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ORIGINAL RESEARCH | MICROBIOLOGY

THE ROLE OF MEF AND ERMB DRUG RESISTANCE GENETIC MARKERS IN THE SELECTION OF FECAL
MICROBIOTA DONORS

Gospodaryk AV' B Ulakhanova LA, Esiev SS', Polyakova EV', Shansky YD', Bespyatykh JA"23

" Lopukhin Federal Research and Clinical Center Of Physical-Chemical Medicine under the Federal Medical Biological Agency, Moscow, Russia
2 Mendeleev University of Chemical Technology of Russia, Moscow, Russia
3 Semashko National Research Institute of Public Health, Moscow, Russia

Fecal microbiota transplantation (FMT) is prescribed to treat various gastrointestinal pathologies. One of the most important and significant stages of FMT is
selection of the donor. In recent years, special attention has been paid to checking the biomaterial for genes marking resistance to various groups of antibiotics.
This study aimed to analyze the occurrence of mef and ermB drug resistance genetic markers in population of various age groups, including breastfed infants, and
to determine microbiological composition of the flora of distal part of the intestine of potentially healthy volunteering FMT donors. A total of 52 biological samples
(46 stool samples and 6 breast milk samples) were analyzed by real-time polymerase chain reaction. The macrolides resistance gene (mef) was detected in 97.8%
of stool samples (different age groups), the gene marking resistance to macrolides, lincosamides, streptogramin (ermB) — in 93.5%. In the isolated "mother-child"
group, the mef gene was found in all samples of breast milk and feces. The ermB gene in this group was found in 3 out of 6 breast milk samples and 4 out of 6
infant stool samples. Since the mef and ermB genetic determinants were identified not only among in adults but also in infants, it was suggested that transplant
material (feces) containing these genes can be used for FMT. The analysis of microbiological composition of stool samples from 23 healthy volunteers (potential
FMT donors) revealed that it rarely (in 8.7% of cases only) corresponds to what is considered to be a normal microbiota of the intestine's distal part.

Keywords: FMT, antibiotic resistance gene, mef, ermB, fecal microbiota donor, PCR
Funding: Grant of ANO Moscow Center for Innovative Technologies in Healthcare (#2412-31).

Author contribution: Gospodaryk AV — selection of study participants, PCR analysis of biological samples, literature analysis, article authoring; Ulakhanova LA —
literature analysis, article authoring, fecal culture, bacteriological analysis; Esiev SS — literature analysis, isolation of nucleic acids from biological samples;
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POJIb TEHETUMECKUX MAPKEPOB JIEKAPCTBEHHOW YCTOU4YNBOCTU MEF W ERMB NPU NMOABOPE
AOHOPOB ®EKAJIbBHOW MUKPOBMUOTbI

A. B. Tocnogapuk! =, J1. A. Ynaxarosa', C. C. Ecves’, E. B. Mongakosa', 4. [1. LaHckwnia!, 0. A. Becngarbix!23

T PefepanbHbIn HayYHO-KIMHUHECKUIA LIEHTP (DU3NKO-XUMMHECKON MeauLmHbI veHn KO. M. JlonyxuHa ®efepansHoro Meamnko-bronorn4eckoro areHTcTea, Mocksa,
Poccus

2 POCCUNCKUNIA XUMUKO-TEXHONOTNHECKINI YHMBEPCUTET UMenn . V. MeHgeneesa, Mocksa, Poccust

3 HaumoHanbHbIN Hay4HO-MCCNeaoBaTensCKUn MHCTUTYT 06LLEeCTBEHHOMO 310poBbs MMeHn H. A. Cemaluko, MockBa, Poccus

TpaHcnnaHTaumio exkanbHon MUKpobroTsl (TOM) HagHa4atoT B Ka4ecTBe Tepanin s eHeHVst pasnyHbIX MNaToNoruii >kenyao4Ho-K1LWeYHoro TpakTa. Mogbop
[OHOpa ABNSIETCA OOHUM U3 Havbonee BaxKHbIX M 3HaqMMbIx aTanoB ansg TOM. Ocoboe BHMMaHVe B nocnenHee Bpemsi yAENaoT npobneme Hanm4ms reHos
YCTOM4YMBOCTY K PasHbIM rpynnam aHTUOMOTUKOB B BromaTtepurane. Llenbto nccnefoBaHyst 66110 MPOBECTY aHaIn3 BCTPEYAEMOCTUN MEeHETUHECKNX MapKepOoB
NEKapPCTBEHHOW YCTOMYMBOCTV mef 1 ermB cpepyn pasHbix BO3PACTHbIX MOYMM HACENEHWs, BKOYas MAaAEHLEB Ha MPyAHOM BCKapMMBaHUK, a Takoke onpenenvTs
MUKPOBMONOMMHECKUIA COCTaB OMCTAIbHOM HaCTW KMLLEYHWKA Y MOTEHUMAaIbHO 340PO0BbIX A06pPOBOMbLEB AOHOPOoB TOM. Bcero 6bino npoaHanvavpoBaHO
52 obpaaLia bronorndeckoro Mateprana (46 06pasLoB kana 1 LeCTb — rpya4HOro MOSIoKa) METOAOM MOSMMEPA3HON LIEMHON PeaKLM B PEXIME PeasibHOMO BPEMEHM.
[eH yCTOM4MBOCTIN K Makponmaam (mef) cpeay pasHbix BO3PACTHbIX rpynn Obin BeiseieH B 97,8% obpasLiax Kana, reH yCTOMYMBOCTI K MakpoIaaMm, IMHKO3aMaam,
cTpenTorpamuHy (ermB) — B 93,5%. B oTaensHO BblaeneHHom rpynne «MaTth — AnTS» reH mef 06Hapy»eH BO BCex obpasLiax rpyaHOro Mosioka 1 kana. l'ed ermB B
3TOW rpynne NOLATBEPKAEH B TPEX 13 LLECTH 06pa3LioB MpyAHOrO MOJOKa M YeThIpex 13 LLIECTV 06pa3LioB Kana MnageHUeB. B pesynsrare feTeKLMN reHETUHECKIX
AetepmuHaT mef 1 ermB He TONbKO CPeay B3POCAOro HACENeHUs, HO 1y MAaAeHLIEB, ObIo BbIABVMHYTO MPEANONOXKEHME, HTO UCMOMNL30BaHMe TpaHcnnaHTara
(kan), cogeprkaLLero AaHHble reHbl 4onycTUMO Ans TOM. AHanma MUKPOBrONormieckoro coctasa kana 23 300poBbIX 4OOPOBOMbLEB — MOTEHLUMAbHbBIX JOHOPOB
TOM, nokasan 04eHb HU3KMIA MPOLIEHT COOTBETCTBUSA (8,7 %) HOpMaM MUKPOBUOTbI AUCTaNIbHOM YacTH KULIEYHMKAL.

KntoueBble cnosa: T®OM, reHbl pe3ncTeHTHOCTW, mef, ermB, [oHOPbI hekanbHOM MUKPobuoTsl, MLIP
®uHaHcupoBaHue: paHT AHO «MOCKOBCKMIN LIEHTP MHHOBALMOHHBIX TEXHONOMMIA B 3apaBooxpaHeHn» (Ne 2412-31).
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NUTEpaTypbl, BblAENEHVE HYKNEMHOBBIX KACNOT 13 B1onornyecknx obpasuos; E. B. MNonsikoBa — npakTuyeckas YacTb 6akTepronormieckoro aHanmaa, BoiaeneHmne
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Presently, fecal microbiota transplantation (FMT) is becoming
an increasingly popular approach to correcting microbiota
dysbiosis caused by various pathologies. FMT is introduction
of a suspension of feces from a healthy donor into the intestinal
tract of a recipient; the procedure aims to treat or prevent a
number of diseases by changing the recipient's microbiome [1-3].
Numerous randomized trials have shown the high efficiency
of the method for treatment of refractory and recurrent forms
of intestinal infections caused by Clostridium difficile [1, 4, 5].
Since 2013, FMT is a procedure officially approved by the US
Food & Drug Administration (FDA) [6].

Donor screening and selection is one of the most important
stages of FMT, since patient's safety depends thereon. Being
the most time-consuming and resource-intensive stage part of
the process, this stage consists of two steps: questionnaire
filing (to collect the donor's medical history) and laboratory
examination (to prevent possible transmission of pathogens to
the recipient). Laboratory examination of the donor includes:
basic hematological and biochemical blood tests, tests for
hepatitis B and C, human immunodeficiency virus, syphilis,
general urinalysis, coprogram, occult blood test, tests for
protozoa and helminth eggs, fecal culture, PCR test for
pathogenic intestinal flora and drug resistance genetic markers
(presence of resistance genes) [7, 8].

The microorganisms carrying genes of resistance to
antibiotics of various groups have been spreading actively recently
[9]. One particular reason behind the spread is the generally
more frequent use of broad-spectrum antimicrobial drugs. The
pressure exerted by antibiotics on the microbial population
translates into mutation or transformation of the genetic material,
which leads to the development of new mechanisms enabling
adaptation to the changing conditions [10]. In addition, bacteria
can share the resistance genes with one another with the help
of mobile elements (plasmids, transposons and integrons). The
development of various sectors of industry drives outspread of
the antibiotic resistance genes not only among microorganisms
that directly interact with humans but also in the wild. Resistant
bacteria have been found in deep underground trenches, in
wastewater, surface and ground water, sediments and soil [11].
They are also present in organisms living in places relatively
untouched by human civilization, such as Antarctica and the
Arctic [12]. Antibiotic resistance genes are growing more and
more common every year. One of the studies (lasted from 2011
through 2015) investigated the mechanisms of resistance to
macrolides exhibited by Streptococcus pyogenes strains isolated
from human microflora, as well as the frequency of occurrence of
such resistance. The results of this study show that the pathogen
has grown 6.8-12.6% more resistant to macrolides (among the
total number of strains studied) [13].

In the context of screening microbiota transplantation
donors, genes that determine the resistance of Streptococcus
and Staphylococcus bacteria to macrolides, lincosamides, and
streptogramins are of particular interest. The list of such genes
includes mef (macrolide efflux), which encodes efflux proteins,
and ermB (erytromimycin ribosome methylation), which
encodes 23S rRNA methylase that modifies antibacterial drug
(ABD) target molecules [14, 15]. Another study has registered
prevalence of mefA and ermB genetic determinants, with both
resistance genes found in all intestinal microbiota samples
collected from patients with chronic obstructive pulmonary
disease that abstained from taking antibiotics for at least three
months; the said genes were detected by both metagenomic
method and real-time PCR [16, 17]. The resistance genes have
also been found in large numbers in stool samples and even
meconium collected from newborns [18].

These genes are common in potential FMT donors, which
complicates selection of those who can donate healthy
microbiota.

The purpose of this study was to analyze the occurrence
of mef and ermB drug resistance genetic markers in
population belonging to different age groups, and to determine
microbiological composition of the flora of distal part of the
intestine of potential FMT donors.

METHODS
Collection of samples

The initial group of donors was selected with the help of
questionnaires and an algorithm developed for the purpose
[7]. The inclusion criteria were: any gender; age from 18 to
55 years; no history of ABD treatment for a year or more.
Stool samples were collected in this group to determine the
composition of microflora, detect pathogenic microorganisms
and screen for the resistance genes. The exclusion criteria
were: a history of diseases associated with intestinal microbiota
composition upset, chronic diseases and/or AND courses. In
addition, the results of laboratory tests (general blood count,
biochemical tests) allowed excluding volunteers that had any
deviations from the normal parameters. Ultimately, based on
the data obtained, 23 healthy volunteers were selected from
the initial group of 53 as potential fecal microbiota donors.
Other volunteers were excluded from further analysis due to
abnormal blood test results.

Additionally, the study included a "mother-child" group.
After receiving informed consent from the participants selected
through random sampling, we collected biological material
from the following categories of study participants: a) breastfed
infants under 1 year of age who have never taken ABD;
b) formula-fed infants under 1 year of age who have never
taken ABD; c) children aged 1-3 who have never taken ABD;
d) children 3 to 7 years old who have not taken ABD for more
than a year. The "mother-child" group consisted of six couples
(nursing mother/breastfed child); stool (mother and infant) and
breast milk samples were taken from all of them.

A total of 52 samples of biological material were included
in the study, including 46 stool samples and 6 breast milk
samples. Among the stool samples (n = 46), 29 were from
adults, 9 were from infants (2-11 months; 6 breastfed and 3
formula-fed), 4 from children 1 to 3 years old, 4 more from
children aged 3-7 years.

Feces and breast milk were collected into individual sterile
plastic containers. The samples (stool sample — 10-20 g,
breast milk sample — 10-20 ml) were not frozen but sent to the
laboratory in a thermal container immediately or stored for no
more than 8 hours at 4 °C before submission to the laboratory.

Stool culture test

The stool culture testing followed provisions of the applicable
regulations [19]. One gram of the native stool sample was
homogenized in 9 ml of saline (10-") and left at room temperature
for 10-15 minutes. The resulting suspension was plated on the
solid nutrient media to detect pathogenic enterobacteria (SS-
and XLD-agar (HiMedia Laboratories; India)) and selenite broth
(Biocompas-S; Russia) to isolate pathogenic E. coli. From the
initial dilution (107"), we made a series of subsequent dilutions
up to 1078,

The prepared dilutions were plated on nutrient media to
cultivate various groups of microorganisms (1 ml of suspension
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Table 1. Stool culture method

Dilution Group microorganisms Nutrient medium Amount of suspension Cultivation time, h Results evaluation pattern
tested for plated, ml
2 3 4 5 6 7
108 Bifidobacterium Blaurock
1 72 Gram staining, microscopy
107 Lactobacillus MRS-2
Clostridium Iron sulfite agar 1 72 Emission of hydr_ogen sulfide (bla}ck color
10 of the medium), gas formation
Hemolggztseﬂzmes of Blood agar Type of hemolysis: a, B, v
20-22 Bacteria counting by lactose fermentation:
Enterobacteria Endo + pink colonies and nutrient medium;
— transparent colonies, no change in
colony color
Pathogenic fungi Sabouraud Chromogenic agar, determlned by the
10 color of the colonies
Growth of colonies, yellow coloration of
Staphylococcus Yolk-salt agar 48 the medium — assimilation of mannitol,
lecithinase activity
Milk inhibitor Counting bacteria by esculin hydrolysis —
Enterococcus ) ) :
medium 0.1 colonies acquire dark brown or black color
Shigella, Salmonella spp. transparent,
for salmonella — colorless with a black
center,
XLD agar E. coli— opaque yellow with a yellow
zone around,
Proteus mirabilis — yellow with a black
Path . center
10 athogenic 20-22
enterobacteria
Shigella, Salmonella spp. transparent,
for salmonella —- colorless with a black
SS agar center, medium color — yellow;
9 E. coli— raspberry, medium color — pink,
Proteus mirabilis — brown with a dark
center

plated on semi-liquid nutrient media, 0.1 ml on solid media,

rubbed with a sterile spatula over the surface of the medium):
— 1078 dilution — bifidobacteria on a semi-liquid nutrient

medium Blaurock (FBUN GNC PMB Obolensk, Russia);

— 107 dilution — lactobacilli on semi-liquid nutrient medium
MRS-2 (FBUN GNC PMB Obolensk, Russia) and bifidobacteria
on Blaurock medium (FBUN GNC PMB Obolensk, Russia);

— 107® dilution — clostridia, 1 ml deep plated on iron sulfite
agar (Biokompas-S; Russia); gram-negative enterobacteria —
Endo medium (HiMedia Laboratories; India); hemolytic bacterial
species - blood agar (HiMedia Laboratories; India).

— 103 dilution — plated on the Endo medium (Biokompas-S;
Russia); plated on the Sabouraud medium (Biotechnovatsiya;
Russia) to detect pathogenic fungi; plated yolk-salt agar
(HiMedia Laboratories; India) to detect on staphylococci; and
on milk-inhibitory medium ("Biokompas-S"; Russia) to detect
enterococci (Table 1).

Culture test results were evaluated:

— after 20-22 hours for Endo, blood agar, SS- and XLD-
agar;

— after 48 hours for Sabouraud, yolk-salt agar and milk
inhibitor;

— after 72 hours for Blaurock, MRS-2, iron sulfite agar.

Where Endo media were used, we counted the number
and the percentage of lactose-negative (colorless) colonies in
relation to the total number of grown colonies. Colonies with
mild enzymatic properties (weak decomposition of lactose —
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pink colonies) were counted against the total number of E. coli
colonies. According to the available recommendations, the
generic composition of lactose-negative enterobacteria not
belonging to the intestinal pathogenic bacteria family can be left
undetailed; it is sufficient to count the total amount of lactose-
negative colonies on the Endo medium.

Extraction of DNA from biological material

We used the DNA-SORBENT kit (Litech; Russia) and followed
the manufacturer's protocol to extract DNA from biological
material (feces, breast milk). In case of breast milk, we extracted
DNA from saliva, cerebrospinal fluid, and synovial fluid. Prior to
submission for PCR testing, the isolated DNA was stored at
—20 °C.

Analysis of genetic markers of drug resistance

We used the RESISTOM.mef monoplex kit to detect macrolides
resistance mef-genes in Streptococcus spp., RESISTOM.
ermB to detect macrolides, lincosamides and streptomycin
B resistance erm-genes in Streptococcus spp. and
Staphylococcus spp.; the format was FLUOROPOL-RV (Litech;
Russia), method — real-time PCR in a CFX96 ampilifier (Bio-Rad
Laboratories; USA). A total of 52 DNA samples isolated from
biological material (feces and milk) were analyzed. To control
the quality of DNA extraction and to prevent the occurrence
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Table 2. Bacteria culture test, stool samples from potentially healthy volunteers

Normal Number of volunteers, people
Ne Microflora P ’ p
cfu/g Within normal limits Deviation from the normal
1 Bifidobacterium spp 108 AND ABOVE 13 10 0,678
2 Lactobacillus spp 108-107 12 11 0,835
3 Total number of enterobacteria 107-108 12 11 0,835
4 Escherichia spp 107-108 12 11 0,835
5 Enterococcus spp 10%-107 4 19 0,004
Conditionally pathogenic enterobacteria: Enterobacter
6 clo,?cag, Enterobacter gergowae, C/trobacterl <10° 8 15 0,211
freundii, Citrobacter amalonaticus. lactose-negative
Escherichia coli

7 Intestinal pathogenic microorganism Should be absent 23 0 < 0,001
8 Staphylococcus < 10*/ Should be absent 9 14 0,404

S. aureus < 10*/ Should be absent 21 2 < 0,001
9 Candida spp <10* 23 0 < 0,001
10 Non-fermenting grgm-negatlve bacteria |ncl.. <10° 19 4 0,004

Pseudomonas aeroginosa, Pseudomonas putida

11 Sulfite-reducing anaerobes of the Clostridium genus <10° 12 11 0.835

of false negative results in the set we relied on internal
exogenous control (detected via the HEX channel) introduced
into the studied samples at the DNA extraction stage. The PCR
pattern was as follows: 80 °C — 2 minutes, 95 °C — 1 minute
30 seconds, then 40 cycles: 95 °C — 15 seconds, 60 °C —
30 seconds, 72 °C — 40 seconds.

Statistical analysis

Statistical processing was performed with the help of Statistica
10.0 software (StatSoft Inc.; USA). The significance of differences
in the registered prevalence of ABD resistance genes (in groups)
was assessed by Pearson's x® test with Yates's correction. The
significance of differences in the registered prevalence among
bacteriological parameters was assessed by McNemar's test.
A difference was considered statistically significant at p < 0.05.

RESULTS

According to the questionnaire data and the results of clinical
studies (complete blood count and blood chemistry tests),
23 volunteers out of 53 were included for further research as
potential donors of fecal microbiota.

To determine the probable minimum age when a person
becomes a carrier of the studied genes, as well as to identify
the ways of transmission of macrolide resistance genes (mef
and ermB), we formed a mother-child group (6 people). Twelve
stool samples and six breast milk samples were included in the
study from this group.

Bacteriological analysis
In the course of the work, we preliminarily assessed qualitative

and quantitative bacteriological composition of the stool
samples from potentially healthy volunteers (n = 23). The results

of the bacteria culture test corresponded to the values given in
regulatory documents [20]; they are presented in Table 2.

Composition of the obligate microflora species, such as
Bifidobacterium, Lactobacillus, Escherichia, is normal in 52.2%
of the participants, and that of Enterococcus — in 8.7%. In
34.8% of the participants the content of conditionally pathogenic
bacteria of facultative microflora was normal or below normal;
the species of that microflora are Enterobacter cloacae,
Staphilococcus aureus, Citrobacter freundii, Citrobacter
amalonaticus, Pseudomonas aeruginosa, Pseudomonas
putida, Enterobacter gergoviae, lactose-negative Escherichia coli.

Thus, the bacterial test has shown that only 8.7% of the
volunteers met the standards of all indicators, which is only
4 people out of 23 examined.

Molecular genetic analysis

All 23 volunteering donors tested positive for genetic markers
of drug resistance to macrolides, both genes (mef and ermB).

Therefore, in order to identify the age when these genes
appear, find out if there is a relationship between their presence
and intake of ABD and establish the transmission pathways we
formed the "mother-child" sample and samples comprised of
children of various ages. Both stool and breast milk samples
were tested for mef and ermB resistance genes. Table 3
presents data on the presence of resistance genes in feces in
all volunteers (n = 46; different age groups).

The stool sample analysis has revealed the mef macrolide
resistance gene in 45 (97.8%) out of 46 samples (Tables 3 and 4).
Only one sample, that collected from a 7-year old child, did not
contain this gene. The presence of the ermB gene encoding
resistance to macrolides, lincosamides, streptogramin was
confirmed in 43 (93.5%) out of 46 cases (Tables 3 and 4).
The ermB gene was not detected in stool samples from three
breastfed and formula-fed infants.

Table 3. Prevalence of mef and ermB resistance genes in feces, different age groups

"Mother-child" group f _ f _
Genes Formula-fed children I A Adults
baby's feces mother's feces years old years old
mef 6/6 6/6 3/3 4/4 3/4 23/23
ermB 4/6 6/6 2/3 4/4 4/4 23/23

Note: * — ratio of the number of samples in which the gene was detected to the total number of samples in the respective group.
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"Mother-child"
Genes
Breast milk Baby's feces Mother's feces
mef 6/6 6/6 6/6
ermB 3/6 4/6 6/6

Note: * — ratio of the number of samples in which the gene was detected to the total number of samples in the respective group.

Forty-four (84.6%) out of 52 samples had both mef and
ermB resistance genes simultaneously.

Statistical analysis of prevalence of mef and ermB genes
did not reveal significant differences between the age groups
(o = 0.258).

All breast milk samples collected from mothers breastfeeding
their infants in the "mother-child" group (Table 4) contained the
genetic determinants (mef gene). As for the ermB gene, it was
found in 3 out of 6 breast milk samples and 4 out of 6 infant
stool samples. A noteworthy case is that of a baby who was fed
with breast milk that did not contain the ermB gene and whose
feces proved to have it, nevertheless. There were no significant
differences established between the subgroups in studying the
joint prevalence of the mef and ermB resistance genes in the
"nursing mother — breastfed child" group (p = 0.423).

DISCUSSION

Fecal microbiota transplantation donor screening is one
of the most difficult and important stages of the therapy,
since it is necessary to exclude or minimize the undesirable
consequences of transplantation for the recipient. Special
attention should be paid to resistant bacteria that, as a result
of transplantation, can trigger emergence of resistant clones in
the recipient's microflora [21]. In this connection, it should be
remembered that a respective negative result of the bacterial
culture test does not guarantee there are no resistance genes
in the sample at all.

Bacterial culture allows identifying specifics of the fecal
microflora, which reflects the microbial composition of the distal
intestines, and to determine the qualitative and quantitative
content of the microbiota. Changes in the ratio of certain types
of microorganisms allows diagnosing dysbiotic disorders of the
digestive tract.

In a healthy person, the colon typically hosts three groups
of bacteria: 1) obligate microflora (more than 90%), which
includes non-pathogenic types of bacteria (bifidobacteria,
bacteroids, lactobacilli, E. coli, enterococci) and enables
the main physiological functions of the body (digestion,
absorption); 2) facultative microflora (less than 10%), which
includes conditionally pathogenic microorganisms (clostridia,
Staphylococcus, proteus, campylobacter, yeast-like fungi,
etc.) and is involved in protective and digestive functions;
3) transient (random) microflora (not more than 1%),
represented by Pseudomonas aeruginosa, fungi of the genus
Candida, pathogenic enterobacteria, etc. Bacterial culture
test has shown that in our sample, the healthy donors (4 out
of 23) had a sufficient amount of bifidobacteria, lactobacilli,
Escherichia and enterococci, and the number of opportunistic
bacteria they hosted was within the normal range, which
corresponds to regulatory documents [22]. The majority of the
examined participants (17 out of 23) had dysbiotic disorders:
quantitatively insufficient obligate microflora or overabundant
facultative and transient microflora, which can result from an
unbalanced diet and frequent stress.

Obviously, a bacteriological study of the feces cannot
give a complete picture of the diversity of intestinal microflora,
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since microbiota may contain uncultivated bacteria and some
bacteria present in small quantities only cannot be cultivated
on artificial nutrient media. Currently, the two methods that
yield a more accurate data on composition of the intestinal
microbiota are whole genome sequencing and metagenomic
analysis. However, a standard approach to medical examination
of a person includes bacterial culture and biochemical markers
tests only, the results thereof being the basis for conclusion about
the state of health of the patient. The so-called omics analytical
methods are not currently routine in the practice of a clinician.
Undoubtedly, to understand the exact mechanism of action of
FMT and, possibly, to isolate the most active components thereof,
it is necessary to conduct multidisciplinary complex studies. At the
same time, more and more medical institutions introduce FMT into
their practice and can only rely on routine tests to screen donors.
Thus, it is important to understand the significance of testing the
potential FMT biomaterial for resistance genes.

In this work, we focused on the analysis of prevalence of mef
and ermB genes, which determine resistance to macrolides,
lincosamides, and streptomycin B. According to the data
obtained, both of them were detected in stool samples from all
23 healthy volunteers.

In the additionally formed "mother-child" group, we
identified the mef gene in all breast milk and stool samples of
the following categories of participants who had never taken
ABD: breastfed infants under 1 year of age; formula-fed babies;
children 1-3 years old. This gene was also found in all adults
and three children, aged 3 to 7 years, who had not taken ABD
for more than a year. The results of our study are consistent
with the report on another research effort that saw the mef
gene in the feces of 100% of newborns participating therein [22].

The ermB gene was not detected in stool samples from
three infants. Two of them were breastfed and their mothers'
milk did not contain this gene, one baby was formula-fed.
[t should also be noted that feces from one baby has the
ermB gene, although breast milk of this baby's mother does
not have this gene. Two formula-fed children under one year
of age have the ermB gene in their feces. The issue of the
acquisition of genetic determinants in the feces of newborns
in the prenatal period, during childbirth or thereafter is not fully
understood. Previous studies have confirmed that resistance
genes in the feces of newborns were acquired after birth (for
example, through breast milk and/or air or drinking water, since
resistance genes were not found in the amniotic fluid and
meconium of newborns [23-25]).

CONCLUSIONS

The analysis of microbiological composition of feces from
23 potentially healthy volunteers showed that only 8.7% of
them had the appropriate microbiota of the intestine's distal
part and could be considered as potential FMT donors. This
may indicate that population as a whole has a problem with
composition of the microbiota. Additionally, the study analyzed
the mef and ermB drug resistance genetic markers occurrence
in different age groups, including infants. We have revealed a
high prevalence of the macrolide resistance gene, mef, which
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reached up to 97.8%, while that for ermB, gene of resistance
to macrolides, lincosamides, streptogramin, was 93.5%. In the
"mother-child" group, all stool and breast milk samples had
the mef gene. Thus, in view of the fact that the mef and ermB
genes can be found not only in the adult population but also
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GUT MICROBIOTA ALTERATIONS IN PATIENTS WITH JUVENILE IDIOPATHIC ARTHRITIS
Porosyuk MV, Klementiev DD, Hodov NA, Gumenyuk LN &, Esatova ES, Sereda EV, Chetveruhina-Malova KS, Sarchuk EV, lvanov SV
Georgievsky Medical Academy, Vernadsky Crimean Federal University, Simferopol, Russia

Currently, the issue of the relationship between gut microbiota and juvenile idiopathic arthritis (JIA) is still relevant. The study was aimed to assess alterations in the
gut microbiota taxonomic composition and estimate the relationship between these alterations and cortisol, melatonin, and TNFa at the genus level in patients
with JIA. The comparative cross-sectional study involved 65 patients with JIA (index group) and 60 healthy children (control group). The gut microbiota taxonomic
composition and plasma levels of cortisol, melatonin, and TNFa were assessed. The following alterations of the gut microbiota taxonomic composition were found
in patients with JIA: the significantly decreased abundance of Anaerostipes (p = 0.042), Lachnospira (p = 0.034), Roseburia (p = 0.002), Coprococcus (p = 0.014),
Dialister (p = 0.003) and the increase in the abundance of Ruminococcus (p = 0.012). There were significant correlations of cortisol levels with the abundance of
Lachnospira (r = —0.44; p = 0.001), melatonin concentrations and the abundance of Coprococcus (r = —0.48; p = 0.023), the levels of TNFa and the abundance of
Ruminococcus (r = 0.52; p = 0.001). The association of the Lachnospira, Roseburia, and Ruminococcus abundance with the higher DAS28 scores was discovered
(r=-0.57; p = 0.002; r = -0.44; p = 0.002; r = 0.54; p = 0.032, respectively). The findings provide additional information about the features of gut microbiota
alterations and their correlation with some hormone and inflammatory biomarkers associated with JIA, that could provide the basis for further research and possibly
for new approaches to treatment of this disorder.
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M3MEHEHUA MUKPOBNOTbI KULLEYHUKA Y BOJ1bHbIX FOBEHWJ1bHbIM
NONOMATUHECKUM APTPUTOM

M. B. Mopoctok, O. . KnemerTses, H. A. Xomos, J1. H. l'ymeHiok =, 3. C. Scatosa, E. B. Cepena, K. C. YetsepyxuHa-Manosa, E. B. Capuyk,
C. B. VBaHoB

MepmumnHekas akagemmns uvenn C. W. FfeoprieBckoro, KpbiMckuin dhefepanbHbiii yHUBepeuTeT nmeHn B. . BepHaackoro, Cumdepornons, Poccus

Ha cerogHsLLIHWIA feHb OCTaeTca akTyaslbHOM NpobneMa B3arvMOCBA3M MUKPOOMOTHI KALLEYHMKA U IOBEHUIBHOMO manonatydeckoro aptputa (KOWA). Liensto
1ncenenoBaHns Obi1o M3YHnTb UBMEHEHUST TAKCOHOMUHYECKOrO COCTaBa MUKPOOMOTbI KULLEYHMKA U OLEHUTb Ha YPOBHE POAOB XapakTep KX B3avMOCBS3U
C KOPTU30/10M, MenaToHnHoM 1 TNFa y 605bHbIx FOUA. B 0AHOMOMEHTHOM CpaBHUTENBHOM UCCNEA0BaH NPUHAMM y4acTie 65 6ombHbIX KOVIA (ocHOBHas! rpynna)
1 60 300POBbIX AeTen (KOHTpONbHas rpynna). OueHnBan TaKCOHOMUYECKIIA COCTaB MUKPOOMOTbI KULLEYHMKA, YPOBHU KOPTU30sa, MenaToHnHa 1 TNFa B nna3ve
KpoBK. Y 60nbHbIX KOVIA 0BHapy»eHbl M3MEHEHNA TAKCOHOMUHYECKOrO COCTaBa MUKPOOMOTbI KULLEYHNKA: CTATUCTUHECKM 3HAYUMOE CHIDKEHNE YNCNEHHOCTH
Anaerostipes (o = 0,042), Lachnospira (p = 0,034), Roseburia (p = 0,002), Coprococcus (p = 0,014), Dialister (p = 0,003) 1 NOBbILLEHNE YNCIEHHOCTN RUMinococcus
(o = 0,012). YcTaHOBNEHa CTaTUCTUHECKI 3HAUMMAast KOPPENSLWS 3Ha4eHNIn KopTaona ¢ ypoBHeM bakTepuii Lachnospira (r = -0,44; p = 0,001), KOHLEeHTpaumm
MesiaToHMHa 1 yposHem 6akTepuin Coprococcus (r =—-0,48; p = 0,023), 3HaqeHuin TNFa 1 yposHem 6axtepuin Ruminococcus (r = 0,52; p = 0,001).Takoke BbisiBneHa
COMPSPKEHHOCTb “YncneHHOCTV 6akTepuin Lachnospira, Roseburia n Ruminococcus ¢ 6onee BbICokMMM nokasatenammn no DAS28 (r = -0,57; p = 0,002; r = -0,44;
p =0,002; r=0,54; p = 0,032 COOTBETCTBEHHO). Pe3ynsTaTbl NpeaocTaBnsAoT AONONHUTENbHbIE AaHHbIE 06 0COOEHHOCTAX UBMEHEHWIN MUKPOBNOTbI KMLLIEYHMKA
1N X CBA3W C HEKOTOPBIMU FOPMOHANBHBIMY 11 BOCManMTENbHbIMN BrioMapkepamu npu FOVIA, 4TO MOXET cTaTb 0O0CHOBaHVEM A9 MPOBEAEHNSA AaNbHENLLINX
1CCnefoBaHWi, a Takxke, BO3MOXKHO, OTKPbIBAET HOBbIE MOAXOMb! K Tepanum 3Toro 3abonesanHus.

KnioyeBble cnoBa: 1oBEHU bHbIA MAUONATUHECKMIA apTPUT, MUKPOBMOTA KILLEYHKA, KOPTK30M, MenaToHuH, TNFa

Bknap aBTopos: M. B. Nopoctok, [. [. KnemeHTbeB — cbop, aHanm3 1 nHtepnpetaumsa aaHHbix; J1. H. TymeHiok — naea n amsaiiH nccneposanus; H. A. Xonos,
3. C. OcartoBa, E. B. Cepepa — cratnctnyieckas obpaboTka gaHHbix; K. C. YetBepyxuHa-Manosa, E. B. Capuyk, C. B. IBaHOB — nofroToBka cTatbu.

CobniofeHne 3TUHECKNX CTaHAAPTOB: VCCMEfoBaHE OL0OPEHO STUHECKM KOMUTETOM KpbIMCKOM MeaMUMHCKON akagemum umern C. V. feoprieBckoro
DOrAQY BO «KpbiMckuii hegepanbHbin yHuBepcuteT nMm. B. V1. BepHagckoro» (mpoTtokon Ne 10 oT 16 Hos6ps 2020 1), crnaHnpoBaHo 1 NPOBEAEHO B COOTBETCTBUN
C XenbCUHKCKOW Aeknapauyen. Bce nmua, BKIIIOYEHHbIe B UCCNefoBaHne, Nognmncani 4o6poBonsHOE NH(POPMUPOBAHHOE cornacue.
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Juvenile idiopathic arthritis (JIA) is arthritis of unknown etiology
that persists for more than six weeks and occurs in children
under the age of 16 [1]. The incidence of JIA all over the world
varies between 0.8-22.6 cases per 100,000 children annually,
and the prevalence is 7-401 cases per 100,000 children a year
[2]. JIA remains one of the vital sociomedical issues due to high
prevalence and high levels of early disability [3].

It has been proven that JIA is a multifactorial disease with
the complex and poorly understood pathophysiology. In the
light of the current concept, aberrant cytokine production along
with the dysregulated immune response is a key element of the
disease process associated with JIA [4]. In this regard, tumor
necrosis factor — (TNFa) that is considered as the “early”
cytokine emerging at the onset of inflammatory response [5] and
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playing a vital part in the disease process chronification [6], is of
special interest. There is evidence that in patients with JIA the
levels of TNFa are associated with the activity of inflammation,
including cartilage and bone destruction, bone tissue losses
[5], while the significantly increased level of TNFa is a predictor
of severe complication, the macrophage activation syndrome
[5]. Furthermore, the immune system is closely linked with the
neuroendocrine system. The pineal-pituitary-adrenal axis deep
involvement in the mechanisms underlying the emergence and
progression of the JIA clinical symptoms is actively discussed
in the literature, and alterations in the melatonin and cortisol
secretion are of particular importance [7, 8]. Assessment of
blood hormone profiles in patients with JIA revealed the elevated
levels of cortisol and the decreased melatonin levels [7, 8].
Moreover, the elevated cortisol levels were related to the clinical
markers of inflammation [8], while the levels of melatonin were
associated with the process activity, erythrocyte sedimentation
rate (ESR), and the levels of immunoglobuline M [8].

Current research suggests that gut microbiota plays a
certain role in the development and progression of JIA, resulting
from its key role in the neuroendocrine regulation. Thus, the
changes in the microbial landscape and disbalance between
the members of gut microbiota [9-11], some of which strongly
correlate with such biomarkers of inflammation, as anti-cyclic
citrullinated peptide antibody, rheumatoid factor, and C-reactive
protein [12], are typical for patients with JIA. Furthermore,
some microbial representatives are found in the synovial fluid
of patients with rheumatoid arthritis [13] and liver tissue of
humans and mice [14], which can be the cause of autoimmune
reactions [13, 14]. Finally, it was shown that treatment of gut
dysbiosis using the specific four-week carbohydrate diet
contributed to the decreased plasma levels of TNFa, number
of swollen joints, pain syndrome severity, and morning stiffness,
as well as to the increased physical activity in patients with
JIA [15]. However, many aspects of the relationship between
gut microbiota and hormonal biomarkers in patients with JIA
are still poorly understood. There is no information about the
relationship between the gut microbiota members and the
levels of cortisol, melatonin, and TNFa in JIA.

Thus, the issue of the relationship between gut microbiota
and JIA is still relevant. The study was aimed to assess
alterations in the gut microbiota taxonomic composition and
estimate the relationship between these alterations and cortisol,
melatonin, and TNFa at the genus level in patients with JIA.

METHODS

The comparative cross-sectional study involved 65 patients
with JIA (index group) (39 girls (60.0%), 26 boys (40.0%);
average age 10.3 [3.1; 11.6] years), who seeked help in the
Children's Outpatient Clinic Ne 1 and Children's Outpatient
Clinic Ne 3 (Simferopol, Republic of Crimea), and 60 healthy
children (control group, CG) (35 girls (58.3%), 25 boys (41.7%);
average age 9.9 [3.2; 11.8] years), who underwent their
annual medical check-up at the Gemokod medical center
(Simferopol, Republic of Crimea) and met the inclusion and
exclusion criteria.

Inclusion criteria: first verified case of JIA; child's age
1-16 years; JIA duration 6 weeks to 6 months; no treatment
with  non-steroidal anti-inflammatory drugs (NSAIDs),
genetically engineered biological preparations (GEBPs), and
steroids; availability of the parents' informed consent to the
child's participation in the study.

Exclusion criteria: systemic JIA, deficit [16] — the criteria
for verification of underweight and overweight in children are
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provided [17]; concomitant somatic diseases; irritable bowel
syndrome; chronic disorders of gastrointestinal tract and
liver; bacterial, viral, and fungal infections; mental disorders;
stool disorders (constipation / diarrhea) within a month before
the study; taking antibiotics, probiotics, prebiotics, antivirals,
symbiotic or acid-suppression drugs within three months
before the study; taking drugs that affect the stool within a
month before the study; refusal to participate in the study.

Inclusion criteria for healthy volunteers: age 1-16 years;
no chronic disorders or allergy; no more than three respiratory
diseases a year; no infectious or acute disorders within two
months before the study; no stool disorders (constipation /
diarrhea) within a month before the study; refusal to take
probiotics, prebiotics, symbiotic drugs within three months
before the study; refusal to take drugs that affect the stool
within a month before the study; no history of mental disorders;
availability of the parents' informed consent to the child's
participation in the study.

Exclusion criteria for healthy children: body temperature
above 36.9 °C; refusal to participate in the studly.

The diagnosis of JIA was verified in accordance with the
classification criteria proposed by the International League of
Associations for Rheumatology (ILAR), Second Revision (2001)
[18]. To provide the disease activity objective assessment, we
used the disease activity score (DAS) for 28 joints (DAS28):
scores < 2.6 corresponded to remission, 2.6-3.0 to low activity,
3.1-5.0 to moderate avtivity, 5.1 or more to high disease
activity [19].

To assess the gut microbiota taxonomic composition,
faecal samples were collected in the morning on the day of
admission (between 8 am and 11 am), that were frozen and
stored in the disposable plastic containers at a temperature
of =80 °C until the metagenomic analysis. Total DNA was
isolated by the phenol extraction. The fragments of the V3-V4
variable regions of gene encoding 16S rRNA was amplified
using universal primers. The V3-V4 region of 16S rBNA of gut
microbiota was analyzed in the SOLID5500 Wildfire sequencer
(AppliedBiosystems; USA) by the paired-end sequencing with
the total coverage of at least 10,000 pairs of reads per
sample [20].

Filtration of the reads based on the quality and taxonomic
classification were provided using the QIIME software, v. 1.9.1
[21]. The approach that involved the use of two taxonomic
databases was used to define the taxonomic status of the
reads. During the first stage we selected the reference set of
bacterial operational taxonomic units (OTUs) based on the
comparison of the 16S rRNA gene reads obtained with the
GreenGenes database, v. 13.5 [22]. During the second phase
we defined the taxonomic status of these OTUs based on the
HITdb specialized database of human microbiota using the
RDP algorithm [23].

The qualitative and quantitative gut microbiota composition
was assessed by defining microbial species, genera, and
phyla. Assessment of community a-diversity by calculating the
Chao1 index, the number of taxa observed (Sobs), and the
abundance-based coverage estimator (ACE) was performed
using the Mothur software, v.1.22.0 (http:// www.mothur.org).

The serum levels of cortisol, melatonin, and TNFa were
assessed by enzyme-linked immunosorbent assay using the
test systems (Vector-Best; Russia) and (Immuno Biological
Laboratories; Germany). Blood was collected from the cubital
vein in the morning (7.00-9.00) after fasting in a resting state
(for at least 15 min).

Statistical processing was performed using the STATISTICA
8.0 software package (StatSoft Inc.; USA). When the data were
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Table 1. Characteristics of patients with JIA and healthy children

Parameter Patie(r,;ti \glst)h JIA Control group (n = 60)
Girls/boys, n (%) 39 (60,0)/26 (40,0) 35 (58,3)/25 (41,7)
Average age, years, median [25%; 75%] 10,3 [3,1; 11,6] 9,9 [3,2; 11,8]
Body mass index, kg/m?, median [25%; 75%] 16,2 [15,1; 18,3] 16,6 [15,7; 18,1]

Table 2. Clinical characteristics of patients with juvenile idiopathic arthritis

Parameter Patients with JIA (n = 65)

Disease duration, months (M + CD) 25+15
Oligoarthritis, n (%) 38 (58,5)
Polyarthritis, n (%) 27 (41,5)
Rheumatoid factor (+), n (%) 8(12,3)
Anti-CCP (+), n (%) 5(7,7)

Low disease activity based on the DAS28 score, n (%) 49 (75,3)
Moderate disease activity based on the DAS28 score, n (%) 12 (18,5)

High disease activity based on the DAS28 score, n (%) 4(6,2)

Total DAS28 score, median [25%; 75%) 3,4[2,9; 4,2]

Note: Anti-CCP — anti—cyclic citrullinated peptide (anti-CCP) antibody

normally distributed, mean values and standard deviations
were defined, while in case of non-normal distribution median
values, 25th and 75th percentiles were calculated. Distributions
were tested for normality using the Gaussian functions.
Shares and absolute values were defined for qualitative traits.
Comparative analysis of the normally distributed quantitative
traits was performed using the parametric Student's t-test,
Mann-Whitney U test was used for non-normal distributions,
and the chi-squared (x?) test was used for qualitative traits.
Spearman's rank correlation coefficient was used for
assessment of correlations between traits. The correlation
analysis and multiple rank correlation analysis were performed,
the correlation reliability was tested using the correlation
reliability tables. The multiple comparisons were adjusted using
the Bonferroni test. The differences were considered significant
atp < 0.05.

RESULTS

The characteristics of patients with JIA and healthy children
are provided in Table 1. The groups were matched for gender
(p = 0.97; x?, age (0o = 0.92; x?), and body mass index
(o = 0.054; x?).

The clinical characteristics of patients with JIA are provided
in Table 2. Children with oligoarthritis and low level inflammation
prevailed among patients.

Comparison of the gut microbiota taxonomic composition
in patients with JIA and children in the CG revealed a significant
decrease in the microbial community a-diversity (Chao1 index;
p =0.017). The ACE and Sobs indices were slightly decreased
in the group of patients with JIA compared to controls, however,
there were no significant differences (p = 0.055; p = 0.049,
respectively) (Fig. 1).

Chaot ACE
T T T T 1 T T T T 1
500 600 700 800 900 1000 500 600 700 800 900 1000
Sobs
Kr I—-—|
T T T T ] T 1
300 350 400 450 500 550 600 650

Fig. 1. Comparative analysis of the gut microbiota phylogenetic composition in patients with juvenile idiopathic arthritis and healthy children. JIA — juvenile idiopathic

arthritis, CG — control group
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Fig. 2. Comparative analysis of the gut microbiota genus-level taxonomic
composition in patients with JIA and healthy children. JIA — juvenile idiopathic
arthritis, CG — control group

Comparison of the gut microbiota genus-level taxonomic
composition in the surveyed groups revealed that the patients
with JIA showed lower abundance of Anaerostipes (p = 0.042),
Lachnospira (p = 0.034), Roseburia (p = 0.002), Coprococcus
(o = 0.014), Dialister (p = 0.003) and higher abundance of
Ruminococcus (p < 0.001) compared to the control group (Fig. 2).

Patients with JIA had the significantly higher plasma levels of
cortisol and TNFa and the significantly lower levels of melatonin
compared to controls (Table 3).

The cortisol levels and total DAS28 scores strongly
correlated with the abundance of Lachnospira (r = —0.44 at
p = 0.001; r = =0.57 at p = 0.002, respectively). We also
managed to establish a relationship between the levels of
melatonin and the abundance of Coprococcus (r = —0.48;
p = 0.028). The correlations of the TNFa levels and total DAS28
scores with the abundance of Ruminococcus were established
(r=0.52 at p =0.001; r = 0.54 at p = 0.032, respectively). The
total DAS28 scores negatively correlated with the abundance
of Roseburia (r = -0.44; p = 0.002).

DISCUSSION

In this study we have clarified alterations in the gut microbiota
taxonomic composition and assessed the relationship between
these alterations and plasma levels of cortisol, melatonin, and
TNFa at the genus level in the group of patients with JIA.

