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ORIGINAL RESEARCH | GYNECOLOGY

APOPTOSIS OF GRANULOSA CELLS IN WOMEN WITH IMPAIRED REPRODUCTIVE
FUNCTION AND EXTRAGENITAL PATHOLOGY

Rogova LN, Lipov DS'™, Perfilova VN?, Kustova MV', Mukhina AV®, Churzin DA’

" Volgograd State Medical University of the Ministry of Health of the Russian Federation, Volgograd, Russia
2 Innovative Medicines R&D and Piloting Center, Volgograd, Russia
3 Department of Assisted Reproductive Technologies. Multidisciplinary Clinic No. 1, Volgograd, Russia

Granulosa cells feed the oocyte during its maturation and protect it. Aberrant apoptosis in these cells is known to ultimately impair oogenesis. The current
knowledge of how extragenital inflammation affects apoptosis in granulosa cells is incomprehensive, which is the root of an urgent problem connected to the
spread of inflammatory diseases and the growing level of female infertility. This study aimed to assess the intensity of granulosa cell apoptosis in women with
impaired reproductive function that suffer from chronic respiratory and/or digestive system diseases of inflammatory origin, and to identify the link, if any, between
the studied factor and dysfunction of the reproductive system in the test group. The group included 60 women with a history of respiratory and/or digestive system
inflammatory pathology that underwent IVF in 2021-2022. The women were donors of the granulosa cells from the follicular fluid collected through transvaginal
puncture of preovulatory follicles. We studied the apoptosis process with the help of flow cytometry. For statistical analysis, we used the Fisher's F-test and the
Kruskal-Wallis test. Twenty participants without extragenital pathology in their medical histories, the first subgroup, had the level of apoptosis in granulosa cells
at 0.0088 + 0.0062%, which is significantly lower than in twenty donors with a history of chronic inflammatory digestive system diseases, the second subgroup
(granulosa cell apoptosis at 0.0140 + 0.0099%, p = 0.015), and the subgroup of women suffering from inflammatory diseases of the respiratory system (granulosa
cell apoptosis at 0.0650 + 0.0391%, p = 0.033); the efficacy of IVF was higher in the first subgroup.

Keywords: apoptosis, granulosa cells, infertility, flow cytometry

Author contribution: LN Rogova — study planning, data analysis and interpretation; DS Lipov — manuscript authoring, analysis of the study data; VN Perfilova,
MV Kustova — determination of the level of apoptosis in granulosa cells by flow cytometry; AV Mukhina — collection of the granulosa cell samples from patients;
DA Churzin — analysis of the published papers, statistical processing of the obtained data.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Volgograd State Medical University (Minutes Ne 2021/053
of May 27, 2021) and conducted in compliance with the ethics principles of the WMA Declaration of Helsinki (2000). All donors have voluntarily signed the
participant consent forms.

><] Correspondence should be addressed: Danil S. Lipov
Vysokaya, 18a, Volgograd, 400127, Russia; danilipov@yandex.ru
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YPOBEHb AMNOMTO3A MPAHYJIE3HbIX KJIETOK Y XKEHLLIUH C HAPYLUEHVEM
PENPOAYKTUBHOWN ®YHKLUNN N SKCTPATEHUTAJIbHOW MATOJIOIMEN

J1. H. Poroea', 1. C. NMvnos'=, B. H. Mepdwnosa?, M. B. KycTtoga', A. B. Myxuxa®, [. A. HypauH'

' Bonrorpafckumii rocyaapCTBEeHHbIN MEOULIMHCKUIN YHBEPCUTET MUHMCTEPCTBa 3apaBooxpaHenns Poccuiickorn Penepaumn, Bonrorpag, Poccus
2 Hay4HbIl LLeHTP MHHOBALIMOHHbIX NIEKAPCTBEHHBIX CPEACTB C OMbITHO-NMPOMBILLNEHHBIM MPOn3BOACTBOM, Bonrorpaa, Poccust
S OTpeneHne BcnomoraTesbHbIX PenpomayKTUBHbIX TexHonorii. MHoronpodwunbHas knvHnka Ne 1, Bonrorpag, Poccus

[paHynesHble KNETKM NUTAKOT 1 3aLLMLLIAIOT OOLMT BO BPEMS €r0 CO3PeBaHIs. VI3BECTHO, YTO abbepaHTHbI anomTo3 B 3TUX KIIETKaX MOXET MPUBECTUN K HAPYLLEHWIO
ooreHesa. Ha coOBpeMEHHOM YpPOBHE 3HaHWIA HET MCHEPMbIBAIOLLEN MH(OPMAaLIMN O BAVSIHUN 3KCTPAreHUTaIlbHOrO BOCMANIEHUS Ha anonTo3 B rpaHyne3HbIx
KIeTKax, YTO CTAHOBMUTCS aKTyasibHOM MPOBNeMOoit 13-3a pacrpoCTpaHeHst BOCTaMTeNbHbIX 3aboneBaHni 1 pocta Gecnnoavst y »keHmH. Liens nccneposanms —
OLEHUTb YPOBEHb arnonTo3a rpaHyNesHbIX KIETOK Y XEHLLMH C HapyLLeHeM PenpOAyKTUBHON (DYHKLIM, UMEIOLLWX B aHAMHE3E XPOHUYECKMEe 3a00neBaHms
[ObIXaTenbHON W/MNn NULLEBAPUTENBHON CUCTEM BOCMANUTENBHOIO reHesa, a TakKe OnpeaenuTb Hanmdne B3aMMOCBSI3N MeXIy 13yvaemMbIM NnapameTpoM ©
penpoayKTUBHOM AMCdhyHKUMEN B nccnedyemolt rpynne. Vlccnenosany obpasubl rpaHyfeaHbix KNeTok 60 >KeHLLMH, UMEOLLIMX NaToorio BOCTanmMTeNbHOro
reHesa ApIxaTenbHOM U/vnn NLLEBAPUTENBHOW CUCTEM B aHaMHese, NpoxoamBLUMX neverne Gecnnoans metofamu OKO ¢ 2021 no 2022 r. O6pasubl KNeTok
Obln cOBPaHbl N3 HOSMKYNSPHON XXNAKOCTM, MOYHEHHON BO BPeMsi TpaHCBarHasibHOM MyHKLMW MPEOBYNSTOPHbIX PonnvKynos. OLEeHKY anonTosa npoBoaumv
METOAOM MPOTOYHOM LUMTOMETPUN. [Na CTaTUCTUHECKOro aHanmaa ncnonb3osanv F-kputepuin duilepa n kputepuii Kpackena—-yYonnuca. YCTaHOBAEHO, HTO Y
SKEHLLWH 6e3 aKCTpareH1TasibHoM NaTonorim B aHamHese (n = 20) ypoBeHb anonToda rpaHynesHbix kinetok coctasumn 0,0088 + 0,0062%, YTO OCTOBEPHO HXKE,
YeM Y XKEHLLWH rpynmbl C BOCMAMTENbHBIMM 3a60NeBaHNSAMIN MULLIEBAPUTENBHOM CUCTEMBI B aHamHese (n = 20) — 0,0140 + 0,0099% (p = 0,015) n rpynnbl
JKEHLLWH C BOCMANUTENbHBIMM 3aB0eBaHnsIMM AbIxaTenbHol cucTeMbl B aHamHese — 0,0650 + 0,0391% (p = 0,033), a peadynsratveHocTs KO 6bina Bbille y
npeacTaBUTENbHAL, NEPBOV MPYMMbI.
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Today, infertility is an urgent and not fully resolved problem
affecting both men and women. According to the World Health
Organization, there are 50 to 80 million couples in the world
suffering from dysfunction of the reproductive system. In our
country, the researchers estimate that up to 15% of couples
have problems with fertility.

Female infertility is a matter that researchers pay significant
attention to because of the structural and physiological
complexity of the female reproductive system and the crucial role
it plays in human procreation [1]. There are several factors that
are typically mentioned as impairing female fertility: age, chronic
diseases, lifestyle, environmental toxins, genetic characteristics
etc [2]. Lately, scientists have been actively investigating
the relationship between chronic inflammatory extragenital
pathology and development of infertility. Extragenital pathology
is known to significantly affect women's reproductive system
and, consequently, lead to fertility disorders [2, 3]. There is a
number of diseases, including diabetes mellitus, autoimmune
disorders, thyroid diseases, dysfunction of the immune and
hypothalamic-pituitary-ovarian axis, that can have a negative
effect on the uterus, ovaries and the process of maturation of
oocytes [2, 3]. Most researchers believe that violation of the
said process is one of the main causes of female infertility [3, 4].

Oogenesis is a complex and multistage process guided
by the interactions of various types of cells, hormones, growth
factors, and signaling molecules. The quality of the oocyte
is of paramount importance for successful conception and
pregnancy, therefore, any disruption in this process can lead to
a host of problems with fertility [4].

Oocyte maturation largely depends on the interaction of
somatic cells surrounding it, including granulosa and cumulus cells
[5]. Although histologically similar from the origin viewpoint, these
cells have different functions. Granulosa cells, in particular, drive
production of estrogen and participate in regulation of the follicle
stimulating hormone that is crucial for development of the follicle
[6, 7]. Recent studies have shown that granulosa cells directly
affect quality of the oocytes, since they produce growth factors
and other signaling molecules that shape oocyte maturation [8].

Cumulus cells are specialized cells found next to the
maturing oocyte. They support the developing egg physically
and biochemically, generate a number of growth factors and
other signaling molecules (hyaluronic acid etc) [9, 10].

Some researchers have provided quantitative and qualitative
assessments of apoptosis in granulosa and cumulus cells, and
evaluated its effect on the processes of oocyte maturation.
It was noted that inhibition of apoptosis in granulosa cells
promotes growth of follicles and improves quality of the
oocytes [8]. Other authors have shown that selective apoptosis
of granulosa cells during oocyte maturation is a necessary
prerequisite of successful ovulation [11]. The regulation of
apoptosis was found to be influenced by the complex interaction
of signaling pathways, including the Fas/FasL system and the
Bcl-2 protein family [12]. Many experts agree that investigation
of the mechanisms behind apoptosis in granulosa and cumulus
cells is necessary for the development of targeted treatment
regimens for infertility and other reproductive disorders [12, 13].

However, it should be noted that most studies used cells
taken from animals (mice, rats, pigs), and human samples were
collected only in isolated cases. With this in mind, seeking
to analyze the process of oogenesis and its role in female
fertility in greater detail, we used granulosa cells donated
by the patients whose infertility was treated with the help of
assisted reproduction technologies (ART).

This purpose of this study was to assess the intensity of
granulosa cell apoptosis in women with impaired reproductive
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function that suffer from chronic respiratory and/or digestive
system diseases of inflammatory origin, and to identify the link,
if any, between the studied factor and the dysfunction of the
reproductive system in the test group.

The results of the study can give insight into the mechanisms
underlying pathogenesis of infertility, which can help develop
new treatments and targeted therapies aimed at improvement
of the reproductive outcomes.

METHODS

This work is a multidirectional cohort study; the Figure shows its
design. We analyzed samples of granulosa cells collected from
60 patients who underwent ART infertility treatment in Clinic
Ne 1 of the VolgSMU in 2021-2022. The study involved women
of reproductive age with a history of inflammatory extragenital
pathology of digestive or respiratory system. These systems
and this sort of pathology were chosen because of their high
prevalence in the population and the results of the earlier studies
that point to the negative effect such combinations have on the
outcomes of ART-enabled treatments [14].

Having analyzed the medical documentation, we applied
the following criteria to select participants of the study: age 20
through 45; confirmed history of a chronic inflammatory disease
of the digestive system (gastritis, duodenitis, peptic ulcer of the
stomach and (or) duodenum, pancreatitis) or the respiratory
system (chronic pathology, like chronic bronchitis, or frequently
recurring acute pathology (more than 4 times a year), like ARVI,
influenza, bronchitis, laryngitis, tracheitis, pneumonia), with
control group including women suffering no such condition;
infertile for at least a year; signature on the informed voluntary
participant consent form.

The exclusion criteria were as follows: a combined pathology
of the respiratory and digestive systems; oncological diseases;
patient's refusal to participate and allow processing of her
personal data; patient's belonging to a vulnerable social group.

Overall, we selected 60 for the study and divided them
into three groups: group 1 (1 = 20) — women with no history
of extragenital pathology; group 2 (n = 20) — women with a
history of respiratory system inflammatory diseases (chronic
pathology, like chronic bronchitis, or frequently recurring acute
pathology (over 4 times a year) — ARVI, influenza, bronchitis,
laryngitis, tracheitis, pneumonia); group 3 (n = 20) — women
with a history of chronic digestive system inflammatory
diseases (gastritis, duodenitis, peptic ulcer of the stomach and
(or) duodenum, pancreatitis). Technical capability to analyze
apoptosis in the granulosa cells was the factor limiting the
number of participants.

The age of the women ranged from 21 to 43 years, with
the mean age at 33.5 + 4.7 years. The duration of infertility
ranged from 4 to 16 years, with the average period being
7.4 + 1.5 years. The causes of infertility were established
with standard clinical and laboratory tests; the features of the
extragenital pathology were described in the collected medical
history. Stimulation of ovulation in all treatment cycles and all
subsequent procedures were performed in strict accordance
with the generally accepted clinical guidelines and protocols [15].

Granulosa cell samples were taken from follicular fluid
collected via a transvaginal puncture of the preovulatory
follicles. The cells were emerged in the buffer solution (heparin
10 1U/ml, 1% human albumin solution, 0.01% recombinant
human insulin, gentamicin sulfate 10 ug/ml) and transported
to the laboratory where apoptosis and the level thereof were
investigated. Bringing the samples to the laboratory did not
take more than 3 hours.
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The amount of cells with signs of apoptosis was estimated
with the help of the dead cell apoptosis kit with annexin V FITC
and P! for flow cyrometry (Invitrogen, Thermo Fisher Scientific
Inc.; USA). The cell suspension was washed with saline. The
washed granulosa cells were counted, then resuspended
in the annexin-binding buffer to the concentration of 1 x 10°
cells per ml, incubated for 15 minutes at room temperature
with annexin V FITC and propidium iodide (Pl) as per the kit
manufacturer's instructions. For the analysis, we used Attune®
Acoustic Focusing Cytometer (Thermo Fisher Scientific Inc.;
USA) (at least 10 thousand events). For interpretation of the
results, we distinguished between living cells that did not
fluoresce (Annexin V-FITC-/PI-), cells showing early signs of
apoptosis (Annexin V-FITC+/PI-), and cells exhibiting signs of
late apoptosis (Annexin V-FITC+/Pl+).

Statistical processing of the results was done with StatTech
v.2.8.8 software (Stattech, Russia). To assess conformity of the
quantitative indicators to the normal distribution patterns we
used the Kolmogorov-Smirnov test. The values that did follow
the normal distribution patterns, they were described using
arithmetic means (M) and standard deviations (SD) with ClI at
95%. The values outside normal distribution were described
with the help of the median (Me), lower and upper quartiles
(Q,—Q,). To compare three or more groups by a quantitative
indicator falling within normal distribution, we used one-way
ANOVA; for post hoc comparisons, the tests of choice were the
Fisher's test (with variances equal) and the Welch's test (with
variances unequal). For comparison of three or more groups by
the quantitative indicator with distribution outside of the norm
we applied the Kruskal-Wallis test.

RESULTS
As shown in Table 1, the analysis of the level of apoptosis in

granulosa cells has revealed the respective process to be most
active in the women with a history of inflammatory pathology of

the respiratory system, less active in women with inflammatory
diseases of the digestive system and least active in the
participants that had no pathology at all.

Seeking to understand the relationship between the degree
of apoptosis in granulosa cells and oogenesis and fertilization,
we counted the number of mature oocytes donated through
transvaginal puncture of the preovulatory follicles and the
number of eggs fertilized in vitro. It was established that no
extragenital pathology in the medical history translates into
best results of fertilization and the greatest number of mature
oocytes, while the worst figures for these two indicators were
registered in women that had inflammatory diseases of the
respiratory system (Table 2).

DISCUSSION

This study allowed establishing that extragenital inflammatory
pathology of the digestive system and the respiratory system
affects oogenesis. This is confirmed by the greater number of
oocytes in the follicle puncture samples collected from women
that did not suffer from these diseases: they had 13.44 + 2.60 eggs,
while women with the considered inflammatory pathologies of
respiratory and digestive systems had 4.47 + 2.00 (p = 0.001)
and 7.10 + 1.85 (p = 0.001) oocytes, respectively, which is
significantly lower. Inflammatory diseases of these systems are
known to cause dynamic persistence of various inflammatory
mediators in blood (interleukins, tumor necrosis factors etc) [16, 17].
There is published evidence showing that some cytokines, like
II6 and 118, can negatively affect oogenesis: the higher their level
in the blood, the less fertilizable eggs the woman has [18].
The process of maturation of female gametes is quite
complex; it is controlled by a number of mechanisms and
factors, including interaction of the oocyte with the somatic
cells of its microenvironment. Since granulosa cells make the
conditions optimal for oogenesis [6], excessive induction of
apoptosis in them can increase the possibility of death of the
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Table 1. Living granulosa cells and apoptosis in them as registered in the study subgroups. ' — F, Fisher's test used for statistical analysis; > — Kruskal-Wallis test

used for statistical analysis

Test group Live granulosa cell index (%)’

Early granulosa cell apoptosis
rate (%)’

Late granulosa cell apoptosis
rate (%)’

0.2673 + 0.0151
p, (subgroup 1 — subgroup 2) = 0.001
p, (subgroup 1 — subgroup 3) = 0.001

Subgroup 1 (women with no
history of extragenital pathology)

p, (subgroup 1 — subgroup 2) = 0.033
p, (subgroup 1 — subgroup 3) = 0.015

0.0088 + 0.0062 0.0028 [0.0012-0.0046]
p, (subgroup 1 — subgroup 2) < 0.001

p, (subgroup 1 — subgroup 3) = 0.008

Subgroup 2 (women with a
history of inflammatory diseases
of the respiratory system)

0.1946 + 0.0227
p (subgroup 2 — subgroup 3) = 0.008

p (subgroup 2 — subgroup 3) = 0.026

0.0650 + 0.0391 0.0300 [0.0161-0.0393]

p (subgroup 2 — subgroup 3) < 0.001

Subgroup 3 (women with a

history of inflammatory diseases 0.2195 + 0.0154

of the digestive system)

0.0132

0.0140 + 0.0099 [0.0102-0.0206]

Subgroup 1 (women with no history
of extragenital pathology)

Table 2. Results of ART treatment of the study participants. ' — F, Fisher's test used for statistical analysis; ? — Kruskal-Wallis test used for statistical analysis
Test group Number of mature oocytes |r: the follicle puncture Number of fertilized eggs?
samples
13.44 + 2.60 11.00 [9.00-12.00]

p, (subgroup 1 — subgroup 2) = 0.001
p, (subgroup 1 — subgroup 3) = 0.001

p, (subgroup 1 — subgroup 2) < 0.001
p, (subgroup 1 — subgroup 3) = 0.020

Subgroup 2 (women with a history of inflammatory 4.47 +2.00 3.00 [2.50-3.00]

diseases of the respiratory system) p (subgroup 2 — subgroup 3) = 0.013 p (subgroup 2 — subgroup 3) = 0.038
Subgroup 3 (women with a history of inflammatory 710+ 1.85 5.50

diseases of the digestive system) o [4.00-6.75]

egg or disruption of its normal maturation [19]. The growing
blood levels of 112, 14, TNFa and other factors associated
with inflammatory diseases of the respiratory and digestive
systems can induce apoptosis by increasing the amount of
reactive oxygen species and reducing the transmembrane
mitochondrial potential, which can guide cells along the
internal pathway of programmed death [20]. A possibly related
fact: women without extragenital pathology have significantly
more live granulosa cells (0.2673 + 0.0151%) lower early
and late apoptosis rate (0.0088 + 0 .0062% and 0.0028%
[0.0012-0.0046%]) than women with chronic inflammatory
pathology of the digestive system (number of living cells —
0.2195 + 0.0154%, early and late apoptosis rate —
0.0140 + 0.0099% and 0.0132% [0.0102-0.0206%)]) and
chronic inflammatory pathology of the respiratory system (number
of living cells — 0.1946 + 0.0227%, early and late apoptosis rate —
0.0650 + 0.0391% and 0.0300% [0.0161-0.0393%)).

It should also be noted that women with diseases of the
respiratory system had the lowest number of living cells and
the highest rate of early and late apoptosis in granulosa cells,
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GUT MICROBIOTA ALTERATIONS AND THEIR ASSOCIATION WITH IL6, IL8 AND TNFa LEVELS IN
PATIENTS WITH EXTERNAL GENITAL ENDOMETRIOSIS

Gumenyuk LN =, Zemlyanaya IA, Rami Aimasoud, Badula ES, Ismailov AR, Seroshtanov NA, Kokareva SS, Cheremisova AA, Kupreichyuk YuR
SI Georgievsky Medical Academy, VI Vernadsky Crimean Federal University, Simferopol, Russia

Today, the association of gut microbiota with external genital endometriosis (EGE) is of special scientific interest. The study was aimed to assess alterations of the
gut microbiota taxonomic composition and explore their correlations with plasma levels of IL6, IL8 and TNFa at the species level in patients with EGE. The cross-
sectional comparative study involved 50 patients with EGE (index group) and 50 healthy women (control group). The changes in the gut microbiota taxonomic
composition and plasma levels of IL6, IL8 and TNFa were assessed. A significant decrease in the abundance of such species, as Coprococcus catu (p = 0.009),
Turicibacter sanguinis (p = 0.008) and Ruminococcus gnavus (p < 0.001), along with the increase in the abundance of Eubacterium ramulus (p = 0.040), Bacterioides
dorei (p = 0.001), Prevotella divia (p = 0.008) and Shigella flexneri (p < 0.001) were found in the gut microbiota taxonomic composition in patients with EGE.
Significant correlations between the IL6 levels and the abundance of Turicibacter sanguinis (r = —0.92; p = 0.001), IL8 levels and the abundance of Shigella flexneri
(r=0.72; p < 0.001), TNFa levels and the abundance of Prevotella divia (r = 0.77; p = 0.001) were revealed. The findings add to the available literature data on the
features of gut microbiota alterations and their association with some inflammation biomarkers in individuals with EGE, which can justify further research in this area
and probably open up new approaches to treatment of the disease.
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M3MEHEHUA MUKPOBUNOTbI KNLLEYHUKA U X CBA3b C NMOKASATENIAMM IL6, IL8 N TNFa
Y NALUMEHTOK C HAPY>XHbIM TrEHUTAJIbHbIM 3HAOMETPUO30M

J1. H. Tymertok =, . A. BemnaHas, Anvacyg Pamu, E. C. Bagyna, A. P. Viemannos, H. A. CepolutaHos, C. C. Kokapesa, A. A. Yepemncoea,
tO. P. Kynpendyk

MegunumnHekasn akagemns umenn C. . Teoprresckoro (CTpykTypHoe nogpasaeneHvie PrAQY BO «KOY nmenn B. 1. BepHanckoro»), Cumdeponons, Poccus

Accoupaums MMKpPOBroTbl KULLEYHMKA 1 HAPYXKHOMO reHUTanbHOro aHaoMeTproda (HIMS) Ha ceroaHsaLwLHNN AeHb NPeacTaBnseT coboi 0CobbIl Hay4HbI MHTEPEC.
Llenbto nccnenoBaHnst GbI0 OLEHUTL U3MEHEHUSI TAaKCOHOMMUYECKOrO COCTaBa MUKPOOWOTbI KULLIEYHMKA W U3YyY1Tb Ha YPOBHE BWOOB WX B3aVIMOCBHA3b C
nokasarensmu IL6, IL8 n TNFa B nnadme kposn y naumeHTok ¢ HIMS. B 0AHOMOMEHTHOE CpaBHUTENBHOE UCCNeaoBaHne Obino BktodeHo 50 naumeHTok ¢ HIMO
(ocHoBHas rpynna) 1 50 300POBbIX XKEHLLWH (KOHTPObHas rpyrna). OueHBai N3MeHeHWst TAKCOHOMMYECKOrO CoCTaBa MUKPOOUOTbI KULLIEYHMKA 1 YPOBHN |L6,
IL8 n TNFa B nnasme Kposu. Y naumeHTok ¢ HIMS B TaKCOHOMUHYECKOM COCTaBe MUKPOOUOTbI KMLLIEYHMKA OBHAPY>KeHbI CTATUCTUHECKM 3HAYNMOE CHKEHNE
npeacTaBneHHocTv B1uaoB Coprococcus catu (p = 0,009), Turicibacter sanguinis (p = 0,008) n Ruminococcus gnavus (p < 0,001), NoBbILLEHVE NPEACTaBNEHHOCTN
BUOoOB Eubacterium ramulus (p = 0,040), Bacterioides dorei (p = 0,001), Prevotella divia (o = 0,008) n Shigella flexneri (o < 0,001). BbisiBneHb! CTaTUCTUHECKN
3Ha4MMble Koppensaummn nokasatens IL6 ¢ npeactaBneHHocTwtO Turicibacter sanguinis (r = -0,92; p = 0,001), IL8 v Shigella flexneri (r = 0,72; p < 0,001), TNFa ¢
npeacTaBneHHoCTwio Prevotella divia (r = 0,77; p = 0,001). Mony4eHHble pe3ynsTaTbl AOMOMHAOT VMEIOLLMECA TMTepaTypHble CBeAeHNs O Crneumndrke N3MeHeHIN
MVKPOOMOTBI KULLEYHMKA U VX COMPSKEHHOCTU C HEKOTOPbIMX BroMapkepamy Bocnanenns npu HIFS, 4To MOXeT cTaTb 060CHOBaHWEM ANt MPOAOMKEHNS
NCCNeRoBaHUIA B STOM HanpasneHun 1, BO3MOXHO, OTKPbIBAET HOBbIE MOAXOAbI K JIEHEHWIO STOro 3aboneBanHus.
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Endometriosis is a significant issue of modern gynecology,
it remains under active consideration over the decades.
According to the aggregate data, more than 176 million women
all over the world have endometriosis [1], and its prevalence
rate grows steadily in recent years. It is important to note that
endometriosis is associated with infertility in 50-80% of cases
and chronic pelvic pain in 50% of cases [1, 2]. These conditions
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worsen the patients’ mental and physical health, as well as
their quality of life [3]. The difficulties in differential diagnosis of
endometriosis often result in the diagnosis delay of 4-11 years,
and 65% of women are misdiagnosed [3, 4], which results
in the disease progression and grave consequences [5]. The
today’s pharmacological and surgical approaches to treatment
of endometriosis are associated with the risk of severe side
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effects and show insufficient efficiency. The relapse rate is still
high: it reaches 15-21% [3]. That is why the search for new
pathophysiological mechanisms underlying external genital
endometriosis (EGE), as well as for safe and efficient methods
for prevention and treatment of the disease, is still relevant.

EGE, characterized by proliferation of endometrial tissue
outside of the uterine cavity, is conventionally considered as
a chronic estrogen-dependent immune inflammatory disease
that is limited to the pelvis [6]. However, today EGE is more and
more often considered as a systemic inflammatory disorder
often associated with heterogeneous multiple organ dysfunction
[3, 7]. It is believed that aberrant cytokine production
accompanied by the immune response dysregulation plays
a vital part in pathophysiology of systemic inflammation
associated with EGE. In this regard, pro-inflammatory
interleukins (IL6, IL8) and tumor necrosis factor alpha (TNFa)
are considered to be among the most important. Assessment
of the cytokine profile in blood of patients with EGE made it
possible to detect the elevated levels of IL6, IL8 and TNFa
[8-10]. Furthermore, elevated plasma IL6 levels were associated
with the pain severity [11], disease severity [12], and relapse
rate [11] in patients with EGE. While plasma levels of IL8 were
associated with the size of active lesions [13] and infertility [14],
the levels of TNFa were associated with the severity of EGE
clinical manifestations, disease activity and depth [15].

Current research suggests that gut microbiota is involved in
EGE pathophysiology, which can be explained by its fundamental
role in maintaining the immune homeostasis and direct association
with the development of numerous inflammatory diseases [16].
The experiments involving the heterologous surgical injection
murine model of endometriosis showed that gut microbiota
affected the EGE course and progression [17, 18] via modulation
of various immune system components [18]. Particularly,
administration of normal murine fecal microbiota to mice with
experimentally induced endometriosis and gut microbiota
depletion was associated with the decline in the endometriotic
lesion growth, while administration of fecal microbiota
obtained from mice with endometriosis resulted in the disease
progression. Furthermore, depletion of intestinal microbiota
reduces the severity of inflammatory response associated with
endometriosis [17] and modulates the abundance of immune
cells in the peritoneum [18]. Finally, the papers provide strong
evidence of changes in the intestinal microbiota profile in mice
[18-20] and humans [18, 19]. At the same time, clinical data
on the gut microbiota species composition in patients with EGE
are fragmentary, contradictory and insufficient for unambiguous
conclusions. Thus, among 16 studies, focused on assessing the
relationship between EGE and microbiome, only six involved the
analysis of gut microbiota, and only four involved assessment
of human intestinal microbiome [23]. It is also important to note
that, among the reviewed papers there are no studies focused
on assessing gut microbiota alterations in patients with EGE of
Slavic ethnic background. In particular, there is little information
on the association between gut microbiota and inflammatory
biomarkers in patients with EGE.

