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ORIGINAL RESEARCH | ONCOLOGY

DEVELOPMENT OF A RECOMBINANT ONCOLYTIC POLIOVIRUS TYPE 3 STRAIN WITH
ALTERED CELL TROPISM

Hamad A'23, Soboleva AV', Vorobyev PO', Mahmoud M'?, Vasilenko KV*, Chumakov PM', Lipatova AV'E

" Engelhardt Institute of Molecular Biology, Moscow, Russia

2 Moscow Institute of Physics and Technology (MIPT), Moscow, Russia

3 Center for Precision Genome Editing and Genetic Technologies for Biomedicine, Engelhardt Institute of Molecular Biology, Moscow, Russia

4 Pirogov Russian National Research Medical University, Moscow, Russia
Diffuse gliomas are incurable, prevalent, and aggressive central nervous system tumors. Therefore, the development of selective oncolytic viral strains for malignant
neoplasms is highly relevant. This study aimed to create an oncolytic virus based on a vaccine strain of poliovirus type 3 with natural antitumor activity. To achieve
this goal, we replaced the internal ribosome entry site (IRES) of poliovirus with the corresponding fragment of human rhinovirus 30. The resulting recombinant
oncolytic strain RVP3 retained the serotype of poliovirus type 3, as confirmed by virus neutralization micro-test with specific antiserum. In addition, the oncolytic
efficacy of RVP3 was assessed in vitro on a broad panel of cell cultures. According to the results, RVP3 has changed its tropism, losing the ability to replicate in
conditionally normal cell lines of embryonic astrocytes and embryonic fibroblasts while retaining the ability to replicate in tumor cells.
Keywords: oncolytic viral therapy, glioma, vaccine strain of poliovirus

Funding: the project was supported by the Russian Science Foundation (agreement number 20-75-10157 of 14 August 2020 “Research on the possibilities of
obtaining recombinant strains of oncolytic viruses with tumor-specific replication and immunomodulatory protein expression”).

Author contribution: Chumakov PM, Lipatova AV — study concept and planning, data analysis; Hamad A, Vorobyev PO, Soboleva AV, Mahmoud M, Vasilenko KV,
and Lipatova AV — laboratory experimental work; Hamad A, Soboleva AV, and Lipatova AV — preparation of figures and data interpretation.

Compliance with ethical standards: the study was conducted per the requirements of the World Medical Association Declaration of Helsinki 2000 and its
subsequent revisions; in compliance with the principles of the European Convention for the Protection of Vertebrate Animals used for Experimental and other
Scientific Purposes.

><] Correspondence should be addressed: Anastasia V. Lipatova
Vavilova, 32/1, Moscow, 119991, Russia; lipatovaanv@gmail.com

Received: 18.04.2022 Accepted: 28.04.2022 Published online: 30.04.2022
DOI: 10.24075/brsmu.2022.023

PASPABOTKA PEKOMBUHAHTHOIO OHKOJIMTUYECKOIO LUTAMMA MOJINOBUPYCA 3-I'0 TUMA
C NSMEHEHHbIM KNETOYHbIM TPONMN3MOM

A. H. Xaman'?®, A. B. Cobonesa’, I. O. Bopobbes', M. A. Maxwmyg'?, K. B. BacuneHko?, . M. Yymakos', A. B. Jlunatosa'™=

" MockoBCKUin (h3NKO-TeXHUHeCKNIA MHCTUTYT (MPTK), Mockea, Poccust

2 VIHCTUTYT MonekynsipHor 6ronornm umexn B. A. SHrenbrapara, Mocksa, Poccus

3 LleHTp BbICOKOTOYHOIO PefaKTUPOBaHMS U FeHETUHECKIX TEXHONOMWIA ANt BUOMEAVLINHBI, VIHCTUTYT MonekynsipHoi 6uonornn nMenn B. A. SHrenbrapara, Mocksa,
Poccus

4 Poccuicknin HaumoHasbHbI MCcCnefoBaTenbCKuini MEAMUMHCKIMIA yHMBEpCUTET nMeHn H. V. Muporosa, Mockea, Poccus

OnddbysHas rmnmoma SBnseTca HemsnednumbiM 3aboneBaHvemM, Hambonee pacnpoCTPaHeHHbIM ¥ arpeccuBHbIM TUNomM onyxonen LIHC. Paspabotka
BbICOKOOHKOCENEKTUBHbIX BUPYCHbIX LUITAMMOB A5 Tepanuu 310ka4eCcTBEHHbIX HOBOOOPa3oBaHWUin ABNSETCS akTyanbHov 3adadeit. Liensto paboTsl 66110
CO3[aHne OHKOIMTUYECKOrO BMpYCca Ha 6ase BakLMHHOMO LTaMma nomoBmpyca 3-ro tuna, obnafatoLlero NpUpoaHOR MPOTUBOOMYXONEBO aKTUBHOCTHIO,
nyTem 3ameHbl IRES nonvosmpyca cooTBETCTBYIOLLIMM YHACTKOM 13 prHOBMpYca YenoBeka 30 Tuna. B pesynstate Obin yCnewHo nonyYeH pekoMOUHaHTHbIN
OHKONMTUYECKMIA WTamMm RVP3, coxpaHuBLUMIA CepoTUN NoAMoBMpyca 3-ro Tina, YTo BbINo NMOATBEPKAEHO MUKPOPeaKUMen HeTpanisaummn crneumhmuy4eckoin
aHTUCbIBOPOTKOM. OHKONMTNYecKas athdexTnBHOCTb RVP3 Bbina oleHeHa in vitro Ha LUMPOKOW NaHenn KNeTouHbix Kynstyp. RVP3 nameHun Tponmam, notepsis
CNOCOBHOCTL 3(QHEKTUBHO PEMIMLMPOBATECA B YCNIOBHO HOPMaSTbHBIX KNETOYHBIX MMHUAX SMOPUOHANBHBIX aCTPOLMTOB 1 SMOPUOHabHBIX (hrbpobnacTos,
COXPaHVB CMOCOBHOCTb 3HEKTUBHO PEMAMLIMPOBATECS B OMyXONEBbIX KeTKax.

KnioueBble cnoBa: OHKONMTUYECKAsA BUPOTEPANVS, MMOMa, BaKLUMHHbIN LUTAMM nonvosypyca

®duHaHcMpoBaHue: NpoekT Bbin nopaepxaH Poccuickrm HayydHbiM doHaom (Cornawerne Ne20-75-10157 ot 14 asrycta 2020 r. «/13y4eHne BOSMOXXHOCTEN
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Table. Oligonucleotide sequences used for RVP3 DNA amplification

Ne ID Sequence Melting temperature, °C
1 HRV30 IRES for tttatactccctcccttagaagttttacataaagaccaataggt 56
2 HRV30 IRES rev taagttaaggagtaaaacgcaattgctcattacgact 56
3 P3vect for ttttactccttaacttattgaaattgtttgaagac 57
4 P3vect rev gggagggagtataaaacaggcgta 57

Diffuse glioma (glioblastoma) is the most prevalent and
aggressive type of primary central nervous system malignancies
[1]. Relapses occur in almost 100% of the cases. Despite
all standard treatment approaches, the average survival is
12-18 months post-diagnosis, including surgical resection,
radiation, chemo- and targeted therapies [2]. Alternative
treatment approaches include viral treatment based on non-
pathogenic oncolytic strains. Such strains may show natural
tropism to tumor cells; besides, the antitumor properties can
be deliberately enhanced by modifying viral genomes. The
development of productive viral infection in a tumor activates
innate and adaptive antitumor response [3-5], facilitating the
elimination of tumor cells.

A recombinant oncolytic strain PVS-RIPO was developed
to treat glioblastoma [6]. Intratumor administration of PVS-
RIPO combined with chemotherapy and radiotherapy afforded
prolonged remissions (over three years) in 21% of the patients [7].

PVS-RIPO is an attenuated non-pathogenic oncolytic virus
created based on poliovirus type 1 Sabin vaccine strain, where
the internal ribosome entry site (IRES) is replaced with the
corresponding sequence of human rhinovirus type 2 (HRV2).
The antitumor efficacy of PVS-RIPO is due primarily to the natural
tropism of polioviruses to tumor cells, notably in tumors of the
nervous system. Polioviruses enter cells by binding the PVR/
CD155 cellular receptor, which is significantly overexpressed
in solid tumors and in the tumor microenvironment [7-9].
However, polioviruses may exhibit neurotoxicity when
administered systemically or intratumorally that is related with
their ability to infect normal neurons. Tropism of polioviruses is
not only determined by cell surface receptors and the structure
of the viral IRES, which mediates the interactions of viral RNA
with some tissue-specific cytoplasmic factors that modulate
translation initiation efficiency [10, 11]. For instance, cellular
factor DRBP76 can specifically bind the 3'-region of IRES in
the rhinovirus HRV2 RNA, thereby inhibiting its translation in
cells of neuronal origin [12]. The high tropism of polioviruses
to neurons can be partially explained by the low binding affinity
between DRBP76 and IRES. The oncolytic PVS-RIPO contains
chimeric 5" UTR combining the cloverleaf of polio- with IRES
of rhinovirus, limiting the infection to cells originating from glia
and some other tissues; most importantly, it spares neurons
[13]. Apart from brain tumors, PVS-RIPO is undergoing clinical

trials for unresectable melanomas [14], and many other
immunotherapy-sensitive tumors that may also respond to
the viral therapy. In the context of the increasing incidence of
malignant neoplasms, the development of oncolytic viral strains
becomes particularly urgent. The use of heterologous IRESes
allows deliberate customization of viral tropism depending on
the individual characteristics. At the same time, the expanded
arsenal of available oncolytic strains enables a personalized
selection of antitumor medications. Here we report a new
recombinant oncolytic virus derived from the poliovirus type 3
Sabin vaccine strain by replacing a large segment of polioviral
IRES with the corresponding sequence of human rhinovirus 30.

METHODS
Development of recombinant viral strain RVP3

The recombinant viral strain RVP3 was created based on
the poliovirus type 3 Sabin vaccine strain (PV3S). A puC18
plasmid construct containing PV3S genome sequence under
the control of T7 promoter was developed in the Laboratory of
Cell Proliferation at Engelhardt Institute of Molecular Biology.
The nucleotide sequence of the rhinovirus A30 (HRV30)
5'-noncoding region was accessed from the GenBank database
(Human rhinovirus 30 strain ATCC VR-1140, FJ445179.1). The
HRV30 genome fragment (nucleotides 108-521) was custom
synthesized by IDT DNA (USA). The plasmid encompassing the
final recombinant strain genome was obtained by ligase-free
cloning of two fragments generated by PCR with primers listed
in Table following a published protocol [15]. A scheme of the
product is given in Fig. 1.

To obtain the infectious genomic RNA, the plasmid
construct was transfected into HEK293T cells with a plasmid
expressing codon-optimized T7 polymerase as described
elsewhere [16]. At 36-48 h post-transfection, the medium was
harvested and used for infection of fresh HEK293T cells to
account for cytopathic foci and plaque formation.

Production of viral particles

The PV3S and RVP3 enteroviruses were produced in the RD
and HEK293T cells. The cells were plated 24 h before the

IRES HRV30

Cloverleaf structure
PV3S

i

99

108

521 691 ’ s

Fig. 1. A scheme of 5" UTR in RVP3. The chimeric region combines sequences of rhinovirus and poliovirus type 3
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infection at 70% confluence and MOI = 0.1. The cytopathic
effect developed at 24 h post-transfection. The harvested
medium was clarified from cell debris by centrifugation at
+4 °C, 2500 rpm for 15 min. The virus-containing supernatant
was stored in 0.5 mL aliquots at -80 °C.

