results support the results of clinical studies dedicated to the use of Phytodent products as oral care products in the context of periodontitis
prevention and treatment. We recommend conducting further studies comparing compositions, cross- and comparative studies investigating the effect of frequency
of application and time of exposure, such studies registering titers of active ingredient concentrations, and with subjects thereof including mixed biofims.
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WCCNEQOBAHUE AHTUBAKTEPUAJTIbHOW, AHTUALAME3VBHOW U AHTUBMOMNJIEHKOOBPA3YOLLIEN
AKTUBHOCTU PACTUTEJIbHbIX KOMIMJIEKCOB B OTHOLLUEHUW NMAPOOOHTOMNATOIMEHHbIX
BAKTEPWUI IN VITRO
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Periodontitis (P) is an extremely urgent oral cavity problem in
Russia and the entire world in general [1-4]. Aimost all medicines
with proven effectiveness against it, those that arrest acute
infectious and inflammatory processes, contain a chemical
antiseptic, 0.12-0.2% chlorhexidine in most cases, regardless of
the form of the product [5-8]. However, bacterial flora can grow
resistant to chemical antiseptics, which makes them effective
only for a limited period of time. In the recent years, plant-
based complexes with antiseptic properties proved they are a
viable alternative to the standard antiseptic therapy products,
with which these complexes are comparable in terms of the
range of action and efficacy [9-12]. Obviously, different forms of
products, be they water solutions, water-alcohol solutions, oil
solutions, or gels, have different efficacy, which is conditioned
by the time the product remains on periodontal tissues, and
subsequently, frequency of its use, time needed to arrest the
acute process and, ultimately, the time of compensated stable
remission of the patient [13-14]. There is evidence confirming
antibacterial properties of phytoncides of coniferous plants,
extracts from aspen bark, Japanese and sugar kelp. The
results of their application have been known for a long time, and
various combined forms are used in dentistry in a cosmopolitan
manner. However, the evidence base is fragmentary, and its key
components are clinical, not fundamental [15-18]. The preferred
form of anti-periodontitis drugs is gel, which ensures prolonged
exposure of periodontal tissues to active ingredients. The gels
currently available to a periodontist contain either an antiseptic
or substrates for tissue repair. There is no gel acting in all the
directions needed, i.e. eliminating toxins and biological debris,
promoting metabolism in periodontal tissues, producing a
non-specific immunomodulatory effect, normalizing respiration
and trophism in the periodontium, and, as a result, inducting
autoregeneration [19].

Oral cavity is a habitat for a large number of different
microorganisms. Most of them are commensals. However,
a number of bacterial species directly or indirectly drive
development of P and other inflammatory processes. For
example, Streptococcus sanguinis promotes formation of
biofilm on teeth that includes Fusobacterium nucleatum,
which is one of the bacteria causing P [20], with one of the
possible consequences thereof being endocarditis [21]. Many
researchers seek for preparations, plant-based or synthesized
from substances of natural origin, that would combat
cariesogenic and periodontal bacteria Streptococcus mitis,
Streptococcus oralis, Streptococcus salivarius, Enterococcus
faecalis [22-25]. Detection of Staphylococcus aureus and its
metabolites in the oral cavity can indicate a certain stage of P
[26]. The "oral cavity — intestine" pathogenetic axis allows
considering a number of bacteria, especially those with virulence
markers, as copathogens in periodontitis: Klebsiella pneumoniae,
Pseudomonas aeruginosa, Acinetobacter baumannii [27-29].
Therefore, we considered these pathogens in this work. The
purpose of this study was to evaluate antibacterial, adhesion
and biofilm formation preventing properties of various forms of
products combining plant-based and synthetic components
factoring in the vectors of their effect on flora causing periodontitis.

METHODS

The study was conducted at the Department of New
Technologies of the Pasteur Research Institute in October 2021 —
April 2022.

We used the patented gel composition that includes
copper derivatives of chlorophyll, aspen bark, sodium alginate
and dihydroquercetin (DHQ); this gel meets the requirements
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for complex therapy of P and has the necessary antibacterial
properties [30]. The study has shown positive clinical results of
application of gel with copper derivatives of chlorophyll, aspen
bark, sodium alginate and DHQ against P [31] and gingivitis
concomitant with P [32].