The study was aimed to assess alterations of the gut
microbiota taxonomic composition and explore their correlations

with plasma levels of IL6, IL8 and TNFa at the species level in
patients with EGE.

METHODS

The cross-sectional comparative study was performed in
the Saint Luke Multidisciplinary Clinic (Simferopol, Republic
of Crimea). The study involved 50 patients aged 18-45 with
the confirmed diagnosis of stage I-IV EGE admitted to the
Gynecology Department (index group) and 50 age-matched
healthy women who underwent preventive medical examination
(control group). All EGE patients and healthy women submitted
the informed consent to study participation.

Inclusion criteria for the index group: age 18-45 years;
the diagnosis of EGE verified by laparoscopy and histological
assessment.

Non-inclusion criteria for the index group: age < 18 of > 45
years; body mass index >24.9 kg/m?; pregnancy and lactation;
type | or Il diabetes mellitus, concomitant chronic systemic
and somatic disorders; history of mental and behavioral
disorders; verified functional and inflammatory disorders
of the gastrointestinal tract, hepatobiliary system; history
of inflammatory disorders within a month before the study;
history of stool problems (constipation/diarrhea) within a month
before the study; taking hormonal oral birth control or anti-
inflammatory drugs, antibiotics, probiotics, prebiotics, antiviral
drugs, symbiotics or acid-suppression medications within
three months before inclusion in the study; taking medications
affecting the stool passage within eight weeks before inclusion
in the study; refusal to participate in research.

Inclusion criteria for the control group: age 18-45 years;
body mass index < 24.9 kg/m?; no somatic disorders or allergy;
no infectious or acute disorders within two months before
inclusion in the study; no history of mental and behavioral
disorders; no stool problems (constipation/diarrhea) within a
month before inclusion in the study; taking no hormonal oral
birth control or anti-inflammatory drugs, antibiotics, probiotics,
prebiotics, antiviral drugs, symbiotics or acid—suppression
medications within three months before inclusion in the study;
taking no medications affecting the stool passage within eight
weeks before inclusion in the study.

Non-inclusion criteria for the control group: body
temperature above 36.9 °C.

The characteristics of patients with EGE and controls
are provided in Table 1. The groups were matched for age
(o = 0.94; x?) and body mass index (p = 0.052; x?). A total of
36 patients (70.0%) had stage IlI-IV EGE.

The diagnosis of endometriosis was verified during surgery
in accordance with the criteria of the American Society for
Reproductive Medicine (ASRM) classification.

To analyze the taxonomic composition of the gut microbiota
of patients with EGE and healthy women, fecal samples were
collected in the morning (8 a.m. to 10 a.m.), and in EGE patients
sampling was performed on the day of hospital admission.
The samples were frozen and stored in disposable plastic
containers at a temperature of =80 °C prior to metagenomic
analysis. Isolation of total DNA was performed by phenol-based

Table 1. Characteristics of patients with external genital endometriosis and healthy women

Parameter EGE patients (n = 50) Control group (n = 50)
Average age, years, median [25%; 75%] 37,0 [32,0; 44,0] 37,7 [32,7; 43,2]
Body mass index, kg/m?, median [25%; 75%)] 23,0 [21,0; 24,3] 22,06 [20,8; 24,1]
Stage |-l EGE, n (%) 14 (28,0%) -
Stage llI-IV EGE, n (%) 36 (70,0%) -
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Fig. 1. Phylogenetic composition of gut microbiota in patients with external genital endometriosis (EGE) and healthy women. CG — control group

extraction; the DNA nucleotide sequence was determined
by shotgun sequencing using the SOLID5500 Wildfire high-
throughput sequencing system (AppliedBiosystems; USA) [24].

The reads were filtered based on their quality, and the
taxonomic classification was performed using the QIIME ver.
1.9.1 software [25]. Taxonomic assignment of the reads was
based on the data taken from two taxonomic databases:
during the first phase the reference set of bacterial operational
taxonomic units (OTUs) was selected based on matching
the acquired reads of 16S rRNA genes with the GreenGenes
database, ver. 13.5 [26]. During the second phase taxonomic
assignment of these OTUs was performed using the RDP
algorithm based on the specialized HITdb human intestinal
microbiota database [27].

The qualitative and quantitative assessment of gut
microbiota composition was performed by identification of

0 2 4 6

microbial species, genera, and phyla; the microbial community
a-diversity was assessed by calculating the Chao1 index, the
number of taxa observed (Sobs), and the indicator of species
richness (ACE) using the Mothur v.1.22.0 software (http://
www.mothur.org).

Blood samples of EGE patients and healthy volunteers to be
used for immunosorbent assay were collected by venipuncture
in the morning in a fasting state at rest (for at least 15 min).
Plasma levels of IL6, IL8 and TNFa were assessed by enzyme-
linked immunosorbent assay (ELISA) using the test system
(Vector-Best; Novosibirsk, Russia). The tubes containing blood
serum were frozen and stored at a temperature of —20 °C.

Statistical data processing was performed using the
STATISTICA 8.0 software package (StatSoft.Inc.; USA). As for
quantitative indicators, the distribution type was determined
using the Kolmogorov-Smirnov test. Given that the majority of
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Fig. 2. Species composition of gut microbiota in patients with external genital endometriosis (EGE) and healthy women. CG — control group
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Table 2. Comparative analysis of plasma IL6, IL8 and TNFa levels in patients with external genital endometriosis (EGE) and healthy women. CG — control group;

p — significance of differences between the values of patients with EGE and the CG

Parameter EGE patients (n = 50) Control group (n = 50) P
IL6, pg/mL, median [25%; 75%] 14,7 [8,1;18,3] 3,8 [2,0; 6,6] < 0,001
IL8, pg/mL, median [25%; 75%] 14,6 [9,6; 28,8] 2,2[1,4;6,8] < 0,001
TNFa, pg/mL, median [25%; 75%)] 17,9 [9,3; 26,5] 5,22,8;7,6] < 0,001

quantitative indicators were not normally distributed, the median
(Me) and interquartile range (25" percentile; 75" percentile)
were calculated. As for qualitative traits, the percentage and
absolute values were determined. The chi-squared test (x?)
was used to compare qualitative traits, and quantitative traits
were compared using the Mann-Whitney U test. Spearman's
rank correlation was applied to assess correlations between
the factors. The significance level for comparison of qualitative
and quantitative traits, as well as for correlation analysis was
set as p < 0.05.

RESULTS

Assessment of the gut microbiota taxonomic composition
revealed a significant decrease in the bacterial community
a-diversity (Chao1 index p = 0.014) in patients with EGE
compared to healthy women. Furthermore, patients with
EGE had lower ACE and Sobs indices than healthy women,
however there were no significant differences between groups
(o = 0.053; p = 0.051, respectively) (Fig. 1).

Comparative analysis of the gut microbiota species
composition in patients with EGE relative to healthy
women revealed a significant decrease in the abundance
of Coprococcus catu (p = 0.009), Ruminococcus gnavus
(o < 0.001) and Turicibacter sanguinis (p = 0.008) along with the
increased abundance of such bacterial species, as Eubacterium
ramulus (p = 0.040), Bacterioides dorei (p = 0.001), Prevotella
divia (p = 0.008), and Shigella flexneri (p < 0.001) (Fig. 2).

The IL6, IL8 and TNFa plasma levels of patients with EGE
were significantly higher than that of healthy women (Table 2).

At the same time we revealed a strong negative correlation
between the abundance of Turicibacter sanguinis and the IL6
levels (r = -0.92; p = 0.001); there was a strong significant
positive correlation between the increase in abundance
of Shigella flexneri bacteria and the levels of IL8 (r = 0.72;
p < 0.001). Furthermore, a strong positive correlation between
the TNFalevels and the abundance of Prevotella divia (r = 0.77;
p = 0.001) was reported.

DISCUSSION

Gut microbiota is associated with many inflammatory
disorders, including EGE [16-19]. However, today there are
just a few human studies on the issue, the results of which
do not allow any consensus-based conclusions. Given the
lack of knowledge of the issue, the primary objective of our
study was to refine the gut microbiota taxonomic composition
alterations in the group of patients with EGE. Our study has
confirmed that gut microbiota composition of EGE patients is
quite different from that of healthy women. The findings show
that the lower bacterial a-diversity relative to healthy women
is typical for patients with EGE, which is a common distinctive
feature of chronic inflammatory disorders [28]. Our findings
are consistent with the data of the earlier reported study
[22], but do not confirm other data [21], according to which
patients with EGE are characterized by the decrease in both
a- and B-diversity. The results of our study have also shown

that dysbiotic intestinal alterations in patients with EGE are
characterized by the decrease in the abundance of bacteria
having the potential for immunomodulation: Coprococcus
catu and Turicibacter sanguinis species representatives that
are known to produce short-chain fatty acids (SCFAs), i.e.
endogenous signaling molecules essential for maintaining
the host’s immune homeostasis, and Ruminococcus gnavus.
Moreover, the decrease in the levels of SCFAs results in the
increased abundance of Gram-negative bacteria, and therefore
lipopolysaccharide (LPS) levels [29]. There is evidence that
feces of mice with endometriosis have low levels of SCFAs,
specifically butyrate, while butyrate administration inhibits
endometriotic cell growth in vitro and in vivo via inhibition of
histone deacetylase activity and activation of expression of the
Rap1GAP protein that inactivates the Rap1 intracellular signaling
protein [19]. In addition, we have detected the increased
abundance of Eubacterium ramulus, Bacterioides dorei,
Prevotella divia and Shigella flexneri. Among these the presence
of Shigella flexneri should be noted, since these bacteria have
been earlier detected in the fecal samples of patients with stage
-V EGE in the study [30]. It is suggested that this species
plays a role of the trigger that initiates the immune alterations
resulting in the development and progression of endometriosis
[31]. Our findings are partially in line with the data of the number
of other studies. For example, one of the studies has shown
that the decrease in the abundance of Coprococcus along
with the increase in the abundance of Bacterioides is typical for
patients with EGE [21]. The other study has shown that patients
with EGE are characterized by the increase in abundance of
Eubacterium and Bacterioides [22]. The data obtained may
be inconsistent due to the fact that, firstly, the studies involved
patients of different ethnic groups, and secondly, in contrast
to the listed above researchers, we did not enroll overweight
patients with EGE (since the effects of this factor on gut
microbiota alterations was proven) and the patients taking
hormonal, birth control and anti-inflammatory drugs in order to
avoid their effects on the study results.

As stated earlier, patients with EGE demonstrate a significant
increase in plasma levels of IL6, IL8 and TNFa, the role of
which in the disease development and progression to severe
forms has been proven [8-10]. Our study has also revealed
significantly higher levels of IL6, IL8 and TNFa compared to
healthy women in patients with EGE. Meanwhile, intestinal
dysbiosis, that is more and more often considered to be a
factor of inflammation, autoimmune and immune-mediated
disorders, can trigger the inflammatory immune response
associated with elevation of pro-inflammatory cytokine levels
at the whole-body level [32]. That is why the second objective
of the study was to assess the association of gut microbiota
composition at the species level with plasma levels of IL6, IL8
and TNFa in the group of patients with EGE. We have found
that some intestinal microbial species of patients with EGE are
associated with plasma levels of the studied cytokines, which
can indicate the association of gut microbiota composition with
EGE. In particular, a negative correlation between the elevated
IL6 levels and the abundance of Turicibacter sanguinis bacteria
has been revealed. We have found a probable explanation for
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this correlation in the literature. As is well known, the Turicibacter
bacteria are involved in production of metabolites having a
protective effect on the intestinal epithelium and reproductive
system, specifically such SCFAs, as acetic, valeric and
butyric acids. The decrease in the levels of the latter leads to
activation of histone deacetylase and the related NF-kB nuclear
transcription factor, as well as to inhibition of the GPR41, GPR43
and GPR109A G protein-coupled receptors, thereby inducing
expression of the genes responsible for synthesis of pro-
inflammatory cytokines, including IL6 [33], and promoting the
development of chronic inflammation [16]. The earlier reported
[34] association of the IL8 levels with the abundance of bacteria
of genus Subdoligranulum in patients with EGE has not been
confirmed in our study. According to our findings, a positive
correlation of the IL8 levels with the abundance of Shigella
flexneri bacteria is typical for patients with EGE, which can be
mediated by the ability of the latter to induce persistent NF-kB
inhibitory kinase complex (IKK) activation and subsequent I-kB
degradation via initiation of the pattern recognition receptors
TLR4. This, in turn, promotes the release of NF-kB with
subsequent translocation into the nucleus and triggering the
IL8 transcription [35]. The literature reports such associations
in patients with confirmed Shigella infection (shigellosis) that
have been confirmed by strong positive correlations between
the abundance of Shigella flexneri and the levels of IL8 in blood
plasma [36]. As we have already stated, the contrast between
our findings and the results of the study these are compared
with may be due to the differences in design, specifically to
the fact of selective enrollment of normal-weight EGE patients
having no extragenital comorbidities in our study, while in the
other study [34] these characteristics were not considered as
exclusion criteria. Furthermore, the differences may result from
the fact that we enrolled patients with stage I-IV EGE, while
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research is required to confirm the role of gut microbiota in the
EGE pathophysiology. The targeted effects on gut microbiota
may contribute to the efficiency of approaches to treatment
of EGE.
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A RARE CASE OF COMBINATION TRICHORINOPHALANGEAL SYNDROME
AND MAYER-ROKITANSKY-KUSTER-HAUSER SYNDROME

Batyrova ZK &=, Bolshakova AS, Kumykova ZKh, Kruglyak DA, Uvarova EV, Chuprynin VD, Mamedova FSh, Sadelov IO, Trofimov DY
Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russia

Two forms of Mayer-Rokitansky—Kuster-Hauser (MRKH) syndrome are recognized: isolated uterovaginal agenesis and associated with extragenital malformations,
including several well-recognized syndromes. Trichorhinophalangeal syndrome (TRPS) is a rare autosomal dominant condition characterized by facial dysmorphism,
ectodermal and skeletal features. TRPS comprises TRPSI (caused by a heterozygous pathogenic variant in TRPS1), TRPSII (caused by contiguous gene deletion
of TRPS1, RAD21, and EXT1). Genital anomalies occur particularly in TRPSII. We present a case of rare combination TRPSII with MRKH syndrome. Delayed
diagnosis resulted to prolonged pain syndrome and repeated surgery. Recognition of genital anomalies in TRPS allows timely referral diagnosis and appropriate
care by paediatrician and adolescent gynaecologists.
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PEOKUI CNYYAN COYETAHNA TPUXOPUHO®ANAHTEAJIbHOIO CUHAPOMA N CUHOPOMA
MAWEPA-POKUTAHCKOIO-KIOCTEPA-XAY3EPA

3. K. Barbiposa ™, A. C. Bonbluakosa, 3. X. Kymbikosa, [. A. Kpyrnsik, E. B. Yeaposa, B. [. YynpbiHuH, ®. L. Mamenosa, V. O. Capgenos,
. FO. Tpodhumos

HaumoHanbHbI MEAULIMHCKMIN NCCNeaoBaTENbCKUI LIEHTP akyLLEpCTBa, MMHEKONorn 1 nepuHaTonorim umenn B. V1. Kynakosa MuHagpasa Poccum, Mocksa, Poccust

BbloenstoT aBa BapunaHTa cuHapoma Marepa—PokuTtaHckoro—KiocTtepa—-Xaysepa (MPKX): Tvn |, npu KoTopoM HabntofaeTcst M3onMpoBaHHas annasus Matku 1
Bnarammia, 1 Tvn ll, Npu KOTOPOM MMEIKOT MECTO COMYTCTBYIOLLME SKCTPareH!TasbHble MOPOKN Pa3BUTYIS, B PaMKax HEKOTOPbIX CUHAPOMASTbHbIX COCTOSHN.
Cunapom JlaHrepa-TnaeoHa nnm TpuxoprHodananreansHbii cuHgpoM (TRPS) — peakoe ayTOCOMHO-AOMMHaHTHOE 3a00NeBaHme, XapakTepr3yoLLEecs IMLIEBbIM
OVMCMOPMU3MOM 1 aHOMaMSIMI KOXKW, HOMTen 1 Bomnoc. BoeigenstoT aBa Tuna TpuxopuHodanaHreansHoro cuHgpoma: TRPSI, 06ycnoBneHHbIi natoreHHbIM
BapuaHTom reHa TRPSI, n TRPSII, o6ycnosneHHbIn feneuneit ¢ Boenedernem reHos TRPS1, RAD21 n EXT. Kak npasmno, Nopoku pa3suTis NosoBbIX OpraHoB
BcTpedatotca npu tine Il. MpeacraeneHo knnHmndeckoe HabnogeHre TRPSI B codetannn ¢ MPKX. OTcpoYeHHas AnarHoCTVKa Mopoka PassBuTUSA MOSOBbIX
OpraHoB MpvBena K AAnTensHOMy 60neBoMy CYHAPOMY Y MaUMEHTKV C KpaiHe OTArOLLEHHbIM aHaMHE30M Vi MPOBEAEHMIO HEOAHOKPATHBIX XUPYPrHECcKNX
BMeLLaTenbcTB. CBOEBPEMEHHOE 0BOHapY>KeHNe COoYeTaHNst aHOManWiA MOMOBbIX OPraHoB y AeBoYek ¢ TRPS Mo3BOASiET He TONMbKO YCTaHOBUTEL AMArHO3, HO 1
OKazaTb KBa/MMMLMPOBAHHYIO MOMOLLb C y4aCTUeM rMHeKonora AeTen 1 NoApOCTKOB, C LEMbIO MAHUMI3ALMM BO3MOXHbIX OCIIOMXHEHNI.
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A. B. Acatyposy, 3aBeaytoLiemy 1-m natonoroaHatoMmyeckum otaeneHnem ®reyY HMULATTT um. B. . KynakoBa, 3a NOMOLLb B pefakTVpOBaHnM PYKOMUCK.

Bknap aBTopos: 3. K. batbiposa, A. C. BonbluakoBa — koHLenuws; 3. K. Batbiposa, [. A. Kpyrnsk, E. B. Yeaposa, B. [1. YynpbiHuH, @. LLI. Mamenosa — cb6op
1n obpaboTka matepmnana; 3. K. batbiposa, A. C. Bonblakosa, 3. X. KymblkoBa — HanucaHune TekcTta; 3. X. Kymbikoa, V. O. Cagenos, . KO. Tpodmmos —
pefaxkTnposaHve.

P><] Ons koppecnoHaeHumu: 3annHa KumosHa batbiposa
yn. TonbyxuHa, . 3/2, K. 59, . Mocksa, 121596, Poccus; linadoctor@mail.ru

Cratbsi nonyyeHa: 17.06.2023 CtaTbsi NpuHATa K nevatu: 26.06.2023 Ony6nnkoBaHa oHnaiiH: 27.06.2023

DOI: 10.24075/vrgmu.2023.022

The MRKH syndrome (OMIM 277000) is a rare condition with
prevalence of about 1 in 5,000 women. It is characterized by
the absence or hypoplasia of the uterus and the upper two
thirds of the vagina in 46,XX females [1-3]. This malformation
can occur isolated or with various anomalies, with a relatively
common subset of these comprising Mullerian, renal, and
cervicothoracic abnormalities (MURCS association) [2].
Occasionally, MRKH was combined with situs viscerum
inversus, Dandy-Walker malformation, Meckel-Gruber
syndrome, Bardet-Bied! syndrome, Cornelia de Lange syndrome,
Holt-Oram syndrome or McKusick—Kaufman syndrome [1, 2].
However, it can probably be explained by simple coincidence. To
our knowledge, the genetic causes of MRKH remains unknown.

Trichorhinophalangeal syndrome was first reported by
A. Giedion in 1966, described in more detail by L.O.
Langer in 1969 [3, 4]. The population frequency is less than
1 :1,000,000. It is characterized by severe craniofacial and
skeletal abnormalities. Patients with trichorhinophalangeal
syndrome usually have a specific skull structure with sparse
and slowly growing hair on the head, protruding ears, sparse
eyebrows, a convex pear-shaped nose, thin lips, elongated chin,
and bone anomalies, including mild to severe brachydactyly, hip
dysplasia and short stature [3-8]. Additionally, female patients
may have urogenital anomalies [3, 4, 8].

TRPSII or Langer-Giedion syndrome (OMIM 150230)
associated with contiguous 8923.3924.11 deletion that spans
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Fig. 1. X-ray picture of the bones of the upper (A) and lower (B) extremities with multiple exostoses (shown by arrows) and metal structures after surgery

the TRPS1-EXT1 interval [2-7], more often diagnosed using
chromosomal microarray.

Chromosomal microarray analysis (CMA) is designed
to detect microscopic and submicroscopic copy number
variations (CNVs) across the genome [9, 10]. Recent guidelines
and publications have recommended CMA for the evaluation of
children with autism spectrum disorders, developmental delay/
intellectual impairment, and/or multiple congenital anomalies
[11-15]. CNVs are observed in up to 20% of cases with
genital tract malformations [16]. Nik-Zainal et al. reported 14%
prevalence of CNVs in a cohort of patients with isolated and
syndromic Mullerian aplasia [15].

Unfortunately, limited publications, describing a combination
of TRPS and Mullerian anomalies, complicate early diagnosis [8].

Clinical case description

A 14-year-old girl with a known medical history of TRPSII was
referred to the National Medical Research Center for Obstetrics,
Gynecology and Perinatology for primary amenorrhea and
progressively increasing cyclic lower abdominal pain.

The girl was the first child of a non-consanguineous couple
and had a younger healthy brother. Her medical history,
obtained from her parents, included spontaneous delivery from

first uneventful pregnancy, with a birthweight of 3,600 g, and
length 52 cm. At 2 days of age, she was transferred to neonatal
intensive care unit due to the lack of sucking and absent
swallow reflexes. Subsequently, the girl presented with a delay
in physical and mental development, she was characterized by
dysplastic body shape, pronounced facial characteristics and
shortening of the hands and feet. At the age of 3 years, the
TRPSII was diagnosed, but the genetic result was lost.

Since 4 years of age, the girl presented with tumor-like
formations in the proximal sections of both humerus, distal
forearm, femur, and articular ends of both tibiae. The patient
underwent 27 surgical interventions due to deformations of the
extremities, associated with multiple exostoses (Fig. 1).

In December 2018, she was hospitalized with severe
abdominal pain. The laparoscopic cystectomy of the left ovary
and appendectomy were performed. No abnormalities of the
genital tract were observed. After discharge from the hospital,
the patient suffered cyclic, progressively increased, lower
abdominal pain. The parents sought care from our department
of pediatric and adolescent gynecology, as there was no
improvement under the conservative therapy (non-steroidal
anti-inflammatory drugs, gestagens).

The condition of the girl upon admission was stable, with height
144 cm and weight 40 kg. Sexual development was described

S8

Fig. 2. Typical dysmorphic features of the patient: slowly growing hair, a long pear-shaped nose with a bulbous tip (A) shortening of the hands with enlargement of

interphalangeal joints (B) and feet (C)
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Fig. 3. Transabdominal ultrasound examination: A — rudimentary uterine rudiment (transverse scanning); B — the same structure in longitudinal scanning

as Tanner 3. She had a dysplastic physique characterized with
multiple deformities of the upper and lower extremities, a long
pear-shaped nose, lower jaw hyperplasia, large protruding ears
and multiple cartilaginous exostoses (Fig. 2).

The gynecological examination revealed normal external
female genitalia, hymen fringed, behind the hymen there was a
blind ending vaginal fossa to 1.0 cm. During recto-abdominal
examination, the uterus was characterized by spherical shape,
tender to the palpation. Laboratory parameters of the patient,
including hormonal status, were all within normal values.

Following genetic counseling, CMA determined a pathogenic
6,9 Mb deletion at chromosome 8q23.3-g24.12 (115,524,
782-122,445,687 bp, GRCh37) with the involvement TRPST,
EXT1, and RAD21 genes, and a duplication on the long arm
of chromosome 18 (18q12.3) over 2.8 Mb of unknown clinical
significance. The genetic results confirmed TRPS Il syndrome.

Study of both parents revealed that the patient’s deletion
was «de novo » in origin. The father carried the 18g12.3
duplication; therefore, its contribution to the girl’s phenotype is
unlikely, and it was considered to be likely benign.

An MRI of the pelvic organs was not possible due to the
presence of multiple metal structures. Ultrasound examination
of the pelvic organs in our center revealed a spherical structure
consistent with a uterus, displaced to the left and upwards with
dimensions 38 x 27 x 29 mm, and 3 mm endometrium, the
ovaries were located high in the pelvic cavity but there was no
identifiable cervix and vagina (Fig. 3).

Due to the cyclic pain syndrome, combined with the
ultrasound findings, an obstructive anomaly of the Mullerian

tract was suspected. The laparoscopy revealed two uterine
rudiments, each located at the sidewalls of the pelvis,
connected by a cord over the bladder. The left rudiment had
signs of functioning; the right rudiment recognized as a small
muscle nubbin, connected with the round ligament of the
uterus and fallopian tube. The cervix and vagina were
absent (Fig. 4).

Despite of the size, the left uterine rudiment was a structure
without cervix. In this case, a surgical creation of the utero-
vaginal anastomosis was considered impractical due to
high-risk complications and other patient’s health problems.
Multidisciplinary team, including ethics specialists, decided
to remove the uterine rudiments. The parental consent was
obtained. Postoperative period was uneventful and the girl
was discharged home in a satisfactory condition. At the
one-month and three-month follow-up visits, her parents reported
complete resolution of the pain syndrome.

Clinical case discussion

LGS includes the clinical features of TRPS type |, caused
by the haploinsufficiency of TRPS7, and multiple hereditary
exostoses due to deletion EXT1 [16-18]. Some reported
patients have been also characterized with the clinical features
of Cornelia de Lange syndrome, type 4 [19,20]. In addition
to findings of TRPSII, Mullerian aplasia was ascertained in
our proband. Syndromic Mullerian aplasia may be linked to
17912 microdeletion [21], 1g21.1 microduplication, Xg21.31
microdeletion [22]. Furthermore, several cases of Mullerian

Fig. 4. Laparoscopic view of the internal genital organs: left uterine rudiment with signs of functioning (A); right uterine rudiment (muscle nubbin) (B)
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aplasia in patients with 16p11.2 microdeletion are described in
the literature [23]. Mullerian duct remnants are also occasionally
associated with TRPS [24].

Other genital abnormalities in patients with TRPS Il were
reported in previous studies. One reported a woman with vaginal
atresia and hematometra with 8924.11-g24.12 deletion [19].
Another showed a girl with persistent cloaca and prune belly
sequence and 8g24.11-924.13 deletion [20]. Fryns et al. reported
hydrometrocolpos in three children with 8g24.11-0g24.13 deletion
[21]. Plaza-Benhumea et al. described a 19-year-old female with
imperforate hymen, severe vaginal stenosis and hematometra
with 8923.3-0g24.12 deletion [25].

In our patient 8923.3g24.12 deletion, approximately
6.9 Mb, affects TRPS1, EIF3H, RAD21, SLC30A8, MEDG30,
EXT1, TNFRSF11B, COLEC10, MAL2, NOV, ENPP2, TAF2,

References

1. Ledig S, Wieacker. Clinical and Genetic Aspects of Mayer-
Rokitansky-Kuster-Hauser Syndrome. Med Genet. 2018; 30:
3-11. DOI: 10.1007/511825-018-0173-7. Epub 2018 Feb 21.

2. Wiliams LS, Demir Eksi D, Shen 'Y, Lossie AC, Chorich LP, Sulivan ME,
et al. Genetic analysis of Mayer-Rokitansky-Kuster-Hauser
syndrome in a large cohort of families. Fertil Steril. 2017; 108 (1):
145-51. DOI: 10.1016/j.fertnstert.2017.05.017. Epub 2017 Jun
7. PMID: 28600106; PMCID: PMC5770980.

3. For Backhouse B, Hanna, Robevska G, et al. Identification
of Candidate Genes for Mayer-Rokitansky-Kuster-Hauser
Syndrome Using Genomic Approaches. Sex Dev. 2019; 13:
26-34. DOI: 10.1159/000494896. Epub 2018 Dec 1. DOI:
10.1159/000494896.

4. Ludecke HJ, Johnson C, Wagner MJ, Wells DE, Turleau C,
Tommerup N, et al. Molecular definition of the shortest region
of deletion overlap in the Langer-Giedion syndrome. Am J Hum
Genet. 1991; 49: 1197-206.

5. Giedon A. Das tricho-rhino-phalangeale syndrome. Helv Paediatr
Acta. 1966; 21: 475-85.

6.  Maas S, Shaw A, Bikker H, et al. Trichorhinophalangeal Syndrome.
2017 Apr 20. In: Adam MP, Ardinger HH, Pagon RA, et al., editors.
GeneReviews® [Internet]. Seattle (WA): University of Washington,
Seattle; 1993-2020.