Production of anti-PV3 sheep antiserum and
virus neutralization micro tests

The study used a six-month-old lamb of the Dorper breed. The
animal was obtained from the "Capri" breeding farm (Kaluga
region, Russia) and housed under standard farming conditions
with regular anthelmintic prophylaxis; the diet included hay,
compound feed, and vitamin supplements.

For immunization, 1 mL of virus-containing supernatant
(10° infectious units) was mixed with an equal volume of
complete Freund's adjuvant (DIFCO; USA). The mixture was
homogenized to a stable suspension and administered to the
animal intradermally (0.1 mL on both sides in the hind thigh
area) and intramuscularly (0.4 mL on both sides in the thigh
muscles). Further injections were carried out similarly, but the
virus was mixed with incomplete Freund's adjuvant (DIFCO;
USA) 4 times at 7-day intervals. During the experiment,
the lamb was housed separately from the herd. Seven days
after the fifth injection, the blood was collected in several 9 mL
vacuum tubes with coagulant — 40 mL from the jugular vein.
The animal was not subject to slaughter and joined the herd.
The collected blood was left for 4 h until the clot formation; the
serum was clarified by centrifugation at 5000 rpm for 15 min.
The serum was stored in aliquots at —70 °C.

Serotype of the new strain was verified by infectivity
neutralization micro test using specific sheep antiserum to
poliovirus type 3 in accordance with a published protocol [17].
The virus-containing supernatant was incubated for 2 hours
with antiserum in 23 consecutive dilutions (1:10,000, 1:7,500,
1:5,000, 1:4,000, 1:3500, 1:3000, 1:2500, 1:2000, 1:1500,
1:1000, 1:750, 1:500, 1:200, 1:100, 1:75, 1:50, 1:30, 1:20,
1:15, 1:10, 1:7, 1:5, and 1:1). Apart from PV3S and RVPS3,
we tested other non-pathogenic oncolytic strains: Coxsackie
B5 (CVB5, GenBank: MG642820.1), Coxsackie A7 (CVA7,
GenBank: JQ041367.1) and prototype strain echovirus 12
Travis (ECHO12T, GenBank: X79047.1).

Cell line sensitivity and viral replication
efficiency assays

To assess the sensitivity of cell lines to viral infections, the cells
were plated in 96-well plates to 40% confluence (4 x 10°to 4 x 10°
cells per well, depending on the culture). The next day, the cells
were infected with the virus in serum-free DMEM at a wide
multiplicity range (MOl = 0.001-100). After 1 h adsorption of
the virus, the medium was replaced with DMEM supplemented
with 1% fetal bovine serum (FBS). The viability was assessed
by MTT test at 72 h. TCID50 values were calculated for ease
of interpretation by the Reed-Muench method [18]. The
titrations were carried out in four technical parallels and three
independent biological replicates.

To assess the replication efficiency, the cells were plated in
12-well plates to 50% confluence and infected by incubation
with the virus (MOI = 0.1) in DMEM at 37 °C for 1 h. Then, the
cells were washed from the virus and placed in a fresh medium
with 0.5% FBS. The supernatants were harvested 48 h after
infection. Viral replication capacity was determined by titration
on HEK293T cells infected with serially diluted supernatants
(Reed-Muench method).
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RESULTS
RVP3 reconstitution and production in cell cultures

At 48 h after cotransfection of HEK293T cells with RVP3
genome-containing construct and codon-optimized T7
polymerase-expressing plasmid, accumulation of infectious
particles in the supernatant was determined by measuring
the cytopathic effect upon re-infection of fresh HEK293T
monolayers. The virus was subjected to over 15 adaptation
passages before its preparative production in HEK293T and
RD cell lines. The titers were determined by Reed-Muench
method; the results of the replication efficiency assay for RVP3
and PV3S are shown in Fig. 2. HEK293T cell line, which showed
higher replication efficiency, was chosen for subsequent virus
production.

RVP3 retains the serotype of poliovirus type 3

In virus neutralization micro tests, effective inactivation of
PV3S was achieved at 1:3000-1:2500 dilutions of anti-PV3
sheep antiserum, whereas cross-inactivation of enteroviruses
of another serotype (Coxsackie A7 and B5, and echovirus 12)
was effective in 1:10-1:7 dilutions only, which confirmed
high specificity of the serum. Effective inactivation of RVP3
was achieved at 1:2000-1:1500 dilutions of anti-PV3 sheep
antiserum, indicating the retention of poliovirus type 3 serotype
by RVP3 (Fig. 3).
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Fig. 2. Comparison of viral titers for enterovirus-sensitive cell cultures RD and
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Fig. 4. In vitro functional tests for RVP3 and PV3S. A. Cell line sensitivity to infection. B. Viral replication capacity

Comparison of in vitro cytolytic activity for RVP3 and PV3S

Comparative assessment of cytolytic effects for the new
RVP3 and the original PV3S viral strains involved the scope
of tumor and conditionally normal cell lines; the results are
shown in Fig. 4. The tumor cell lines included three model
glioblastoma cultures DBTRG-05 MG, A-172, and U-251
MG (ATCC; USA); six low-passage glioblastoma cell lines
PrGI1, PrGI2, PrGI3, PrGl4, PrGl5, and PrGl6 developed and
characterized in Laboratory of Cell Proliferation at Engelhardt
Institute of Molecular Biology [19]; three model neuroblastoma
cell lines SK-N-MC, Lan1, and IMR-32 purchased from
"Collection of vertebrate cell cultures" at the Institute of
Cytology RAS (Russia); and two tumor cell lines RD and
HOS from the collection of Laboratory of Cell Proliferation at
Engelhardt Institute of Molecular Biology. The conditionally
normal cells included human embryonic fibroblasts (HEF)
and normal embryonic astrocytes from the Laboratory of
Immunochemistry at Serbsky Research Center for Psychiatry
and Narcology (Russia); and peripheral blood mononuclear
cells (PBMC) from two patients.

Both viruses demonstrated high oncolytic activity against
the studied panel of cultures. The RVP3 replication efficiency
was significantly lower, with a profound decrease in HEF and
embryonic astrocytes.

DISCUSSION

The development of selective oncolytic viral strains showing
specific enhancement of replication efficiency in malignant
neoplasms with negligible damage to normal cells is pivotal for
the future of oncolytic viral strategies.

The differential tropism of enteroviruses toward cell type is
determined by differential expression of specific cell surface
proteins used as entry receptors and viral 5' UTR structure,
notably its internal ribosome entry site (IRES). The efficiency of
viral RNA translation largely depends on its binding with certain
cellular regulatory factors, the availability of which varies in
tissue- and tumor-specific manner. Accordingly, the same viral
strain may show high antitumor efficacy in one patient. Still, it
cannot replicate and kill tumor cells in another patient because
of the difference in expression profiles of receptors or translation
factors. Considering the considerable diversity of tumor cell
types, the oncolytic viral strategies must involve a personalized
selection of suitable therapeutic options from a large arsenal
of viral strains with different cell tropisms. IRES modification
provides an additional source of viral strain diversity and a tool for
studying the effects of individual structural elements on the target
cell specificity and replication efficiency of therapeutic viruses.

We constructed a recombinant variant based on the poliovirus
type 3 Sabin (PV3S) vaccine strain using this concept. Of the three
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available vaccine strains of polioviruses, PV3S showed the most
effective Iytic properties against primary glioblastoma cell lines. The
IRES of PV3S differs by only one nucleotide substitution from the
IRES of wild pathogenic PV3 Leon strain, from which it has been
derived by lengthy passaging in monkey cells [20]. For this reason,
PV3S is more susceptible to reversions causing vaccination-
associated poliomyelitis than PV1S [21]. Replacement of the 5'
regulatory region in PV3S with the corresponding sequence of
rhinovirus prevents the possibility of reversions and enhances the
safety of a candidate oncolytic construct.

Thanks to the global anti-polio vaccination campaign involving
the trivalent live poliovirus vaccine, almost the entire population of
the planet have lifelong immunity to polio. For PV3S, neutralization
with vaccine-derived antibodies in vaccinated individuals is less
effective compared with the other two variants of polioviruses [22],
which may endow it with higher anticancer efficacy.

Functional tests using a panel of tumor and conditionally
normal cell cultures (Fig. 4) revealed significantly altered cell
tropism of RVP3 compared with PV3S. Despite the similar
rates of RVP3 and PV3S replication in HOS osteosarcoma
cells, in other cultures replication of the recombinant virus was
2-4 orders less productive. The relative replication efficiency
changed accordingly: in cultures with top rates of PV3S
replication (e.g., PrGI6 and U251MG), RVP3 replication was
medium or low. We also observed no substantial differences
for neuroblastoma cell lines. Despite the reduced replication
efficiency of RVP3 in SK-N-MC, Lan1, and IMR-32 cells
compared with PV3S, the infection still occurred and killed
the cells. We can assume that neuroblastoma cells may have
specific IRES-interacting protein expression signatures different
from tumors and normal central nervous system neurons.

Moreover, the novel RVP3 strain revealed enhanced
selectivity toward malignant cells: its replication efficiency in
normal astrocytes and embryonic fibroblasts was, respectively,
three and four orders of magnitude lower compared with PV3S,
whereas its ability to replicate in peripheral blood mononuclear
leukocytes were minimal.
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Mitochondrial dysfunctions, which underlie many systemic diseases in animals and humans, may arise from accumulation of mutations in the mitochondrial genome.
PolG-alpha enzyme encoded by Polg gene is crucial for replication and repair of the mitochondrial genome. The aim of this study was to assess the possible role
of Polg mutations in mitochondrial dysfunctions using in vitro and in vivo animal models. The experiments involved transgenic mice with inducible expression of
Polg mutant variant; the methods included cell culture, real time PCR assay, fluorescence flow cytometry, and skeletal muscle functional tests. The results indicate
that mouse embryonic fibroblasts (MEFs) expressing Polg pathogenic mutant variant have decreased mitochondrial membrane potential and increased expression
of mitophagy markers compared with control cultures. Transgenic animals with systemic expression of the pathogenic variant develop mitochondrial dysfunction
which significantly affects muscular performance. In addition, systemic expression of mutated Polg in transgenic animals significantly inhibits expression of TCR
subunit « and CD3 coreceptor complex subunits § and ¢ in total splenocyte populations and significantly affects cellularity of the thymus without altering its
CD4/CD8 subpopulation ratio. Thus, inducible expression of mutated Polg in transgenic animals provides a relevant model for studying mitochondrial dysfunction
and its treatment in vitro and in vivo.
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MOZEIN MUTOXOHAPUANIbHOW OUC®YHKLWN C UHAYLUNPYEMOWN 9KCNPECCUEN MYTAHTHOIO