Compositions of active ingredients

The elixir is a water-alcohol concentrate of active ingredients:
water, 20% ethyl alcohol, sodium-copper chlorophyllin, aspen
bark extract, kelp extract, cocamidopropy! betaine, natural
flavor "Mint", polyvinylpyrrolidone.

The mouthwash is a water concentrate of active ingredients:
water, sodium-copper chlorophyllin, aspen bark extract,
kelp extract, cocamidopropyl betaine, natural flavor "Mint",
polyvinylpyrrolidone, sodium benzoate.

Phytolon oil is an oil solution of active ingredients: refined
peach pit or olive oil, sodium-copper chlorophyllin.

Provitam oil is an oil solution of active ingredients: refined
peach pit or olive ail, spruce concentrate with provitamins.

Gel 1 with chlorhexidine is a gel composition of active
ingredients: sorbitol, water, hydrogenated castor oil,
hydroxyethyl cellulose, sodium alginate, chlorhexidine
hydrochloride, d-panthenol, allantoin, methylparaben, methyl
salicylate, flavor "Pectral", menthol, fir extract, sodium-copper
chlorophyllin, eugenol, pectin.

Gel 2 with aspen bark and DHQ is a gel composition of
active ingredients: sorbitol, water, hydrogenated castor oil,
hydroxyethyl cellulose, sodium alginate, dihydroquercetin,
d-panthenol, allantoin, aspen bark extract, methylparaben,
methyl salicylate, spruce extract complex, menthol, flavor
"Pectral", citric acid, sodium-copper chlorophyllin, eugenol.

Gel 3 with chlorhexidine is a gel composition of active
ingredients: sorbitol, water, hydrogenated castor oil, hydroxyethyl
cellulose, sodium alginate, d-panthenol, chlorhexidine
hydrochloride, allantoin, methylparaben, methyl salicylate,
Pectral flavor, menthol, fir extract, sodium-copper chlorophyliin,
eugenol, pectin; the product was 2 years expired.

Bacterial strains

Reference bacterial strains:
Staphylococcus aureus ATCC Ne 25923
Enterococcus faecalis ATCC Ne 29212
Klebsiella pneumoniae ATCC Ne 13883
Pseudomonas aeruginosa ATCC Ne 27853
Acinetobacter baumannii ATCC Ne 19606
Bacterial strains from the laboratory's collection of microorganisms:
Streptococcus sanguinis Ne 2111
Streptococcus mitis Ne 2118
Streptococcus oralis Ne 2114
Streptococcus salivarius Ne 2107

Research methods

We used the bacteriological method of research to study the
effect of plant-based complexes on the bacteria's capability to
survive, adhere to surfaces and form biofilms.

Investigation of antibacterial properties of
plant-based complexes

We prepared microbial suspensions of 24-hour bacterial cultures
in saline, initial content — 1 x 108 CFU/mI. Tenfold dilutions
brought the content down to 1 x 10° CFU/ml. For the last
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Fig. 1. Investigation of antibacterial properties of plant-based complexes. 1 — mouthwash; 2 — gel with chlorophyll, aspen bark and DHQ (Gel 2); 3 — gel with
chlorophyll and chlorhexidine (Gel 1); 4 — oil with chlorophyll (Phytolone oil); 5 — oil with carotenoids from fir needles (Provitam oil); 6 — gel with chlorophyll and

chlorhexidine (Gel 3); 7 — dental elixir with aspen bark extract and chlorophyll (Elixir)

dilution, we used meat peptone broth. Microbial suspensions
were transferred to twenty four 1 ml tubes. One ml of each
plant-based complex was added to 3 test tubes containing 1 ml
of microbial suspension (final concentration), and the remaining
2 test tubes received 1 ml of saline. All test tubes were kept in
the thermostat at +37 °C for 30 minutes. Then, we plated 10 mcl
from each tube onto nutrient agar: blood agar for streptococci,
meat peptone agar for other bacteria. Plating followed the lawn
pattern. Petri dishes were incubated in a thermostat at +37 °C
for 24 hours. Next, we counted colonies on dish and calculated
simple mean for each plant ingredient sample.