7. Trippella G, Lionetti P, Naldini S, et al. An early diagnosis of
trichorhinophalangeal syndrome type 1: a case report and a
review of literature. Ital J Pediatr. 2018; 44: 138. DOI: 10.1186/
5$13052-018-0580-z.

8. SuW, ShiX, Lin M, et al. Non-ossifying fibroma with a pathologic
fracture in a 12-year-old girl with tricho-rhino-phalangeal
syndrome: a case report. BMC Med Genet. 2018; 19: 211. DOI:
10.1186/512881-018-0732-4.

9. Faucett WA, Savage MS. Chromosomal microarray testing.
JAAPA. 2012; 25(1): 65-6. DOI: 10.1097/01720610-201201000-
00016.PMID: 22384761.

10.  United Healthcare Medical Policy. Chromosome microarray testing.
10/1/2015. Available from: https://www.unitedhealthcareonline.
com/ccmeontent/Providerll/UHC/en-US/Assets/ProviderStaticFiles/
ProviderStaticFilesPdf/Toolsand Resources/PoliciesandProtocols/
MedicalPolicies/MedicalPolicies/Chromosome_Microarray _
Testing.pdf. Accessed June 26, 2016.

71. Riggs ER, Wain KE, Riethmaier D, Smith-Packard B, Faucett WA,
Hoppman N, et al. Chromosomal microarray impacts clinical
management. Clin Genet. 2014; 85 (2): 147-53. DOI: 10.1111/
cge.12107. Epub 2013 Feb 21. PMID: 23347240.

12. Miller DT, Adam MP, Aradhya S, et al. Consensus statement:
chromosomal microarray is a first-tier clinical diagnostic test
for individuals with developmental disabilities or congenital
anomalies. Am J Hum Genet. 2010; 86: 749-64. DOI: 10.1016/j.
ajhg.2010.04.006. PMID: 20466091. PMCID: PMC2869000.

138. South ST, Lee C, Lamb AN, Higgins AW, Kearney HM. ACMG

BECTHUK PIrMY | 3, 2023 | VESTNIKRGMU.RU

KNMHWYECKNIA CNYYAW | TMHEKONOI NS

DSCC1, DEPTOR, COL14A1, MRPL13, MTBP, and SNTB1
genes. It is interesting, that pathogenic variants in RAD21
have been associated with Cornelia de Lange syndrome type
4, which characterized with variable congenital anomalies,
including genitourinary malformations, intellectual disability,
distinctive facial features [26-28]. So, in our opinion, RAD21
can be a good candidate for MRKH syndrome, which requires
further research.

CONCLUSION

Female patients with TRPS Il would benefit from a multidisciplinary
approach with geneticist, pediatrician and adolescent
gynecologists in order to allow early detection of Mullerian
anomalies.

Standards and Guidelines for constitutional cytogenomic
microarray analysis, including postnatal and prenatal applications:
revision. 2013. DOI: 10.1038/gim.2013.129. PMID: 24071793.

14. Josifova DJ. Genetics of gynaecological disorders. Best Pract
Res Clin Obstet Gynaecol. 2017; 42: 100-13. DOI: 10.1016/].
bpobgyn.2017.05.001. Epub 2017 May 10. PMID: 28684328.

15. Nik-Zainal S, Strick R, Storer M, Huang N, Rad R, Willatt L, et al.
High incidence of recurrent copy number variants in patients with
isolated and syndromic Mullerian aplasia. Med Genet. 2011; 48
(8): 197-204.

16.  Cappuccio G, Genesio R, Ronga V, Casertano A, 1zzo A, Riccio MP,
et al. Complex chromosomal rearrangements causing Langer-
Giedion syndrome atypical phenotype: genotype-phenotype
correlation and literature review. Am J Med Genet A. 2014;
164A (3): 753-9. DOI: 10.1002/ajmg.a.36326. Epub 2013 Dec
19. PMID: 24357330.

17. Plaza-Benhumea L, Valdes-Miranda JM, Toral-Lépez J, et
al. Trichorhinophalangeal syndrome type Il due to a novel
8023.3-g24.12 deletion associated with imperforate hymen
and vaginal stenosis. Br J Dermatol. 2014; 171: 15681-3. DOI:
10.1111/bjd.13177. Epub 2014 Oct 30.

18. Selenti N, Tzetis M, Braoudaki M, Gianikou K, Kitsiou-Tzeli S,
Fryssira H. An interstitial deletion at 8923.1-g24.12 associated
with Langer-Giedion syndrome / Trichorhinophalangeal syndrome
(TRPS) type Il and Cornelia de Lange syndrome 4. DOI: 10.1186/
$13039-015-0169-9. PMID: 26269715. PMCID: PMC4534011.

19. Partington MW, Rae J, Payne MJ. Haematometra in the Langer-
Giedion syndrome. J Med Genet. 1991; 28: 644-5. DOI: 10.1136/
jmg.28.9.644-b.

20. Ramos FJ, McDonald-McGinn DM, Emanuel BS, Zackai EH.
Tricho-rhinophalangeal syndrome type Il (Langer-Giedion) with
persistent cloaca and prune belly sequence in a girl with 8qg
interstitial deletion. Am J Med Genet. 1992; 44: 790-4. DOI:
10.1002/ajmg.1320440614. PMID: 1481848.

21. Bernardini L, Gimelli S, Gervasini C, Carella M, Baban A, Frontino G,
et al. Recurrent microdeletion at 17912 as a cause of Mayer-
Rokitansky-Kuster-Hauser (MRKH) syndrome: two case reports.
Orphanet J Rare Dis. 2009; 4: 25. PubMed: 19889212.

22. Cheroki C, Krepischi-Santos AC, Szuhai K, Brenner V, Kim CA,
Otto PA, Rosenberg C. Genomic imbalances associated with
mullerian aplasia. J Med Genet. 2008; 45: 228-32. PubMed:
18039948.

23. Nik-Zainal S, Strick R, Storer M, et al: High incidence of recurrent
copy number variants in patients with isolated and syndromic
Mullerian aplasia. J Med Genet 2011; 3: 197-204.

24. Gericke GS, Fialkov J: The Langer-Giedion phenotype associated
with a unique skeletal finding in a mentally retarded adolescent
male. S Afr Med J. 1980; 57: 548.

25. Fryns JP. Trichorhinophalangeal syndrome type 2: another
syndromic form of hydrometrocolpos. Am J Med Genet. 1997;



26.

27.

CLINICAL CASE | GYNECOLOGY

73: 233. DOI: 10.1002/(sici)1096—-8628(1997)73:2<233::aid-
ajmg23>3.0.co;2-u. PMID: 9409879.

Plaza-Benhumeal, Valdes-Miranda JM, Toral-Lopez J, Pérez-
Cabrera A, Cuevas-Covarrubias S. Trichorhinophalangeal
syndrome type Il due to a novel 8923.3-024.12 deletion
associated with imperforate hymen and vaginal stenosis. DOI:
10.1111/bjd.13177. PMID: 24909397

Plaza-Benhumea L, Valdes-Miranda JM, Toral-Lopez J, et

Jlutepatypa

1.

10.

11.

12.

13.

14.

15.

Ledig S, Wieacker. Clinical and Genetic Aspects of Mayer-
Rokitansky-Kuster-Hauser Syndrome. Med Genet. 2018; 30:
3-11. DOI: 10.1007/s11825-018-0173-7. Epub 2018 Feb 21.
Wiliams LS, Demir Eksi D, Shen'Y, Lossie AC, Chorich LP, Sullivan ME,
et al. Genetic analysis of Mayer-Rokitansky-Kuster-Hauser
syndrome in a large cohort of families. Fertil Steril. 2017; 108 (1):
145-51. DOI: 10.1016/j.fertnstert.2017.05.017. Epub 2017 Jun
7. PMID: 28600106; PMCID: PMC5770980.

For Backhouse B, Hanna, Robevska G, et al. Identification
of Candidate Genes for Mayer-Rokitansky-Kuster-Hauser
Syndrome Using Genomic Approaches. Sex Dev. 2019; 13:
26-34. DOI: 10.1159/000494896. Epub 2018 Dec 1. DOI:
10.1159/000494896.

Luadecke HJ, Johnson C, Wagner MJ, Wells DE, Turleau C,
Tommerup N, et al. Molecular definition of the shortest region
of deletion overlap in the Langer-Giedion syndrome. Am J Hum
Genet. 1991; 49: 1197-206.

Giedon A. Das tricho-rhino-phalangeale syndrome. Helv Paediatr
Acta. 1966; 21: 475-85.

Maas S, Shaw A, Bikker H, et al. Trichorhinophalangeal Syndrome.
2017 Apr 20. In: Adam MP, Ardinger HH, Pagon RA, et al., editors.
GeneReviews® [Internet]. Seattle (WA): University of Washington,
Seattle; 1993-2020.

Trippella G, Lionetti P, Naldini S, et al. An early diagnosis of
trichorhinophalangeal syndrome type 1: a case report and a
review of literature. Ital J Pediatr. 2018; 44: 138. DOI: 10.1186/
513052-018-0580-z.

Su W, Shi X, Lin M, et al. Non-ossifying fibroma with a pathologic
fracture in a 12-year-old girl with tricho-rhino-phalangeal
syndrome: a case report. BMC Med Genet. 2018; 19: 211. DOI:
10.1186/512881-018-0732-4.

Faucett WA, Savage MS. Chromosomal microarray testing.
JAAPA. 2012; 25(1): 65-6. DOI: 10.1097/01720610-201201000-
00016.PMID: 22384761.

United Healthcare Medical Policy. Chromosome microarray testing.
10/1/2015. Available from: https://www.unitedhealthcareonline.
com/ccmeontent/Providerl/UHC/en-US/Assets/ProviderStaticFiles/
ProviderStaticFilesPdf/Toolsand Resources/PoliciesandProtocols/
MedicalPolicies/MedicalPolicies/Chromosome_Microarray_
Testing.pdf. Accessed June 26, 2016.

Riggs ER, Wain KE, Riethmaier D, Smith-Packard B, Faucett WA,
Hoppman N, et al. Chromosomal microarray impacts clinical
management. Clin Genet. 2014; 85 (2): 147-53. DOI: 10.1111/
cge.12107. Epub 2013 Feb 21. PMID: 23347240.

Miller DT, Adam MP, Aradhya S, et al. Consensus statement:
chromosomal microarray is a first-tier clinical diagnostic test
for individuals with developmental disabilities or congenital
anomalies. Am J Hum Genet. 2010; 86: 749-64. DOI: 10.1016/j.
ajhg.2010.04.006. PMID: 20466091. PMCID: PMC2869000.
South ST, Lee C, Lamb AN, Higgins AW, Kearney HM. ACMG
Standards and Guidelines for constitutional cytogenomic
microarray analysis, including postnatal and prenatal applications:
revision. 2013. DOI: 10.1038/gim.2013.129. PMID: 24071793.
Josifova DJ. Genetics of gynaecological disorders. Best Pract
Res Clin Obstet Gynaecol. 2017; 42: 100-13. DOI: 10.1016/j.
bpobgyn.2017.05.001. Epub 2017 May 10. PMID: 28684328.
Nik-Zainal S, Strick R, Storer M, Huang N, Rad R, Willatt L, et al.
High incidence of recurrent copy number variants in patients with

28.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

al. Trichorhinophalangeal syndrome type Il due to a novel
8023.3-g24.12 deletion associated with imperforate hymen
and vaginal stenosis. Br J Dermatol. 2014; 171: 1581-3. DOI:
10.1111/bjd.13177. Epub 2014 Oct 30.

Boyle MI, Jespersgaard C, Brendum-Nielsen K, Bisgaard AM,
Tamer Z. Cornelia de Lange syndrome. Clin Genet. 2015; 88
(1): 1-12. DOI: 10.1111/cge.12499. Epub 2014 Oct 28. PMID:
25209348.

isolated and syndromic Mullerian aplasia. Med Genet. 2011; 48
(3): 197-204.

Cappuccio G, Genesio R, Ronga V, Casertano A, Izzo A, Riccio MP,
et al. Complex chromosomal rearrangements causing Langer-
Giedion syndrome atypical phenotype: genotype-phenotype
correlation and literature review. Am J Med Genet A. 2014;
164A (3): 753-9. DOI: 10.1002/ajmg.a.36326. Epub 2013 Dec
19. PMID: 24357330.

Plaza-Benhumea L, Valdes-Miranda JM, Toral-Lopez J, et
al. Trichorhinophalangeal syndrome type Il due to a novel
80283.3-g24.12 deletion associated with imperforate hymen
and vaginal stenosis. Br J Dermatol. 2014; 171: 1581-3. DOI:
10.1111/bjd.13177. Epub 2014 Oct 30.

Selenti N, Tzetis M, Braoudaki M, Gianikou K, Kitsiou-Tzeli S,
Fryssira H. An interstitial deletion at 8g23.1-g24.12 associated
with Langer-Giedion syndrome / Trichorhinophalangeal syndrome
(TRPS) type Il and Cornelia de Lange syndrome 4. DOI: 10.1186/
$13039-015-0169-9. PMID: 26269715. PMCID: PMC4534011.
Partington MW, Rae J, Payne MJ. Haematometra in the Langer-
Giedion syndrome. J Med Genet. 1991; 28: 644-5. DOI: 10.1136/
jmg.28.9.644-b.

Ramos FJ, McDonald-McGinn DM, Emanuel BS, Zackai EH.
Tricho-rhinophalangeal syndrome type Il (Langer-Giedion) with
persistent cloaca and prune belly sequence in a girl with 8qg
interstitial deletion. Am J Med Genet. 1992; 44: 790-4. DOI:
10.1002/ajmg.1320440614. PMID: 1481848.

Bernardini L, Gimelli S, Gervasini C, Carella M, Baban A, Frontino G,
et al. Recurrent microdeletion at 17912 as a cause of Mayer-
Rokitansky-Kuster-Hauser (MRKH) syndrome: two case reports.
Orphanet J Rare Dis. 2009; 4: 25. PubMed: 19889212.

Cheroki C, Krepischi-Santos AC, Szuhai K, Brenner V, Kim CA,
Otto PA, Rosenberg C. Genomic imbalances associated with
mullerian aplasia. J Med Genet. 2008; 45: 228-32. PubMed:
18039948.

Nik-Zainal S, Strick R, Storer M, et al: High incidence of recurrent
copy number variants in patients with isolated and syndromic
Mullerian aplasia.  Med Genet 2011; 3: 197-204.

Gericke GS, Fialkov J: The Langer-Giedion phenotype associated
with a unique skeletal finding in a mentally retarded adolescent
male. S Afr Med J. 1980; 57: 548.

Fryns JP. Trichorhinophalangeal syndrome type 2: another
syndromic form of hydrometrocolpos. Am J Med Genet. 1997;
73: 233. DOI: 10.1002/(sici)1096—8628(1997)73:2<233::aid-
ajmg23>3.0.co;2-u. PMID: 9409879.

Plaza-Benhumeal, Valdes-Miranda JM, Toral-Lopez J, Pérez-
Cabrera A, Cuevas-Covarrubias S. Trichorhinophalangeal
syndrome type Il due to a novel 8g23.3-024.12 deletion
associated with imperforate hymen and vaginal stenosis. DOI:
10.1111/bjd.13177. PMID: 24909397

Plaza-Benhumea L, Valdes-Miranda JM, Toral-Lopez J, et
al. Trichorhinophalangeal syndrome type Il due to a novel
80283.3-g24.12 deletion associated with imperforate hymen
and vaginal stenosis. Br J Dermatol. 2014; 171: 1581-3. DOI:
10.1111/bjd.13177. Epub 2014 Oct 30.

Boyle MI, Jespersgaard C, Brondum-Nielsen K, Bisgaard AM,
Tumer Z. Cornelia de Lange syndrome. Clin Genet. 2015; 88
(1): 1=12. DOI: 10.1111/cge.12499. Epub 2014 Oct 28. PMID:
25209348.

BULLETIN OF RSMU |3, 2023 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | MEDICAL GENETICS

DETECTION OF SMN1LOSS WITH PCR-BASED SCREENING TEST
Nazarov VD', Cherebillo CC'™, Lapin SV, Sidorenko DV', Devyatkina YA!, Musonova AC', Petrova TV2, Nikiforova Al2, lvanova AV?
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Spinal muscular atrophy (SMA) is an inherited neuromuscular disease characterized by progressive skeletal muscular weakness and atrophy. The newborn screening
for spinal muscular atrophy should define all molecular forms of SMA. The aim of this study is to compare a PCR-based test for detection of homozygous SMN1
loss with multiple ligation probe amplification (MPLA) in patients with spinal muscular atrophy and other numerical changes of the SMN7 gene. PCR-based test
was used to detect exon 7 of SMIN'T gene homozygous loss. The study included 341 samples of patients with clinical suspicion of SMA from Biobank of Centre
of Molecular Medicine of Pavlov State Medical University (Saint-Petersburg, Russia). Group 1 included 206 whole blood samples and Group 2 included 135 dried
blood spot (DBS) samples. Copy number of the SMNT and SMN2 genes had been evaluated with MLPA as a reference method. The results showed that kit was
able to detect homozygous SMN1 loss in all samples from group 1 and 2 (Group 1: n = 67; 33%; Group 2: n = 19; 14%). At the same time in all samples with 1-3
copies of the SMINT gene, the results of the kit were negative for homozygous loss of SMN17 gene (Group 1: n = 139; 67%; Group 2: n = 116; 86%). Kit showed
high effectiveness in the detection of homozygous loss SMN7 gene. The kit detects all possible molecular forms of homozygous SMN7 gene loss in both DNA
samples extracted from the whole blood and DBS.
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OETEKLUNA PASNTNYHbLIX ®OPM MNMOTEPU N'EHA SMN1 C MOMOLLIbIO HABOPA AJ1A MNLUP-PB

B. [. Hazapos', K. K. Yepebunno'=, C. B. Mlarmn', [. B. CugopeHko’, E. A. OesatkvHa', A. K. MycoHosa', T. B. Metposa?, A. V. Hukuhoposa?,
A. B. ViBaHOBa?

" Mepsbii CaHKT-MeTepbyprekumii rocyAapCTBEHHbIN MEAVLMHCKUIA yHUBEPCUTET MMeHu W. T1. Tasnosa MuHUcTepcTBa 3apaBooxpaHeHns Poccuiickoin depepaumn,
CaHkT-MNetepbypr, Poccust

2000 «dHK-TexHonorusi», Mockea, Poccus

[MpokcumaneHas cnnHaneHas MbllledHas atpodus 5q (59-CMA) — ayTOCOMHO-PELIECCUBHOE HEPBHO-MbILLIEYHOE 3a00/1eBaHE, XapaKTepU3yoLLIEEC NOTepeN
nBuraTenbHbIX HeMPOHOB B NMepeaHrx porax criHHoro Mosara. C 2023 r. CMA BktodeHa B 00s13aTenbHbI HeOHaTasbHbIA CKPUHWHE Ha TeppUTopmn Poccuinckoi
Ddepepaumn. HeoHaTanbHbI CKPUHMHIOBLIM TeCcT Ha 50-CMA [omxeH BbISBNSTb BCE TWMbl OMO3UIrOTHOW noTepn reHa SMNT. Llenbto nccnenosaHvst obina
CpaBHUTENbHAsA OLEHKa BO3MOXXHOCTM ONpeaenieHnst roMOo3UroTHoM notepur ak3oHa 7 reHa SMN1 ¢ nomoubto Tecta Ha ocHose [MLP-PB ¢ metogom MLPA y
nauveHToB ¢ 5g-CMA, a Takke ¢ pasnnyHbIMU U3MEHeHUAMI Yincna Konuii reHa SMINT. C nomolLbio Habopa 6bino npoaHanmavpoBaHo 206 obpasios AHK
(rpynna 1), BblAeNeHHbIX U O4MLLIEHHBIX 13 LenbHOM kposu, 1 135 obpasuos AHK (rpynna 2), BblaeneHHbIX 1 OHMLLEHHBIX U3 CyXMX NSATEH KPOBW, C U3BECTHLIM
konuyectBom konuii reHoB SMNT n SMN2. Konuuvectso konuin reHoB SMNT n SMN2 onpepensinu metogoMm MLPA, KoTopbli 6bin BbiIOpaH B Ka4ecTse
pebepeHcHoro Metofa. MokasdaHo, 4To Habop OBHaPYXKMBAET FOMO3UIOTHYO NoTepto reHa SMNT Bo Bcex 06pasLiaX, Y KOTOPbIX MOATBEPXKAEHA FOMO3WIrOTHas
notepst reHa SMNT ¢ nomopto MLPA (rpynna 1: n = 67; 33%; rpynna 2: n = 19; 14%). B 10 >xe Bpemsi BO Bcex obpaduiax ¢ 1-3 konusmu reHa SMIN'T peaynstatbl
Habopa 6bim oTpurLaTensHeiM (fpynna 1:n = 139; 67%; rpynna 2: n = 116; 86%). Habop AEMOHCTPMPYET BbICOKYHO ath(EKTUBHOCTL 1 MO3BONAET OOHAPY>KMBaTb
BCE BO3MOXXHbIE MOMNEKYNSPHbIE POPMbI FOMO3UIOTHON NoTepu reHa SMNT kak B obpasiiax [AHK, BblaeneHHbIX 13 LenbHOM KPOBW, Tak 1 U3 CyXuX NMATEH KPOBU.
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Proximal spinal muscular atrophy 5q (5g-SMA) is autosomal
recessive neuromuscular disease, characterized by the loss of
motor neurons in the anterior horns of the spinal cord, that leads
to progressive muscle weakness and skeletal muscle atrophy.
5g-SMA is caused by the mutation in the survival motor
neuron 1 gene (SMNT), situated on the chromosome 5g13.
The incidence of SMA is 1 per 6000-10,000 newborns [1].
Rapid and irreversible loss of the motor neurons in SMA begins
during the first 3 months of life, and 95% of motor neurons are
affected in the patients under the age of 6 months [2]. Delayed
molecular genetic diagnosis of SMA leads to untimely initiation
of the treatment, which causes a limited clinical effectiveness of
therapeutical intervention.

High incidence of the disease is related to the innate genetic
instability of 513 region due to the presence of an inverted
sequence of functional genes SMNT, SERF1A, NAIP, GTF2H2A
and their centromeric pseudogenes SMN2, SERF1B, NAIPAS,
GTF2H2B [1]. In 95% of cases, 5g-SMA results from the
homozygous loss of the SMN17 gene. The remaining cases
of the disease occur in compound heterozygotes when the
loss of the SMNT gene on one allele is combined with point
mutations in the SMNT gene on another allele [3]. Today these
forms of SMA are not detected in neonatal testing programs in
any country of the world [4]. The prevalence of heterozygous
loss of the SMINT gene in the Russian population is 1 : 36 [5].
Besides, the duplication of the SMNT is a frequent finding in
general population, but it is not associated with SMA [1].
The pseudogene of the SMNT1 is the SMN2 gene, which also
consists of 9 exons and encodes the same SMN protein. The
genes differ in 5 nucleotide in region from the 6-th intron to
the 8-th exon. The key difference is exchange of cytosine to
thymine in the 7-th exon of the SMN2 gene (c. 840 C > T),
which leads to the loss of the binding site for the exon splicing
enhancer and the formation of the binding site for the exon
silencer. As a result of this nucleotide change, the 7-th exon is
excluded in 90% of SMNZ2 transcripts. The resultant SMNA7
protein becomes functionally defective and unstable, which
causes its rapid degradation by the ubiquitin-proteasome
system [1]. Nevertheless 10% of SMN protein, produced from
SMNZ2 gene, retains 7-th exon and can perform its function
[6]. Therefore, copy number variation of SMN2 can modify
the severity of the disease in persons with SMN7 deletion.
SMA type 0 is characterized by absence of SMN1 gene and
1 copy of SMN2 gene. This SMA form presents antenatally
with severely decreased fetal movements. SMA type |
(Werdnig—Hoffmann disease) is the most frequent type of SMA,
accounting for approximately half of patients (SMN2 gene —
2-3 copies) [3,7]. Affected infants appear normal at birth, but
subsequently develop hypotonia, delayed motor milestones,
and feeding difficulties within the first 6 months of life. Infants
with SMA type | never sit independently. In the less severe SMA
type II (Dubowitz disease), children present between 6 and
18 months of age and are able to sit independently, but never
walk. The majority of these patients survive into adulthood
(SMN2 gene — 2-4 copes). SMA type Il (Kugelberg-Welander
disease) includes patients who walk at some point (and for any
period of time) during childhood (SMN2 gene — 3-5 copies).
SMA type IV is the mildest and least common form of SMA with
onset in adulthood [3,7].

The loss of functional SMN7 genes plays the main role in
the pathogenesis of this disease. There are several types of
the SMNT gene loss: complete deletion, conversion of the
SMNT1 gene into SMNZ2, the formation of hybrid SMN1/SMN2
structures, and loss of only a few exons of the SMNT gene
(partial deletion). The complete deletion of the SMNT gene

occurs without an increase in the number of copies of the
SMNZ2 gene. Partial deletion is characterized by the isolated
loss of several exons, including 7 exon, of the SMNT gene
without changes of the number of copies of these exons in the
SMNZ2 gene [8]. During the conversion, loss of SMNT gene is
accompanied by an increase in the number of copies of the
SMNZ2 gene [9]. The formation of chimeric SMN1/SMNZ2 genes,
in which there are sites belonging to both the SMN7T gene
and the SMN2 pseudogene and which are characterized by
an homozygous loss SMNT's 7 exons and heterozygous loss
SMN1's 8 exon and unequal ratio of 7 and 8 exons in the SMN2
gene, is another mechanism for the loss of the SMNT gene [10].
It should be noted that in patients with SMA, homozygous loss
of the SMINT gene can be associated with both the individual
types of "deletion" described, and with combined cases.

Restitution of SMN protein levels in patients with proximal
SMA is valuable treatment option. Experimental models have
shown that the time of switching off the SMN protein determined
the life expectancy — the earlier the shutdown occurs, the worse
observable survival [11]. Moreover, early reconstitution of SMN
protein in SMA-models leaded to almost complete recovery
[12]. In accordance with this data, presymptomatic therapy
in newborns who have a pathological aberration in the SMN1
gene has been investigated. The phase 2 NURTURE study
demonstrated substantial clinical benefit of presymptomatic
nusinersen therapy in infants with two or three copies of the
SMNZ2 gene [13]. In a multicenter phase Il clinical trial for gene
replacement therapy (SPR1NT), which was aimed at studying
the efficiency and the safety of onasemnogene abeparvovec
treatment in children with biallelic deletion of the SMN7 gene
and 3 copies of the SMN2 gene (SMA type 2, respectively),
recently published results also confirmed high clinical efficiency
of presymptomatic treatment of children with SMA [14]. The
available therapy and the possibility of effective usage of
disease-modifying treatment in presymptomatic stage
of disorder currently justify the screening of newborns for
5g-SMA. Australia, Belgium, Canada, Germany, ltaly, Japan,
Norway, the Netherlands, Poland and Taiwan, as well as
46 states in the United States have introduced mandatory
screening of newborns for SMA. Mandatory screening for
SMA for all newborns was launched in 2023 in the Russian
Federation [15].

Multiplex ligation probes amplification (MLPA) is the "gold
standard" for the diagnosis of SMA, which is able to detect
not only homozygous deletions of the SMNT gene, but also
other types of numerical changes in the SMN7 and SMN2
genes. However, this method is not applicable as a screening
method due to the complexity and high cost [16, 17]. The
most acceptable screening method for the homozygous loss
of the SMNT gene is various modifications of the polymerase
chain reaction method with real-time signal detection (RT-PCR),
detecting the homozygous loss of the 7-th exon of the SMN1
gene. The benefits of this approach have been confirmed by a
number of studies and meta-analyses [18, 19, 20]. Taking into
account the high clinical relevance of early diagnosis of SMA,
as well as the beginning of mandatory screening for SMA of
all newborns in the Russian Federation from 2023, there is a
need for diagnostic molecular genetic tests that would allow
identifying all possible forms of homozygous loss of the SMN1
gene with high accuracy. It is also should be noted, that one of
the most important requirement for neonatal screening test for
SMA is possibility to detect homozygous loss of SMNT gene in
dried blood spots (DBS) samples.

Russian company «DNA-Technology» recently issued new
PCR kit for molecular screening for SMA in newborn, but
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1. Normal (n = 54)

2. Deletion n=9)

3. Conversion (n = 47)

or

4. Hybrid (n=9)

Fig. Schematic representation of SMIN'7 and SMN2 genotypes in each subgroup

extended approbation of this kit for detection of all form of
SMN1 gene loss, detected by MLPA test, is highly needed.

The aim of this study is to compare a PCR-based screening
test for detection of homozygous SMNT loss with multiple
ligation pro be amplification in patients with spinal muscular
atrophy and other numerical changes of SMINT gene.