BAPUAHTA T'EHA POLG

M. B. KybeknHa'®=, A. A. Kanmnnna?, [1. C. KopyHosa', A. B. Bpytep’, tO. 0. Cunaesa’

" VIHcTuTyT 6ronorum reHa, Mocksa, Poccus

2 HaupoHanbHbIA MeaULMHCKUIN UCCNEA0BATENBCKUIN LIEHTP OHKOMorMn umenn H. H. BnoxmnHa, Mockea, Poccus

MuToxoHapUansHble ANCHYHKLMM OTBETCTBEHHDI 38 Pa3BUTVE OOMBLLOMO HYMCa NATONOMMA Pa3INYHBIX OPraHOB U X CUCTEM Y XKMBOTHBIX 1 YenoBeka. Hanbonee
HaCTO OHM Pa3BMBAKOTCS BCIEACTBME HAKOMEHNS MyTaLMIA B MUTOXOHAPUAIBHOM reHoMe. 3a penivkauyio 1 penapauiyiio MATOXOHOPWANbHOrO reHoMa OTBeHasT
NPOAYKT reHa Polg hepmeHT PolG-a. Lienbto AaHHo paboTbl 6bI10 OLEHUTL BAVISIHE SKCMPECCN MyTaHTHOIO reHa Polg Ha passuTiie MUTOXOHAPWAbHBLIX HAPYLLIEHWIA
B in vivo- v in vitro-mopensx. iccnenosaHvie NpoBOANAM Ha TPAHCTEHHbIX XXUBOTHBIX 1 MePBUYHbIX KynsTypax MEF ¢ npumerernem MNLP-PB, dntoopeclieHTHOro
OKpaLLMBaHVIst Ha MPOTOHHOM LIMTO(TyOPUMETPE, TECTOB Ha (hYHKLIMOHAIbHOE COCTOSIHNE MbILLIEHHON CUCTEMBI. [ToKa3aHo, YT B 9MOPUOHabHBIX (hbpobnacTax
TPaHCTEHHbBIX XMBOTHBIX C MHOYLMPYEMOI SKCMPECCUelrt MyTaHTHOM hopMbl reHa Polg, CO3AaHHBIX HaMK paHee, HabMIOAAIOTCS CHIPKEHNE MUTOXOHAPWANBHOMO
noTeHumana v yBenmyeHe ypoBHS SKCIPECCUN MAPKEPOB MUTO(Arnn no CPaBHEHMIO C KOHTPOMbHbIMM 3MOPHOHabHbIMK rbpobnactamu. Kpome Toro, B
K/eTKax opraHn3ma TUX XXUBOTHbIX Pa3BYBAETCH MUTOXOHAPUANbHAsS ANCHYHKLMS, MPUBOASLLAS K CHPKEHWIO NOKa3aTenein BbIHOCMBOCTM XXUBOTHBIX 1 CUMbI
XBaTa, CHKEHNIO aKcrpeccun cybbeduHuL, € 1 8 komnnekca CD3 1 a-uenu T-KNeTo4Horo peLentopa B TOTabHOM NOMyNsLMN CNIEHOLMTOB MO CPaBHEHMO C
>KMBOTHBIMW AMKOMO TUMa. SKCIPECCHs MyTaHTHOM hOpMbl reHa Polg MPUBOANT K CHIDKEHUIO KNETOYHOCTY TUMYyCa TPaHCTEHHbIX XKMBOTHbIX, OOHAKO HE MEHAET
€ero cyononynsUMoHHbI cocTaB. TakM 06pa3oM, TPAHCTEHHbIE XXVBOTHbIE C UHAYLMPYEMO 3KCMPECCUen MyTaHTHOM (hopMbl POIg MOTYT CRY>XXUTb PENeBaHTHOM
MOLENbIO AN M3YHeHNs MpoLiecca pasBUTVIS MUTOXOHAPUAbHOM ANCHYHKLMM 1 pa3paboTku TepaneBTUHeCKX MOAXOLOB in Vitro v in vivo.

KnioueBble cnoBa: MUTOXOHAPUANbHaA ANCHYHKLMS, hepmeHT PolG-a, TPaHCreHHbIe KMBOTHbIE, MUTOXOHAPWABbHBIN MeEMOPaHHbIA NoTeHuman, mutodarus
®durHaHCcUpoBaHue: 1ccnefoBaHne BbINoHEHO Npy (PrHaHCoBOM noaaepkke PODV B pamkax Hay4Horo npoekta 19-34-90073.
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Mitochondrial dysfunctions constitute a diverse group of
pathological conditions, including hereditary ones; their
diagnosis is complicated by variable age at manifestation and
diverse symptomatics [1]. Many mitochondrial dysfunctions
have been associated with mutations in mitochondrial DNA
(MtDNA) [2]. Increased rates of mitochondrial mutagenesis
may reflect abnormal functioning of the nuclear Polg gene
responsible for mtDNA replication and repair [3]. For instance,
Polg D257A genetic variant promotes accumulation of random
mutations in the mitochondrial genome [4]. In fact, mitochondrial
genome is generally more vulnerable than nuclear genome
due to its lack of histones, authentic repair mechanisms,
and increased exposure to reactive oxygen species released
as by-products of aerobic respiration [5], which explains the
existence of specific cellular mechanisms for the maintenance
of mitochondrial genome stability. One of such mechanisms is
mitophagy [6] — a type of autophagy that ensures elimination
of dysfunctional mitochondria [7].

Studies on the development of mitochondrial dysfunctions
and associated pathologies require appropriate models. One
of the simplest in vivo modeling strategies involves creation
of transgenic animals expressing a pathogenic mutant form
of Polg causing disruption of mtDNA repair processes and
accumulation of mitochondrial mutations. A universal model
comprising genetically modified mice with inducible tissue-
specific and systemic expression of the Polg D257A variant
has been created to study the onset and development of
mitochondrial dysfunction in various organs and tissues [8]. The
design is extremely convenient, as the pathogenic mutant allele
is silent unless capacitated by crossing with another transgenic
line carrying activator elements, which prevents spontaneous
development of the phenotype and vertical transmission of
defective mitochondria.

This study aimed to evaluate the possibility of using
transgenic cultures of mouse embryonic fibroblasts (MEFs)
derived from Polg*Cre-CMV (Polg*B6.C-Tg(CMV-cre)1Cgn/
J mice [https://www.jax.org/strain/006054], subsequently
referred to as Polg*Cre-CMV MEFs, as in vitro model of
mitochondrial dysfunction caused by accumulation of
mutations in mitochondrial genome promoted by expression
of the mutant Polg gene. Additional goals were to evaluate the
effect of systemic expression of the transgene on muscular
system and various pools of T cells.

METHODS

MEF primary cultures were derived from E13.5 embryos
produced by crossing Polg females with Cre-CMVs males in
accordance with the published protocol [9]. All cultures used
in the experiment were genotyped by PCR with primer pairs
P1/P2 (STOP-cassette, 292 bp), P3/P4 (terminator, 417 bp),
P5/P6 (internal control, 324 bp), and P7/P8 (CMV 100 bp); the
oligonucleotide structures are listed in Table.

The embryonic fibroblasts were cultured for 5 weeks
(10 passages). The culture medium contained 450 mL DMEM
with L-glutamine (PanEco; Russia) supplemented with 50 mL
fetal calf serum (BioSera; France), penicillin-streptomycin (100X
lyophilized by PanEco; Russia), and MEM non-essential amino
acids (100X solution by PanEco; Russia). The mitochondrial
functionalities and mitophagy levels in the studied MEF cultures
were determined by serial measurements of the mitochondrial
membrane potentials by fluorescence flow cytometry assay
with MitoTracker Orange (Thermo Fisher Scientific; USA) and
real-time PCR measurements of mitophagy marker expression
levels at 7 day intervals. To measure the mitochondrial

membrane potentials, the cells (10° per culture) were washed
from medium in PBS (Paneco; Russia) and incubated with
100 nM MitoTracker Orange (excitation/emission = 550/580 nm)
at 37 °C for 30 min, then washed from reagents, pelleted by
centrifugation at 300 g for 5 min, resuspended in fresh PBS,
and analyzed in a CytoFLEX flow cytometer (Beckman Coulter;
USA). The results were plotted in histograms with normalization
by the number of events.

Expression levels of mutated Polg in MEF cultures were
determined by real time PCR assay with gPCRmix-HS (Evrogen;
Russia) and primers P9/P10, using fluorescent probes P11
and P12 for the detection of wild-type and mutant variants,
respectively.

During the culture period, fractions of cells (about 2 x 10°
per culture) were collected weekly for RNA extraction with
ExtractRNA reagent (Evrogen; Russia), reverse transcription
with  MMLV RT kit (Evrogen; Russia), and subsequent
mitophagy gene expression assay with gPCRmix-HS SYBR
kit (Evrogen; Russia) and gene-specific primers. The panel
of mitophagy markers included Map1ic3a, Lamp2, Pink1,
Parkin, and Nix [10]. The real-time PCR assay used gene-
specific primers to a reference gene Hprt (P13/P14) and

Table. The list of primer sequences used in the study

Primer ID Sequence 5— to 3’
P1 GTTAGATCTGCTGCCACCGT
P2 AGGTGGCAAGTGGTATTCCG
P3 GCGAGTCCATGTCACTCAGG
P4 GTGTTGCCCTTTGGAGCTTG
P5 CTAGGCCACAGAATTGAAAGATCT
P6 GTAGGTGGAAATTCTAGCATCATCC
P7 GCGGTCTGGCAGTAAAAACTATC
P8 GTGAAACAGCATTGCTGTCACTT
P9 CGGCTGACCTAATCCCTTTGG
P10 ATCGAGAAAACGCATCCGGG
P11 FAM-TGTTTCCTTTGACCGAGCCCATATC-BHQ1
P12 ROX-TGTTTCCTTTGCTCGAGCCCATATC-BHQ2
P13 GCAGTACAGCCCCAAAATGG
P14 GGTCCTTTTCACCAGCAAGCT
P15 CGACCGGCCTTTCAAGCA
P16 CACCCTTGTAGCGCTCGAT
P17 GTGCTTTCTGTGTCTAGAGCGT
P18 GGGCACAAGGAAGTTGTCTTCA
P19 GTGGGACTCAGATGGCTGTC
P20 CGCTCTACACTGGAGCTGTT
P21 AGTGGTTGCTAAGCGACAGG
P22 TGACTTCTCCTCCGTGGTCT
P23 GTGGCGATTTCACATGCAGC
P24 TGAGGTCTGACTGACCCTGG
P25 CAGGACATGAGACCGGAAGG
P26 TTCCCTCCAAGACGGCTGTA
P27 CCTCCTAGCTGTTGGCACTT
P28 ACTGTCTAGAGGGCACGTCA
P29 AGACAAGCTTCACCTGCCAA
P30 AGGAGGATTCGGAGTCCCATA
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Fig. 1. Genotyping bands and group-wise histograms of Polg mutant variant expression and mitochondrial membrane potential in MEF cultures. A. Genotyping for
STOP-cassette (292 bp) and terminator (417 bp). B. Genotyping for CMV (100 bp) and internal control (324 bp). C. Expression of the mutant variant in Polg“Cre-CMV,
Polg, CMV-Cre, and wild-type (WT) MEF cultures. Expression of the mutant variant in Polg*Cre-CMV cultures was used as a basis (=1.0) to calculate expression levels
for other genotypes, and the Polg, CMV-Cre, and WT levels were averaged. D. Serial measurements of the mitochondrial membrane potential in MEF cultures over
5 weeks of culturing. The measurements for Polg, CMV-Cre, and WT control cultures were averaged and used as a basis (=1.0) to calculate the mitochondrial

membrane potential for Polg*Cre-CMV cultures. * — significant differences

the mitophagy-related genes of interest: Map1ic3a (P15/P16),
Lamp2 (P17/P18), Pink1 (P19/P20), Parkin (P21/P22), and Nix
(P23/P24) (see Table for the structures). All manipulations with
cell lysates, RNA, and cDNA were carried out in accordance
with manufacturer’s protocols (Evrogen; Russia). Relative gene
expression levels for mitophagy markers at different time points
were determined by 24¢t method, with Ct (cycle threshold)
corresponding to the reaction cycle number when the
fluorescence crossed the threshold level; ACt = Ct(reference
gene, Hprt) — Ct(gene of interest). Expression of a given gene
of interest in control cells at a given time point was taken as
a basis (= 1.0) for calculating relative expression levels in the
Polg*Cre-CMV cultures [11].