A number of earlier papers report alterations in gut
microbiota composition in patients with JIA [9-11]. Our findings
also show that the gut microbiota composition of patients
with JIA differs significantly from that of healthy children.
According to our data, patients with JIA show lower bacterial
a-diversity compared to healthy children. This is consistent
with the results of the previous studies [9, 10]. Furthermore,
dysbiotic alterations of the gut observed in patients with JIA
are characterized by the reduced abundance of bacteria having
immunomodulatory potential (members of the Anaerostipes,
Lachnospira, Roseburia, Coprococcus, and Dialister genera)
that are known to produce the short-chain fatty acids (SCFASs)
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(butyrate and propionate). The reduced levels of the latter result
in activation of histone deacetylase and inhibition of the GPR41,
GPR43, and GPR109A G protein coupled receptors, thus
promoting chronic inflammation [24]. At the same time, we have
discovered high abundance of potential pathobionts, bacteria
of the genus Ruminococcus. Our findings are partially in line
with the number of earlier studies. For example, the decrease
in the relative abundance of Anaerostipes and Lachnospira is
typical for patients with JIA [11, 25], however, these data are
opposite to the results obtained in patients with rheumatoid
arthritis [26]. The other paper reports that the decreased
abundance of Anaerostipes, Lachnospira, and Roseburia
is typical for patients with  COVID-19 [9]. In contrast to our
data, the paper [27] reports the increased relative abundance
of Dialister in patients with JIA. Such conflicting results may be
due to the fact that, first, the studies were carried out in different
geographic regions, and, second, unlike the abovementioned
authors, we included children, who matched patients with JIA
for age, gender, and body mass index, in the CG, because the
impact of these factors on the gut microbiota composition was
proven. Moreover, we did not include the patients with JIA, who
used NSAIDs, GEBPs, steroids, and antibacterials in order to
neutralize the effects of these drugs on the study results.

Regardless of the fact that some bacteria we have identified
can be common for a number of other bowel diseases and
systemic disorders, the correlation of the decreased abundance
of Lachnospira and Roseburia and the increased abundance
of Ruminococcus with the higher DAS28 scores we have
discovered suggests that the changes in the abundance of
these bacteria may be typical for this cohort of patients with
JIA, and may also provide the basis for these alterations to
be considered as predictors of the disease progression. The
associations revealed were compared with the results of the
earlier studies. Thus, in patients with JIA admitted to the hospitals
of the Zhejiang Province, the abundance of Lachnospira and
Roseburia negatively correlated with the disease activity, anti-
CCP antibody levels, and ESR [9]. Based on the data on the
causal relationships between gut dysbiosis and metabolic
disorders [28], is can be assumed that the following sequential
transformations could be observed in patients with JIA: gut
microbiota alterations, specifically, the reduced abundance of
bacteria producing SCFAs — the decrease in the concentrations
of SCFAs — immune dysfunctions, and eventually the disease.
Furthermore, it may be that the therapeutic increase in the
abundance of Lachnospira n Roseburia and the decrease in
the abundance of Ruminococcus effectively reduce the disease
severity, however, further research with appropriate design is
necessary to confirm this hypothesis.

As stated earlier, the patients with JIA show the significantly
increased levels of cortisol, melatonin, and TNFa, the role of
which in the development and progression of the disease has
been proven [7, 8]. Our findings are in line with the literature
data: there are significant differences in the levels of cortisol,
melatonin, and TNFa between patients with JIA and healthy
children. It is worth mentioning, that some gut microbiota
representatives found in patients with JIA are associated with
plasma levels of the studied biomarkers; this could be indicative
of the correlation between the gut microbiota composition and
abundance and this disorder. The negative correlation with
the plasma cortisol levels have been shown for the genus
Lachnospira, which confirms the likelihood of these bacteria
being actively involved in the hypothalamic-pituitary-adrenal
(HPA) axis dysregulation associated with JIA. We have found
no studies focused on assessing the relationship between
gut microbiota and cortisol in patients with JIA. However, it
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Table 3. Comparative analysis of cortisol, melatonin and TNFa levels in blood plasma of patients with JIA and healthy children

Parameter Patients with JIA Control group
(n=165) (n = 60) p
Cortisol, nmol/L (m + CD) 617,5+ 17,6 326,1 + 30,8 p < 0,001
Melatonin, pg/mL (m + CD) 21,1 +6,1 35,5+9,2 p=0,038
TNFa, pg/mL (m + CD) 63,3+1,8 4,6+0,3 p < 0,001

Note: p — significance of differences between the JIA group and the control group.

has been reported that Lachnospira negatively correlates
with cortisol production in healthy children aged 8-16 [29].
Similar data are provided in the paper [30]: the decreased
abundance of Lachnospira bacteria is associated with the
higher cortisol levels in infants. We have found a possible
explanation of this relationship in the literature. It is known that
Lachnospira are among major butyrate-producing bacteria. In
turn, SCFAs are capable of affecting the synthesis of cortisol:
intracolonic administration of the physiologic doses of SCFAs
for seven days resulted in the increased levels of SCFAs in
the systemic circulation and reduced cortisol response to
acute psychosocial stress in healthy men [31]. It has been
found that oral administration of SCFAs (67.5 mmol acetate,
25 mmol propionate, 25 mmol butyrate) for 7 days in mice
promoted inhibition of the corticosterone secretion potentiated
by acute stress [32]. Since SCFAs are capable of crossing the
blood-brain barrier (through the circumventricular organs),
it can be assumed that these are involved in modulation of
the HPA axis activity via direct effects on the secretory tone
in the hypophysiotrophic neurons of the medial parvocellular
paraventricular nucleus [33].

The association of melatonin levels with the abundance
of Coprococcus bacteria has been revealed that can be
mediated by blocking signal in the p-CREB-binding protein
and arylalkylamine-N-acetyltransferase system due to the
decreased secretion of tryptophan [34], being the precursor of
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MUTATIONAL BASIS OF MEROPENEM RESISTANCE IN PSEUDOMONAS AERUGINOSA
Chebotar IV =, Bocharova YuA, Chaplin AV, Savinova TA, Vasiliadis YUA, Mayansky NA

Pirogov Russian National Research Medical University, Moscow, Russia

The carbapenem-resistant strains of Pseudomonas aeruginosa are considered as the dangerous pathogens of critical priority. Deciphering the mechanisms
underlying the development of carbopenem resistance is an urgent challenge faced by modern medical science. The study was aimed to describe the diversity and
fixation of mutations associated with the development of carbapenem resistance during the P. aeruginosa adaptation to the increasing meropenem concentrations.
The objects of the study were P, aeruginosa isolates obtained by growing the ATCC 27853 P, aeruginosa reference strain exposed to increasing concentrations of
meropenem. The isolates were tested for meropenem susceptibility using E-tests (Epsilometer tests) and by the agar dilution method. Genomes of the isolates were
sequenced in the MGISEQ-2000 whole-genome sequencer. The findings show that in experimental settings P. aeruginosa develops high meropenem resistance
very quickly (in 6 days). Evolution of resistance is associated with cloning involving the emergence of multiple clones with various genotypes. Mutagenesis that
involves 11 genes, including oprD, pbuE, nalD, nalC, spoT, mlaA, mexD, mexR, oprM, mraY, pbp3, provides the basis for cloning. Regardless of the levels of their
meropenem resistance, some of the emerging clones do not progressively develop and are replaced by more successful clones.
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MYTALMOHHbLIE OCHOBbI ®OPMUPOBAHUA YCTOWYNBOCTU K MEPOMNEHEMY
Y PSEUDOMONAS AERUGINOSA

. B. YeboTaps B4, HO. A. Bodaposa, A. B. YannuH, T. A. CasuHoea, HO. A. Bacunvaayc, H. A. MasHckui
Poccuinckmin HaumoHanbHbIN MCCAeA0BATENBCKN MEQULIMHCKIA YH1BEPCUTET nMenn H. W. Tuporoea, Mocksa, Poccus

PeancTeHTHble K KapbaneHemam LTamMbl Pseudomonas aeruginosa pacLEeHNBatOT B KA4ECTBE KPUTUHECKM OMacHbIX MaTOreHOB MePBOro YPOBHSA NMPUopuTeTa.
PacLumtpoBka MexaHM3MoB (hOPMUPOBaHNS YCTOMYMBOCTY K KapbaneHeMam SBMsSIeTC akTyaslbHOWM 3afaqeli COBPEMEHHON MEOVLIMHCKON Hayki. Lienbto paboTbl
ObINIO OMMcaTb pa3Hoobpasve 1 3aKperieHre MyTaLyii, acCoLMMPOBaHHbIX ¢ hOPMMPOBaHMEM KapbaneHeMpPE3VICTEHTHOCTY B NMpoLiecce aganTaumm P aeruginosa
K MOBbILLIAIOLLMMCS KOHLEHTpaLmsM MeponeHema. O6beKTamMn UCCeR0BaHNS Bblnn N30NATLl P aeruginosa, Nony4eHHble Mpu POcTe pethepeHTHOro WTaMmma
P aeruginosa ATCC 27853 B rpagvieHTe BO3PACTAIOLLMX KOHLIEHTpaumii MeponeHema. OLeHKy YyBCTBUTENBHOCTU U3OMSTOB K MEPOMeHeMy BbIMOMHSN Npu
MOMOLL €-TECTOB (3MCUIOMETPUHECKNIN METOL) C MEPOMNEHEMOM 1 MPK MOMOLLW MeToAa ANMOLMN aHTUOMOTUKa B arape. [eHOMbI N3019TOB Oblvi CEKBEHMPOBaHDI
Ha nonHoreHoMHoM cekeeHatope MGISEQ-2000. MNony4eHHble pedynstartbl Mokasanm, 4To (hOPMUPOBAHME BbICOKMX YPOBHEN PE3UCTEHTHOCTN K MEPOMNEHEMY
y P aeruginosa B 3KCnepuUMeHTe NMPOVCXOAWT B KOPOTKME CPOKM (B CYTOK). SBOMOLMS PE3VCTEHTHOCTM COMPSKeHa C NMPOLLECCOM KITOHUPOBAHWS, NP KOTOPOM
NPOVICXOANT BO3HUKHOBEHWE MHOXXECTBA K/IOHOB C Pa3nnyHbIMK reHoTunamm. OCHOBOW KITOHMPOBaHUS SBASIETCS MyTareHes, B KOTOPbIN BoBMeYeHb! 11 reHos,
Bko4ast oprD, pbukE, nalD, nalC, spoT, miaA, mexD, mexR, oprM, mraY, pbp3. HYacTb 06pa30BaBLUMXCA KIIOHOB, HE3ABCUMO OT YPOBHS X PE3NCTEHTHOCTH K
MeporieHeMy, He MosyHaloT MPOrPECCHBHOIO Pa3BUTYIS U BITECHAIOTCS 6onee yeneLHbIMY KIToHaMu.

KnioueBble cnosa: aHTUONOTUKM, PE3NCTEHTHOCTL, Pseudomonas aeruginosa, MeponeHem, MyTaumm
®durHaHcupoBaHue: paboTa BbINonHeHa Npv NOAAEPKKE rpaHTa Poccuinckoro HayqHoro doHaa (MpoekT Ne 20-15-00235).

BnaropgapHocTu: asTopbl 651arofapsaT LIeHTp BbICOKOTOYHOMO PEAAKTUPOBAHNSA U FEHETUHECKNX TeXHONOrMI Ana buomeanumHel PrAQY BO PHVMY mm.
H. . Tnuporoea MuHzapasa PP 3a KOHCyNsTauum no METOAMYECKON HYacT NCCNeaoBaHuS.

Bknap aBtopoB: /. B. Ye6oTapb — KoHLEeNTyanmaauus, nogrotoBka pykonucu; 0. A. Bodaposa — metogonorus, dopmManbHbii aHanms; A. B. YannmH —
hopmanbHbIi aHanmM3 faHHbIX cekBeHnpoBaHust; T. A. CaBnHoBa — hopmMasibHbI aHamM3 JaHHbIX cekBeHnpoBaHust; KO. A. Bacunuagnc — mMeTtofonoruvs,
BbINOJHEHWEe CekBeHnpoBaHys; H. A. MasiHCKMIA — KOHLLeNTyanmsaLysi, pefakTupoBaHmne pyKomnmcu.

CobnofeHne 3TMHECKMX CTaHAAPTOB: 1CC/eN0BaHVe BbINOMHEHO C COONOAEHNEM MPUHLIMMOB XeNbCUHKCKON Aeknapaumm n HopM paboT C YCNoBHO-
naToreHHbIMY opraH3mami.

D><] Ans koppecnoHaeHuuu: Viropb Buktoposuy HYeboTtapb
yn. OctpoBuTaHOBa, A. 1, . Mockea, 117997, Poccus: nizarnn@yandex.ru

Cratbs nony4eHa: 25.11.2022 CtaTtbsi NpuHATa K neyatu: 11.12.2022 Ony6nukoBaHa oHnamH: 28.12.2022

DOI: 10.24075/vrgmu.2022.063

Pseudomonas aeruginosa is one of the major opportunistic ~ pathogens of critical priority [2]. Carbapenem resistance can
pathogens [1]. The carbapenem-resistant P aeruginosa  be developed in two ways. The first way is implemented by
strains are especially dangerous for patients, that is why these  acquiring resistance genes from external sources via horizontal
strains have been included in the WHO priority list for R&D of  transfer. This resistance mechanism that is often referred to as
new antibiotics for antibiotic-resistant bacteria as dangerous  plasmid-borne resistance provides high levels of resistance.
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Studying this mechanism is more popular among scientists.
Enzymes, the heterogenous -lactamases of various Ambler
classes combined into a group of carbapenemases based
on the function, provide the main molecular basis for the
horisontally transferred carbapenem resistance. However,
there is one more way of developing carbapenem resistance
that is not associated with horizontal gene transfer. It is
based on the P aeruginosa unique adaptive potential and is
implemented through mutational variation in the chromosome
genes [3]. Among clinical isolates, P aeruginosa strains isolated
from patients with cystic fibrosis are the most vivid examples
of mutational antibiotic resistance. Highly resistant strains have
been reported, which contain more than 60 genes disrupted
by mutations. These genes can be the cause of resistance to
various classes of antibiotics [4]. Of those 26 mutant genes can
cause carbapenem resistance.

Studying the diversity of mutations that occur during the
P aeruginosa adaptation to carbapenems is of interest for
prediction of carbapenem resistance evolution among clinical
strains. The mechanisms underlying carbapenem resistance are
assessed using two methodological approaches: 1) stydying
genetic and phenotypic characteristics of the clinical carbapenem-
resistant isolates; 2) targeted in vitro modeling of carbapenem
resistance that involves P. aeruginosa exposure to antibiotic.

The study was aimed to describe the diversity and fixation
of mutations associated with the development of carbapenem
resistance during the P aeruginosa adaptation to the increasing
meropenem concentrations.

The targeted creation of resistant P. aeruginosa strains is
more often modelled using a series of consecutive transfers of
bacteria in the liquid growth media containing the increasing
concentrations of antibiotic (from O pg/mL to the concentrations
that are tens and hundreds of times greater than the minimum
inhibitory concentration (MIC)) [5]. We used the other model [6]
that was based on evolution of motile bacteria exposed to the
increasing antibiotic concentrations. Such an approach makes
it possible to isolate the larger number of clones with various
genotypes.

METHODS

The ATCC 27853 P. aeruginosa reference strain used as
a standard of carbapenem susceptibility (The European
Committee on Antimicrobial Susceptibility Testing (EUCAST).
EUCAST Clinical Breakpoint Tables v. 12.0. Available at: www.
eucast.org) was the object of the study.

The study was carried out using the spatiotemporal model
of antibiotic resistance in motile bacteria in accordance with
the earlier reported method [7]. We formed five compartments
divided by partitions with the depth of 2.0 cm in the
20.0 x 40.0 cm container and filled these compartments
with the solid growth medium containing Luria Bertani broth
(LB Miller, Becton Dickinson and Co.; USA). The growth medium
in the compartments contained sequential concentrations
(0, 0,2, 20, 200, 2000 pg/mL) of meropenem (Supelco® Analytical
Products, Merck & Co. Inc.; USA). A single layer (about
0.6 cm high) of solid growth medium containing Luria
Bertani broth with no meropenem was formed atop of the
compartments. It was covered with the layer of semi-solid
agar (0.28% of agar) containing Luria Bertani broth with no
meropenem. This layer was about 0.8 cm high. The culture of
P. aeruginosa was adapted to semi-solid growth medium by
the earlier reported method before starting the experiment [7].

Bacterial suspension with optical density equivalent to 0.5
MacFarland standard was used for inoculation. Inoculation was

performed by injection into the semi-solid agar to a depth of
about 1-2 mm in the A sector (Fig. 1).

Every 24 h, samples were collected from the propagating
P aeruginosa growth front and inoculated to Mueller—Hinton
agar plates (Becton Dickinson and Co.; USA) in order to gather
enough biomaterial for further assessment of phenotypic
characteristics (antibiotic resistance profile) and bacterial
genome alterations.

Isolates were tested for meropenem susceptibility by
determining MICs in two ways: 1) using meropenem E-tests
(Epsilometer tests) in accordance with the manufacturer's
guidelines (BioMerieux SA; France); 2) using the agar dilution
method [8]. The MIC values were not interpreted from a clinical
perspective, these were analyzed solely in terms of the MIC
dynamics.

Trough meropenem concentrations in the semi-solid
agar were assessed 240 h after the start of the experiment
by high-performance liquid chromatography (HPLC) using a
well-known technique [9].

Bacterial DNA was isolated from the 24-h culture of
P aeruginosa isolates grown on Mueller-Hinton agar (Becton
Dickinson and Co.; USA) using the QlAamp DNA Mini Kit
(Qiagen; Germany) in accordance with the manufacturer's
protocol. DNA samples were stored at —20 °C. Ultrasonic
fragmentation (Covaris; USA) of bacterial DNA (400 ng) with
subsequent end repair and adapter ligation (MGl Tech; China)
were used to prepare genomic DNA libraries. DNA libraries
were washed with the Agencourt AMPure XP magnetic beads
(Beckman Coulter; USA). The concentrations of bacterial DNA
and DNA libraries were measured using the Qubit 4 fluorometer
(Thermo Fisher Scientific; USA). Whole-genome sequencing
was performed using the MGISEQ-2000 platform (MGI Tech;
China). The read length was 250 bp. The quality was tested
using the FASTQC (Babraham Institute; UK) and Trimmomatic
v.0.38 (Usadel Lab; USA) software. Genomes were assembled
de novo using the SPAdes 3.14 software [10]. The Contest16S
web server was used to control the assembly completeness and
eliminate the possibility of contamination. The quality of assemblies
was evaluated in QUAST 5.0 [11]. Genomes were annotated using
the RAST server [12] and the Prokka software [13].

To detect single nucleotide polymorphisms (SNPs), the
short reads were mapped to the reference genome in Snippy
[14]. The genome of “null” isolate, i.e. the isolate obtained
after the ATCC 27853 P. aeruginosa strain adaptation to
semi-solid agar that was used to launch the experiment, was
used as a reference genome. The SnpEff software was used
for annotation of the variants identified and prediction of their
effects on the genes [15].

BLASTN tools (https://blast.ncbi.nim.nih.gov/Blast.cgi) were
used to analyze genes in the genomes of all the isolates
obtained and amino acid sequences of the gene products. The
ResFinder service and AMRFinderPlus algorithm included in the
NCBI Pathogen Detection pipeline were used for assessment
of resistance determinants [16, 17].

RESULTS

The dynamics of the P. aeruginosa propagation across
the surface of semi-solid agar towards higher meropenem
concentrations is provided in Fig. 1. The edge of the
P aeruginosa growth reached the zone with the maximum
meropenem concentration in 168 h (7 days), and growth on
the entire area of culture medium was observed within 240 h
(10 days). At the end of the experiment meropenem concentration
in the E sector of semi-solid agar (Fig. 1) was 56 pg/mL.
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A total of 92 isolates were collected from the propagating
P aeruginosa growth front. Meropenem resistance of the
isolates increased as the bacteria propagated towards higher
meropenem concentrations (Fig. 2). The increase in MICs from
0.5 pg/mL to 2, 4, and 8 ug/mL was observed within 72 h
after the start of the experiment. Isolates with MIC = 16 pg/mL
and MIC = 32 ug/mL emerged after 144 h, while isolates with
MIC = 64 pg/mL emerged after 216 h. The meropenem MICs
> 8 pg/mL were reported in 61 isolates, and MICs > 32 were
reported in 45 isolates.

Nonsynonymous mutations were found in 11 genes,
including oprD, pbuE, nalD, nalC, spoTm mlaA, mexD,
mexR, oprM, mraY, pbp3. Mutations of these genes were
not detected in four genomes out of 92 (4.3%), these were
genomes of isolates obtained in the first 48 h of growth. In
other 88 genomes out of 92 (95.7%), various combinations
of genes disrupted by mutations were detected (Table 1). The
most frequent disrupted genes were oprD, pbuE, nalD (Table 2).
Mutations of genes nalD, spoT, miaA, mexR, mraY, pbp3 were
associated with high levels of resistance in the isolates carrying
these mutations, the meropenem MICs of which exceeded
8 pg/mL (Table 2). In contrast, the oprM gene mutations were
found only in four strains out of 92 (4.3%) with meropenem MICs
exceeding 8 pg/mL. Among 84 strains carrying oprD mutations
four highly susceptible isolates with meropenem MICs of
0.5-2 pg/mL were found. In these isolates oprD mutations
resulted in L292Q, L252P, G307D substitutions in three cases
and in premature termination of protein synthesis (W138stop) in
one case. The genotype carrying a combination of mutations in
oprD, pbuE, nalD was the most common (Table 1).

The dynamics of mutation emergence at various stages
of biomaterial collection is provided in Table 2. The first stable
mutations emerged in the oprD and pbuE genes within 72 h
after the start of the experiment. The pbuE mutation resulting
in the A261D substitution was represented by only one variant
and was combined with different variants of other mutations
evenly in 77 isolates out of 92 (83.7%). The oprD mutations
were represented by nine variants. However, only two variants
of mutations resulting in the G307D (oprD-G307D) and L.238P
(oprD-L.238P) substitutions were found in the majority of
isolates carrying oprD mutations (73 out of 84; 86.9%). The
other seven variants of oprD mutations were relatively rare,
these were found in 11 isolates with mutant oprD genes out
of 84 (13.1%). Thus, the original strain produced two clones,
oprD-G307D and oprD-L238P (Fig. 2). The strain that was
a direct ancestor of the clone oprD-G307D emerged within
96 h of the experiment and its meropenem MIC was 2 pg/mL.
The strain that was a direct ancestor of the clone oprD-.238P
was not isolated during the experiment. Hypothetically, it could
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Fig. 1. The dynamics of P aeruginosa propagation across the surface of semi-solid agar towards the higher concentrations of meropenem. The images were acquired
after incubation for 48, 72, 96, 120, 144, 168, 192, 216, 240 h from the start of the experiment. The dashed lines refer to the boundaries which divide sectors A, B, C,

D, E with various meropenem concentrations (0, 0,2, 20, 200, 2000 pg/mL, respectively) in the lower layer of solid growth medium (see Methods). Asterisk refers to the
starting point (inoculation of the culture of P aeruginosa ATCC 27853)

168 192

emerge within 120 h after the start of the experiment. Evolution
of the main clones, oprD-G307D and oprD-L238P, was
associated with reduction of their meropenem susceptibility
(Fig. 2) and accumulation of mutations in other genes important
for development of carbapenem resistance.

Starting from hour 144 of the experiment, isolates carrying
nalD mutation resulting in the G172D substitution emerged
among strains of the oprD-G307D clone. By the end of the
experiment, 14 strains of the oprD-G307D clone out of 34 were
carriers of this mutation.

The oprD-L.238P clone was related to the other nalD
mutations resulting in the T11N (24 isolates of the clone out of
39) and H56P (4 isolates of the clone out of 39) substitutions.
The deletion in the miaA gene (5 bp del (nucleotides 423-427))
resulting in the open reading frame shift was also found only
in isolates (11 out of 39) of the clone oprD-L238P. The miaA
deletion was combined with the T11N mutation of the nalD
gene in all cases.

Mutations of genes mexR, oprM, mraY, pbp3, nalC were
found only in few isolates.

g
Propagating
P, aeruginosa
growth front (hours
from the start of the
experiment):
— 240
— 216
c
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Fig. 2. Topology of P aeruginosa clones on the surface of semi-solid agar with the
increasing meropenem concentrations after 240 h of incubation. The numbers
refer to meropenem MICs (ug/mL) of isolates collected from the sites designated
with the numbers. White arrows demonstrate the oprD-L238P clone propagation,
black arrows demonstrate the oprD-G307D clone propagation



OPUT'MHAJIbHOE NCCJIEOOBAHVE | MUKPOBWNOJIOI NA

Table 1. Genes and gene combinations where nonsynonymous mutations were found

Ne Combinations of genes carrying mutations Number O.f strains
(% of all strains, n=92)

1 | oprD, pbuE, nalD 20 (22.2)

2 | oprD, pbuE 11 (12.0)

3 | oprD, pbukE, nalD, spoT 10 (10.9)

4 | oprD, pbuE, nalD, miaA 1(12.0)

5 | oprD, pbuE, mexD 9(10)

6 | oprD 6 (7)

7 | oprD, pbuE, spoT 44

8 | oprD, pbuE, mexR 3(3)

9 | pbuE 3(3)

10 | oprD, nalD 2

11 | oprD, pbuE, mexR, mraY 2(2)

12 | oprD, oprM 22

13 | oprM 1(1)

14 | oprD, nalC, pbukE 1(1)

15 | oprD, pbuE, oprM 1(1)

16 | oprD, pbuE, spoT, mexD 1(1)

17 | oprD, pbuE, pbp3 1(1)

18 | No mutations 4 (4)

DISCUSSION

When discussing phenotypic traits of the P. aeruginosa
adaptation to meropenem, the focus should be placed on the
rate of developing resistance. The resistance levels of certain
isolates obtained at this stage reached meropenem MICs of
32 pg/mL within 6 days. The maximum meropenem MICs
were 64 ug/mL, these were 128 times higher than the MIC
values registered in isolates obtained within the first 48 h of
the experiment. The fact of finding isolates with MIC values of
32 pg/mL in the zone with the actual meropenem content
of 56 pg/mL can be explained by the differences between
the conditions of determining MICs by reference methods
(Epsilometer test and agar dilution method) and the experimental
conditions (growth medium, incubation time).

Gene mutation was revealed along with the meropenem
MIC increase in distinct strains on the term of 72 h. A total of
11 mutated genes were found during the experiment. Among
those the association with carbapenem resistance was proven
only for oprD, nalC, nalD, mexD, mexR, and pbp3 [18-21]. The

role of oprM, pbukE, spoT, mraY, miaA genes in the development
of antibiotic resistance has not been reported before, however,
this does not eliminate their indirect effects on adaptation to
carbapenems.

When considering the mutation pattern as a whole,
attention should be paid to the phenomenon of cloning. Two
major clonal lines emerged within 72-96 h. All the members
of the first clonal line carried the oprD mutation resulting in
the G307D substitution. The oprD mutation resulted in the
L238P substitution in all representatives of the other clonal
line. New mutations, that resulted in the increased phenotypic
resistance to meropenem, emerged and were partially fixed
in the clones produced. Along with these lines, single clones
carrying other oprD mutations emerged. These clones showed
no progressive spread, while some of the clones had higher
meropenem MICs than the surrounding representatives of
the clones oprD-G307D and oprD-L238P (Fig. 2). Perhaps,
mutations in the non-successful but highly resistant clones
were the factor adversely affecting the outcome of intraspecific
competition. It is worth mentioning that oprD disruption in the

Table 2. Meropenem resistant phenotypes of P, aeruginosa and genes that can possibly determine carbapenem resistance

Number of straiqs (% Qf the group) carrying mutations in the groups Number of sirai )

Ne Gene Tim(e;] gL git.iggrl r?gsetragrgnce with various meropenem MICs (ug/mL) muuTatiirnZ (ﬁ/ori?:\lli?:;}i/:;?

<8, >8<32, =32, n=92)

n=231 n=16 n=45

1 oprD 72 23 (74,2) 16 (100) 45 (100) 84 (91,3)
2 pbuE 72 16 (51,6) 16 (100) 45 (100) 77 (83,7)
3 nalD 120 10 12 (75) 30 (66,7) 43 (46,7)
4 spoT 192 0 (0) 1(6) 14 (31,1) 15 (16,3)
5 mlaA 144 0 (0) 1(6) 10 (22,2) 11 (12,0)
6 mexD 120 3(10) 3 (29) 4(9) 10 (10,9)
7 mexR 144 0(0) 2(13) 3(7) 5 (5)
8 oprM 72 4(13) 0 (0) 0 (0) 4 (4)
9 mraY 168 0(0) 0(0) 2 (4) 2
10 pbp3 144 0 (0) 0 (0) 1@ 1(1)
11 nalC 72 10 0 (0) 0 (0) 0 (0)
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P aeruginosa meropenem resistant isolates is observed not
only in experimental settings. Thus, five highly meropenem
resistant (MIC > 32 ug/mL) P, aeruginosa strains out of six, which
were found in individuals with cystic fibrosis and produced no
carbapenemases, carried mutations in the oprD genes [4]. At
the same time, disruption of one gene (oprD) is insufficient for
development of meropenem resistance. Even the strain carrying
the oprD nonsense mutation (W138stop termination codon)
remained higly susceptible to meropenem. Accumulation
of chromosomal mutations in multiple chromosome genes
directly or indirectly affecting antibiotic susceptibility is essential
for resistance.

We do not exclude the possibility that some isolates
with unique genotypes have not been selected during the
experiment, and information about these isolates has been lost.
The example of this is uncertainty about the progenitor of the
oprD-L.238P clone being an intermediate between the highly
susceptible and highly resistant strains. However, in contrast
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IDENTIFICATION OF PROGNOSTICALLY SIGNIFICANT DNA METHYLATION SIGNATURES IN PATIENTS
WITH VARIOUS BREAST CANCER TYPES

Kalinkin AI'®, Sigin VO', Nemtsova MV'?, Strelnikov VW13
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2 Sechenov First Moscow State Medical University (Sechenov University), Moscow, Russia
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Breast cancer (BC) is the most frequently diagnosed cancer and one of the major causes of female mortality. The development of prognostic models based on
multiomics data is the main goal of precision oncology. Aberrant DNA methylation in BC is a diagnostic marker of carcinogenesis. Despite the existing factors of BC
prognosis, introduction of methylation markers would make it possible to obtain more accurate prognostic scores. The study was aimed to assess DNA methylation
signatures in various BC subtypes for clinical endpoints and patients' clinicopathological characteristics. The data on methylation of CpG dinucleotides (probes)
and clinical characteristics of BC samples were obtained from The Cancer Genome Atlas Breast Cancer database. CpG dinucleotides associated with the selected
endpoints were chosen by univariate Cox regression method. The LASSO method was used to search for stable probes, while further signature construction and
testing of the clinical characteristics independence were performed using multivariate Cox regression. The dignostic and prognostic potential of the signatures
was assessed using ROC analysis and Kaplan—Meier curves. It has been shown that the signatures of selected probes have a significant diagnostic (AUC 0.76-1)
and prognostic (p < 0.05) potential. This approach has made it possible to identify 47 genes associated with good and poor prognosis, among these five genes
have been described earlier. If the genome-wide DNA analysis results are available, the research approach applied can be used to study molecular pathogenesis
of BC and other disorders.
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OMPELENEHUE MPOrHOCTUYECKN SHAYMMOW CUIHATYPbI AHK-METUJIMPOBAHUA Y NALUMEHTOK
C PA3JINYHBIMU TUMAMU PAKA MOJIOYHOWN XXEJIE3bI

A. V. Kamnkun' 59, B, O. Curvd?, M. B. Hemuosa'?, B. B. CtpebHukos'?

" MeamnKo-reHeTU4ecKniA Hay4YHbIn LeHTp uvenn H. M. Boykosa, Mocksa, Poccus
2 [NepBbIi MOCKOBCKMIA roCYAapCTBEHHbI MeanUMHCKNIA yH1BepcuTeT nmenn 1. M. CeveHoBa (CeyeHoBCKMI yHBEpCUTeT), Mocksa, Poccust
3 Poccuickuin HauvoHasnbHbI MCCneaoBaTenbCKuin MEAULIMHCKIMIA yHMBepCUTET nMenn H. V1. Muporosa, Mockea, Poccus

Pak mono4How »xxenesbl (PMXK) — Hanbonee 4acTo AuarHoCTUpyeMoe OHKONOrM4eckoe 3aboneBanne 1 OaHa 13 BegyLLnX NPUHMH CMEPTHOCTU CPEAM XKEHCKOro
HaceneHus. PaspaboTka MPOrHOCTUHYECKMX MOAENel C MCMOMb30BaHMEM MYMBTVIOMUKCHBIX OaHHbIX SBASETCS MMaBHON LieNblo MPELM3VOHHON OHKOMOMK.
AbeppaHTHoe MetunmpoBaHne OHK B PMPK npenctaBnsieT cobon MHGOPMaTVBHBIA Mapkep KaHLeporeHesa. HecMmoTpst Ha CylLecTBytoLme hakTopbl
nporHoda PMPK, BBefieHVE MapKepoB METUANPOBAaHWS MO3BONUT NOJTy4aTb Bonee TOHHYIO MPOrHOCTUHECKYIO OLIEHKY. Llenbto paboTbl 6bI10 n3y4nTb CUrHaTypb!
mMeTunmpoBaHua JHK B pasnunyHbix nogtunax PMIK Ans KMHUHECKUX KOHEYHBIX TOYEK U KIMHUKO-MATONOMMHECKNX XapakTepUCTUK NaumeHToK. [aHHble 06
YPOBHSAX MeTUMPOoBaHua CpG-AnHYKNEOTUAOB (30HOO0B) U KNMHUYECKNE XapaKTepuCTnk 06paduoB PMXK 6binm nony4deHbl 13 6a3bl AaHHbIx The Cancer Genome
Atlas Breast Cancer. C nomoLLblo MeToga 0fHOMEPHON perpeccun Kokca 6binmn BeibpaHbl CpG-anHYKNeoTabl, aCCOLUMMPOBAaHHbIE C BbIOPAHHbIMN KOHEHYHBIMU
To4kamu. MeTogom LASSO ocyLLecTBsSIM NOUCK CTabubHbIX 30HAOB, a AaslbHelllee NOCTPOEHNE CUTHATYP M HE3aBUCUMOCTD KITMHUHYECKIMX XapakTepUCTUK
BbIMOMHAMN C MOMOLLbIO MHOrO(akTopHOM perpeccun Kokca. [AuarHOCTUHECKUA U MPOrHOCTUYECKWIA NMOTEHLMAN CUrHATyp OLEH1BaIM C MOMOLLBIO METOAA
ROC-aHanmnsa v kpubix Kannan-Marepa. NokasaHo, 4TO curHaTypbl OTOBpaHHbIX 30HAO0B OBnafatoT 3HauMMbIM auarHoctndeckum (AUC ot 0,76 go 1) m
nporHocTuydecknM (p < 0,05) noTeHumanom. C NOMOLLIbO aHHOMO MOAXOAa YAANOCh MAEHTUMULMPOBATL 47 reHOB, CBA3aHHbIX C XOPOLLMM 1 MAOXVIM MPOrHO30M,
13 KOTOPbIX NATb Y>Ke Oblnn onmcaHbl paHee. MNpu Hanm4nn pesynsTaTos LUMPOKOrEHOMHOrO aHanmaa JHK nprMeHeHHbI MCCnenoBaTensCKUN MOAXOL, MOXHO
1ICNONBb30BaTh AN19 U3YHEHVst HE TONbKO MONEKyNsapHOro natoreHesa PMXK, HO 1 anga gpyrux 3abonesaHni.

KntoueBble cnosa: paK MOJIO4HOW Kenessbl, MONEKYNApPHbIe MNOATWUMbI, BEDKMBAEMOCTb, METUTMPOBaHNE HHK, MPOrHOCTNYECKME MapKepb!

®uHaHcupoBaHue: paboTa BbiNoNHeHa Npu (UHAHCOBOW MoAAepKke MUHMCTEPCTBa Hayky 1 BbiCLLero obpasoBaHusa Poccuickon Pegepaunm B pamkax
DefepansHON HayHHO-TEXHNHECKOW MPOrpamMMbl PadBUTUA FEHETUHECKIMX TexHonorii Ha 2019-2027 roapl (cornatuerne Ne 075-15-2021-1073).
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According to the Global Cancer Observatory (GLOBOCAN), common type of cancer all over the world [1], is a highly
about 2.3 million of new breast cancer (BC) cases and 684,996  heterogeneous disease with varying molecular and clinical
deaths from BC were reported in 2020. BC, being the most  characteristics [2].
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Today, BC subtypes are defined by immunohistochemical
(IHC) staining of tumor tissue [3], particularly based on the
estrogen, progesterone, HER2 receptor protein expression
in the tumor and on the cancer cell proliferation rate. The
development of methods for gene expression analysis involving
the use of DNA microarrays played a major role in determining
BC molecular subtypes. The use of the classifier based
on the expression of 50 PAM50 genes makes it possible to
clearly distinguish luminal A (LumA), luminal B (LumB), HER2-
enriched (HER2+) molecular subtypes, as well as basal-like or
triple-negative breast cancer (TNBC) [4]. TNBC that comprises
15-20% of all BC cases is characterized by aggressiveness,
high metastasis rate, frequent relapses, and low survival rate
compared to other BC subtypes [5]. Multigene microarray-
based test systems make it possible to obtain prognostic
information that is important for cancer patients, especially
in cases of equivocal predictions made based on the clinical
characteristics and IHC markers. Such systems include
Mammaprint/Blueprint and Prosigna/PAM50, which, in addition

to their predictive value, provide the possibility of division into
molecular subtypes [6]. These systems can be used to define
high or low risk of relapse in female BC patients, however, this
option is not yet available for TNBC and HER2+ molecular
subtypes due to a lack of clinical trials.

Epigenetic changes modulate genome utilization through
histone modification, changes in histone variant composition,
chromatin  remodeling, DNA methylation, positioning
of nucleosomes and non-coding RNAs (expression of
specific miRNAs). For the effect to become manifest, all of
the above mentioned epigenetic alterations act in concert.
DNA methylation is one of the best known factors of gene
expression regulation. It occurs due to covalent modification
of cytosines through the methyl group attachment to the
C5-positions of cytosine residues in the context of CpG
dinucleotides [7]. CpG dinucleotides tend to concentrate
in the GC-rich DNA regions known as CpG islands, many of
which are located in promoter gene regions and long repeat
regions, such as retrotransposable elements or centromere

Table 1. Clinicopathological characteristics and data on the clinical endpoint status of patients with LumAB, TNBC and HER2-enriched BC molecular subtypes taken

from open source (TCGA-BRCA)

Characteristics LumAB TNBC HER2-enriched
Number of samples (%) 555 134 46
Age (median), years 59 54 58
T (%)
T 148 (26.49) 26 (19.4) 12 (26.09)
T2 310 (55.86) 87 (64.93) 28 (60.87)
T3 81 (14.59) 16 (11.94) 3 (6.52)
T4 14 (2.52) 4(2.99) 3 (6.52)
No information 2 (0.36) 1(0.75) -
N (%)
NO 233 (41.98) 78 (58.21) 16 (34.78)
N1 197 (35.5) 41 (30.6) 17 (36.96)
N2 75 (13.51) 11 (8.21) 6 (13.04)
N3 42 (7.57) 4(2.99) 4(8.7)
No information 8 (1.44) - 3 (6.52)
M (%)
MO 431 (77.66) 110 (82.09) 37 (80.43)
M1 6 (1.08) 3(2.24) 1(2.17)
No information 118 (21.26) 21 (15.67) 8(17.39)
Grade (%)
| 98 (17.66) 16 (11.94) 4(8.7)
Il 291 (52.43) 94 (70.15) 28 (60.87)
I 154 (27.75) 19 (14.18) 12 (26.09)
\% 5(0.9) 2(1.49) 1(2.17)
No information 7 (1.26) 3 (2.24) 1(2.17)
Clinical endpoint
Overall survival (%)
No event 490 (88.29) 113 (84.33) 37 (80.43)
Death 65 (11.71) 21 (15.67) 9 (19.57)
Disease-free survival (%)
No relapse 445 (80.18) 102 (76.12) 35 (76.09)
Relapse 39 (7.03) 20 (14.93) 4(8.7)
No information 71 (12.79) 12 (8.96) 7 (15.22)
Progression-free survival (%)
No progression 486 (87.57) 109 (81.34) 38 (82.61)
Progression 69 (12.43) 25 (18.66) 8(17.39)
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Table 2. Total number of signatures and CpG pairs obtained by the LASSO Cox regression method for each survival outcome and BC molecular subtype. For some CpG

pairs it was impossible to define genes these belonged to

Clinical endpoint + molecular ID's of HM450 probes Genes Number of combinations obtained
subtype
©g02287630; cg20417424
905828605 cg00297993
ggfggg‘z‘gg gggggi?gg? SLC30A7: EXTLZ: STEGALNACS;
0S + LumAB cgoos15177 cgos442529 C150rf41; DYNCTHT; MIAS, NIPALS, 32752
+h 9 Q207 431 o HEY2, HK1; DIRC3;, TMEMA41A;
c901821113 SH3BP5L; RFX2
©g04523731 cg11140305
©g22067527
©g22790777 cg23667405
gggg?;gggg ggggggﬁij SLC25A39; BATZ; ZNF417: LRRCSB:
DFS + LumAB 9 9 HSPG2Z; PSMAG: RGOMTD3; 2036
908039281 cg13486627 B0 NGAMT2 ZNF82
904833210 cg27439396 ' g
24347894
913792075 cg08128789
29} gjgéfgj gg?gi;gég LRRC8B; HIST3H2A; ABCCS5: BATZ;
PFS + LUmAB 9 9 SPAGS5; RERE: NIPAL3; HLA-DRBS; 2036
915481636 cg00120948 RGOMTDS
905564086 cg23667405
cg17960080
903512997
907804617 cg12814969 FAM136A; HNRPDL; ENOPHT;
0S + TNBC 914293027 cg15355719 LIN54; DNAJB4; ZNF643; TAPT; 502
917053075 cg19002462 RASGRP2; LDLRAD3
926401512 cg02567719
920154816 cg02927111
cg18701707 cg12484411
920222926 cg02338142 FEZFT; PLIN5, KCNMB2: AASS;
DFS + TNBC 906667406 cg13420273 HDACS; ZFANDT; TRHR. PKNOX1 2036
922512222 cg17804981
cg13745678
901652244 cg02927111
920154816 cg00355315 _ _ )
PFS + TNBC 24083274 cg23390595 ss%zzbgggAg,TgfxglL(,Nfé%cg 502
13420273 cg10170774 ' ;
cg01323371
919236995 cg01564068
o 907351262 cg23409370 GSTM4; BDNF. SLC43AT; PATL2:
OS + HER2-enriched 926290926 cg22043168 DHX8 247
919986472 cg01647795
902327465 cg11261264
o 923302638 cg27252154 BIRCS; EDARADD; TAPBPL; QTRTT;
DFS + HER2-enriched 910660854 cg02796790 PTPRH; SNRPB 247
©g04407660 cg23183932
920662988 cg23409370
923757489 cg03880890 , , . .
PFS + HER2-enriched 904073970 cg22284390 KCNN 15?&?52\ chnggx QH TRSA; 502
927020573 cg00297843 '
cg17258551

repeats. Methylation of cytosine is mediated by the enzyme
class known as methyltransferases (DNMT) [7]. A total of five
DNMT family members have been identified in mammals:
DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L. DNMT3a
and DNMT3b are de novo methyltransferases that interact with
non-methylated CpG dinucleotides. DNMT1 is responsible for
methylation maintenance during replication in S phase. It has
been shown that DNMT3L stimulates de novo methylation that
involves DNMT3a and mediates transcriptional repression with
the help of histone deacetylase 1 (HDACT1) [7]. Aberrant DNA
methylation is associated with a wide range of diseases and
appears to be most marked in malignant tumors [8]. Studies
of recent years show that every epithelial tumor contains about
10-15 genes inactivated by the genome structural changes
and hundreds of genes inactivated by DNA hypermethylation.
This demonstrates the importance of this modification for
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tumor development. Total hypomethylation is one more feature
of tumor genomes. This is a genome-wide hypomethylation
that results mainly from the loss of methylation at repetitive
elements and leads to genome instability and chromosomal
rearrangement [8]. The increased promoter methylation in the
tumor suppressor genes suppressing various mechanisms
of tumor progression, that resuts in epigenetic silencing and
reversible inactivation of these genes, plays an important role in
BC pathogenesis [8]. Identification of the tumor-specific aberrant
DNA methylation patterns can be useful for early diagnosis of
cancer, differential diagnosis of malignant neoplasms, in the
capacity of prognostic and predictive markers [9]. The study of
specific DNA methylation patterns identified by genome-wide
analysis makes an important contribution to understanding of
BC pathogenesis [10]. As noted above, each cancer type is
divided into subtypes. There are genomic patterns, including
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Table 3. The best signature, number of probes in the signature, values of cvAUC (cross-validated area under curve; the average area under curve obtained at all stages
of cross-validation), sensitivity, specificity and accuracy for each survival outcome and BC molecular subtype

Clinical endpoint + molecular Number of
sEbt o probes in the Genes in the combination cvAUC Sensitivity Specificity Accuracy
P combination
SLC30A7, EXTL2, C150rf41,
MIA3, NIPAL3, HEY2, HK1,
0S + LumAB 12 DIRGS, TMEM41A, SHIBPSL 0.797 0.829 0.629 0.805
RFX2
SLC25A39, BAT2, ZNF417,
DFS + LumAB 6 PSVAG, FEIMTDS, ZNF8o7 0.831 0.838 0.716 0.828
ABCCS5, NIPAL3, HLA-DRBS,
PFS + LumAB 9 RGOMTD3, HIST3H2A, RERE, 0.761 0.875 0.562 0.836
SPAGS5, BAT2, cq13447284
0S + TNBC 5 090355%7/" égV?N%‘?;GRP 2 0.969 0.864 0.939 0.876
DFS + TNBC 5 P KNﬁ,)g(,Z\bgCZ%ngggD ! 0.834 0.902 0.673 0.865
PFS + TNBC 6 bP gg%;goézgg;; 5&2)( £ 0.844 0.952 0.674 0.900
o GSTMA4 (TSS200), GSTMA4
0S + HER2-enriched 3 Body), 026200926 0.898 1 0.883 0.977
DFS + HER2-enriched 2 BIRC5,cq10660854 1 1 1 1
PFS + HER2-enriched 4 SLC45A1, B}?CDA;I'V‘;QO"” 7843, 1 0.947 1 0.956

epigenetic ones, that are typical for these subtypes. Thus, it is
necessary to perform specific genome-wide DNA methylation
profiling in cancer patients, along with the conventional
assessment of the promoter hypermethylation point events in
certain genes [11].