METHODS
Sample collection and DNA extraction and purification

DNA samples extracted and purified from the whole blood
(Group 1)

To evaluate possibility of detection of different types of SMN1
copy number variation the cohort consisted of 206 samples from
Biobank of Centre of Molecular Medicine of Pavlov State Medical
University (Saint-Petersburg, Russia) was collected. Patients
with clinical suspicion of SMA were referred to laboratories of
Paviov Medical University from 2019 to 2021. Genomic DNA
was extracted from peripheral blood using ExtractDNA Blood
& Cells (Evrogen; Russia) according to the manufacturer’s
instructions, and adjusted to a final concentration of 50 ng/ul.
Copy number of SMN7T and SMNZ2 genes had been routinely
evaluated with multiplex ligation-dependent probe ampilification
(MLPA) assay using SALSA® MLPA® Probemix PO60-B2 SMA
Carrier (MRC-Holland®; The Netherlands) in accordance with
manufacturer’s instructions.

All the samples were divided into 7 subgroups according
to SMN17 and SMN2 genotype status. Subgroup 1 «Normal»
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(54 samples): 2 copies of SMN1 and SMN2 genes — so called
«Reference genotype». Subgroup 2 «Deletion» (9 samples):
absence of SMN7 gene without increase of SMN2 copy
number. Subgroup 3 «Conversion» (47 samples): absence
of SMINT gene with increase of SMN2 copy number. Subgroup
4 «Hybrid» (9 samples): homozygous deletion of exon 7 and
heterozygous deletion of exon 8 SMN1 gene with increase of
exon 7 SMNZ2 copy number. Subgroup 5 «Carrier» (51 samples):
heterozygous deletion of SMNT gene. Subgroup 6 «Duplication»
(23 samples): 3 copies of SMN7 gene. Subgroup 7 «Other»
(13 samples): different combinations of SMN7 and SMNZ2
copy number that did not meet the criteria of other subgroups.
Confidence interval for diagnostic sensitivity and specificity
was chosen as 95% according to MedCalc® instrument
(https://www.medcalc.org/calc/diagnostic_test.php) (Figure).

DNA samples extracted and purified from
DBS (Group 2)

To confirm the possibility of detecting a homozygous loss of
SMNT in DNA isolated from DBS samples, a group of 135
patients, whose blood was transported in a dried state on a
membrane, was collected from Biobank of Centre of Molecular
Medicine of Pavlov State Medical University (Saint-Petersburg,
Russia). Patients with clinical suspicion of SMA were referred
to laboratories of Pavlov Medical University from 2019 to 2021.
Genomic DNA was extracted from DBS using PREP-CITO DBS
(DNA-Technology; Russia) according to the manufacturer’s
instructions. For all patients copy number of SMNT and SMN2
genes was evaluated by SALSA® MLPA® Probemix P060-B2
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Table 1. The number of copies SMN7 and SMN2 genes according to MLPA assay in Group 2

MLPA assay results
Subgroup SMN1 gene SMNZ2 gene Number of samples
Exon 7 Exon 8 Exon 7 Exon 8
2 2 4 4 10
Normal 2 2 3 3 35
2 2 2 2 54
Deletion 0 0 2 2 3
0 0 4 4 2
Conversion
0 0 3 3 1
Hybrid 0 1 3 2 2
Carrier 1 1 2 2 9
0 1 2 1 1
Other 1 2 1 1 4
1 3 2 4

SMA Carrier (MRC-Holland®, Netherlands) in accordance with
protocol for DBS membrane.

All the samples were divided into 6 subgroups: «Normal»,
«Deletion», «Conversion», «Hybrid», «Carrier», «Other» (Table 1).

Multiplex ligation-dependent probe amplification
(MLPA) assay

The MLPA assay was performed using SALSA® MLPA® Probemix
P060-B2 SMA Carrier (MRC-Holland®; The Netherlands)
following the manufacturer’s instructions for DNA extracted and
purified from whole blood (Group 1) and from DBS membrane
(Group 2). The commercial kit contains 17 reference probes
and 4 specific probes detecting sequences presented in exon
7 and 8 of either SMN1 and SMN2 genes. MLPA products
were analyzed with ABI 3500 genetic analyzer (Thermo Fisher
Scientific®; USA). The relative peak height of each sample was
calculated and compared with normal controls using MLPA
analysis application by GeneMarker® software (SoftGenetics®;
USA). The evaluation criteria of deletion/duplication were based
on the MLPA kit instructions.

Table 2. Detection channels of PCR-products

PCR-based screening test

The NeoScreen SMA/TREC/KREC was performed for all
patients from Group 1 and Group 2. NeoScreen SMA/TREC/
KREC Real-time PCR Detection Kit (DNA-Technology, Russia) is
intended to detect exon 7 of SMINT gene homozygous deletion
and assess levels of T cell receptor excision circles (TREC)
and kappa-deleting recombination excision circle (KREC) in
newborns’ dried blood spots (DBS) of whole blood for spinal
muscular atrophy and primary immunodeficiencies screening
by real-time PCR. The method is based on amplification of
TREC, KREC, exon 7 of SMN1T gene, and a fragment of the
normalizing gene LTC4S (or endogenous internal control (IC), a
single-copy genomic locus of Leukotriene C4 Synthase gene)
by multiplex polymerase chain reaction (PCR). The use of
several fluorescent dyes allows to simultaneously register the
results of different amplification reactions taking place in the
same tube. Table 2 shows detection channels of amplification
products.

NeoScreen SMA/TREC/KREC assay was carried out using
DTprime Real-time Detection Thermal Cycler (DNA-Technology;

Fam Hex Rox Cy5
TREC SMNT1 (exon 7 of SMN1 gene) KREC IC (Internal control)
Table 3. PCR cycling conditions
Step Temperature, °C Min Sec Number of cycles Optical measurements Type of the step

; 80 2 00 1 Cycle
94 5 00

5 94 0 30 5 Cycle
64 0 15 J

3 94 0 10 45 Cycle
64 0 15 J

4 | 9% | o | 5 | 1 | | Cycle

5 | 10 | | | Holding | | Holding

BECTHVK PIrMY | 3, 2023 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | MEDICAL GENETICS

Table 4. Comparison of the results obtained by MLPA assay and PCR-based test assay technology in Group 1

Subgroup Number of samples sanﬁﬂpﬁggsjs:zéizugi S:::]b;gi;lw Test results (number of samples depending on
in 6ch SUbGIOU copy number) exon 7 SMNT copy number) | FP | TN ]| FN
>1 1 0 Normal (=1) Deletion (0)

1. Reference 54 54 0 54 0 0 54 0
2. Deletion 9 0 9 0 9 9 0 0 0
3. Conversion 47 0 47 0 47 47 0 0 0
4. Hybrid 9 0 0 0 0 0
5. Carrier 51 0 51 0 51 0 0 0 51 0
6. Duplication 23 23 0 0 23 0 0 0 23 0
7. Other 13 6 5 2 11 2 2 0 11 0
Total 206 83 56 67 139 67 67 0 [139( O

Note: TP — true positive; FP — false positive; TN — true negative; FN — false negative.

Protvino, Russia) by following the manufacturer’s instructions ~ SMIN7 gene identified by MLPA assay and detection of exon 7
(Table 3.). To assess the performance of the assay a positive ~ SMNT signal by test was considered true negative.
control (included in PCR Detection Kit) and a negative control The results in Group 1 were as follows. In subgroup 1 «Normal»
were included in each PCR-run. Positive control C+ Ne 1, 54 participants (26%) carried 2 copies of exon 7 SMN1 gene and all
containing DNA plasmids with specified targets — TREC, samples were true negative by PCR-based screening. In subgroup
KREC, SMNT1, IC, in equal concentration, is intended to evaluate 2 «Deletion», subgroup 3 «Conversion», subgroup 4 «Hybrid» all
PCR efficiency. Positive control C+ Ne 2 with plasmid equivalent  samples were true positive (1 = 65, 32%). In subgroup 5 «Carrier»
exon 7 of SMNZ2 gene allows to assess blocking of SMN2  all 51 participants (25%) had single copy of searched exon and all of
amplification (control of the SMN7T amplification specificity). the were true negative. In subgroup 6 «Duplication» all 23 samples
Analysis of SMN1 exon 7 deletion is based on the estimation  (11%) carries 3 copies of exon 7 SMNT were true negative by PCR
of the indicator cycle difference (A Cp) between the Cp of SMN1  protocol. Finally subgroup 7 «Other» consisted of 13 probes with
(Hex channel) and IC (Cy5 channel) (ACp = Cp (Hex) — Cp (Cy5)).  different SMINT and SMN2 exon count. 6 samples (3%) carried
Evaluation of homozygous deletion of exon 7 of SMNT gene  more than 1 copy of exon 7 SMNT gene and were true negative. 5
was performed according to the PCR Detection Kit instruction  samples (2%) in group 8 had single copy of SMN7 gene and also
for result’s analysis algorithm (performed automatically by the  were true negative. And 2 probes did not contain any of exon 7

thermocycler software). SMNT and were true positive (1%). See results in Table 4.
The results in Group 2 are presented below. In subgroup
RESULTS «Normal» 99 participants (73%) had 2 copies of exon 7 SMN1

gene and all samples were true negative by PCR-based
The PCR-based screening method was used on 341 samples  screening. In subgroup «Deletion», subgroup «Conversion»,
with known SMN7 and SMN2 copy numbers (DNA extracted  subgroup «Hybrid» all samples were true positive by PCR-
and purified from whole blood — Group 1, 206 samples; DNA  based screening (n = 18, 13,3%). Group 2 did not contain
extracted and purified from DBS membrane — Group 2, 135 samples with SMN7 gene duplication according to MLPA assay.
samples). The MLPA assay was used as a reference method  In subgroups «Carrier» all 9 samples (7 %) were true negative. In
(Table 4, Table 5). The PCR-based test results was considered  subgroup «Other» 1 probe (0,7%) did not contain any of exon 7
true positive if homozygous deletion of exon 7 SMN7 gene is  SMNT and were true positive. And 8 samples (6%) had single
detected for samples with O copies of exon 7 SMN7 gene, copy of SMNT gene and were true negative by PCR protocol.
established by MLPA assay. Presence of at least one exon 7 of ~ See results in Table 5.

Table 5. Comparison of the results obtained by MLPA assay and PCR-based test assay technology in Group 2

MLPA assay results (number of Test results (number of samples depending on
Number of samples depending on exon 7 SMN1 exon 7 SMN1
Subgroup samples in copy number) copy number) TP | FP [ TN | FN
each subgroup
>1 1 0 Normal (=1) Deletion (0)
1. Reference 99 99 0 0 99 0 0 0 99 0
2. Deletion 3 0 0 3 0 3 3 0 0 0
3. Conversion 13 0 0 13 0 13 13 0 0 0
4. Hybrid 2 0 0 2 0 2 2 0 0 0
5. Carrier 9 0 9 0 9 0 0 0 9 0
6. Duplication 0 0 0 0 0 0 0 0 0 0
7. Other 9 0 8 1 8 1 1 0 8 0
Total 135 99 17 19 116 19 19 0 116 | 0

Note: TP — true positive; FP — false positive; TN — true negative; FN — false negative.
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DISCUSSION

Spinal muscular atrophy is an autosomal recessive
neurodegenerative disease, characterized by progressive skeletal
muscle weakness. A laboratory test for neonatal screening of
SMA should detect all types of SMINT loss in DNA isolated and
purified from whole samples and from DBS samples.

There are several methodological approaches for
homozygous SMNT1 loss, however, different modifications
of real-time PCR proved to be the most suitable for neonatal
SMA screening [16, 21]. Approaches, based on PCR, are highly
robust, characterized by a very low number of false negative and
false positive results, simple in handling, have a low cost and
compatible with DBS samples [2, 22]. Screening for homozygous
SMNT1 loss with test is based on the detection of homozygous
loss of the 7 exon of SMINT gene by real-time PCR [6].

SMN1 gene is located in a highly unstable genome
region, which is saturated with repeating inverted genes and
Alu-sequences. Due to that fact, there is a wide spectrum of
genetic aberrations, characterized by variation in copy number
of SMNT1. In order to assess the specificity of detection of
homozygous SMN1 loss with PCR-based kit in Group 1, which
consist of DNA samples extracted and purified from the whole
blood, 139 samples with 1-3 copies of SMN7 gene were
selected (subgroups «Normal», «Carrier», «Duplication», 11
samples from subgroup «Other»). In all 139 samples screened
for homozygous SMNT loss with PCR-based test results were
negative. Predictably, this emphasizes that a benign change
in the copy number of the SMNT genes does not affect the
effectiveness of detection of homozygous SMN7 loss.

Detection of different types of homozygous loss of SMN7
is the main task of neonatal SMA screening. In Group 1
PCR-based kit was able to detect homozygous SMNT loss in
all samples (n = 67), included in the study. PCR-based test
showed high sensitivity and specificity for detection of SMN1
loss. This is in line with a number of studies, dedicated to the
methodological problem of SMA screening [2, 23].
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TYPE 1 DIABETES MELLITUS: FEATURES OF DIFFERENTIAL DIAGNOSIS
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Type 1 diabetes mellitus is a condition caused by autoimmune damage to insulin—producing beta cells of the pancreatic islets, leading to endogenous insulin
deficiency. Despite the sufficient knowledge of the disease and the availability of clinical recommendations for substitution therapy, the number of patients with
this pathology is growing worldwide. At the same time, their cohort is very heterogeneous, including amid different etiology, concomitant genetic background,
variations in the manifestation of the disease and severity. In this regard, traditional ideas about type 1 diabetes mellitus are being questioned, which requires
special attention when managing patients with a clinical picture of the disease that differs from the traditional one. The article presents a clinical case of type 1
diabetes mellitus in a young patient, which demonstrates the importance of a personalized approach to the diagnosis and treatment of diabetic patients with
a "non-classical" history.
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CAXAPHbI/ OUABET 1-I'O TUMNA: OCOBEHHOCTU AN®DEPEHLNAJIbBHON ANATHOCTUKU
E. B. MaHLropH™, O. B. Oenucerko, 4. O. Ocurienko, [. A. Kanmvbikosa, A. B. VisaHos, C. C. lepactota, I A. BynrypsiH, M. X. VBarosa, [1. A. CaaksH

PocToBckuin rocyaapCTBEHHbIN MEAULMHCKUI YHUBEPCUTET MUHUCTEPCTBA 3ApaBooxpaHeHns Poccuiickon ®enepauyn, Poctos-Ha-oHy, Poccns

[vabeT 1-ro TMNa — 3TO COCTOSHVE, BbI3BAHHOE ayTOVMMYHHbIM MOBPEXAEHVMEM NHCYAMH-MPOLYLIMPYIOLLMX B-KNETOK OCTPOBKOB MOMKENYAOHHOM >Kenesbl,
npvBoAsLLEe K SHOOrEHHOMY AedUUUTY MHCYNMHA. HecMoTpsa Ha AOCTaTO4HYIO M3YHEHHOCTb 3ab0NeBaHVs Y Haudne KIMHUHYECKX peKoMeHZauui no
NpoBeAeHNIO 3aMeCTUTENBHON Tepanin, KONMYeCTBO BONbHBIX C AAHHON MaTonorner pacTeT no Bcemy Mupy. [pn 3ToM 1x KoropTa O4YeHb HeOLHOPOAHA,
B TOM Yi1Cfie BBUIY Pa3nMYHON STUOMOMK, COMYTCTBYIOLLEro reHeTNHeCKoro oHa, Bapraumin MaHndecTaumy 3abonesBaHnst 1 cTeneHn TshkecTu. B cBasm ¢
3TUM, TPaOVLMOHHbIE NPEACTaBIeHNA O caxapHoOM AvabeTe 1-ro Tmna CTaBAaTCA Mof COMHEHME, YTO TpebyeT 0coboro BHUMaHMSA NPy BeAEHWN NaLMeHTOB C
KIMHMYECKOW KapTVHOW 3a00eBaHist, OTNIYaloLLENCst OT TPaaMUMOHHOW. B cTaTbe NpeacTaBneH KIMHUYECKWIA Crydail Te4eHnsa caxapHoro avaberta 1-ro tmna
y MOSIOAOro MaumeHTa, KOTOpbIN AEMOHCTPUPYET BaXXKHOCTb MEPCOHUMULMPOBAHHOIO Noaxoaa K AVarHoCTUKE U NeveHnto 60nbHbIX caxapHbiM AuabeToM ¢
«HEKNACCNHECKNM» aHAMHE30M.
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Type 1 diabetes mellitus (DM1) continues to be one of the
global medical and social problems due to its widespread
prevalence, polymorphism, the development of severe
sequelae and the irreversibility of changes. The number of
patients in the Russian Federation with DM1 at the beginning
of 2023 was 277,092 [1].

Despite the high degree of coverage of DM1 and the
existing traditional paradigms of diagnosis and treatment
approaches, it is not always possible to correctly diagnose
this type of DM, which is associated with a variable onset and
course, the presence of "non-classical' manifestations, as
well as the existence of intermediate forms of the disease that
combine the clinical signs of DM1 and type 2 DM (DM2), for
example, such as latent autoimmune diabetes in adults (LADA)
[2]. These factors also cause disadvantages in treatment,
because the majority of people suffering from DM1 do not have
an optimized glycemic profile [3].

In the clinical observation presented by us, the clinical
picture of the course of DM1 with a "non-classical" history is
shown and attention is focused on the need for diagnostic
search and an individual approach to patient management.

Clinical case description
Primary hospitalization

Patient H. 26 years old, on 12.08.2022 entered the emergency
department of the emergency hospital with complaints of
general weakness, dry mouth, thirst, fatigue. During the initial
examination, the following were revealed: hyperglycemia —
17 mmol/L, glucosuria, ketonuria. The patient was admitted to
the therapeutic department of the hospital with a preliminary
diagnosis of type 1 diabetes mellitus for the purpose of additional
examination and selection of glucose-lowering therapy.
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Table 1. Assessment of the level of glycemia (mmol/L) by a glucometer at using of insulin therapy (soluble insulin + insulin-isophane) in the period from 13.08.2022 to

22.08.2022
Date Before breakfast 2 h after eating Before lunch 2 h after eating Before dinner 2 h after eating At night
13.08.2022 15.7 16.1 12.5 13.6 11.0 13.2 121
14.08.2022 12.0 13.2 11.9 14.5 9.8 14.0 11.2
15.08.2022 10.9 11.8 10.5 9.3 10.0 10.9 9.1
16.08.2022 8.9 10.5 9.2 8.9 10.0 11.4 10.2
17.08.2022 11.3 10.5 9.3 9.8 10.1 1.3 9.2
18.08.2022 10.8 11.0 8.7 9.5 9.1 10.0 8.1
19.08.2022 8.8 9.1 7.3 8.8 7.9 9.1 8.5
20.08.2022 7.9 8.0 71 8.1 5.8 7.5 5.6
21.08.2022 7.7 8.3 6.0 7.2 5.8 6.3 5.3
22.08.2022 6.3 71 5.8 6.8 9.1 6.3 5.5

According to the patient, episodes of hyperglycemia up to
8-9 mmol/L were detected earlier during medical preventive
examinations for two years, but he did not attach any
importance to this, referring to violations of the rules for testing.
In addition, for two months before going to the hospital, the
patient had noted increased thirst and weight loss of 5 kg. He
did not seek medical help.

It is known from the life history that the patient developed
according to gender and age, has no bad habits. There are
no chronic diseases and a burdened hereditary history,
endocrinopathy included.

Objective findings: height — 190 cm, weight — 84 kg.
The body mass index (BMI) is 23.3 kg/m?. The skin and visible
mucous linings are of the usual color and moisture content, skin
tightness is retained. The thyroid gland is not palpable. There is
no peripheral swelling. The heart tones are clear, rhythmic. Heart
rate (HR) — 65 beats/min, blood pressure (BP) — 120/80 mm Hg.
Breathing is auscultatory vesicular on both sides. Percussion —
clear pulmonary sound. Respiratory rate (RR) is 16 per minute.
The abdomen is of the correct shape, participates in the act of
breathing, with palpation — soft, painless. The stool is formed,
without any pathological admixtures. The urination is unimpeded,
painless. The kidneys are not palpable. Pounding symptome
(Pasternatsky's symptome) is negative on both sides.

1. Full blood count (FBC) from 12.08.2022: without
pathological findings.

2. Urine analysis (UA) from 12.08.2022: glucosuria (+++),
ketonuria (+), hypersthenuria (1,028 g/L).

3. Biochemical blood test: hyperglycemia: 12.08.2022 —
17.5 mmol/L, 19.08.2022 — 18.3 mmol/L, 20.08.2022 —
7.7 mmol/L, 23.08.2022 — 6.8 mmol/L. Glycated hemoglobin
(HbA1c) — 10.5%. Indicators of protein metabolism, bilirubin
fractions, iron, alanine aminotransferase (AIAT), aspartate
aminotransferase (AsAT), gamma-glutamyl transferase (GGT),
alkaline phosphatase, creatinine, urea, uric acid, C-reactive
protein, Na*, K+, Ca?*, Mg?* ions are within normal limits.

4.  Lipid profile: total cholesterol — 4.9 mmol/L, triglycerides
(TG)— 1.8 mmoal/L, high density lipoproteins (HDL) — 1.40 mmol/L,
low density lipoproteins (LDL) — 3.1 mmol/L, very low-density
lipoproteins (VLDL) — 0.8 mmol/L, atherogenicity index — 2.5.

5. Coagulation profile indicators are within the normal range.

6. The analysis of acid-alkali balance showed no abnormal
changes.

7. The glomerular filtration rate (GFR) was calculated:
123.81 mi/min/1.73 m?.

The patient was treated in the medical ward from
12.08.2022 to 24.08.2022.
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The patient was treated in the form of basal bolus insulin
therapy: soluble insulin and insulin-isophane.

During the entire treatment period, blood glucose was
monitored (Table 1). The patient was discharged with a diagnosis
of type 1 diabetes mellitus, first identified, the goal of HbA1c <
6.5%. It was recommended to continue treatment with insulin
aspart subcutaneously (s/c) for 10-12 units before meals and
insulin glargine s/c for 30 units in the evening once under the
control of glycemia levels with possible dose adjustment, as
well as to keep a diary of self-monitoring of blood glucose
levels and adhere to a diet with a restriction of easily digestible
carbohydrates. Preventive counseling on treatment issues was
carried out, but group counseling at the Diabetes School was
not practiced.

A few days after discharge, the patient began to present
with thirst, dry mouth, frequent urination, and a feeling of
crawling goosebumps in the area of the feet. Within a week,
the glucose level began to rise again and was in the range of
10-13 mmol/L.

Repeated hospitalization

The patient was admitted on 30.08.2022 to the medical ward
in a day hospital, taking into account clinical and laboratory
decompensation of DM.

Upon admission: height — 190 cm, weight — 82 kg, BMI —
22.7 kg/m2. Blood pressure — 115/68 mm Hg, heart rate —
71 beats/min, RR — 17 in min. There were no other changes in
the objective status of the patient compared to the examination
on 12.08.22. FBC, UA, lipid profile, coagulogram — within the
normal range. The biochemical analysis revealed glucosuria —
13.9 mmol/L, the remaining parameters are without pathological
findings. The HbA1c level from 30.08.2022 is 10.5%. Glycemic
profile from 30.08.2022 (venous blood): 13.49 mmol/L (on an
empty stomach); 17.4 mmol/L — 2 hours after meals, 4 hours —
16.6 mmol/L.

Ultrasonography of the abdominal organs from 31.08.2022
revealed no pathology.

Due to the presence of complaints about the feeling of
"crawling goosebumps" in the area of the feet, a neurologist
was consulted with. A symmetrical decrease in biceps reflexes,
carporadial, hock reflex, a significant decrease in the Achilles
reflex, impaired surface sensitivity of the polyneuritic type
(according to the type of "stockings" from the lower tertile
level of the shin) was revealed. When evaluated on the
Neuropathy Symptom Scale (NSS), the total score was 4,
which corresponds to moderate neuropathy [4]. Conclusion:



Table 2. Assessment of the level of glycemia (mmol/L) by a glucometer at using of insulin therapy (glulisin + degludec) in the period from 31.08.2022 to 09.09.2022
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Date Before breakfast 2 h after eating Before lunch 2 h after eating Before dinner 2 h after eating At night
31.08.2022 101 12,5 8.3 13.0 10.0 10.8 7.9
01.09.2022 8.8 15.6 12.0 13.2 9.8 10.2 9.3
02.09.2022 7.9 10.2 9.8 9.5 7.6 8.1 7.8
03.09.2022 71 9.2 7.9 8.1 6.9 71 6.1
04.09.2022 6.3 7.5 5.9 71 5.6 7.8 5.6
05.09.2022 5.3 6.8 5.5 7.5 6.3 7.0 5.5
06.09.2022 5.6 7.0 6.0 6.9 5.8 7.1 5.8
07.09.2022 5.3 5.9 6.3 6.9 5.3 6.2 4.9
08.09.2022 5.6 6.9 5.0 5.2 5.3 6.2 5.4
09.09.2022 5.4 6.5 4.8 - - - -

diabetic distal polyneuropathy, sensory form, moderate
manifestations.

During the entire time of the patient's stay in the hospital,
carbohydrate metabolism was monitored (Table 2).

The patient was treated with insulin degludec 25 units at
22.00, insulin glulisin at the rate of 1 bread unit (BU)): 2 units
before meals to eliminate persistent postprandial hyperglycemia.

Starting from 05.09.2022, the glucose level began to gradually
approach the goal, on 09.09.2022, reaching 5.4 mmol/L on an
empty stomach and 6.5 mmol/L 2 hours after eating.

In order to verify the diagnosis, the patient was recommended
to perform a study for the presence of autoantibodies to
glutamic acid decarboxylase (GAD) and islet cells (ICA). The
result from 09.09.2022: GADA — more than 1000 ME/ml; ICA —
256 U/ml.

Final diagnosis: type 1 diabetes mellitus, goal of HbA1c
< 6.5%. Complications of the main diagnosis: diabetic distal
polyneuropathy, sensory form, mild malfunctions.

The patient was discharged on 10.09.2022. To continue
treatment, he was prescribed 25 units insulin degludec in the
evening at 22.00, insulin glulisin at the rate of 1 BU: 2 units
before meals.

Clinical case discussion

In this clinical case, the diagnosis of DM1 was more probable,
since the patient's common complaints (weakness, dry mouth,
thirst, fatigue), hyperglycemia, glucosuria, ketonuria, weight loss
over the last 2 months, age < 30 years and BMI < 25 kg/m?,
absence of signs of metabolic syndrome indicate this
pathological condition. However, the slow progression of DM,
the absence of an acute onset, autoimmune diseases and
predisposing factors are not quite definitive of the "classic"
insulin-dependent diabetes. These characteristics are observed
both with DM2, and, together with the onset at a young age
and normal weight, with LADA [2, 5]. Due to the discrepancy
of these signs, there is a need for an extended differential
diagnosis.

For this purpose, an enzyme immunoassay was performed
for the presence of antibodies to GAD and ICA. The positive
result obtained disproves the presence of DM2, but does not
exclude LADA. However, DM1 in young patients has a greater
immunogenic load with faster damage to B-cells and a high
need for insulin [2, 6-8], which was observed in the described
clinical case. This fact can be confirmed by the determination
of sharply decreased levels of C-peptide in DM1 than in LADA,
in which this indicator decreases gradually [9, 10].

Anamnestic data indicate a similarity with LADA diabetes,
however, a high concentration of autoantibodies, indicating
a rapidly progressive decrease in the function of B-cells with
the development of an acute hyperglycemic condition, comes
more under the phenotype of DM1. There is also a classification
that distinguishes stages in the development of DM1, including
those with an asymptomatic onset [2, 11]. HLA genotyping
can help in clarifying the diagnosis, since studies describe
differences in the genetic profile of patients with LADA and DM1
in terms of the frequency of predisposing, protective genotypes
and haplotypes [12, 13]. However, this method is not routine
and it is not used for diagnosis in normal clinical practice, and
therefore, the main role in such a diagnostic search will be
played by the clinical picture.

One of the peculiarities of this case is the rapid development
of complications of DM: diabetic distal neuropathy was
diagnosed almost immediately after the diagnosis. Such rapid
progression of complications is rare. Several cases of early
onset of polyneuropathy have been described [14, 15]. It is
possible that the symptoms of polyneuropathy occurred earlier,
as well as episodes of hyperglycemia, but the patient did not
complain before the induction of more serious malfunctions.

Defining the type of diabetes and taking into account the
"non-classical" symptoms are necessary for the correct selection
of insulin therapy, especially due to the fact that the patient had
decompensation of diabetes mellitus, it was not immediately
possible to achieve a stable tendency to decrease glycemia and
there are complications already. Since the insufficiency of B-cell
function is significant, insulin therapy is the right treatment tactic.
However, repeated hospitalization with deterioration of health
and persistent hyperglycemia may indicate both low patient
adherence to treatment between admissions and inappropriate
insulin dosages, in connection with which the drugs and therapy
regimen were changed. The importance of differential diagnosis
is confirmed in respect of the aspect of the fact that if this case
is attributed to LADA diabetes, combination therapy with sugar-
lowering oral drugs would be possible with a residual $-cell
function, for the evaluation of which the laboratory workup of
C-peptide is recommended.