We also evaluated the effects of systemic expression of
the mutant Polg transgene on muscular functionalities. The
experiments involved Polg*Cre-CMV transgenic line of (CBA
X C57BL/6) hybrid mice developed by us previously [8] and
wild-type (CBA X C57BL/6) hybrid mice purchased from the
“Stolbovaya” breeding facilities. Only female mice, aged
3 months, were used in the experiments. The animals, weighting
19.9 + 2.2 g (Polg*Cre-CMV) and 22.7 + 2.5 g (wild-type), were
housed at the Institute of Gene Biology animal facilities with ad
libitum access to food and water, 12/12 light cycle, 23 + 1 °C air
temperature, and 42 + 5% humidity. Each group of the study
(5 animals) was subject to “grip strength” and “wire hang” tests.
The wire hang test was carried out as described in [12] with
modifications (the total time for 10 attempts was limited to 300 s).
The grip strength test was carried out as described in [13] with
modifications (a grid was used instead of a bar). All animals
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were sacrificed by cervical dislocation; the spleens and the
thymuses were dissected for subsequent examination.

Functional state of the immune system was assessed
indirectly by measuring gene expression levels for T cell receptor
(TCR) subunit a and CD3 coreceptor complex subunits § and €
in total splenocytes of Polg*Cre-CMV mice and matched wild-
type controls. We also analyzed representation of CD4/CD8
double-negative, double-positive, and single-positive cell
populations of the thymus along with its absolute cellularity. The
mice were sacrificed by cervical dislocation; the abdominal wall
was cut open with scissors; the spleen and the thymus were
carefully dissected and thoroughly homogenized. The splenic
cells were lyzed for RNA extraction and reverse transcription
PCR assay using the reagents and protocols listed in the
previous paragraphs. The real-time PCR assay used gene-
specific primers to the reference gene Hprt (P13/P14) and
lymphocyte markers Cd36 (/P26), Ca3e (P27/P28), and Tcr-a
(P29/P30) (see Table for the structures). Relative expression
levels were calculated by 22 method described in the previous
paragraphs. Single-cell suspensions of thymus cells were
analyzed by flow cytometry as described elsewhere [14]. The
thymus cells were counted in a Goryaev chamber.

Statistical processing of the data was carried out in Excel
(Microsoft; USA) and Statistica (Statsoft; Russia) program
packages. The normality of distributions was tested with
Shapiro-Wilk test. The samples were characterized using
nonparametric one-way two-sample analysis and Mann—
Whitney U-test for between-the group comparisons. The
differences were considered significant at p < 0.05.
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Fig. 2. Expression of mitophagy markers Pink1 (A), Parkin (B), Map1ic3a (C), Nix (D), and Lamp2 (E) in MEFs over 5 weeks of culturing

RESULTS

All obtained MEF cultures were genotyped; the results are
shown in Figs. 1A, B. In Polg*Cre-CMV double transgenes, the
STOP cassette is excised due to systemic activation of Cre
recombinase, leaving the embryos STOP cassette-negative and
internal control-, terminator-, and CMV-positive. The individual
MEF cultures derived from different embryos were distributed
into groups based on genotype: eight Polg*Cre-CMV cultures
constituted the main group; the rest (three Polg, three Cre-
CMV, and four wild-type) were assigned to the control group.

Expression levels of the Polg mutant variant were measured
in all cultures (Fig. 1C). The mutant variant was strongly
expressed in cultures genotyped as Polg*Cre-CMV (main
group) and none of the controls. The observed differences were
significant (p < 0.05).

Dynamics of the mitochondrial membrane potential in MEF
cultures are shown in Fig. 1D. The mitochondrial membrane
potential of Polg*Cre-CMV MEFs was significantly reduced
starting from week 3 of culturing compared with the controls
(p <0.05).

Comparison of expression profiles for the panel of
mitophagy markers revealed significant between-the-group
differences (Figs. 2A-E):

1. Expression of Pink1/Parkin genes, the well-known
markers of mitophagy, gradually increased over time (Figs. 2A, B),
consistently with the presumed increase in the number of
dysfunctional mitochondria [15].

2. Accumulation of random mutations in the mitochondrial
genome promotes a decrease in oxidative phosphorylation,
which mimics hypoxia, with a concomitant increase in Nix
expression [16]. The sharp increase in Nix expression recorded
during week 3 of culturing was probably induced by critically

accumulated intermediates of the disrupted energy-dependent
processes (Fig. 2C). In mitophagy, the Maplic3a gene
expression product binds Nix protein anchored in the outer
mitochondrial membrane, thus tethering it to autophagosome.
This protein is also known to initiate the autophagy [17],
which explains the sharp positive dynamics of Map1ic3a
expression during week 2 and its subsequent correlation with
Nix expression levels (Fig. 2D). This does not explain, however,
the observed decrease of Nix and MapTllc3a expression in
transgenic MEFs during weeks 4 and 5 of culturing. Apparently,
the decrease reflects the stalled elimination of the mitochondrial
ballast (progressively dysfunctional) due to physiological stress
and the loss of viability.

3. Lamp2 protein is a structural component of the lysosomal
membrane [18]. Expression of the corresponding Lamp2
gene in Polg*Cre-CMV cultures exceeded its expression
in control cultures 2-fold on the first week of culturing and
stayed elevated, apparently reflecting the increased number of
lysosomes required for efficient autophagy (Fig. 2E).

To study the impact of mitochondrial dysfunction
on muscular functionalities in Polg*Cre-CMV transgenic
animals, we tested muscular endurance and grip strength
in Polg*Cre-CMV transgenic mice compared with wild-type
controls. The results of wire hang test are shown in Fig. 3A.
Wild-type mice held on the wire throughout the experiment
with a maximum loss of 4 points, while Polg*Cre-CMV mice
performed significantly worse: the animals quitted the task in
199 s on average. In grip strength tests, Polg*Cre-CMV mice
also performed significantly worse than wild-type controls
(o < 0.05) (Fig. 3B).

To assess the influence of activated transgene on peripheral
pools of T cells, we studied expression of genes encoding ¢
and § subunits of CD3 complex and a chain of TCR in total
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splenocytes of Polg*Cre-CMV animals compared with wild-type
controls. The levels of Cd3e, Cd38, and Tcr-a expression
in lymphocytes of Polg*Cre-CMV mice were significantly
reduced compared with wild-type controls (o < 0.05) (Fig. 4).
The fluorescence flow cytometry of single-cell suspensions
of viable thymus cells revealed no shifts in CD4/CD8 double-
negative, double-positive, and single-positive subpopulation
ratio (Figs. 5A, B); however, the absolute cellularity of the
thymus in Polg“Cre-CMV mice was significantly lower (o < 0.05)
(Fig. 5C).

DISCUSSION

Development of mitochondrial dysfunction through
accumulation of mutations in the mitochondrial genome
affects almost all organs and tissues. The alterations caused
by mitochondrial mutations begin in embryogenesis. Our
experiments indicate that primary cultures of embryonic
fibroblasts  with  Polg*Cre-CMV  genotype  develop
mitochondrial dysfunction in the course of 3 weeks. This
effect entirely results from expression of the pathogenic
mutant variant, given its absence in control cultures. Thus,
embryonic fibroblast cultures derived from Polg*Cre-CMV
transgenic mice represent a convenient in vitro model for
studying mitochondrial dysfunction caused by accumulation
of harmful mutations in the mitochondrial genome.

High mitochondrial efficiency is essential for normal
functioning of tissues and organ systems, notably the immune
system and the muscles [19, 20]. Our experiments demonstrate
a considerable negative impact of pathogenic mutations in
Polg on the functional state of muscular apparatus, revealed
by decreased muscle endurance and grip strength in animals
with systemic expression of the Polg*Cre-CMV transgene
compared with wild-type controls. The transgene also had a
negative effect on the immune system: decreased expression
levels of § and € subunits of CD3 complex and a chain of T cell
receptor in splenocytes indirectly indicate reduced functionality
of peripheral T cells in Polg*Cre-CMV transgenic animals.
Examination of the thymus in transgene-positive animals
revealed accelerated involution of this organ with preservation
of its main function. These findings are consistent with the
reported association of mitochondrial mutagenesis with
progeroid phenotypes [4]. Overall, the results justify the use of
Polg“Cre-CMV transgenic animals with inducible expression of
mutated Polg as a relevant model for studying mitochondrial
dysfunction and its consequences.
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Fig. 3. Results of muscular endurance tests for Polg*Cre-CMV mice (dark-gray)
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CONCLUSIONS