Prognosis involves prediction of the possible course
and outcome of cancer. Survival analysis that is based
on mathematical approach to cancer prognosis makes it
possible to predict the likelyhood of staying alive after a certain
time. Because of their biological importance and stability,
DNA methylation markers are an effective prognostic factor
[12]. In one of the studies, the data of the genome-wide DNA
methylation analysis of BC samples from The Cancer Genome
Atlas Breast Cancer (TCGA-BRCA) database were used to
construct a model of seven CpG dinucleotides that made it
possible to clearly distinguish breast tumors of all subtypes
and normal tissues, and to identify six methylation sites that
strongly correlated with overall survival (OS) [13]. The analysis of
methylation data from open sources by LASSO regression and
boosting revealed 29 and 11 CpG dinucleotides associated with
OS, resperctively [14]. The study of data taken from the open
source (TCGA-BRCA) also made it possible to identify three
genes (TDRD10, PRAC2, and TMEM132C), the methylation
status of which had some predictive value, however, this
was true mostly for estrogen receptor-positive breast tumors
[15]. A prognostic model that comprises five genes (TGFBR2,
EIF4EBP1, FOSB, BCL2A1, ADRB2) has been developed for
TNBC based on the data obtained from TCGA-BRCA. The
model is equally well suited for prediction of OS and disease
free survival (DFS) [16].

Research is necessary due to the lack of such signatures
for HER2-enriched subtype and a rather limited number of
signatures for other BC molecular subtypes. The diagnostic
potential of the existing survival prediction models is also
uncertain, that is why we have used a modified algorithm to
search for CpG dinucleotides associated with all available
clinical endpoints found in the TCGA-BRCA database.

The study was aimed to obtain various signatures based
on the open data on DNA methylation in BC from The
Cancer Genome Atlas Breast Cancer for prediction of various

clinical endpoints (overall survival, disease-free survival, and
progression-free survival) for BC molecular subtypes and test
the relationship between the clinicopathological characteristics
and the signatures obtained.

METHODS

The publicly available clinical parameters and the data of the
genome-wide DNA methylation profiling obtained using the
HumanMethylation450 (HM450) hybridization chips (lllumina
Inc.; USA) within the framework of The Cancer Genome Atlas
Breast Cancer (TCGA-BRCA,) project (https://portal.gdc.cancer.
gov/projects/TCGA-BRCA) were acquired and processed
using the TCGAbiolinks software package [17]. Inclusion
criteria for patients to be used for further selection of candidate
CpG pairs were as follows: appropriate BC molecular subtype,
availability of accessible clinicopathological information,
availability of the DNA methylation profiling data obtained using
the lllumina HumanMethylation450 chips. Exclusion criteria: no
data on the time values for clinical endpoints, patient's age,
TNM stage and grade. Then the results obtained using the
patients' FFPE (formalin fixed paraffin-embedded) blocks and
cross-hybridization probes were excluded from the profiling
data matrix.

Selection of CpG pairs assocciated with OS, DFS or
progression-free survival (PFS) was performed by univariate
Cox regression method [18]. Of all the selected CpG pairs,
those subjected to multiple testing adjustment (adjusted value
p < 0.05, Wald test was used) by the false discovery rate (FDR)
method were further analyzed. The LASSO Cox regression [19]
method implemented in the SurvHIDIm software package [20]
was used to select the most stable CpG pairs. Multivariate
Cox regression [21] was used to calculate the CpG-based
signatures and to test the independence between the patients'
clinical parameters and these signatures. The ability to classify
various outcomes was defined by logistic regression method.
Stratification into the high- and low-risk categories was
performed using the median. The cvROC (cross-validated
receiver operative curve) method [22] was used to test the
quality of the models constructed and to plot the ROC curves.
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Fig. 1. cvROC curves (cross-validated receiver operative curve; ROC curve is plotted at every stage of cross-validation, then the resulting curve is constructed) for
the best signatures. The vertical axis shows sensitivity (0-1), the horizontal axis shows specificity (0-1), rows show survival outcomes, columns show BC molecular

subtypes

The best sensitivity and specificity values were defined by
the Youden's index method. The Kaplan—-Meier curves were
constructed using the survminer software package [23]. The
Mantel-Cox test was used to compare two survival curves.
The 10-fold cross-validation method was used throughout all
stages of marker selection and signature calculation. All the
listed above calculations were performed using the R statistical
programming language [24].

RESULTS

The studied TCGA-BRCA data set included the DNA
methylation profile obtained using the HM450 chips and the
clinicopathological characteristics of 735 primary BC samples.
After exclusion of paraffin-embedded samples, there were a
total of 555 LumA+B subtype (LumAB) samples, 134 TN
subtype samples, and 46 HER2-enriched subtype samples
(Table 1). Prior to selection of traits for further analysis, cross-
hybridization probes were excluded from the methylation data
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matrix, so that the number of probes reduced from 485,577 to
456,344, respectively.

The next stage of analysis involved using univariate Cox
regression to search for methylation sites that correlate with the
duration of OS, DFS and PFS in various BC molecular subtypes.
After the initial selection with allowance for the multiple testing
adjusted p-value, the following probes were selected:

— 10,433 probes associated with OS in the LumAB
subtypes, 3214 probes in the TN subtype, 6471 probes in the
HER2-enriched subtype;

— 4419 probes associated with DFS in the LumAB
subtypes, 168 probes in the TN subtype, 483 probes in the
HER2-enriched subtype;

— 2345 probes associated with PFS in the LumAB
subtypes, 43 probes in the TN subtype, 3216 probes in the
HER2-enriched subtype.

LASSO Cox regression was used for each of the listed sets,
allowing for selection of CpG dinucleotides that were most
important for analysis. Different numbers of such CpG pairs
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Table 4. Multivariate Cox regression results for the best signatures and clinicopathological characteristics. HR — hazard ratio (relative risk), P — responsible for p-val
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were identified during each stage of cross-validation. CpG pairs
found in more than 50% of cross-validation data splits were
selected (Table 2).

To select the combinations of CpG dinucleotides showing
significant correlations with various survival outcomes, we
assessed all possible combinations (signatures) of such CpG
dinucleotides in various BC molecular subtypes. For each
clinical endpoint and BC molecular subtype, cvAUC (cross-
validated area under curve, the average area under curve
at all stages of cross-validation), sensitivity, specificity and
accuracy were defined for various combinations. The first
10 combinations showing high cvAUC values were tested for
independence of the clinicopathological characteristics. The
diagnostic characteristics of these combinations along with
the number of probes and genes belonging to the probes are
provided in Table 3.

The combination of 12 CpG dinucleotides for prediction of
OS in the LUmAB subtype was the largest defined combination,
while the combination of two CpG dinucleotides for prediction
of DFS in the HER2-expressing subtype was the smallest one.
The cvROC (cross-validated receiver operative characteristics:
ROC curve is plotted at every stage of cross-validation, then
the average curve is constructed) curves and the Kaplan-Meier
curves were plotted for each signature to show the diagnostic

potential and estimate the survival function. The LumAB
combinations showed lower cvAUC values (0.76-0.83), while
the combinations for TN and HER2-expressing subtypes
showed high cvAUC values with fewer nember of combinations
(0.83-1) (Fig. 1).

Our combinations are independent of the clinical
characteristics (Table 4). This makes it possible to use the risk
indicators of these clinical endpoints in any group of patients.

The Kaplan—Meier curve analysis revealed a significant (o < 0.05)
decrease in OS, DFS and PFS in the group of patients with high
risk of death, relapse and disease progression compared to
the group of patients with low risk. This was true for all BC
molecular subtypes and all selected combinations (Fig. 2).

DISCUSSION

In this study, we considered the possibility of identifying the
CpG dinucleotide differentially methylated sites to predict
survival outcomes in various BC molecular subtypes using
the methods of survival analysis and DNA methylation data.
The approach to calculation of differential methylation based
on univariate Cox regression is widely used in a variety of
studies. Thus, this method was used for identification of
249,810 and 249,811 probes based on DNA methylation data
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Fig. 2. Kaplan-Meier curves for the best signatures. The horizontal axis shows time (years), the vertical axis shows the likelihood of staying alive (0-1). High risk of
death, progression and relapse is highlited in red, low risk of death, progression and relapse is highlighted in turquoise. Rows show survival outcomes, and columns show

BC molecular subtypes

associated with ovarian cancer and BC, respectively [12], and
for identification of probes based on DNA methylation data
associated with cutaneous melanoma [25].

We have shown that the use of various combinations (2—12
CpG dinucleotides) makes it possible to achieve acceptable
(cvAUC 0.7-0.8), high (0.8-0.9) and very high quality (0.9-1)
of classification into high and low risk of death, relapse and
progression. During the study we have identified 47 probes/
genes (SLC30A7, EXTL2, C150rf41, MIAS, NIPAL3, HEY2,
HK1, DIRC3, TMEMA41A, SH3BP5L, RFX2, SLC25A39, BAT2,
ZNF417, PSMA6, RGOMTD3, ZNF827, ABCC5, HLA-DRB5,
HIST3H2A, RERE, SPAGS, cg13447284, cg03512997, LIN54,
RASGRP2, LDLRAD3, ZNF643, PKNOX1, KCNMB2, ZFAND1,
HDACY, c¢g13745678, DPPA5, ¢g02927111, PKNOXT,
SSU72, CADPS2, PEX5L, GSTM4, cg26290926, BIRCS,
cg10660854, SLC43A1, BOD1, cg00297843, KCNNT), the
methylation of which is associated with OS, DFS and PFS.
We failed to define which genes seven probes (cg13447284,
cg03512997, ¢g13745678, ¢g02927111, ¢g26290926,
cg10660854, cg00297843) belonged to. Five of these probes
(BIRC5, PKNOX1, SPAGS5, HDAC9, PSMAG6) have been
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previously reported in scientific literature as molecular markers
of BC patients' survival based on the data of gene expression
quantification [26-31].

It is noteworthy that in our study we found the same number
of CpG dinucleotides (HM450 probes) for prediction of OS and
DFS (based on five probes) as other researchers [16], but the
probes varied according to genes they belonged to. According
to our data, the signature for prediction of PFS consists of six
probes; no PFS signiture was calculated during the study [16].
Other researchers suggest using invidual markers of promoter
hypermethylation in seven genes (RASSF1, BRCA1, PITX2,
RARB, PGR, CDH1, and PCDH10) for prediction of OS and
DFS outcome in patients with ER+ BC, they also consider
using the panel of three genes (GSTP1, RASSF1, and RARB)
for prediction of OS based on the literature data analysis
(systematic review of the reports) [26], while we have used a
strategy of developing panels of six, nine and 12 methylation
markers based on the marker diagnostic potential defined by
statistical analysis of the experimental data set.

Among genes included in our combinations, attention is
drawn to BIRC5 (encodes baculoviral IAP repeat-containing
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protein 5) that is overexpressed in the majority of tumors,
including BC, and is associated with poorer prognosis of overall,
disease-free and progression-free survival. It has been shown
that the use of taxane chemotherapy drugs may increase the
expression of this gene [27]. PKNOX1 (gene of the short arm
of chromosome 21 that encodes eponymous protein and plays
an important role in embryogenesis) is a tumor suppressor
gene, while the increased expression of this gene is associated
with poorer survival rate [28]. The increased expression of
SPAG5 (encodes protein associated with the mitotic spindle
apparatus), associated with poorer prognosis of OS, DFS and
PFS only in estrogen receptor-positive (ER*) breast tumors,
is also a prognostic factor [29], which is confirmed by our
study. The findings of the study that involved ER* BC samples
show that the increased expression of HDAC9 epigenetic
enzyme (encodes protein, histone deacetylase 9) in tumors is
associated with the poorer prognosis of DFS [30]. Our study
shows the association between the abnormal methylation
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THE RS17713054 AND RS1800629 POLYMORPHISMS OF GENES LZTFL1 AND TNF ARE ASSOCIATED
WITH COVID-19 SEVERITY

Traspov AA', Minashkin MM, Poyarkov SV, Komarov AG?, Shtinova IA?, Speshilov GI?, Karbyshev 1A?, Pozdnyakova NV'= Godkov MA®

' Sistema BioTech LLC, Moscow, Russia

2 Diagnostic Center (Center of Laboratory Testing) of the Moscow Department of Health, Moscow, Russia

3 Sklifosovsky Research Institute for Emergency Medicine, Moscow, Russia

Both genetic and non-genetic factors are responsible for high interindividual variability in response to SARS-CoV-2. Despite the fact that multiple genetic
polymorphisms have been identified as risk factors of severe COVID-19, such polymorphisms are still insufficiently studied in the Russian population. The study
was aimed to identify genetic determinants associated with severe COVID-19 in the sample of patients from the Russian Federation. The correlation of the
rs17713054 polymorphism in gene LZTFL1 and rs1800629 polymorphism in gene TNF (tumor necrosis factor) with the COVID-19 severity was assessed. DNA
samples obtained from 713 patients (324 males and 389 females) aged 18-95 with COVID-19 of varying severity were analyzed. The rs1800629 polymorphism of
gene TNF (OR = 1.5; p = 0.02) and rs17713054 polymorphism of gene LZTFL1 (OR = 1.60; p = 0.0043) were identified as risk factors of severe disease. The TNF
polymorphism rs1800629 and LZTFL1 polymorphism rs17713054 could be considered as potential predictive biomarkers. The rs17713054 G > A polymorphism
was strongly associated with severe disease. In the future the findings may provide the basis for the development of test-systems for prediction of the risk of severe
viral respiratory diseases.
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NONNMOP®N3MbIl RS17713054 N RS1800629 'rEHOB LZTFL1 W TNF ACCOLNPOBAHbDI
C TA>XXKECTbIO TEMEHUSA COVID-19

A. A. Tpacrnos'’, M. M. MuHawkvH', C. B. Mosipkos!, A. . Komapogr?, W. A. LLItnHosa?, I /. Cnelumnor?, U. A. Kap6biwes?, H. B. MosgHsikosa' ™,
M. A. Tookog®

' «Cuctema-broTex», Mocksa, Poccus
2 OnarHocTudeckuii LeHTp (LleHTp nabopaTopHbix nccnenosaHuiy denaptameHTa 3npaBooxpaneHist ropoaa Mocksel, Mocksa, Poccus
8 Hay4Ho-1ccnenoBaTenbCkuii UHCTUTYT CKOPOiA MomoLLm UveHn H. B. CknmdhocoBckoro

[eHeTn4eckme 1 HereHeT4eckre (akTopbl OTBETCTBEHHbI 3a BbICOKYIO MEXMHAVBUOYaIbHYIO BaprabensHocTb oTBeTa Ha SARS-CoV-2. XoTa MHOro4MCNeHHbIe
reHeTn4ecKne NoIMMopPMK3Mbl Obv MASHTUMULIMPOBaHDBI Kak (hakTopbl prcKa Tshxenoro TedeHns COVID-19, oM ocTaloTCd HEAOCTATOYHO U3YHYEeHHbIMU B
poccuinckor nonynauumn.  Lienbto gaHHoro nccnenoBanust 6bin0 BbISIBUTL reHETUHECKNe AeTepMUHaHTbI, aCCOUMMPOBaHHbIE C TshxenbiM TedeHnem COVID-19 Ha
BblOOpKe NauweHToB 13 Poccuinckon ®enepaupmn. [NposeaeHa oLeHka CBA3N reHeTUYeckx nonnmMopdunamos rs17713054 B reHe LZTFLT v rs1800629 B reHe
TINF (tbakTop Hekposa oryxoni) ¢ TshxecTeto COVID-19. Beinmn nccneposansl 06pasubl JHK 713 nauvieHTos (324 My>xxHmHbl 1 389 »eHLLyHbI) Bo3pactom 18-95 net ¢
COVID-19, npoTekaBLLe ¢ padHoii cTeneHbto TsxxecTu. neHTuduupmpoBarsl rs1800629 TNF (OR = 1,5; p =0,02) n rs17713054 LZTFL1 (OR = 1,60; p = 0,0043)
Kak (hakTopbl prcka Tsxenoro TedeHrst. Monumopdmambl TNF rs1800629 n LZTFLT rs17713054 MOryT 6bITb NOTEHUMAbHBIM NPEAVKTUBHBIM 1 NPEANKTUBHBIM
Onomapkepamu. NokasaHa cunbHasa accoumauma rs17713054 G > A ¢ TshkenbiM TedeHneM. [onydeHHble JaHHble MOryT B JaNbHElLWeM CTaTb OCHOBOW ON1s
pa3paboTKy TECT-CUCTEM MPEACKa3aHNs PYICKOB TSXKECTU TEHEHUS BUPYCHBIX 3ab0NeBaHunin pecnmpaTopHOro TpakTa.

KntouyeBble cnoa: COVID-19, SARS-CoV-2, SNP, LZTFL1, TNF, TS)KeCTb TeHEHUs, reHeTUYeCKNe AeTePMUHAHTI

®uHaHCcupoBaHue: 1ccnefoBaHne NPodUHaHCUPOBaHO rMaBHbIM akumoHepoM komnaHun OO0 «Cuctema-buoTex», AOK «Cuctema». ViccnenosaHve
NPOd1HAHCHPOBAHO B pamKax ABOVHOrO Cenoro KAMHNHYECKOro nccnefoBaHvs [enaptaMeHToM 3apaBooxpaHenust r. MockBbl

BnaropapHocTu: aBTOpbl OMarofapaT 3amecTuTens pykoBoguTens [enapTameHta 3ppaBooxpaHeHust . Mocksbl HO. O. AHTUNOBY 3a opraHu3aumo
1ccnefoBaHns; 3a NpeaocTasneHvie 06pasLoB 61onorMieckx Matepuanos naumeHToB MBY 3 «[duarHocTudeckuii ueHTp (LieHTp nabopaTopHbIX NCCNenoBaHuit)
r. Mocksbl».

Bknap, aBTopos: H. B. Mo3aHsikosa, C. B. MosipkoB — KOHLENUMs 1 ansainH nccneposanuns; M. M. MUHaLKUH — BbINOSHEHNE MOMEKYSPHO-TEHETUHECKIX
paboT, nabopartopHasi noctaHoka; C. B. Mosipkos, A. A. Tpacnos — 0630p NnTepaTypbl, HanncaHve cratbu; A. A. TpacnoB — cTaTucTyeckasi obpaboTka 1
penakTupoBaHve cTatbu; A. I KoMapoB — pyKOBOLACTBO, MaHMpPOBaHNe 9KCNeprMEHTa, aHanns fanHbix; M. A. LLItnHosa, . M. Cnewmnos n . A. Kapbbiles —
NpenocTaBneHe KIMHNYECKOro MaTeprana 1 MetagaHHbix; M. A. FofKOB — KOHTPOSb 3a CO0POM 06pa3LioB, MPeAOCTaBNeHE 06E3IMHEHHbIX JaHHbIX.

CobniofeHne 3TUHeCKMX CTaHJapTOB: Of06PEHNE STUHECKOTO KOMUTETA He TPEeOOBAIOCh B CBSI3M C PaboToN ¢ 06e3MMHYEHHBIMI JaHHBIMU NMaLWIEHTOB 11 ABOVHBIM
cnenbiM hopMaToM UCCrefoBaHYIS.

P<1 Onsa koppecnoHgeHummn: Hatanbs BayecnasosHa MosaHaKosa
1-a KypbsiHoBckas yn., a. 34, kop.11, Mocksa, Poccust; n.pozdnyakova@sistemabiotech.ru

Cratbsl nony4eHa: 18.11.2022 Ctatbsi npuHaTa K nevatu: 14.12.2022 Ony6nnkosaHa oHnanH: 28.12.2022

DOI: 10.24075/vrgmu.2022.065

BULLETIN OF RSMU | 6, 2022 | VESTNIKRGMU.RU R



OPUTMHAJIbBHOE NCCJIEOOBAHWME | TEHETUKA

In the past decades it was shown that human genome
variation contributes to heterogeneity emerging in response to
infectious diseases.

The pandemic of severe acute respiratory syndrome
caused by the SARS-CoV-2 coronavirus has killed millions of
people all over the world.

The disease caused by the novel coronavirus infection
(COVID-19) is characterized by high variability of clinical
manifestations (World Health Organization, 2021). The
majority of patients, specifically 81%, are asymptomatic or
develop mild disease, while 14% have severe disease and
5% develop critical illness [1]. The most common symptoms
include fever, dry cough, and fatigue; ageusia, anosmia, and
gastrointestinal symptoms have been also reported. Severe
COVID-19 is characterized by respiratory failure requring
mechanical ventilation or the use of high flow oxygen.

There is a constant search for the risk factors associated with
the disease. Initially it was assumed that elderly males having a
history of cardiovascular disorders developed severe disease,
but it turned out that genetic background contributed just as
much. Numerous studies have shown that polymorphisms
of genes encoding the host factors essential for realization of
the viral life cycle, such as ACE2, TMPRSS2, AR, and genes
involded in the innate immunity, such as TNF, TLR7, may be
associated with the COVID-19 severity [2].

The first genome-wide association study (GWAS) of the
COVID-19 severity that compared 1980 patients from Italy
and Spain who developed severe infection with the control
population with the unknown status of the SARS-CoV-2
infection revealed two loci significant at the genome-wide level,
which were mapped to the 3p21.31 region comprising six
genes (SLC6A26, LZTFL1, CXCR6, CCR1, CCR3, CCR9) and
the 9934.2 region comprising the ABO blood group locus [3].

The signal at the 3p21.31 locus remains the most stable
and strong in numerous studies, this is associated with both
susceptibility to infection and the disease severity. In this locus,
allele C of the rs10490770 variant is associated with the highest
risk of severe COVID-19-associated pneumonia [4].

The genome-wide association studies (GWAS) have
shown that the 3p21.31 region is associated with the twofold
increased risk of respiratory failure [5].

The role of the host factors determining both susceptibility
and infection severity has been shown for many pathogens,
including Mycobacterium tuberculosis, HIV, Candida albicans,
and many more [6].

It is known that the risk of severe infection is associated
with the genes involved in the immune and imflammatory
responses. Thus, the role of the minor alleles of TLR7 [7] and
the interferon system genes [8] is well-known.

Along with the risk alleles, there are variants that have a
protective effect. Thus, the TT genotype of the rs5443 SNP in the
gene GNB3 is associated with protection against COVID-19 fatality
[9]. Polymorphisms in the regulatory regions of the genes encoding
pro-inflammatory cytokines capable of affecting the expression of
mRNA of this genes, such as C-572G rs1800796 in the promoter
region of the gene IL-6, are associated with protection against
severe COVID-19 and COVID-19 fatality in the Asian population [10].

METHODS

Clinical and demographic characteristics
of surveyed patients

The patients admitted to the intensive care units (ICU) of the
Sklifosovsky Research Institute for Emergency Medicine, Medsi

Clinical Hospital Ne 1, City Clinical Hospital Ne 40 together with
the staff members of the Sistema Public Joint Stock Financial
Corporation and the Sistema BioTech laboratory were enrolled.
A retrospective study was carried out (the disease outcome
was known) that involved 713 patients (n = 713). Inclusion
criteria: coronavirus infection of varying severity. Exclusion criteria:
comorbidities of various types capable of dramatically affecting
the patient's overall condition (cancer, CAD, immune defects).

To reveal the association of the studied variants with the
severe and critical course of the disease, we divided the
patients into two groups: the control group that included two
categories of patients (patients with mild-to-moderate disease)
and the experimental group (patients with severe disease).
The patients were allocated to groups in accordance with
the computed tomography-based (or MSCT-based) visual
assessment scale for the lung damage developed during the
pandemic of novel coronavirus infection by the experts of the
US center for diagnosis and telemedicine after assessing CT
images of 13,003 people who constituted the core sample. This
classification is also widely used in the Russiam practice [24].
The lung CT scan data were the criteria of the disease severity:
CT1 and 2 for the control group, CT3 and 4 for the group of
patients with the severe disease. The main characteristics of
the studied cohort are provided in Table. 1.

Genomic DNA isolation

Venous blood stabilized with EDTA was used as biomaterial for
extraction of genomic DNA.

DNA was extracted using the DiaGene kit (Dia-M; Russia)
for DNA isolation from whole blood. The extracted DNA purity
was determined with the NanoDrop OneC spectrophotometer
(Thermo FS; USA). The A260/280 ratio was between 1.8-1.91,
and the A260/230 ratio was between 1.62-2.28. DNA
concentration was measured using the dsDNA BR kit in the
Qubit Flex fluorometer (Thermo FS; USA). The concentration
values varied between 15-300 ng/uL. The concentrations of all
DNA samples were adjusted to 2 ng/uL.

DNA genotyping

DNA genotyping in the region of the studied polymorphic
markers was performed by the real-time PCR with fluorescence
detection using the TagMan SNP kits for genotyping analysis
(Thermo FS; USA). PCR was performed in the CFX96Touch
System (BioRad; USA).

A number of markers was genotyped that was later
confirmed by Sanger sequencing. The primers were
constructed using PrimerBlast (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/ (as at 24 September 2020)). The
BigDye Terminator v3.1 kit (Thermo FS; USA) was used for
cycle sequencing; sequencing was performed in the Genetic
Analyzer 3500 system (Thermo FS; USA).

Statistical data processing

The two-tailed Fischer's exact test and chi-squared (x?) test
were used to calculate the statistical significance of differences
in allele frequency. The calculations were performed for both
minor allele (AA vs. Aa+aa; dominant model) and the minor allele
homozygous genotypes (AA+Aa vs. aa; recessive model). The
odds ratios (OR), 95% confidence intervals (Cl), and significance
levels were calculated for the groups in which significant
differences were revealed. Calculations were performed using
the SNPStats web tool (https://www.snpstats.net/ (as at
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Table 1. The main age and gender parameters selected for the study. The patients are divided into two groups based on the disease severity (the control group and
the group of patients with severe disease), gender, and age

n=713
Control group Group with severe disease
Total 373 (52.31%) 340 (47.69%)
MALES 154 (41%) 170 (50%)
FEMALES 219 (59%) 170 (50%)
Age 21-94 18-95

20 September 2021)) designed to reveal the associations
between the single nucleotide polymorphisms and the risk
of the disease. The Holm-Bonferroni method was used to
adjust the OR values of significant polymorphisms for multiple
comparisons. The samples, including all polymorphisms,
were tested for the sample size sufficiency. The analysis was
performed in the Statsoft Statistica 12 software package. To
analyze the sample size required to achieve a power of 80%, we
used the two-sample t-test for comparison of two population
means (the null hypothesis was p1 = p2). The features of the
SNPstats software package were taken into account, along
with the values used: the means with the Akaike information
criterion (AIC) values and Bayesian information criterion (BIC)
values.

RESULTS

Table 1 describes the studied sample in terms of the sample
diversity.

The two-tailed Fischer's exact test and x® test were
used to calculate the statistical significance of differences in
allele frequency. Statistical calculations were based on the
dominant model (involving identification of the risk allele) and
recessive model (involving identification of the risk genotype).
Furthermore, the odds ratios (OR), 95% confidence intervals
(Cl), and significance levels (p) were calculated for the groups in
which significant differences were revealed.

Statistical significance was calculated using two models,
the dominant and recessive ones, for all polymorphisms
(depending on the patients' division into groups). The model
was based on estimation of the risk of transition from mild to
severe disease; allele frequencies were compared in patients of
the control group and patients of the group with severe disease
(Table 2).

Since multiple hypotheses were tested during the study using
the same dataset, the Holm-Bonferroni correction was used due
to the multiple comparison problem in order to avoid type | errors.

As for two markers, the presence of the minor allele and
homozygous genotype were associated with the increased
risk of severe disease. These were rs1800629 in the gene
TNF (OR = 1.5; p = 0.02) and rs17713054 in the gene LZTFL1
(OR = 1.60; p = 0.0043), however rs17713054 appeared to
be pathogenic in the recessive model (OR = 4.56; p = 0.0025).

As for marker TLR2, the minor allele homozygous genotype
exerted protective effect in the dominant model.

All the markers identified are the risk factors of both disease
susceptibility and the transition from mild to more severe
disease, however, only the variants provided in the above
tables are significant.

Furthermore, the studied sample was also tested for
deviations from Hardy-Weinberg equilibrium (n = 713), the
analysis was performed for 10 studied markers (Table 3).

Summation of the Hardy—Weinberg disequilibrium coefficients
and their significance levels (P) revealed deviation from
equilibrium for IFIHT (p = 0.0047), CCR2 (p = 0.049), and
significant deviation from equilibrium for IFITM3 (p = 0.000583).

Thus, the TNF rs1800629 and LZTFL1 rs17713054 variants
may be considered as probable candidates for further assessment
involving larger samples (Table 4).

DISCUSSION

Our study demonstrates evidence of the human 3p21.31
locus involvement in pathophysiology of COVID-19 based on
assessing the independent cohort of patients and the control
group comprising people from the Russian Federation.

Our previous research has analysed the distribution of
10 SNPs and the association of these SNPs with the disease

Table 2. SNPs used in the model for assessment of the risk of severe disease in two groups (control and experimental)

Dominant model Recessive model
(AA vs. Aa+aa) (AA+Aa vs. aa)
Gene/SNP

(95(2/?(]) Cl P-value (9500/? c) Cl P-value
TNF/rs1800629 1.5 1.06-2.12 0.02 11 0.35-3.44 0.87
IFIH1/rs1990760 1.2 0.88-1.63 0.26 1.4 0.98-2.01 0.07
IFITM3/rs12252 0.87 0.55-1.38 0.56 1.66 0.46-5.92 0.43
CCR2/rs1799864 1.27 0.91-1.78 0.16 1.33 0.57-3.11 0.51
STAT3/rs744166 0.94 0.70-1.27 0.71 0.53 0.32-0.88 0.01
STAT6/rs324011 0.93 0.68-1.26 0.62 117 0.75-1.81 0.48
TLR2/rs1898830 0.72 0.53-0.98 0.04 0.73 0.48-1.11 0.13
C3AR1/rs7842 1.13 0.84-1.52 0.41 1.37 0.77-2.42 0.28
TMPRSS2/rs75603675 1.23 0.90-1.68 0.19 0.85 0.57-1.27 0.43
LZTFL1/rs17713054 1.6 1.16-2.21 0.0043 4.56 1.51-13.76 0.0025

Note: Cl values are provided only for odds ratios.
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Table 3. Estimation of allele frequencies of 10 studied markers based on the dominant and recessive models, HOM1/HET/HOM2 genotype distribution, and significance
of deviations from Hardy-Weinberg equilibrium (HWE p-value). Assessment was performed in the experimental (n = 340), control (n = 373), and combined (n =713) groups

Comparison of the control group and the group of patients with severe disease
Allele frequency Genotype distribution HWE p-value
Gene?/allele all control experiment all control experiment all control | experiment
variants
TNF (G/A) 0.87/0.13 0.89/0.11 0.85/0.15 | 0.02/0.22/0.76 0.02/0.18/0.8 0.02/0.26/0.73 0.86 0.42 0.83
IFIH1 (T/C) 0.57/0.43 0.59/0.41 0.54/0.46 | 0.21/0.44/0.35 | 0.18/0.45/0.37 | 0.24/0.43/0.33 0.0047 0.13 0.016
IFITM3 (A/G) 0.93/0.07 0.93/0.07 0.94/0.06 | 0.88/0.11/0.01 | 0.87/0.12/0.01 | 0.89/0.09/0.02 0.00053 0.081 0.0012
CCR2 (G/A) 0.85/0.15 0.87/0.13 0.84/0.16 | 0.03/0.23/0.74 | 0.03/0.21/0.76 | 0.04/0.25/0.71 0.049 0.12 0.22
STAT3 (A/G) 0.66/0.34 0.64/0.36 0.68/0.32 0.42/0.47/0.11 | 0.42/0.45/0.13 | 0.43/0.49/0.08 0.24 0.65 0.019
STAT6 (C/T) 0.62/0.38 0.62/0.38 0.62/0.38 0.37/0.5/0.13 0.36/0.51/0.12 | 0.38/0.48/0.14 0.13 0.078 0.82
TLR2 (A/G) 0.59/0.41 0.57/0.43 0.62/0.38 | 0.34/0.52/0.15 0.3/0.53/0.17 0.37/0.5/0.13 0.062 0.11 0.25
C3AR1 (T/C) 0.72/0.28 0.73/0.27 0.71/0.29 | 0.07/0.42/0.51 | 0.06/0.41/0.53 0.08/0.42/0.5 0.46 0.43 0.9
TMPRSS2 (C/A) 0.59/0.41 0.6/0.4 0.58/ 0.42 0.16/0.5/0.34 | 0.17/0.46/0.36 | 0.15/0.53/0.32 0.54 0.52 0.094
LZTFL1 (C/T) 0.84/0.16 0.87/0.13 0.8/0.2 0.7/0.27/0.03 0.75/0.24/0.01 0.65/0.3/0.05 0.68 0.37 0.39

severity [11]. In this study involving the use of the larger
sample and the extended set of polymorphisms, the TLR7
polymorphism was excluded, and the polymorphism LZTFL1
polymorphism was added; the study revealed that only two
polymorphisms in the genes LZTFL 1 and TNF showed a strong
association with severe COVID-19.

Among the studied polymorphisms, only two were strongly
associated with severe disease. It is interesting to note that the
results for some polymorphisms obtained during the earlier
study [11] turned out to be non-significant after the sample
expansion to 713 patients. However, the equally strong signal
was found in the rs17713054 (gene LZTFL1, locus 3p21.3).
The secong most important was the TNF rs1800629. It is
known that both polymorphisms are associated with severe
COVID-19, and carriers of the minor alleles are at high
risk of developing severe COVID-19 [12]. The rs17713054
polymorphism is located in the enchancer that regulates gene

expression in this locus, including the expression of LZTFL1,
SLC6A20, and genes encoding chemokines.

This polymorphism results in the emergence of the new
binding site for the C/EBP beta transcription factor, which
leads to the increased expression of LZTFL1 and neighbouring
genes in this locus [13]. The LZTFL1 gene is involved in the
ciliary function of the lung epithelial cells, which is important for
airway virus clearance[14].

LZTFL1 is widely expressed in the lung epithelial cells,
including the ciliated epithelial cells that have been identified
as one of the key cellular targets of the SARS-CoV-2 infection.
Furthermore, a homozygous deletion of LZTFL1 causes the
classic ciliopathy, the Bardet-Biedl syndrome [15]; it is known
that respiratory viruses may affect mucociliary clearance.
LZTFL1 encodes the cytosole leucine zipper protein that binds
to E-cadherin (epithelial marker) and is involved in the transport
of numerous signaling molecules. It is also known that LZTFL1

Table 4. Estimation of the significance of differences between the experimental and control groups in 10 studied polymorphisms

Gene/SNP Allele Experiment Control P-value Odds ratio Cl

G 665 581

TNF/rs1800629 0.03801 1.398585 1.009831-1.941277
A 81 99
T 442 370

IFIH1/rs1990760 0.06881 1.217995 0.9818877-1.5111842
C 304 310
A 695 636

IFITM3/rs12252 0.8319 0.9427985 0.6060591-1.4617779
G 51 44
G 647 571

CCR2/rs1799864 0.1536 1.247354 0.9192725-1.6940554
A 99 109
A 478 460

STAT3/rs744166 0.1627 0.8531148 0.6806029-1.0687811
G 268 220
C 464 423

STAT6/rs1898830 1 0.999678 0.8020877-1.2457747
T 282 257
A 423 424

TLR2/rs1898830 0.03094 0.7908369 0.6357947-0.9831671
G 323 256
T 547 481

C3AR1/rs7842 0.2877 1.137109 0.8959515-1.4432459
C 199 199

TMPRSS2/ c 445 397

rs75603675 A 07 Py 0.628 1.053809 0.8482685-1.3092215
C 649 546

LZTF1/rs17713054 0.0007003 1.641442 1.223191-2.208574
T 97 134
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activation in the context of malignant neoplasms inhibits the
epithelial-mesenchymal transition (EMT) pathway, which is
known to be a part of the mechanisms underlying both wound
healing and immune response [16]. The study of postmortem
lung biopsies obtained from patients who died from the
COVID-19 complications showed a widespread epithelial
dysfunction with the signs of EMT [13]. According to several
studies, the signal in the 3p21.31 locus remains the most
stable and strong. This is associated with both susceptibility to
infection and the disease severity [17].

[t has been shown that the rs17713054 risk allele A in
the LZTFL1 gene enchancer is largely responsible for the
increased risk of respiratory failure in COVID-19 patients that
is associated with 3p21.31 [13]. LZTFL1 is widely expressed in
the lung epithelial cells, including the the ciliated epithelial cells
that have been identified as one of the key cellular targets of the
SARS-CoV-2 infection SARS-CoV-2 [18].

The analysis of other LZTFL1 polymorphisms, such as
rs11385942, revealed the increased risk of hospitalization
(o < 0.01; OR = 5.73; 95% CI: 1.2-26.5 based on the allelic
test) in the Colombian [19] and Latvian [20] populations; the
rs35280891 intronic variant (p = 6.88 x 107; OR = 19.846,
95% Cl: 5.728-68.761) was associated with severe disease in
the Serbian population [21].

It is interesting to note that the rs17713054 minor
allele A is a part of the extended haplotype inherited from
the Neanderthals. Today, this haplotype is the major risk
factor associated with developing severe symptoms after the
SARS-CoV-2 infection. The differences in the haplotype
frequencies between the populations of South Asia and East
Asia led to a speculation that certain selective pressure,
probably related to cholera, resulted in the haplotype spread
across the population of South Asia [22].

Our study confirmed the rs17713054 strong association with
severe disease (OR = 4.56; p = 0.0025) in the recessive model.

[t was also shown that both the minor allele T of the TNF
rs1800629 variant and the minor TT genotype were the risk factors
of severe disease in all the variants of samples (OR = 1.5; p = 0.02).

[t is known that the rs1800629 variant of the gene TNF is
associated with the need for respiratory support and the longer
duration of respiratory support in patients with COVID-19 [23].
Along with the pathogenic variants, we also found the TLR2
rs1898830 variant that exerted protective effect (OR = 0.72).
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TRANSGENIC MICE FOR STUDY OF THE CDK8/19 CYCLIN-DEPENDENT KINASE KINASE-INDEPENDENT
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The CDK8 cyclin-dependent transcription-associated kinase and its less studied paralog, CDK19, regulate the expression of the dependant genes via several
mechanisms. CDK8/19 can directly phosphorylate some transcription factors (ICN, STAT1), but at the same time these kinases being a component of the mediator
complex regulate transcrition via interaction with chromatin in the promoter and enhancer regions of appropriate genes. Recently the papers have appeared showing
that CDK8/19 has kinase-independent mechanisms of action through comparison of the effects of the kinase activity genetic inactivation and chemical inhibition.
The study was aimed to generate transgenic mice capable of the induced and tissue-specific expression of the kinase-negative (showing no phosphorylation activity)
form of CDK8, CDK8 (D173A), which could be later used to study the CDK8 kinase-independent mechanisms of action in vivo. We obtained four F, transgenic
animals by microinjection of linear DNA into the pronucleus, two of these animals became the ancestors of two distinct lines. The copy number of the integrated
construct was measured for all Fj and the lines generated. This model may be used to study the kinase-independent properties of the CDK8/19 proteins.
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TPAHCIEHHbBIE MbILLW ANA U3YYEHUA KUHASA-HE3ABMCUMbIX MEXAHU3MOB AENCTBUSA
LNKJTNMH-3ABUCMbBIX KNHA3 CDK8/19

H. N. Ctasckast', J1. A. Mneuyw? ™, HO. [1. Okynosa?, M. B. Ky6ekuHa?, E. A. Bapnamogsa?, tO. HO. Cunaesa’, A. B. BpyTep?

" ViHcTuTyT Bronorum reHa Poccuiickon akaoemn Hayk, Mocksa, Poccuist

2 LleHTp BbICOKOTOYHOIO PEfaKTUPOBAaHYS 1 FEHETUYECKMX TEXHOMOMMIA ANt BUOMEOVLINHBI, VIHCTUTYT 6ronornm reHa Poccuiickon akagemmnn Hayk, Mocksa, Poccust

LivknnH-3aBrcrmMas TpaHckpunumoHHas kuHada CDK8 1 ee MeHee 13ydeHHbIt napanor CDK19 perynmpytoT 9KCnpeccuto 3aBUCUMbIX FEHOB MOCPEACTBOM
HECKONbKMX MexaHnaMoB. CDKB8/19 moryT HanpsmMyto (ochopunmpoBaTe HEKOTOPblE TpaHCKPUNUMOHHbIe dakTopbl (ICN, STAT1), HO B TO >Xe Bpems B
COCTaBe MeAMaToOPHOro KOMMIEKCa 3TV KUHa3bl PEryIMPYIOT TPAHCKPUMLMIO 3a CHET B3aMMOLEVCTBUS C XPOMaTMHOM B 0611aCTV MPOMOTOPOB 1 SHXaHCEPOB
COOTBETCTBYIOLLMX FeHOB. B nmocnegHee Bpemsi MoOABASOTCS paboThbl, AEMOHCTPUPYIOLLME MyTEM CpaBHeHUs 3(HEKTOB reHETUHECKON VHaKTMBaLUmM 1
XVIMUYECKOrO VMHMMBMPOBaHMSA KUHA3HON akTUBHOCTM Hanm4dne y CDK8/19 krHaga-He3aBUCUMbIX MexaHu3MOoB AencTsus. Llenbto paboTbl 6bino nonyymTb
TPaHCrEeHHbIX MbILLIENA, CMOCOBHBIX K MHAYLIMPYEMON U TKaHECTIELMNHHON SKCNPECCM KUHA3HOHEraTUBHOM (MLLEHHOM (hOCOPUNMPYIOLLIEN aKTUBHOCTM) (hOPMb!
CDK8 — CDK8 (D173A), KoTopbIX BrOCAEACTBUAN MOXHO OyOeT MCnonb30BaTh A1 U3YHEHUs KMHa3a-He3aBMCMbIX MexaHM3MoB aenicteus CDKS in vivo. Metogom
CNy4aiHoro TpaHcreHesa B pesynsrare MYKPOVHBEKUMIA HenHo [IHK B MpoHyKeyc Hammu nomyHeHbl HYeTbipe TpaHCreHHbIx 0cobu Fo, ABe 13 KOTOPbIX CTam
pofoHaYasbHYKaMy OTAEbHBIX MHNA. [N Bcex Fj 1 Mony4eHHbIX NIMHUA 3MepeHa KOMUAHOCTb UHTErp1POBaBLIENCS KOHCTPYKUMM. [daHHas Moaess MoxXeT
ObITb MCMONL30BaHA A1 M3Y4EHUS KMHa3a-He3aBNCUMbIX CBOMCTB 6enkos CDK8/19.

Knto4yeBble cnoBa: TpaHcreHes, perynsaums TpaHekpunumm, Cdk8, kmHasa MegmaTopa, KnHada-HesaB cMble (DyHKLM
®uHaHcupoBaHue: rpaHT PHO#22-15-00227.
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The CDK8 cyclin-dependent kinase and its paralog, CDK19, mechanisms underlying such regulation are diverse. On the one
are not directly involved in regulation of the cell cycle phase hand CDK8/19 as part of a complex with cyclin C, MED12, and
transitions and belong to the so-called transcription-associated ~ MED13 directly phosphorylate some transcription factors, such
kinases that regulate gene transcription [1]. However, the as intracellular domain NOTCH [2] or STAT1 [3]. On the other
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hand, together these four proteins form the kinase module of the
Mediator complex that regulates gene expression via binding to
the promoter and enhancer regions [1]. Despite the fact that
in vitro studies have shown that, just like the CDK7 and CDK9
transcription-associated kinases, CDK8/19 can phosphorylate
the RNA polymerase Il C-terminal region, which represents
an important event during transition to the elongation stage.
This mechanism is likely to play no significant role in the cell
[4]. At the same time it has been shown that CDK8/19 play
an important role in expression of certain genes, especially in
activation of expression of the earlier inactivated genes [5-7]
and the major oncogenes, such as c-Myc [8, 9] and genes of
the Wnt/B-catenin signaling pathway [10]. In some cases the
expression levels correlate with the presence of CDK8/19 in the
enhancers and super-enhancers of the corresponding genes
[11]. However, despite the important fundamental role played
by CDK8/19 and their potential as therapeutic targets, specific
molecular mechanism underlying the relationship between the
expression of certain genes and CDK8/19 are unknown.

Recently there are papers reporting the comparison of
chemical inhibition and genetic inactivation that show that genetic
inactivation provides much larger effects in some models [7, 12, 13].
It must follow from this fact that CDK8/19 has some kinase-
independent mechanisms of action. However, such comparison
is not always precise, even in in vitro studies, due to limited
selectivity and efficiency of inhibitors and is almost impossible
in in vivo studies due to the features of biodistibution and
metabolism of chemical inhibitors and the difficulties associated
with crossing the blood-brain and blood-testis barriers by the
substances.

The study was aimed to generate transgenic mice capable
of tissue-specific induced expression of the CDK8 (D173A)
mutant kinase-negative form for further identification of possible
CDKB8/19 kinase-independent mechanisms of action.

METHODS
The construct

Transgenesis involved the pKB2 vector that, in contrast to the
previously used vector pKB1 [14, 15], was characterized by
the absence of the reporter gene. The open reading frame was
amplified using the KapaHiFi polymerase (Kapa Biosystems;
USA) and primers P1 and P2 (hereinafter all olygonucleotides,
the sequences of which are provided in Table 1, have been
synthesized by Evrogen, Russia) with cDNA. cDNAs were
obtained by reverse transcription using the RevertAid reverse
transcriptase (Thermo Scientific; USA) based on the RNA
extracted from the murine brain using the ExtractRNA reagent
(Evrogen; Russia). When performing amplification, the Agel and
Milul restriction sites were added to the 5' and 3' ends of the
reading frame for further transfer to the final vector, along with

Table 1. Olygonucleotide sequences

the Kozak consensus sequence. The amplified reading frame
was cloned into the Clonedet vector (Thermo Scientific; USA)
and sequenced. The ¢.A518C mutation was created by site-
directed mutagenesis during the polymerase chain reaction
with the previously phosphorylated primers P3 and P4. The
presence of target mutation and the absence of additional
mutations were confirmed by sequencing. Then the ORF of the
obtained mCdk8kd gene variant (kinase-dead) was re-cloned by
the Agel and Mlul sites (all the restriction endonucleases were
manufactured by Thermo Scientific, USA) into the pKB2 vector.
The construct was linearized by sites Sall and Notl, separated
by electrophoresis, extracted from the gel with the Cleanup Mini
kit (Evrogen; Russia), further purified using the spin column with
the Corning Costar Spin-X 0.22 pm nylon filter (Corning; USA),
and diluted in the microinjection buffer (10 mmol Tris, 1 mmol
EDTA) to the DNA concentration of 2 ng/uL.