CONCLUSION

Summarizing all available data, it can be claimed that in the
described clinical case, the diagnosis of DM 1 is most likely.
However, in our opinion, in such "non-classical" clinical
setting, it is advisable to conduct the widest workup of DM:
identification of the level of C-peptide for accurate diagnosis
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verification, assessment of diabetes progression; performing
electromyography to exclude other causes of neuropathic
symptoms; consultation with an ophthalmologist to search
for other possible microvascular complications. It is also
important to monitor and maintain a sufficient level of patient
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THE ROLE OF CAUCASIAN, IRANIAN AND STEPPE POPULATIONS IN SHAPING THE DIVERSITY

OF AUTOSOMAL GENE POOL OF THE EASTERN CAUCASUS
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Eastern Caucasus is home to more than 30 peoples speaking Caucasian, Iranian and Turkic languages. Fusion of multiple migration flows together with the complex
population structure of the Eastern Caucasus make it more difficult to analyze its gene pool: this is the most poorly studied one among all regions of the Caucasus. The study is
aimed to identify the main patterns of the autosomal gene pool variation in this region. A total of 356 genomes of 29 ethnic groups were studied using the large panels of SNP
markers: 243 genomes of 22 peoples of the Eastern Caucasus and 113 genomes of 7 peoples living in adjacent regions. The bioinformatics analysis involved the use of the
ADMIXTURE ancestral component method and the gene pool variability principal component analysis (PCA). The hypothesis of three genetic strata, the interaction of which
forms the structure of gene pool of the Eastern Caucasus, was put forward. The “Dagestan” stratum carries information about the gene pool of the ancient autochthonous
population of the Eastern Caucasus. The “Iranian” stratum represents the legacy of ancient and middle-aged migrations surges of the Iranian-speaking population: it
constitutes three quarters of the gene pool of modern Azerbaijan and about one third of the Dagestan peoples' gene pool. The “Steppe” stratum represents a negligible
influence of the Eurasian steppe. Interaction of three genetic strata is only indirectly related to the peoples' linguistic affiliation, however, the association with linguistics is
more obvious in the Caucasian-speaking peoples. Four genetically distinct groups of indigenous population of the Eastern Caucasus have been identified, the combination
of which should be included in the characteristics of its autosomal gene pool: 1) Dargins, Laks; 2) Avars, Lezghins, Tabasarans, Aghuls, Rutul people, Tsakhur people;
3) Kumyks, Tat people and Azerbaijanis living in Dagestan; 4) Azerbaijanis and Talysh living in Azerbaijan. The directions of further research have been defined.
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POJIb KABKA3CKOI'O, NPAHCKOI'O U CTEMHOIO HACEJIEHNA B ®OPMNPOBAHUN MHOITOOBPA3UA
AYTOCOMHOI'O FrEHO®OHOA BOCTOYHOIO KABKAS3A

E. B. BanaHosckas'?, 1. O. lfopuH', B. C. MeTpywieHko’, I KO. MoHomapés', P. O. benos!, 3. A. MNo4yeluxosa's, B. A. Canaes’, H. A. VlckaHaapos',

B. tO. Mbinés'? =

" MenviKo-reHeTn4eckuin Hay4HbIn LeHTp, Mockea, Poccust

2 Buobark CesepHoli EBpasun, Mocksa, Poccus

3 KybaHCKwii rocyaapCTBEHHbIN MedUUMHCKIUIA yHnBepcuTeT, KpacHopap, Poccust

Ha BocTouHom Kaskase npoxxvsatoT 6onee 30 HapoA0B, MOBOPSILLIMX Ha KaBKa3CKUX, MPaHCKINX U TOPKCKMX A3blkax. CrmnsHMEe MHOMMX MArPALIMOHHBIX MOTOKOB 1
CNOXKHast NONYNALMOHHAsS CTPYKTypa BocTouHoro Kaskasa 3aTpyaHsatoT aHama ero reHodhoHaa: 13 BCex PeroHoB Kaekasa oH HanMeHee nady4deH. Liens pabotel —
BbISIBUTb OCHOBHbIE 3aKOHOMEPHOCTM B U3MEHUMBOCTY ayTOCOMHbIX FeHO(POHIOB 3TOr0 pervioHa. o 0bLwmMpHbIM nanensM SNP-MapkepoB ndy4eHo 356 reHomMoB
29 3THOCOB: 243 reHoma 22 Haponos BocToqHoro Kaekasa 1 113 reHOMOB 7 HapOL0B OKPY»KatoLLX PeroHoB. BronHghopMaTnieckinii aHanma nposeaeH Metogamm
npeakoBbix KoMroHeHT ADMIXTURE 1 rnaBHbIX KOMMOHEHT 13MeH4MBOCTI reHopoHaa (PCA). BbiaBrHyTa rinoTesa Tpex OCHOBHbIX MAacToB reHohoHaa BocTouHoro
KaBkasa, B3anMofencTeme KoTopbix (POPMUPYET ero CTPYKTYPY. «[dareCTaHCKWin» NnacT HeceT MH(POPMaLMIO O reHOOHAE APEBHErO aBTOXTOHHOIO HaceneHns
CeBepHoro Kaskasa. «/lpaHckuii» MnacT oTpakaeT Hacneave OPEeBHUX U CPEAHEBEKOBLIX BOMH MUMPALMIA MPaAHOS3bIHHOTO HACEeNeHVst: OH COCTaBNsEeT Tpu
4eTBepTM reHodoHAa CoBpeMeHHOro AsepbarigykaHa 1 0Okono TpeTv reHohoHaa Hapoaos LarectaHa. «CTenHom» NnacT (hMKCUPYeT cnaboe BNnaHME eBPA3UINCKON
cTenu. B3auMofeicTBIMe TPexX reHETUHECKIX MIACTOB LLb KOCBEHHO CBA3AHO C S3bIKOBOW MPUHALANEXXHOCTHIO HAPOLAO0B, HO Y KaBKa30si3bl4HbIX HAPOLOB CBA3b
C JIHMBUCTVIKON NPOSIBASIETCS Sipye. BbISBNEHbI HeTblpe reHeTnHecki CBoeoObpasHble Mpynmbl KOPEHHOro HaceneHnst BocTtouHoro Kaskasa, KOMMIEKC KOTOPbIX
[O/MKEH BKIOHYATLCS B XapakKTepUCTUKY ero ayTOCOMHOro reHodoHaa: 1) oapruHupl, Nakubl; 2) aBaplipl, N1e3ruHbl, TabacapaHbl, aryfbl, pyTybLibl, Laxypbl;
3) KyMbIkK, TaTbl 1 azepbainmkanLbl JarectaHa; 4) azepbarimkaHLpl 1 Tanbilum AsepbariixaHa. OnpeneneHbl HanpasneHnst AanbHENLLNX CCNenoBaHNiA.

KntoueBble cnosa: reHoreorpaus, reHohoH, NONyNsALMOHHasa reHeTnka, aytocoMHble SNP-Mapkepbl, BocTouHbin KaBkas, HapogoHaceneHve
®uHaHCMpPOBaHMeE: 1ICCNefoBaHNe BbIMONHEHO Npu nogaepkke rpaHta PHP® Ne21-74-00156 (BronHhopMaumoHHbIi aHanmna reHooHaoB BocTtouHoro Kaskasa
1 3akaBkaabsl), [oCcynapCcTBEHHOrO 3aaaHnst MUHMCTEPCTBA Hayku 1 BbicLLEro obpasoBaHna PO ana Megyko-reHeTMHeCcKoro Hay4Horo LieHTpa 1M. akagemmka
H. M. BoukoBa (kapTorpaduHecknii aHanua, MHTepnpeTaumsa peadynsratos), briobarka CesepHon EBpasum (akcneguUMoHHOE NCCNefoBaHue).
BnaropapHocTtu: aBTopbl 6narogapsT BCeX y4aCTHVKOB SKCMEAMLIMOHHOrO 0bcneaoBaHus (doHopos obpasLuos), AHO «brobaHk CesepHoit EBpasumn» — 3a
npepocTasneHne konnekumn JHK 1 pesynstatoB reHoTUNpOBaHNS.
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The gene pool of the Caucasian peoples has long attracted the
attention of population genetic scientists. This region, small in
area, that is located between Europe and Asia, is home to more
than 60 peoples speaking languages of three linguistic families:
Caucasian, Indo-European, and Altaic. Among all regions of the
Caucasus, the Eastern Caucasus, where the largest number of
peoples (more than 30) representing three language families
is concentrated, is the most poorly studied region in terms of
genetics. Since the Western Caspian Sea region served as a
bridge between Europe and Asia over millennia, it is necessary
to involve data on both steppes in the north of the region and
populations of the Iranian plateau to understand the gene pool
of the Eastern Caucasus. Bizarre structure of peoples of the
Eastern Caucasus together with fusion of multiple migration
flows make it extremely difficult to analyze its gene pool.
While there are some papers on genetics of the populations
of Dagestan, the population of Azerbaijan represents one of
the largest blank spots in the genetic map. And it's the key
to understanding the centuries-old influence of Persia on the
gene pools of the Eastern Caucasus: did this influence extend
throughout the Caspian Sea region or was it concentrated
only on the southern border gene pools? The genetic history
of a number of small peoples living in the North Caucasus can
also be reconstructed only by the systematic genetic study of
the Eastern Caucasus in the context of knowledge about the
peoples of Iran.

The complex structure of the multi-ethnic region, the
Eastern Caucasus, requires thorough analysis. That is why our
study is focused on its autosomal gene pool only. In parallel, we
will publish a paper on the Y-chromosome variation in the same
populations of the Eastern Caucasus. Such “binocular vision”
will make it possible to get the most impartial and fair picture of
the gene pool variation in the Eastern Caucasus.

There are very little published data on the populations of
Dagestan and Azerbaijan obtained using the genome-wide
panels that are among the most popular and effective systems
of DNA markers over the last 10 years. In almost all of these
papers, the data on the Eastern Caucasus were not analyzed
separately, these were just an integral part of research focused
on much larger region, the entire Caucasus or Eurasia.

The populations of Dagestan were assessed using the
[llumina panel (~600,000 SNPs) in the study [1] of gene pool of
the Caucasus as a whole, and using the Human Origin panel
(~600,000 SNPs) [2].

The gene pool of Azerbaijanis living in the Northwestern
Iran is discussed in the paper on the traces of Turkic
expansion [3], in which they showed a 5% contribution of the
East Eurasian ancestral component that could be explained
by the spread of Turkic languages westwards in accordance
with the “elite dominance” model (language change without
significant gene pool changes). Assessment of Azerbaijanis
living in Azerbaijan in comparison with other gene pools using the
Human Origin genome-wide panel is provided only in paper [2].

The majority of papers discuss a broad spectrum of
issues: formation of the Caucasian gene pool based on the
contribution of migration in the Middle East [1], legacy of the
Turkic-speaking groups' migration [3] or the eco-geographical
zoning of North Eurasia [2]. However, none of the papers is
focused on assessing the features of gene pool of the Eastern
Caucasus. Certain small samples of peoples of the Eastern
Caucasus are represented in other two large studies focused
on the completely different issues [4, 5]. Unfortunately, some of
the above samples were assessed using only the HumanOrigin
panel (Affimetrix) that was hardly comparable with the lllumina
panels.
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Among studies conducted in recent years, the whole
genome and whole exome studies of the gene pools of Iran
and Turkey should be noted. The authors of one of the papers
[6] study genomic variation in peoples of Iran. Since the study
is focused on compiling the database on genomic variation in
Iran, there is much emphasis on the genetic structure of Iran
itself, while adjacent regions (specifically Azerbaijan) are not
addressed in depth. A similar situation in the paper [7], where
the genetic structure of the populations of Turkey is assessed,
however, the impact of the Eastern Caucasus is described only
in a short comment about its admixture with certain populations
of Turkey.

In general, the published data contain genotypes of only
43 samples obtained from peoples of the Eastern Caucasus.
These samples were assessed using mainly small lllumina
panels, while in our study we assessed 243 samples using
a large lllumina panel.

Thus, the world literature on genome-wide panels provides
no conclusions about the gene pool of the Eastern Caucasus
and reports just a few data that are restricted to specific groups.
In contrast, our paper discusses populations of 22 peoples
living in the Eastern Caucasus.

In the paper of our team focused on the search for
traces of Alans in the autosomal gene pools of the North
Caucasus [8] the main attention is paid to the ethnic groups
of the Central and Western Caucasus. The gene pool of
peoples living in the Eastern Caucasus is represented by
four Dagestani peoples. The results obtained highlight the
need for the detailed review of this data on the gene pool of
the Eastern Caucasus, as well as for the targeted analysis of
autosomal gene pools of all peoples living in this region and
identification of the main patterns underlying variation, which
is the aim of our study.

METHODS

In this paper the whole population of Dagestan (17 ethnic
groups), Azerbaijan (Azerbaijanis, Azerbaijanis-Karapapakhs,
Talysh) together with the other Iranian-speaking Kurds
and Yazidis studied in the Caucasus (including migrants
from various populations of the Caucasus and Iran; in our
study they are considered as representatives of the Iranian-
speaking population of the Eastern Caucasus, which is part
of their ethnic range) are referred to as “peoples of the Eastern
Caucasus”. These 22 ethnic groups of the Eastern Caucasus
are represented (Table 1) by original data on 243 genomes
obtained by our team. These are assessed in the context of
original data on the neighbouring peoples living in the Central
Caucasus (Chechens), Transcaucasia (Georgians), Caspian
Sea region (Astrakhan Nogais), Transcaspia (Karakalpaks,
Turkmens), as well as the literature data on the peoples of Iran,
using the same panel of SNP markers [3, 9].

The overall sample size was 356 genomes of 29 ethnic
groups: original data (318 genomes of 27 ethnic groups)
were assessed using the lllumina4M and lllumina750K
panels; the literature data (38 genomes of 2 ethnic groups)
were assessed using the lllumina750K and HumanOrigin
panels. PLINK 1.9 [10] was used for filtering by quality of the
genome reads; kinship of individuals (below the 3rd degree
according to KING 2.3.0 [11]); DNA markers' linkage and
monomorphism.

The principal component analysis (PCA) of genomic
variation was performed using the smartpca utility of the
EIGENSTRAT software package [12]. Conversion from the plink
format (bed-bim-fam) to the eigensoft format (eigenstratgeno-
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Table 1. Linguistic affiliation and number of the studied genomes

LINGUISTIC CLASSIFICATION
Peoples N of genomes
Family Branch Sub-branch Group
Kubachins
Dargin Dargins
Kaitags 8
Lak Laks 11
Lezgin-Dargin-Lak Tabasarans 11
Aghuls 1
Nakho-Dagestanian Lezgin Rutul people
Caucasian
Tsakhur people 8
Lezgins 43
Avar Avars 7
Andian Tindi people 6
Avar-Ando-Cesian
Didoi people 5
Cesian (Didoi)
Hinukh people 5
Nakh Chechens 15
Kartvelian South-Kartvelian Georgians 19
Polovtsian-Kipchak Caucasian Kumyks 27
Azerbaijanis:
9
Dagestan,
Azerbaijan, 13
Oguz Essentially Oguz
Iran* 18
Altai Turkic Karapapakhs 5
Turkmens 19
Karanogai people 11
Kipchak Kipchak-Nogai Astrakhan Nogais 5
Karakalpaks 17
Tat people living in
13
Dagestan
South-Western
Iranian-speaking
e 20
peoples of Iran
Indo-European Aryan New Iranian
Talysh 10
North-Western Yazidis 10
Kurds 16

Note: literature data on peoples of Iran [3, 9].

snp-ind) was carried out with the convertf tool of the same
software package (using the default settings). Calculation
was performed for five principal components with five
iterations of outlier removal, the results were visualized in
Python 3 using the pandas [13], matplotlib [14], and seaborn
[15] libraries. The centroid for each population was defined
(and designated by a larger dot) for each population on the
principal component plot. It was determined as an average
of all calculated components for all samples included in the
population.

Analysis of the ancestral components by the ADMIXTURE
method was performed using ADMIXTURE v1.3.0 [16], the
number of the modelled ancestral components (K) varied
between 2 and 20. Cross-validation is performed for each
K-value in order to estimate error. The ADMIXTURE results
were visualized in Python 3 using the pandas, matplotlib, and
seaborn libraries.

RESULTS

Preliminary assessment of contributions of the
ADMIXTURE ancestral components to the gene pools of
four Dagestan peoples

In the earlier published report [8] the autosomal gene pool of the
Eastern Caucasus was represented by genomes of the Dagestan
peoples: Caucasian-speaking (Dargins, Laks, Tabasarans)
and Iranian-speaking (Tat people). In the ADMIXTURE model
of ancestral components (ACs) with K= 11 the contribution of the
Dagestanian AC to these genomes was 77%. But the question
remains, how valid is such pooling? Genomes of which large
peoples of the Eastern Caucasus can represent it correctly in the
study of the large regions of Eurasia?

Changes in the contribution of the "Dagestanian” component
with increasing number of ACs (Fig. 1) reveals the differences
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Fig. 1. Dynamic changes in the contribution of the “Dagestan” ADMIXTURE ancestral component to the genomes of Dargins, Laks, Tabasarans, and Tat people in the

models with K-values between 3 and 15

between ethnic groups even with a small number of ACs
(K =5). When K = 10, the Tat people of Dagestan form their
own AC, separating from the Caucasian-speaking peoples.
Furthermore (Fig. 1), Dargins are the major contributors to the
gene pool of Dagestan: the contribution of the "Dagestanian”
AC to their genomes within the interval of 4 < K < 15 is
98-100%, it drops to 62% only when K = 15. Laks demonstrate
different dynamics: when the K-value increases from 5 to 15,
the contribution of the "Dagestanian”" AC to their genomes drops
from 93 to 29%, as the Laks' AC shows itself. Tabasarans
demonstrate a specific pattern: when the K-value increases
from 5 to 12, the contribution of the "Dagestanian" AC to their
genomes drops from 73 to 56% and then increases to 82%
when K = 15.

The comparison has revealed an unexpected phenomenon:
the Dagestanian AC represents the gene pools of different
ethnic groups of Dagestan with different number of ACs
(8 < K < 15). Their contributions are equal only when the
number of ACs is low (K = 3 and K = 4), however, when
K > 4 the contributions of the Tat people and Laks gradually
diminish, and the contributions of Dargins and Tabasarans
change. Such results show that it is necessary to generate the
genetic portraits of autosomal gene pools for each people of
the Eastern Caucasus and then form clusters of ethnic groups
to be used as the basis for analysis of autosomal gene pools of
the Caucasus and other large regions of Eurasia.

Position of 22 peoples of the Eastern Caucasus in the
principal component space

To answer the above questions correctly, it is important to
extend the study to the broadest possible spectrum of peoples
living in the Eastern Caucasus and to use basic independent
methods for population genetics analysis.

Fig. 2 shows positions of 22 peoples of the Eastern
Caucasus and six reference groups within the space of the gene
pool variation principal components (PC) 1 and 2. Six clusters
of genomes are clearly distinguished showing that similarity
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of peoples living in the Eastern Caucasus loosely matches
classification of their languages. Almost all clusters include
peoples speaking not only different branches of languages, but
the languages of different linguistic families (Table 2). The first
PC clearly divides all peoples into steppe peoples and all other
peoples. In contrast, the second PC demonstrates a long chain
containing all other genomes, from Kubachins to Kurds (Fig. 2).

The Dargin-Lak-Ando-Cesian clusterincludes representatives
of five ethnic groups of four groups speaking different sub-
branches of the Nakho-Dagestanian languages (Table 2):
Dargins, Kaitags, Kubachins, Laks, Tindi people, Didoi people,
Hinukh people. It should be noted that the genomes of isolated
populations differ sharply from the whole set by other PCs:
the Didoi people and Hinukh people differ by PC 3, the ethnic
group of Kubachins living in one mountain village differs by PC
4, and the Tindi people differ by PC 5.

The Lezgin-Avar cluster includes representatives of six ethic
groups speaking both sub-branches of the Nakho-Dagestanian
languages (Table. 2). In the Avar group only Avars have been
included in the cluster. Despite the fact that their centroid is
located among the genomes of Lezgin peoples, individual
genomes of Avars are extremely diverse (Fig. 2; red dots):
these stretch along the entire Lezgin-Avar cluster and extend
to the Ando-Cesian one beyond its boundaries. As for Lezgin
peoples, no differences between genomes of the East-Lezghin
(Lezghins, Tabasarans, Aghuls) and the Rutul-Tsakhur (Rutul
people, Tsakhur people) subgroups are observed. Furthermore,
the genomes of Lezghins (purple dots in Fig. 2) extend to the
other cluster that includes the Tat people and Azerbaijanis living
in Dagestan.

The Turkic-lranian cluster of Dagestan brings together
the genomes of the Iranian-speaking Tat people and the Turkic-
speaking Kumyks and Azerbaijanis living in Dagestan (Table 2).
Similarity of genomes of the Tat people and Azerbaijanis of
Dagestan is no surprise, since there was a tradition in Dagestan
to register the Tat people as Azerbaijanis, and the boundary was
drawn based on their compact settlement in Dagestan. The
genomes of all three ethnic groups are extremely diverse and
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Fig. 2. Plot of principal components 1-2 (PCA) of the genome variability in peoples of the Eastern Caucasus in the context of neighboring populations. The map of
the principal component 2 is provided in the inset. 1 — Kumyks; 2 — Tindi people; 3 — Avars; 4 — Dargins; 5 — Hinukh people; 6 — Azerbaijanis living in Dagestan;
7 — Laks; 8 — Kaitags; 9 — Tat people living in Dagestan; 10 — Didoi people; 11 — Kubachins; 12 — Aghuls; 13 — Tabasarans; 14 — Tsakhur people; 15 —

Georgians; 16 — Rutul people; 17 — Lezghins; 18 — Azerbaijanis-Karapapakhs;
23 — Azerbaijanis living in Iran [3]; 24 — Iranian-speaking Iranians [9]
gravitate towards the Azerbaijan-Iranian cluster. However,
Kumyks, that are also included in the Lezgin-Avar cluster,
demonstrate the excess diversity of genomes (Fig 2;
blue dots).

The Azerbaijan-Iranian cluster of Dagestan brings
together the genomes of the Turkic-speaking (Azerbaijanis living
in Azerbaijan and Iran) and Iranian-speaking (Talysh, Kurds,
Yazidis and the aggregate group of Iran) peoples too. Based on
PC 1, only one group of Azerbaijanis (Karapapakhs) shows a
slight shift towards peoples of the Eurasian steppe. However, the
genomes of Turkmens (Fig 2; pink dots) have become a bridge
between the Azerbaijan-Iranian and steppe clusters. The other
pole of the Azerbaijan-Iranian cluster is fixed by the Georgian

19 — Azerbaijanis living in Azerbaijan; 20 —VYazidis; 21 — Talysh; 22 — Kurds;

genomes that move closer to peoples of the North Caucasus
in other PC variants.

The steppe cluster brings together the Karanogai people
living in Dagestan and other steppe peoples of the Caspian
steppe (Astrakhan Nogais) and Transcaspia (Karakalpaks).
The sharp difference shown by the steppe cluster genomes
generates the differences by PC 1 reflecting the greatest
variability of the assessed genomes.

Spatial variability of principal components

On the map of PC 2 (Fig. 2; inset) we have placed a yellow
oval within the range of the Karanogai people in the northern
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Table 2. Clusters in the genetic space of principal components 1-2 (PCA) and ethno-linguistic affiliation of genomes in each cluster

LINGUISTIC CLASSIFICATION
Cluster Peoples
Family Branch Sub-branch Group
Kubachins, Dargins,
Dargin
Lezgin-Dargin-Lak Kaitags
in-Lak- Lak Laks
Dargin La_k Caucasian Nakho-Dagestanian
Ando-Cesian Andian Tindi people
Avar-Ando-Cesian Didoi people
Cesian (Didoi)
Hinukh people
Tabasarans
Aghuls
Lezgin-Dargin-Lak Lezgin Rutul people
Lezgin-Avar Caucasian Nakho-Dagestanian
Tsakhur people
Lezgins
Avar-Ando-Cesian Avar Avars
Polovtsian-Kipchak Caucasian Kumyks
Altai Turkic iianis living i
Turkic-Iranian Oguz Essentially Oguz Azerb;uams living in
agestan
of Dagestan
. R Tat people living in
Indo-European Aryan New Persian South-Western Dagestan
Azerbaijanis living in
Azerbaijan,
Altai Turkic Oguz Essentially Oguz ran
Karapapakhs
Azerbaijan-Iranian Talysh
North-Western Yazidis
Indo-European Aryan New Iranian Kurds
South-Western Iranlan—speakmg peoples
of Iran
Karanogai people,
Steppe Turkic Altai Turkic Kipchak Kipchak-Nogai Astrakhan Nogais
Karakalpaks
Separate Altai Turkic Oguz Turkmens
Essentially Oguz
Separate Caucasian Kartvelian South-Kartvelian Georgians

Dagestan suggesting the influence of the Eurasian steppe
based on PC 1. The map makes it possible to see interaction of
three genetic strata within the range of the Eastern Caucasus.
The influence of Iran covering the entire Azerbaijan and wading
into Dagestan along the edge of the Caspian Sea extends
from the south. Dagestan retains genetic specificity of the
autochthonous population of the Eastern Caucasus eastern
outskirts. The most recent influence of the Eurasian steppe
extends from the north. And these three genetic strata are
loosely related to three linguistic divisions: Iranian-speaking,
Caucasian-speaking, and Turkic-speaking peoples. An
independent biocinformatics method was further applied to test
the “three strata” hypothesis.

Contribution of the ADMIXTURE ancestral components to
the gene pools of peoples living in the Eastern Caucasus

After considering positions of the Eastern Caucasus genomes
in the variation principal component space, let's move to
analysis by more informative method, i.e. to the ADMIXTURE
ancestral component modeling. Recall that each model was
calculated based on the same set of genomes as was used
in the previous analysis (only Chechens were added, who
became outliers in the PC analysis). The models differed only
in the number of ancestral components (K) set for each model.
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Among all models with K-values between 2-20 three models
(K= 3, K=10, K = 20) allowing one to trace the changes with
increasing number of hypothetical ancestral populations were
selected for thorough investigation (Fig. 3).

Model of three ancestral components

The contribution of each of three ancestral components
(AC) to each genome is highlighted in specific color. The
resulting ADMIXTURE image can serve as confirmation of
the hypothesis of three genetic strata in the gene pool of
the Eastern Caucasus: the orange color that is typical for
the Karanogai people represents the hypothetical steppe
genetic stratum; the green color that is pronounced in
Kurds and Iranian-speaking Iranians represents the Iranian
stratum; the yellow color that predominates in genomes of
the peoples of Dagestan represents the contribution of the
Caucasian-speaking population of the region. It we accept
this interpretation of the color scheme, we will be able to
estimate the contribution of each of three genetic strata to
the genomes of peoples of the Eastern Caucasus and test
the hypothesis of three strata in its gene pool. For that let's
merge the genomes in accordance with the clusters (Table 2)
and represent the AC contributions as a bar graph (Fig. 4; for
quantitative data see fig. A in Appendix).
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Fig. 3. Contributions of the ADMIXTURE ancestral components (%) to the genomes of peoples of the Eastern Caucasus, K = 3, K= 10, K = 20

The AC genomic profiles show very close agreement with
the PC clusters based on the correlation of “three strata”. The
“Caucasian” contribution to the genomes of the Dargin-Lak
cluster is 75%; the contribution to the Lezgin-Avar cluster is
slightly more than a half of the gene pool; the contribution to the
Turkic-lranian cluster is about one third, and the contribution to
the Azerbaijan-Iranian cluster is about 10%. As the “Caucasian”
stratum descends, the Iranian stratum dramatically increases:
17%, 35%, 50%, 75%. The “Steppe” stratum turns out to
be potent in the steppe cluster only (91%): it constitutes only
7-8% in the Caucasian-speaking peoples and 14-19% in the
Turkic-speaking ones.

Model of 10 ancestral components

When modeling 10 ancestral components for the same set of
genomes, preservation of three original ACs (“Steppe”, “Iran”,
“Caucasus”) is observed. However the correlation of strata
changes due to the emergence of new ACs. Specific new
components that make little contribution to the genomes of other
peoples (Fig. 3) are merged into one AC, referred to as “Other”
(Fig. 4). These include ACs of small ethnic groups (Kubachins,
Didoi people, Hinukh people, Tindi people) that usually reflect the
closely related genomes within ethnic groups, and specific AC
variants found in some Tat people and Turkmens.

Such merging into models with K = 10 (Fig. 4; also see fig. B in
Appendix) results in the emergence of only two new components
reflecting the impact of peoples living in other regions of the
Caucasus: the first one predominates among Georgians, and the
second one prevails among Chechens. The “Caucasian” stratum
is the major contributor to the “Nakhi” AC, while the “Iranian”

stratum is the main contributor to the “Transcaucasia” AC. Since
the contribution of the “Transcaucasia” AC to the genomes of
the Iranian-speaking population of Iran (54%) is amost equal to its
contribution to the genomes of Georgians (58%), it can be assumed
that the “Transcaucasia” AC represents an ancient Southwest Asian
stratum in the gene pools of the Caucasus and Transcaucasia.