Expression of the mutated Polg gene promotes an increase in
mitophagy and a concomitant decrease in the mitochondrial
membrane potential in cultured mouse embryonic fibroblasts,
as revealed by a series of experiments involving Polg*Cre-
CMV transgenic animals. The wire hang and grip strength
functional tests revealed significantly reduced muscular
endurance in Polg*Cre-CMV mice compared with wild-type
controls. Expression of the mutant Polg gene also affects
immune functionalities, as indicated by reduced TCR/CD3
gene expression in peripheral lymphocytes of Polg*Cre-CMV
mice. Systemic expression of the transgene affects cellularity
of the thymus, albeit not its CD4/CD8 subpopulation ratio. The
obtained results are convincing; however, it would be interesting
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Fig. 4. Decreased expression of Cd3e, Ca368, and Ter-a in mixed splenocytes of Polg*Cre-CMV mice compared with wild-type controls. * — significant differences
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to study effects of the mutant Polg gene in other organs and
systems. The dedicated in vitro and in vivo models are needed
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FOOTPRINTS OF INTERACTION AMONG FINNIC-SPEAKING, SLAVIC, AND TURKIC-SPEAKING
POPULATIONS IN MODERN GENE POOL AND THEIR REFLECTION IN PHARMACOGENETICS
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Genetic contribution of pre-Slavic populations to gene pools of modern Russia is increasingly relevant, along with genetic footprints of the Golden Horde invasion.
The novel genome-wide approaches enable advanced solutions in this field. The study aimed at searching for the footprints of genetic interaction among Finnic-
speaking, Slavic and Turkic-speaking populations of Central Russia and Volga Region and their reflection in pharmacogenetic landscape. Modeling ancestral
components by ADMIXTURE software and their mapping involved genome-wide genotyping data for 248 individual genomes representing 47 populations of 9 ethnic
groups. Of specific ancestral components identified in each of the Finnic-speaking peoples, only Mordovian ancestral components are common for all populations
within the studied geographic area, regardless of their linguistic affiliation. Gene pools of Russian populations include 80% of intrinsic component, 19% contribution
from Finnic-speaking peoples, and 1% of Central Asian influence. The Tatar gene pool combines all identified ancestral components, including 81% contribution
from Finnic-speaking peoples and only 12% of Central Asian influence, which prevents using it as a reference for the assessment of Golden Horde footprints in
Russian gene pools. A map of genetic distances from Ryazan Russians based on a panel of 42 pharmacogenetic markers reveals a landscape strikingly independent
from the selectively neutral ancestral genomic patterns. For instance, populations of Mordovia, Kaluga, Smolensk, and Kostroma regions are the closest to Ryazan
Russians in pharmacogenetic status, whereas populations of Ryazan and Nizhny Novgorod regions have strikingly divergent pharmacogenetic status despite the
similarity of the selectively neutral ancestral genomic patterns. These findings confirm the relevance of targeted pharmacogenetic characterization for gene pools
of Russia.
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CNEQbl BSAUMOAENCTBUSA ®UHHOA3LIYHOIMO, CNIABAHCKOIO U THOPKOA3bIYHOIO HACEJIEHUA
B COBPEMEHHOM rEHO®OHAE N X OTPAXKEHUE B ®APMAKOIEHETUKE
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AKTyansHOCTb NPOBNEMbI FEHETUHECKOTO BK1aAA AOCNABSAHCKOrO HaCeNeHNst B reHOOHA, PYCCKYIX MOMyNsALMIA U FeHETUHECKOrO Crefa BTOPXXEHUS 30/10ToM opbl
CO BPeMeHeM MMiLLb BO3pacTaeT. BkutodeHme B apceHasn MOMHOreHOMHbIX AaHHbIX O LLIMPOKOM Kpyre MOnysIsLiA MO3BOSSIET UCKaThb Hanbosiee KOPPEKTHbIE PeLLIEHNS
aTor Npobnembl. Llensto paboTbl Obin MOUCK CNeAoB B3aUMOLENCTBUS reHO(POHAO0B (DMHHOASBIMHBIX, CNAaBAHCKNX M TIOPKOA3bIHYHbIX HApoaoB LieHTpansHowm
Poccum n IMoBomKbS 1 X OTpadkeHWs B hapMakoreHeTU4eCKOM nanawadre no gaHHbIM 0 248 reHomax nNpeacTtasmTenein 47 nonynaumin 9 STHOCOB C MOMOLLBO
MOLENMPOBaHNs 1 KapTorpadrpoBaHns MpeaKoBbix KoMnoHeHT ADMIXTURE. BbisiBneHb! cneumuyHbie KOMMOHEHTbI A1 K&XKAOTO 13 (PUHHOASBIYHBIX HAPOAOB,
HO N1LLIb NMPEAKOBbIE KOMMOHEHTbI MOPABbI PACMPOCTPAaHEHbI BO BCEX MOMYSALMAX PEroHa He3aBMUCKMO OT WX A3bIKOBOW MPUHALNEXHOCTU. [eHO(OHOb! PYCCKMX
nonynaLwmin BktodatoT 80% CoBCTBEHHOM KOMMOHEHTbI, 19% BkNafa UHHOA3bIMHBIX HAPOAOB, 1% LIeHTPaIbHOa3MaTCKOro BAMsSHUS. [eHohoHA TaTap ABnseTcs
KOMOVHaLMEN BCEX BbISIBNEHHbBIX MPEOKOBbIX KOMMOHEHT, BKtodasd 81% Bkiaga UHHOASbIYHBIX HAPOAOB M MNb 12% LIeHTpanbHOa3naTcKoro BkIaaa, |YTo
3aTpyaHSAET OLIEHKY UX BINSHNA HA PYCCKMIA reHOhoHA,. KapTa reHeTUHeCKINX PacCTOAHM OT PyCCKMX PsidgaHckomn o6nacti no naHeny 42 hapMakoreHeTnHecKnx
MapKepOB BbisiBUMNA NaHALWAMT, PE3KO OTINYHBIN OT CENEKTUBHO-HENTPasbHOro NaHAadTa NPeaKoBbIX KOMNOHEHT. Havbonee 653k no hapmMakoreHeTUHECKOMY
CTaTycy K PS3aHCKUM pycckum nonynsumm Moppaosum, Kany»kekoin, CmoneHckol 1 KocTpoMckor obnacTein. Cxoxmne No CeneKTMBHO-HeNTPabHbIM reHoMam
PSA3AHCKME 1 HXKErOPOACKME MONYNALMN PE3KO Pas3nndaroTCs Nno hapMakoreHeTNHeCKOMy CTaTycy. OTO MOATBEPKAAET HEOOXOAVMOCTb MPULLENBHO NCCNeoBaTh
hapmMakoreHeTU4ecKe 0COBEHHOCTY Nonynsumin Poccun.
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Genetic history of the Russian people involves contributions
from pre-Slavic populations and genetic footprints of the
Golden Horde invasion. Gene pools of modern Russians
are thought to result from interactions of three ethnic layers:
pre-Slavic (Finnic-speaking), Slavic, and Golden Horde (Turkic-
speaking). In the perspective of population genetics, these
interactions have diverse projections including Y-chromosome
phylogeography, selectively neutral ancestral components of
autosomal genomes, and selectively relevant pharmacogenetic
landscapes of DNA markers that determine drug sensitivity.
However, the degree of interaction significantly varies within the
indigenous geographical range of Russians [1]. For informative
analysis, it is reasonable to focus on a nodal territory with the
highest possible degree of interpenetration of the three genetic
influences [2]. An excellent candidate territory for this role is the
Volga-Oka interfluve in general and Ryazan region in particular.

In the second half of the 1st millennium AD, Slavic
tribes started to penetrate into these lands, inhabited by
Finnic-speaking and partly Baltic tribes, and the vectors of
their migration were diverse. According to existing evidence,
Slavic tribes initially arriving from southwestern territories were
subsequently joined by Slavs from the northwest of Eastern
Europe at the beginning of the 2nd millennium [1, 3-6]. In the
early 11th century, the Murom principality was established,
incorporating Ryazan lands [4, 7]. In the mid 12th century, the
Murom principality splits into two, with capitals in Murom and
Staraya Ryazan. In 1237, the Ryazan principality becomes the
first casualty of the Mongol invasion led by Batu; since then,
raids and devastation of Ryazan lands continue for over 350
years. In 1521, the Ryazan principality experiencing critical
loss of its territories ultimately comes under control of Moscow
sovereigns, but, even with subordination to Moscow, the ruin
of Ryazan lands by Tatar raids continues until 1594. Taking into
account the early military encounters of Ryazan people with the
neighboring Volga Bulgaria (Ryazan campaigns against them
in 1172 and 1183 are documented), the interaction of Ryazan
people with the Turkic world, located at its borders, can be
dated to the 12th century or earlier. In addition, the Ryazan
region was, in a sense, an outpost that bordered on the Wild
Field (rus. Dikoe Pole; the vast steppes sparsely populated by
nomadic groups). It is reasonable therefore to view the Ryazan
region as the major hub of interpenetration between gene pools
of Slavic and Turkic-speaking populations, with corresponding
genetic footprints in its modern Russian populations. The
interaction between Slavic and Finnic-speaking tribes has an
even longer history. Overall, the “nodal” territory of the Volga-
Oka interfluve and Ryazan lands provides arguably the best
model for studying genetic footprints of Finnic-speaking, Slavic,
and Turkic-speaking tribes and peoples.

The modern methods of DNA analysis allow reconstruction
of ancient genomes from excavated human remains [8-14].
However, the number of ancient genomes suitable for analysis
is limited, especially for populations that practiced, like the
Slavs, cremation of the dead. An alternative important source
of information on population history is provided by modern
genomes subject to genome-wide genotyping or sequencing
[15-19]. The most appropriate bioinformatics handling for
such data is provided by the autosomal genome ancestral
component modeling tool ADMIXTURE [20].

Genetic interactions among peoples of Indo-European,
Uralic, and Altaic language families have been considered in
a number of studies applying genome-wide analysis to the
modern gene pool of Northern Eurasia [21-26]. For instance,
a genome-wide panel-assisted reconstruction of gene pools
for Balto-Slavic populations [21] reveals the genetic proximity
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of the Balts (Lithuanians, Latvians) to the Volga group of Finno-
Ugric peoples and especially to Mordovians. The Slavs, both
Eastern and Western, absorbed the local pre-Slavic Eastern
European genetic substratum. A genome-wide study of
modern ethnic groups populating the East European Plain
[22] reveals the “East Asian” ancestral component contributing
20% to gene pool of Bashkirs and 5% to gene pools of
Chuvashs and Volga Tatars. Another genome-wide study
identifies a specific ancestral component shared by peoples of
the Uralic language family, including Finnic-speaking Karelians,
Mordovians, Mari, and Udmurts, and defining the degree of
their genetic relationship [23]. A genome-wide genetic study
of North Eurasian populations reveals three clines stretching
from west to east [24]. Subsequent analysis shows that gene
pools of Turkic-speaking and Uralic-speaking populations
in Povolzhye are highly similar, although the Uralic-speaking
populations genetically gravitate towards Trans-Ural Ugrians.
Comparison of autosomal genome data between Novgorod
region and a wide range of populations in the European part of
Russia and the Urals produced a hypothesis on considerable
preservation of the local pre-Slavic population legacy in gene
pools of the Novgorod region, which turned out to be closer
to the eastern Finnic-speaking groups (Volga and Perm) than
to the western (Baltic) [25]. Another important line of evidence
is provided by pharmacogenetic studies, which enable creation
of cartographic atlases of subcontinents, but consider local
variants as well. For instance, Besermyans and Udmurts
are pharmacogenetically close to indigenous populations of
Volga Region, Urals, and Southern Urals, but distant from
inhabitants of more remote regions [26].

This study aimed at modeling of ancestral components
in order to reveal genetic footprints of interactions among
Finnic-speaking, Slavic and Turkic-speaking ethnic groups
in the autosomal gene pool of modern Russian populations
inhabiting the nodal region of the Volga-Oka interfluve. The
second, more applied, goal of this study was to create
maps of pharmacogenetic DNA markers and contemplate
pharmacogenetic landscape of the studied geographic area.

METHODS

Methodological and bioinformatics aspects of the analysis
of autosomal gene pools using genome-wide panels have
been described in detail previously [27]. The genotyping for a
genome-wide panel of 4.5 million SNP markers was performed
using Infinium OmniExome BeadChip Kit (lllumina; USA) with
an iScan system (lllumina; USA). Primary analysis and quality
assessment of the data was carried out in the GenomeStudio
v2011.1 software at a CallRate of at least 0.99.

The population genetic analysis for small panels of
autosomal markers requires samples of at least 50 individuals.
By contrast, genome-wide panels comprising millions of DNA
markers afford a reliable output on much smaller samples
of 5-10 individuals. Since the reduced sample size implies
ultimate tightening of the sampling criteria, we emphasize that
all genomes included in this study were selected in accordance
with internationally recognized criteria [28]. In particular,
genealogies of all participants, traced at least three generations
backward, proved their origin from a given population and
identification with a given ethnic group.

The “nodal” Ryazan region was represented by
20 genomes from 4 ethnic Russian populations (Mikhailovsky,
Spassky, Sapozhkovsky, and Saraevsky districts), with Russian
populations in Tver, Kostroma, Smolensk, Kaluga, Oryol,
Tambov, and Nizhny Novgorod regions included for comparison.
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Fig. 1. Contributions of the ancestral components identified by ADMIXTURE at k =
component is indicated by specific color; each vertical line represents individual
demarcated by white lines; the raw data are given in the table

The Finnic-speaking populations of the Volga-Ural region were
represented by Mordovians (Erzya, Moksha, Shoksha), Mari,
and Udmurts, whereas southern Karelians were included as
the most geographically close representative of the western
branch of the Finnic-speaking peoples. The Turkic-speaking
populations of Volga Region and Ural were represented by
Kazan Tatars and Chuvashs, with Astrakhan and Stavropol
Nogais included for comparison. Identification of genetic
footprints of Mongolic-speaking peoples involved genome-
wide data for six tribal groups of Kalmyks.