Mice housing conditions

Embryos were obtained from 30 immature (weight 12-13 g)
females (F1 hybrids CBA x C57BL/6) and similar males aged
6-8 weeks (Stolbovaya breeding station; Russia). The CD1
outbred mice (Stolbovaya breeding station; Russia) were used
as recipients and foster mothers. The mice that were kept in the
vivarium of the Institute of Gene Biology RAS had free access
to water and food. The 22-24 °C ambient temperature was
maintained, and the light/dark cycle (day/night) was 14/10 h.

Microinjections and embryo transfer

Microinjections and embryo transfer were performed as
described previously [16]. On day 19 after the embryo transfer,
recipients underwent caesarean section, and the newborn
mouse pups were housed together with foster mothers.

Genotyping and copy number measurement

Animal genotyping was performed in accordance with the
previously used protocol [14]. A STOP cassette (primers P5
and P6) and a terminator (primers P7 and P8) being parts of
the pKB2 vector were simultaneously detected in transgenic
animals by multiplex polymerase chain reaction (PCR). The copy
number of the inserted construct was defined by comparison
with genes with the known varying copy numbers (HPRT, HbA,
H3C7) based on the results of the real-time PCR [14].

RESULTS

To generate transgenic mice capable of induced and tissue-
specific expression of the kinase-negative CDK8 variant, we
created a genetic construct containing the open reading frame
of the mCdk8 gene with the ¢.A518C substitution in the DNA

Sequence Designation
P1 attaaccggtGCACCATGGACTATGACTTTAAAGTGAAG Amplification of the CDK8kd ORF
P2 taatacgcgtTCAGTACCGATGTGTCT Amplification of the CDK8kd ORF
P3 CCATGGGCTTTGCCCGATTAT Creation of the A518C mutation
P4 CAGCAATTTTTACTCTTCCTCG Creation of the A518C mutation
P5 GTTAGATCTGCTGCCACCGT Genotyping (STOP cassette)
P6 AGGTGGCAAGTGGTATTCCG Genotyping (STOP cassette)
P7 GCGAGTCCATGTCACTCAGG Genotyping (terminator)
P8 GTGTTGCCCTTTGGAGCTTG Genotyping (terminator)
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Table 2. Results of activities on generating primary transgenic animals
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Recipients used

Cells transferred

Number of mice that
gave birth

Number of newborn
mouse pups

Number of newborn
transgenic animals

4 487 7

14 6

Fig. 1. F, mouse genotyping by gel electrophoresis. The lanes with the bands of PCR products with the size of about 300 bp (fragment of STOP cassette) and about
400 bp (fragment of terminator) correspond to transgenic mice. The lanes with no bands correspond to the wild type mice. The first and the last lanes contain the size

markers

(and, consequently, with the D173A substitution in the protein)
based on the pKB2 vector [17]. Along with the insulator and
terminators which are protection against the position effect
during insertion, the vector used contains the CAG promoter
and the STOP cassette flanked by LoxP sites that separates
promoter from the ORF. The STOP cassette inserted in such
a way significantly reduces thetransgene transcription and
makes further translation of the transcript impossible [14].

The linearized construct was microinjected into the
zygotes, among which 487 zygotes survived and were
transferred to recipients. As a results, 14 mouse pups were
born, among which six pups were transgenic. The presence of
the transgene was confirmed by PCR in all newborn animals
(Fig. 1). A numerical representation of the results of activities on
generating transgenic animals is provided in Table 2.

Among six primary transgenic animals, two died before
puberty and four produced offspring when bred with the
C57BL/6J mice. To date, four independent substrains have
been generated: 369, 372, 375, 376. When random integration
takes place in the genome, multimers of the construct can
be formed and then inserted in chromosomes. In turn, the
expression levels can be a fuction of the number of monomers.
Furthermore, since insertion in distinct blastomeres may occur
independently, F, animals may be mosaic due to the varying copy
numbers of the construct in various cells. We have defined the
average copy number of insertion for F and the copy number
for the substrains obtained (Fig. 2). The resulting values can
be non-integers because of using exponential approximation
when assessing the copy numbers and averaging the values of
various cells. However, in fact this is due to the measurement
error. Starting from the F, generation, the copy numbers are
constant integer values. Two substrains of F, hybrids with
the copy numbers of about 2, which correspond to the copy

«369» (1.77)

¢¢¢

F ~2.5

«372» (0.72)
F

0

=25

numbers of the majority of genes in diploid genomes, were
selected for further breeding.

DISCUSSION

We have generated the mice line capable of the induced and
tissue-specific expression of the kinase-negative mCDK8 form:
six F, animals, among which four animals have produced
offspring and two have become the founders of substrains by
now. Furthermore, the efficiency of obtaining transgenes was
50% (6 out of 12), and further segregation compared to F, that
was associated with mosaicism in F together with the wide range
of copy numbers of the inserted construct (1-17) was found in
the animals generated. This allowed us to select the lines with the
copy numbers most close to natural for further studies.

A series of studies consider the consequences of the
CDK8 and/or CDK19 genetic knockout [18-20], however, the
models used in these studies make it impossible to to draw a
final conclusion about the role played by the lack of CDK8/19
proteins and impossibility of the Mediator complex kinase
module assembly in the observed phenotypes, and about the
role of appropriate phosphorylation. Moreover, the use of the
CDK8/19 inhibitors in animals has resulted in the effects that
are different from that reported in knockout animals [21]. The
animal line we have generated is a right tool for distinguishing
between kinase-dependent and kinase independent CDK8/19
functions.

CONCLUSIONS
During the study transgenic mice were generated providing the

possibility of the tissue-specific and induced expression of the
kinase-negative form of the CDK8 cyclin-dependent kinase.

«375» (15.56)

L |
]

Line 1

«376» (1.9)

Line 2

Fig. 2. Scheme of the substrains obtained and copy numbers of the substrain members. The names of substrains are put in quotes. The average copy numbers of

ansectors (F,) are put in parentheses. Only the copy numbers are provided for F,
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In the future, after breeding with the CDK197-, CDK8"" mice
and various activators, animals will be generated, in which the
wild type CDK8 and CDK19 could be replaced by the kinase-
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KNOCKOUT OF MUTANT TP53IN THE HACAT CELLS ENHANCES THEIR MIGRATION ACTIVITY
Kozhin PM', Romashin DD', Rusanov AL' =, Luzgina NG’
" Institute of Biomedical Chemistry, Moscow, Russia

The HaCaT cell line represents the spontaneously immortalized non-carcinogenic human keratinocytes that are used as a model for studying the function of normal
human keratinocytes. There are two TP53 alleles in the HaCaT cell genome, which comprise two gain-of-function (GOF) mutations acquired through spontaneous
immortalization (mutTP53). Mutations result in the increased proliferation rate and violation of the stratification program. The study was aimed to assess the effects
of the mutTP53 gene knockout on the HaCaT keratinocytes capability of proliferation and migration in the in vitro model of epidermal injury and regeneration
(scratch test), and on the ability to form stratified epithelium in the organotypic epidermal model. To perform the scratch-test, cells were cultured until monolayer
was formed, then the standardized wound was created. The organotypic model was obtained by growing keratinocytes in the polycarbonate membrane inserts
with the pore size of 0.4 um at the interface between the phases (air-liquid). It has been shown that the mutant TP53 gene knockout results in the increased
migration capability of the HaCaT keratinocytes: in the mutTP53 knockout HaCaT, the defect closure occurred faster than in the appropriate group of the WT HaCaT
(o < 0.05), on day three the defect size was 12% + 3% and 66% =+ 5% of the initial size. There is evidence that mutant TP53 in the HaCaT cells is a negative regulator
of the laminin-5 expression (LAMC2 expression was 9.96 + 1.92 times higher in the cells with the mutTP53 knockout, p < 0.05), however, this does not promote
normalization of the program of epithelial differentiation and stratification followed by formation of the stratum corneum in the organotypic model.
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HOKAYT MYTAHTHOIO TP53 B KITETKAX JIMHN HACAT YCUITMBAET X MUTPALVOHHYIO AKTUBHOCTD
M. M. Koxud', . . PomawuH’, A. J1. Pycaro'™, H. I. JlyaruHa’
" Hay4HO-uccneoBaTensCkuin UHCTUTYT BromMeanumnMHeKom xummmn uvenn B. H. Opexosuya, Mocksa, Poccus

JnHms HaCaT — CnoHTaHHO MMMOPTaNM30BaHHbIE HEKAHLIEPOreHHbIE KEPaTUHOLWTBI YenoBeKa, LUMPOKO MCMOMb3yeMble B Ka4eCcTBE MOAENM ONs U3yYeHnst
DYHKUMIA HOpMaUTbHbBIX KepaTUHOLMTOB Yenoseka. B reHome knetok HaCaT nmpucyTcTByOT Age annenm reHa TP53, KoTopble copgepxkar ase gain-of-function
(GOF) myTauwmmn, NnprobpeTeHHble B peaynsTate CNOHTaHHOW MMopTanuaaumm (mutTP53). Hannuve myTaumin nprBoauT K YBENMHEHIO CKOPOCTY Nponndepaumm n
HapyLLEeHWO MporpaMmbl cTpatudurkaumn. Liensto nccnepgoBanmns 6bi1o ndyqnTb BAMSIHNE HOKayTa reHa mutTP53 Ha CnoCOBHOCTb kepaTuHoLMTOB MnHUM HaCaT K
nponudepaLn 1 MUrpaLmmn B MoLeNu NoBPeXXAeHUs 1 pereHepaLmn snuaepMica in Vitro (CKpeTY-TecT), a Takke Ha CnoCcoOHOCTb POPMUPOBATL MHOMOCOMHBIN
3ANUTENNIA B OPraHOTUMMYECKON Moden annaepmMumca. [ns NnpoBeaeHns CKPeTY-TeCTa KNETKM KynbTUBMPOBaIN A0 00pa30oBaHNs MOHOCNOS, 3aTeM HaHOCUAM
CTaHOapPTU30BaHHOE NoBpeXxaeHVe. OpraHOTUNMHYECKYIO MOAENb NOMyYani KysTUBMPOBAHNEM KEPATUHOLIMTOB B MONMMKApOOHATHLIX MEMOPaHHBIX BCTaBKax C
nmametpom nop 0,4 MKM Ha rpaHuLe pasfena has (BO3ayX->KNOKOCTL). [MpOAEMOHCTPUPOBAHO, YTO HOKAYT MyTaHTHOMO reHa TP53 NpuBOAUT K YBENYEHMIO
MUrpaLyIoHHOM CnocobHOCTN kepaTnHoumToB vHum HaCaT: ana HaCaT ¢ Hokaytom mutTP53 3akpbiTvie aeexkTa NponcxXoamno BbiCTpee No CPaBHEHWUIO C
cootBeTcTBytoLen rpynno WT HaCaT (p < 0,05), Ha TpeTbun cyTkM pas3mep Aedekra coctasnsan 12% + 3% n 66% + 5% ot nepsoHaqanbHoro. lony4eHsb
NaHHble, YTO MyTaHTHbIN TP53 B kneTtkax HaCaT siBnaetcs HeraTuBHbIM PErysTopoM 3KCMpeccun naMmmnHnHa-5 (akcnpeccus LAMC2 6bina Bbllle B KneTkax ¢
HokayTom mutTP53 B 9,96 + 1,92 pag, p < 0,05), ogHako 3To He CrocobCTBYET HOPMaNU3aLMN NPOrpamMmMbl AUHEPEHLIMPOBKA 1 CTpaTUdOUKaLMA aNUTENns C
0b6pazoBaHveM POroBOro Cios B OPraHOTUMNHECKOM MOZENM.

KntoueBble cnosa: HaCaT, auddepeHumpoBka kepatvHoumTos, p53, CRISPR/Cas9, HokayT, Murpaums
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(2021-2030 rogpl) (Ne 122022800481-0).
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The HaCaT cellline (spontaneously immortalized non-carcinogenic It is known that there are two allelles of the TP53 gene the
human keratinocytes) is widely considered a model for studying ~ HaCaT keratinocyte genome that comprise two gain-of-function
the function of normal human keratinocytes [1, 2]. However, (GOF) mutations acquired via spontaneous immortalization
stratification program and differentiation marker expression are  (H179Y and R282Q) [4]. MutTP53 exerts significant effects on
abnormal in the HaCaT line keratinocytes [3]. the increase in proliferation rate and cell growth in the HaCaT
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cell line and has more than 7000 DNA binding sites. Furthermore,
protein functions associated with apoptosis triggering are preserved
[B]. It is known that mutant p53 functions in at least two ways: it
affects the function of p63/p73 inhibiting their binding to DNA [6]
or binds to new DNA sites via interaction with other transcription
factors (NF-Y, E2F1, NF-KB, VDR, p63) [7, 8].

Among fundamental physiological characteristics of the
HaCaT cells, the most interesting are as follows: proliferation,
migration, stratification, and creation of three-dimensional
organotypic structures.

We have shown previously that alterations in mutp53 activity
inthe HaCaT cells result in the altered expression of differentiation
markers (such as caspase 14, involucrin and transglutaminase 1)
and are associated with altered expression of p63 [9].

Understanding the features of the HaCaT cell physiology
and underlying mechanisms is essential for assessment of
limitations associated with using such cells as model ones.
Moreover, studying cells containing mutTP53 makes it possible
to obtain new data for carcinogenesis studies [10, 11].

The study was aimed to assess the features of alterations
in migration capabilities of the mutTP53 knockout HaCaT cells.

METHODS
Cell lines and culture conditions

The HaCaT cell line was acquired from the cell culture collection
of the German Cancer Research Center (DKFZ, Heidelberg;
Germany). The cell culture of the mutTP53 knockout (dp53)
HaCaT keratinocytes was obtained earlier [13]. The cells were
cultured at 37 °C with 5% CO, in the DMEM/F12 medium
(1:1, Gibco; USA) supplemented with 1% GlutaMAX (Thermo
Fisher Scientific; USA), penicillin/streptomycin solution with
a concentration of 100 U/mL and 100 pg/mL, respectively
(Gibco; USA), and 10% fetal bovine serum (Dia-M; Russia).

The cell culture of normal human keratinocytes (NHK, pool of
five donors) was acquired from Perspektiva SPA LLC (Novosibirsk,
Russia). The cells were cultured at 37 oC with 5% CO2 in the
Keratinocyte SFM medium (Gibco; USA) containing 1% GlutaMAX
(Gibco; USA), 1% antibiotic/antifungal (Gibco; USA), 50 pg/mL of
BPE (Gibco; USA), 10 ng/mL of EGF (Gibco; USA).

The cells were grown in culture flasks with a surface area of
25 cm? or in Petri dishes with a diameter of 60 mm (Corning;
USA). The medium was replaced with the fresh one every other day.

Cell cycle analysis

The cell cycle was assessed based on the Edu incorporation
(Click-T Plus EdU Alexa Fluor 488; ThermoFisher, USA) and the
amount of DNA estimated by staining with Propidium lodide (PI)
(Sigma; USA). The cells were seeded into wells of the six-well
plate and grown before reaching 50% confluency. Then Edu
was added, and the cells were stained in accordance with the
manufactirer's guidelines. After that the cells were incubated
with RNase solution (100 pg/mL) and PI (1 pg/mL) for 30 min.
Detection was performed using the ZE5 flow cytometer (Bio-Rad;
USA) and the Everest 2.4.0.1365 software (Bio-Rad; USA).

The strongly positive Edu staining was typical for cells in S
phase. The strongly positive Pl staining was typical for cells with the
doubled DNA content being through the G2/M phase of cell cycle.

Comparison of cell proliferation rates

The cell proliferation rates of the wild type (WT) HaCaT cells
and mutTP53 knockout (dp53) cells were compared using
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CytoTrace Red CMTPX (AAT Bioquest; USA). The cells were
seeded into wells of the six-well plate and grown before
reaching 50% confluency. Then the cells were stained with
CellTracer (according to the manufacturer's guidelines) and
cultured for 24 h. Detection was performed using the ZE5 flow
cytometer (Bio-Rad; USA) and the Everest 2.4.0.1365 software
(Bio-Rad; USA). The decrease in fluorscence intensity (dilution
of the label) reflects the number of cell divisions.

Scratch test: assessment of the cell monolayer
defect closure rate

To perfrom the scratch test, 50,000 of the wild type (WT)
HaCaT cells, mutTP53 knockout (dp53) HaCaT cells or normal
human keratinocytes (NHK) were added to the wells of the
24-well plate and pre-incubated in the complete culture medium
at 37 °C with 5% CO, until the monolayer was formed in the
well. Then standardized damage to the monolayer was caused
using the plastic scraper, the cells were washed with the DPBS
solution and grown in the complete culture medium for three
days. Each well was photohraphed along the entire length of
the scratch every day. The images were processed using the
skimage library [12]. The area not occupied by cells (defect
area) was calculated 0, 24, 48, and 72 h after scratching, and
the ratio compared to the baseline defect area (relative defect
area) was defined. The experiment was run in triplicate.

Proteomics data

The analysis of the earlier acquired proteomics data [13]
deposited in the ProteomeXchange Consortium (available
from http://proteomecentral.proteomexchange.org/cgi/
GetDataset?ID=PXD030700) was carried out using the
MaxQuant software (v1.6.3.4). Three biological replicates per
line (wild type HaCaT cells or mutTP53 knockout HaCaT cells)
were analyzed in three technical replicates.

Estimation of gene expression

RNA was extracted using the RNeasy Kit (QIAGEN; USA) in
accordance with the manufacturer's protocol. The amount
of RNA obtained was measured with the NanoDrop 2000c
spectrophotometer (Thermo Scientific; USA). The reaction of
reverse transcription was carried out using the MMLV RT kit
(Evrogen; Russia) according to the standard protocol by adding
1 pg of RNA at a time to the reaction. gPCR was performed uding
gPCRmix-HS SYBR+LowROX (Evrogen; Russia). The reaction was
repeated three times for every gene and sample. GAPDH was used
as a reference gene. The primers used are provided in Table 1.

Generation of multilayered skin equivalent

To generate the organotypic model, wild type (WT) HaCaT cells,
mutTP53 knockout HaCaT cells or normal human keratinocytes
(NHK) were grown in the Millipore PIHPO1250 polycarbonate
cell culture inserts with the pore size of 0.4 pm used in a 24-well
plate. The membrane inserts were placed in the plate wells,
after that 700,000 HaCaT cells (wild type or mutTP53 knockout
cells) were added to the apical compartment and 700 pL of
the Submerse medium (EpiLife (Gibco; USA) containing 1%
GlutaMAX (Gibco; USA), 1% antibiotic-antimycotic (Gibco;
USA), 1% HKGS (Gibco; USA), 10 ng/mL of EGF (Gibco;
USA), and 1.5 mmol of CaCl, (Sigma; USA)) were added to the
basolateral compartment. The cells were incubated for 24 h (37 °C,
5% CO,) to ensure cell attachment and proliferation activation.
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Table 1. Primers used during the study

Gene Primer sequences
GAPDH Forward 5-TCGACAGTCAGCCGCATCTTCTTT-3'
Reverse 5-ACCAAATCCGTTGACTCCGACCTT-3
LAMB3 Forward 5-TGGCTGAAGATGAGACCATTC-3’;
Reverse 5-GGTAGATGAAGCTCGGAGAAAC-3
LAMC2 Forward 5 -TGGATGAGTTCAAGCGTACAC-3;
Reverse 5-C AGCAAGATTGGCACGG-3

After 24 h the medium was completely removed from the apical
compartment, while in the basolateral compartment it was
replaced with 450 pL of the growth medium at the interface of
phases (ALI-medium: Submerse + 10 ng/mL of KGF (Gibco;
USA) and 1 mmol of L-ascorbic acid (Sigma; USA)). The cells
were grown for 10 days, and the growth medium was replaced
by fresh medium every day.

Immunofluorescence staining

The cell models obtained were fixed in 4% formalin and
processed by standard histology methods: dehydrated in
the series of alcohols with the increasing concentrations,
embedded in paraffin blocks, and sliced using microtome.

To perform immunofluorescence staining, the cells were
incubated with primary antibodies against KRT5 (ab52635;
Abcam, USA), CK10 (ab9025; Abcam, USA) and Alexa Fluor
488-conjugated (ab150105; Abcam, USA) or Texas Red-
conjugated (ab6793; Abcam, USA) secondary antibodies. Al
the specimens were stained simultaneously using the same
reagent kit (dilutions of antibodies and buffers).

Estimation of electrical resistance

Transepithelial electrical resistance (TEER) of the skin models
generated using cells of various types was defined with the EVOM
voltmeter (World Precision Instruments, Inc.; USA). For that growth
medium in the basal compartment was replaced with 0.9% NaCl
and 300 pL of 0.9% NaCl were added to the apical compartment
of the membrane insert. After that electrodes were placed in the
apical and basolateral compartments of the membrane insert,
and electrical resistance (TEER) of the membrane insert with the
cultured cells (skin equivalent) was measured.

Data analysis

The results obtained were processed using R programming
language for statistical analysis [14]. The intergroup differences
between the studied parameter values were defined using

A

the t-test with the Benjamini-Hochberg procedure for multiple
testing correction. The differences were considered significant
at p < 0.05. The data are presented as M + m.

RESULTS

Assessment of the actively proliferating cells based on the
Edu (analogue of Brdu) incoporation in DNA showed that the
wild type HaCaT proliferated more actively than the mutTP53
knockout cells. In S phase there were 45.6 + 3.2% wild type cells
(HaCaT WT) on average, while the average number of mutTP53
knockout cells (HaCaT dp53) was 34.1 + 2.9% (Fig. 1). These
data were also confirmed by the results of the CellTracer label
dilution assay performed after 24 h of cell growth.

The scratch test showed that the defect closure rates of
the NHK and WT HaCaT cell lines were almost equal. On day
three there were 54% + 9% and 66% + 5% of the baseline
defect areas for NHK and WT HaCaT, respectively. At the same
time the mutTP53 knockout HaCaT cells showed a significant
increase in the defect closure rate: on day three there were
12% + 3% (p < 0.05 compared to the corresponding group of
WT HaCaT) of the baseline defect area (Fig. 2A, B).

A comparative panoramic proteome study of the wild type
and mutp53 knockout HaCaT cells was previously conducted
[13]. When performing data analysis a total of 2080 proteins were
identified based on two or more peptides (potential contaminants,
proteins identified based on one site, and false-positives were
excluded). Among the proteins identified, 27 proteins showed
differences in expression between the assessed lines (FDR < 0.05).
Alterations in expression of LAMC2 and LAMBS proteins were
the most interesting: the expression was significantly higher in the
mutTP53 knockout cells (4.95 and 4.58 times higher, respectively).

The data of proteomics study focused on LAMC2 were
confirmed by real-time PCR (Fig. 2): the LAMC2 expression
was significantly higher in the mutTP53 knockout cells (9.96 + 1.92,
p < 0.05). However, there were no significant differences in the
LAMB3 expression between the lines assessed.

When growing 3D cultures, all three lines formed multilayered
skin equivalents (Fig. 3A). However, only normal human
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Fig. 1. Proliferative activity of HaCaT cells. A. Distribution of wild type (WT) HaCaT cells and mutTP53 knockout (dp53) HaCaT cells by cell cycle phases. B. Proliferative

activity of wild type (WT) HaCaT cells and mutTP53 knockout (dp53) HaCaT cells
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Fig. 2. Scratch test. Rates of monolayer defect closure by various cell lines: normal keratinocytes (NHK), wild type (WT) HaCaT cells, and mutTP53 knockout (dp53)
HaCaT cells. A. Light microscopy; magnification x40; day O (immediately after injury) and day 3 after scratching. B. Generalized chart of the relative defect area observed
ondays 1, 2, 3 after scratching. C. Relative expression of genes LAMB3, LAMC2. * — significant differences compared to wild type HaCaT (p < 0.05); # — significant

differences compared to NHK on the corresponding day (p < 0.05)

keratinocytes (NHK) showed stratification typical for normal
human epidermal cells and formed the stratum corneum.

The well-defined stratum corneum was observed in the
organotypic model of epidermis formed by normal human
keratinocytes (NHK).

There were no clear cell stratification and stratum corneum
formation in the organotypic models of epidermis formed by the
wild type (WT) HaCaT keratinocytes and mutTP53 knockout
HaCaT cells. KRT5 expression was observed in all layers, and
the expression levels were comparable (Fig. 3A).

When measuring transepithelial electrical resistance (TEER)
in the organotypic model of epidermis formed by normal
keratinocytes, electrical resistance increased throughout the
observation period.

Organotypic models of epidermis formed by various cell
types were different in terms of both maximum transepithelial
electrical resistance values and the dynamic changes in
transepithelial electrical resistance observed within five days
(Fig. 3B).

The highest transepithelial electrical resistance (TEER)
value was found in the model of epidermis formed by normal
keratinocytes (NHK): 5712 + 146 ohm-cm?. In the models formed
by the wild type HaCaT keratinocytes and mutTP53 knockout

BECTHVIK PIMY | 6, 2022 | VESTNIKRGMU.RU

HaCaT cells, the TEER values were almost five times lower:
964 + 82 and 1088 + 91, respectively (o < 0.05 compared to NHK).

Transepithelial electrical resistance increased faster
between days two and four with subsequent getting to plateau
in the organotypic model of epidermis formed by normal
human keratinocytes. The values of this parameter in the model
of epidermis formed by the wild type HaCaT keratinocytes and
mutTP53 HaCaT cells were lower compared to the model
formed by NHK and got to plateau by day two.

The increase in transepithelial potential is associated with
the formation of intercellular contacts and stratification of
epithelium followed by the stratum corneum formation [15]
that is observed in the model of epidermis formed by normal
keratinocytes and is absent in the models formed by HaCaT
keratinocytes, regardless of the mutTP53 knockout (Fig. 3A).

DISCUSSION

It is known that mutant p53 in the HaCaT cells is associated
with the increased cell growth and proliferation rates, which
has been confirmed experimentally in the previously reported
studies [5]. Itis also associated with the cells' inability to normally
differentiate and form the full-fledged stratum corneum.
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Fig. 3. Multilayered skin equivalent formation by keratinocytes of different lines: normal keratinocytes (NHK), wild type (WT) HaCaT cells, and mutTP53 knockout (dp53)
HaCaT cells. A. Immunofluorescence microscopy. Stain: nuclei (DAPI) — blue, KRT5 — red; magnification x400. B. Transepithelial electrical resistance (TEER) values

According to the comparative proteomics study of primary
human keratinocytes and HaCaT keratinocytes, one of the most
noticeable differences is the expression of laminin-5 subunits, the
a3, 83, and y2 chains (LAMA3, LAMB3, LAMC?2), that is significantly
decreased in the HaCaT cells [16]. When discussing the findings,
the authors of the above paper assume that this feature determines
the abberrant nature of the HaCaT cells' differentiation program.

Laminins, being the main component of extracellular matrix,
play an important role in cell adhesion, differentiation, and
signal transmission [17]. The laminin-5 complex is essential for
stabilization of dermoepidermal junction via binding to integrins
a3B1, abB4 and type VII collagen. Laminin-5 also plays a vital
role in cell migration. It has been shown that downregulation of
the gene encoding laminin-5 in keratinocytes results in reduced
keratinocyte adhesion and impaired epidermal regeneration
[18]. However, the increased expression of LAMB3 and LAMC2
subunits is often associated with cancer. As a result, tumor cells
are characterized by higher migration rate and invasiveness [19].

Our findings show that mutTP53 knockout in the HaCaT
cells does result in the increased expression of LAMB3 and
LAMGC2 (the data of cell proteomics study). However, it is worth
mentioning that the scratch test has revealed no significant
differences in the defect closure rates between normal
keratinocytes and the wild type HaCaT cells on day three
after scratching, while the defect closure rate of the mutTP53
knockout cells is significantly higher. High defect closure rate
shown by the mutTP53 knockout HaCaT cells in the scratch
test should be associated with the cells' migration activity,

but not with their proliferation rate, since in these cells it is
significanly lower than in the wild type HaCaT cells.

Apparently, mutations in TP53 have no significant effect on
the gene's ability to regulate migration, while gene inactivation
(knockout) results in the significantly increased cells' ability to
migrate, including compared to normal human keratinocytes.
As a result, the mutTP53 knockout HaCaT cells acquire the
features of cells with pro-carcinogenic phenotype.

It should be also noted that the elevated expression of
laminin-5 resulting from the mutTP53 knockout has shown no
effect on the HaCaT keratinocytes' ability to form the full-fledged
stratified epithelium in the organotypic model of epidermis. This
is manifested in the lack of the stratum corneum formation and
low transepithelial electrical resistance (TEER) comparable to
that of the wild type cells.

Thus, our findings confirm the regulatory role of mutant p53
in the HaCaT cells in terms of laminin-5 expression, but make
it impossible to associate low expression levels with abberrant
differentiation program in these cells.

CONCLUSIONS

Mutant TP53 in the HaCaT cells is a negative regulator of
laminin-5 expression. The mutTP53 gene knockout results
in the increased HaCaT cells' migration activity, but does not
promote normalization of differentiation program. The data
obtained supplement the information about the functional
features of mutant TP53 in the HaCaT cells.
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PECULIARITIES OF AMINO ACID PROFILE IN MONOCYTES IN BREAST CANCER
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Monocytes are large circulating white blood cells that are the main precursors of tissue macrophages as well as tumor-associated macrophages in the adult bodly.
Different types of monocytes have multidirectional effects on the growth and metastatic spread of cancer cells, both activating and inhibiting these processes. Tumor
progression is associated with the triggering of a whole cascade of inflammatory and immune reactions. These pathological processes are associated with changes in
the amino acid content of monocytes, which can lead to disruption of their function, in particular their migration, division and maturation. The aim of the work was to
profile the amino acids of monocytes, followed by a study of the amino acid composition of monocytes from patients with breast cancer using liquid chromatography
with mass spectrometric detection. Significant differences in metabolite levels in monocytes of breast cancer patients and monocytes of healthy donors were found for
glycine (p-value = 0.0127), asparagine (p-value = 0.0197), proline (p-value = 0.0159), methionine (p-value = 0.0357), tryptophan (p-value = 0.0028), tyrosine (p-value =
0.0127). In the study, we identified biological networks that could potentially be involved in altering the phenotype of monocytes affected by breast cancer (BC), using
bicinformatic analysis of metabolic pathways involving the discovered amino acids. Mathematical models based on amino acid combinations with 100% sensitivity
and specificity have been developed. Features of immune system cell metabolism in BC have been identified and potential diagnostic biomarkers have been proposed.
Keywords: monocytes, breast cancer, metabolomics, amino acids, mass spectrometry
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OCOBEHHOCTU NMPO®UNA AMUHOKUCNOT B MOHOLIUTAX MNP PAKE MOJTIOYHOW XKEJIE3bI
A. B. Hoocenoga'®=, M. H. fOwwHa', M. P. MaTtbitwesa®?, E. A. MpocTakuiumHa®®, O. [. BparuHa?, E. tO. Mapbykos?, tO. I KxbliLLKoBCcKa®* 56

T HaupmoHanbHbIM MeguUMHCKNIA NCCNeaoBaTeNbCKNI LIEHTP akyLlepcTsa, MHeKonorm 1 nepuHatonorim nvenn B. V. Kynakosa, Mocksa, Poccuist

2 Hay4Ho-1cecneaoBatenbCkuii UHCTUTYT OHKOMOM M, TOMCKMIA HaLMOHabHbIA MCCNEaoBaTeNbCKUn MeaUUMHCKNIA LEeHTP, ToMmck, Poccust

8 HaupoHanbHbIl 1ccnenoBaTenbCKmin TOMCKIMIA rocyAapCTBEHHbI yHUBEPCUTET, ToMcK, Poccus

4 CnbMpCKNIA rocyaapCTBEHHbIN MeaVLIMHCKWIA yHMBEpPCUTET, TOMCK, Poccust

5 IHCTUTYT TpaHcdy3voHHOM MeayLmHb! 1 MMyHOnorin, MeauumHekmin dhakynsteT MaHHreinm, YHreepcuteT lennensbepra, lernensbepr, lfepmanis

6 lepmaHckuin KpacHblin kpecT Cnyxkba kposn bapeH-Brloptembepr — lecceH, Marreim, lepmaqms

MoHOLMTBI — KpyMHble LIMPKYAVPYIOLLME B KDOBU NENKOLMTBI, KOTOPblE BO B3POCIOM OpraHv3me SBASOTCS OCHOBHBIMU MPEALLECTBEHHNKAMN TKaHeBbIX
Makpodaros, a Takxe Oryxose-acCcoUmMMpoBaHHbIX MakpoaroB. PaznnyHble TUnbl MOHOLIMTOB MMEKOT pas3HoHanpaBneHHoe AeNCTBIE B OTHOLLEHMN pocTa
N METaCTaTUHECKOrO PacrpOCTPaHEHMSI PAKOBbIX KNETOK, Kak aKTUBMPYIOT, Tak U NOAABNSIOT AaHHble npouecchl. Onyxonesast NpOorpeccust Cea3aHa ¢ 3aryckoM
Lienoro Kackaaa BoCnanuTenbHbIX 1 UMMYyHHbIX peakLnii. [aHHble NaTonornyeckme NpoLecchl aCCOLMMPOBaHbI C U3MEHEHNEM COAEPaHWsi aMMHOKCIIOT B COCTaBe
MOHOLMTOB, YTO MOXET MPUBECTU K HAPYLLEHIO X (hYHKLM, B HACTHOCTI MUrpaLnn, AeneHrs n codpesanns. Liensto paboTtsl 6610 NpoduampoBaTs aMUHOKMCIOTbI
MOHOLTOB C MOCHEAYIOLLIM N3yHeHNEM OCOBEHHOCTEN aMYHOKMCIIOTHOMO COCTaBa MOHOLIMTOB MaLMEHTOB C PakoM MOSIOYHOM >Xenesbl MY NOMOLLY XKMOKOCTHOM
Xpomarorpam C Macc-CrneKTPOMETPUHECKOM AeTekumen. CTaTUCTUHECKV 3HAYMMbIE PA3IN4IS YPOBHEN METAOOMTOB B MOHOLTaX MaLWIEHTOB C PaKOM MOSIOHHO
»Kenesbl U MOHOLMTOB 3[10POBbIX JOHOPOB 06HAPY»XeHbl AN muumHa (p-value = 0,0127), acnaparuHa (p-value = 0,0197), nponuHa (p-value = 0,0159), MeT1oHMHa
(p-value = 0,0357), TpunTochaHa (p-value = 0,0028), TposuHa (p-value = 0,0127). B pesynisrate 61omMHHopMaTUHECKOro aHanm3a MeTaboIMHECKIIX NyTei ¢ y4acTuem
3a/e/ICTBOBaHHbIX aMUHOKMCOT Bblin OnpeaeneHbl BoNorMyYeckme CeTH, KOTOPble MOTEHLMAbHO MOTYT BOBMEKATECH B M3MEHeHWe (heHoTVNa MOHOLIMTOB
nop sosaericternem PMXK. PagpaboTaHbl MaTemMaTnyeckme MoAenv, MOCTPOEHHbIE HA KOMOUHALMM aMUHOKMCNOT, obnagaiowine 100% HyBCTBUTENBHOCTLIO U
cneumdUYHOCTBIO. BbisiBNeHsl 0COOGEHHOCTV MeTaboNM3Ma KIIETOK MMMYHHOW crcTembl Mo PMK 1 npeanosxeHs! NoTeHLmanbHble AnarHOCTUHeCKe BoMapKepbl.

KntoueBble cnoBa: MOHOLMTBI, Pak MOIOYHOW >Kenesbl, MeTaboNoMIKa, aMUHOKMCIOTbI, MaCC-CNEKTPOMETPYA

®duHaHCMpOBaHMe: NCCnefoBaHve BbINOMHEHO Npy hHaHCOBOM nopaepxke Poccurickon ®epepauymn B nyLe MyHUCTEPCTBA HayKM 1 BbiCLLEro obpa3oBaHns
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Monocytes in the adult body are a dynamic population of the
main cells of innate immunity, which are permanently formed
from precursors in the bone marrow and circulate in the
bloodstream for 3 to 6 days. Monocytes in the adult organism
serve as major precursors of tissue macrophages, major
sensors of innate immunity for exogenous and endogenous
pathological factors from the blood, and key precursors of
tumor-associated macrophages [1-5]. Representing a pool
of effector cells of innate immunity with pattern-recognizing
receptors, they can act as regulators of tumor growth. Different
types of monocytes have mixed effects on the growth and
metastatic spread of cancer cells, they both activate and inhibit
these processes. Tumor progression is associated with the
triggering of a whole cascade of inflammatory and immune
reactions. These pathological processes are associated with
changes in the amino acid content of monocytes, which can
lead to impaired monocyte function [6-8].

Monocytes are precursors of tumor-associated
macrophages (TAMs) and dendritic cells, which form the tumor
microenvironment [9]. At the site of inflammation, they perform the
function of phagocytosis and the production of pro-inflammatory
cytokines. In a pro-inflammatory microenvironment, they
differentiate into inflammatory macrophages and inflammatory
dendritic cells, which subsequently migrate to lymph nodes and
activate CD4+ and CD8* T-lymphocytes. Activated immune cells
are subsequently involved in metabolic pathways associated
with cancer cell progression [10-13]. This commonality of
metabolic processes creates a fundamental competition for the
nutrient substrates required by both cancer and immune cells in
the tumor microenvironment.

The development of analytical techniques, primarily liquid
chromatography with mass spectrometric detection (LC-MS),
has led to the formation of metabolomics [14-16], which
is actively used to identify the metabolic features of cancer
processes, to clarify the mechanisms of pathogenesis and
search for new drug targets [14, 17]. To date, the study of the
amino acid profile deserves special attention. Changes in amino
acid levels may be important for the formation of a proper
immune response [13, 18-20] and may lead to disruption of
immune cell migration, division and maturation. Amino acids are
involved in the control of a number of pathways that regulate
immune cell responses, including mTOR signaling and NO
production [19, 21]. Competition for metabolites and signaling
interaction between host immune cells and pathogens can affect
the development of disease, including tumor genesis [18].

Breast cancer (BC) remains the leading malignant neoplasm
in women by prevalence [22]. This is the first type of cancer, for
which the role of immune cells in tumor growth maintenance
was demonstrated in experiments on animals [23]. Further

Table 1. Composition of mobile phase for LC-MS analysis of amino acids
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studies allowed to accumulate information on mutual influence
of cancer cells and immune system cells [7, 9, 17, 24-29].

The study of monocyte heterogeneity and its role at different
stages of cancer process progression is crucial to investigate
the ability of cancer cells to obstruct immunological surveillance
and hide from the aggression of immunocompetent cells. Work
in this direction will make it possible in the future to identify new
biomarkers of the cancer process and develop personalized
cancer immunotherapy pathways [30].

The aim of this work was to determine the amino acid profile
of monocytes isolated from the blood of BC patients.

METHODS

The study group included 13 patients aged 36-69 years
with stage lIA-IIIA T1-2NO-1MO breast cancer. All patients
had Her2+ molecular tumor subtype (Ki-67 score of at least
30%). The control group included 10 healthy volunteers aged
50-67 years. Inclusion criteria for the control group: no acute
chronic diseases, no history of cancer, no history of allergies or
autoimmune diseases, signed informed consent to participate
in the study.

The object of the study was peripheral venous blood taken
on an empty stomach in test tubes with KBEDTA. Researchers
obtained mononuclear cell fraction from blood by enrichment
on a Ficoll density gradient (1.077 g/cm?). CD14* monocytes
were isolated from the obtained mononuclear cell fraction
according to the Myltenyi Biotec positive magnetic separation
protocol using a MidiMACS magnetic separator (Myltenyi
Biotec; Germany). The purity of the obtained fraction was
determined by flow cytometry on a Cytoflex (Beckman Coulter;
USA) and was more than 92% CD14+ cells. Cell counts were
based on flow cytometry data. Researchers separated an
aliquot containing 4-5 million monocytes and washed it 3 times
by centrifugation at 311 g for 5 min with cold 0.3% ammonium
acetate. The resulting cell precipitate was dried in a nitrogen
atmosphere and stored at —80 °C until extraction for not more
than 6 months.

Sample preparation for LC-MS analysis

The study used acetonitrile, methanol, butanol, and chloroform
(purification grades for liquid chromatography) purchased from
Merck (Darmstadt; Germany), and a 37% aqueous hydrochloric
acid solution (Acros Organics; USA). Deionized water was
prepared using the Milli-Q Reference Water Purification System
(Molesem; France).

We prepared samples according to the following procedure:
add 480 pL of chloroform/methanol (2:1 vol./vol.) solution

Time, minutes %A %B
0 95 5
0.1 95 5
0.2 75 25
5 70 30
15 45 55
20 30 70
20.5 5 95
25 5 95
255 95 5
40 95 5
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Table 2. Transition parameters for mass spectrometric detection of amino acids

Amino acid lon precursor, m/z lon product, m/z Accelel}?‘;i;gcg(;tee”rjtifl of the Collision energy, V
Methylhistidine 226.2 42.2 122 72
Amino butyric acid 160.1 143.1 83 4
5-Hydroxylysine 219.2 128.0 83 12
Alanine 146.1 39.2 83 20
Arginine 231.18 1721 83 12
Asparagine 189.1 1441 83 8
Aspartic acid 246.2 1441 83
Citrulline 232.2 215.1 83
Cystine 353.16 130.1 122 20
Glutamic_acid 260.19 186.1 83
Glutamine 203.1 186.1 83
Glycine 1321 76.2 44 4
Histidine 212.14 110.1 83 12
Leucine 188.17 30.3 83 20
Lysine 203.2 186.2 83 4
Methionine 206.1 104.1 83 8
Ornithine 189.2 172.2 83 8
Phenylalanine 2221 103.1 83 40
Proline 1721 116.1 83 12
Sarcosine 146.1 44.3 83 12
Serine 162.12 106.1 83 8
Threonine 176.13 158.1 83 4
Trans-4-hydroxyproline 188.1 86.2 83 12
Tryptophan 261.16 2441 83 4
Tyrosine 238.1 136.1 83 12
Valine 174.15 72.2 83 12

to the monocyte sample; sonicate the sample for 10 min at
room temperature, add 150 pL of water, stir sample for 5 min;
centrifuge the resulting solution at 13,000 g for 5 min at room
temperature; sample 150 pL of the upper agueous-methanol
layer; dry it in a nitrogen flow for 30 min at 60 °C; add 200 pL
of hydrochloric acid solution in butanol (0.1 mol/L); stir it for
3 minutes; centrifuge it at 13,000 g for 15 s at room temperature;
then incubate at 60 °C for 15 min for the derivatization reaction;
centrifuge at 13,000 g for 15 s at room temperature; dry it in a
nitrogen flow for 30 min at 60 °C; stir for 5 min; centrifuge at
13,000 g for 15 s at room temperature; transfer 200 pL of the
resulting sample to a vial with an insert for further analysis.

LC-MS analysis and data processing

We analyzed the samples by high-performance liquid
chromatography using a 1260 Infinity Il chromatograph
(Agilent; USA) with detection by a 6460 Triple Quad mass
spectrometer (Agilent; USA). Samples were separated by liquid
chromatography using an Agilent Zorbax Eclipse XDB-C18
2.1 x 100 mm column with a sorbent diameter of 1.8 pm
(Agilent; USA).

For the analysis of amino acids, we injected 3 pL of the
sample and as the mobile phase, we used two eluents, fed at a
flow rate of 150 pL/min and maintained a column temperature

0.15
$ Group
T o010 E3 Normal
= B BC
g
©
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3
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Fig. 1. Box plot of amino acids whose levels in monocytes differ significantly between the 'normal' and BC groups. The box boundaries are the first and third quartiles,
the line in the middle of the box is the median; the error bars are the difference of the first quartile and the interquartile range, the sum of the third quartile and the

interquartile range
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Table 3. Metabolic pathways involving amino acids with significant differences in levels in monocytes from "normal" patients and breast cancer using the KEGG

database
. Total number of metabolites Number of metabolites that Impact on the
Metabolic pathway involved matched the experimental data P -Log (A pathway
Biosynthesis of phenylalanine, tyrosine 4 1 0.015 1812 05
and tryptophan
Glycme,_senne and threonine 33 1 0.121 0.916 0.246
metabolism
Tryptophan metabolism 41 1 0.149 0.827 0.143
Tyrosine metabolism 42 1 0.152 0.818 0.14
Glyoxylgte and dicarboxylate 32 1 0.118 0.929 0.106
metabolism
Cysteine and methionine metabolism 33 1 0.121 0.916 0.104
Glutathione metabolism 28 1 0.104 0.984 0.089
Arginine and Proline Metabolism 38 1 0.139 0.858 0.078
Primary bile acid 46 1 0.166 0.781 0.008
biosynthesis

at 20 °C. Eluent A was 10 mM ammonium acetate solution in
water, eluent B was acetonitrile. We changed the composition
of the mobile phase during the analysis according to Table 1.

Transitions between precursor ions and product ions for the
analyzed amino acids are shown in Table 2. Parameters of the
ion source were as follows: drying gas temperature — 150 °C,
drying gas flow rate — 10 L/min, spray gas pressure — 2.76 bar,
curtain gas temperature — 400 °C, curtain gas flow rate —
10 L/min, capillary voltage — 2000 V.

We determined metabolite levels using QuantAnalysis software
(Agilent; USA).

Statistical analysis of the data

All data were analyzed in the R software environment
(http://www.r-project.org/, versions R 4.1.1, 4.1.2). For
initial processing of data tables we used the packages tidyverse
(version 1.3.1) and readx! (1.3.1). The results were visualized
using ggplot2 (version 3.3.5) and ggforestplot (version 0.1.0).
Amino acid levels were compared using the nonparametric
Wilcoxon-Mann-Whitney test. Medians (Me) and quartiles
Q, and Q, were used to describe quantitative data. The value
of the threshold level of significance p was taken to be 0.05.
The team of researchers developed logistic regression
models to assess the possibility of classifying patients into
groups on the basis of the parameters under study. Levels
of individual amino acids were considered as independent
variables in the models. The dependent variable was whether
the sample belonged to the 'normal' or BC group. Of all the
models developed, we selected the four with the highest area
under the ROC curve (AUC). The quality of the models developed
was assessed by plotting the ROC curve, determining the area
under the ROC curve, and calculating sensitivity and specificity.

If amino acid levels differed in monocytes from those
in BC patients, we analyzed the involvement in metabolic
pathways using the MetaboAnalyst 5.0 resource (https://www.
metaboanalyst.ca/home.xhtml)

RESULTS

Semi-quantitative data on the content of 26 amino acids in
monocytes of healthy donors and in monocytes of BC patients
were obtained in the analysis. The list of amino acids included
methyl-histidine, aminobutyric acid, 5-hydroxylysine, alanine,
arginine, asparagine, aspartic acid, citrulline, cystine, glutamic
acid, glutamine, glycine, histidine, leucine, lysine, methionine,
ornithine, phenylalanine, proline, sarcosine, serine, threonine,
trans-4-hydroxy-proline, tryptophan, tyrosine, valine. We
obtained amino acid profile by dividing the chromatographic
peak area of each amino acid by the total peak area of all amino
acids in the corresponding sample. To search for differences in
amino acid profiles in monocytes obtained from "normal" and
BC patients, we compared the data obtained by LC-MS using
the Wilcoxon-Mann-Whitney method. Significant differences
in metabolite levels were found for glycine (p-value = 0.0127),
asparagine (p-value = 0.0197), proline (p-value = 0.0159),
methionine (p-value = 0.0357), tryptophan (p-value = 0.0028),
tyrosine (p-value = 0.0127) (Fig. 1).