Investigation of adhesion preventing properties
of plant-based complexes

For this investigation, we applied A.S. Blagonravova's method
[33] and used cells of buccal epithelium. The cells were washed
three times from the indigenous microflora in buffered saline
solution at pH 7.2—-7.4, speed of 35 g, for 10 minutes. Then the
cells were put into test tubes, 0.5 ml of bacterial suspension
containing 3 x 108 CFU/ml of S.sanguinis and 0.5 ml of each plant-
based complex into each tube. One test tube contained only
buccal epithelium and was used as control (natural colonization).
We did three cycles of all experiments and controls. Next, the
tubes with all the components were intensively shaken and put
into a thermostat to incubate at +37 °C for 30 minutes. After
that, we washed out non-attached microorganisms, prepared
smears on slides, fixed and Gram stained the bacteria. The
adhesion index was calculated by the formula:

Al = AB50/50E, (1)
where Al is the adhesion index, AB50 is the number of bacterial

cells that attached to 50 epithelial cells, and 50E is the 50
studied epithelial cells.

Investigation of biofilm formation preventing properties of
plant-based complexes

In the context of this investigation, we registered microcolonies
of bacteria forming on a dense nutrient medium. First, we
applied the 0.5 McFarland turbidity standard to the daily
bacterial culture of the studied strains. Then we reduced
concentration of cells to 1 x 10® CFU/ml by serial dilutions,
added each plant-based complex to each resulting solution at
a ratio of 1 : 10, and spread the resulting mixture on a sterile
slide. As a control, we used an inoculum of bacteria in a nutrient
broth without the drug. Next, the samples were placed in a
thermostat to incubate at +37 °C for 3 hours. After that, the
slides were examined under an Axio Scope A1 microscope
(Zeiss; Germany) at a magnification of x400. The photos were
taken with a professional stationary digital camera AxioCam
HRc Rev3 (Zeiss; Germany). We noted the number of bacterial
microcolonies that had grown on control and experimental
slides on several camera coverages. Whenever the number
of microcolonies was twofold or more smaller on experimental
slides than on control slides, the respective plant-based
complex, in the given form, was considered to produce strong
biofilm growth preventing effect.

For statistical analysis of the data, we used MS Excel 2010
(Microsoft; USA), and applied Student's t-test to the results.
The results were considered significant at p < 0.05.

RESULTS

Investigation of antibacterial properties

Table 1 and Figure 1 present the results of investigation of
antibacterial properties.

Description of the results:
1. The most effective product against bacterial flora was
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Table 1. Investigation of antibacterial properties of plant-based complexes

Studied object Number of colonies grown in samples with plant-based complexes (CFU/ml), (M + m) Number of colonies grown in control
(microorganism) 1 2 3 4 5 6 7 samples (CFU/ml)
S. sanguinis 35+5 130+13 | 120+11 | 135+15 | 126+14 | 33+5 0+1 350 +28
S. mitis 7£2 70+6 12014 | 125+ 11 120+ 9 5x2 01 330 + 31
S. oralis 130+ 13 125 + 11 33+5 70+6 65+6 4+1 0+1 340 + 24
S. salivarius 140+ 8 55+5 4+2 304 25+3 3+1 0+1 280+ 18
S. aureus 200+ 18 190 + 15 0+1 200+ 17 | 20520 0+1 3+1 210+ 15
E.faecalis 25+ 4 130+ 15 90+8 55+ 6 60+5 30«3 0+1 260 + 25
K. pneumoniae 20+ 3 90+6 85+7 5+2 2+1 2+1 0+1 180 + 15
P, aeruginosa 10+2 4+2 5+2 5+1 6+2 3+1 5+2 160 + 14
A. baumannii 31 15+2 18+3 41 5+2 3x1 01 150 + 17

Note: 1 — mouthwash; 2 — gel with chlorophyll, aspen bark and DHQ (Gel 2); 3 — gel with chlorophyll and chlorhexidine (Gel 1); 4 — oil with chlorophyll (Phytolone oil);
5 — oil with carotenoids from fir needles (Provitam oil); 6 — gel with chlorophyll and chlorhexidine (Gel 3); 7 — dental elixir with aspen bark extract and chlorophyll (Elixir)

elixir with 20% of ethyl alcohol (by weight) and maximum
concentrations of active ingredients: aspen bark extract,
sodium alginate and sodium-copper chlorophyliin.