The analysis of ancestral components was carried out
using the ADMIXTURE bioinformatics tool for 248 individual
genomes representing 47 populations of 9 ethnic groups
(Table), including 104 genomes from Russian populations,
81 genomes from four Finnic-speaking peoples, 47 genomes
from three Turkic-speaking peoples, and 16 genomes of
Mongolic-speaking Kalmyks. The ADMIXTURE tool affords
quantitative assessment for the contributions of different
ancestral components to each individual genome [20, 29]. The
ancestral components are modeled for the same uploaded
set of genomes, with each level of modeling carried out
independently. The number of ancestral components k is the
only parameter specified by the user. At k = 2, contributions of
two ancestral components are modeled for each genome; at
k = 3, the tool presents the same genomes with three ancestral
components; at k = 20, the tool reconstructs contributions of
twenty ancestral components for the same set of genomes,
etc.; as the k increases, the patterns become increasingly
elaborated. The contribution of particular ancestral component
to a gene pool is estimated by averaging its contributions to
individual genomes.

A series of pharmacogenetic maps were built to assess the
interactions among Finnic-speaking, Slavic, and Turkic-speaking
ethnic groups in pharmacogenetic perspective and estimate
their impact on the modern pharmacogenetic landscape.
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3, k=7, and k = 8 to individual genomes in the studied populations. Each ancestral
genome with a palette of ancestral component contributions; the populations are

The mapping employed data on 42 key pharmacogenetic
markers (the absorption, distribution, metabolism, and
excretion (ADME) genes; pharmacological target-encoding
genes; and hemostasis system genes) derived from the same
genome-wide genotyping datasets previously used in the
ADMIXTURE processing [26]. The incidence matrix for the
studied 42 pharmacogenetic DNA markers comprised data for
16 pooled populations (to increase sample size). Calculation of
Nei's genetic distances (d) based on this matrix produced 42
partial maps showing the extent of pharmacogenetic similarity
between Ryazan and other regions for each of the studied
markers. The averaging of partial maps produced the map of
average pharmacogenetic distances from Ryazan, reflecting its
pharmacogenetic status with regard to other subjects within
the studied geographic area.

All maps of pharmacogenetic landscapes and ancestral
components were built using the original GeneGeo mapping
package [30] using the weighted average interpolation method
with an influence radius of 400 km and a weight function value
of 3. The genogeographic technology has been described in
detail elsewhere [2, 31].

RESULTS

Modeling of ancestral components for the studied scope of
47 populations was carried out at 13 levels of k, obtained by
sequentially incrementing k by 1, from 2 to 14 inclusive. Two
models turned out to be the most informative for solving the
main problem: at k = 3 and k = 7 (Table). The level of k = 3
reveals three ancestral components conventionally defined
as “Western”, “Ural” and “Eastern”. At the level of k = 7, the
ancestral components of the western and eastern Finnic-
speaking peoples become separated for the first time, which
allows differentiating their contributions. The estimated
contributions to individual genomes for each of the identified
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ancestral components are given in Table. Contributions to
individual genomes for each ancestral component at k = 3,
k =7, and k = 8 are presented in Fig. 1. The level of k = 8
preserves the contributions of all components identified at the
previous steps of analysis, while the new eighth component
further elaborates the structure of Russian populations.

To validate the observed trends, modeling at each level
from k = 2 to k = 14 was run in 10 repeats (yielding a total of
130 models). At k = 3, all models were virtually identical; at
k = 7, six of ten runs revealed stable ancestral components
(these are described in the text of the article). In the remaining
four runs, one of the ancestral components was replaced by
an alternative, and each of these runs presented with a higher
simulation error value.

DISCUSSION
Modeling of three ancestral components

The analysis at k = 3 revealed three ancestral components
conventionally designated “Western”, “Ural”, and “Eastern”.
Most notably, the identified ancestral components poorly fit into
the framework of three language families (Slavic, Finnic, and
Turkic) (Fig. 1, Table).

“Western” ancestral component

This component prevails in all Russian populations (95%), but
also in Finnic-speaking populations of Karelians (75%) and
Mordovians (78%) (Fig. 2A, Table). Moreover, it constitutes a
significant portion of gene pools in Turkic-speaking peoples:
more than a half in Kazan Tatars (52%) and about a quarter in
both Nogais (25%) and Chuvashs (23%).

“Ural” ancestral component

This component dominates in gene pools of Udmurts (99%)
and Mari (91%) (Fig. 2B, Table). It is also prominent in Turkic-
speaking peoples, accounting for two-thirds of Chuvash
(67%) and a third of Tatar (34%) gene pools. A smaller but still
substantive contribution of the “Ural” ancestral component is
found in Karelians (24%) and Mordovians (19%). The average
contribution of this component to Russian populations is small
(4%) with the maxima in Kostroma and Nizhny Novgorod
regions.

“Eastern” ancestral component

This component totally prevails (100%) in all six Kalmyk tribal
groups included in this study, so it provides a suitable measure
of the Central Asian influence on European gene pools (Fig. 2C,
Table). This component is also prominent in Nogais (62%),
which confirms its “Central Asian” status. Among Volga Region
peoples, the highest Central Asian influence is observed in
Kazan Tatars (14%) and Chuvashs (9%). In other studied gene
pools, the “Eastern” influence is small, 5% (in Mari) or lower. Its
average contribution to Russian gene pools is 1% (up to 3% in
eastern districts of the Nizhny Novgorod and Ryazan regions).

Kazan Tatars

The “composite” nature of gene pool in Kazan Tatars,
represented by five populations, should be discussed in
detail. The subtle interpopulation divergence is due to variable
“Western” (48-60%) and “Ural” (26-38%) contributions

3 3 o I 4 52

A Geographic ranges of
ancestral component
"Western"
ADMIXTURE K=3

Contribution value of ancestral component
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B Geographic ranges of
ancestral component
“Ural"
ADMIXTURE K=3

Geographic ranges of
ancestral component
"Eastern”

Fa

Fig. 2. Geographic ranges of three ancestral components identified by
ADMIXTURE at k = 3: “Western” (A), “Ural” (B), and “Eastern” (C). High prevalence
rates are colored red-to-purple, low values are green, the scale of transitions is
given in the map; studied populations are indicated by red circles

accompanied by similar “Eastern” contributions (14-15%). The
dominant “Western” component (a half or more) was followed
by “Ural” (roughly one third) and “Eastern” (14%) components
in all studied populations. Increasing the resolution of analysis
by incrementing k revealed some minor ancestral components,
but these were shared with other ethnic groups. The analysis
identified no singular ancestral component for Kazan Tatars; the
“composite” structure preserved at higher levels of k prevents
using their gene pool for evaluation of the “tatar” influence on
the neighboring Russian populations.

Modeling of seven ancestral components
Analysis at k = 7 yielded four new ancestral components,
though not as a result of sheer branching of those identified

at previous steps of the analysis. The picture is much more
complex: the new components mosaically absorb the elements
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of “Western” and “Ural” components revealed at k = 3.
It should be emphasized that the components were attributed
with “ethnic” trivial names only for the sake of brevity.

“Karelian” ancestral component

This component, which marks the contribution of Western
Finnic-speaking ethnic groups, accounts for 94% of Karelian
gene pools and is minor in other populations (Table), with
secondary maxima in gene pools of Kazan Tatars and Kostroma
Russians (11%).

“Slavic” ancestral component

This component dominates in all ethnic Russian populations
(81% on average, within the total range of 70-87%) (Fig. 3A,
Table) and is virtually absent in other gene pools with the
exception of Kazan Tatars (6%). The accentuated presence
of the “Slavic” component in the Tatar gene pool cannot be
explained genealogically, given its 80% prevalence in individual
genomes. Although this component is also detectable in
Mordovian gene pools (3%), it is present in only 17% of
genomes in the northwest of Mordovia.

“Mordovian-1" ancestral component

This component shares the second largest geographic range
with “Mordovian-2” (Fig. 3B, Table). Reaching maximum (53%)
in gene pools of Mordovia, it is also ubiquitously found in other
populations. Its prominent contributions are characteristic of
Turkic-speaking peoples: 36%, 35%, and 20% in gene pools
of Kazan Tatars, Astrakhan Nogais, and Chuvashs. Importantly,
the “Mordovian-1” component shows almost total prevalence
in these ethnic groups, contributing to almost all individual
genomes (Table 2), which indicates its historical significance in
gene pools of the Turkic-speaking peoples of Volga Region.

Contribution of the “Mordovian-1” ancestral component to
gene pools of ethnic Russians is modest (7%) despite rather
high prevalence (60% of individual genomes). The maxima are
encountered in Tver (19%) and Kaluga (16%) regions, with a
very high prevalence (80-90% of individual genomes; Fig. 4);
in other regions, the prevalence is lower (45-65% of genomes).
Overall, the “Mordovian-1" ancestral component is ubiquitously
found in gene pools of almost all Slavic-speaking, Turkic-
speaking and Finnic-speaking populations within the studied
geographic area.

“Mordovian-2” ancestral component

The component shown in Fig. 3C and Table 1, has a more
distinguished authenticity: it is already identifiable at k = 4,
whereas the “Mordovian-1” component arrives at k = 7.
Genomes of Mordovia show distinct clusterization (Fig. 1): one-
fifth of them are 100% “Mordovian-1" and another one-fifth are
100% “Mordovian-2”. This component is found in gene pools
of all studied populations (except Udmurts). In none of them,
however, its contribution exceeds 5%, apart from, again, Kazan
Tatars: with the average contribution of 6%, the “Mordovian-2”
component is 90% prevalent in Tatars (in Chuvashs, it is found
in 40% of genomes only).

In gene pools of ethnic Russians, the “Mordovian-2”
component is relatively weak (3% on average) but ubiquitous.
Moreover, it is encountered in 60% of individual Russian
genomes, most commonly in eastern regions (Kostroma,
Nizhny Novgorod, and Ryazan) (Figs. 3C and 4).
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Fig. 3. Geographic ranges of three ancestral components identified by
ADMIXTURE at k = 7: “Slavic” (A), “Mordovian-1” (B), and “Mordovian-2" (C).
High prevalence rates are colored red-to-purple, low values are green, the scale
of transitions is given in the map; studied populations are indicated by red circles

“Mari” ancestral component

This component firstly arrives at the level of five ancestral
components (k = 5) and almost totally prevails in the meadow
Mari gene pool (96%). It also accounts for two-thirds of the
Chuvash gene pool (62%), with similarly high levels in all
Chuvash populations (57-65%) (Table). Of other ethnic
groups, the most significant contribution of the “Mari”
component is encountered in Kazan Tatars (15% on average,
with 100% prevalence in individual genomes). In other studied
populations, contributions of the “Mari” component never
exceeds 4% (Table).