Where the levels of amino acids differed significantly between
monocytes of the "normal" and BC groups, we carried out a
bioinformatic analysis of metabolic pathways involving these
acids. The analysis was performed using the MetaboAnalyst
resource. As a result, biological networks have been identified
that could potentially be involved in altering the phenotype of
monocytes under the influence of BC. As we analyzed the data
presented in the KEGG database and SMPDB (Tables 3, 4), we

Table 4. Metabolic pathways involving amino acids with significant differences in levels in monocytes from "normal" patients and breast cancer using the SMPDB

database
. Total number of metabolites Number of metabolites that matched Impact on the
Metabolic pathway involved the experimental data P ~Log (A pathway

Aspartate metabolism 34 1 0.158 0.802 0.25
Phenylal_anlne and tyrosine o5 1 0.118 0.928 0.221
metabolism

Glutathione metabolism 19 1 0.091 1.042 0.061
Glycine and serine metabolism 50 2 0.022 1.66 0.048
Ammonia recycling 25 2 0.006 2.249 0.033
Methionine metabolism 39 1 0.179 0.747 0.009
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Fig. 2. Result of an analysis of the metabolic pathways involving amino acids with significant differences in levels in monocytes from patients in the "normal" group
and from those in the BC group. A. Analysis using the KEGG database: 1 — phenylalanine, tyrosine and tryptophan biosynthesis; 2 — glycine, serine and threonine
metabolism; 3 — tryptophan metabolism; 4 — tyrosine metabolism; 5 — glyoxylate and dicarboxylate metabolism; 6 — cysteine and methionine metabolism; 7 —
glutathione metabolism; 8 — arginine and proline metabolism; 9 — aminoacyl-tRNA biosynthesis. B. Analysis using the SMPDB database: 1 — aspartate metabolism;
2 — phenylalanine and tyrosine metabolism; 3 — glutathione metabolism; 4 — glycine and serine metabolism; 5 — ammonia recycling; 6 — alanine metabolism; 7 —

carnitine synthesis; 8 — methionine metabolism

were able to identify pathways ordered by levels of significance
(pathway enrichment analysis — y-axis in Fig. 2) and the values
of the influence of the metabolites in question on the pathway
(pathway topology analysis — x-axis in Fig. 2). The color of the
node corresponds to the level of significance, and the radius of
the node correlates with the amount of influence on the path.
The effect on the pathway was calculated as the sum of the
significance values of the corresponding metabolites divided
by the sum of the significance values of all metabolites in each
pathway. Metabolic pathway enrichment was assessed by Over
representation analysis (ORA) using a hypergeometric test.

To test the feasibility of diagnosing RBCs by amino acid
levels in monocytes, we developed logistic regression models
for each of the significant amino acids (Fig. 3A). We also
considered models using a combination of amino acids and
selected the four with the highest area under the operating
curve (AUC) by ROC analysis (Fig. 3B). Table 5 shows the

A
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results of the quality assessment of the single amino acid
models. Models built on a combination of amino acids had
AUC =1 and 100% sensitivity and specificity (Fig. 3B).

DISCUSSION

Of the 26 amino acids analyzed, only six amino acids had
significant differences in monocyte levels between healthy
donors and BC patients. Of these six amino acids, glycine,
tryptophan and asparagine are of particular interest because
disturbances in the metabolic pathways associated with them
are associated with tumor-induced changes [11, 13, 14, 18, 27, 31].

The availability over time of the essential amino acid
tryptophanis an important determinant of the strength and quality
of the immune response. Proliferation and activation of human
T cells were strongly inhibited in tryptophan-free media compared
to conventional nutrient media [32, 33]. Cancer cells, TAM and

1.0
0.8 -
0.6
0.4
0.2

—— Glycine, Cystine, Aspartic acid; AUC = 1

-~~~ Asparagine, Sarcosine, Methyl-histidine; AUC = 1
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Fig. 3. ROC-curves of logistic regression models with monocyte amino acid levels as the independent variable and whether the sample belongs to the 'normal' or BC
group as the dependent variable. The insets show the amino acids whose levels are taken as the independent variable, as well as the area under the operating curve
for the corresponding logistic regression model. ROC curves are plotted for each of the statistically significantly different amino acids (A) as well as a combination of

amino acids (B)
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Table 5. Characteristics of logistic regression models predicting BC according to the content of selected amino acids whose levels in monocytes differ significantly

between the "normal" group and BC

Amino acids AUC Threshold value Sensitivity Specificity Positive predictive value
Tryptophan 0.87 0.53 0.91 (0.55; 1) 0.9 (0.7; 1) 0.92 (0.77; 1)
Glycine 0.82 0.74 0.73 (0.36; 1) 1(0.6; 1) 1(0.71; 1)
Tyrosine 0.82 0.46 0.82 (0.45; 1) 0.9 (0.5; 1) 0.9 (0.67; 1)
Proline 0.81 0.57 0.82 (0.45; 1) 0.9 (0.7; 1) 0.91(0.73; 1)
Asparagine 0.8 0.45 1(0.82; 1) 0.8 (0.5; 1) 0.85 (0.69; 1)
Methionine 0.77 0.51 0.82 (0.55; 1) 0.8 (0.5; 1) 0.83(0.67; 1)

cancer-associated fibroblasts can reduce tryptophan levels
through the enzymatic activity of indoleamine-2,3-dioxygenase
(IDO) [13]. TAM, and sometimes tumor cells themselves,
increase IDO levels and create an immunosuppressive
microenvironment via at least two mechanisms: tryptophan
depletion and accumulation of tryptophan catabolites such
as kynurenine, 3-hydroxyanthranilate and quinolinate [34, 35].
Tryptophan depletion inhibits the proliferation of activated T cells,
and tryptophan-derived catabolites act as ligands for aromatic
hydrocarbon receptors [36]. Kinurenine is a suppressor of T-cell
immunity. By stimulating aromatic hydrocarbon receptors, it
directs naive T cell differentiation towards regulatory T cells and
inhibits Th17 cell differentiation [22, 37].

Biosynthesis of serine, glycine and one-carbon metabolism
are crucial for maintaining cancer cell survival and proliferation
and are of high clinical relevance. Excessive activation of serine
and glycine biosynthesis leads to oncogenesis, providing a
substrate for one-carbon metabolism. One-carbon metabolism,
which is a cyclic metabolic network based on the chemical
reaction of folic acid compounds, provides essential proteins,
nucleic acids, lipids and other biological macromolecules to
support tumor growth (31).

It was found that asparagine can affect cancer cell growth
[38], leading to the use of the bacterial enzyme L-asparaginase
to limit the availability of asparagine [14, 39]. Significant
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ROLE OF CLUSTERIN IN PREDICTING DEVELOPMENT OF EARLY- AND LATE-ONSET PREECLAMPSIA
IN THE FIRST TRIMESTER OF PREGNANCY

Timofeeva AV®, Fedorov IS, Tarasova AM, Gorina KA, Suhova YuV, Gusar VA, Ivanets TYu

Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russia

Preeclampsia (PE) occurs in 2-8% of pregnancies. It is one of the leading causes of maternal and perinatal morbidity and mortality. Today, there are no tests adopted
by the practitioners that enable accurate prediction of early (weeks 20 through 34) or late (after week 34) onset of PE when the pregnancy is in its 11th to 14th week.
This study aimed to evaluate the feasibility of using secretory clusterin quantification to predict early or late PE during the first timester of pregnancy. The choice of
this protein is determined, on the one hand, by the specificity of its expression for cytotrophoblast, syncytiotrophoblast, and extracellular trophoblast cells, and, on the
other hand, by the proven negative effect of clusterin on the invasive properties of trophoblastic cells and gestational transformations of uterine vessels, which play
a key role in the pathogenesis of PE. The study included 40 pregnant women aged 27-40 years who underwent a comprehensive screening examination in the first
trimester of pregnancy. Western blotting revealed a significant increase in the level of secretory clusterin (40 kDa) in the blood serum of pregnant women in the case
of PE compared to physiological pregnancy: in early-onset PE, a twofold increase in the level of clusterin in the vesicular and extravesicular fractions of blood serum
(p = 0.08 and p = 0.004, respectively), with late-onset PE — a threefold increase only in the extravesicular fraction of blood serum (p = 0.002). According to logistic
regression models, the level of secretory clusterin in the extravesicular fraction of blood serum of pregnant women in the first trimester has prognostic significance in
assessing the likelihood of developing early-onset PE (AUC = 0.97, Se = 1, Sp = 0.875, cutoff = 0.3877) and late-onset PE (AUC = 1, Se = 1, Sp = 1, cutoff = 0.5).
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POJIb KJTACTEPUHA B MPOrHO3MPOBAHUN PA3BUTUA PAHHEN U NO3AHEN NPESKJTAMICUN
B NEPBOM TPUMECTPE BEPEMEHHOCTU

A. B. Tumobeesa ™, 1. C. ®enopos, A. M. Tapacoea, K. A. lTopuHa, KO. B. Cyxosa, B. A. l'ycap, T. tO. VBaHel|

HaLmoHanbHbIn MEANLIMHCKIA CCNEeAoBaTENbCKUN LIEHTP akyLLIepCTBa, MMHEKONorin 1 nepyHaronornm nmenn B. M. Kynakosa, Mocksa, Poccus

Mpeaknamncua (M3) BcTpedaeTcst B 2—8% 6epeMeHHOCTEN, SIBSIETCS OAHOMN 13 BAXKHENLLNX MPUHNH MaTEPUHCKON 1 NepuHaTaibHON 3a601eBaEMOCTI 1 CMEPTHOCTU.
Ha cerogHAWHNA feHb HET MCMOMb3YEMbIX B KIIMHUYECKOM MPaKTUKE TECT-CUCTEM, MO3BOMSIOLLMX C BbICOKOW TOYHOCTBIO MPOrHosuposate Ha 11-14-i1 Hepene
6epemMeHHOCTU paHHWin AebtoT M3 (¢ 20-1 no 34-t0 Hedento) unn NosaHuin aebtoT M3 (nocne 34-i Hepenv). Llenbio nccnenoBaHns GbIN0 OLEHUTb BO3MOXHOCTM
1CMOMb30BaHNS KOMMHYECTBEHHOMO OMNpeaeneHns CEKPETOPHON (DOPMbI KacTepHa B MPOrHO3MPOBaHNM Pa3BUTUS paHHel 1 no3aHen M3 B nepBoM TpuMecTpe
6epemeHHoCTU. Bbibop AaHHOro 6enka obycnoBneH cneunr4HOCTBIO ero aKCMPEeCCUn AN KNeTok uutoTpoobnacta, CUHUMTUOTPOgobNacTa 1 BHEKNETOHYHOrO
TpochobracTa, a Takke [JoKa3aHHbIM HeraTMBHbIM BIVSIHMEM KNacTepuHa Ha MHBAa3VBHbIE CBOMCTBA TPOMOONACTHBIX KNETOK 1 reCTaLVOHHblE NPeobpa3oBaHyist
COCY[0B MaTKU, UrpatoLLMX KIloHeBYo posib B natoreHese 13, B nccneposaHve BktoudeHbl 40 6epemMeHHbIx B Bo3pacTe OT 27-40 NeT, NPpOXOAMBLUNX KOMMIEKCHOe
CKPUHMHIOBOEe 0bcnefoBaHve B NepBoM TpuMecTpe BepemeHHocTV. MeTtogom BecTepH-0noTTHra 0OHapy>»KeHO 3HaYMMOE MOBbILLEHME YPOBHSA CEKPETOPHOrO
KnactepuHa (40 k[a) B CbIBOPOTKE KPOBWN GepeMeHHbIX B Criydae passutis 19 oTHOCUTENBHO D3NONOrMHecKo 6epeMeHHOCTI: NMpKn paHHel M3 — apykpaTtHoe
yBeNMYeHe YPOBHSI KNacTepyHa B BE3VKY/ISIPHON 1 BHEBE3VKYISPHON hpakumm CbIBOPOTK Kposu (0 = 0,03 1 p = 0,004 COOTBETCTBEHHO), Mpwn nosaHen Mo —
TPEXKpATHOE YBENMYEHNE TOMBKO BO BHEBE3UKYNSPHON (hpakumn CbIBOPOTKM KpoBu (o = 0,002). CornacHo Momensm forUcCTUHECKON perpeccun ypoBeHb
CEKPETOPHOrO KracTepyHa BO BHEBE3VIKYNSIPHOW (hpaKLn ChIBOPOTKN KPOBU BEPEMEHHBIX B NMEPBOM TPUMECTPe 06M1aiaeT NPOrHOCTUHECKON 3HAYMOCTBIO MpU
OLEeHKe BepOsiTHOCTU padsuTuist paHHeit M3 (AUC = 0,97, Se = 1, Sp = 0,875, cutoff = 0,3877) 1 nosgHein M3 (AUC = 1, Se =1, Sp = 1, cutoff = 0,5).

KnioueBble cnoBa: CbiBOPOTKA NepUepnHecKon KpoBn, BE3VKyIbl, MiaueHTa, KnacTepuH, npeaknamncus, BectepH-6notTuHr, MkPHK, konndecteenHas MNLP
B peasbHOM BPeMeHN
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Preeclampsia (PE) is a multisystem complicating disease that
develops in 3 to 8% of all pregnant women [1] and causes
16-18% of all maternal deaths and 40% of fetal and neonatal
deaths [2]. International Society for the Study of Hypertension
in Pregnancy (ISSHP) defines PE as hypertension (blood
pressure above 140/90 mm Hg) developing after 20 weeks of
pregnancy, combined with proteinuria (at least 0.3 g/I per day)
or signs of acute renal failure, liver dysfunction, neurological
disorders, hemolysis or thrombocytopenia, or intrauterine
growth retardation. PE may be early and late, depending on
the time of onset of clinical symptoms (before or after the 34th
week of pregnancy, respectively) [3] [https://cr.minzdrav.gov.ru/
schema/637_1]. Early-onset PE is characterized by the most
severe course and accounts for 5-20% of all types of PE. For
the fetus, the detrimental effect associated with PE comes
from chronic hypoxia, intrauterine growth retardation (a highly
frequent consequence); the subsequent complications are
linked to prematurity and include respiratory distress syndrome,
infectious and inflammatory diseases, intraventricular
hemorrhages, cerebral palsy, cognitive retardation, autism,
psychomotor, behavioral disorders and/or learmning disabilities
4, 5].

Maternal and/or placental factors play a fundamental
role in the pathogenesis of PE, which determines the time
of onset of clinical manifestations of the condition and their
severity. Placental factors include impaired proliferation and
differentiation of trophoblast cells at the pre-implantation
stage in case the embryonic program runs with errors, and at
subsequent stages of implantation if there are inflammation-
driven changes in the decidual layer that affect interactions
between trophoblast and endometrial cells [6-8]. Impaired cell
differentiation of the extravillous trophoblast leads to insufficient
remodeling of the spiral uterine arteries: first, in the decidual
segment before the 10th week of pregnancy in the form of
reduced arterial obstruction by endovascular trophoblast cells,
which translates into damage to the placental villi by reactive
oxygen and nitrogen species [9], and then in the segments of
the myometrium from the 16th to the 18th week of pregnancy
[10]. The result of abnormal restructuring of the uterine arteries
is increased resistance of the uterine arteries, mechanical
damage to the placental villi due to increased pressure of
blood entering the intervillous space [11-14], and, as a result,
hypoxic/ischemic changes in the placental tissue due to the
impaired uteroplacental blood flow [1, 15]. Placenta suffering
ischemia releases various biological factors that damage
vascular endothelium and trigger acute multiple organ failure in
the mother. PE is linked to such changes in the level of placental
factors circulating in the blood as decreased concentrations of
pregnancy-associated plasma protein A (PAPP-A) and placental
growth factor (PIGF), as well as to the increase of formation of
soluble fms-like tyrosine kinase-1, level of vascular endothelial
growth factor A (VEGF-A), inhibin A, activin A, procoagulant
P-selectin, pro-inflammatory interleukin 2 and tumor necrosis
factor alpha, etc. [1, 16-18]. Maternal pathogenetic factors
include genetic predisposition, immunological factors, chronic
diseases in the mother (metabolic syndrome, diabetes mellitus,
chronic arterial hypertension), which can contribute to the
regulation of the placentation process, as well as aggravate
the maternal susceptibility to the factors secreted by ischemic
placental tissue, which accelerates the onset of clinical
symptoms in the mother [19].

Looking for reasons behind temporal differences in
manifestation of the clinical symptoms of PE, researchers
have compared the profiles of DNA methylome of trophoblast
cells, placental transcriptome and maternal proteome peculiar
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to early and late PE cases [20]. Other studies revealed that in
women with PE, blood serum secretome may trigger stress
of trophoblast's endoplasmic reticuum (ER), i.e., functional
overload of the protein secretion apparatus resulting from faults
in the folding of protein molecules [21]. Moreover, the degree of
activation of the misfolded proteins utilization system differs in
early and late PE cases [22, 23].

Thus, a thorough analysis of changes in the placental
secretome will allow understanding the differences in the
pathogenesis of early- and late-onset PE. In our previous study
[24], we found a decrease in the level of the secretory form
of clusterin in blood plasma of women with placenta accreta,
a pregnancy complication characterized by excessive invasion
of trophoblast cells and an increased level of angiogenic
factors, i.e., processes radically opposite to those observed
in PE. Clusterin is an intra- and extracellular chaperone. It
plays an important role in stress-induced protein homeostasis
(proteostasis); its activity depends on the degree of
glycosylation in the ER [25, 26]. Clusterin is expressed in many
tissues of a human body, including cells of cytotrophoblast,
syncytiotrophoblast, and extravillous trophoblast [27]. Clusterin
is known to inhibit the epithelial-mesenchymal transition during
phenotypic transformation of trophoblast cells, which lowers
their migration and invasion by suppressing the expression
of matrix metalloproteinase 9 and vimentin and increasing the
expression of E-cadherin [27]. Under physiological conditions,
clusterin is mainly secreted into the extracellular space after
post-translational modification in the ER and Golgi apparatus,
then it binds with misfolded proteins into aggregates that are
internalized by receptor-mediated endocytosis and then sent
to autophagosomes for degradation. When ER is under stress
(e.g., as a consequence of oxidative stress), clusterin is released
therefrom into cytosol to create aggregates with misfolded
proteins, which are transported directly to proteasomes for
degradation [28]. The pronounced expression of ER stress
markers leads to activation of signaling pathways involved in
inflammation and apoptosis, which support the accumulation
of misfolded protein molecules and exacerbate the pathological
process.

Since clusterin participates in the processes induced by
stress of the ER, which manifests vividly in PE, and because
of the specifics of clusterin expression in trophoblast cells and
it having a secretory form, we designed and conducted this
study, which aimed to evaluate the significance of secretory
clusterin found in different fractions of blood serum of women
(vesicular and extravesicular) for prediction of development of
early or late PE during the first trimester of pregnancy.

METHODS

All patients that participated in this study applied to the
V. |. Kulakov National Medical Research Center for Obstetrics,
Gynecology and Perinatology for pregnancy follow-up.

The first cohort of patients included 40 pregnant women
aged 27-40 years who underwent a set of examinations as
part of the first trimester screening routine. They formed four
groups (Table 1): 1) 10 women at low risk of developing PE
(according to the Astraia screening done in the first trimester)
whose pregnancy was normal and who gave birth to full-
term babies; 2) 9 women at high risk of developing PE whose
pregnancy was normal and who gave birth to full-term babies;
3) 10 women at high risk of developing PE, with condition
manifestations at pregnancy weeks 34-37; 4) 11 women at
high risk of developing PE, with condition manifestations at
pregnancy weeks 25-33.
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Table 1. Clinical characteristics of the first cohort patients, all groups, screened in the first trimester of pregnancy

Normal, at high risk of
developing PE, Nhr (n=9)

Late-onset preeclampsia, IPE
(n=10)

Early-onset preeclampsia,

Normal, N (n=10) ePE (n=11)

First pregnancy trimester screening

Gestational age 12.5(12.0; 13.4) 12.1 (11.2;13.1)

59.1 (50.0; 69.0)

12.2 (11.6; 12.5) 12.0 (11.2; 12.4)

Crown rump length, CRL (43.0-84.0 mm) 62.5 (54.0; 74.7) 59.6 (55.1; 64.0) 57.4 (50.0; 62.0)

Nuchal translucency thickness, NT (1.6-1.7 mm) 14(1.1;2.2) 1.5(1.0; 2.0) 1.6 (1.3; 2.0) 1.7 (1.1; 2.9
;J,:ng;sr;%:ﬂ;:gmy index, UA (PI), 0.9-2.6 (5" 1.6 (0.4;2.2) 1.8(1.2;2.5) 1.7(0.7; 2.4) 2.1(1.3;3.5)
UA (PI) MoM 0.9(0.3;1.3) 1.1(0.8; 1.4) 1.0 (0.4; 1.5) 1.103;2.1)
b-hCG (50.0-55.0 1U/mi) 68.7 (52.3; 89.8) 471 (23.1;114.6) 36.4 (27.8; 53.6) 43.4 (15.6; 94.3)
b-hCG (0.5-2.0 MoM) 1.5(1.1;2.3) 1.1(0.4; 2.5) 0.8 (0.5;1.6) 0.9(0.3;1.7)
PAPP-A (0.7-6.0 IU/L) 3.1(1.6;6.9) 2.4(1.1;4.2) 2.7 (0.6;5.0) 2.4(0.8;6.2)
PAPP-A (0.5-2.0 MoM) 1.2(0.5;3.2) 1.2 (0.4; 2.4) 0.9 (0.4;2.7) 1.1 (0.5;2.9)

Delivery

Gestational age 38.6 (36.0; 40.6)
31.8 (8.8; 95.0)
19.7 (11.1; 25.5)

182.3 (130.8; 292.6)

345.6 (271.0; 408.2)

118 (90; 140)

37.7 (31.0; 40.2) 37.3 (35.4; 38.5) 31.9 (28.2; 35.6)

(

Alanine-aminotransferase, ALT (up to 31.0 U/l) 24.1(11.8; 46.1) 34.2 (12.4;165.1) 78.2 (11.8; 352.2)
(

(

Aspartate aminotransferase, AST (up to 31.0 U/l) 24.3 (13.0; 40.5) 48.9 (10.9; 262.3)
208.8 (154.3; 319.6)
435.8 (36.4; 743.1)

140 (127; 160)

68.7 (13.6; 282.4)
119.8 (87.1;169.2)
598.7 (351.4;1680.0)
152 (140; 170)

Alkaline phosphatase (up to 239.0 U/I) 130.2 (94.2; 183.0)
362.2 (296.8; 422.2)

135 (105; 170)

Lactate dehydrogenase, LDH (130.0-220.0 U/l

BP systolic (20 to 40 years: 120-127 mm Hg)

BP diastolic (75-80 mm Hg) 77 (60; 90) 86 (70; 110) 91 (80; 105) 98 (90; 110)
Protein level in urine (0.0-0.2, g/I) 0.1(0.1;0.1) 0.1(0.0; 0.1) 0.4 (0.2; 0.9 2.1(0.2;3.4)
Peripheral blood leukocytes (4.0-9.0 thou/mm?) 9.5 (5.2; 15.6) 8.8 (7.8; 10.5) 10.8 (7.7; 24.4) 11.5(3.3; 23.2)

Platelets of peripheral blood (150-390 thou/mm?) 261.8 (201.0; 390.0) 209.9 (146.0; 287.0) 210.1 (93.0; 300.0) 203.5 (82.0; 359.0)

PLGF (250-1200 pg/ml) 115.3 (94.4; 143.8) 74.9 (43.2; 113.4) 83.6 (34.2; 152.0) 56.8 (22.2; 109.7)

sFLT-1 (950-2800 pg/ml) 6271.0 (5168.0; 7763.0) 11895.6 (5190.0; 19418.0) 9651.7 (4027.0; 14131.0) 10722.8 (5216.0; 19738.0)

sFLT-1/ PLGF 54.4 (53.9; 54.8) 173.4 (107.3; 430.1) 129.4 (66.8; 233.6) 285.4 (48.8; 636.2)

Edema of legs and feet (number of patients) 3 1 4 5

Full-term fetus weight, 3200-3500 g 3396.5 (2880.0; 3952.0)

463.1 (303.0; 650.0)

2764.4 (780.0; 3550.0)
324.4 (106.0; 449.0)

2744.9 (2132.0; 3518.0)
370.3 (257.0; 465.0)

1424.2 (900.0; 2582.0)
230.2 (119.0; 371.0)

Placenta weight at full-term pregnancy, 390-415 g

Mean uterine artery Pl (39" week, 5" and 95"

percentiles: 0.47-0.91) 0.6 (0.5; 0.7) 0.8 (0.5;1.7) 0.9 (0.6; 1.1) 1.2(1.0;1.5)
Umbilical artery PI (39" week, 5" and 95™ . . . .
percentiles: 0.76-1.03) 0.8(0.6; 1.4) 1.1(0.7;2.3) 0.9 (0.7; 1.0) 1.4 (0.8;1.8)
Middle cerebral artery Pl (39" week, 5" and 95" . . . .
percentiles: 0.931.73) 14(1.2;1.7) 1.4(1.2;1.6) 1.3(0.6;1.7) 1.6 (1.1; 2.4)
Cerebro-placental ratio, > 1 1.8(1.1;2.5) 1.4 (0.6; 2.0) 1.5(1.1;2.3) 1.3(0.8;1.9)

Note: all data except for "edema of legs and feet" are given as means (minimum; maximum).

The second cohort included 27 pregnant women aged
25-38 years who delivered by caesarean section. They
formed four groups (Table 2): 1) 6 women with full-term normal
pregnancy (37-39 weeks); 2) 7 women with placenta previa and
premature rupture of membranes at 25-31 weeks of gestation
without clinical manifestations of preeclampsia; 3) 7 women
with early-onset preeclampsia (pregnancy weeks 25-30);
4) 7 women with late-onset preeclampsia (weeks 36-38).

The exclusion criteria for both cohorts were as follows:
pregnancy through assisted reproductive technology
application, multiple pregnancy, aggravated somatic history of
the woman, fetal aneuploidy. The participants underwent the
following examinations/tests: blood examination (clinical and
biochemical), ultrasonography of pelvic organs and the fetus,
Doppler imaging of feto-placental circulation, cardiotocography,
blood pressure measurement, urine protein test, determination
of the concentration of PLGF, sFit-1, PAPP, B-hCG in serum
blood.

Blood serum (800 pl) of each patient from the first cohort
was centrifuged for 10 minutes at 300 g at 4 °C, and the
supernatant was re-centrifuged for 10 min at 3000 g at

4 °C to remove impurities from blood cells. Purified serum
(200 out of 700 pl) was used for RNA isolation with the help
of the miRNeasy Serum/Plasma kit (Qiagen; Germany)
with preliminary addition of 5.6 x 108 copies of synthetic
cel-miR-39 RNA (Qiagen; Germany) after serum incubation
with phenol mixture Qiazol to control the efficiency of RNA
extraction and cDNA synthesis as recommended by the
manufacturer. Seven pl of the RNA eluate were used for reverse
transcription done with the miScript Il RT Kit (Qiagen; Germany)
as recommended by the manufacturer. The synthesized
cDNA (2 pl) served as a template for real-time PCR analysis
that employed a sense primer specific to the studied miRNA
(miR-320a-3p, MIMAT0000510, 5'-aaaagctgggttgagagggcga,
annealing temperature with template 59.5°C; miR-17-5p,
MIMATO0000070, 5'-caaagtgcttacagtgcaggtag, 55°C; miR-25-3p,
MIMAT0000081, 5'-cattgcacttgtctcggtctga, 56°C; miR-92a-3p,
MIMAT0000092, tattgcacttgt, °Cgg06tcc), cel-miR-39 (miScript
Primer Assay, Ce_miR-39_1, 55°C; Qiagen; Germany), and
miScript SYBR Green PCR Kit (Qiagen; Germany) containing
miScript Universal Primer (antisense) and PCR mix SYBR
Green PCR MasterMix. The PCR reaction conditions were as
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Normal pregnancy

Complicated pregnancy

Delivery

Planned caesarean section

Emergency caesarean section
because of the risk of early
pregnancy failure

Caesarean section because of
early preeclampsia

Planned caesarean section
because of late preeclampsia

Group of pregnant women
(number of patients)

16). n>34

Il (7). n<34

Il (7). ePE

IV (7). IPE

Preeclampsia
manifestation time (weeks)

No

No

24.5 (22.0; 28.0)

36.1(36.0; 37.0)

Delivery time (weeks)

38.0 (37.0; 39.0)"

29.0 (25.0; 32.0)"

28.2 (25.0; 30.0)*

36.9 (36.0; 38.0)"

Severe preeclampsia

(up to 239.0 U/I)

(number of people) 0 0 7 1

Mild preeclampsia 0 0 0 6

(number of people)

Edema of legs and feet

(number of people) 0 0 ! °

Urine protein level . " . o

(0.0-0.2 /) Normal Normal 2.3(0.2;4.6) 1.4 (0.1; 4.1)

_Bf‘lctjoﬂrcessure 112 (107; 119)* 116 (112; 120)* 155 (125; 180)* 144 (120; 175)"
Y - 68 (65; 71)* 77 (74; 81)* 100 (80; 120)* 93 (70; 100)*

— diastolic

ALT (up to 31.0 U/l No data No data 74 (11; 215)* 23 (12; 32)*

AST (up to 31.0 U/)) No data No data 55 (11; 194)* 29 (16; 48)*

Alkaline phosphatase No data No data 110 (54; 179)* 165 (79; 252)*

Platelets of peripheral
blood (150-390 thou/mm3)

228 (166; 290)*

238 (183; 293)*

145 (68; 243)"

238 (181; 308)*

PLGF (2501200 pg/mi) No data No data 30 (14; 47)" 101 (54; 216)*
SFLT-1 (950-2800 pg/ml) No data No data 11957 (5615; 23226)* 14657 (7489; 24990)*
SFLT-1/ PLGF No data No data 444 (126; 847)* 193 (42; 348)"

Note: * — the data are given as means (minimum; maximum) registered at admission to the hospital.

follows: 15 min at 95 °C, subsequent 40 cycles (15 s at 94 °C,
30 s at the primer annealing temperature, and 30 s at 70 °C) in
a StepOnePlusTM amplifier (Applied Biosystems; USA). The
relative level of cDNA expression was estimated by the ACt
method, where ACt = (Ct)si — (Ct)ri, where (Ct)si is the value of
the threshold amplification cycle for cDNA of miRNA analyzed
in the sample; (Ctyri is the value of the threshold amplification
cycle for cDNA of the reference cel-miR-39 RNA in the sample.

The remaining 500 pl of purified blood serum from the
first cohort patients were used to isolate microvesicles using
the miRCURY Exosome Kits (Qiagen; Germany), the process
involving addition of 200 pl of a precipitating solution and
14-hour incubation at 4 °C, followed by centrifugation at 1500 g
for 30 min at 20 °C . The supernatant was collected in a clean
tube, diluted 100-fold with addition of Laemmli Sample Buffer
(#1610737, BioRad; USA) with 5% (v/v) 2-mercaptoethanal
(Am-0482-0.1, VWR Life Science AMRESCO; USA ) and used
for Western blotting. Two hundred and seventy pl of resuspension
buffer were added to the precipitate containing the vesicles;
the final 1000-fold dilution of the vesicles supplemented with
Laemmli Sample Buffer (#1610737, BioRad; USA) with 5%
(v/v) 2-mercaptoethanol (Am-0482-0.1, VWR Life Science
AMRESCO; USA) was used for Western blotting.

Samples of the placental tissue collected from the second
cohort patients no later than 10 minutes after delivery were tissue
sections 5 mm thick that presented all payers of the placenta and
included both the fetal and maternal parts thereof from the chorionic
plate to the decidua. The collected placental tissue samples were
washed in 0.9% NaCl and instantly frozen in liquid nitrogen for
subsequent storage at —80 °C. The tissue was ground to a powder
in liquid nitrogen vapor; 10 mg of the tissue were lysed in RIPA
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Lysis Buffer System (sc-24948, Santa Cruz; USA). After incubation
on ice for 30 min and centrifugation of the lysate at 10,000 g, we
measured the concentration of soluble protein fraction with the help
of the biuret method and a NanoDrop One spectrophotometer
(ThermoScientific; USA). For subsequent Western blotting analysis,
we took 40 pg of protein from each sample.

Western blotting was used to quantify the level of the
secretory clusterin's alpha subunit in peripheral blood serum (first
cohort) and placenta (second cohort). Before fractionation in a
10% polyacrylamide gel in hydroxymethylaminomethanetricine
buffer (100 mM hydroxymethylaminomethane, 100 mM tricine,
0.1% sodium dodecy!l sulfate), the samples were denatured
at 70 °C for 10 min in Laemmli Sample Buffer (#1610737,
BioRad; USA) containing 5% (v/v) 2-mercaptoethanol (Am-0482-0.1,
VWR Life Science AMRESCO; USA). To determine molecular
weight of the analyzed protein we introduced a PageRuler protein
molecular weight marker, 10-250 kDa (#26619, Thermo Fisher
Scientific; USA), into each PAAG well. When electrophoresis
was over, the proteins were moved to a nitrocellulose membrane
(0.45 pm, BioRad; USA), the transfer done semi-dry with 10 mM
3-cyclohexylamino-1-propanesulfonic acid (SW18805, Sigma-
Aldrich; USA), pH 10.5, 10% ethanol. After membrane blocking
in 5% skimmed milk (Blotting-Grade Blocker, #1706404, BioRad;
USA), 0.1% Tween20 (#1706531, BioRad; USA), 50 mM Tris
(T4661, Sigma; USA), pH 7.5, 150 mM NaCl (A1371, AppliChem
Panreac ITW Companies; Germany) for 2 h, we incubated it for
1 h with primary antibodies to the clusterin's alpha subunit at a
dilution of 1 : 400 (B-5, sc-5289, Santa Cruz Biotechnology;
USA), or to actin at a dilution of 1 : 400 (H-6, sc-376421, Santa
Cruz Biotechnology; USA), in 5% skim milk, 0.1% Tween20,
50 mM Tris, pH 7, 5, 150 mM NaCl, washing the membrane three
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Fig. 1. Western blotting of clusterin in the vesicular fraction of blood serum of patients from the first cohort, 12" week of pregnancy

times for 5 min in 0.05% Tween20, 50 MM Tris, pH 7.5, 150 mM
NaCl, and then incubated for 1 hour with secondary polyclonal
antibodies conjugated to horseradish peroxidase at a dilution of
1: 2000 (HAF0O7, R&D Systems; USA) in 1% skim milk, 0.1%
Tween20, 50 mM Tris, pH 7.5, 150 mM NaCl. After washing
the membrane three times for 5 min in 0.05% Tween20, 50 MM
Tris, pH 7.5, 150 mM NaCl, peroxidase activity was measured
by adding Clarity MaxTM Western ECL Substrate (#1705062,
BioRad; USA) and detecting chemiluminescence in the ChemiDoc
MP gel documentation system (#12003154, BioRad; USA).

Statistical analysis of the data

Microsoft Excel and RStudio (Posit; USA) software were used
for the purposes of statistical processing of the data. When the
distribution did not obey the normal distribution law, we used
the pairwise Mann-Whitney tests to do the statistical analysis.
When the distribution of attributes differed from normal, they
were described as a median (Me) and quartiles Q, and Q,
in the Me (Q,; Q,) format. The significance threshold value
was adopted at p = 0.05. The differences were considered
significant at p < 0.05. To assess the possibility of classifying
patients into groups based on the data obtained, we developed
logistic regression models and verified their quality with the help
of a ROC curve and sensitivity and specificity calculations.

RESULTS

Analysis of the content of secretory clusterin in the blood
serum of patients of the first cohort

At the first stage of the study, we applied Western blotting
with primary antibodies to the alpha subunit of the protein to
retrospectively quantify secretory clusterin in the blood serum

of the patients. At that time, on average, they were at the 12
week of pregnancy. Depending on the outcome of pregnancy,
patients of the first cohort (Table 1) were divided into four groups
(see "Patients and methods"). The mIRCURY Exosome Kit
(Qiagen; Germany), the action of which relies on precipitation
in the presence of polyethylene glycol, allowed obtaining two
fractions of blood serum: vesicular fraction, which included
microvesicles, exosomes, apoptotic bodies, and a vesicle-
free fraction (supernatant). Fig. 1 shows the results of the
blood serum's vesicular fraction analysis. Top part of the figure
contains blots with chemiluminescent bands representing
40 kDa clusterin alpha subunit as registered in samples
collected in the N (normal), Nhr (normal, high risk of PE) groups
(according to the Astraia screening results), and ePE and IPE
groups. In order to register the efficiency of protein transfer from
gel to membrane and record differences in exposure during
imaging in the gel-documenting system, we applied a reference
sample (P) from the N group to one of the wells of each gel
(same sample in all cases), thus enabling comparison of the
chemiluminescence values in every sample. Compared to the
N group, ePE group exhibited a significant (p = 0.03) two-fold
increase in the level of secretory clusterin in the vesicular fraction
of blood serum of patients in the first trimester of pregnancy, as
indicated in the diagram of Figure 1. As for the IPE group, it did
not differ significantly from the N group in terms of the level of
secretory clusterin in blood serum's vesicular fraction.

Using the Spearman's rank correlation coefficient, we
revealed an inverse correlation between the level of secretory
clusterin in the blood serum's vesicular fraction and CRL
(r=-0.31; p =0.052), as well as a direct correlation between the
level of this clusterin and the value of B-hCG in the blood serum
(r=0.28; p = 0.082) of women at the 12" week of pregnancy.

Fig. 2 presents the results of Western blotting aimed at
establishing the level of secretory clusterin's alpha subunit in the
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Fig. 2. Western blotting of clusterin in the vesicle-free fraction of blood serum of patients from the first cohort, 12" week of pregnancy

vesicle-free fraction of blood serum. As the diagram of Fig. 2 shows,
compared to the N group, ePE and IPE groups (p = 0.004 and
p = 0.002, respectively) exhibited a significant increase of the level
of secretory clusterin (40 kDa) in the blood serum's extravesicular
fraction (samples collected during the 1st trimester of pregnancy),
this increase being 2.2-fold and 3-fold, respectively. Moreover, for
IPE the level of clusterin in the extravesicular fraction was 1.5 times
higher than for ePE (p < 0.001). As for the comparison of N and
Nhr groups, we found no significant differences in the level of
secretory clusterin in vesicular and extravesicular fractions of the
blood serum (Fig. 1 and 2).

Using the Spearman's rank correlation coefficient, we
revealed an inverse correlation between the level of secretory
clusterin in the blood serum's vesicle-free fraction and B-hCG
MoM (r = -0.3; p = 0.0627).

Quantification of miR-25-3p, miR-92a-3p, miR-320a and
miR-17-5p in the blood serum of the first cohort patients

According to data from miRWalk, miRanda, RNA22, and
Targetscan databases, the potential regulators of the clusterin
expression level are miR-320a, miR-30a-5p, miR-17-5p,
miR-21-5p, miR-30c-5p, MiR-1323, miR-25-3p, miR-138-5p,
miR-34a-5p, miR-92a-3p. In a study investigating the relationship
between the levels of clusterin and miRNAs regulating it in
placenta accreta cases [24], we found significant inverse
correlations between the content of secretory clusterin in the
peripheral blood plasma of pregnant women, with the values
being "-ACt" miR-25-3p, miR-92a-3p, miR-320a, miR-17-5p
at the time of delivery. Due to the fact that trophoblastic cells in
placenta accreta and preeclampsia cases have directly opposite
invasive properties, it seemed interesting to us to trace the
possible relationships between miRNA data and clusterin in the
blood serum of patients from the first cohort at 11-14 weeks
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of pregnancy. The values of the relative content of miR-25-3p,
miR-92a-3p, miR-320a, miR-17-5p in the serum of pregnant
women were obtained using the method of quantitative
real-time RT-PCR as "-ACt" values (see “Patients and
methods"). Spearman's rank correlation method revealed a
statistically significant positive correlation between the content
of secretory clusterin in the extravesicular fraction of blood serum
of pregnant women and the miR-17-5p "-ACt" value (r = 0.34;
p = 0.0356) of blood serum. It should be noted that, according
to the miRTargetLink 2.0 database (https://ccb-compute.
cs.uni-saarland.de/mirtargetlink2/network/a7aa6e41-7676-
4e3b-875c-43c926dedaeb), clusterin is an experimentally
proven target for miR-17-5p.

Spearman's rank correlation method revealed statistically
significant positive correlations between blood serum "-ACt"
miR-16-5p and uterine artery pulsation index (UA (PI): r = 0.37,
p =0.021; UA (Pl) MoM: r = 0 .32, p = 0.046). In turn, inverse
relationships were found between the uterine artery pulsation
index and pregnancy-associated plasma protein A (UA (Pl) and
PAPP-A: r = -0.41; p = 0.01; UA (Pl) MoM and PAPP-A MoM:
r=-0.35, p =0.0296).

Evaluation of the probability of development of early- and
late-onset PE by the level of secretory clusterin in two
fractions (vesicular and extravesicular) of the blood serum
of women in the first trimester of pregnancy

Based on the values of the content of secretory clusterin in
the blood serum of women in the first cohort (Table 1), who
underwent screening in the first trimester of pregnancy, we
built logistic regression models to calculate the probability of
development of early and late PE (Fig. 3).

[t was found that the best prognostic accuracy (with high
specificity and sensitivity) is provided by the models built to
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Fig. 3. Logistic regression models predicting development of ePE and IPE by the level of secretory clusterin in the vesicular and vesicle-free fractions of serum collected

from the patients at 12" week of pregnancy

assess probability of occurrence of clinical manifestations of
ePE and IPE after the 20" week of pregnancy, three assessment
based on the level of secretory clusterin in the vesicle-free
fraction of the blood serum of patients (but not in the vesicular
fraction) by 11-14 weeks of pregnancy. The formulas for
calculating the probability of development of early PE (formula 1)
and late PE (formula 2) are given below:
1

14+ 615.71—10A9x '
1
1+ 9267.11—152.58x

Analysis of the content of secretory clusterin in placental
tissue collected from the second cohort patients at the
time of delivery

(1)

@

The second cohort of patients was analyzed to identify secretory
clusterin in placental tissue collected from women suffering ePE
and IPE, the analysis including comparison with groups of the
corresponding gestational age (N < 34 weeks, N > 34 weeks)
without signs of PE (Table 2). The chemiluminescence data
obtained for clusterin were correlated with the chemiluminescent
signal from actin registered in the same sample. Comparing to
the N group, we found a significant decrease in the level of
secretory clusterin with a molecular weight of 40 kDa in the
placenta from women that had PE, the decrease being 2.3-fold
for ePE (p = 0.001) and 2.6-fold for IPE (p = 0.013), as shown
on the diagram in Fig. 4.

DISCUSSION

In the present study, we decided to focus on quantification of
the secretory clusterin in blood serum collected from women
at the 11-14" weeks of pregnancy; the goal was to identify
possible differences in the pathogenesis of ePE and IPE,
which could form the basis of mathematical models enabling
prediction of these complications in the first trimester before PE
starts to clinically manifest itself.

We established that, compared to normal pregnancy,
both ePE and IPE cause a significant increase in the level of
secretory clusterin (40 kDa) in the extravesicular fraction of
the blood serum of patients in the first trimester of pregnancy
(two-fold and three-fold increase, respectively). Despite a more
pronounced increase in the level of clusterin secretion in case of
IPE (compared to ePE), the total amount of secretory clusterin
circulating in the blood serum in ePE cases is much greater than
that in IPE patients because of the vesicular fraction, where the
level of clusterin is 2.7 times higher in ePE in compared to IPE.
Moreover, since there were 10 times more vesicular fraction
of blood serum than extravesicular fraction taken for Western
blotting, it can be concluded that clusterin is more functionally
important in the composition of extracellular vesicles circulating
in the blood in ePE cases compared to IPE cases.

The data obtained in the present work on the increase
of the level of clusterin in the peripheral blood of pregnant
women with PE are consistent with the results of a study that
used semi-quantitative nano LC/MS and found a statistically
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significant increase in the level of clusterin in the blood serum
of women at the 10-20" week of pregnancy, followed by the
development of hypertensive disorders after the 20" gestational
week [29]. However, in that work, pregnant women with ePE
were not analyzed: it only included two groups of patients,
with IPE and with hypertensive disorders without proteinuria. In
other studies, analysis of blood plasma of pregnant women at
the time of delivery revealed a statistically significant increase in
the level of clusterin in the group of women with PE relative to
the group of women with normal pregnancy [30, 31]; moreover,
pregnant women with PE in combination with fetal growth
retardation had a more significant increase in clusterin levels than
pregnant women with PE with normal fetometric parameters
[31]. The induction of clusterin synthesis during PE may be
caused by the promoter region holding the gene encoding it
in the binding sites for such factors as SP1, NF1, AP-1, HSF1,
YB-1, p53, B-MYB, the level of which under conditions of
oxidative stress, hypoxia and apoptosis rises sharply [32-35].
In turn, clusterin regulates the activity of the transcription factor
NF-xB, which plays an important role in cell viability, their motility,
proliferation, phenotypic transformation and inflammation [36].
Besides, the expression of clusterin, like any other protein,
can be regulated at the post-transcriptional level by miRNA.
In this work, quantification of potential regulators of clusterin
expression (MiR-25-3p, mMiR-92a-3p, MiR-320a-3p and miR-
17-5p) in the blood serum of women in the first trimester of
pregnancy revealed a significant correlation between the
secretory clusterin content in blood serum'’s extravesicular
fraction and the miR-17-5p "-ACt" value. One of the articles
describes in detail the involvement of miR-25-3p, miR-92a-3p,
miR-320a-3p, and miR-17-5p in the induction of the epithelial-
mesenchymal transition [37]. It is possible that the participation
of these miRNAs in the phenotypic transformation of extravilous
trophoblast cells and subsequent remodeling of the uterine
artery wall is reflected in the positive correlation we found
between "-ACt" miR-16-5p blood serum of pregnant women
and the uterine artery pulsation index (UA (Pl): r = 0, 37,

p =0.021; UA (Pl) MoM: r =0.32, p = 0.046), the values of which
were inversely correlated with the level of plasma pregnancy-
associated protein A (UA (Pl) and PAPP-A: r = -0, 41, p = 0.01;
UA (Pl) MoM and PAPP-A MoM: r = -0.35, p = 0.0296).