2. Gel 1 had comparable antibacterial efficacy; its
composition includes a chemical antibacterial agent
(chlorhexidine) in a bactericidal concentration of 0.12%,
and plant-based ingredients (sodium alginate, D-panthenal,
allantoin, methyl salicylate, menthol, fir extract, sodium-copper
chlorophyllin, eugenol).

3. Gel 3, which had similar but expired 2 years ago, showed
average antibacterial activity.

4. Mouthwash and Gel 2 with aspen bark and DHQ were
not highly effective against pathogenic flora of periodontium.

5. Oil solutions had poor eliminating effect on the pathogenic
flora of periodontium.

Investigation of adhesion
preventing properties

Table 2 shows the results of investigation of adhesion preventing
properties.

Description of the results:

Elixir and gel with DHQ (Gel 2) showed comparable
maximum adhesion preventing effect.

2. Gel with chlorhexidine and mouthwash had an average effect.

3. Qil solutions had poor adhesion preventing effect.

Investigation of biofilm formation preventing properties of
plant-based complexes

Figures 2—4 reflect biofilm preventing effect of various forms of
products.
Description of the results:

Table 2. Investigation of adhesion preventing properties of plant-based complexes

All the products proved to be highly effective in preventing
formation of biofilm. Gels (1 and 2) were the most effective.

DISCUSSION

Biofilm tends to change its composition and qualities [1, 8,
20, 21, 23], therefore, it is necessary to evaluate its physical
parameters in a particular P patient before starting treatment
to more accurately assess the involvement of systemic and
general somatic problems, the level of hygienic habits of
the patient, personalize treatment plan, factor in phenotypic
indicators and achieve the predicted positive clinical result that
persists in the long term.

The antibacterial activity of plant-based complexes
against pathogenic bacteria of periodontium includes three
components: adhesion preventing effect, antibacterial action
proper and biolfilm formation preventing effect [2, 8]. Any
infectious process of bacterial etiology begins with the adhesion
and colonization of the site by microorganisms. Therefore,
identification of adhesion preventing capabilities of products
used in dental practice translates into the possibility of early
prevention, i.e., disallowing adhesion and arrest of colonization.
Thus, bacterial invasion is undermined at the first phase of
the infectious process, and no biofilm is formed. The studied
plant-based complexes were revealed to be highly active
against biofilm, such activity significantly reducing the likelihood
of appearance of a chronic infection locus in the periodontal
area. In turn, direct antibacterial capabilities of the complexes
decrease the number of bacteria and renders initiation of the
infectious process unlikely [6, 12].

Allegedly, the reasons behind high antiseptic effectiveness
of the elixir are 20% of ethyl alcohol in its content (by weight) and
high concentrations of plant-based antibacterial components.

Adhesion index (M + m)
Studied composition
Control S. sanguinis
1 — Mouthwash 33+5
2 — Gel with chlorophyll, aspen bark and DHQ (Gel 2) 24 + 4
3 — Gel with chlorophyll and chlorhexidine (Gel 1) 30+5
4 — Qil with chlorophyll (Phytolone oil) 75+6 42 + 6
5 — Oil with carotenoids from fir needles (Provitam oil) 37+4
6 — Gel with chlorophyll and chlorhexidine (Gel 3) 48 +5
7 — Elixir with aspen bark extract and chlorophyll (Elixir) 21+4

Note: 1 — mouthwash; 2 — gel with chlorophyll, aspen bark and DHQ (Gel 2); 3 — gel with chlorophyll and chlorhexidine (Gel 1); 4 — oil with chlorophyll (Phytolone oil);
5 — oil with carotenoids from fir needles (Provitam oil); 6 — gel with chlorophyll and chlorhexidine (Gel 3); 7 — dental elixir with aspen bark extract and chlorophyll (Elixir).
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Fig. 2. Biofilm formation preventing properties: Gel 1 vs. S. sanguinis. A. Colonies of S. sanguinis before application of gel with chlorophyll and chlorhexidine.
B. Colonies of S. sanguinis after application of gel with chlorophyll and chlorhexidine (magnification x400)

The efficacy of Gel 1 is most likely associated with the
prolonged release of active ingredients ensured by its unique
bioadhesive film-forming base.