“Udmurt” ancestral component

This component firstly arrives at kK = 3 and has been already
described by us as “Ural” (Table, Fig. 2B). At all higher levels it
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Fig. 4. Fractions of individual genomes (%) harboring “Mordovian-1" and “Mordovian-2” ancestral components in ethnic Russian populations

accounts for 100% of the Udmurt gene pool, while being minor
(within 49%) in gene pools of other peoples. The only exception
is, again, Kazan Tatars: the “Udmurt” component accounts for
10% of the gene pool and is present in aimost all individual
Tatar genomes with a maximal contribution of 21%.

“Kalmyk” ancestral component

This component fixes the “breath” of Central Asia; it firstly
arrives at k = 2 and has been already described by us as
“Eastern” (Fig. 2C). Among the studied populations, it is only
prominent in gene pools of Kalmyks (100%) and Nogais (61%).
Of other ethnic groups, it is present at highest in Kazan Tatars
(12%). Noteworthy, the “Kalmyk” component was found in
all individual genomes of Tatars, constituting 7-17%. In other
studied gene pools, contributions of the “Kalmyk” component
never exceeded 5% (Table).

Ryazan gene pool

Four modern populations of ethnic Russians (Figs. 1-3, Table)
provided a relevant model for the assessment of the mutual

genetic influence of pre-Slavic, Slavic, and Turkic-speaking
populations in the “nodal” Ryazan region. We picked one
district (Mikhailovsky) at the very west of Ryazan region and
three districts (Spassky, Sapozhkovsky, and Saraevsky) located
on the same transect from north to south, with Saraevsky being
borderline. The analysis indicates similar genetic constitution of
the four gene pools, with certain differences in contributions
of Finnic-speaking peoples: 19% in the borderline Saraevsky
district and as low as 10-13% in the other three districts (Table).
Given the equally small Central Asian influence in all four
populations (1-2%), this difference could not be directly related
to the Golden Horde invasion, nor attributed to the influence of
any known pre-Slavic tribe. The only suggestion to explain the
authenticity of gene pools in the southeastern Ryazan lands
is the higher influence of the Wild Field in this borderline area.

Pharmacogenetic status of Ryazan Russians

Analysis of genetic markers associated with pharmacologic
phenotypes is a prerequisite in the transition to personalized
medicine in terms of optimal drug choice and medication
regimen adjustment. However, the majority of studies in this

2 2 a0

44" 45 52"

Genelic distances from the gene pool
of Russians of the Ryazan district

Values of painvise genetic distances

[ 1 ] [ 1]

according to the panel of pharmacogenetic markers

3

| 1

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 014
— —_

N = 14082
min =0
W max=0.14
awr = 0.08
std = 0.03
Gy =001

48"

52

Fig. 5. Pharmacogenetic landscape of the studied geographic area, representing genetic distances from Ryazan Russians according to pharmacogenetic markers.
Small genetic distances (indicating pharmacogenetic proximity to Ryazan Russians) are shown in green; large genetic distances (indicating pharmacogenetic divergence
from Ryazan Russians) are shown in red-to-purple; the scale of transitions is given in the map
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field have been focused on Western Europe and the results
have little application to populations of Russia with their huge
genetic diversity [31].

To assess the uniqueness of pharmacogenetic landscape
within the studied geographic area, a map of genetic distances
(d) from Ryazan Russians was created using an extensive
panel of pharmacogenetic markers (Fig. 5). In contrast with
the ancestral component maps based on selectively neutral
DNA markers (Figs. 2 and 3), pharmacogenetic mapping
revealed the highest proximity of Ryazan Russians to
their Finnic-speaking neighbor — Mordovian populations
(0.03 < d < 0.04). One step more distant from Ryazan
Russians in terms of pharmacogenetic status were Russian
populations of Kaluga, Smolensk, and Kostroma regions
(0.05 < d < 0.07), followed by Russians in Oryol and Tver
regions (0.08 < d < 0.09). The third most similar to Ryazan
Russians were Tambov Russians and their eastern neighbors —
the Finnic-speaking Mari and the Turkic-speaking Chuvash
peoples (0.09 < d < 0.10). Pharmacogenetic portraits of
Tatar and Udmurt peoples were expectedly divergent from
those of Ryazan Russians (0.11 < d < 0.15). The highest
pharmacogenetics divergency from Ryazan Russians was
most unexpectedly revealed by Russians of the adjacent
Nizhny Novgorod region (0.11 < d < 0.12) despite the
substantive similarity of selectively neutral genomic patterns
between the two regions (Figs. 1-4).

Overall, comparing pharamacogenetic landscape and
selectively neutral genomic pattern maps demonstrates
that optimization of healthcare programs at the regional
level should not be based on averaged genetic status of the
target populations, but requires specific assessment of local
pharmacogenetic landscapes.

CONCLUSIONS

Modeling of ancestral components for the autosomal gene
pool of modern populations in the nodal region of interaction
between Finnic-speaking, Slavic, and Turkic-speaking
peoples revealed that (1) the Finnic-speaking ethnic groups of
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ACTIVITY OF NUCLEAR FACTOR «B IN LYMPHOCYTE POPULATIONS OF CHILDREN WITH PSORIASIS

Kuptsova DG'®, Petrichuk SV', Murashkin NN'23, Kurbatova OV', Radygina TV', Khotko AA?, lvanov RA!
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Alterations in intracellular signaling pathways affecting immune cell activation, proliferation and differentiation of keratinocytes in psoriasis could explain the complex
pathogenesis of the disease. NF-kB is one of the intracellular signaling pathways, which is involved in regulation of numerous pro-inflammatory genes, and
affects the synthesis of pro-inflammatory cytokines directly involved in the development of psoriasis. The study was aimed to assess the number of cells with
NF-kB translocation in lymphocyte populations of children with psoriasis depending in the disease severity and therapy. A total of 130 children with psoriasis
vulgaris were examined. The comparison group included 30 healthy children. The study was conducted using the imaging flow cytometry Amnis ImageStreamX
system. It was found that there were significant differences in the number of cells with NF-kB translocation in the lymphocyte populations of both children with
psoriasis and comparison group. Children with psoriasis had a higher number of cells with NF-«B translocation in the populations of T helper cells, T_, TW, and
Th17 compared to healthy children (p < 0.05). The number of cells with NF-kB translocation in children with psoriasis correlated with the disease severity PASI
(R, = 0.32) and BSA (R, = 0.31) scores, as well as with the disease duration (o < 0.05). NF-xB determination could be considered an additional criterion for
the disease severity assessment in children with psoriasis. The differences in the degree of reduction of the number of cells with NF-kB translocation 24 h after
administration of biologics (adalimumab, etanercept, ustekinumab) have been shown. Studying NF-kB in cell populations offers the prospect of understanding
pathogenetic mechanisms of inflammation and developing new therapeutic methods for psoriasis.
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AKTUBHOCTb AOEPHOIO ®AKTOPA TPAHCKPUMNLUUU xB B NONyNnAunNAX TMMeOLUNUTOB

Y OETEVN C NTCOPNA3OM

0. T. Kynuosa'™, C. B. MeTtpuuyk’, H. H. MypawkuH'23, O. B. Kyp6atosa', T. B. PagwirvHa’, A. A. XoTko?, P. A. VsaHos!

T HaupoHanbHbIn MeauUMHCKNI ccnefoBaTenbCKuin LIeHTP 340p0Bbs AeTteit, Mockea, Poccus

2 LleHTpanbHasi rocynapcTBeHHast MeayumnHeKas akagemus YnpasneHns genamu MNpesngeHta PO, Mocksa, Poccust

3 MNepBbIi MOCKOBCKMIA roCYAapCTBEHHbI MeANUMHCKUIA yHUBepcuTeT nmenn . M. CeveHoBa, Mocksa, Poccust

VI3MEHEHNS B NyTsiX Nepenasqn BHYTPUKIIETOUHbIX CUMHASIOB, BIIUSIOLLMX HA aKTUBALMIO MMMYHHBIX KIETOK, MponmdepaLiiio 1 audbhepeHLpOBKY KepaTuHOLMTOB
npy Ncopuase, MoryT 0O bSICHUTL CNOXHbIN NaToreHe3 3abonesanHns. OfHMM 13 NyTel Nepeaaqn BHYTPUKIETOUHbIX curHanoB siensetcs NF-kB, yqacTayrolwmin B
perynsaumm 60MbLLOrO KONMYECTBa MPOBOCMAMTENBHbIX FEHOB U BAUSIOLLMIA HA MPOAYKLMIO MPOBOCHAMTENBHbIX LIMTOKMHOB, HEMOCPEACTBEHHO YHaCTBYIOLLWMX
B passuTUK ncopvasa. Llenbto nccnenoBannst 6bino OLEHUTL YMCNO KIETOK C TpaHcnokauven NF-kB B nonynaumax nmmdoumnToB y OeTein ¢ Ncoprasom B
3aBMCMMOCTU OT TsHKeCTW 3aboneBaHs 1 nposoayMoit Tepanum. ObcnenosaHo 130 AeTelt ¢ ByfibrapHbiM ncopriadom. B rpynny cpasHeHms BoLLnv 30 340POBbIX
neteit. iccnenoBaHne NpoBoavaM METOLOM MPOTOYHOM LIMTOMETPUM C BUdyanmsaumer Amnis ImageStreamX. NokazaHo, YTO YMCIO KNETOK C TpaHciokaumen
NF-kB [octoBepHO pasnmyanock B NOMynsumsax IMMAQOLMTOB Kak y AEeTen C NCopua3oM, Tak 1 B rpynne CpaBHeHVs. Y OeTell C Ncoprasom BbISBIEHO
MNOBbILLIEHIE YMCna KNeTOK ¢ TpaHcnokauvern NF-kB 8 nonynsumusx T-xennepos, T, 'I'reg 1 Th17 no cpaBHeHNMO CO 3A0POBbIMM AeTbMM (0 < 0,05). Y1cno kneTok
¢ TpaHcnokauuen NF-kB y fieteit ¢ Ncopuasom COOTHOCUTCS C TsKeCTbio cocTosiHug no PASI (R, = 0,32), BSA (R, = 0,31) 1 amTensHOCTLIO 3abonesaHiis
(o < 0,05). Onpenenexne NF-kB MOXeT ObITb PaCCMOTPEHO Kak AOMONHUTENbHbBIA KPUTEPUIA OLIEHKW TSHXKECTU COCTOSHUA Yy AeTel C NCopua3oM. [TokasdaHb!
pasnuumst B CTEMEHW CHVDKEHWS Y1Cna KNeToK ¢ TpaHcnokauwen NF-kB Yepes cyTkv nocne BBefeHUst B1ONOrM4eckon Tepanuy (ananumymad, sTaHepLenT,
ycTeknHymab). Viccneposarne aktusaumn NF-kB B nomynaumsx KNeTok OTKpbIBaeT NMEPCNeKTVBbl MOHUMAHNS NaTOrEeHETUHECKUX MEXaHN3MOB BOCNANEHNS 1
paspaboTKn HOBbIX METOAOB NEYeHUs Mcopurasa.

Knio4yeBble cnoBa: [eTu, By/brapHbin ncopuas, PASI, BSA, numdounTsl, NF-kB, 6ronornyeckue npenapatsb!
®duHaHCUpoBaHue: 1ICCefoBaHe BbIMOSHEHO B paMKax rocyapcTBeHHOro 3afaHna MuHsgpasa Poccuu, Ne Tembl AAAA-A19-119013090093-2.