Since there are three forms of clusterin in eukaryotic cells
(nuclear, secretory, and cytosolic) [25], we deemed it interesting
to analyze the possible differences between ePE and IPE cases
in terms of the level of secretory clusterin (40 kDa) in placental
tissue at the time of delivery as compared with placental
samples from patients (similar pregnancy term) without signs of
PE. We discovered a significant two-fold decrease of clusterin
expression in the placental tissue of pregnant women with
ePE and IPE. It is possible that the expression of secretory
clusterin in the placenta of women with PE is reduced because
of the excessive level of its secretion, which we observed in
the participants of this study as early as in the first trimester of
pregnancy (the participants that subsequently developed PE).
Another possible reason is the increased transition of secretory
clusterin from the placenta into the maternal blood in case
of PE, which is caused by the oxidative stress and hypoxic/
ischemic processes in the placental tissue peculiar to this
pregnancy complication. First, clusterin enters cytosol from the
ER [38-40], then transitions to the maternal bloodstream as part
of microvesicles and exosomes, or as part of apoptotic bodies
in case of severe syncytiotrophoblast and cytotrophoblast ER
stress [1]. It was found that oxidative stress and activation of ER
stress markers, as well as the release of placental microvesicles
into the bloodstream, are more pronounced in case of ePE than
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Fig. 4. Western blotting of clusterin in placental tissue at the time of delivery,
ePE and IPE groups. The diagrams show the clusterin to actin content ratio
in IPE cases [22, 41]. Moreover, the concentration of exosomes
in the woman's blood serum increases only when she suffers
ePE but not IPE [42]. In our study, we established that the
level of clusterin as part of the vesicles grows significantly in
patients with ePE, while there no significant changes in clusterin
content in the vesicular fraction of serum in patient with IPE. It
was also proven that secretory clusterin in the blood serum of
pregnant women can have a negative effect on proliferation,
invasion, and survival of the trophoblast cells [27, 29], forming
a positive feedback: "ER stress of syncytiotrophoblast cells —
an increase in extratrophoblastic clusterin — aggravation of
ER stress of syncytiotrophoblast cells and apoptotic/necrotic
processes in them — replenishment of the extratrophoblastic
clusterin fraction in the maternal circulation".

Since for the two types of PE (early and late) statistically
significant changes in the level of secretory clusterin were found
in the extra-vesicular fraction of the blood serum of women in the
first trimester of pregnancy compared with normal pregnancy,
it is advisable to use this fraction to predict the development of
PE at the stage of the first pregnancy screening, applying the
logistic regression models developed in this study.

CONCLUSIONS

In the context of this study, we developed logistic regression models
based on the level of secretory clusterin that allow predicting early
and late PE long before the onset of clinical manifestations of any
of them. However, before practical application of these models
it is necessary to verify the obtained data on a larger sample.
New pathogenetic mechanisms of the development of early- and
late-onset PE were clarified based on the quantitative analysis of
secretory clusterin in two fractions (vesicular and extravesicular) of
the blood serum of women in the first trimester of pregnancy and
in the placental tissue at the time of delivery (Fig. 5).
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Fig. 5. Schematic representation of the role of secretory clusterin in the pathogenesis of early- and late-onset PE
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Identification of the age-related features of interaction between the risk factors of microembolism can improve understanding of the mechanisms underlying
the development of ischemic stroke (IS). The study was aimed to assess the effects of age and other risk factors of stroke on the biophysical characteristics of
microembolic signals (MES) recorded during the ischemic stroke recovery period. Transcranial Doppler ultrasound (TCD) involving microembolus detection (MED)
was performed in 515 people, the data of 28 patients having a history of ischemic stroke, among them 9 women (32%) and 19 men (68%) aged 33-78 (average
age 58 + 13 years), were included in the study. Using the mixed-effects linear model it was found that age and interaction between age and atrial fibrillation affected the
power of MES. The increase in the power of the recorded MES with age is observed, that is especially evident in patients with atrial fibrillation (o < 0.0005). As for
cardioembolic IS variant, the power and duration of MES turn out to be significantly higher in elderly patients (o < 0.0005). The power of MES gradually increases
with age in patients with no atherosclerosis and gradually decreases in patients with atherosclerosis, while MES power in patients with atherosclerosis in general
(all age groups) is significantly higher (o < 0.0005) than that observed in patients with no atherosclerosis.
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B3ANMOCBSA3b ®PAKTOPOB PUCKA MUKPO3SMBOJTINN C BOSPACTOM B BOCCTAHOBUTEJIbHOM
NMEPNOOE NLLEMNYECKOIO NHCYJIbTA

E. B. Opnosa =, A. b. bepganuH, B. I. Jlentok
depepanbHblii LIEHTP Mo3ra 1 HeipoTexHonorni GeaepanbHoro Meauko-bronoriydeckoro areHTcTea, Mockea, Poccus

BbisiBneHve CONpsikeHHbIX C BO3PACTOM OCOOEHHOCTEN B3anMOAENCTBUS (DAKTOPOB PUCKa PasBUTUS MUKPOSMOOINM MOXET PacLUMPUTL NPeacTaBieHnst
0 MexaHu3Max pasBuUTUS uemmndeckoro mHeyneta (W), Llenbto nccnenoBaHms 6bi10 M3yYnTb BAMSIHWE BO3pacTa M APYrnx (HakTOpOB PUCKa MHCYMbTa
Ha 61our3NHecKme XapakTePUCTUKA MUKPOSMOonMyeckmx curHanos (MOC), perncTpupyeMbix B BOCCTAHOBUTENBHOM MEPWOAE WLLEMUNYECKOrO WHCYMbTa.
TpaHckpaHvanbHoe OONMNepOBCKOE MOHUTOPUPOBaHWE C MMKPOaMbonoaeTekumen nposenv 515 nuuam, B UccnenoBaHne Obiiv BKIKOYEHbI CBeaeHnst o 28
naLveHTax, NePeHecLLMX NLLIEMUHECKUIA MHCYIBT, 13 KOTOPbIX 9 (32%) >keHLLmH 1 19 (68%) My>x4mH B Bo3pacTe 3378 neT (cpepHuii BogpacT — 58 + 13 neT). Mpun
MOMOLL CMELLIAHHOW NIMHENHON MOLENM BbISBNEHO, YTO BO3PACT 1 B3aMOLENCTBIE BO3pacTa C Hanm4nem ubpunnsaumm Npeacepamin okasolsany BAMSHE Ha
mMoLHocTb MOC. C Bo3pacToM HabMtofaeTes yBenmyeHre MOLLHOCTY perncTpupyemMbix MOC, 0COBEHHO 3aMeTHOE Y MaumeHToB ¢ ubpunnaumern Npeacepamn
(o < 0,0005). Mpn Kaparoambonmyeckom BapuaHTe VI MoLLHOCTb 1 anntensHocTs MOC okasanack 3HauMo 6orblue y 6onee Noxumbix aul (o < 0,0005). Mpun
OTCYTCTBUM aTepockieposa MoLLHOCTL MOC ¢ BO3pacToM NOCTENEHHO YBENMYMBANaCh, a Mpw ero Hanmymm — MocTeneHHo yMeHbLLUanach, Npyu 3TOM MOLLIHOCTb
MOC y naumeHTOB C aTepoCKIEPO30M B LIESIOM (BO BCEX BO3PACTHbIX rpynnax) Oblna 4OCTOBEPHO Bbille (0 < 0,0005), 4eM npw ero oTCyTCTBUN.
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Brain embolism is one of the most common causes of ischemic
stroke (IS) [1-4]. However, the sources of embolism and
embolic material are extremely heterogeneous [5]. Thus, atrial
fibrillation (AF), atherosclerosis of the brain-supplying arteries,
and a number of less frequent conditions, such as inferior vena
cava thrombosis, heart valve disease, etc., are considered as
the sources of emboli [2, 6-8].

It is known that AF results in the five-fold increased risk of
stroke and two-fold increased stroke mortality [9]. AF is one of
the most common types of arrhythmia [10-12], the prevalence
of AF in the entire population reaches 2-4%. AF increases the
risk of ischemic stroke by 0.2-20% on average annually [13, 14].
Arterial hypertension is considered the main cause of AF. In the
middle and senior age groups, AF is recognized as the most

BULLETIN OF RSMU | 6, 2022 | VESTNIKRGMU.RU



Table 1. Basic information about the subjects enrolled
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Characteristics Number, abs. Share, %
Male 19 67.90
Gender Female 9 32.10
Total 28 100
< 50 years 9 32.10
Age >50 years 19 67.90
Total 28 100
Atherothrombotic 7 25
Cardioembolic 6 21.40
Pathogenetic variant of IS Cryptogenic 14 50
Lacunar 1 3.60
Total 28 100
Vertebrobasilar 7 25
Affected system Carotid 21 75
Total 28 100
Bilateral 4 14.30
Left 9 32.10
Affected side Right 5 53.00
Total 28 100
Present 5 17.90
Arterial hypertension Absent 23 82.10
Total 28 100
Present 18 64.30
Diabetes mellitus Absent 10 35.70
Total 28 100
Present 23 82.10
AF Absent 5 17.90
Total 28 100

common cause of cardiogenic brain embolism [10-12]. There
is evidence that the risk of stroke increases as a function of AF
duration and, accordingly, of age [10, 15].

Atherosclerosis, being the cause of IS, fulfils its potential
in different ways: through atherothrombosis, hypoperfusion
or arterio-arterial embolism [1, 2]. The frequency of these
mechanisms is uncertain, however, we know that hypoperfusion
is the least common mechanism of all [5, 6].

Information on the nature and prevalence of brain embolism
available from other sources is even more limited [8, 16].

This is largely due to the high rate of situations, in which
there is more than one cause of stroke, among stroke survivors,
as well as to difficulties in verifying the fact of embolism [1].
Microembolus detection (MED) by transcranial Doppler
ultrasound (TCD) is the only option for in vivo detection of
emboli and assessment of the embolic signal intensity and type
(based on indirect characteristics) by extraction of appropriate
signals from the Doppler spectral blood flow waveforms of
cerebral arteries [17]. Microembolic signals (MES) recorded
by the specified method are regarded as an independent risk
factor of IS and transient ischemic attack (TIA) [2—4]. The use
of the method is limited by the lack of the temporal acoustic
access.

Despite the fact that the results of studies focused on
assessing MES and their intensity in patients with various
conditions have been broadly published, there is a few data
about the factors affecting embolism and its intensity, as well
as the biophysical characteristics of MES and their interaction
[2-5, 16].
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Thus, it has been determined that asymptomatic paroxysmal
AF with lower MES intensity is more favorable compared to
chronic symptomatic AF, in which a significantly larger number
of MES is detected. Further studies are required to confirm,
whether MES have some predictive value in patients with
chronic AF predisposed to ischemic stroke [16].

The presence of MES that is associated with the greatly
increased risk of IS could be considered a predictor of early IS
relapse [1].

Due to the fact that IS and TIA in younger patients and
patients of the older age groups have different etiology and
pathogenesis [6, 18, 19], identification of the age-related features
of interaction between the risk factors of microembolism can
have practical significance and can also expand understanding
of the mechanisms underlying stroke development.

Inability to fully take into account interaction between
factors affecting the event (characteristic, parameter) is a
well-known limitation of all observational studies. In particular, it
is unclear whether AF (or any other risk factor of IS) is associated
with the registered MES, or this relationship is questionable
and is due to the fact that individuals with AF are older, and
microembolism is in fact associated with age. Thus, the use of
statistical methods (see Methods) allowing for at least partial
separation of interacting factors (for example, AF and age) is
promising since it allows us to get closer to understanding of
the cause and effect relationships that contribute to the MES
occurrence.

The study was aimed to assess the effects of age and other
risk factors of stroke on the biophysical characteristics of MES
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Table 2. Information about the carotid artery stenosis severity in the patients enrolled

Median 1st quartile 34 quartile Maximum Minimum
Severity of the right CCA stenosis (%) 33 30 40 50 20
Severity of the left CCA stenosis (%) 35 30 48 50 25
Severity of the right ICA stenosis (%) 35 30 40 100 25
Severity of the left ICA stenosis (%) 35 30 50 70 20

recorded in patients with ischemic stroke during the recovery
period.

METHODS

After the peer reviewing the data of the multimodal instrumental
study of 1600 clinical cases of IS during the recovery period,
the group of experts that included ultrasound and functional
diagnostics doctors, radiologists, neurologists, senior
researchers and Head of the Department of Ultrasound and
Functional Diagnostics selected 515 people, who underwent
TCD involving MED in 2019-2021. In terms of design, we
performed the cross-sectional observational study as part of
the prospective cohort study.

Inclusion criteria: the history of IS, the presence of potential
sources of embolism based on the comprehensive ultrasound
examination.

Exclusion criteria: no temporal acoustic access for TCD
involving MED.

Post-processing of the recordings revealed the signs of
MES in 46 patients out of 515 observations (8.9%). After
analyzing the MES acquired, we failed to obtain the values
of the MES biophysical characteristics in all patients due to
accidental technical difficulties. Thus, the data of 28 patients
having a history of IS were included in the study. Among them
9 (32%) were women and 19 (68%) were men aged 33-78 years
(the average age was 58 + 13 years).

The patients enrolled underwent inpatient treatment at the
departments of medical rehabilitation of the Federal Center of
Brain and Neurotechnologies of FMBA of Russia. The following
tests were performed in all patients.

1. Duplex scanning of the brachiocephalic arteries
(DS BCA), transcranial duplex scanning (TCD), and transthoracic
echocardiography (TTE) were performed using the Epiqg
7 scanners (Philips; USA); extracranial sections of the BCA were
examined using the 3-12 MHz broadband multi-frequency
linear transducers, while TCD and TTE were performed using
the 1-5 MHz broadband multi-frequency sector transducers.

2. TCD involving MED was performed with the Angiodin-
Universal scanner (NPF BIOSS; Russia) equipped with the
2 MHz pulse wave sensors fixed in the Spencer's helmet. Blood
flows in the middle cerebral artery (MCA) and posterior cerebral
artery (PCA) were detected simultaneously from two sides using
the temporal acoustic access; scanning was performed for
60 min when lying down or sitting [17]. To minimize artifacts
during the study, the lowest possible amplification and
power values that ensured preservation of Doppler spectrum

Table 3. Biophysical characteristics and the number of MES

were used. Automatic MES recording was performed during
monitoring using the Bionita Cabinet software (Biosoft-M;
Russia), while the subsequent analysis of the results and
differentiation between MES and artifacts were performed in
the manual mode. The size of the sample volume mark was
20 mm, detection was performed at a depth of 50-60 mm.

In case the signs of embolism were revealed, the embolism
intensity was assessed (number of MES/hour). The duration
(ms; an indirect characteristic of the embolus size), frequency
(Hz; an indirect characteristic of the embolus structure), and
power (dB; integral characteristic of the embolus) were defined
for each MES.

3. Electrocardiography (ECG) was performed using the
Neurosoft ECG monitoring system with the Poly-Spectrum
software (Neurosoft; Russia) in accordance with the standard
method.

Statistical processing of the results was performed in the
SPSS Statistics ver. 26.0 software package (IBM; USA) and R
software ver. 4.0.2. (R Core Team; Austria). The null hypothesis
was rejected at a significance level of p < 0.05. The quantitative
variables were described using mean and standard deviation or
median and quartiles (in case of non-normal distribution), while
qualitative variables were described using frequency and share
(percentage). The distribution of quantitative variables was
tested for normality using the Shapiro-Wilk test. The mixed-
effects linear model with nested data was used to assess the
effects of AF and intraluminal carotid artery buildup on the
biophysical characteristics of MES adjusted for age taking into
account every single MES.

RESULTS

The main data of the patients enrolled are provided in Table 1.

No cases of myocardial infarction, coronary stenting,
carotid endarterectomy, brachiocephalic artery dissection were
reported.

The data on the extracranial BCA stenosis severity are
provided in Table 2.

TCD involving MED revealed MES in all the people enrolled.
A total of 938 MES were extracted. General information about
the number and characteristics of MES is provided in Table 3.

The differences in the MES biophysical characteristics
between patients having and not having AF were significant
(o < 0.09).

The analysis of the AF impact on the MES characteristics
adjusted for age performed using the mixed-effects linear
model showed that the impact of the patient's age and

Mean Star)dgrd Median 25" percentile | 75" percentile Maximum Minimum
deviation
Total number of MES per patient 34 105 3 1 10 532 1
Average MES power (dB) 11.06 3.32 10.22 8.31 14.2 17.75 7.28
Average MES duration (ms) 9.06 4.86 7.09 6 11.33 23.66 4.67
Average MES frequency (Hz) 528.19 241.8 475.92 328 750 968 230.5
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Table 4. Biophysical characteristics of MES in patients having or not having AF
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AF
Absent Present
Mean 8.8333 149
Adjusted number if MES per patient
Standard deviation 13.2588 219.7476
Mean 10.0763 14.7022
Average MES power
Standard deviation 2.4233 4.1322
Mean 7.5597 15.4918
Average MES duration
Standard deviation 2.5796 6.955
Mean 500.7776 612.8418
Average MES frequency
Standard deviation 237.8698 223.7408
Mean 0.0803 0.2784
Average MES Energy Index (El)
Standard deviation 0.0449 0.1675

interaction between age and AF on the recorded MES power
was significant (o < 0.0005), thus indicating the modifying effect
of one parameter on the effect of another one (Fig. 1). However,
the isolated effect of AF (adjusted for age) was non-significant
(o =0.109). Thus, the recorded MES power increased with age,
and this was particularly evident in patients with AF. In other
words, AF resulted in the higher MES power only in elderly
people, while young people with AF showed no significant
differences in the MES power.

The mixed-effects linear model for assessment of the
impact of the stroke type (cardioembolic/not cardioembolic)
adjusted for age on the power and duration of the recorded

AF
i @ Absent ™\ Absent
40.0 (_Present " Present
Absent: R? Linear = 0.033
Present: R? Linear = 0.174_
30.0 § ,
g o
g
a o
E o
& g
S 200+ 4
&
g
]
]
g
8
1004 -4
0 T T T T T T
30 40 50 60 70 80
Age (years)
Source F-test Significance, p
Adjusted model 374,728 < 0,0005
Age 24,978 < 0,0005
AF 2,571 0,109
Interaction between age and AF 138,718 < 0,0005

Fig. 1. Mixed-effects linear model of the impact of age and AF on the MES power
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MES showed that such parameters as age (p < 0.0005) and
interaction between age and IS variant (o < 0.001) were
significant (Fig. 2). The pattern was broadly similar to the
model for AF, i.e. the differences between cardioembolic stroke
and stroke of another etiology were significant only in elderly
patients with IS.

The constructed mixed-effects linear model of the impact
of atherosclerotic plaques (ASPs) in the carotid arteries on the
biophysical characteristics of the recorded MES constructed
based on age showed that the presence of ASPs in the right
and left common carotid artery (CCA) and interaction between
these factors and age (p < 0.0005) were the significant factors
(Fig. 3).

According to the findings, the very fact of the presence of
ASPs in the carotid arteries was associated with the higher
MES power, while the power-age trends correlated with the
presence of ASPs. In other words, when no ASPs were found
in the carotid arteries, the power of MES gradually increased
with age. In contrast, when ASPs were present, the power of
MES gradually decreased.

The mixed-effects linear model taking into account the
effects of such risk factors as AF and ASPs in the carotid
arteries together with age on the power and duration of MES
was constructed in order to assess the competing causes of IS.
However, interaction between the aforementioned parameters
turned out to be non-significant (o > 0.05), i.e. in our study the
effects of ASPs and AF on the biophysical characteristics of
MES turned out to be unrelated.

DISCUSSION

The study has a number of limitations. The first one is related
to the embolic event, the embolic material intensity and type,
while the second one is related to the method of TCD involving
MED. Brain embolism is most often discrete, and its intensity
is variable [4, 17]. Furthermore, emboli can be represented by
the fragments of blood clots of various age, as well as by the
fragments of atherosclerotic plaques, valves, components of
vascular wall, etc. [1, 5, 16]. Therefore, biophysical parameters
of MES may vary significantly in the same case. Methodological
determinants result mainly from the flaws of software used
for MES extraction from noise [17]. The reported facts show
that the results obtained by the applied method cannot be
considered as the data giving a comprehensive picture,
however, this approach is currently the only available method
for in vivo assessment of cerebral embolism.

Given the above limitations, it can be stated that the findings
of our study that reflect the correlation of the biophysical
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type on the power of MES. B. Mixed-effects linear model of the impact of age and stroke type on the duration of MES

characteristics of MES with the patient's age and interaction
between age and other risk factors of IS require further analysis.

A number of researchers question whether AF itself can be
the main cause of cardioembolic complications. They assume
that AF is a kind of marker of atrial cardiopathy that can be
considered as the proximate cause of cardioembolism [7, 20, 21].
There is also evidence of the relationship between the markers
of atrial cardiopathy and IS, regardless of the presence of AF
[22, 23].

To date, the literature reports no studies focused on
the analysis of the IS risk factor impact on the biophysical
characteristics of MES. The results of our study involving
creation of the mixed-effects linear model for the impact of age
and AF on the biophysical characteristics of MES show that
age and interaction between age and AF are significant. MES
power, being an integral biophysical characteristic that indirectly
reflects both the size and the structure of microemboli, depends
on age adjusted for the presence of AF. The data obtained
also show that MES power (if any MES recorded) observed
in young patients is independent of AF. However, AF affects
MES power during ageing, i.e. in older patients. This is probably
because of the fact that the pronounced slowing of blood
flow, especially in the left atrial appendages of patients with
AF, occurs only in elderly patients. Such slowing of blood flow
combined with other possible factors results in thrombogenesis
and cardioembolism of the brain blood vessels. This is partially
confirmed by the literature data showing that the risk of stroke
increases with the age-related increase in the atrial ectopic
activity. However, the risk could be partially due to prothrombotic
endothelial dysfunction developing in patients who develop
atrial cardiopathy in addition to arrhythmia [10, 21]. The impact
of other unevident factors that simulate such an effect also
cannot be excluded. The development of AF resulting from atrial
remodeling takes time, and the prevalence of such AF is higher in
older people. In younger people, AF can be associated with other
factors (genetic predisposition), not with the alterations in atrial

wall. This indirectly confirms the increasingly popular viewpoint
that cardioembolism is associated not with AF itself, but with
alterations in atrial wall, such as inflammation [11, 21, 24]. AF
itself is caused by the same remodeling processes. In younger
patients, AF that is not associated with atrial remodeling never
causes the emergence of MES.

The analysis of similar model taking into account the variant
of stroke (in binary mode: cardioembolic/non-cardioembolic)
instead of the presence of AF makes it possible to trace the
relationship between two MES characteristics (power and
duration) associated with ageing and stroke type. Furthermore,
in cases of cardioembolic stroke, the values of these two
characteristics are significantly higher in elderly patients.
Perhaps, the discovered pattern reflects the occurrence of
larger microemboli during realization of factors promoting age-
related thrombogenesis. We also should take into account
the fact that this could be partially due to almost mandatory
assignment of IS to cardioembolic variant based on the TOAST
criteria [25] in cases of AF.

The mixed-effects model taking into account both ASPs in
the carotid arteries and age allows us to state that the impact of
atherosclerosis on MES intensity gradually decreases with age.
However, it is obvious that the presence of ASPs in the carotid
arteries is associated with the significantly increased MES power
compared to patients with no ASPs in both young and elderly
patients. It can be assumed that atherosclerosis and arterio-
arterial embolism is a major pathogenetic mechanism of acute
focal cerebral ischemia, irrespective of age. We also cannot rule
out that the cardiac sources may occupy a significant place in
the structure of embolic events together with atherosclerosis
and age. This explains the gradual increase in MES power with
age in patients with no ASPs in the carotid arteries.

There is evidence of the impact of concomitant
atherosclerotic vascular disease on the outcomes of ischemic
events in patients with AF. Thus, it has been found that
burden in the form of the combination of the cerebral artery
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atherosclerosis and AF can be a cumulative marker of the high
risk of adverse cardiovascular outcomes [26]. In our study we
assessed the impact of AF and atherosclerotic alterations in the
carotid arteries on the power and duration of MES taking into
account the patients’ age. The impact turned out to be non-
significant, i.e. the earlier statement [26] was not confirmed.

Thus, the results of using TCD involving MED may be used
for implementation of the personalized approach to secondary
prevention of IS in the groups of patients with various
combinations of risk factors.

CONCLUSIONS

Age and the association of age with AF affect MES power in
patients having a history of IS during the recovery period. The
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NEUTROPHIL AND MONOCYTE EXTRACELLULAR TRAPS IN THE DIAGNOSIS
OF POST-COVID SYNDROME

Salmasi JM, Poryadin GV, Panina MI, Larina VN, Ryzhikh AA, Stodelova EA, Kazimirskii AN &2
Pirogov Russian National Research Medical University, Moscow, Russia

Post-COVID syndrome (long covid, post COVID-19 condition) is characterized by cognitive and mental disorders, chest and joint pain, impaired sense of smell and
taste, as well as by gastrointestinal and cardiac disorders. The diagnosis of post-COVID syndrome is based mainly on the patients' complaints. To date, no optimal
diagnostic method has been proposed. The study was aimed to compare the informative value of the indicators obtained during conventional assessment of
patients with post-COVID syndrome and the blood levels of neutrophil (NETs) and monocyte (METs) extracellular traps. The study involved neutropils and monocytes
collected from 21 patients with post-COVID syndrome aged 18-59. Fluorescence microscopy and the SYBR Green (Evrogen) fluorescent dye for double-stranded
DNA were used for enumeration and imaging of extracellular traps. Clinical and laboratory indicators make it impossible to identify the changes specific for post-
COVID syndrome. At the same time, post-COVID syndrome is characterized by inflammation in the vascular endothelium. The filamentous forms of NETs found in
blood are a laboratory feature of such aseptic inflammation. The filamentous forms of NETs have been detected only in those patients who have a history of mild
to severe COVID-19, while the filamentous forms of METs have been found in patients having a history of severe infection. The findings show that the detection of
the filamentous forms of NETs and METs in blood is the most informative diagnostic feature of post-COVID syndrome.

Keywords: post-COVID syndrome, diagnosis, neutrophil extracellular traps, monocyte extracellular traps, flamentous forms
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HEUTPO®WUJTbHBIE U MOHOLIMTAPHBIE 9KCTPAKJIETOYHbIE JIOBYLLKU B AUATHOCTUKE
NOCTKOBMAHOIO CMHAPOMA

XK. M. Canmacw, I. B. MopsanH, M. W. MaruHa, B. H. NapuHa, A. A. Poixux, E. A. Ctogenosa, A. H. Kasumupckuin B2
Poccuinckumin HaumoHanbHbIN MCCNeA0BaTENBCKN MEQULMHCKIA YH1BEPCUTET nMeHn H. W. Tuporoea, Mocksa, Poccus

[MOCTKOBUAHBIN CUHAPOM XapaKTePU3YETCH KOMHUTUBHBIMU N NCUXUHECKMUN HapyLLEHUSAMM, BONsSMY B rpyay U cycTaBax, HapyLleHUsiMm OBOHSHKS 1 BKyCa,
a TaKxKe XeNyaoHHO-KULLEYHBIMU 1 CepaeYHbIMM paccTpocTBamMu. [uarHoCTka NOCTKOBUAHOMO CMHAPOMA OCHOBBIBAETCH MPEVMYLLIECTBEHHO Ha >xanobax
60nbHbIX. B HacTosILLiee BpeMst OMTMasbHOro MeToda AMarHOCTUKN He MPeafioxxeHo. Lienbto nccnenoBanuns 6bino cpaBHUTL MHEOPMATUBHOCTL NMokasaTtenei,
MOMYYEHHbIX NPY TPAAVLIMOHHOM 06CNeAoBaHMM 6OMBHBIX C MOCTKOBUAHBIM CUHAPOMOM, C YPOBHEM B KPOBW HENTPOMUIbHbIX (HOJT) 1 MoroumTapHbix (M3JT)
9KCTPaKNETO4HbIX JOBYLLUEK. VlccneqoBany HeMTPOMUbl 1 MOHOLMTBI, NONyYeHHble oT 21 6onbHOrO B Bo3pacte 18-59 neT ¢ AmarHo30M MOCTKOBWUAHbINA
cvHapoM. [ns B13yanmsaLym 1 nofcHeTa SKCTPakIeTOHbIX JIOBYLLEK UCMONb30BaN MeTo, dhyopeCLIEHTHON MUKPOCKOMNMM C MPUMEHEHNEM (DIKOOPECLIEHTHOMO
kpacutens ansa ayxuenodedHon JHK SYBR Green (Evrogen). KnvHnko-nabopaTopHble nokadaTen He No3BOSIOT BbISBUTL CreumuyHble 4151 NOCTKOBUAHOMO
CUHIOpOMa V3MeHeHVs. BmecTe ¢ TeM, MOCTKOBUAHBIN CUHOPOM XapakTepuayeTcsi BOCNaUTENbHbIM MPOLIECCOM B COCYAMCTOM aHAoTenMu. JlabopaTopHbIM
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Post-COVID syndrome (long COVID, post-COVID-19 condition)
is a novel poorly understood disorder. Despite the fact that
there is no precise definition of post-COVID syndrome, many
studies have shown that fatigue and dyspnoea are the most
common symptoms that persist several months after the
acute COVID-19 [1]. Other chronic manifestations of post-
CQOVID-19 condition include cognitive and mental disorders,
chest and joint pain, palpitations, myalgia, impaired sense of
smell and taste, cough, headache, as well as gastrointestinal
and cardiovascular disorders [2]. The post-COVID syndrome
pathogenesisis is associated with damage to the large
number of different cells and organs resulting in a whole range
of symptoms. The long-term symptoms emerge in patients
having a history of both mild and severe COVID-19. The
symptoms of previous COVID-19 are diverse, however, they
are not systematized.

Post-COVID syndrome most often gradually regress
within half a year, however, multi-organ disorders persist over
a long time and complications develop in some patients. The
diagnosis of post-COVID syndrome is subjective, it is based on
the patients' complaints.

Blood coagulation disturbances can be observed in the
majority of patients showing a variety of symptoms. A D-dimer
test for determination of the fibrin degradation product formed
during enzymatic hydrolysis of the blood clot protein network
is used for laboratory confirmation of hemostatic disorders
associated with post-COVID condition [3, 4]. However, high
D-dimer concentrations are not observed in all patients, that is
why D-dimer cannot be considered the full-fledged and unique
marker of post-COVID syndrome. Currently, there is no optimal
diagnosis method allowing one to identify the informative
pathogenetically significant diagnostic criteria of post-COVID
syndrome.

Given the fact that the post-COVID syndrome pathogenesis
is associated with cell damage resulting in inflammation, it
has been suggested that the functional activity of the major
inflammatory cells, neutrophils and monocytes, could be
changed. Extracellular trap formation is a manifestation of the
involvement of these cells in inflammatory response.

The study was aimed to compare the informative value
of the indicators obtained during conventional clinical and
laboratory assessment of patients with post-COVID syndrome
and the results of blood testing for neutrophil and monocyte
extracellular traps.

METHODS

Atotal of 21 outpatients aged 18-59 (36 [27+50]) were enrolled.
Inclusion criteria: the diagnosis of post-COVID syndrome. The
comparison group (control group) included 20 healthy donors
aged 18-59 (38.5 [29+-51.5]) who had no history of coronavirus
infection.

Biochemical parameters of blood collected from patients
and healthy donors were defined using the Olympus 5800
biochemical analyzer (JP, Olympus Corporation; USA) in the
diagnostic laboratory of the Diagnostic Clinical Center Ne 1
of the Moscow Department of Health. The study was carried
out in the laboratory of the Department of Physiology and
Clinical Pathophysiology at the Faculty of General Medicine,
Pirogov Russian National Research Medical University. All
the procedures were performed in accordance with the
adopted ethical standards. The new laboratory tests, i.e.
determination of neutrophil and monocyte extracellular traps,
were used during the study along with conventional clinical
and laboratory tests.
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Determining the levels of neutrophil and monocyte
extracellular traps. Cell fractionation

Isolation of neutrophils and monocytes

The patients' venous blood was collected in the siliconized EDTA
tubes for prevention of blood clotting. To isolate neutrophils and
monocytes from venous blood treated with EDTA, blood was
two-fold diluted with sodium phosphate buffer (pH 7.4) and
layered on top of the Ficoll-verografin double density gradient
medium. The top layer density was 1.077 g/cm?®, and the
density of bottom layer was 1.190 g/cm?®. After centrifugation
(1600 rpm, 30 min) neutrophils accumulated in the interface
between the gradients (98-100% purity), and the monocyte
ring appeared on the surface of the gradient medium top layer
(1.077).

Neutrophils and monocytes were twice washed with
sodium phosphate buffer (50 mmol, pH 7.4) to remove the
Ficoll impurities. Sedimentation of blood cells was performed
by centrifugation (1200 rpm, 15 min). The isolated neutrophils
and monocytes in the RPMI-1640 medium were used for cell
culture experiments. The viability of the isolated neutrophils and
monocytes was 95 and 99%, respectively.

Immunofiuorescence detection of neutrophil and monocyte
extracellular traps

Fluorescence microscopy was used for detection and
enumeration of neutrophil and monocyte extracellular traps.
The method is explored in detail in the patent application RF
No. 2021104936/14 (010852).

The results were presented as percentage, the ratio of the
number of extracellular traps against the total number of cells
in the field of view.

The neutrophil and monocyte extracellular traps were
detected using the SYBR Green fluorescent dye (Evrogen;
Russia) capable of specific interaction with double-stranded
DNA. The cells and extracellular structures were enumerated
and photographed at x700 magnification.

Statistical processing

The STATISTICA 12.0 software package (StatSoft Ink.; USA)
was used for statistical data processing. The results were
reported as mean (M) and standard error of the mean or, when
the distibution was non-normal, these were reported as median
(Me) and the 25th and 75th percentile values of the distribution
of indicator values (interquartile range). The quantitative
characteristics were compared using the Mann-Whitney U test
and the Kruskal-Wallis analysis of variance. The differences
were considered significant at p < 0.05.

RESULTS

Initial assessment of the patients in the index group was
performed between days 60 and 119 since the disease onset,
i.e. after 95 [89-109] days or 13.6 weeks. The age of patients
with post-COVID syndrome was 36.0 [27.0-50.0] years, while
the age of healthy donors was 38.5 [29.0-51.5] years (p = 0.818).
The patients and healthy donors had almost the same body
mass index: 25.0 [22.0-28.7] kg/m? and 24.6 [23.3-29.5] kg/m?
(o = 0.783), respectively.

A total of 11 patients (52.4%) had a history of mild disease,
7 patients (33.3%) had a history of moderate disease, and
3 patients (14.3%) had a history of severe disease. The COVID-19
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Fig. 1. Symptom occurrence in patients with post-COVID syndrome by day 95 [89-109] after the disease onset

symptom occurrence by day 95 [89-109] of the disease is  headache, and the symptoms of autonomic disorders. It can be

provided in Fig. 1. On average, one patient had 1-6 symptoms  assumed that such clinical features are most typical for post-

(2.4 £1.1). COVID syndrome. The symptom cluster that does not require
Fatigue, headache, epigastric pain, and dizziness were  specific treatment possibly results from microangiopathy and

most often observed in the surveyed patients (Fig. 1). The  vascular endothelial damage.

patients less often complained of hair loss and dyspnoea. The Laboratory parameters of patients with post-COVID

other papers on the research of symptoms observed in patients ~ syndrome compared to that of healthy donors are provided in

with post-COVID syndrome most often report fatigue, myalgia,  Table.

Table. Laboratory parameters of patients with post-COVID syndrome and healthy donors

Parameters Patients with post-COVID syndrome (n = 21) Healthy donors (controls) (n = 20) Probability
Me [25-75] Me [25-75] p

Hemoglobin (g/L) 136,0 [127,0-157,0] 133,5 [130,0-147,5] 0,725
Mean corpuscular hemoglobin (pg) 29,6 [29,0-30,4] 30,7 [30,1-32,0] 0,005
Red blood cell distribution width (%) 13,5 [12,7-14,1] 12,4 [12,1-12,9] 0,015
Red blood cell count (10'%/L) 4,7 [4,5-5,1] 4,3[4,1-4,7] 0,005
White blood cell count (10%/L) 6,2 [5,7-8,1] 5,5[4,6-6,8] 0,059
Neutrophils (10%/L) 3,1[2,5-4,8] 3,3[2,2-4,4] 0,583
Lymphocytes (10%L) 2,2[2,0-2,9] 1,8[1,3-2,1] 0,001

Eosinophils (10%L) 0,2 [0,1-0,2] 0,11[0,1-0,2] 0,0007
Platelet count (10%/L) 264,0 [228,0-316,0] 261,0 [221,0-292,0] 0,464
Leukopenia, n (%) 0 3 (15) 0,179
Neutropenia, n (%) 29,5 1) 0,965
Vitamin D deficiency, n (%) 7 (33,3) 8 (40) 0,658
Elevated D-dimer levels, n (%) 1(4,8) 2(10) 0,706
Erythrocyte sedimentation rate (mm/h) 5,0[2,0-10,0] 7,5 [3,5-9,5] 0,57

Vitamin D (ng/mL) 17,3 [14,1-23,3] 23,0[16,9-36,8] 0,211

Iron (umol/L) 14,4 [9,4-22,9] 18,5 [14,5-24,6] 0,25

Ferritin (ng/mL) 35,4 [17,1-105,4] 97,3 [43,5-191,5] 0,229
Alanine transaminase (U/L) 25,8 [16,0-43,0] 15,5 [13,0-21,0] 0,007
Aspartate transaminase (U/L) 22,0 [20,5-27,4] 19,0 [16,0-22,0] 0,028
Gamma-glutamyltransferase (U/L) 33,0 [33,0-51,8] 15,5 [11,5-30,5] 0,031

Alkaline phosphatase (U/L) 213,5[128,9-834,0] 58,0 [53,0-76,5] 0,018
Cholesterol (mmol/L) 5,3 [4,6-5,9] 5,4[5,1-5,9] 0,612
Low-density lipoprotein (mmol/L) 3,4 [2,3-3,5] 3,1[2,6-3,8] 0,719
Potassium (mmol/L) 4,7 [4,4-4,9] 5,0 [4,6-5,1] 0,328
Uric acid (umol/L) 332,0 [277,0-465,0] 285,0 [213,5-345,5] 0,114
Urea (mmol/L) 4,7 [3,9-6,6] 4,0 [3,5-5,1] 0,116
Creatinine (mmol/L) 75,5 [64,5-80,5] 70,0 [54,0-82,5] 0,292
Thyroid-stimulating hormone (mIU/L) 1,5[1,1-1,8] 2,0 [1,2-2,7] 0,177
Glucose (mmol/L) 5,2 [5,1-5,8] 4,6 [4,4-4,8] 0,0007
D-dimer (ug/L) 235,0 [190,0-300,0] 247,5 [192,0-361,5] 0,831

Note: Me — median value; [25-75] — interquartile range.
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Fig. 2. Neutrophil extracellular traps in the form of single DNA filaments emerging
from the neutrophil niclei in patients with post-COVID syndrome

Thus, the patients with post-COVID syndrome showed
some relative increase in the red blood cell, lymphocyte, and
eosinophil counts in peripheral blood compared to controls,
along with elevated liver enzyme levels and blood glucose
concentrations. Despite the fact that the changes in blood
parameters observed in patients were within the reference
ranges, these were clearly not accidental. In our opinion, the
relative increase in red blood cell counts observed in patients
having a history of COVID-19 was associated with concomitant
hypoxia.

The increase in transaminase activity and blood glucose
levels could be due to moderate hepatocyte damage.

This assumption is confirmed by the increase in the
gamma-glutamyltransferase and alkaline phosphatase enzyme
activity. In our opinion, the observed moderate increase in the
eosinophil and lymphocyte counts reflects the hypothalamo-
pituitary-adrenal axis fatigue during COVID-19 resulting in
certain reduction of the surveyed patients' blood cortisol
levels. The D-dimer levels in these patients remain virtually
unchanged, which can be explained by no thrombogenesis or
bland thrombogenesis.

DISCUSSION

The clinical and laboratory indicators provided in Table make it
generally impossible to reveal specific changes characteristic
of post-COVID syndrome. However, it is known that post-
COVID syndrome is characterized by severe inflammation
in the vascular endothelium [5]. The filamentous forms of
neutrophil extracellular traps (NETs) detected in blood are
considered a laboratory feature of such aseptic inflammation
[6]. It is noteworthy that these filamentous structures are found
only in those patients who have a history of mild to moderate
disease (Fig. 2). The amount of NETs in those who experienced
mild illness was 6.55 + 0.94% (p < 0.05), while in moderate
cases the amount of NETs was 0.86 + 0.51% (p < 0.05). No
METs were found in patients of these groups.

No NETs were revealed in patients having a history of
severe COVID-19. However, DNA degradation products, the
extracellular purine nitrogenous bases, were found in severe
disease survivors [7]. We suggested the presence of the
filamentous forms of METs and then detected those in such
patients (Fig. 3). The levels of METs in these patients were low:
1.01 £0.71% (p < 0.05).

Enzymatic degradation of DNA filaments results in the
emergence of factors of secondary alteration, the extracellular
purine nitrogenous bases capable of damaging cells in the
central nervous system (CNS) and internal organs, thus

BECTHVK PIMY | 6, 2022 | VESTNIKRGMU.RU

Fig. 3. Monocyte extracellular traps in the form of single DNA filaments emerging
from the cell niclei in patients with post-COVID syndrome

maintaining aseptic inflammation. Moreover, filamentous forms
of extracellular traps and elevated levels of extracellular purine
nitrogenous bases have been reported in patients with post-
COQOVID syndrome for a long time (three months or more). We
believe that elevated levels of extracellular purine nitrogenous
bases are the most significant factor of the post-COVID
syndrome pathogenesis that should be restricted in order to
prevent damage to the endothelium, cells of the CNS and
internal organs. The filamentous structures originating from
neutrophils and monocytes constitute the source of these
damaging molecules (factors of secondary alteration). Thus,
effective therapy should be aimed at restriction of the neutrophil
and monocyte extracellular trap formation in patients with post-
CQOVID syndrome.

Currently, the majority of researchers define the extracellular
structures produced by neutrophils (NETs) as the net-like
structures and believe that neutrophils produce these net-
like structures only. However, this is not true. We have for
the first time revealed the relationship between the neutrophil
extracellular trap morphology and the type of inflammation,
we have also found that filamentous forms of NETs are unique
to aseptic inflammation [6]. The net-like NETs are formed
only in cases of the favorable course of inflammation caused
by infection [6]. The net-like structure of NET is of special
physiological significance, since it is functionally active. The
filaments of such net capture pathogens and dying cells of the
body, and then perform retraction [8]. Monocytes/macrophages
absorb and hydrolyze the net together with the pathogens and
the remains of dead cells. Filamentous forms of NETs are not
capable of such responses and serve as a source of the factors
of secondary alteration, the extracellular purine nitrogenous
bases. Furthermore, adenin, that is increasingly released during
the enzymatic hydrolysis of DNA filaments, inhibits T cells and
can cause secondary immunodeficiency. Our findings make
it possible to conclude that detection of filamentous forms
of neutrophil and monocyte extracellular traps in blood is the
most typical diagnostic feature of post-COVID syndrome.

CONCLUSIONS

Filamentous forms of neutrophil and monocyte extracellular
traps are the diagnostic feature of post-COVID syndrome.
Filamentous forms of neutrophil extracellular traps were found
in patients with post-COVID syndrome who had a history of mild
to moderate COVID-19. No neutrophil extracellular traps were
found in patients with post-COVID syndrome who had a history
of severe disease, however, filamentous forms of monocyte
extracellular traps were detected in blood of these patients.
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ALGORITHM OF SEGMENTATION OF OCT MACULAR IMAGES TO ANALYZE THE RESULTS
IN PATIENTS WITH AGE-RELATED MACULAR DEGENERATION
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Age-related macular degeneration (AMD) is one of the main causes of loss of sight and hypovision in people over working age. Results of optical coherence
tomography (OCT) are essential for diagnostics of the disease. Developing the recommendation system to analyze OCT images will reduce the time to process
visual data and decrease the probability of errors while working as a doctor. The purpose of the study was to develop an algorithm of segmentation to analyze the
results of macular OCT in patients with AMD. It allows to provide a correct prediction of an AMD stage based on the form of discovered pathologies. A program
has been developed in the Python programming language using the Pytorch and TensorFlow libraries. Its quality was estimated using OCT macular images of
51 patients with early, intermediate, late AMD. A segmentation algorithm of OCT images was developed based on convolutional neural network. UNet network was
selected as architecture of high-accuracy neural net. The neural net is trained on macular OCT images of 125 patients (197 eyes). The author algorithm displayed
98.1% of properly segmented areas on OCT images, which are the most essential for diagnostics and determination of an AMD stage. Weighted sensitivity and
specificity of AMD stage classifier amounted to 83.8% and 84.9% respectively. The developed algorithm is promising as a recommendation system that implements
the AMD classification based on data that promote taking decisions regarding the treatment strategy.

Keywords: artificial intelligence, neural network, age-related macular degeneration, optical coherent tomography, machine learning algorithm
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Age-related macular degeneration (AMD) is one of the main
causes of loss of sight and hypovision in people aged 50 and
over [1-3]. An annual growth of patients with this pathology is
noted due to an increased expectation of life and upgrading the
methods of diagnostics [4, 5]. Thus, based on prognosis of the
World Health Organization, a number of people with AMD will
be increased by 1.2 times from 2020 to 2030 (from 195.6 to
243.3 million of people) [6].

There exist various classifications of AMD: we differentiate
between dry (non-exudative and atrophic in the late stage)
and wet (exudative or neovascular) forms of AMD [7, 8].
According to the Age-Related Eye Disease Study (AREDS),
an early, intermediate and late stages of age-related macular
degeneration have been identified [9]. Based on literature
data, in 10-20% of cases the non-exudative form of disease is
transformed into the exudative one; in other cases, the course
is slowly progressing and results in a geographic atrophy [10-12].
Specific treatment of dry AMD is currently lacking, and the
emphasis is on prevention measures [13]. Wet AMD leads to
rapid and irreversible loss of central vision. Intravitreal injections
of vascular endothelial growth factor (VEGF) inhibitors improve
vision and reduce the possibility of blindness in wet AMD [14].
However, treatment success depends on many factors, one
of which being modern diagnostics of the disease [3]. Optical
coherence tomography (OCT) acquired the most widespread
use both in clinical trials, and in real practice as a means of
diagnostics and monitoring of patients with AMD [15-16]. It
is highly informative, contactless and allows to estimate the
architecture of eye structures and retina, in particular, in real
time [17]. A growing number of patients with this pathology is
accompanied by an increased need in OCT studies, improved
capacity of medical institutions and improved quality of the
method.