Model of 20 ancestral components

When modeling 20 ancestral components for the same set of
genomes, we see four new ACs that have diverged from the
“Caucasus” AC in addition to two original ACs found when
K =3 (“Steppe”, “Iran”). These new ACs reflect the genetic diversity
of peoples of the Dargin and Lezgin groups, as well as of Avars and
Laks (Fig. 4; also see fig. C in Appendix). Among them the “Lezgin”
AC is the major contributor to the genomes of other peoples: it
defines one third of gene pools of the Dargin-Lak and Avar cluster, a
half of the Lezgin gene pool, and one fifth of the Kumyk gene pool.

It is extremely important that a common genetic stratum
that is highlighted in yellow in Fig. 3 and 4 is preserved in the
genomes of all peoples of Dagestan, along with the diverged
inherent ACs. Previously we called this stratum “Caucasus”.
However, other ACs predominate in the genomes of other
Caucasian peoples, that is why we have every right to propose
a more accurate name for this genetic stratum: “Dagestan” AC.

DISCUSSION
Two independent methods for biocinformatics analysis of

genomic variation in peoples of the Eastern Caucasus make it
possible to reveal similar patterns and complement each other.
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Fig. 4. Relative contributions of the ADMIXTURE ancestral components (%) to the genomes of peoples of the Eastern Caucasus, K = 3, K =10, K= 20

Three genetic strata

Both methods identify three genetic strata: the first one is
associated with multiple surges in the Iranian population, the
second one with the recent influence of the Eurasian steppe,
and the third one with the ancient population formed within
the range of modern Dagestan. The strength of these genetic
strata among different groups of population of the Eastern
Caucasus varies.
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In the Eastern Caucasus, the “Steppe” genetic stratum
constitutes almost the entire gene pool only in the Karanogai
people, and in the other genomes of the region the share varies
between 7% in peoples of Dagestan and 19% in Azerbaijan.
However, the findings show that this “Steppe” stratum
forms the basis of the gene pools of many peoples living
in the Caspian Sea region (Astrakhan Nogais, Karakalpaks,
Turkmens), representing a strong genetic component in the
vast area.
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The “lranian” genetic stratum of the Eastern Caucasus
plays an important role, since it permeates all gene pools of
Azerbaijan and “fades” as it travels through Dagestan from
its south border (Lezgin peoples) and the Caspian Sea region
(Kumyks, Tat people) to the center and north.

The “Dagestan” genetic stratum forms the basis of all
Dagestan peoples. Despite the fact that original ancestral
component is found in almost all the assessed Dagestan
peoples when the K-values are high, all ethnic groups of
Dagestan are united by the common ancient genetic stratum.
This is an important conclusion of the study.

All three genetic strata are well placed within the Eastern
Caucasus geographical space. The “Steppe” stratum is only
limited by the small area of the Eurasian steppe in the north of
the region. In contrast, the south “Iranian” stratum that flows
from the Iranian plateau as a powerful stream constitutes three
quarters of the gene pool of modern Azerbaijan and one third
of the gene pools of peoples of Dagestan on average. The
“Dagestan” genetic stratum is geographically located between
other strata, it constitutes more than a half of the gene pool
of Caucasian-speaking peoples (52-100%). The Caspian Sea
region is a crossroads and a meeting place of all three strata:
the “lranian” stratum constitutes a half of the gene pool of
Kumyks, Azerbaijanis living in Azerbaijan, and the Tat people,
the “Dagestan” stratum makes up one third, and the “Steppe”
stratum make up about 15%.

Genetics and linguistics

In contrast to geography, the correlation between genetics
and linguistics is very weak. This is mainly due to the fact that
peoples of the Eastern Caucasus (Kumyks and Azerbaijanis)
started speaking Turkic languages, but their gene pool still
remained mostly “pre-Turkic”. However, we clearly see that the
neighboring peoples also have an impact on the genomes of
peoples that have retained their languages. Thus, the share of
the “Dagestan” genetic stratum in the Tat people of Dagestan
reaches 38%, while in other Iranian-speaking peoples of the
Eastern Caucasus (Kurds, Yazidis, and Talysh) it reaches
only 9%. The “Dagestan” stratum strength in the Caucasian-
speaking peoples of Dagestan is two-thirds of the gene pool
(66%) on average, it varies depending on the contacts with other
peoples. And these are not the only ones showing a broken
relationship between genetics and linguistics. For example,
original “Georgian” ancestral component is found in Georgians
only when K = 19, and all models with K < 19 show that three
quarters of their gene pool come from the “Iranian” stratum.
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IMMUNOGENICITY OF FULL-LENGTH AND MULTI-EPITOPE MRNA VACCINES FOR M. TUBERCULOSIS
AS DEMONSTRATED BY THE INTENSITY OF T-CELL RESPONSE: A COMPARATIVE STUDY IN MICE
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Development of the new tuberculosis vaccines that would be effective in adults is an urgent task: worldwide, the annual death toll of this disease exceeds
1.5 million. In the recent decades, the matter has been addressed in numerous studies, but none has yielded an effective vaccine so far. There are many factors to
resistance against tuberculosis; this study focuses on the T-cell response, a mechanism that enables elimination of intracellular pathogens, such as M. tuberculosis.
We aimed to develop an mRNA vaccine capable of triggering a pronounced T-cell response to the M. tuberculosis antigens. The in silico analysis allowed us to
select epitopes of the M. tuberculosis secreted protein ESAT6 (Rv3875) and design a multi-epitope mRNA vaccine thereon. We assessed the intensity of T-cell
response in mice immunized with mRNA vaccines that encode a full-length or multi-epitope antigen. The results of this study in mice show that immunization with
a multi-epitope mMRNA vaccine produces twice as many IFNy-secreting splenocytes in response to specific stimulation than immunization with an mRNA vaccine
encoding the full-length protein. Thus, the developed multi-epitope mMRNA vaccine can be an effective M. tuberculosis prevention agent the mode of action of which
involves formation of a pronounced T-cell response.
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CPABHUTEJIbHOE NUCCNEQOBAHUE MUMMYHOIEHHOCTU MNOJITHOPASMEPHOM
N MYNbTU3MUTOMNHON MPHK-BAKLUWH NPOTUB M. TUBERCULOSIS NO BbIPAXXEHHOCTH
T-KNETOYHOIO OTBETA Y MbILLEN
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PagpaboTka HOBbIX BaKLWH NMPOTUB TyOepkynesa, 3hdeKTVBHbIX B TOM HMCAE 1 Y B3POCTbIX, SBSETCS akTyabHON 3afayei, MOCKOMbKY exxeroaHast CMepTHOCTb OT
3TOro 3ab01eBaHMsA BO BCEM MVPE MpeBbIllaeT 1,5 MiH cnyyvaeB. HecMoTpst Ha MHOXXECTBO MUCCef0BaHNA B NOCNeAHNE AECATUNETUS, 9(h(EKTVBHOM BaKLHbI BCE
eLLe He nonyyeHo. ConpoTUBNSEMOCTb TyGEPKyYe3y COCTOUT 13 MHOTMX (hakTOPOB, B 3TOM UCCEA0BaHWM CAENaH akUEHT Ha T-KNIETOYHOM OTBETE — MexaH13me,
NO3BOMSOLLEM NIMMUHUPOBATL BHYTPUKIETOYHbIE MaTOreHbl, Takme kak M. tuberculosis. Liensto nccnegoBaHus 6bino padpadoTats MPHK-BakLUMHY, CNOCOBHYHO
hopMm1poBaTL BbIPaXKEHHbIA T-KNETOYHbIN OTBET Ha aHTUreHbl M. tuberculosis. C noMoLLpto aHanmaa in silico bl BeIbpaHb! MUTOMbI CEKPETOPHOrO 6enka ESAT6
(Rv3875) M. tuberculosis ons ansanHa mynstuanutonHon MPHK-BakuymHbl. [NpoBeaeHa oLieHKa athheKTUBHOCTI T-KNETOYHOMO OTBETA Y MbILLEN, MMYHU3MPOBAHHbIX
MPHK-BakupHamMK, KOTopble KOAVPYKOT MOMHOPa3MEPHbIA UM MyABTUIMUTOMNHBIN aHTUreH. Pe3ynstathl nokasann, YTo npy UMMYHU3aUMN MySTUSANTOMHOM
MPHK-BakumHoM konm4ecTBo IFNy-CeKpeTUpytoLLWX CNNEHOLMTOB B OTBET Ha CMELMMUYHYIO CTUMYASLMIO B ABa pasa Bbllle, B CPaBHEHUM C KOMMYECTBOM
IFNy-CexpeTVpytoLLX KNETOK Y MbILLIEN, UMMYHI3MPOBaHHBLIX MPHK-BaKLWHOWM, KOAVPYIOLLIE MONHOPasMepHbI 6enok. Takiv 06padom, padpaboTaHHas MysTUanTonHas
MPHK-BakLHa MOXeET cTaTb 3a(hheKTUBHLIM MpernapatoM Ana npounaktvki M. tuberculosis nocpencTBoM hOpPMUPOBaHNS BbIPXKEHHOO T-KNETOYHOro OTBETA.
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Every year, more than 10 million new cases of tuberculosis
and about 1.5 million deaths from the disease are registered
worldwide. The COVID-19 pandemic has boosted the spread of
tuberculosis: it develops against the backdrop of the viral infection,
and the global incidence of tuberculosis in 2020 and 2021 has
grown by 3-6% compared to previous years [1]. Despite this, in the
pandemic years of 2020 and 2021, the incidence of tuberculosis
in the Russian Federation decreased, but at the same time, its
course became more complicated, with more first-time patients
suffering from lung tissue destruction, massive bacterial excretion,
and fibrous-cavernous variety of tuberculosis [2].

Currently, the only approved tuberculosis prevention
vaccine is BCG. It has been used for more than 100 years;
in addition to tuberculosis, BCG can help develop non-
specific protection against other respiratory and viral diseases,
training the immunity [3]. In the Russian Federation, children
(provided there are no contraindications) receive 3 injections of
BCG after birth. In addition to its protective effect, the vaccine
can cause a number of post-vaccination complications,
inflammatory reactions manifesting as infiltrates, abscesses,
fistulas, and ulcers [4]. Another disadvantage of BCG is that it
does not shield adults from pulmonary tuberculosis [5]: if the
bacteria is multidrug-resistant or extensively drug-resistant, it
is necessary to use expensive and toxic chemotherapy drugs
[6]. The foregoing adds urgency to the task of finding new
effective vaccines against tuberculosis for adolescents and
adults, including for the purposes of prevention and to enable
the immunity to combat multidrug-resistant tuberculosis.

The main purpose of vaccination is to prevent development
of the disease. In the case of tuberculosis, T-cell response
drives elimination of the pathogen, and the vaccine protects
by triggering production of CD4+ memory cells. In turn, CD8*
cells control the spread of mycobacteria in chronic tuberculosis
cases. Secretion of the pro-inflammatory IFNy cytokine by
T-cells is associated with the vaccine's protective effect [7].

Searching for the new drugs to fight and prevent
tuberculosis, researchers most often consider subunit protein
vaccines or viral vectors [8], but the new trend in the scientific
community is to suggest mMRNA-based vaccine designs. One
of the studies has demonstrated the ability of a self-replicating
mRNA vaccine to induce a specific response of CD4* and CD8*
cells [9]. MRNA vaccines have a number of advantages over
vaccines of other types. Compared to the vaccines based on
protein antigens, they guarantee an order of magnitude higher
antibody titer, and the cost of production and scaling mRNA
vaccines is lower, since the process is cell-free. Compared to
DNA vaccines, mRNA vaccines are less genotoxic, since they
cannot merge with the genome [10], and more effective, since,
unlike DNA vaccines, they act in the cell's cytosol and not in the
nucleus, which means their performance is independent from
the cell cycle stage during transfection [11].

A transition from attenuated vaccines to protein or nucleic
acid vaccines raises the problem of selecting the epitope for
immunization. The most common choice are subunit vaccines
that contain a single protein sequence [12], but there are also
vaccine variants with epitopes from one or more pathogen
antigens that may induce a synergistic immune response [13].
Such vaccines are called multi-epitope. Humoral and T-cell
responses are triggered by different epitopes. B-cell epitopes
can be non-linear (repeating the native protein conformation)
and linear, and T-cell epitopes are short peptides. Multi-
epitope vaccines can induce both types of immune responses
simultaneously. Bioinformatic tools are actively used to predict
the epitopes for mBNA tuberculosis vaccines [14, 15]. Short
peptides in the composition of a multi-epitope vaccine mitigates
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the risk of allergic reactions peculiar to attenuated vaccines [16].
In addition, a multi-epitope vaccine can contain epitopes of
antigens of various microorganisms, which translates into effective
simultaneous immunization against several pathogens [13].

However, there are few experimental studies that compare
the effectiveness of mMRNA vaccines encoding full-length and
multi-epitope variants of antigens. Therefore, this study
in mice sought to assess the intensity of T-cell response
following immunization with mRNA vaccines that encode the
full-length or multi-epitope M. tuberculosis antigen.

METHODS
Experiment design

The experiment involved 15 male C57BL6/J mice, age 8-9
weeks, SPF status, weight 19-21 g. The animals were
provided by the Center for Genetic Resources of Laboratory
Animals of the Institute of Cytology and Genetics of the
Siberian Branch of the Russian Academy of Sciences. They
were kept in a conventional vivarium with a fixed 12 light/12
dark cycle; there were no restrictions imposed on the standard
feed (granules) and water the mice received. The two different
variants of MRNA vaccines — mRNA Rv3875 (582 nucleotides)
or mRNA mEpitope (699 nucleotides), 50 ug of RNA each, —
were administered intramuscularly. In addition, mice were
immunized with full-length Rv3875 protein (25 mg) adjuvanted
with mRNA-free lipid nanoparticles in an amount equivalent to
(+ 10%) the number of particles in the RNA vaccine groups.
Besides the test groups, there were two control groups in the
experiment, first of which received lipid nanoparticles without
mRNA, second — a phosphate buffer. Each group included
three animals. Second immunization (same doses) took place
4 weeks after the first one. The mice were killed 4 weeks after
second immunization and their spleen isolated (Fig. 1).

Selection of epitopes for the Rv3875
multi-epitope construct

The software that enabled prediction of the MHC | epitopes was
the MHC Lurry 2.0 version 2.0.4 package [17], and for MHC |I
epitopes we used the NetMHClIpan 4.1 package [18]. The "-length"
values selected for the epitope calculations were 13,14,15,16,17,
plus the -BA maodifier to enable the epitope-allele affinity prediction
mode. Quantitative characteristics of the allele frequencies were
taken from the published data [19, 20]. Python 3.9 was used to filter
the predictions output by MHCFlurry 2.0 and NetMHCllpan 4.1.
The criteria were that each epitope-allele pair should interact with
an affinity of no more than 500 nM, and each epitope should bind
to at least 5 different alleles. The algorithm allowed selecting two
epitopes for MHC | (LLDEGKQSL and AAWGGSGSEAY) and three
epitopes for MHC Il (WNFAGIEAAASAIQG, KQSLTKLAAAWGGSG
and LNNALQNLARTISEA). The final construct contained five
epitopes (1 copy of each epitope) connected by linkers (KK for
MHCII and AAY for MHCI). In addition, we added to the construct
a sequence of the cytoplasmic and transmembrane domain of
MHC class | (VGIVAGLAVLAVWIGAWATVMCRRKSSGGKGGS
YSQAASSDSAQGSDVSLTA), which enables colocalization of
the target protein with histocompatibility complexes in various
endocytic compartments [21].

Cloning

Seeking to produce the constructs for subsequent in vitro
transcription of RNA, we extended the pSmart vector (Lucigen;
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Fig. 1. Experiment design. A. Schematic representation of composition of the mRNA-LNP vaccine and other drugs. B. Design of the experiment in C57BL6/J mice.
The two different variants of mRNA vaccines — mRNA Rv3875 (582 nucleotides) or mRNA mEpitope (699 nucleotides), 50 pg of RNA each, — were administered
intramuscularly. In addition, mice were immunized with full-length Rv3875 protein (25 mg) adjuvanted with mRNA-free lipid nanoparticles in an amount equivalent to
(+10%) the number of particles in the RNA vaccine groups. Besides the test groups, there were two control groups in the experiment, first of which received lipid
nanoparticles without mRNA, second — a phosphate buffer. Each group included three animals. Second immunization (same doses) took place 4 weeks after the first
one. The mice were killed 4 weeks after second immunization and their spleen isolated. We used the ELISpot assay to count splenocytes secreting IFNy in response
to the Rv3875 tuberculosis protein post vaccination, and thus measured the level of the resulting T-cell response

USA) with a cassette with 5'UTR (gggaaataagagagaaaagaag
agtaagaagaaatataagaccccggegecgecacc) sequence, Rv3875
protein sequence (full-length or multi-epitope), and 3'UTR
sequence (gctggagcectcggtggectagettettgececttgggectcece
ccagcccctectececcttecctgcaccegtacceeegtgtctttgaataaagtctga
gtgggcggcea). Next, we applied the EcoRI and Bglll restriction
enzymes to the resulting cassette, purified it on the agarose gel
and ligated with a similarly prepared pSmart commercial vector
(Lucigen; USA). Chemically competent NEB-stable cells (New
England Biolabs; UK) were transformed with a ligation mixture
and plated on LB agar with 100 pg/mL of ampicillin. To check
the colonies for the insert, we used PCR. The plasmids were
verified by Sanger sequencing, and to analyze the sequencing
chromatograms, we used the Ugene v38.1 software. E. coli
NEB-stable with the vector were cultivated at 30°C and 180 rpm.
QIAGEN Plasmid Maxi Kit (Qiagen; USA) was used to isolate
and purify the plasmid DNA. To obtain a linearized plasmid, we
applied Spel to the preparation at the unique restriction site
located after the poly(A) tail.

A pET30 vector (Agilent; United States) was used to build
the construct and produce the full length Rv3875 protein. The
Rv3875 sequence with an additional sequence for six histidines
at the N-terminus was assembled from the oligonucleotides
with the help of PCR. We applied the EcoRI and Ndel restriction
enzymes to the resulting cassette, purified it on the agarose gel
and ligated with a similarly prepared pET30 vector (Lucigen;
USA). For transformation, we used the BL21DES cells (Agilent;
USA). The plasmids were verified by Sanger sequencing.

In vitro mRNA transcription

The in vitro transcription was done as described previously [22].
We used 5 pg of linearized plasmid, buffer (20 mM DTT, 2 mM
spermidine, 80 mM HEPES-KOH pH 7.4, 24 mM MgCl,), 500
units of T7 RNA polymerase (Biolabmix; Russia), 200 units of
ribonuclease inhibitor RiboCare (Evrogen; Russia) and 1 pl of
a mixture of enzymes from the RiboMAX Large Scale RNA

Production System (Promega; USA) as a source of inorganic
pyrophosphatase. The reaction mixture also contained
12 mM of the ARCA cap analogue (Biolabmix; Russia) and
3 mM of each of the ribonucleoside triphosphates (Biosan,
Russia). The reaction was supported for 2 hours at 37 °C; after
that, we added another 3 mM of each of the ribonucleoside
triphosphates and incubated for another 2 hours. For DNA
hydrolysis, we used the RQ1 nuclease (Promega; USA); the
RNA was precipitated by adding LiCl to the concentration of
0.32 M and EDTA pH 8.0 to the concentration of 20 mM, after
which the solution was put on ice for 1 hour of incubation.
Next, the solution was centrifuged for 15 min (25,000 g at
4 °C). The RNA precipitate was washed with 70% ethanol,
dissolved in ultrapure water and then precipitated again with
alcohol as per the standard procedure. Spectrophotometry
enabled identification of the RNA concentration; we
measured absorption at 260 nm. The target length and
homogeneity of the synthesized RNA molecules were
assessed with the help of capillary electrophoresis done in a
TapeStation (Agilent; USA).

Formulation of mRNA into LNP

To formulate mRNA into lipid nanoparticles (LNP), we
mixed an aqueous solution (10 mM citrate buffer, pH 3.0) of
0.2 mg/mL mRNA with alcoholic solution of a lipid mixture in
a microfluidic cartridge using The NanoAssemblr™ Benchtop
(Precision Nanosystems; USA). The components of the lipid
mixture were ionizable lipidoid ALC-0315 (BroadPharm; USA),
distearoylphosphatidylcholine (DSPC) (Avanti Polar Lipids;
USA), cholesterol (Sigma-Aldrich; USA), DMG-PEG-2000
(BroadPharm; USA); the molar ratio (%) was 46.3: 9.4 : 42.7 : 1.6.
The mass fraction of mMRNA in LNP was 0.04% wt. To form
particles, we mixed aqueous and alcoholic phases 3 : 1 by
volume, the overall mixing rate was 10 mL/min.

Next, the particles were filtered (in sterile conditions)
through a 0.22 ym PES membrane filter (Merck; USA) and
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stored at 4 °C. After filtration, we analyzed the quality of the
resulting particles by two parameters, particle size (measured
with Zetasizer Nano ZSP, Malvern Panalitycal; USA) and
mMRNA loading. Concentration of the mRNA loaded onto lipid
nanoparticles was established by the difference in fluorescent
signal levels upon staining with the RiboGreen reagent (Thermo
Fischer Scientific; USA) before and after their destruction.
To destroy the particles, we used the Triton X-100 detergent
(Sigma-Aldrich; USA).

Rv3875 protein production and purification

To produce protein, we incubated E. coli BL21DE3 with the
vector at 37 °C and 180 rpm until OD(600) equaled 0.65, then
added IPTG to the final concentration of 1 mM, and cultured for
6 h at 30 °C. The cells were resuspended in buffer containing
50 mM Tris-HCI pH 8.0 and 300 mM of sodium chloride. Next,
we induced lysis of the cells with ultrasound, 15-second pulses
every 15 seconds. The amplitude of ultrasonic vibrations
was 50% of the maximum. After lysis, the samples were
centrifuged for 15 minutes (20,000 g at 4 °C). The pH of the
resulting supernatant was adjusted to equal 7.5 by addition of
a 1 M Tris-OH solution. Then, we filtered the sample through a
polyethersulfone membrane with 0.22 um pores.

For the first stage of purification of the Rv3875 protein we
used a metal chelate affinity sorbent with an average particle
size of 30 um: cell lysate was applied to the sorbent with
immobilized chelating ligand (nitrilotriacetic acid) and eluted in
an imidazole gradient. Next, the purified protein fractions were
dialyzed against a buffer containing 25 mM Tris-HCI. The dialyzed
sample was applied onto a potent cation-exchange sorbent
(average particle size 45 pm) with immobilized functional sulfo
groups (-SO,-). To verify the mass of the Rv3875, we used
both the classical polyacrylamide gel electrophoresis method
and a maXis 4G ETD mass spectrometer (Bruker; USA).

Assessment of the post vaccination T-cell response level

We used the ELISpot assay to count splenocytes secreting
IFNy in response to the Rv3875 tuberculosis protein post
vaccination, and thus measured the level of the resulting T-cell
response.

Splenocytes were obtained by rubbing spleens of the
experimental and control group animals through a 70 pm filter.
Once available, 300,000 splenocytes were seeded onto the
Elispot PVDF membrane plates and simultaneously stimulated
with Rv3875 protein (50 pg/mL) and DC2.4 dendritic cells,
30000 cells per well. We did two technical repetitions for
each experimental well. With the seeded splenocytes and
added stimulants, the total volume of each well was 200 pl of
RPMI-1640 nutrient medium (PanEco; Russia) with 10% FCS.
Next, we left the splenocytes to culture for 18 hours in a CO,
incubator (5% CO,, 37 °C).

After culturing, we identified the IFNy-secreting splenocytes
with the help of a Mouse IFNg ELISpot Set (BD; USA) and
an AEC Substrate Set (BD; USA) as per the manufacturer's
instructions. To count the dots of splenocytes secreting IFNy,
we used S6 Ultra (CTL; USA).

Cytometry of the IFNy-producing cells
Cytometry of the IFNy-producing cells started with seeding
splenocytes of the vaccinated mice onto 200 pl of RPMI-1640

medium in a 96-well culture plate, 300,000 splenocytes per well;
there, they were stimulated with the Rv3875 protein (50 ug/mL)
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Fig. 2. Evaluation of the T-cell response of splenocytes of the immunized mice.
A. ELISpot results. Number of cells secreting IFNy in response to DC2.4 stimulation,
activated by the Rv3875 protein. The data are presented as mean + error of mean.
Three animals per group. * — p < 0.05 compared with the PBS group; # — p < 0.05
compared with the LNP group; & — p < 0.05 compared with the Rv3875 + LNP
group. B. Representative data on CD3* T lymphocytes (CD8* and CD8") producing
IFNYy (intracellular staining). The figures show the percentage of cells from the total
pool of CD3* CD8* and CD** CD8" T-lymphocytes that produce IFNy
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or left unstimulated. Two hours after beginning of the stimulation
we added 10 pg/mL of Brefeldin A (Abcam; USA) to the wells.
Next, the cells were cultured overnight in a CO, incubator. At
the end of the incubation, they were stained with anti-CD3 (PE
Anti-Mouse CDg3, Elabscience) and anti-CD8 antibodies (FITC
Anti-Mouse CD8a, Elabscience), the concentration thereof
as per the manufacturer's instructions, then immobilized and
permeabilized with a commercially available kit (BD; USA) as
prescribed by its maker. To analyze the resulting samples, we
used the LSRFortessa Cell Analyzer, a flow cytometer (BD;
USA). Supplement 1 contains the example of gating. The
obtained data were processed with the help of the FlowJo
software (Treestar Inc.; USA).

Statistical analysis

We applied the one-way ANOVA and Turkey's test as a post-
hoc analysis in the context of statistical processing of the data.
Differences between the experimental groups were considered
statistically significant at p < 0.05. Statistica 6.0 software
package (StatSoft; USA) enabled statistical analysis of the data.

RESULTS

ELISpot assay used to analyze the T-cell response through
identification of the IFNy-secreting cells has proven the
vaccination to be effective [F(10.4) = 6.02; p = 0.012].
The number of IFNy-secreting cells after stimulation with
DC2.4+RV3875 was higher in the splenocytes of mice
vaccinated with the multi-epitope variant of the mRNA vaccine
(MRNA mEpitope) than in the control groups (PBS, LNP) and
splenocytes of mice immunized with Rv3875 protein with
nanoparticles but without RNA (Rv3875+LNP) (Fig. 2A).
As for the mRNA vaccine encoding the full-length Rv3875
protein, the respective experimental group had the number of
IFNy-secreting cells higher than the control group (64 + 2.7
vs 2.5 + 1.0), but these changes were not significant. A fact
of note is the insignificant growth of the IFNy-secreting cells
count in mice immunized with Rv3875 with LNPs not loaded
with mRNA compared to the animals that received mRNA
vaccines (Rv3875: 5.7 + 1.8; mRNA Rv3875: 64 + 2.7; mBNA
mEpitope: 126.0 + 46.2). Supplement 2 presents the data on
splenocytes from individual animals.

For cytometry, we used splenocytes from one animal of
each group. This approach rendered statistical data processing
impossible; the respective results are given for the purpose of
clarity only. According to our data, the share of CD3*CD8*
and CD3*CD8- T-lymphocytes producing IFNy is higher in
splenocytes of mice immunized with mRNA vaccines (Fig. 2B).
Thus, cytometry confirms that the secretion of IFNy in
splenocytes of mice vaccinated with mMRNA Rv3875 and mRNA
mEpitope grows, inter alia, because of the T-lymphocytes,
which is a clear sign of development of the T-cell response to
Mycobacterium tuberculosis antigens in the vaccinated mice.

DISCUSSION

Our study has shown that immunization with an mRNA vaccine
encoding the M. tuberculosis Rv3875 (ESAT6) multi-epitope
protein yields a more pronounced T-cell response than both
immunization with an mRNA vaccine encoding the full-length
variant of the protein and immunization with a recombinant protein
vaccine. The possible reasons behind these results are both a more
efficient presentation of epitopes by type | and Il histocompatibility

complexes and the choice of the most immunogenic epitopes [11].
The enhanced presentation may be caused by the proteasome and
lysosomal pathways of breaking of the protein molecule enabled
by adding of the sequences of breaking linkers [23]. Another factor
affecting immunogenicity is the leader sequence. In our case,
we used the sequence of the cytoplasmic and transmembrane
domain of MHC class | at the carboxyl end of the protein molecule.
[t has previously been shown that the leader sequence with the
MHC class | transport signal ensures co-localization of the target
protein and histocompatibility complexes in various endocytic
compartments, which leads to efficient activation and expansion
of antigen-specific CD8* and CD4+ T-cells [21].

Another clear advantage of multi-epitope vaccines is the
possibility to tune the T-cell response by selecting specific
epitopes. In our study, we used the vaccine that encodes five
Rv3875 epitopes, three presented by MHC class Il and two by
MHC class I, which guarantees specific activation of CD8* and
CD4+ T-cells. The epitopes were selected based on their affinity
to human alleles rather than mouse alleles, and yet the multi-
epitope MRNA vaccine showed high efficiency, probably due to
high interspecies cross-reactivity. The T-cell response is one of
the key components of the body's fight against M. tuberculosis.
CD8*-T-lymphocytes can destroy infected phagocytic cells with
the help of perforin, granzyme and granulisin proteins; they are
also capable of inducing apoptosis through the FasL receptor,
while the secreted granulosin can kill M. tuberculosis directly.
The most important function of CD4+ cells in the fight against
M. tuberculosis is the production of IFNy, which activates
macrophages and cytotoxic T-lymphocytes. In some people,
insufficient induction of the CD8* T-cells may render BCG not
as effective as expected [24].