As for Gel 3, the expired subject of the experiment, it retained
antiseptic properties but its efficacy had decreased compared
to the tested gel that had not expired. Likely, the decrease was
caused by aging of the components of the base and its rapid
degradation, deterioration of the cumulative activity of plant-
based complexes, while chlorhexidine remained active as the
antiseptic component. This also gives reason to assume the
studied composition has a multidirectional combined effect.

Elixir's high adhesion prevention activity is most likely
formed by sodium alginate, aspen bark extract and alcohol
content, while Gel 2's similar capability stems from sodium
alginate, dihydroquercetin and aspen bark extract.

The comparatively lower antiseptic activity of water and oil
forms is associated with a low concentration of antibacterial
agents (aspen bark extract in the first place) and a short time
on the tissues.

The form of the product has a significant effect on the time
of exposure of tissues to the active ingredients of plant-based
complexes. Gels are the most effective because of the slow
and uniform release of the active substances, bioadhesion and
development of a film on the gum and mucosa [13-14]. High
concentration of active ingredients in water-alcohol solutions
also delivers a persistent and long-lasting antibacterial effect,
but the time of exposure of periodontal tissues thereto is shorter.

The expired gel loses its effect because of the aging of the base
due to moisture loss. It is expedient to produce gels in small
batches or, in some cases, as a pharmacy-made compounded
drug. Base of gels acts in a special way: it adheres to the dried
surface of mucosa or gum, remains in the exposure locus for
a long time, slowly releases the active ingredients and allows
reduction of dosage in the composition; this set of peculiarities
calls for additional research.

Thus, the three-stage antibacterial action of plant-based
complexes reduces the risk of periodontitis, even in the
presence of periodontal pathogenic bacteria in the locus.
The use of plant-based complexes in the acute period after
professional hygiene, especially if such complexes are part
of gels, boosts restoration of the structure and condition
of periodontium, normalization of trophism and nutrition,
respiration and metabolic processes in the tissues. Used
after the arrest of the acute process, plant-based complexes
prolong the remission and significantly reduce the risk of
repeated exacerbations, their course and repeated tissue
damage by infectious agents.

In the acute period, up to days 14 through 21, it is advisable
to use a combination of elixir + gel with 0.12% chlorhexidine,
and after arrest of the acute process — mouthwash and gel
with aspen bark and DHQ [11, 13]. Mouthwash and gel with
aspen bark and DHQ can be used to prevent exacerbations
in patients with chronic generalized periodontitis since they
contain no chemical components bacteria grow resistant to

Fig. 3. Biofilm formation preventing properties: mouthwash vs. S. mitis. A. Colonies of S. mitis before use of mouthwash. B. Colonies of S. mitis after use of mouthwash
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Fig. 4. Biofilm formation preventing properties: Provitam oil vs. S. oralis. A. Colonies of S. oralis before application of oil with fir needle carotenoids. B. Colonies of
S. oralis after application of oil with fir needle carotenoids

while having a non-specific antibacterial effect based on the
induced changes in the permeability of bacterial cell wall.

CONCLUSIONS

The studied plant-based complexes in the form of gel have
proved to have high antiseptic, adhesion and biofim formation
preventing capabilities. Oil solutions are advisable as part of
a complex therapy aimed at diseases of the oral mucosa;
elixir and gel with 0.12% chlorophyll and chlorhexidine — as
part of a complex therapy of periodontitis; gel with aspen
bark and DHQ plus mouthwash — as means of prevention
of periodontitis and other gum lesions. It is necessary to
continue studying capabilities of plant-based complexes
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