Analysis and interpretation of large amounts of data is one
of the issues [18, 19]. It can be solved using artificial intelligence
(Al). Al'intelligence becomes a perspective trend in diagnostics
of ophthalmological diseases [20]. Thus, machine learning can
be used to detect peculiarities of retinal tissue structure to
evaluate the changes in it [21], detect vascular plexuses [22]
and such retinal lesions as intraretinal cysts or subretinal fluid
[23]. Methods of deep learning have recently become popular
in the sphere of computer vision and are now included into the
area of retinal image analysis. The methods of detecting retinal
disease based on isolated biomarkers have gained special
recognition; it enables close imitation of visual analysis by an
expert and makes verification of a classifier easier [24-30].
Latest studies in the area of integration of recommendation
systems in ophthalmology reveal brilliant results regarding
less time spent on diagnostics and influence of a human
factor on the process of doctors’ working [31, 32]. These
systems were operated based on the intellectual algorithms
similar to previously available ones, which proves relevance of
the search and development of new algorithms that could be
used to determine the signs of AMD of various stages on OCT
images with high sensitivity and specificity.

The purpose of the research is to develop an algorithm of
segmentation to analyze macular OCT data in patients with
AMD, that enables proper prediction of an AMD stage based
on the form of extracted pathologies.

METHODS
To solve the set task, supervised learning was used. During

this training, the intellectual algorithm compares incoming
and expert-labeled data increasing the generalization ability

for unknown examples. At the stage of formation of three
samples (training, validation and test ones), it was decided to
use the database obtained during a standard ophthalmological
examination and macular OCT using Avanti XR (Optovue; USA)
and REVO NX (Optopol; Poland) at Optimed Center for Laser
Eye Surgery (Ufa, Russia). Direct formation of a data set made
it possible to regulate the parameters of the ratio of classes
(stages) of the disease, gender and age-related distribution of
patients and concomitant diseases, and a number of produced
biomarkers, resulting in analysis of working algorithm outcomes
in the presence of formerly known peculiarities of a set of
OCT images. Incoming data included OCT macular images of
125 patients (197 eyes) with 89 women and 36 men having a
mean age of 74.88 years (40-97). Inclusion criteria: patients
with early (32%), intermediate (26%) and late (42%) stages AMD
with sufficient transparency of optical media. Exclusion criteria:
presence of diabetic retinopathy, retinal vessel occlusion;
pachichoroid diseases; pathology of vitreomacular interface;
and myopic choroidal neovascularization. The obtained set
of OCT images consisted of training, validation and testing
samples that account for 80, 10 and 10% respectively. Python
programming language was a tool to develop an algorithm
of image classification and formatting using TensorFlow and
Pytorch libraries. Predictors of AMD stages were searched
using the convolutional neural network segmenting the eye
pathology. The operation principle of this neural networks
was based on multi-layered successive convolution of an
image with filters, whereas weight coefficients are selected
while training an algorithm. These filters are intended to mark
various image-located forms and textures in accordance with
the principle of cerebral cortex operation having small parts
of cells sensitive to certain areas of the field of vision. UNet
initially created for segmentation of biomedical images was
selected as architecture of a convolutional neural network. This
architecture implements not only a slow increase of numerous
signs (a tensor) that characterize the incoming image using four
layers of convolution with filters and compression in encoder. It
also preserves data related to their localization on the image by
adhesion to parallel layers of convolution and use of operations
reverse to file compression in a decoder.

RelLu was used as a function of activation. It provided
quallitative training of a model using a relatively low amount of
incoming data. OpenCYV library was selected to ensure the best
indicators of image processing and noise clearance.

To solve the issue of overfitting, several approaches were
reviewed. Transfer learning, when the applied network is
previously educated using a large set of data, is a popular
method in this context [33-35]. However, it should be taken
into account that the biomarkers marked on an OCT image
will have little correlation with entities produced by networks
trained using common databases such as ImageNet. This can
make the method less effective [36, 37]. Using methods of
attention concentration is another approach that reduces the
probability of network overfitting. For this, a block of attention
was added to the neural network structure following every
convolution layer. This block included searching of key points
of the outcome of the layer process and increase of nearby
values of network-processed tensor elements, on one hand,
and a method of searching the adaptive limit value of tensor
elements, on the other hand.

Classification based on segmented data was done
by calculating the area of the largest pathologies of the
same nature. The limit values were determined taking into
consideration clinical signs of AMD by the size of concomitant
pathologies [9].
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Fig. 1. Class activation cards: with no use of attention concentration module (A); while using the SIFT method (B); while using the SALV method (C)

It was estimated whether an AMD stage was classified
properly based on the automatic recognition of OCT images and
analysis of the nine-field coupling matrix, which is a matrix that
provides correspondence between the actual and predicted
AMD stages (early, intermediate, late). Three four-field coupling
matrices developed using the principle of prediction of one
AMD stages only were obtained. Thus, values of specificity and
sensitivity for every AMD stages were calculated for every matrix.
Sensitivity means a percentage of properly predicted cases of
a certain stages of AMD, whereas specificity is a percentage of
properly predicted cases not related to the AMD stages.

Weighted sensitivity (Se,) and specificity (Sp,) of the entire
classification algorithm were calculated using definite values

Slelnl+_'>'e:n:+55'3n3

Se ——ti-ii i3

w n

Spn +Spn +Spn_
11" °Fa 33
Sp =—iti 2z 33

w n

where Se,, Sp, mean sensitivity and specificity of early AMD
recognition; Se,, Sp, denote sensitivity and specificity of late
AMD recognition; Se,, Sp, mean sensitivity and specificity of
intermediate AMD recognition; n, means a number of cases
with early AMD; n, means a number of cases with late AMD;
n, means a number of cases with intermediate AMD, where
n=n +n,+n,

RESULTS

To develop a recommendation system determining AMD
stages, an approach imitating a visual analysis made by
an expert was selected. When it is used, position and form
of disease pathologies can be found on an OCT image and
they can be compared with a previous diagnostic experience.
At the stage of detecting pathologies, the key issue consists
in transfer of an expert’s experience in its differentiation with
an intellectual algorithm. As use of methods of deep learning
displays its effectiveness and immunity to the variety of
incoming information only in the presence of a sufficient scope

of the training samples, which is proportional to the algorithm
complexity [38], a set of marked OCT images is required. Its
generation is a resource-intensive task.

To avoid the limitation in the structure of UNet segmenting
neural network, it was decided to include a block of additional
treatment of a set of signs from an output of the convolution
layer. This is how data about pathology contours were
preserved, which could be reduced to the neural network
attention concentration. The presented approach enables to
decrease the complexity of the applied neural network algorithm
by reducing a number of educated values while preserving
exactness in a training sample. Effectiveness of the attention
concentration approach was estimated by comparing the exact
determination of segmented abnormal area borders using test
data and analysis of class activation maps of abnormal retinal
parts of UNet coder that visualizes the key areas of the images
used for segmentation of this predictor.

During training of the neural network with a set of data
formed by the authors with no involvement of the attention
concentration block into UNet, the segmentation results
amounted to 58.7% of properly segmented abnormal areas.
The class activation maps presented in Fig. 1A, display little
concentration of attention on AMD signs. This is how low
accuracy of pathology borderlines can be explained.

When selecting an algorithm of the attention concentration
block it has been taken into account that retinal layers on
OCT images have a properly marked difference in shades of
gray. Deformation of pigmented epithelium and neuroepithelial
edema are clearly seen. These shades, considering their
difference in size during different stages of the disease, can
be revealed by finding scale-invariant key points with Scale-
Invariant Feature Transform (SIFT) [39]. They denote edges and
angles and deformity margins on the image using the method
of searching the adaptive limit value (SALV). The method proved
to be effective while detecting pathologies [40].

The SIFT approach with a fixed lower threshold of key
point scope, equal to the minimal sizes of drusen found in early
stages of AMD [9] enabled to improve exactness of abnormal

Fig. 2. OCT macular images in early and intermediate AMD. A. Hard and soft Bruch’s membrane drusen (red arrows) marked by the doctor. B. Algorithm segmented image
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Fig. 3. OCT image late macular OCT image in AMD. A. Signs of AMD recorded by the physician (described in the text). B. Algorithm segmented data

segmentation to 76.7%. However, the attention concentration
block helps find key areas not related to pathologies (Fig. 1B),
decreasing the concentration of the neural network.

While using the attention concentration block based on
the SALV method, accuracy of properly segmented abnormal
areas was achieved in 98.1% of cases. Owing to the method,
the entire attention of the neural network was concentrated on
drusen (Fig. 1C). When the rate of occurred pathologies was
changed from equally likely to statistical [10, 11], exact detection
of neuroepithelial edema was reduced by 15%. Thus, to increase
effectiveness, a conclusion was made that distribution of all
pathologies on the training sample should be regular.

Segmentation results for predictors of dry intermediate
AMD using the latest version of attention concentration block
are well shown on Fig. 2. Hard and soft drusen of Bruch’s
membrane that deform the pigmented epithelium (displayed in
arrows) are visualized on OCT macular images (Fig. 2A). The
layers that correspond to structural elements of photoreceptors
are above the drusen. The internal layers of neuroepithelium
are clear and not deformed. Foveolar deepening has a proper
configuration. In Fig. 2B these areas are segmented using the
algorithm where the deformed pigmented epithelium is shown
in yellow, just like the orange layers above the drusen.

Retinal thickness is increased due to cystic edema of
neuroepithelium (green arrow), local elevation of pigmented
epithelium probably occurring due to the hidden neovascular
membrane (red arrow) with accumulation of hyporeflective
content found under the neuroepithelium (yellow arrow).
The fovea is concave. On Fig. 3B neuroepithelial edema is
highlighted in dark red, elevation of pigmented epithelium in
orange, and fluid accumulation under the neuroepithelium in
blue. Predictors of late AMD are shown on Fig. 3A.

Automatic classification of AMD stages was done based
on the obtained results, and values of specificity and sensitivity
for each stage were calculated as well (Table). Based on
the acquired values, the weighted values of sensitivity and
specificity of a stage classifier (Se, = 0.838 and Sp,, = 0.849)
were calculated.

DISCUSSION

The presented results were obtained while using OCT
images from tomography scanners of several manufacturers.
This produced a significant effect on accurate operation of
segmentation algorithm due to differences in data visualization.
Owing to specific block attention concentration methods
when various labeling of OCT images is provided along with
predictors, it is necessary to implement additional training of
the recommendation system using new examples or remove

Table. Values of specificity and sensitivity for every stage

the mentioned data. In this case, preliminary treatment of
images can be required.

It should also be noted that the obtained forms of segmented
areas will differ depending on the disease presence and
stage. The data contain predictors needed for detection and
determination of an AMD stage by the recommendation system.
However, in some cases the limits of the ratio of abnormal area
shape and proper diagnosis in an expert opinion can be rather
blurred due to individual features of the disease course in a
patient and in a different selection of eye radial scanning images.

Thus, a fully connected layer, which is the most frequently
applied in computer vision tasks with neural networks, as a
classifier of AMD stages will also require an extensive training
sample to provide the indistinct borders. Considering statistics
about an irregular frequency of AMD stage determination
[10, 11], the task can’t be solved easily. Same conclusions will
be just for the limit values of AMD stage determination by the
area of pathologies. It means that their hard task can involve
additional errors. It is advisable to use methods of imprecise
logics that effectively display a doctor’s heuristic experience to
analyze the signs resulting from the segmentation algorithm.

The obtained composite indices of specificity and
sensitivity of the classification algorithm display proper quality
of recognition of AMD stages (> 83%). Their values were mainly
determined by a classification of OCT images from several
tomography scanners with various imaging techniques. This
occurs due to a wish to improve the generalizing capability
of the algorithm for appliances from different manufacturers.
It should also be noted that the average result of sensitivity
is obtained for the intermediate AMD (58% only). It occurs
because the stage of AMD is the most complicated one
for recognition due to very similar forms of pathologies. It is
suggested that methods of fuzzy logic should be applied to
improve sensitivity while determining the stage of AMD during
subsequent studies.

CONCLUSIONS

The machine learning algorithm was developed to segment
the AMD pathologies based on OCT-images with attention
concentration. A physician can apply the obtained results to
focus on the most important for diagnostics areas or as part
of the recommendation system of detection and determination
of an AMD stage that has to be developed in subsequent
studies. The algorithm displayed its perspectives regarding
organizational issues associated with AMD diagnostics, less
load on ophthalmologists, and effective recognition of AMD
on OCT images with 98.1% of properly segmented abnormal
areas.

Quiality metrics Late Early Intermediate
Sensitivity Se 0.929 0.921 0.58
Specificity Sp 0.823 0.769 0.993
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JUSTIFICATION OF USE OF FIXED RETAINERS BASED ON THE ANALYSIS OF SIZE
OF THE INCISOR AND CANINE CROWNS

Postnikov MA!, Butvilovsky AV2E, Alsharifi AAM?2, Madatyan AVe, Kopetskiy IS4, Eremin DA?
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Anatomical features of the teeth should be accounted for dental treatment plans. The need for constant monitoring of changes in the dentition system determines
the relevance of this research. The study aimed to establish the size of anterior teeth with the help of odontometry. We made bi-layer single stage impressions and
cast diagnostic models of the anterior teeth of 50 male and 50 female participants aged 18-24 years. The absolute sizes of crowns of incisors and canines were
established. To assess the reduction of lateral incisors, we calculated the interincisor index (li) of teeth 22 and 21; sexual dimorphism was determined using the
Garn-Lewis formula. It was discovered that there are no differences in the mesiodistal widths of crowns of contralateral teeth on the right and left sides (o > 0.05).
The mesiodistal width of crowns of anterior teeth decreases (significant changes) in the following order: maxillary central incisors — maxillary canines = mandibular
canines and maxillary lateral incisors — mandibular lateral incisors — mandibular central incisors. The degree of reduction of lateral incisors is low (i = 74.9) and
more prominent in males than in females. In the examined patients, the greatest mean length of crowns of anterior teeth is that of upper central incisors and lower
canines, while upper canines are shorter in length and upper lateral incisors, lower central and lateral incisors have the shortest mean crown length. Males have
longer (mean length) crowns of lower canines, upper incisors and canines than females, the difference being significant (o < 0.001). The parameters of the crowns
determined in this study showed that they have sufficient height and mesiodistal width, which, together with the low degree of reduction of the lateral incisors,
justifies the possibility of direct fabrication of orthodontic fixed retainers. The data can also be used at the stage of dental treatment planning.

Keywords: teeth anatomy, odontometry, teeth crowns mesiodistal dimensions, teeth crowns height, dental treatment planning, orthodontic retainer
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OBOCHOBAHUE UCMOJIb30BAHNA HECBEMHbIX PETEMHEPOB HA OCHOBAHUWN AHAJTU3A
PASMEPOB KOPOHOK PE3LIOB U KJ1bIKOB

M. A. MocTtHrkos!, A. B. Byteunosckuin? = A, A. M. Anwapudn?, A. B. Magatar®, V. C. Koneukuin®, . A. EpemuH*

T CamapcKuii rocyaapcTBeHHbIN MeauUMHCKIMA yHnBepcuTeT, Camapa, Poccus

2 Benopycckuin rocyaapCTBeHHbIN MeaVLIMHCKUIA yH1BEpCUTET, MuHCK, Pecnybnvka Benapycb

3 Ce4veHOBCKMIN yHMBepcuTeT, MockBa, Poccust

4 Poccuickuin HaupmoHasnbHbI MccnefoBaTenbCKuin MEAMUMHCKIMIA yHMBepCUTeT nMenn H. V. Muporosa, Mockea, Poccus

MpY NNaHMPOBaHNM CTOMATONOMMHECKOrO NEHYeHNS HEOOXOAUMO Y TbIBATEL aHATOMUYECKNE OCOBEHHOCTU 3y60B. HeobXx0aMMOCTL MOCTOSIHHOTO MOHUTOPUHIA
VN3MEH4YMBOCTY 3yOOHEMNOCTHON CUCTEMbI ONPEAENsAeT akTyalbHOCTb AaHHOM paboThl. Lienebto paboThl 6bi10 OLEHWTL pasMepbl KOPOHOK (DPOHTANBHOM MPynMbl
3y60B C MOMOLL|bIO OfOHTOMETPUN. MonyHeHb! ABYXCOVHbIE OAHOSTaMHbIE OTTUCKN U OTAUTLI ANArHOCTUHECKE MOLENN NMEPEAHEro yHacTKa HYemocTe y 50 My>4UmH
1 50 >xeHLWH B Bo3pacTe 18-24 neT. OnpepaeneHbl abCoMOTHbIE 3HA4EHVS Pa3MEePOB KOPOHOK PE3LIOB 1 KIbIKOB. [ OLeHKN peayKLvv natepanbHbIx peaLos
BbI4MCIEH MEXXPe3L0BbIN nHAeKc (li) no 3ybam 22 1 21, nonosow AuMopdram onpegeneH no hopmyne Garmn-Lewis. YCTaHOBNEHO, YTO Pa3NN4Ma ME3NOAMCTaTbHBIX
pa3MepPoB KOPOHOK OHOMMEHHbIX 3yO0B MPaBol 1 NIEBOW CTOPOHbI OTCYTCTBYHOT (0 > 0,05). MesnoaucTanbHble pasmMepbl KOPOHOK CTATUCTUYECKW 3HAYMMO
y6bIBaIOT B PSY: BEPXHUE LIEHTPasbHbIE PE3LIbl = BEPXHME KITbIKN = HYKHUE KITbIKV 1 BEPXHWE NaTepasibHble pesLibl = HKHUE NaTepabHble PesLibl = HbKH1E
LieHTpanbHble peaLbl. CTeneHb BbIPXKEHHOCTN peayKLMM naTepanbHbix Pe3LoBs H13Ka (li = 74,9) 1 6onee BbipaykeHa Y My>XXUMH, HYEM Y XKEHLLIMH. Y 06CNEA0BaHHbIX
NaLWeHToB cpean nepeaHnx 3y6oB HambombLLast BbICOTa KOPOHKN CBOMCTBEHHA BEPXHUM LIEHTPasTbHBIM Pe3LiaM 1 HDKHUM KilblkaM, MeHbLUas — BEPXHUM
K/blkam, @ HavMeHbluas — BEPXHM naTeparnbHbIM PesLiam, HKHUM LeHTpabHbIM 1 natepasibHbIM pesliam. Y My>XHMH BbICOTa KOPOHOK HUXKHWX KIbIKOB,
BEPXHVX PE3LIOB U KITbIKOB CTATUCTUHECKM 3HA4YMMO (P < 0,001) GonbLue, HYeM Y >KEHLLWH. Toy4eHHble mapaMeTpbl KOPOHOK CBUAETENLCTBYIOT 06 1X 4OCTATO4HOMN
BbICOTE ¥ ME3NOAMCTASIbHBIX pa3Mepax, HTo B COBOKYMHOCTY C HU3KOM CTENEHbIO BbIPAXKEHHOCTV pefyKLMmM naTtepabHbix Pe3LoB 060CHOBbLIBAET BO3MOXHOCTb
N3rOTOBSIEHVSt HECHEMHbIX PETENHEPOB MPSIMbIM METOAOM. [laHHble MOryT BbITb MICMONB30BaHbI U Ha 3Tane MiaHMPOBaHVs CTOMATONOMMHECKOrO JIeHEeHNS.

KnroueBble cnosa: aHaToMus 3y60B, OAOHTOMETPVIS, ME3NOAVCTASbHbIE Pa3Mepbl KOPOHOK 3y60B, BbICOTa KOPOHOK 3y60B, NNaHMPOBaHNE CTOMATONOMMHECKOro
nedveHus, petenHep

Bknap aBTopoB: M. A. [ocTH1KOB — aHanma nutepatypsbl; A. B. ByTBUNOBCKMIA — nnaHupoBaHue nccnenosanust; A. A. M. Anwapndu — coop 1 nHTepnpeTaums
naHHbIX; A. B. MapataH — nogrotoBka YepHoBvika pykonncy; M. C. Koneukuii — c6op ganHbix; . A. EpeMyH — aHanns gaHHbIX.

Cob6niopeHne 3TUYECKMUX CTaHAAPTOB: WCCMefoBaHe OL0OPEHO ITUHECKUM KOMUTETOM Benopycckoro rocynapCTBEHHOrO MEAMLIMHCKOrO YHMBEpcUTeTa
(npotokon Ne 15 ot 23 unoHs 2022 ).
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Retention is an integral stage of orthodontic treatment. It is
defined as preservation of the optimal aesthetic and functional
position of teeth once the active phase of orthodontic treatment
is over [1].

After active orthodontic treatment, teeth do not become
stable, they situation should be considered as dynamic
and constantly changing. Therefore, there arises a need for
permanent retention to ensure stability of the position of
teeth post-treatment. There is a number of biological goals
that should be considered when choosing a retainer, such
as maintenance of the good condition of periodontal tissues,
ensuring optimal oral hygiene, maintaining optimal functional
loads on teeth [2, 3].

The reasons behind a potential recurrence of problems
addressed with orthodontic treatment may be associated with
prolonged remodeling of periodontal tissues, muscle imbalance,
changes caused by growth and aging [4]. Long-term studies
reveal that in 90% of cases the said problems reappear within
10 to 20 years after the end of the retention phase of treatment
[5]. Since only a certain part of dentition needs retention, a
term "differential retention" was introduced to stress the special
attention paid to the section most prone to recurrence in each
orthodontic case [3].

Retainers can be fixed and removable. As the name
implies, removable retainers can be removed, which simplifies
oral hygiene procedures and allows patients to wear them
only through a part of the day, if necessary. However, in some
situations retainers should remain in the oral cavity 24 hours a
day in order to reduce the chance of recurrence; typically, such
conditions call for a fixed retainer [6, 7].

Removable retainers were the retention appliances of choice
for many years. In the 1970s, fixed retainers were suggested
as a solution preventing recurrence of the treated orthodontic
problems around mandibular incisors [8]. A study published in
2002 reported that a third of orthodontists prefer fixed lingual
retainers for the mandible and 5% choose fixed retainers for the
maxilla [9]. A 2011 publication has shown a shift in opinions:
fixed retainers were selected by 42% of orthodontists for the
lower jaw and by 11% for the upper jaw [10].

There ways of retaining treatment results preferred by
the orthodontists vary greatly region to region. For example,
in Norway and the Netherlands, both fixed and removable
retainers are often prescribed for the maxilla and fixed retainers
for the mandible. In Switzerland, a combination of two types
of retainers is often used in cases of maxillary extractions and
jaw expansions. Orthodontists practicing in the US, Saudi
Arabia and Australia usually opt for removable retainers for the

Table 1. Mesiodistal widths of crowns of incisors and canines
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upper jaw and fixed retainers for the lower jaw. In most studies,
vacuum formed retainers are the preferred type of a removable
retainer [11, 12].

In terms of retainer wear duration, less than 20% of
orthodontists in Norway, 52% in Saudi Arabia, approximately
80% in Australia, the US and the UK and 90% in Germany
prescribe permanent retention. These differences in the
approaches practiced by the orthodontists underscore the
importance of having a clear understanding of the relative
advantages of each type of retention [11].

In recent years, the list of situation when fixed retainers are
prescribed has expanded significantly [13]:

— diastema closure;

— tremas between anterior teeth;

— potential post-orthodontic tooth migration in adult patients;

— loss of teeth or large tremas in maxillary dentition before
orthodontic treatment;

— treatment involving extraction of mandibular incisors;

— severe tortoanomaly of maxillary incisors before orthodontic
treatment;

— corrected palatal impaction of the canines.

The advantages of fixed retainers are: easy adaptation
(usually the adaptation period lasts no more than a week);
no active involvement of the patient in the retention process;
constant action on the teeth, which reduces both the retention
period and the risk of recurrence; virtual invisibility during
conversations; minimal effect on articulation [14].

There are direct and indirect methods of fixed retainer
fabrication. The choice of the splinting method depends on the
anatomy of anterior teeth [15, 16].

Odontometry and odontoscopy provide a scientific basis for
selection of the splinting method. The features of dentition and
jaws system tend to change in the population, therefore, these
studies must be carried out dynamically [17-19]. Odontometry
yields results for the following criteria.

1. Crown anatomy. Anatomy of the crown drives selection
of a tooth to be extracted for orthodontic reasons. This choice
is the subject of ongoing debate among orthodontic schools.
Some of the schools recommend extraction of a specific (not
any) tooth in each case when there is a need for extra space;
this approach is largely justified by the anatomy of crowns of
teeth. For example, in the upper jaw it is common to extract
the second premolar and not the first one. The idea behind
this concept is that extraction of the first premolar can cause
imbalance as well as aesthetic and functional mismatch of the
dental arches. Odontometry is also an integral part of the dental
treatment planning process (aesthetic restorations, dental

Tooth Mesiodistal width, mm Uvalue p value

13 7.30 (6.86-7.77)
835 0.903

23 7.27 (6.93-7.63)

12 6.10 (5.72-6.65)
4753 0.547

22 6.07 (5.71-6.52)

11 8.08 (7.77-8.43)
4931 0.964

21 8.07 (7.75-8.48)

31 5.12 (4.84-5.42)
4802 0.807

41 5.12 (4.85-5.38)

32 5.51 (5.27-5.81)
4694 0.455

42 5.51 (5.20-5.73)

33 6.31 (6.07-6.72)
4935 0.874

43 6.39 (6.03-6.70)
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Table 2. Z value (lower left corner) and p error, pairwise comparisons of the groups of teeth formed by mesiodistal distance of the crown

Teeth zand p values

13+23 12 + 22 1M1+21 31 +41 32 +42 33 +43
13+23 - < 0.001 0.002 < 0.001 < 0.001 < 0.001
12 +22 10.31 - < 0.001 < 0.001 < 0.001 0.012
11+21 4.64 14.94 < 0.001 < 0.001 < 0.001
31 + 41 20.71 10.42 25.31 - < 0.001 < 0.001
32 + 42 16.96 6.65 21.58 3.79 - < 0.001
33 +43 7.79 2.53 12.42 12.94 9.18 -

Note: here and hereafter, the cells where p < pcrit are highlighted in gray.

prosthetics) and a feasible study in the context of diagnosing
increased tooth wear and their subsequent restoration [20, 21].

2.Root anatomy. Inthe orthodontic literature, the importance
of root anatomy in orthodontic treatment is conveyed via the
concept of anchorage. Anchorage is resistance to undesirable
displacement of teeth [22].

A specific anchorage value is selected for each tooth
based on various criteria: root surface; capability of periodontal
ligament to resist displacement regardless of its direction;
root length, i.e. a longer root is considered to be fixed deeper.
The most preferred method of anchorage calculation involves
assessment of the root volume, which represents the three-
dimensional integrity of root and alveolar bone [20].

3. Anatomy of the entire tooth. In some clinical situations,
the anatomy of the entire tooth shapes the treatment plan.
One of such cases, for example, is transposition of the lateral
incisor and maxillary canine. Currently, the advancements of
restorative and orthopedic dentistry allow changing the shape
of the tooth crown (coronoplasty), a popular solution for a
lateral incisor implying shaping it as a canine [20].

It should be noted that the last odontometric studies in the
Republic of Belarus were conducted over 10 years ago, which,
together with the need for constant monitoring of the variability
of the dentition [23], establishes the relevance of this work.

This study aimed to establish the size of crowns of incisors
and canines in the population of the Republic of Belarus and
substantiate the possibility of using fixed retainers.

12.0 —

10.5 —

75 = 708

6.0 —

45 — £

Mesiodistal width (mm)

3.0 —

METHODS

Using disposable plastic spoons and C-silicone from the
Zetaplus L TrialKit (Zhermack Spa; ltaly), two-layer one-
stage impressions of the anterior teeth of 100 volunteering
participants (50 male, 50 female) were made and studied. The
inclusion criteria were: age from 18 to 24; permanent residence
in the Republic of Belarus. The exclusion criteria were: refusal
to participate in the study, restorations or prosthetics on the
upper and lower incisors and canines.

We cast diagnostic models EliteModel (Zhermack SpA)
supergypsum and, using them, established mesiodistal
dimensions (distance between the protruding points of the
mesial and distal edges of a crown) and height of crowns of
incisors and canines with an electronic caliper DR6003 (Dr.Iron;
China) with resolution of 0.01 mm and accuracy of +0.01 mm.
The results of sizing 797 incisors (including 199 upper central,
200 upper lateral, 200 lower central, 198 lower lateral) and
400 canines (including 200 upper, 200 lower canines) were
recorded in the study card.

To assess the reduction of lateral incisors, we calculated
the interincisor index (li) for teeth 22 and 21 [24, 25]; sexual
dimorphism was determined using the Garn-Lewis formula,
median values [26].

Statistical processing of the obtained results was enabled
by the Past 3.0 software [27]. The quantitative variables as a
median, lower and upper quantiles Me (Q,-Q,) were described.

5.51
5.12

0.0

13+23 12 +22

Fig. 1. Comparison of mesiodistal widths of crowns, individual groups of teeth

11+21

31+ 41 32+42 33+43

Group of teeth
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Teeth Sex Mesiodistal width, mm Uvalue p value Sexual dimorphism
male 7.26 (6.92-7.63)
Maxillary canines 4371 0.125 -1.6
female 7.38 (6.95-7.80)
male 5.92 (5.38-6.35)
Maxillary lateral incisors 3161 <0.001 -6.3
female 6.32 (5.94-6.66)
male 7.99 (7.59-8.40)
Maxillary central incisors 4256 0.088 -1.8
female 8.14 (7.81-8.51)
male 5.09 (4.81-5.37)
Mandibular central incisors 4455 0.27 -1.5
female 5.17 (4.89-5.42)
male 5.45 (5.10-5.69)
Mandibular lateral incisors 3907 0.008 -1.4
female 5.53 (5.33-5.86)
male 6.37 (6.03-6.72)
Mandibular canines 4852 0.718 1
female 6.31 (6.06-6.68)

The degree of variation intensity was determined with the
coefficient of variation (V).

The significance of differences between two independent
groups was determined by the U (Mann-Whitney) and x?
(Pearson) tests with a critical level of significance for statistical
hypotheses at 0.05. The significance of differences in multiple
comparisons was determined by the H test (Kruskal-Wallis, with
a critical significance level of 0.05), in post hoc comparisons -
by the Dunn's test (z value) with the Bonferroni correction (with
a critical significance level of 0.0034 (six compared groups))
[28, 29].

RESULTS

The median age of the examined patients was 21.0 (20.0-22.0);
we did not discover significant differences in the age of men
(21.0 (20.0-22.3) and women (21.0 (21.0-21.3)) (U = 1116;
p > 0.05). Table 1 presents the mesiodistal width of the anterior
teeth crowns.

It was noticed that there are no differences in the mesiodistal
widths of crowns of contralateral teeth on the right and left
sides, which allowed grouping them. Multiple comparisons
of the formed groups of teeth revealed significant differences
between them (H = 937.0; p < 0.001), post hoc comparisons
(Table 2) showed significant differences between all groups
(except for the comparison of lower canines and upper lateral
incisors).

Table 4. Height of crowns of incisors and canines

The mesiodistal widths of crowns (Fig. 1) decrease in the
following order: upper central incisors (8.07 (7.77-8.46 mm))
— upper canines (7.28 (6.93-7.69) mm) — lower canines (6.34
(6.05-6.70) mm) and upper lateral incisors (6.05 (5.71-6.58)
mm) — lower lateral incisors (5.51 (6.23-5.77) ) mm) — lower
central incisors (5.12 (4.85-5.39) mm). It should be noted that
these data are consistent with the results reported in previous
studies [23].

Comparing the mesiodistal widths of the anterior teeth
crowns of male and female participants (Table 3), we discovered
significant differences in cases of maxilla lateral incisors (5.92
(6.38-6.35) mm and 6.32 ( 5.94-6.66) mm, respectively) and
mandible lateral incisors (5.45 (5.10-5.69) mm and 5.53 (5.33-
5.86) mm, respectively). A noteworthy observation is that the
highest degree of sexual dimorphism was characteristic of the
upper lateral incisors (the value of the Gang-Lewis index was
—6.3).

The li value for all examined patients was 74.9 (70.8-80.8),
which indicates a low degree of lateral incisor reduction. It
was found that the degree of intensity of variation of li is low
(V' =9.62), and only in 21% of cases its value was below 70.

Females had the interincisal index value at 76.3 (73.1-82.0),
which is significantly (U = 855; p < 0.01), by 4.0% greater that
registered in men (73.4 (67, 8-78.1). Males (n = 17; 34.0%)
had the value of this index below 70 4.3 times more often
(x?=10.2; p < 0.01) than females (n = 4; 8.0% ), which suggests
a conclusion that, in the population of the Republic of Belarus,

Tooth Crown height, mm Uvalue p value

13 9.29 (8.59-9.99)

4701 0.247
23 9.18 (8.54-9.84)
12 8.14 (7.47-8.77)

4695 0.456
22 8.25 (7.65-8.69)
11 9.60 (8.91-10.27)

4917 0.936
21 9.58 (9.01-10.26)
31 7.91 (7.30-8.70)

4645 0.526
41 7.88 (7.22-8.60)
32 8.28 (7.62-8.94)

4867 0.746
42 8.19 (7.61-8.91)
33 9.53 (8.81-10.24)

4953 0.906
43 9.51 (8.78-10.24)
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13 +23 12 +22

Fig. 2. Comparison of the crown height of individual groups of teeth

there is a more pronounced reduction of lateral incisors in
males.

Table 4 presents data on the height of anterior teeth crowns.

It was discovered that there are no differences in height of
crowns of contralateral teeth on the right and left sides (p > 0.05),
which allowed grouping them (Fig. 2). Multiple comparison of
the formed groups of teeth yielded the Kruskal-Wallis test value
of 371.2, which indicates significant differences between them
(o < 0.001).

The longest crowns were those of the upper central incisors
(9.60 (8.96-10.27) mm), lower canines (9.51 (8.81-10.24) mm)
and upper canines (9.23 (8.96-10.24) mm). .55-9.90) mm),
and the smallest — of the upper lateral incisors (8.20
(7.54-8.72) mm), lower central and lateral incisors (7.89 (7.23-8.63)
and 8.22 (7.62 — 8.91) mm, respectively).

The results of post hoc comparisons are given in Table
5. We found significant differences between all groups (with
the exception of comparisons of upper canines and lower
canines, upper lateral incisors and lower incisors, upper central
incisors and The mesiodistal width of crowns of anterior teeth
decrease (significant changes) in the following order: maxillary
central incisors — maxillary canines — mandibular canines
and maxillary lateral incisors — mandibular lateral incisors —
mandibular central incisors, lower canines).

[t was established that males have longer crowns of the lower
canines, upper central and lateral incisors and canines (Table 6),
the difference with females being significant (the values of the
Gang-Lewis index for this attribute were 8.4, 6.8, 7.3, and 4.7).

11+21

31+41  32+42  33+43

Groups of teeth

DISCUSSION

The study established that the mesiodistal widths of crowns
(Fig. 1) in the population of the Republic of Belarus decrease in
the following order: upper central incisors (8.07 (7.77-8.46 mm))
— upper canines (7.28 (6.93-7.69) mm) — lower canines
(6.34 (6.05-6.70) mm) and upper lateral incisors (6.05
(6.71-6.58) mm) — lower lateral incisors (5.51 (5.23-5.77)) mm) =
lower central incisors (5.12 (4.85-5.39) mm). These data are
consistent with the results of a study completed in 2009 [23].
The crowns of the maxillary and mandibular lateral incisors of
females are larger in mesiodistal width than those in males.

The severity of reduction of lateral incisors was found
to be low (li = 74.9 (70.8 — 80.8)). Males in the Republic of
Belarus have more pronounced reduction of lateral incisors
(li=73.4 (67.8-78.1)) than females (li = 76.3 (73.1-82.0)). This
conclusion is consistent with the results of a study that found
the prevalence of reduction of lateral incisors in men [30].

In the examined patients, the longest crowns in the
anterior segment were those of upper central incisors (9.60
(8.96-10.27) mm) and lower canines (9.51 (8.81-10.24) mm),
while upper canines were smaller in length (9.23 (8.55-9.90) mm)
and upper lateral incisors (8.20 (7.54-8.72) mm), lower central
and lateral incisors (7.89 (7.23-8.63) and 8.22 (7.62-8.91)
mm, respectively) the smallest. It was demonstrated that
males have longer crowns of the lower canines, upper incisors
and canines than females, the difference being significant
(o < 0.001).

Table 5. Z value (lower left corner) and p error, pairwise comparisons of the groups of teeth formed by crown height

Teeth zand p values

13+23 12 + 22 11 +21 31 +41 32 +42 33 +43
13+23 - < 0.001 0.002 < 0.001 < 0.001 0.037
12+22 8.89 - < 0.001 0.109 0.438 < 0.001
11+ 21 3.13 12 - < 0.001 < 0.001 0.295
31+ 41 10.47 1.61 13.57 - 0.017 < 0.001
32 +42 8.11 0.78 11.23 2.38 - < 0.001
33 +43 2.08 10.97 1.05 12.54 10.19 -
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Table 6. Crown height of anterior teeth crowns in men and women

Teeth Sex Height, mm Uvalue p value Sexual dimorphism

male 9.52 (9.09-10.23)

Maxillary canines 3094 < 0.001 4.7
female 8.90 (7.87-9.52)
male 8.42 (8.02-9.02)

Maxillary lateral incisors 3061 < 0.001 7.3
female 7.85 (7.10-8.45)
male 9.99 (9.21-10.40)

Maxillary central incisors 3029 < 0.001 6.8
female 9.35 (8.43-9.90)
male 7.94 (7.43-8.66)

Mandibular central incisors 4414 0.228 0.8
female 7.88 (7.13-8.60)
male 8.33 (7.66-9.07)

Mandibular lateral incisors 4315 0.094 2.8
female 8.10 (7.56-8.79)
male 9.93 (9.18-10.74)

Mandibular canines 2845 < 0.001 8.4
female 9.16 (8.44-9.88)

CONCLUSIONS

Thus, the size parameters of incisors and canines determined
in this study show that these teeth have sufficient crown
length and mesiodistal width, which, together with the low
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AMICOUMACIN-BASED PRODRUG DEVELOPMENT APPROACH
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Coronavirus disease COVID-19, caused by the SARS-CoV-2 virus, is highly contagious and has a severe morbidity. Providing care to patients with COVID-19
requires the development of new types of antiviral drugs. The aim of this work is to develop a prodrug for the treatment of coronavirus disease using the antibiotic
Amicoumacin A (Ami), the mechanism of action of which is based on translation inhibition. Enzymatic hydrolysis of an inactivated prodrug by the SARS-CoV-2 main
protease can lead to the release of the active Ami molecule and, as a consequence, the suppression of protein biosynthesis in infected cells. To test the proposed
hypothesis, a five-stage synthesis of an inactivated analogue of Amicoumacin A was carried out. Its in vitro testing with the SARS-CoV-2 recombinant protease
MPre showed a low percentage of hydrolysis. Further optimization of the peptide fragment of the inactivated analog recognized by the SARS-CoV-2 M protease
may lead to an increase in proteolysis and the release of Amicoumacin A.
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noaxopn K PASBPABOTKE MNMPOJIEKAPCTBA HA OCHOBE AMUKYMALIIHA A
B. 1. LWmbirapes', FO. A. MpokoreHko', C. C. Tepexos', M. 0. Saxaposa', M. A. [y6uHbiin', . B. CMypHos', U. B. Amnonsckuin'?, A. C. Liapbkosa'2 52

" VIHCTUTYT BroopraHmyeckon xumum uveHn M. M. LemsiknHa n FO. A. OsumHHUKoBa PAH, Mocksa, Poccus
2 POCCUNCKIIA HAUMOHaBHBIA MCCNenoBaTeNbCKUin MEAVLIMHCKIMIA yHMBepcUTeT Mmenn H. V. Tinporosa, Mocksa, Poccus

CoBpemeHHast kopoHaBupycHast 6onesHs COVID-19, BbidbiBaemas BUpYCcoM SARS-CoV-2, xapakTepuayeTcs BbICOKOW KOHTArMO3HOCTHIO U TSXKENbIM TEHEHNEM.
OkagaHvie nomoly nauyeHtam ¢ COVID-19 TpebyeT paspaboTki HOBbIX BLOB MPOTUBOBMPYCHBIX NpenapaToB. Liens pabotel — padpaboTaTb NponekapcTBo
0N NEYEHNsT KOPOHABMPYCHOM GONE3HN C MPUMEHEHVEM aHTUBMOTVKa AMUKyMaumH A (Ami), MexaHW3M [OEeNCTBUSI KOTOPOro OCHOBaH Ha WHrMGMpoBaHMN
TpaHcnAumn. PepMeHTaTVBHbIN raPON3 MHAKTVBUPOBAHHOIO NPOeKapcTBa OCHOBHOM NpoTeadon SARS-CoV-2 MOXET NPUBECTU K BbICBOOOXXAEHNIO aKTVBHOM
Moekymnbl Ami 1 Kak CnefcTBME K MoLaBneHno 6rocuHTe3a 6enka B MHPUUMPOBaHHDBIX KNeTKax. [ns npoBepkn NpeioMeHHON rnoTesbl Obin OCyLLECTBNEH
NATUCTAAUNHBIA CUHTE3 WHaKTUBMPOBaHHOIO aHanora AMukyMauwmHa A, in vitro TecTUpoBaHWe KOTOPOro C pekoMbBuHaHTHoW npoTeason M SARS-CoV-2
rnokasasio H13KMIA MPOLIEHT raponmsa. JanbHelwas ontumMmaaums nenTuaHoro pparMeHTa MHaKTUBMPOBAHHOMO aHaslora, pacro3HaBaeMoro npoteason M
SARS-CoV-2, BO3MOXHO, NMPUBEAET K MOBbILLEHWIO MPOTE0NN3a 1 BbICBODOXAEHO AMUKyMaLHa A.

Knio4yeBble cnoBa: TpaHCNSLMS, MHIMOUTOP TPaHCASLWN, MPOTUBOBUPYCHbIE Npenapathl, MPONeKkapcTea, NHaKTUBUPOBaHHbIE NPON3BOAHbIE AMUKYMaLHA
®duHaHcupoBaHue: paboTa BbINosHeHa NMpu nogaepkke rpaHTa MUHMCTePCTBa Haykn 1 BbicLuero obpadoBaHus Poccumiickorn Pepepaumm Ne 075-15-2021-1049.

Bknap, aBTopoB: O. A. INMpokoneHko — HapaboTka 1 BolaeneHie AMvkymayHa; B. . LLIMbirapeB — nomHbI CYHTES MHAKTUBMPOBAHHOMO aHasiora AMukymaLmHa A;
C. C. Tepexos, M. tO. 3axapoBa — npoBeAeHe in Vvitro aKcrnepyMeHToB ¢ npoteadon MP°; M. A. [dybuHHbln — SMP-CNeKTpoCKOMMs 1 aHaim3 AaHHbIX;
A. C. LapbkoBa — aHanms nutepatypbl, 06paboTka AaHHbIX, Hanmcanve ctatbh; . B. Amnonsckuit, M. B. CM1pHOB — 06LLee pykoBOACTBO MPOEKTOM.

CobniofeHne aT4eCKMX CTaHAapPTOB: paboTa NpoBefeHa C COOMOAEHEM NPUHLIMMOB XebCUHKCKOM AeKapaummn BcemnpHoi MeauumHCKo accoumaum.
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The 2019 coronavirus disease (COVID-19) has caused
catastrophic healthcare and economic crises in many countries
around the world [1]. Although several vaccines have been
effective in slowing the spread of the SARS-CoV-2 virus, their
long-term protection and effectiveness against variants of the
virus is still unclear [2-5]. Outbreaks of epidemics caused by
coronaviruses in 2002 and 2012 served as a powerful impetus
for pharmaceutical and biotechnological research, but only in
2021 did the first drug candidates appear that successfully
passed clinical trials [6, 7]. Despite the fact that mass
vaccination greatly reduces the spread efficiency and lethality
of a viral infection, the remaining high levels of morbidity and
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mortality [8, 9] require the development of new antiviral drugs
for the treatment of COVID-19.

An attractive molecular target for new antiviral drugs is
the translational machinery of the infected cell. In this study,
the highly potent translational inhibitor Amicoumacin A (Ami),
first isolated from Gram-positive bacteria Bacillus pumilus
[10], was used to develop a prodrug against SARS-CoV-2.
One approach to targeted therapy for coronavirus infection
may be proteolytic activation of an Ami-based prodrug. The
recognition sequence of the main protease MP° allows for the
targeted release of the active Ami molecule and subsequent
translation inhibition. The aim of the study was the synthesis of
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Amicoumacin A inactivated analog, which is a promising tool
for the development of drugs aimed at specific translational
suppression.

METHODS

NMR spectra (8, ppm; J, Hz) were recorded on a Bruker Fourier
300 (300 MHz; USA) and Bruker Avance | (700 MHz, USA)
instruments at 303 K in CDCI, and DMSO-d,, internal reference
TMS. Mass spectra were recorded on a Waters ACQUITY
UPLC H-Class LC/MS System (Waters; USA) by electrospray
ionization (ESI). Melting points were determined on an SMP30
apparatus and were not corrected. Analytical and preparative
thin layer chromatography was performed on Merck plates
(Germany) with a UV-254 fluorescent indicator. Silica gel from
Merck (Kieselgel 60, 70-230 mesh) was used for column
chromatography. Acros Organics (Thermo Fisher Scientific;
Belgium) and SigmaAldrich (Merck; Germany) reagents were
used without additional purification. The reactions were carried
out using freshly distilled solvents from Khimmed (Russia).

Synthesis of an inactivated derivative of Amicoumacin A
N-tert-butoxycarbonyl-L-glutamic acid dimethyl ester (1)

14.7 g (0.10 mol) of L-glutamic acid were suspended in 75 ml
of methanol and 25 ml (0.20 mol) of trimethylsilyl chloride
were added dropwise at room temperature. The precipitate
gradually dissolved. The reaction mixture was left overnight at
room temperature. The next day the solvent was evaporated.
To the residue were added 75 ml of methanol, 40 ml (0.3 mol)
of triethylamine and 22 g (0.1 mol) of di-tert-butyl carbonate.
The reaction mixture was left at room temperature for a day.
Control by thin layer chromatography (TLC) ethyl acetate :
hexane — 1 : 1 (R, = 0.36). Then the solvent was evaporated,
the mixture was diluted with 200 ml of water and extracted
with 3 x 50 ml of ethyl acetate. The organic layer was washed
with water, 5% hydrochloric acid, 5% potassium carbonate and
again with water. After drying over sodium sulfate, the solvent
was evaporated producing 23 g of product 1 in the form of a
colorless viscous oil, with 85% vyield.

"H NMR (300 MHz, CDCI3) 8 5.09(s, br, 1H), 4.32(s, br, 1H),
3.73(s, 3H), 3.67(s, 3H), 2.47-2.31(m, 2H), 2.24-2.10(m, 1H),
2.03-1.85(m, 1H), 1.43(s, 9H).