There are two experimental studies that demonstrated efficacy
of the mRNA vaccines against tuberculosis, but their results are
inconsistent [9, 25]. One of these studies has shown immunogenic
properties of the developed anti-tuberculosis MRNA vaccine
based on the full-length MPT83 antigen [25]. Immunization with
that vaccine triggered production of specific antibodies. T-cells
isolated from the spleens of mice secreted IFNy in response to the
antigen challenge, and CTLs were able to lyse antigen-transfected
cells; this is consistent with our results. In a similar 2022 study,
the researchers used the ID91 mRNA containing four full-length
tuberculosis antigens fused with a synthetic TLR4 agonist; the
mRNA in this study was self-replicating [9]. Compared to a protein
vaccine, such mRNA vaccine showed the capacity to raise the
antibody titer to the same level, but the associated T-cell response
was less pronounced. Our study is the first one to use a multi-
epitope MRNA vaccine against tuberculosis; we have shown that,
compared to the full length mRNA vaccine, the effects of multi-
epitope MRBNA vaccine are more intense. Use of multi-epitope
vaccines for prevention of tuberculosis may be more promising
than using protein and full-length mRNA vaccines for the purpose.

CONCLUSIONS

Administered intramuscularly, multi-epitope mRNA vaccine
induces a pronounced T-cell response in mice. Enhancement
of the T-cell response may be key to the development of an
effective M. tuberculosis prevention vaccine. Vaccines against
new epitopes of tuberculosis could enhance the T-cell response
and accelerate the involvement of adaptive immune cells in the
immune response within the first two weeks of infection, ensuring
a more effective elimination of the pathogen. Thus, mRNA-
based multi-epitope vaccines may be a promising direction of
development of an effective vaccine against M. tuberculosis.
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ACTIVATION OF MICROGLIA IN THE BRAIN OF SPONTANEOUSLY HYPERTENSIVE RATS
Guselnikova VW25 Razenkova VA!, Sufieva DA, Korzhevskii DE'
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Arterial hypertension is one of the most significant medical and social problems, being widespread and associated with the risk of renal failure, cardiovascular
and cerebrovascular complications. The aim was to investigate the morphofunctional state of microglia in different regions of the rat brain in the setting of arterial
hypertension. Brain samples from spontaneously hypertensive SHR rats aged 3-8 months (n = 4) were used as study material. Normotensive WKY rats of the same
age (n = 3) were used as the control group. The work was performed using immunohistochemical analysis and confocal laser microscopy. During the quantitative
analysis, we were seeking to determine the number of microgliocyte bodies and the area occupied by the bodies and processes of these cells per 1 mm? of the
nervous tissue. An immunohistochemical reaction for calcium-binding protein Iba1 revealed that in rats with arterial hypertension, microglia in the cerebral cortex,
striatum, subcortical white matter and subfornical organ showed morphological signs of activation: increased body size and thickening of the processes of these
cells. The strongest activation is demonstrated by microglia of the subfornical organ, which is in a preactivated state in normotensive rats. The performed statistical
analysis revealed a trend towards an increase in the amount of microglia in the brain in SHR rats compared to animals in the control group. The lba1/CD68 double
immunofluorescence reaction showed no changes in the amount and/or distribution of lysosomal CD68 protein in spontaneously hypertensive rats compared to
control group. The results obtained indicate chronic activation of microglia in the brain of spontaneously hypertensive rats. Activation of microglia in this case is not
accompanied by an increase in the phagocytic activity of these cells.

Keywords: arterial hypertension, microglia, SHR, Iba1, CD68, subfornical organ
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AKTUBALUA MUKPOITU B TOJTOBHOM MO3I'E CITOHTAHHO TMNEPTEH3UBHbIX KPbIC
B. B. l'ycenbHukosa' 2™, B. A. PageHkosa', [. A. Cycmesa’, [1. 3. Kopxesckuir'

" VIHCTUTYT aKcnepuMeHTansHon Meauumtel, CankT-MeTepbypr, Poccus
2 CaHkT-lNeTepbyprekuii rocyaapcTBeHHbIn yHBepcuTeT, CaHkT-MNeTepbypr, Poccus

ApTepuranbHas rmnepTeHans SBseTcs OAHOM U3 Hanbosnee 3HaYNMbIX MEANKO-COoLMabHbIX MPOBIEM, YTO 0BYCIIOBNEHO LLMPOKO PacipOCTPaHEHHOCTBLIO 3TOM0
3a00M1eBaHNs 1 COMYTCTBYIOLLVIM PUCKOM Pa3BUTUS MOYEYHOM HEAOCTATOYHOCTM, CEPAEHHO-COCYAMCTLIX U COCYAMCTO-MO3MOBbIX OCNOXKHEHWI. Liensto paboTsl
Ob110 13y4eHne MOPMOMYHKLIMOHATBHOIO COCTOAHNA MUKPOMINM PadHbIX OTAEM0B MOMIOBHOMO MO3ra KpbIChl B YCNIOBUSIX Pa3BUTUA apTepuanbHON Mr1nepTeHsnm.
MaTtepunanom ans nccrnenoBaHus CRyKUnm obpasiibl rofloBHOrO Mo3ra CrOHTaHHO rMnepTeHaMBHbIX Kpbic NMnHMM SHR B BospacTte 3-8 mecsues (0 = 4). B
Ka4ecTBe KOHTPOMS MCMONb30BaM HOPMOTEH3MBHBIX KpbIC nHUMM WKY Tol »ke Bo3pacTHoM rpynmbl (0 = 3). PaboTta BbINoMHEHA C MPUMEHEHVEM METOAOB
MMMYHOMMCTOXVMMHYECKOTO aHam3a 1 KOH(OKaTbHOM Ta3epHON MUKPOCKOMUN. [1pr MPOBEAEHNN KOMMHYECTBEHHOIO aHanmaa Onpeaensnm KonmM4ecTso Ten
MUKPOTTIMOLWMTOB 1 MOLLab, 3aHMMaeMyto Tenamm 1 OTPOCTKaMM 3TVX KNETOK, Ha 1 MM? HepBHOW TKaHW. B peaynstate NoCTaHOBKM MMYHOrMCTOXVMUYECKO
peakumn Ha KanbLmii-cBs3biBatoLLMi 6enok Ibal obHapy»KeHo, YTO y KpbIC C apTepuasnibHON MNepTeH3nen MUKPOrNS B KOPe rofoBHOMO Mo3ra, CTpuaTyme,
CYOKOPTUKaNIbHOM 6efloM BELLECTBE 1 CyOdOPHUKATBHOM OpraHe MMeeT MOPQOIOrMYECKME MPU3HAKM aKkTVBaLWK (YBENMYeHe pasmepa Tena v yTonleHne
OTPOCTKOB). Havbonee cunbHylo akTvBaUMio A4EMOHCTPUPYET MUKPOrIMS CyBOpHUKanbHOro opraHa, Kotopast Y HOPMOTEH3MBHbBIX KPbIC HaxoauTCs B
npefakTUBMPOBaHHOM COCTOSHWN. [pOBEAEHHbI CTATUCTUHECKMIN aHANN3 MO3BOMWI BbISIBUTE TEHAEHLMIO YBENNYEHNS KOMMHYECTBA MUKPOMN B FONIOBHOM
MO3re y KpbIC JMHUM SHR MO CPaBHEHMIO C XMBOTHbIMM KOHTPOSIBHOM rpynMbl. [1py ABOMHOM UMMyHOMIyopecLeHTHoM peakumn 1bal/CD68 He BbigBNEHO
N3MEHEHUI B KONMYECTBE W/WAW pacnpefeneHn n3ocomHoro 6enka CDB8 y CNOHTaHHO MMEepPTEH3VBHBIX KPbIC MO CPABHEHWIO C KOHTPOMeM. [onyyeHHble
pesynsTaThl CBUAETENLCTBYIOT O XPOHUYECKON aKTUBALWIN MUKPOTAN B FTONIOBHOM MO3re Y KpbIC Ha (DOHe pasBUTVIS apTepuasibHOM MMnepTeHsnn. AKTBaLms
MVKPOMINM B AAHHOM CJly4ae He COMPOBOXAAETCS YCUNEHMEM (DArOLIMTOPHON akTUBHOCTU 3TVX KIIETOK.

KnioueBble cnosa: apTepuanbHasa rmneptenans, mukpornus, SHR, Ibal, CD68, cybdopHykanbHbI opraH
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Today, arterial hypertension (AH) remains one of the most
significant health and social problems worldwide. According to a
joint study by WHO and Imperial College London, the number
of people with AH has almost doubled in 30 years (from 1990
to0 2019), from 650 million to 1.28 billion [1]. The prevalence of
AH in Russia, according to the ESSE-RF study (Epidemiology
of cardiovascular diseases and their risk factors in the regions
of the Russian Federation), was 44% in 2014 in a representative
sample of patients aged 25-65 years. An epidemiological
survey conducted in 2019 involving 20,607 residents of the
Russian Federation, reported AH in 14,853 (72.1%) of those
surveyed [2]. It is clear that AH is a widespread disease in our
country, posing a serious problem for domestic health care.
Despite more than a century of research, AH remains poorly
treated, probably due to the complexity of the mechanisms of
pathogenesis, involving many interacting factors, and our limited
understanding of these mechanisms at the cellular and molecular
levels [3]. Further research in this area thus looks relevant.

Being widespread in the Russian Federation, featuring
inadequate treatment and control, AH remains a poorly
managed risk factor for myocardial infarction, chronic heart
failure, sudden death, renal failure, and ischaemic and
hemorrhagic stroke. The brain is one of the target organs most
early affected by AH: small-diameter vessels are the first to be
affected, resulting in microbleeds, subcortical lacunar infarcts
and diffuse white matter lesions, accompanied by cognitive
decline [4]. It has been noted that AH is accompanied by
the development of chronic neuroinflammation in the brain
[5]. However, the cellular mechanisms of neuroinflammation
associated with AH are unknown, and it is unclear whether
neuroinflamsmation contributes to the progression of AH. Since
inflammation in the brain is mainly caused and maintained
by microglia, a detailed analysis of this cell population in the
setting of AH seems relevant. New data on the functional
status of brain microglia in the setting of AH may contribute to a
better understanding of the molecular and cellular mechanisms
underlying the development of the disease. The aim was to
investigate the morphofunctional state of microglia in different
brain regions of the rat in the setting of AH development.

METHODS

The SHR (Spontaneously Hypertensive Rats) strain was used
as an AH experimental model. Animals of this strain, bred by
K. Okamoto and K. Aoki (1963) from normotensive Wistar-Kyoto
(WKY) rats, develop chronic hypertension spontaneously (without
any preceding primary disease), which is a consequence of
dysfunction of 1-6 genes involved in blood pressure regulation.
Persistent increase in blood pressure to 190-200 mmHg in SHR
rats starts from week 12 onwards [6]. The SHR line is considered
the most adequate model of human essential hypertension and
is widely used to study the pathogenesis of the disease and to
develop new approaches to its therapy [7, 8.

Brain samples from spontaneously hypertensive male SHR
rats aged 3-8 months (n = 4) were used as study material.
The brain of male WKY rats of the same age was used as a
control group (n = 3). Systolic blood pressure in animals was
determined in the caudal artery using Sistola, a system for non-
invasive blood pressure measurement in rodents (Neurobotics;
Russia). Blood pressure readings were 220 mmHg in SHR rats
and 85-100 mmHg in WKY rats. Brain samples were fixed
in zinc-ethanol-formaldehyde using the previously described
method [9], then dehydrated and embedded in Type 6 paraffin
(ThermoScientific; USA). Then, 5 pm thick sections were made
from paraffin blocks using a Microm HM 325 rotary microtome

(ThermoScientific; USA). The obtained preparations after
deparaffinization and rehydration were subjected to a heat
demasking procedure by soaking in 10% aqueous sodium
thiosulphate solution for 23 min.

Rabbit polyclonal antibodies to Ibal (Biocare Medical; USA)
at a dilution of 1 : 500 were used for immunohistochemical
detection of Ibal. HRP Conjugate reagent from the Reveal
Polyvalent HRP DAB Detection System kit (Spring Bioscience;
USA) was used as a secondary reagent for the detection of
primary antibodies. Peroxidase label was detected using
diaminobenzidine chromogen from the DAB+ kit (Agilent; USA).
After the immunohistochemical reaction, some of the slices
were counterstained with alum hematoxylin.

For simultaneous detection of Ibal and CD68, a mixture of
rabbit polyclonal antibodies to Ibal (Biocare medical; USA) at a
dilution of 1 : 500 and mouse monoclonal antibodies to CD68
(Agilent; USA) at a dilution of 1 : 1000 were applied to slices.
The primary antibody mixture was prepared ina 1 : 1 ratio. The
secondary reagents were the mixture (1 : 1) of antibodies against
biotin-labelled rabbit immunoglobulins (from R&D Systems kit;
USA) and EnVision+/HRP-AntiMouse reagent (Agilent; USA)
with normal rat serum added to prevent non-specific antibody
binding. After incubation in the secondary antibody mixture,
the slices were treated with streptavidin conjugate solution
with fluorochrome Cy2 (Jackson ImmunoResearch; USA)
and then with antibody solution against HRP conjugated with
fluorochrome Cy3 (Jackson Immuno Research; USA).

For the negative antibody control, immunohistochemical
processing of the preparations was performed without using
primary antibodies, instead of which PBS was applied to the
slices. There was no positive reaction in this case.

The preparations were examined using a Leica DM750
light microscope (Leica; Germany) and a LSM800 confocal
laser microscope (Zeiss; Germany). A laser with a wavelength
of 488 nm was used to excite Cy2 fluorescence, and a laser
with a wavelength of 561 nm was used for Cy3 excitation. The
images were studied using LSM Image Browser and ZEN2012
software (Zeiss, Germany).

In the quantitative testing, we evaluated the number
of Ibal* microgliocyte bodies and the area occupied by
Iba1-immunopositive microgliocyte bodies and processes
per 1 mm? of nerve tissue. Measurements were made in
three 270 x 203 pm fields of view for each case in each
study area (cortex, striatum, white matter, subfornical organ)
using Fiji morphometric analysis software (Imaged). The
number of cell bodies was counted using the Cell Counter
plug-in. The area occupied by microgliocytes was estimated
after channel separation (DAB/hematoxylin) using the "Color
Deconvolution" option followed by application of the "Threshold"
and "Measure Particles" options [10]. Statistical analysis
was performed with GraphPad Prism 8 software (GraphPad
Software; USA). Data were presented as mean + SEM. The data
were compared using the Mann-Whitney test. The criterion to
deem the differences significant was p < 0.05.

RESULTS

After performing an immunohistochemical reaction for the
calcium-binding protein Iba1, immunopositive cells were
detected in all brain regions studied. The reaction product
was concentrated in branching cells, which have a typical
microglia structure. A morphological diversity of Ibal* cells
was observed depending on their localization within the brain.
In the cortex of the control group animals (WKY), typical
ramified microglia without signs of activation were present
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Fig. 1. Microglia in the rat brain. WKY — Wistar—Kyoto normotensive rat line; SHR — spontaneously hypertensive rat line; Cortex — area of the large cerebral cortex;
Striatum — striatum (corpus striatum); WM — subcortical white matter; SFO — subfornical organ. Immunohistochemical reaction for lbal, counterstained with alum

hematoxylin. Scale bar is 50 pm

(Fig. 1A). Ibat cells in this case were characterized by a small
soma and the presence of long thin processes branching in
different directions. The cell body was often not in the slice
plane, resulting in the visualization of only parts of microglial
cell processes in the form of immunopositive strands and/or
dots in some cortical areas. The immunopositive elements
detected were evenly distributed within the cortex (Fig. 1A).
In similar cortical areas of spontaneously hypertensive rats
(SHR), microglia had a number of differences (Fig. 1B). As
in the control group, the immunopositive cells in this case were
evenly distributed without forming clusters, but the density of
Ibal* cells was visually significantly higher. We observed an
increase in the size of the microglial cell body and thickening
of their processes, which demonstrated a high branching rate
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(Fig. 1B). Such morphological features were characteristic of
microglia in all layers of the cerebral cortex of spontaneously
hypertensive rats.

The average area occupied by Iba1* microglia in the cerebral
cortex of the control group animals was 27,547 + 3,100 um?/mm?,
and that with spontaneously hypertensive rats — 18,790 +
2,717 ym2/mm? (p = 0.2). The number of Iba1*-microglial cell
bodies in WKY rats was 89.56 + 10.86 cell bodies/mm?, and in
SHR rats — 130.1 + 19.9 cell bodies/mm? (p = 0.2).

In the striatum of control animals, as in the cortex, a typical
ramified microglia were found (Fig. 1B). At the same time, the
thickness of microglial processes was greater compared to the
cortex of control animals, making the complex branching of
microglial outgrowths in this localization more visible. As in
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Fig. 2. Subfornical organ of a spontaneously hypertensive rat. Double immunofluorescence reaction for Iba1 (green fluorescence) and CD68 (red fluorescence).
The yellow color marks the colocalization areas of the green and red channels. Figure B is an enlarged fragment of Figure A (white box). SFO, subfornical organ; WM,
white matter; asterisk, blood vessel; arrowhead indicates CD68-rich cell. Confocal microscopy. A. Panoramic image; the scale bar is 100 um. B. Three-dimensional

reconstruction of a series of optical slices, grid cell size 10 x 10 pm

the large hemisphere cortex, microglia were evenly distributed in the
striatum, without forming clusters. Cell bodies were small, rounded
or oval in shape and not always in the slice plane. Microglia were
localized predominantly in the grey matter of the striatum, and only
short sections of these cell processes were visible in the white
matter (Fig. 1C). The average area of lba1* microglia was
33,887 + 3,944 pm?#mm?, the number of lbal* cell bodies was
111.7 = 14.31 cell bodies/mm?. In the striatum of spontaneously
hypertensive rats, the shape and distribution of microglia did not
differ from that of control animals, but there was an increase in the
size of these cell bodies and a thickening of their processes, which
demonstrated a high branching rate (Fig. 1 D). The average area of
Iba1* microglia in this case was 21,516 + 2,589 pm?mm?, and the
number of cell bodies was 146.3 + 12.68 cell bodies/mm?, which
had no statistically significant difference to the control group
(0 =0.2).

In the subcortical white matter of control animals,
spindle-shaped Iba1* cells were present, with their bodies
and processes oriented along the nerve fibers (Fig. 1D). The
microgliocytes detected were characterized by the presence
of one or two long unbranched or weakly branched offshoots
arising from different poles of the cell body in opposite
directions (Fig. 1D). In spontaneously hypertensive rats,
an increase in body size and thickness of Ibal* cell processes
was observed in the subcortical white matter region. We
found not only spindle-shaped microglia but also cells with
three processes extending from the body and penetrating
white matter fibers in different directions. No increase in the
intensity of branching was observed (Fig. 1E). The mean area
of Iba1* microglia in the white matter in control animals was
11,791 + 4,540 pm?mm?; in spontaneously hypertensive
rats it was 9,208 + 1,368 pm*mm? (o > 0.9999). The number
of Iba1+ microglial cell bodies was 8107.7 + 26.97 cells/mm? in
WKY rats and 111.7 = 2 cells/mm? in SHR rats (o = 0.6).

A large number of Ibat-immunopositive cells, distributed
relatively evenly throughout the organ, were present in the
subforonic organ of the control group (Fig. 1G). The morphology
of microglia in this region of the brain differed significantly

from the typical ramified morphology characteristic of normal
microglia. Most of the Ibal* cells present in this locus were
uni- or bipolar spindle-shaped. Their processes demonstrated
very little branching (often no branching) and lacked a unified
direction. Within the subfornical organ, there were also single
unprotected microgliocytes characterized by hypertrophy
of the bodies and the absence of distinct processes (Fig. 1G).
In the subfornical organ of spontaneously hypertensive rats,
all detected Ibal* cells had not many processes. They were
characterized by marked hypertrophy of the bodies and the
presence of few short, thick, unbranched ramifications (Fig. 1H).
The mean area of Ibal* microglia in the subfornical organ
in control animals was 37,831 + 8283 pym?/mm?, and in
spontaneously hypertensive rats it was 45,783 + 4,318 pm%mm?
(o = 0.4). The number of Ibal* microglial cell bodies in WKY
rats was 337.4 + 8.84 cells/mm?, in SHR rats 465.4 +
27.05 cells/mm? (p = 0.1).

After performing an Iba1/CD68 double immunofluorescence
reaction, it was observed that in all brain regions examined,
the majority of cells visualized contained Ibal protein,
evenly distributed in the bodies and processes (Fig. 2;
green fluorescence). The morphology of these cells in
each examined area corresponded to that described in the
immunohistochemical reaction to the Ibal protein for light
microscopy. When the preparations were analyzed under low
magnification, the CD68 protein appeared to be completely
absent from these cells. However, when analyzed under high
magnification, CD68 was detected in the cytoplasm of some
cells as local clusters (Fig. 2B; the yellow color is the result of
colocalization of green and red signals). The size, the number
and the distribution of CD68 clusters in the cytoplasm varied
greatly between individual microglial cells, but no dependence
of these parameters on cell localization was found. Also, there
was no increase in the content and/or change in the distribution
of CD68 protein in spontaneously hypertensive rats compared
to control group rats in any of the brain regions studied.

In addition to microgliocytes containing large amounts of
Ibal and local accumulations of CD68 in the cytoplasm, all
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analyzed brain regions showed the presence of single cells with
high CD68 content (Fig. 2B; arrowhead). The CD68 protein
was detected in the cytoplasm of these cells as fine granular
structures that gave the cytoplasm a granular appearance
(Fig. 2B; red fluorescence). The Ibal protein within the cytoplasm
of such cells was present in small amounts (as dot inclusions)
or undetectable amounts. Cells high in CD68 were present in
the brain of both normotensive and spontaneously hypertensive
animals, and were found in all areas studied. They differed a lot
from typical microglia in morphological aspect, being oval or
elongated in shape, with no branching processes and occurred
in most cases perivascularly, rarely within the parenchyma.

DISCUSSION

The study now discussed provides morphological evidence
for chronic microglia activation in different rat brain regions in
the setting of AH development. Statistical analysis revealed a
tendency for the number of microglia in the brain to increase in
SHR rats compared to the control group. However, it has not
been possible to demonstrate statistically significant differences
in the analyzed indicators given the material available, which
may be due to insufficient sample size. There is also a marked
scattering of indicators among the animals in the control group.
This may be due to the fact that WKY rat strain, widely used
as a control for the SHR line, has a number of features related
to the neural tissue condition. For example, in a recent study
we observed that, unlike in Wistar rats, signs of Kolmer Ibal+*
cell activation can be observed in the brain of WKY rats, and
supraependymal CD68* and Iba1+ rounded cells are present in
the cerebral ventricular cavity. This is indicative of a hematoliquor
barrier damage and activation of monocyte-macrophage cells
in WKY rats [11]. Together with our findings in this paper, this
raises questions about the adequacy of using WKY rats as a
control group in neurobiological studies.

It has previously been reported that SHR rats show a
moderate state of microglia activation in the medulla oblongata
[5]. Expression of the metabotropic purinergic receptor P2Y12
and fractalkine receptor CX3CR1 genes was observed to be
reduced in SHR rats compared to normotensive WKY rats,
which correlated with the phenotypic signs of activation, such
as lower microglia cell density in the medulla oblongata and
shorter microglial processes [5]. In addition, hypertrophy of
microglia was shown in the deep cortical layers of 35-week-old
SHR rats, indicating its activation [12]. Microglia activation in
this study was further confirmed using flow cytometry, which
showed a significant increase in CD11b expression in the brain
microglia of SHR rats. In addition to this evidence of microglia
activation in several brain regions in spontaneously hypertensive
rats, we obtained evidence of microglia activation in the cortex,
striatum, white matter and subfornical organ of SHR rats
compared to WKY rats of the same age. Interestingly, the most
pronounced morphological signs of activation were exhibited
by microgliocytes within the subfornical organ. We noted earlier
that normally microglia in this area is in a pre-activated state,
which may be due to the absence of a blood—brain barrier here
[13]. From the perspective of these data, it seems logical that
under the influence of additional stimulation associated with
arterial hypertension, microglia of the subfornical organ more
readily switch to an activated state compared to microglia in
other brain regions, where microglia are normally represented
by an inactive (ramified) form.

The role of microglia activation in AH, depending on
localization, is still an open question. It has been shown that
targeted 'silencing' of microglia effectively reduces blood pressure
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and neuroinflammation in mice with experimental hypertension.
Conversely, adoptive transfer of activated microglia would
predispose recipients to hypertensive stimulants. Taken together,
these results indicate that microglia are a key cellular element in
the neurogenic regulation of hypertension [14]. Further research
into the contribution of microglia and neuroinflammation (mediated
by the latter) to the pathogenesis of AH may help identify new
molecular targets for targeted therapies for this disease.

The fact that microglia are activated in the setting of AH
may have important therapeutic implications. For example,
chronic AH has been found to be a risk factor for Alzheimer's
disease, the most common neurodegenerative disease,
which currently cannot be prevented or treated effectively.
Neuroinflammation caused by glial cells is thought to be one
possible mechanism linking hypertension and an increased
risk of developing Alzheimer's disease [15]. Moreover, the
available experimental evidence suggests that glia activation
and neuroinflammation can be reversed by the use of different
classes of antihypertensive drugs. These studies suggest that
antihypertensives may be effective in Alzheimer's disease not
only because of their ability to affect blood pressure, but also
because of their anti-inflammatory effects [15].

Microglia activation is known to be accompanied by an
increase in phagocytic activity of these cells. Phagocytosis,
carried out by microglia, is critical for the normal functioning of the
central nervous system at all stages of its development. During
embryonic and early postnatal development, microglia clean the
developing brain of apoptotic neurons and oligodendrocytes
through phagocytosis. In the adult brain, microglia will normally
phagocytize fragments of dying cells as well as inactive
synapses, contributing to the regulation of synaptic plasticity
and the maintenance of neural tissue homeostasis. During
ageing, microglia will phagocytize the remains of dying neurons
and collapsing synapses. The phagocytic activity of microglia
is increased when pathology develops: in diseases such as
Alzheimer's or multiple sclerosis, microglia can phagocytose not
only dying neurons, but also B-amyloid and myelin [16, 17].

One of the marker proteins for judging the phagocytic activity
of cells is the transmembrane receptor protein CDB8. It is localized
in the lysosomal and endosomal membranes of monocytic-
macrophage cells and microglia. CD68 increases dramatically
in inflammatory conditions, so CD68 has traditionally been
considered a marker of activated microglia [18]. Based on these
findings as well as morphological evidence of microgdlia activation
in different brain regions in spontaneously hypertensive SHR rats,
we expected to see an increased content of CD68 protein in
microglia in SHR rats compared to control group. Unexpectedly,
we found no such increase in any of the brain regions studied. This
suggests that activation of microglia against the background of AH
is probably not associated with an increase in phagocytic activity
of these cells, and may have a regulatory (secretory) nature.

An interesting finding in our research was the discovery
of a population of CD68-immunopositive cells with very low
levels of Ibal protein. The detection of Iba1-/CD68* cells in the
human brain has previously been reported by other authors
[19]. They noted that lesions in the deep subcortical structures
of the brain result in an increase in microglia containing CD68,
a transformation of branched microglia into amoeboid microglia
and a loss of Ibal expression. According to our quantitative
assessment, Iba1/CD68* cells account for about 32.5% of
total microglia in deep subcortical brain lesions [19]. It has
also been noted that in Alzheimer's disease, the development
of dementia is positively correlated with CD68 levels and
negatively correlated with Iba1 levels, and that different microglia
populations expressing these two proteins can coexist in the
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brain [20]. Whether the Iba1~/CD68* cells detected by us and
other authors are a new type of microglial cells or a special
population of macrophages needs further investigation.

CONCLUSIONS

The development of chronic AH in SHR rats involves activation
of microglia in the cerebral cortex, striatum, subcortical white
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MORPHOLOGICAL PECULIARITIES OF REGENERATION OF ORAL MUCOSA ASSOCIATED WITH USE
OF POLYMERIC PIEZOELECTRIC MEMBRANES

Koniaeva AD'® Varakuta EYU', Leiman AE", Rafiev DO', Bolbasov EN2, Stankevich KS?