8C NMR (75 MHz, CDCI3) § 173.2, 172.6, 155.3, 80.0,
52.9,52.4,51.8, 30.0, 28.3, 27.8

MS (El): m/z, 276.2 [M+H"].

Dimethyl(2S,4R)-2-[(tert-butoxycarbonyl)-amino]-
(cyanomethyl)pentanedioate (2)

To a solution of 7.5 g (27.3 mmol) of N-tert-butoxycarbonyl-L-
glutamic acid dimethyl ester (1) in 50 ml of dry tetrahydrofuran
(THF) 60 ml (60 mmol) of 1M solution of LIHMDS in THF
was added at —80 °C. The reaction mixture was kept at this
temperature for 1 h, and then a solution of 1.9 ml (27.3 mol)
of bromoacetonitrile in 10 ml of dry THF was slowly added so
that the temperature did not rise above —70 °C. TLC control
ethyl acetate : hexane — 1 : 1 (R, = 0.48). After 40 min, a
1M HCI solution was added to the mixture at =70 °C until the
pH was neutral, then the organic layer was evaporated. The
residue was dissolved in 100 ml of a water-benzene mixture
(1 : 1). The organic layer was evaporated and the residue was
chromatographed on silica gel, eluent petroleum ether : ethyl
acetate (3 : 1), producing 5 g of product 2 with 58% yield.

'H NMR (300 MHz, CDCL,) § 5.10(s, br, 1H), 4.38(s, br, 1H),
3.75(s, 3H), 3.74(s, 3H), 2.9-2.7(m, 3H), 2.25-2.05(m, 2H),
1.43(s, 9H).

15C NMR (75 MHz, CDCl) § 172.4, 172.0, 155.5, 117.1,
80.6, 52.7, 52.6, 51.0, 38.3, 33.9, 28.3, 19.0

MS (El): m/z, 287.2 [M+H-.

Methyl (2S)-2-[(tert-butoxycarbonyl)amino]-3-[(3S)-2-
hydroxypyrrolidin-3-ylJpropanoate (3)

2 g (6.4 mmol) of cyanomethyl derivative 2 and 0.83 g (6.4 mmol)
of cobalt chloride were dissolved in 40 ml of methanol.
Upon cooling to =10 °C, 2.2 g (57 mmol) of dry sodium
borohydride was added portionwise. After each portion,
the mixture turned black and then brightened again. After
24 hours at room temperature the reaction was complete,
according to LC/MS mass spectrometry data. The organic
solvent was evaporated, the residue was suspended in ethyl
acetate and passed through a thin layer of silica gel, the solvent
was evaporated, and the residue was chromatographed on
silica gel, eluent ethyl acetate (R, = 0.16), producing 1.0 g of
crystalline substance 3 with 55% yield; melt. point 114 °C

"HNMR (300 MHz, CDCl,) § 6.42(s, br, 1H), 5.54(d, 8.4 Hz, 1H),
4.30(m, 1H), 3.72(s, 3H), 3.37-3.27(m, 2H), 2.50-2.35(m, 2H),
2.15-2.05(m, 1H), 1.90-1.75(m, 2H), 1.42(s, 9H).

*C NMR (75 MHz, CDCl) 8 179.7, 172.9, 1565.7, 79.9,
52.4,52.3, 40.3, 38.1, 34.1, 28.3, 28.1

MS (El): m/z, 315.3 [M+H-].

Methyl (2S)-2-{[2-(benzyloxycarbonylamino)-4-
methylpentanoyllamino}-3-[(3S)-2-hydroxypyrrolidin-3-yi]
propanoate (4)

30 mg (0.104 mmol) of ester 3 was dissolved in 0.3 ml of
methylene chloride and 0.2 ml of trifluoroacetic acid was
added. After 30 min at room temperature, the starting material
disappeared according to TLC data. Trifluoroacetic acid was
evaporated on a rotary evaporator. The obtained trifluoroacetate
salt was dissolved in 1 ml of methylene chloride, 33 mg (0.13 mmol)
of Cbz-L-leucine, 40 mg (0.13 mmol) of TBTU, 15 mg (0.13 mmol)
of N-hydroxybenzotriazole were added and cooled to
0 °C. 0.11 ml (0.62 mmol) of diisopropylethylamine was added
to the reaction mixture. The mixture was kept in the refrigerator
overnight. The reaction mixture was treated with a mixture of
potassium carbonate solution and ethyl acetate, the organic
layer was washed with water and evaporated. The residue was
chromatographed on silica gel, eluent chloroform:methanol
95/5 (R, = 0.14). 30 mg of product 4 was obtained as a
yellowish viscous oil with 66% vyield.

"HNMR (300 MHz, CDCl,) § 7.96 (d, 7.0 Hz, 1H), 7.40-7.21(m,
5H), 6.64 (s, 1H), 5.56(d, 9.0, 1H), 5.07(s,2H) , 4.54-4.30(m, 2H),
3.70(s, 3H), 3.36-3.18(m, 2H), 2.47-2.27(m, 2H), 2.26-2.11(m, 1H),
1.82-1.59(m, 4H), 1.57-1.43(m,1H), 0.95(d,6.1Hz,6H)

*C NMR (75 MHz, CDCl,) 6 179.9, 173.0, 172.2, 156.1,
136.3, 128.5,128.1, 127.9, 66.8, 53.3, 52.4, 51.4, 42.4, 40.5,
398.3, 32.9, 2.2.1

MS (El): m/z, 434.4 [M+H"].

Benzyl (1-(((S)-1-(((3S,4S,5S)- 1-amino-4,5-dihydroxy-6-(((S)-1-
((S)-8-hydroxy -1-hydroxychroman-3-yl)-3-methylbutyl)amino)-
1,6-dioxohexan-3-yllamino)-1-oxo-3-((S)-2-oxopyrrolidin-3-yi)
propane -2-yllamino)-4-methyl-1-oxopentan-2-yl)carbamate (5)

4 mg (9 pmol) of dipeptide 4 ester was dissolved in 0.1 ml of
methanol and 0.02 ml (20 pmol) of 1M LiOH solution in water
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Table 1. 'H and “C chemical shifts of target compound 5. DMSO-d,, 700 MHz. The atom numbering is shown in Fig. 2
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Res. Atom Ne H, ppm 8C, ppm Res. Atom Ne H, ppm 3C, ppm
3 4.694 81.52 NH 7.428 -
2.856 2 4.037 53.73
4 29.53
3.083 3 1.449 40.96
Leu
5 6.819 118.92 4 1.608 24.69
6 7.478 136.71 5 0.838 21.88
7 7.411 115.69 6 0.858 23.45
1 0.872 22.09 NH 8.032 -
2' 0.918 23.76 2 4.312 51.37
3 1.683 24.48 1.535
3 34.25
Ami 1.365 1.959
4 39.57
1.688 4 2.248 37.39
CG
5' 4.213 48.60 1.645
5 27.71
6'-NH 7.782 - 2.097
8' 3.845 72.32 3.035
6 39.91
9' 3.609 74.25 3.106
10' 4.264 48.31 7-NH 7.558 -
10'-NH 7.805 - 1 5.023 65.80
2.326 3,7 7.342 128.00
11 35.25 Cbz
2.448 4,6 7.358 128.40
5 7.308 128.16

was added. After 1 h at room temperature, according to LCMS
data, the reaction was complete. The mixture was neutralized
with 0.02 ml of a 1M hydrochloric acid solution, the solvents
were evaporated on a rotary evaporator. The resulting acid was
dissolved in 0.1 ml of DMF, 3 mg (6 pmol) of Amicoumacin A
trifluoroacetate, 3.8 mg (11.7 pmol) of TBTU, 6.2 mg (6 pmol) of
N-hydroxybenzotriazole were added and cooled to 0 °C. 0.01 ml
(54 pmol) of diisopropylethylamine was added to the reaction
mixture. 24 hours later, the reaction mixture was diluted with
water and extracted with ethyl acetate, after evaporation of the
organic solvent, the product was isolated by preparative TLC
on silica gel, eluent ethyl acetate: methanol 85/15 (R, = 0.3). 0.5 mg
of product 5 was obtained as a mixture of diastereomers
(8 : 1) with 10% vyield.

"H and *C NMR DMSO-d6: see Table. 1.

MS (El): m/z, 825.6 [M+H"].

Amicumacin A Production and Purification

The study used the strain Bacillus pumilus VKM B-3464D
(Patent RU2737856C1) [11], alternative name Bacillus pumilus
strain 124, GenBank: QENNO0000000.1, isolated in 2017 [12].
B. pumilus (GenBank: QENNO0000000.1) producing Ami was
cultured at 28°C in SYC medium containing 40 g/L sucrose, 5 g/L
yeast extract, 4 g/L CaCQ,, 1.5 g/L KHPO,, 2 g/l glucose,
2 g/l NaCl, 1.5 g/l MgSO,, 2 g/l (NH,),SO,, 0.01 g/l FeSO,,
0.01 g/l MnCl,. B. pumilus was inoculated from an overnight
culture (using a dilution of 1 : 100) and cultured in 750 ml flasks
in 100 ml of medium on a thermostatically controlled shaker
with a shaking intensity of 250 rpm. Cells were centrifuged at
10,000 g for 10 min, and the supernatant was filtered using a
Millistak + HC Pod Depth Filter (Millipore, Billerica; USA).

The extraction of Ami involved three chromatographic
steps. At the first stage, the supernatant was purified by solid-
phase extraction with the LPS-500 sorbent (Technosorbent;
Russia) on an XK 26 column (GE Healthcare Life Sciences;
USA) using buffer A (10 mM NH,OAc, pH 5.0, 5% ACN), buffer
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B (10 mM NH,OAc, pH 5.0, 80% ACN), flow rate 6 ml/min, step
gradient 0-10 min (0% B), 10-20 min (20% B), 20-36 min (40%
B) and 36-45 min (100% B). Fractions containing Ami (40% B)
were lyophilized, dissolved in dimethyl sulfoxide (DMSO), and
fractionated twice on a RP-HPLC Zorbax ODS 62 x 250 mm
column (Agilent; USA) using buffer A and B, flow rate 5 ml/min,
gradient 0-10 min (0% B), 10-24 min (0-70% B), 24-25 min
(70-100% B). Finally, Ami was purified on a Symmetry C18 5 pm
4.6 x 150 mm (Waters; USA) RP-HPLC column using buffer A
and B, flow rate 1 ml/min, gradient 0-5 min (0% B), 5-20 min
(0-100% B). Amicumacin A was monitored by absorbance at
315 nm. Ami concentration was measured using eMeOH
4380 M-'cm-'.

315nm =

Protease Production and Purification

The codon-optimized sequence of the gene encoding the full-
length MPe of SARS-CoV-2 fused to the 6xHis sequence at
the C-terminus and to the GST protein at the N-terminus in
the pGEX6p plasmid [13] was kindly provided by Prof. Rolf
Hilgenfeld. The MP°-encoding gene was flanked by sequences
of two protease sites for subsequent processing of full-length
MPre:an MP° recognition site for autoprocessing (at the
N-terminus of the sequence) and a PreScission™ protease
site just before 6xHis for its removal, as described previously
[13]. The full-length MP° protein was obtained in E. coli
BL21(DE3) cells and purified according to the procedure [13].
The GST-MP° protein was self-processing during expression.
MPe-His was purified by metal chelate chromatography using
TALON sorbent (Clontech; USA) and treated with PreScission™
Pro (MP° to PreScission ratio as 100:1) for 48 h at 4°C to
remove 6xHis and obtain MP* with intact C-terminus. The MP/
PreScission™ Pro mixture was purified using GST-Sepharose
(Amersham Biosciences, Germany) and TALON (Clontech; USA)
IMAC sorbents. Western blot analysis using antibodies to 6xHis
showed that the 6xHis sequence was completely removed.
MPe was concentrated to 10 mg/ml in 50 mM Tris-HCI pH 7.5.
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Fig. 1. Total synthesis of the inactivated Amicoumacin 5

Analysis of Cbz-Leu-CG-Ami prodrug activation by MPr
protease

The specific activity of MP° was evaluated using the FRET
substrate (FRET-S), Dabcyl-KTSAVLQISGFRKM-E(Edans)-
NH2 (BPS Bioscience, USA) and corresponded to the pure
MP preparation [14]. Proteolysis of the prodrug was carried
out in the presence of 0.1-1 pM MP® in reaction buffer
(20 mM Tris-HCI pH 7.3, 100 mM NaCl, 1.0 mM EDTA, and
1.0 mM DTT) using 10 pM Cbz-Leu-CG-Ami at 30 °C.
The reaction products were analyzed using reverse phase
HPLC according to the previously described procedure
[15]. Amicoumacin A and its derivatives were detected by
absorbance at 315 nm. The concentration was evaluated using
the Ami standard, eMeOH = 4380 M'cm™.

315nm

......................................

Fig. 2. Atom numbering of compound 5 in Table 1
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Cytotoxicity measurement

Cytotoxicity was assessed using the MTT assay using the HEK-
293 cell line (ATCC; USA). A549 cells were seeded at 2 x 10°
cells/well in a 96-well microplate in DMEM (Gibco, Invitrogen;
USA) with 2 mM L-glutamine (Invitrogen; USA), 10% fetal bovine
serum (Gibco; USA), and incubated at 37°C and 5% CO, for 24 h.
After incubation, the medium was removed. Cells were then
treated with fresh medium containing varying concentrations
of Amicoumacin A and Cbz-Leu-CG-Ami analog in the range
of 0.01-50 pg/ml for 48 h. After this procedure, the medium
was removed and the cells were treated for 2 h with MTT
reagent (concentration 2.5 mg/ml). Live cells converted MTT
to formazan, which turns blue-violet when dissolved in DMSO.
The solution was removed and 200 pl of DMSO was added
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to dissolve the formazan. Optical absorbance of treated cells
and control (untreated) cells was measured at 570 nm using a
Varioskan Flash plate reader (Thermo Fischer Scientific; USA).
Cell viability was evaluated as the ratio of optical density of
treated cells to control measured in each experiment.

RESULTS

To obtain a peptide that mimics the recognition site of the
MPe protease [16], a glutamine analog (cycloglutamine) 3
was synthesized in four steps with a total yield of 27% from
glutamic acid [17, 18]. Alkylation of glutamic acid diester 1
proceeds stereoselectively, however, incomplete conversion
of the starting diester is observed (Fig. 1). Reaction product
2 was purified by normal-phase column chromatography.
Nitrile reduction was carried out with sodium borohydride in
methanol at =10 °C. In the process of reduction, as a result of
a competing reaction, dimerization of compound 2 occurs with
the formation of a secondary amine (~15-20%), which is easily
separated during chromatographic purification.

After removal of the Boc protecting group from 3,
subsequent acylation with Cbz-leucine in the presence of
the condensing agent TBTU [16], and ester hydrolysis, the
dipeptide 4 containing a methyl protecting group on the
carboxyl fragment was obtained (Fig. 1).

Amicoumacin A is a particularly potent translation inhibitor
in both pro- and eukaryotes [19, 20]. In nature, Ami is produced
by probiotic strains of Bacillus pumilus [10, 12], which mediate
their antimicrobial activity. For this study, Amicumacin A was
obtained by production in B. pumilus bacteria according to the
method described previously [21].

At the final stage of the synthesis, after quantitative
cleavage of the methyl protecting group with an alkali solution
in water, dipeptide 4 was condensed with Amicoumacin A in
the presence of TBTU without additional purification (Fig. 1).
The target product Cbz-Leu-CG-Ami 5 purified by preparative
TLC was obtained as a mixture of diastereomers (3 : 1). For
target compound 5 1D 'H, 2D multiplicity-edited '*C-HSQC
and 2D TOCSY NMR spectra (Bruker Avance | 700 MHz) were
recorded. An analysis of the NMR spectra made it possible to
isolate the spin systems and, after comparison with the spectra
of the two initial fragments (Amicumacin A and dipeptide 4),
unambiguously assign the chemical shifts of protons and *C
atoms attached to them through one chemical bond (Table 1
and Fig. 2). Modification of Amicoumacin A at 10'-NH, led to a
change in the chemical shifts of the carbon atom 10' (-2.56 ppm)
and neighboring atoms 9' and 11' (+1.52 and +1.57 ppm,
respectively).

As a result, an inactivated analog of Ami 5 was synthesized
and used in the subsequent testing for possible activation
by SARS-CoV-2 protease MP°. In contrast to the original
Amicoumacin A, which has a highly effective antiproliferative
effect (IC,, = 0.06 = 0.02 pg/ml) [19, 22], the modified Cbz-
Leu-CG-Ami 5 derivative did not inhibit cell growth up to an

References

1. Kolahchi Z, De Domenico M, Uddin LQ, Cauda V, Grossmann |,
Lacasa L, et al. COVID-19 and Its Global Economic Impact. Adv
Exp Med Biol. 2021; 1318: 825-37.

2. Marabotti C. Efficacy and effectiveness of covid-19 vaccine —
absolute vs. relative risk reduction. Expert Rev Vaccines. 2022; 21
(7): 873-75.

3. Olliaro P, Torreele E, Vaillant M. COVID-19 vaccine efficacy

BULLETIN OF RSMU | 6, 2022 | VESTNIKRGMU.RU

ORIGINAL RESEARCH | PHARMACOLOGY

increase in the concentration of 50 pg/ml. Despite the fact that
the sequence of the Cbz-Leu-CG peptide allows highly efficient
targeting of MP° [16], the Cbz-Leu-CG-Ami molecule was
stable in the presence of the MP° protease. It has been shown
that less than 3% of free Amicoumacin A can be released in the
presence of 1 uM M™® ([SJ/[E] = 10-100) within 4 hours.

DISCUSSION

The emergence of COVID-19 in 2019 posed challenges for
healthcare professionals to quickly diagnose and provide
medical care to patients. Currently, most of the drugs used
to treat COVID-19 are non-specific, have a large number of
serious side effects, and are applicable only in emergency
cases [23]. Only two SARS-CoV-2-specific drug candidates
have successfully passed clinical trials [6, 7], one of which has
now found application in the drug nirmatrelvir [23]. Currently,
an intensive study of the clinical and epidemiological features
of the coronavirus disease, as well as the development of new
means of its prevention and treatment continues.

The results of the evaluation of the cellular cytotoxicity of
the Cbz-Leu-CG-Ami 5 conjugate obtained in this study on the
HEK-293 cell line show a decrease in the IC, of the inactivated
Amicoumacin by several orders of magnitude compared to the
initial Ami, which indicates that, despite the high efficiency of the
natural Amicoumacin A in the inhibition of eukaryaotic translation,
inactivated analogs can be created on its basis, the subsequent
specific activation of which will allow for targeted therapeutic
effects. However, the rate of proteolysis of the synthetic derivative
Cbz-Leu-CG-Ami is more than four orders of magnitude lower
than the rate of proteolysis characteristic of natural substrates,
which indicates the need for further optimization of the resulting
molecule. The introduction of substituents at the P1' position is
critical for the functioning of many proteases, which, apparently,
is also characteristic of M™ and requires additional introduction
of adapter sequences.

CONCLUSIONS

The development of drugs directed toward specific cellular
targets and mechanisms underlies the successful treatment of
viral diseases. The present work proposes the development
of a new inactivated analog of the natural protein biosynthesis
inhibitor Amicoumacin A, modified with the Cbz-Leu-CG
peptide sequence recognized by the main MP° protease of
the SARS-CoV-2 virus. The study of the ability of the synthetic
analog of Amito be activated by the main SARS-CoV-2 protease
revealed the fundamental possibility of creating a prodrug with
the indicated principle of action, however, the observed low
level of hydrolysis indicates the need for further modification
of the resulting molecule. Optimization of the structure and
increase in activity of new analogs of Amicoumacin A represent,
in our opinion, a promising approach for the development of
drug candidates for the treatment of COVID-19.
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The COVID-19 disease pandemic remains a significant global problem, resulting in hundreds of millions of cases and millions of deaths. The search for specific
inhibitors of SARS-CoV-2 for the treatment of this infection remains relevant. Drugs such as Favipiravir and Molnupiravir, which exhibit specific antiviral activity
against SARS-CoV-2, are already being used to treat patients. However, there is limited evidence of their effectiveness, especially against novel genetic variants of
the COVID-19 pathogen. The aim of this study was to investigate the antiviral effect of these drugs using an in vitro experimental model of SARS-CoV-2 infection
in Vero EB6 cell culture and an animal model of infection using Syrian hamsters. It has been established that Molnupiravir has an inhibitory effect against variants of
the SARS-CoV-2 with IC50 values from 16.51 to 7.88 uM in vitro, and reduces the infectious titer of the virus in the lungs of animals by ~1.5 Log10 in vivo, in while
Favipiravir shows lower activity and severe toxicity. Dose selection and frequency of use remain unexplored.

Keywords: COVID-19, SARS-CoV-2, antiviral activity, Favipiravir, Molnupiravir, Omicron, antivirals
Funding: the study was supported by the Russian Ministry of Health, grant Ne 121111200070-4 (P16).
Acknowledgments: the authors would like to thank the staff of N.I. N.F. Gamaleya A. Zakharova and T. Remizov for organizing the supply of reagents for the study.

Author contribution: Sinyavin AE — design of the experiment, study of antiviral activity, data analysis, writing the text; Russu LI — work with the virus and animals;
Vasina DV — work with animals; Shidlovskaya EV, Kuznetsova NA — PCR analysis, data processing; Gushchin VA — research supervision, text editing; Gunzburg AL —
approval of the research concept.

Compliance with ethical standards: the study was approved by the ethics committee of the Federal State Budgetary Institution “N.N. N.F. Gamaleya" of the
Ministry of Health of the Russian Federation (protocol Ne 27 of June 6, 2022); conducted in compliance with the principles of the Declaration of Helsinki of the
World Medical Association.

P><] Correspondence should be addressed: Andrey E. Sinyavin
Gamalei, 16, Moscow, 123098, Russia; andreysi93@yandex.ru

Received: 05.12.2022 Accepted: 20.12.2022 Published online: 31.12.2022
DOI: 10.24075/brsmu.2022.071

QOPEKTUBHOCTb ®ABUTNUPABUPA N MOJIHYTIMPABUPA MPOTUB HOBbLIX BAPUAHTOB
SARS-COV-2 B CUCTEMAX IN VITRO N IN VIVO

A. 3. CuHsisnH? B J1. . Pycey', [. B. Bacuna', E. B. LLnanosckas', H. A. KysHeuosa', B. A. Tyumn'2, A, J1. TuHuGypr'+

T HaupnoHanbHbIn UccneaoBaTenbCKUii LEHTP anaeMmMonorin 1 Mukpobronorim nmenn H. ®. famanen, Mocksa, Poccus
2 VIHeTUTYT BroopraHmndeckon xummm nmenn M. M. LLiemskuHa n KO. A. OBumnHHMKoBa, Mocksa, Poccus

3 MOCKOBCKMIN rocyapCTBEHHbIN yHUBEPCUTET UMeHn M. B. JTomoHocoBa, Mocksa, Poccust

“ [MepBbIt MOCKOBCKII rOCYAAPCTBEHHDIA MEAVLIMHCKIA yHMBEpCUTET nMeHn . M. CedeHosa

MaHpemunsa 3abonesaHns COVID-19 ocTaeTcst BaxkHOWM rnobanbHON MpobneMort 0OLLECTBEHHOMO 34PaBOOXPAHEHNS, KOTOPast MPUBOAMUT K COTHAM MUSIIMOHOB
Cny4aeB 3a00neBaHvsa 1 MUNIMOHAM NeTasbHbIX MCXOZO0B. 10 BCeMy MMUPY akTUBHO MAyT pas3paboTka 1 nccnegoBaHns cneumndunyHbix nHrnbrntopos SARS-CoV-2
NS neveHns JaHHoM nHekummn. Takve npenapartbl, Kak aBnnpasmnp 1 MOSHYMMPaBmnp, NPOosSBAsLLME CneLmhuyHYO MPOTVBOBMPYCHYIO akTUBHOCTb MPOTUB
SARS-CoV-2, y>ke NpUMEHSIOT AN NedeHns naumeHToB. OaHako MMEKOTCS orpaHnyeHHble AaHHble 06 UX 3PMEKTUBHOCTY, OCOBEHHO MPOTUB HOBbIX MEHETUHECKINX
BapwaHToB Bo30yauTens COVID-19. Lienbto nccnenoBaHvis 66110 U3y4nTb NPTUBOBUPYCHbIA 3PMEKT 3TVX NPenapaToB C MCMONb30BaHNEM SKCMEPUMEHTABHON
mMoaenn nHdekunn SARS-CoV-2 Ha KynbType knetok Vero E6 in vitro n »XnBoTHOM mMofeny MHEeKUMn C NCnob30BaHMEM CUPUIACKNX XOMSIHKOB. YCTaHOBNEHO,
YTO MOJIHYMMPaBUP OKa3bIBa€ET BbIPaXXEHHOE MHMMOMPYLOLLIEE AeCTBME MPOTUB Pa3nnyHbIx BapraHToB Bupyca SARS-CoV-2 co 3HadeHusmm IC50 ot 16,51 go
7,88 UM in vitro n cHWKaeT MHMEKLMOHHBIA TUTP BMPYCa B NErkmx xmBoTHbIX Ha ~1,5 Log10 in vivo, B TO Bpemsi kak (haBunmpasmnp NposBnseT 6onee HU3Kyo
AKTUBHOCTb ¥ BbIPKEHHYIO TOKCUYHOCTb. [onyudeHHble pesynbtaThl YKasblBaloT Ha HeOOXOAMMOCTb AanbHENLMX WCCNefoBaHuii B HanpasneHu nogbopa
[03MPOBOK M KPAaTHOCTN MPUMEHEHNS.

KntoyeBble cnoBa: COVID-19, SARS-CoV-2, NpoTUBOBUPYCHAsS akTUBHOCTb, haBunmpasmnp, MonHynmpasup, OMUKPOH, aHTUBMPYCHbIE Npenapats!
®duHaHCMpOBaHUeE: VICClefoBaHVe BbIMOMHEHO Npy uHaHCOBOW nopaemkke Munsgpasa Poccum, rpaHT Ne 121111200070-4 (M116).
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The COVID-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) continues to pose a
global public health threat and increase the economic burden.
The spread of the virus in humans is still ongoing, and new
variants of SARS-CoV-2 are constantly emerging, leading to
an urgent need for drugs to treat this disease, as well as for
expanded studies on the effectiveness of approved treatments
for COVID-19.

For the treatment of COVID-19 in the Russian Federation,
it is recommended to use several drugs with a specific antiviral
effect, including Favipiravir and Molnupiravir. But the efficacy of
these drugs for new variants of SARS-CoV-2 remains unknown.

The broad-spectrum antiviral drug Favipiravir [1] targets
the viral RNA-dependent RNA polymerase (RdARP). It is
effective against both seasonal virus and avian influenza, as
well as SARS-CoV-2 in cell culture and in vivo in experimental
animal models. In humans, Favipiravir is phosphorylated by
cellular enzymes to its active form, Favipiravir-ribofuranosyl-
5'-triphosphate (F-RTP). F-RTP does not greatly affect on
cellular transcription. There are several hypotheses regarding
how F-RTP interacts with RdRp. Some studies have shown
that when F-RTP incorporated into the nascent RNA strand,
it prevents RNA strand elongation and virus replication. It
has also been shown, that the presence of purine analogues
can reduce the antiviral activity of Favipiravir, i.e., competition
between F-RTP and purine nucleosides for binding to RdRp is
possible. According to the results of clinical studies, Favipiravir
does not improve cure time or clinical outcomes and does not
show an antiviral effect in the treatment of COVID-19 infection
[2-4].

B-D-N4-hydroxycytidine (NHC, EIDD-1931) is a ribonucleoside
analogue with a wide spectrum of activity against various
RNA viruses [5]. Molnupiravir (MK-4482/EIDD-2801), or
3-D-N4-hydroxycytidine-5'-isopropyl ether, is a biologically
active NHC prodrug. It is an oral drug and is more convenient
for mass administration in humans than remdesivir or other
antiviral agents such as convalescent plasma and neutralizing
antibodies, which require intravenous or intramuscular injection
and hospital use. NHC has been shown to be effective against
various RNA viruses such as influenza, Ebola virus (EBOV),
Venezuelan encephalitis virus (VEEV), SARS-CoV-2, SARS-CoV,
MERS-CoV and related zoonotic groups 2b or 2¢ Bat-CoV in
in vivo and in vitro experiments [6-8]. A series of preclinical and
clinical trials have proven that Molnupiravir is safe and effective
for the treatment of SARS-CoV-2 infection [9, 10]. Following
oral administration, Molnupiravir is rapidly converted to active
NHC in plasma, distributed to various organs, and converted
to the corresponding 5'-triphosphate by human kinases [11]. It
is known that NHC 5'-triphosphate is a competitive substrate
for viral RNA-dependent RNA polymerase, integrates into viral
RNA, and leads to the accumulation of lethal mutations in the
viral genome [12].

Since 2022, the new SARS-CoV-2 variant B.1.1.529 (Omicron)
and its subvariants containing multiple mutations in the viral genome
have dominated all over the world [13]. Mutations in the RBD domain
of S-glycoprotein reduce the effectiveness of preexisting antibodies
formed after infection of COVID-19 and vaccination [14]. Given
the emergence of new variants of SARS-CoV-2, the aim of this
study was to evaluate the efficacy of Favipiravir and Molnupiravir
against different variants of SARS-CoV-2.

METHODS

Experiments were performed on the cell line Vero E6 (ATCC
CRL-1586). Cells were cultured in DMEM growth medium
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(Gibco; USA) supplemented with 5% fetal bovine serum (FBS;
HyClone, USA), 1x antimycotic antibiotic solution (Capricorn
Scientific GmbH; Germany) and 1x GlutaMAX (Gibco; USA). To
study the antiviral effect, various dilutions of the test compound
were added to the cell monolayer and incubated for 1 h at 37 °C
and 5% CO,. After that, cells were infected with the SARS-
CoV-2at 100 TCID,, (TCID, is a tissue culture dose that causes
the death of 50% of the monolayer cells). In this experiment,
the following variants of the SARS-CoV-2 virus were used:
Wuhan B.1.1 (PMVL-4), Omicron BA.4.6 (PMVL-55), Omicron
BA.5 (PMVL-52) and Omicron BA.5.2 (PMVL-54). Inhibition of
the virus-induced cytopathic effect (CPE) under the action of
the compound was determined by MTT test [15].

As an animal model of infection, female Syrian hamsters
were used ("Stolbovaya"; Russia). Animals were kept in
individually ventilated cages (temperature 21-25 °C, humidity
20%, pressure —0.1 kPa) with free access to food and water.
The light regime was 12 hours of light and 12 hours of
darkness. Animals were divided into experimental groups (5-8
animals each), which were orally administered Molnupiravir
(200 mg/kg), Favipiravir (200-300 mg/kg), and a control group
of infected animals. Animals were infected intranasally with
SARS-CoV-2 strain PMVL-4 or PMVL-562 at 10° TCID, . For
four days, the animals were administered study drugs twice
a day. On the fifth day of the experiment, the animals were
euthanized by CO, inhalation and cervical dislocation, and lung
tissues were collected at necropsy for analysis. Hamster lungs
were subjected to homogenization followed by separation of
the supernatant by low speed centrifugation at 12,000 rpm for
10 min. The virus titer was determined in a monolayer of Vero
E6 cells. For each lung homogenate sample, the virus titer was
determined after 72 hours of infection and expressed as PFU/mg
lung (plaque forming units). Total RNA was isolated from lung
homogenates using the ExtractRNA reagent (Evrogen; Russia)
according to the manufacturer's instructions. The reverse
transcription reaction was performed using a SARS-CoV-2 FRT
kit for quantitative determination of SARS-CoV-2 coronavirus
RNA using a panel characterized by the number of copies of
the SARS-CoV-2 amplified fragment (N.F. Gamaleya National
Research Center for Epidemiology and Microbiology; Russia).
Results were expressed as numbers converted to log10 SARS-
CoV-2 viral load per mg lung tissue.

RESULTS

At the first stage of the study, the cytotoxicity of Favipiravir
and Molnupiravir on Vero E6 cells was assessed. It was found
that Favipiravir has a pronounced cytotoxic effect, significantly
inhibiting cell proliferation at a concentration of 1000 uM
(decrease in cell viability up to 60%). At all other concentrations
tested, Favipiravir showed a dose-dependent cytotoxic effect
(Fig. 1). Molnupiravir had no significant effect on cell viability,
inhibiting their proliferation at 200 uM by an average of 10%.
The study of the antiviral activity of Favipiravir and
Molnupiravir against SARS-CoV-2 was carried out using four
variants of the virus: the reference strain of the Wuhan variant
(genetic line B.1.1) and three variants of the Omicron virus
currently circulating in the Russian Federation, and worldwide
(BA.4.6, BA.5 and BA.5.2) (Fig. 2). It was found, that at a
concentration of 1000 pM, Favipiravir showed no activity
against the reference strain from line B.1.1. Inhibition on
~50% at the same concentration (~160 mg/mL) was found
for the BA.5 and BA.5.2 variants of the Omicron. Inhibition
of the Omicron BA.4.6 virus variant did not exceed 20%.
Molnupiravir showed a broad spectrum of antiviral activity,
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Fig. 1. Cytotoxicity study of Molnupiravir (A) and Favipiravir (B) using Vero E6 cells

inhibiting all virus variants used with IC,, values from 16.51
to 7.88 uM.

Further, the effectiveness of the drugs was investigated
using an infectious animal model. Syrian hamsters were treated
with 300 mg/kg Favipiravir or 200 mg/kg Molnupiravir via oral
gavage. The animals were then infected intranasallywith the
SARS-CoV-2 Wuhan variant. The drugs were given to the
animals twice a day for four days. During infection, animals
from the infected control group lost more than 20% weight
(o < 0.01). Animals treated with Favipiravir lost weight by 10%
(o > 0.05), showed apathy and food refusal, which indicates
the toxic effect of the drug. Animals treated with Molnupiravir
gained weight during the experiment (Fig. 3). A study of SARS-
CoV-2 viral load in the lungs of animals showed that both
Molnupiravir and Favipiravir reduced the amount of viral RNA
(1 Log10). When determining the infectious titer of SARS-CoV-2
in the lungs of animals, it was found that all drugs suppress the
replication of the virus. Treatment of animals with Molnupiravir
and Favipiravir significantly reduced the virus titer (~1.5 Log10).
When studying the effectiveness of drugs in animals using
the Omicron BA.5 virus variant, it was found that this variant
is less pathogenic than the Wuhan variant. The drug were
administrated with the same doses (200 mg/kg). During the
experiment, the animals gained weight in all the studied groups.
A decrease in viral load in the lungs by 1.5 Log10 was found
for the group of animals treated with molnupiravir (EIDD-2801),
however, the data are not statistically significant (o > 0.05;
1.5 Log10). For Favipiravir, the reduction in viral load (0.5 Log10)
and viable virus titer (1 Log10) was less pronounced and was
not statistically significant (o > 0.05).
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DISCUSSION

Previous studies of the antiviral activity of Favipiravir against
SARS-CoV-2 show that it has a low antiviral effect with
EC50 values > 200 pM. High doses of Favipiravir have been
associated with signs of toxicity in animals in drug efficacy
studies [16], since in vivo Favipiravir exhibits an antiviral effect at
a double dose of 300 mg/kg, with a decrease in the infectious
titer of the virus in the lungs by ~ 1.5 Log10 [17] . Other studies
have shown that Favipiravir exhibits activity with an EC_,
value of ~62 uM [18]. The results of our study also point to
the limited antiviral potential of Favipiravir. When Vero E6 cells
were infected with the SARS-CoV-2 virus, it was found that this
drug does not have antiviral activity in vitro, and also exhibits
cytotoxicity. We have shown the efficacy of this drug at a dose
of 300 mg/kg twice a day in an animal model of infection using
a Wuhan variant. In an animal model using the Omicron variant,
when using a dosage reduced to 200 mg/kg, the effect was
not significant. However, changes in the behavior of animals
and a decrease in their weight during treatment with Favipiravir
at a dose of 300 mg/kg indicate its toxic effect and the need
for further dose selection in order to combine the absence of
toxicity and preservation of drug activity.

Studies using primary human cells and other cell lines have
confirmed that NHC (the active metabolite of Molnupiravir)
has potent antiviral activity against various coronaviruses
such as SARS-CoV, SARS-CoV-2 and MERS-CoV. The IC_,
values for molnupiravir against SARS-CoV-2 were 0.3-0.08 uM
[19]. We found that Molnupiravir exhibits antiviral activity
for all studied variants of the SARS-CoV-2 virus, with low
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Fig. 2. Antiviral activity of Molnupiravir (EIDD-2801) (A) and Favipiravir (B) against four different variants of the SARS-CoV-2 virus
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Fig. 3. The effectiveness of drugs against the Wuhan and Omicron BA.5 in animal models. Animals weight changes are presented, as well as the values of viral load
and virus titer in the lungs for each animal in the corresponding group. ANOVA with Tukey's post hoc test: * —p < 0.05; ** — p < 0.01

cytotoxicity. Molnupiravir showed antiviral activity in animals
infected with both Wuhan and Omicron BA.5 viruses. In a
recent study, Molnupiravir also inhibited virus replication in
the lungs of hamsters infected with the Omicron variant [20].
Molnupiravir significantly inhibited viral replication in the upper
and lower respiratory tracts of hamsters. At the same time, the
researchers found that Omicron is less pathogenic for animals
compared to earlier SARS-CoV-2 genetic lines [21].

CONCLUSIONS

Favipiravir showed a rather low antiviral effect against SARS-
CoV-2 at the maximum tested concentration, which had the
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The primary method of initial treatment of meningiomas is radical neurosurgical intervention. Various methods of intraoperative diagnostics currently in development
aim to improve resection efficiency; we focus on methods based on molecular profiling using ambient ionization mass spectrometry. Such methods have been
proven effective on various tumors, but the specifics of the molecular structure and the mechanical properties of meningiomas raise the question of applicability
of protocols developed for other conditions for this particular task. The study aimed to compare the potential clinical use of three methods of ambient ionization
in meningioma sample analysis: spray from tissue, inline cartridge extraction, and touch spherical sampler probe spray. To this end, lipid and metabolic profiles of
meningioma tissues removed in the course of planned neurosurgical intervention have been analyzed. It is shown that in clinical practice, the lipid components of
the molecular profile are best analyzed using the inline cartridge extraction method, distinguished by its ease of implementation and highest informational value.
Analysis of oncometabolites with low molecular mass is optimally performed with the touch spherical sampler probe spray method, which scores high in both
sensitivity and mass-spectrometric complex productivity.
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NMPAMOE MACC-CMNEKTPOMETPUYECKOE MPO®UIMPOBAHUE MEHUHIMOM: UHTPAOMEPALVOHHbIN
MOHUTOPUHI HA OCHOBE OHKOMETABOJTINTOB

0. C. Bopmotos', M. A. LLlampaesa’, A. A. KyauH', E. B. LLlamapura', B. A. Enndpepos’, C. B. Cunkud', E. B. XKnarosa', C. . Mexkos?*=, . A. Mornos’
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OCHOBHbIM METOLOM fle4EHUs1 MEHUHIVIOM Ha MEepPBOM aTare ABMSETCS HEMPOXMPYPrmyeckoe BMELLaTeNnbCTBO C MakCUMAanbHOW paamnkanbHOCTb. [Ons
MOBbILLEHUST MOMHOTbI PE3EKLMN B HACTOsILLIEe BPeMS paspabaTbiBatoT pasnyHble NOAXoAbl MHTPAonepaLyioHHON AMarHOCTUKWN, B HaCTHOCTU, OnvpatoLLyecst
Ha MPUHLMMBI MONEKYNSAPHOro NpodunmpoBaHms. OCHOBaHHbIE Ha MaCcC-CNEKTPOMETPUN C MPSMOA MOHM3aLUMe, NOA0OHbIE METOAb! AEMOHCTPUPYIOT CBOKO
3(PHEKTUBHOCTb Ha Pa3NYHbIX BULAX OMyXonei, OAHaKO 0COBEHHOCTI MONEKYNISIPHOMO CTPOEHMS U MEXaHWNHECKVIE XapaKTEPUCTUKN MEHUHIIOM HE MO3BONSIOT
HanpsiMyto TPaHCAMPOBAaTL NMPOTOKOSbI, pa3paboTaHHble ANs Apyrinx HO30M0ruiA. Liensto paboTbl Bbl10 MPOBECTH CPaBHEHNE BO3MOXXHOCTEN MPUMEHEHNS TPeX
METOAOB NPSMOW MOHN3aLMW A1 UICCNE[0BaHNS 00pasLI0OB MEHUHIOM: METOAA MPSIMOro CMPEest C TKaHW, METOL, KapTPUIDKHOM SKCTPaKLMM 1 METOAA NOHU3aLMM
C MOBEPXHOCTW chepmnyeckoro NpobooTobopHMKa. [ns aToro aHanmMavpoBann NUNUOHbIA 1 MeTaboMMHECKUn NPOMUIb TKaHE MEHUHIIOM, UCCEYEHHbIX B
XOAEe MIIaHOBOro HEMPOXMPYPrMYecKoro BMeLlaTenscTaa. bbino nokasaHo, YTo ANs aHamsa AMnaHbIX KOMIOHEHT MONEKYNSPHOrO Npoduas onTUMasibHbIM
ONS KIMHUYECKOro MPYMEHEHNS OKa3bIBAETCH METO[, KapTPWUMKHOM SKCTPaKLmM, OTMHaoLMCS Hambonee NpPOCTON peanusaument 1 MakcumManbHom
VH(OPMaTMBHOCTBIO. [Na aHannsa OHKOMETaboNMTOB C Masno MONEKYNSPHOW MacCom NyyllnM BbIOOPOM SBASETCA METOL MOHM3aLMM C MOBEPXHOCTU

chepun4eckoro NpoGooTEOPHMKA, 06ECTIEHVBAIOLLI BBICOKYHO HyBCTBUTENBHOCTb M HAMITYLLYIO MPOU3BOAUTENBHOCTE MACC-CNEKTPOMETPUHECKOIO KOMMIEKCa.
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Of all the meningeal tumors of the central nervous system
(CNS), meningiomas are the most clinically significant. These
brain tumors commonly occur in adults and account for over
36% of the total number of newly diagnosed CNS tumors
[1, 2]. They are predominantly discovered by chance, i. e.
the disease develops asymptomatically at the initial stage,
but clinical symptoms can be observed in 15% of cases.
Incidence of meningiomas increases with age; in addition, they
are unusually common in females of reproductive age (~3 : 1
female predominance in this age group) [3]. This may be due
to the peculiarities of the hormonal profile of women. Clinical
symptoms are highly variable and depend on the location of
the tumor. As with other intracranial tumors, meningiomas may
present with manifestations of intracranial hypertension in the
form of headache, nausea, vomiting, and reduced visual acuity [4].

Treatment of symptomatic meningioma begins with radical
microsurgical or endoscopic removal of afflicted tissue [5, 6].
Although many brain tumor visualization methods have been
developed in recent time, tumor delimitation is not performed in
real time in most clinical cases. MRI methods, applied primarily
prior to the operation, are presently employed in both diagnosis
and operation navigation. As of other clinically relevant methods,
use of fluorescent molecular imaging [7] is limited mainly by
the specificity and sensitivity of the study being performed, and
intraoperative ultrasound is not applicable if tumor density is
close to that of intact tissue. Histopathological methods are
the gold standard in tumor assessment and provide diagnostic
information during surgery within half an hour, but they are
usually limited to one segregated sample (or a small number
thereof) from each operation and are not used to delimit tumors.

Various intraoperative diagnostic methods currently
in development aim to increase the efficiency of surgical
intervention [8, 9], enabling control over composition of the
excised tissue; some methods are based on molecular profiling
[10-13]. For example, gangliosides are used to differentiate
astrocytoma [14]. Lipid profiles, oncometabolites, and specific
neurometabolites such as n-acetylaspartate (NAA) are also
used to delimit tumors [15, 16].

Ambient MS allows to analyze excised tissues almost in real
time. The registered molecular profiles contain information both
on the metabolic profile of tissues and on the change in the ratio
of various lipids, which makes it possible to facilitate automatic
classification by presence and proportion of malignant cells in
the test sample [17, 18]. Thus, using rapid extraction of lipids
and metabolites from tissue [13, 17, 19] or touch spray ionization
[15, 20, 21], methods have been developed to differentiate
various tumors from intact tissue. However, choice of a direct
ionization method that is optimal for further development of
methods for intraoperative meningioma monitoring is non-trivial
due to the specifics of the molecular structure of meningeal
tumors. The aim of this work was to compare three methods
of mass spectrometric profiling and determine their applicability
for solving the problems of differentiating afflicted and intact
tissue in patients with meningioma.

METHODS

Histologically annotated and anonymized samples of
meningiomas were provided by the N. N. Burdenko National
Medical Research Center of Neurosurgery. All samples
were obtained as part of planned operations for resection
of pathological brain tissue.

Three methods of molecular profiling have been applied to the
samples: spray from tissue (SFT) [22, 23], inline cartridge extraction
(ICE) [171], and touch spherical sampler probe spray (SSP) [21].

To analyze meningioma samples using SFT [22, 23], a
sample about 2 mm in size is placed on the tip of a disposable
injection needle located at a distance of 10 mm from the
vacuum interface of the mass spectrometer (Fig. 1).

The solvent is fed through a fused silica capillary with a flow
rate of 3 pl/min directly onto the surface of the sample to extract
lipids and metabolites. The molecules are ionized immediately
after extraction by a voltage of up to 4-6 kV applied to the
injection needle (selected empirically based on the geometric
parameters of the sample), which ensures the formation of a
Taylor cone and electrospray at the end of the needle.

To implement ICE [17], a disposable cartridge with a sample
is inserted into the solvent supply line using common HPLC
fittings for supplying solutions (Fig. 2).

The cartridge is a stainless steel tube with an internal
diameter of 1.8 mm. A sample sized approximately 1 mm?
is placed in the cartridge. The molecules from the sample are
extracted by the solvent flowing through the solvent supply line
at 2 pl/min. To connect to the line, two short sections of PEEK
(polyether ether ketone) capillary are inserted into the tube and
crimped to prevent leaks. The glass fiber filter in the cartridge
prevents macroscopic parts of the sample from entering the line
and blocking it. A standard commercially available electrospray
ion source is installed at the end of the line after the cartridge.
The voltage on the ion source is 3 kV in the positive-ion mode
and 4 kV in the negative-ion mode.

SSP [21] uses fibrous samplers of spherical shape
followed by electrospray ionization directly from their surface.
A sampler is a rod of cleaned and pressed polymer fibers
(specifically polyethylene terephthalate) 10 mm long, 2 mm in
diameter. A sample is taken through a swab touch using the
aforementioned porous sampler. The sampler is then fixed in a
special ion source, where the solvent (80 pl) and high voltage
(5 kV) are supplied for electrospraying.

To compare the effectiveness of the various direct
ionizati