" Human anatomy department, General medicine faculty, Siberian State Medical University, Tomsk, Russia
2 National Research Tomsk Polytechnic University, Tomsk, Russia
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Wound defects of the oral mucosa are a common pathology the treatment of which often involves synthetic membranes. Development of varieties of such
membranes is an ongoing process. This study aimed to register morphological features of the oral mucosa regeneration process in the presence of one of the
varieties, the polymer piezoelectric membranes. The study involved 45 Wistar rats divided into 3 groups: 1) animals with an open wound defect; 2) animals with
a wound defect covered with a copper-coated polymer membrane; 3) intact animals. The samples for morphometric study were collected on the 3, 7" and 12"
days. On the 3 day, rats of group 1 had the specific area of granulation tissue 1.4 times greater than that in group 2 (o = 0.033). In group 1 rats, endotheliocytes
expressed more VEGF than in the animals of group 2. In group 2, the defect was ultimately completely covered with the epithelial layer, which was not the case in
group 1. On the 7' day, the epithelium in rats of group 2 was twice as thick as the layer registered in group 1 (p = 0.019). Granulation tissue was replaced by loose
fibrous connective tissue. In group 1, the specific area of inflammatory infiltration was greater than that of loose fibrous connective tissue, and the VEGF expression
level was lower than in group 2. On the 12 day, the predominant tissue in group 2 was the loose fibrous connective tissue, the VEGF expression level equaled
that of group 3, and peripheral nerves began to grow. In group 1, the specific area of dense fibrous tissue was 3.9 times greater than that in group 2 (p = 0.012),
the epithelium had pathological changes and the VEGF expression was below control values. Thus, a polymer piezoelectric membrane had a positive effect on the
post-wound restoration of the oral mucosa tissues.
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MOP®ONIOM'MYECKUE OCOBEHHOCTW PEFEHEPALIUN CNIU3UCTOW OBOJIOYKK MOJSIOCTU PTA
NP1 NPUMEHEHUN NMONUMEPHbIX NMbE3O3JTIEKTPUHECKNX MEMBPAH

A. [. Konsiesa' =, E. 1O. BapakyTa', A. E. Jleiman’, [. O. Pachves’, E. H. Bonbbacos?, K. C. CtaHkeBn4®

T CMBNPCKMIA rocyapCTBEHHbIV MEAULIMHCKUIA YHMBEpCUTeT, TomMck, Poccust
2 TOMCKMIN NonMTEXHNYECKNIA yHBEpcuUTeT, ToMck, Poccus
3 [ocypapcTBeHHbI yH1BepeuTeT Wtata MoHTaHa, 5oameH, MoHTaHa, CLLIA

PaHeBble feeKTbl CIM3NCTON 0O0N0HKM pTa ABAAOTCA PACMPOCTPAHEHHOW NAaToNorven, Ana Ne4eHns KOTopor pa3padaTbiBatoT MOKPOBHbIE MeMOpaHbl. Lienbto
ncenefoBaHns Gbio U3y4nTb MOPGONOrn4eckme 0COBEHHOCTN pereHepaLn CAn3ncTol 060N0YKM pTa MpY NMPYMEHEHNN NOMMMEPHBIX MbE30ANEKTPUHECKINX
MembpaH. VccnepoBaHve nposeaeHo Ha 45 kpbicax Wistar, pasneneHHbix Ha rpynnbl: 1) KMBOTHbIE C OTKPbITbIM PaHEBBLIM AE(EKTOM; 2) XMBOTHbIE C PaHEBbIM
0edeKTOM, NEPEKPbITLIM NMOMMEPHON MEMOPAHON C MeAHbIM HaMbIEHNEM; 3) UHTaKTHbIE XXMBOTHbIE. 3a00p MaTepuana Ans MOPGOMETPUHECKOrO NCCNEA0BaHNA
nposoanny Ha 3-n, 7-e n 12-e cytkin. Ha 3-u cyTkn B rpynne 1 yaenbHas nnollafb rpaHynsaumoHHoN TkaHn 6bina B 1,4 pasa 6onblue, Yem B rpynne 2 (o = 0,033).
OHOOTENMOUMTLI ee cocynoB akcnpeccuposanv VEGF B 6onbLuelt cTenern B rpynne 2. B rpynne 2 nponcxoamnno nonHoe nepekpbitie agedekra snutenvanbHbiM
NnacToM B OT/M4ME OT rpynnbl 1. Ha 7-e cyTkv B rpynne 2 anutenuiz 6bin B 2 pasa Tonwe, Yem B rpynne 1 (o = 0,019). MpaHynaumoHHas TkaHb 3amellanaco
PbIX/IO BOIOKHUCTON COeaMHUTENbHOM TKaHbto. B rpynne 1 npeobnagana yaenbHas nnowjaab BoCnanuTenbHoM MHPUABTPaLMM Ham, PbIXSIoi BOSOKHUCTO
coeanHUTENBHON TKaHblo, akcnpeccust VEGF 6bina Hike, Yem B rpynne 2. Ha 12-e cyTku B rpynne 2 npeobnagana pbixyias BONOKHUCTas COeAVHUTENbHASA TKaHb,
akcnpeccus VEGF He otnndanack OT rpynnbl 3, 0TMEHanoch mpopactaHne nepudeprHeckix HepsoB. B rpynne 1 yaensHas nnoLafe NaoTHOM BOSIOKHUCTOCTOM
TkaHu 6bina B 3,9 pa3 6onblue, Yem B rpynne 2 (o = 0.012), B anutennm nMenncb nNaTonornieckme nameHeHnst, a akenpeccust VEGF 6bina Hke KOHTPOSbHbIX
3HayeHW. Takm 06pa3oM, MCMOMb30BaHVE MOMMMEPHON MbE303NEKTPUHECKON MeMOPaHbl 6n1aronpuiTHO BAWSIO Ha BOCCTAHOBMEHWE TKaHEN CIM3UCTOM
060s104KM MOMOCTU PTa B 061aCTN PaHEBOIrO AeheKTa.

KntoyeBble cnoBa: pereHepaLyisi, paHeBoW AedekT, ckaddonpl, Nbe303NeKTPUKN, CAM3MCcTas 060no04Ka NonocTh pTa, BocnaneHue
®duHaHCUpoBaHMe: 1ICCnefoBaHne BbINOMHEHO Npy (huHaHCOBOM nopaepkke PHP B pamkax Hay4Horo npoekta Ne23-25-00346.
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Regeneration of a wound defect is a complex process that
involves interaction of epithelium, trophic apparatus, fibroblasts,
and inflammatory infiltration [1]. Healing includes stages of
inflammation, regeneration and reorganization; at each of
these stages, the mentioned interacting components have
their own morphological scar features [2]. Primary intention
healing requires the fastest possible transition from the stage
of inflammation to the regeneration stage. Secondary intention
healing, which results in a scar, typically has the inflammatory
stage dominating the process [3].

The current approach to management of the oral mucosa
wound defects implies use of covering materials that protect
the wound surface from re-traumatization, which adds urgency
to the task of developing new wound dressings that will not only
protect the wound but also reduce the severity of inflammation
and accelerate regeneration [4].

The polymer piezoelectric membrane tested in the context
of this study was made in the Laboratory of Hybrid Materials
of the National Research Tomsk Polytechnic University. In
addition to piezoelectric properties, it was modified with copper
ions, which have proven antimicrobial and anti-inflammatory
properties [5].

The purpose of this study was to explore morphological
features of regeneration of oral mucosa with an experimental
wound covered with polymer piezoelectric membranes.

METHODS

The experiment involved 45 male Wistar rats bred in the vivarium
of the Central Research Laboratory of the Siberian State Medical
University. The animals were kept under standard vivarium
conditions; their rations were limited for a day post surgery.
The rats were divided into three groups: group 1, experimental
(n = 15), in which the animals had the wound defect left open
as prescribed by the standard oral cavity wound treatment
protocol; group 2, experimental (n = 15), where the wound
defect was covered with a copper-modified polymer membrane
based on vinylidene fluoride with tetrafluoroethylene; group 3,
control (n = 15), comprised of rats with intact mucosa. The
animals were kept under standard vivarium conditions.

Before wound infliction, the animals received 0.3 mg Zoletil
intramuscularly that induced narcosis. After sanitizing the
surgical field with a 2% chlorhexidine solution, we excised
a 7-4 mm buccal mucosa flap. Next, a polymer membrane
was stitched onto the resulting wound with simple interrupted
sutures along the edge.

The animals were withdrawn from the experiment through
hypoxia in a CO, chamber on the 39, 7", and 12" days of the
study. After withdrawal, we excised buccal mucosa at the
wound defect site.

Preparation of histological specimens followed the generally
accepted routine; the slides were examined in the Observer
D1 light microscope (Karl Zeuss; Germany) with the AxioCam
ICc5 camera (Karl Zeuss; Germany). For the purpose, after
deparaffinization, the sections were stained with hematoxylin-
eosin as per the standard procedure.

For immunohistochemistry, we deparaffinized the previously
prepared serial paraffin sections 4-6 pm thick and then stained
them with rabbit recombinant polyclonal VEGF antibodies
and IgG isotype S-100 (Abcam; USA). The intensity of
immunohistochemical staining was assessed on a four-point
scale: 0 — no staining, 1 — weak staining, 2 — moderate
staining, 3 — strong staining, 4 — very strong staining.

The calculation formula was as follows:

Histochemical index (H-score) = X, P(i) x i,
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where i is the intensity of staining in points from O to 4, P() —
percentage of differently stained cells (by intensity of staining).

We did the counting in three cohorts of 100 cells in different
fields of view (lens x40).

To examine the samples with an electron microscope,
we put them in a 2.5% glutaraldehyde solution on the 0.2 M
cacodylate buffer (1:9) for fixation and then postfixed the
samples in a 1% OsO, solution in a refrigerator for 4 hours. The
next steps involved dehydration and pouring into a mixture of
epon and araldite M.

Ultrathin slides were prepared in the LKB-5 ultratome
(BROMMA; Sweden), counterstained with uranyl acetate and
lead citrate, and examined using a JEM-1400 CX electron
microscope (JEOL; Japan).

Morphometry was performed based on the classical
methods of stereometry. We established the thickness of
the epithelial layer, the quantitative density of fibroblasts, the
specific area of loose and dense fibrous connective tissue, that
of granulation tissue and inflammatory infiltration. The software
used for the purpose was the Axio Vision imaging system (Karl
Zeuss; Germany) and Imaged, version 1.52u (National Institute
of Public Health; USA).

Ultrathin slides allowed us to study ultrastructure of the cells
of epithelial layer, trophic apparatus, and fibroblasts.

The data were processed with Statistica 10.0 (IBM; USA).
To verify distribution in the statistical hypotheses, we used the
Kolmogorov-Smirnov test. The results were processed with the
help of methods of descriptive and nonparametric statistics. The
studied parameters were described as a median and quartiles,
M (@Q,; Q). Comparing independent samples, we used the
Kruskal-Wallis test with a median test, for paired comparisons —
Wilcoxon test. The differences were considered significant at
p < 0.05.

RESULTS

On the 3¢ day of the study, we registered marginal epithelialization
of the wound in experimental group 1 was observed, while in
group 2 the defect was completely covered by the epithelium,
and there were acantholytic blisters there (Fig. 1A).

At the ultrastructural level, samples from both groups had
elongated width-wise basal cells, and it was not possible to
identify the apical-basal polarity. In group 2, there were signs
of high proliferative activity, and some cells were undergoing
mitosis (Fig. 1B).

We discovered a regeneration area filled with granulation
tissue with numerous thin-walled vessels (Fig. 1C). The
specific area of granulation tissue in the experimental group 2
was 1.4 times higher than in the experimental group 1, the
difference being significant (o = 0.033) (see Table). There was
an extensive zone of inflammatory cell infiltration separating
healthy tissues from the wound defect; in group 2, is was 1.4
times smaller than in group 1, this difference being significant,
too (p = 0.017). The said zone consisted of neutrophils,
macrophages, plasma cells, lymphocytes, and eosinophils (see
Table) (Fig. 1D).

Quantitatively, there were significantly more fibroblasts
per 1 mm? of the section in group 2 (o = 0.035) (see Table).
In addition, separate bundles of connective tissue fibers were
found in the animals of this group (Fig. 1A).

We discovered newly formed thin-walled granulation tissue
vessels in the area of the wound defect; their endotheliocytes
actively expressed VEGF (Fig. 1E), and the calculated H-score
in group 2 was 1.4 and 4.7 times higher (significant difference)
than in groups 1 and 3 (p = 0.029, p = 0.019) (see Table).
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Fig. 1. Rat's buccal mucosa after infliction of the experimental wound defect, 3" day of the study. A. Newly formed thin epithelial layer in the area of the wound defect
and underlying granulation tissue. Pathological changes (acantholysis). Experimental group 2, 3¢ day of the study (staining: hematoxylin, eosin; magnification: 400).
B. Basal layer cells with signs of intense proliferation and mitotic figures. Experimental group 2, 3¢ day of the study (TEM; magnification: 5000). C. New vessels in
granulation tissue. Histological picture seen in both experimental groups. Experimental group 2, 3 day of the study (staining: hematoxylin, eosin; magnification: 400).
D. Cellular infiltration in the area of the wound defect. Histological picture seen in both experimental groups. Experimental group 1, 39 day of the study (TEM;
magnification: 5000). E. Expression of VEGF in the endotheliocytes of granulation tissue; nuclei stained with hematoxylin. Experimental group 2, 3 day of the study

(magnification: 900)

Endothelial lining and basement membrane of the granulation
tissue capillaries were thin, and the interendothelial spaces
were enlarged. The endotheliocytes were poor in organelles. In
group 2, we identified a large number of micropinocytic vesicles
and numerous microvilli in the endotheliocytes near the luminal
edge of the vessels.

On the 7th day of the study, epithelium completely covered
the wound defect in both experimental groups. The thickness of
the epithelial layer in group 1 was significantly lower than that in
groups 3 and 2 (see Table); there were clear active acantholytic
processes (Fig. 2A).

In group 2, epithelium had less pronounced pathological
changes than in group 1. The surface began to assume
a typical relief with papillae, yet there still were spots of
acanthosis and acantholysis. The epithelium was 2.3 times
less thick than in the control group (significant difference,
p = 0.023) but twice as thick as in group 1, where the animals
had no membranes covering the defect (significant difference,
p =0.019) (see Table). Basal cells gradually assumed the typical
shape elongated height-wise and apical-basal polarity, and
there appeared hemidesmosomes restoring contacts with the
basement membrane.

In both experimental groups, spots of loose fibrous
connective tissue were identified in the lamina propria of buccal
mucosa by the wound. In group 2, the specific area thereof
was 4.5 times greater (significant difference, p = 0.041) than
in group 1, but 2.6 times smaller than in the control group
(significant difference, p = 0.034).

In the experimental group 2, the quantitative density of
fibroblasts was 1.35 times higher than in the experimental
group 1 (p = 0.041). Also, the prevailing type of fibroblasts
in group 2 were the large differentiated branched fibroblasts

with high synthetic activity. Their plasma membrane sprouted
numerous outgrowths. Bundles of connective tissue fibers in
different planes were found around the cells (Fig. 2B). As for
group 1, there still prevailed young fibroblasts with ultrastructure
practically unchanged since the 3 day of the experiment.

The newly formed vessels in group 2 had the VEGF
expression 1.7 and 3.6 times higher than in group 1 and in the
control group, respectively (significant difference, p = 0.022 and
p = 0.015) (see table).

At the ultrastructural level, endotheliocytes in group 1
still showed signs of transcapillary metabolism disorders,
which was not registered in the experimental group 2 (Fig. 2B),
where the basement membrane of the vessels became
continuous and uniform in thickness.

In both experimental groups, we discovered peripheral
nerves near blood vessels by the wound defect's limits, the
dendrons thereof having single edematous mitochondria with
destruction of cristae. As shown on Fig. 2D, perineural and
endoneural space were edematous (Fig. 2D).

On the 12" day of the study, the animals of group 2 had
the epithelial layer as thick as it originally was, while in group
1 that layer was significantly thinner than when the mucosa
was intact (see Table). There were no pathological processes
registered in the epithelium in group 2, and the underlying
connective tissue protruded into the epithelium forming
pronounced papillae with microvasculature vessels (Fig. 3A). In
group 1, on the contrary, we saw signs of acantholysis, which,
at the ultrastructural level, caused appearance of vacuoles in
the intercellular space and, with cells proliferating, acanthosis
in the spinous layer (Fig. 3B).

On the 12" day of the study, granulation tissue was
replaced with young loose fibrous connective tissue in both
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Table. Morphological indicators of changes in the oral mucosa during regeneration of a wound defect, M (Q,:Q,)
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. i e Specific area .
N Numerical Specific area Specific area of ) Specific area
Epithelium ) . . of fibrous ! :
X density of of granulation loose connective X of inflammation VEGF
thikness, p " - X connective o .
fibroblasts, c.u. tissue, % tissue, % : infiltration, %
tissue, %
Control 203.9 380.0 B 92.3 _ 7.7 80.0
(200.2; 204.4) (376.0; 391.7) (87.2; 95.4) (5.2;9.5) (75.0; 85.0)
Day 3
Group 1 _ 3782.0* 43.4 _ _ 56.6 275.0
(3721.0; 3849.5) (39.4;47.9) (50.3; 60.9)* (265.0; 290.0)*
Group 2 20.3 5378.5% 60.8 B B 39.2 (37.3; 375.0 (370.0;
P (19.1; 22.1)* (5346.2; 5465.7) (58.5; 62.6)** 41.4)* 380.0)*
Day 7
Group 1 445 4530.5* 38.9 7.8 _ 52.8 165.0
(43.2; 6.1)" (4472.5; 4579.7) (35.8; 41.8)* 6.3; 9.1)° (49.9; 56.6)* (155.0; 175.0)*
Group 2 87.8 "6136.0"# 41.6 35.1 _ 23.3 275.0
P (85.7; 89.5)* (6126.0; 6145.0)" (40.5; 43.5)* (33.9; 35.9)* (21.9; 24.1)* (362.5; 282.5)*
Day 12
Group 1| 107.3 2746.5* _ 60.4 23.0 15.4 55.0
P (106.2: 69.8)* (2639.0; 2906.0) (52.5; 73.0) (14.3; 27.8)* (11.4; 18.7)* (55.0; 60.0)
Group 2 184.6 397.5* _ 92.7 5.9 1.4 120.0
P (183.4; 1856.0)* (395.0; 402.0) (92.5; 93.9)* (5.5; 6.3)** (1.2; 1.9 (125.0; 135.0)*

Note: * — significant differences compared to the control group (o < 0,05); # — significant differences compared to group 1 (p < 0,05).

experimental groups (Fig. 3A). However, the specific area of
this tissues reached the control value thresholds only in the
experimental group 2. In group 1, we found interstitial edema
between connective tissue fibers, and there were cicatricial foci
based on the dense fibrous connective tissue (Fig. 3B). Table
below shows the values; the maximum specific area of such
connective tissue was registered in the experimental group 1.

The quantitative density of fibroblasts in group 2 equaled the
respective control value; it was 6.9 times smaller than in group 1
(significant difference, p = 0.032). The predominant cells in group 2
were fibrocytes, mature and functionally inactive. There was
no extracellular edema around them, but the clearly organized
collagen fibers were easily identifiable. At the considered time point,
the predominant cells in group 1 were still the branched cells with
developed synthesis organelles and dispersed chromatin.

In the experimental group 2 we registered mature, well-
formed microvasculature vessels with no signs of sludge,
stasis, and thrombosis. The vessels were surrounded with
structured connective tissue fibers; there was no perivascular
edema. The basement membrane was continuous, of uniform
thickness. The quantity of organelles was sufficient, they had a
typical structure. There was an active transcapillary exchange
under way. In group 1, the capillary basement membrane was
thin; we registered few microvilli and micropinocytic vesicles at
endotheliocytes, with clearly seen perivascular edema.

Compared to the indicators recorded on the 7th day,
expression of the VEGF decreased in both experimental groups.
In the experimental group 1, the VEGF H-score was 1.45 times
smaller than the control values (p = 0.026) (Fig. 3C, D).

Peripheral nerves with unmyelinated nerve fibers in wound
defect area were registered only in the experimental group 2
(Fig. 3D). Despite this, immunohistochemistry did not reveal
expression of the S-100 marker, which the indicated the nerves
began to restore (Fig. 3E).

DISCUSSION
With this study, we have demonstrated the key morphological

aspects of the wounded oral mucosa tissue regeneration under
a copper-modified polymer piezoelectric membrane.
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Onthe 39 day of the experiment, in group 2, where the wound
was covered with the membrane, the wound was fully covered
with a thin layer of epithelium, while in group 1, the animals
of which had no membrane on their wounds, only marginal
epithelization was observed. The process of epithelialization
translated into changes at the ultrastructural level that enabled
migration of epithelial cells from the wound's edges to its center
[6]. Rerth reported preservation of single desmosomal contacts
in his works and explained their presence by the need for
coordinated collective migration of the epithelium [7].

Basal layer cells were proliferating intensively only in the
experimental group 2. In group 1, we have not detected
ultrastructural signs of high proliferative activity; lack of such
signs on the part of the basal layer cells may be explained
by the migrating cells' inability to undergo mitosis before the
wound defect is completely covered by the epithelium layer
caused by the decreased content of G1/S-phase cyclins and
higher activity of cyclin-dependent kinase [8].

For the first three days, at the first stage of wound healing,
inflammatory reaction was the predominant one. It was aimed at
fencing healthy tissue from the defect (with its necrotic tissue),
microorganisms and elements of primary contamination, as well
as removal of these pathological products, elimination of the
consequences of damage, activation of cytokines and growth
factors [9]. In this connection, the specific area of inflammatory
infiltration increased in both experimental groups.

In parallel with the inflammatory response there appeared
new granulation tissue pierced with many vessels. In the
experimental group 2, with the wound dressed, the ratio of the
specific area of granulation tissue and inflammatory infiltration
shifted towards the first component thereof, while in group 1,
where the animals had no cover on the defects, the ratio
prevalence was the opposite, which indicated predominance of
inflammatory processes over regenerative ones.

The development of granulation tissue ensured rejection of
the dead substrate, created a barrier preventing the spread of
microorganisms, and formed the basis for new connective tissue
developing at subsequent stages of wound regeneration [10].

Neoangiogenesis was the basic mechanism of wound healing
[11]. Capillaries were forming actively in the granulation tissue in
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Fig. 2. CRat's buccal mucosa after infliction of the experimental wound defect, 7th day of the study. A. Pathological changes in the epithelium, wound defect in the
process of regeneration: unevenly thick epithelial layer, thick spinous layer, acantholysis. Experimental group 1, 7" day of the study (staining: hematoxylin, eosin;
magnification: 400). B. Differentiated fibroblast surrounded by connective tissue fibers, wound defect area. Experimental group 2, 71" day of the study (TEM; magnification:
20000). C. Interdigitation between an endothelial cell and a capillary pericyte, wound defect site. Experimental group 2 (TEM; magnification: 20,000). D. Peripheral nerve
with myelinated and unmyelinated fibers, showing signs of perineural and endoneural edema. Experimental group 2, 7" day of the study (TEM; magnification: 20000).

both experimental groups. Neoangiogenesis and inflammatory
response stimulated endothelium and the inflammatory infiltrate
cells to express pro-angiogenic molecules — vascular
endothelial growth factor (VEGF) and chemokines needed for
capillary growth. Previously, researchers have noted that VEGF in
the area of a wound defect undergoing regeneration supported
the inflammatory response and increased vascular permeability,
which contributed to the swelling of the surrounding tissues
[12]. In our study, the expression of VEGF was increasing in
both experimental groups, especially in group 2, which signaled
of a more intense vascularization in the absence of exposure to
aggressive factors present in the oral cavity.

On the 7" day of the study, proliferation became the
dominant process, with fibroblasts responsible for collagen
synthesis and reduction of the wound area playing the key
role therein [13]. Fibroblasts secreted an extracellular matrix
replacing the fibrin matrix [14], which boosted the synthesis,
as registered at the ultrastructural level in the experimental
group 2. Their presence in the wound defect area was
connected with a significant increase of the specific area of
loose fibrous connective tissue in comparison with experimental
group 1, where, according to the TEM data, young fibroblasts
with low synthetic activity mainly appeared.

Onthe 7" day of the experiment, the specific area of granulation
tissue decreased, and the newly formed vessels underwent
changes at the ultrastructural level, as evidenced by the results of
immunohistochemistry. The expression VEGF decreased in group
1 significantly more than in group 2, which subsequently hindered
blood supply in the wound defect area [15].

The characteristic features of the proliferation stage were
differentiation of epithelial cells and thickening of layers of the

epithelium. At the ultrastructural level, in group 2, the apical-
basal polarity of the basal layer, desmosomal contacts between
cells, and hemidesmosomes with the basement membrane
were restoring. We have also seen signs of acceleration
of proliferation. In both experimental groups, there were
registered pathological changes in the form of acanthosis and
acantholysis; morphologically, they manifested as tissue detritus
in the intercellular space and thickening of the spinous layer.
These pathological features were more pronounced in group 2.

Cicatricial reorganization was the next stage of wound
regeneration; it occurred on the 12" day of the study. In contract
with the experimental group 1, in group 2 the specific area of
loose fibrous connective tissue was greater than that of scar
tissue, and the predominant cells there were the synthetically
inactive fibrocytes.

In both experimental groups the number of microvasculature
vessels decreased on the 12" day. Previous reports link this
regression to selective apoptosis happening against the
background of the increasing production of antiangiogenic factors
and decreasing expression of proangiogenic factors, such as
VEGF [12]. As a confirmation of these findings, in the experimental
group 1 we observed that VEGF expression was significantly
lower than peculiar to intact mucosa. This signaled of poor blood
supply at the wound defect site, which is one of the main causes
of cicatricial deformity [16]. In group 2, the expression of vascular
markers was higher than the control values.

Using an electron microscope, on the 12" day of the study
we saw peripheral nerves with unmyelinated nerve fibers in the
experimental group 2; while such were not found in group 1,
there, along the edges of the wound defect, we discovered
peripheral nerves with signs of perineural and endoneural edema
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Fig. 3. Rat's buccal mucosa after infliction of the experimental wound defect, 12" day of the study. A. Restored mucosa. Experimental group 2, 12" day of the study
(staining: hematoxylin, eosin; magnification: 400). B. Cicatricial tissue, wound defect site. Experimental group 1, 12" day of the study (staining: hematoxylin, eosin;
magnification: 400). D, C. Expression of VEGF in the endotheliocytes of granulation tissue; nuclei stained with hematoxylin. C. Experimental group 1. D. Experimental
group 2, 12" day of the study (magnification: 900). E. Peripheral nerve with myelin fibers showing no signs of perineural and endoneural edema, wound defect area.
Experimental group 2 (magnification: 20000). F. Absence of S-100 expression in the mucosa's lamina propria, nuclei staining with hematoxylin. Histological picture
seen in both experimental groups. Experimental group 1, 12" day of the study (magnification: 900). WA — wound defect area; CT — loose fibrous connective tissue;
GT — granulation tissue; ST — dense fibrous connective tissue; | — infiltration; V. — venule; Cap — capillary; EP — epithelium; BM — basement membrane;
BC — basal cells; SC — acanthocytes; GC — surface layer cells; HK — stratum corneum; ATL — acantholysis; AT — acanthosis; P — papillae; D — desmosomes;
HD — hemidesmosomes; Va — expansion of intercellular space; PM — plasma membrane; EU — euchromatin; N — core; Nu — nucleolus; RER — granular
endoplasmic reticulum; R — polysomes; M — mitochondrion; GC — Golgi complex; MV — outgrowths of plasmolemma; Vez — vesicles; C — intercellular contact;
Mit — mitosis; yFB — young fibroblast; MP — macrophage; NP — neutrophil; EP — eosinophil; FC — connective tissue fibers; EN — endotheliocyte; Per — pericyte;
FF — fragments of connective tissue fibers; CF — destructively altered cells; CF— collagen fibers; PN — peripheral nerve; MA — myelinated nerve fiber; UM —
unmyelinated nerve fiber; PEd — perineural space edema; EEd — edema of the endoneural space; FM — neurofilaments and microtubules; ++++ — very strong
staining; +++ —strong staining; ++ — moderate staining; + — weak staining; - — no staining

the axons of which had mitochondria with destroyed cristae.  that affected the wound both from the inside and the outside,

The tests for expression of protein of the S-100 peripheral
nerves returned negative in both groups, which indicated the
nerve fibers began to grow into the wound defect area.

In the experimental group 2, where the wounds were
covered with membranes, complete restoration the epithelium
(both thickness and number of layers) occurred because it
was protected from microorganisms. When the integrity of the
epithelial layer was violated, microorganisms penetrated to
the bottom of the open wound defect and excreted exotoxins
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causing apoptosis of epithelial cells and disrupting their
proliferation and migration, such course of events associated
with collective regulation of the bacterial gene expression in the
biofilm, which reinforced their resistance and ability to colonize
[17]. In addition, metabolic products of microorganisms boosted
production of pro-inflammatory mediators in the epitheliocytes
through toll-like receptors [18]. As a result, in group 1 we saw
epithelium growing thinner and losing layers, while acanthosis
and acantholysis, the pathological changes, persisted.
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CONCLUSIONS

The polymer membrane helped form an epithelial layer
completely covering the wound defect on the 39 day of the
study and ensured absence of pathological changes on the
12th day thereof. In the group that had no such membrane,
epithelization of the wound occurred only on the 7™ day, and
pathological changes (acanthus and acantholysis) were seen
on the 12" day.

The membrane boosted replacement of granulation tissue
with loose fibrous connective tissue and decreased the severity
of inflammatory infiltration and cicatricial changes. In the group
without membranes, by the end of the study, the wound defect
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