EnarogapHocwl: aBTOpPbI BblpaXkaroT 6]'IaI'O,EI,apHOCTb 3a akTBHOE COTPYAHMYECTBO BCEM yHaCTBOBaBLLUMM MauneHTam 1 BblpaxkatoT NPU3HATEIbHOCTb Hay4HbIM
COTpyOHVKam na6opaTop|/|v1 MMMYHOIOrM 1 BUPYCONOIrK, a Takxke Bpadam-gepmaronoram U MeguUMHCKUM CeCTpaM OoTAeneHna nepmMartonornin orey
<<HaLl,I/IOHaJ'IbHOI'O MeONLIMHCKOro nccneqoBartenbCkoro LeHTpa 300Pp0BbA }J,eTeI;I» r. Mocksa, Poccus, NPpUHMaBLUMX yHacTe B 3TOM 1ccnegoBaHn.

Bknap aetopos: [. I Kynuosa, C. B. MeTpuyyk — KOHUENUMA 1 AM3aiH UCCnefoBaHns, Habop aKCnepUMeHTanbHbIX JaHHbIX Y aHanm3 pesynsraTos,
cTatncTndeckast obpaboTka AaHHbIX, HanucaHne n pegakTuposanue pykonncy; O. B. Kypbatosa, T. B. PagpirHa — Habop aKCneprMeHTanbHbIX AaHHbIX,
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Psoriasis is a multifactorial immune-mediated inflammatory
skin disorder with a complex pathogenesis [1-3], caused by
interactions of immune system, psoriasis susceptibility loci,
psoriasis autoantigens, and numerous environmental factors [4].
Psoriasis has various cutaneous clinical manifestations, based
on which a number of disease forms is distinguished. Psoriasis
vulgaris, being the most common form, is diagnosed in 90%
cases [5, 6]. Psoriasis is characterized by hyperproliferation of
keratinocytes, blood vessel dilation and leukocyte cell infiltration
in skin dermis, and skin plaques [7].

It is believed that synthesis of pro-inflammatory cytokines,
being the pathogenic cascade triggers, by activated T cells
plays a key role in the skin inflammation associated with
psoriasis [8]. Disease begins with T cell activation by unknown
antigen or gene product. After the T cell activation, a number of
pro-inflammatory cytokines and chemokines are secreted [9].
Cytokine action contributes to proliferation of keratinocytes,
epidermal hyperplasia, neutrophil migration, enhanced T helper
type 1 (Th1) cell response [10]. The increase in the number of
T helper 17 cells (Th17) in blood and skin of patients with psoriasis
with the progression of skin lesions was reported [11-13]. It
was also found that elevated blood counts of regulatory T cells
(Treg) in patients with psoriasis did not suppress inflammatory
response due to the cells' functional failure [14, 15].

Complex pathogenesis of psoriasis could be explained
by alterations in the intracellular signaling pathways. Impaired
regulation of the signal transduction pathways affects activation,
proliferation and differentiation of keratinocytes, associated
with psoriasis [16, 17]. The nuclear factor kB (NF-kB) pathway,
which has been first discovered in mature B cells by R. Sen
and D. Baltimor, is one of the intracellular signaling pathways
[18]. NF-kB is capable of binding with the gene promoter
encoding the immunoglobulin — light chain. NF-kB is a family
of structurally similar transcription factors, such as RelA (p65),
NF-kB1 (p50/p105), NF-kB2 (p52/p100), c-Rel, and RelB.
The NF-kB family members function as various hetero- and
homodimers (p50-p65; RelB-p100), except for RelB. The main
active form of NF-kB is a complex formed by subunit p65 and
subunit p50 or p52 bound to the I-kB inhibitor protein [19].
The advanced Amnis ImageStreamX imaging flow cytometry
system makes it possible to assess the percentage of cells
with NF-kB translocation (% of activated cells with nuclear
localization of NF-kB) in various populations [20, 21].

Under physiological conditions, the NF-«kB/I-kB complex
is a self-regulating system [22]. NF-xB activation occurs in
response to the wide range of stimuli [23]. Stimulus activates
the NF-kB signaling pathway, which leads to the NF-«B release
from the inhibitor complex and NF-kB translocation from
cytoplasm into cell nucleus. NF-kB is involved in regulation
of numerous pro-inflammatory genes and affects synthesis
of pro-inflammatory cytokines, such as IL1B, IL6, IL8, TNFa,
directly involved in the development of psoriasis [24-26].

Multiple studies confirmed impaired regulation of the NF-kB
signaling pathways associated with psoriasis in in vitro
models, animal models, and skin biopsy samples, obtained
from patients with psoriasis [10, 25, 26]. Furthermore, anti-
TNF therapy and glucocorticoid therapy reduce the levels of
active NF-xB and related elements of the signaling pathway
[27, 30]. Currently, the effects of other targeted biologics on
the variation in the number of cells with NF-kB translocation
are under study, however, chronic NF-kB pathway inhibition
may reduce therapeutic efficacy in patients with immune-
mediated diseases [28]. Thus, quantification of cells with NF-kB
translocation could be a promising tool for evaluation of the
disease severity and therapeutic efficacy in patients with
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immune-mediated diseases. The study was aimed to quantify
cells with NF-kB translocation in the lymphocyte populations of
children with psoriasis depending on the disease severity and
therapy.

METHODS
Clinical characteristics of patients

A total of 130 children and adolescents with psoriasis vulgaris
were enrolled in the study, of them 42 patients were followed-
up. The comparison group included 30 healthy children. The
surveyed children's age was 1-18 years: psoriasis — Me 12.5
[8.3; 15.5], comparison group — Me 12.4 [7.4; 16.1]. There
were 62 girls and 68 boys in the group with psoriasis, and 18
girls and 12 boys in the comparison group. All children were
of European origin. Inclusion criteria: proven case of psoriasis
vulgaris. Exclusion criteria: other forms of psoriasis, 18 years of
age or more, inability to obtain blood sample.

Severity of psoriasis was assessed in all patients using the
PASI (Psoriasis Area and Severity Index) and BSA (Body
Surface Area, %) indices. Children with psoriasis received
different pathogenetic therapy in accordance with the guidelines
and psoriasis severity. Children were prescribed topical
corticosteroids and emollients with keratolytic effects (n = 41),
systemic methotrexate therapy (n = 28), genetically-engineered
biological drugs (GEBD; n = 61). The effects of GEBD were
assessed in 42 patients with psoriasis before and 24 hours
after administration of the following drugs: adalimumab
(n = 24), etanercept (n = 8), ustekinumab (n = 10).

Isolation of peripheral blood mononuclear cells

To isolate the peripheral blood mononuclear cells (PBMCs), the
5 mL fasting whole blood samples were used, collected in the
morning into EDTA tubes. Blood samples were processed on
the same day. Whole blood was diluted with warm glutamine-
free RPMI 1640 medium (PanEco; Russia) in a ratio of 1 : 3,
gently layered over 2 mL of the Histopaque-1.077 g/cm?
medium (Sigma-Aldrich; USA), then centrifuged at 2000 RPM
for 20 min at room temperature. Buffy coat was collected into
15 mm Falcon tubes (BD; USA) and washed with RPMI medium
for 8 min under the same conditions. After that supernatant
was drained, and the cells were diluted with the RPMI-1640
medium to the desired volume.

Lymphocyte immunophenotyping and evaluation of NF-kB
translocation from cytoplasm into nucleus

Cell populations were isolated by step-wise gating using
monoclonal antibodies (MmAbs) labeled with fluorochromes
(Beckman Coulter; USA): CD19-PE, CD4-PE, CD8-PE, CD
(16/56)-PE, CD127-PE, CD161-PE, CD3-ECD, CD4-PB,
CD25 PE-Cy7. Cells with NF-«B translocation were quantified
in lymphocyte populations with the imaging flow cytometry
Amnis ImageStreamX Mk Il platform (Luminex; USA) using the
Amnis NF-kB Translocation Kit (Luminex; USA), which included
antibody Anti-Hu NF-kB (p50) conjugated to Alexa Fluor 488
for detection of NF-kB and the 7-AAD nuclear dye. The tubes,
containing 100 pL of PBMCs, were added 10 pL of mAb and
incubated for 20 min in a dark place, then NF-«kB translocation
was assessed in accordance with the manufacturer's
inctructions. The following cell populations were assessed:
CD3+ (T cells); CD3*CD4+ (T helper cells); CD3*CD8* (cytotoxic
T cells); CD3-CD19* (B cells); CD3-CD16+/CD56+ (natural killer
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Fig. 1. Stages of analysis when quantifying cells with NF-kB translocation. A. Gallery of recorded cell images. B. Isolation of cells in good focus based on Gradient RMS.
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positive cells: NF-kB+/7-AAD+ (NF-kB_FITC — channel 2; 7-AAD — channel 5). F. Isolation of the proportion of cells with NF-kB translocation based on Similarity>1

cells); CD3*CD16*/CD56* (natural killer T cells); CD3*CD4-CD8~
(immature T cells); CD4*CD25+*CD127high (activated T helper
cells, T,); CD4*CD25*CD127low (T ); CD4*CD161*CD3+ (Th17).
Data recording and analysis with the ImageStream Mk Il
Imaging Flow Cytometer

Cell imaging and recording were performed with the ImageStream
Mk Il Imaging Flow Cytometer using the INSPIRE™ software
(Luminex; USA) at 40x magnification and low flow rate. Image
recording involved collecting at least 20,000 events per sample
in the lymphoid region for the major lymphocyte populations, and
at least 40,000 events forthe T_, T, , and Th17 populations.
The images acquired were analyzed using the IDEAS®
ImageStreamX software (Luminex; USA) in accordance with
the algorithm provided in Fig. 1. Data analysis started with
digital pixel-based spectral compensation applied to each cell
image. After compensation, single cells were analyzed with
good focus, and single events were isolated (Fig. 1B, C). The
percentage of the NF-kB+/7-AAD+ double-positive cells was
defined based on fluorescence intensity (Fig. 1D, E). At the next
stage, Similarity was assessed, which reflected the degree of
the NF-kB and 7-AAD colocalization in the studied population

regardless of morphology (Fig. 1F). Similarity was caclulated
based on the Pearson correlation coefficient as described
earlier [20, 21].

Statistical analysis

Statistical processing of the research data was performed
using the Statistica 10.0 software package (StatSoft; USA).
Descriptive statistics of quantitative indicators was presented
as median (lower and upper quartiles), Me (Q,,;; Q,.). The
nonparametric Mann-Whitney U test was used to assess the
significance of differences between groups. The stepwise
multiple regression method with exceptions was used to
obtain regression equations. The differences were considered
significant at p < 0.05.

RESULTS

Assessment of lymphocyte populations with NF-xB
translocation in children with psoriasis and comparison group

There was a significant increase in the percentage of cells with
NF-xB translocation in the populations of T helper cells (o = 0.001),

Table 1. Number of cells with NF-kB translocation in children with psoriasis and comparison group

Population Patients with psoriasis (n = 130) Healthy children (n = 30) P
B cells 48.3 [38;64] 58.4 [40;72] 0.322
T cells 19.9 [17;26] 18.0 [16;21] 0.113
T helper cells 20.1[17;26] 18.4 [14;20] 0.001
Cytotoxic T cells 18.0 [15;24] 17.2 [15;23] 0.402
Immature T cells 24.4[18;36] 23.7 [19;33] 0.473
NK cells 28.0[19;39] 29.9[18;42] 0.829
NKT cells 22.3[16;34] 20.1 [17;25] 0.315
Activated T helper cells 18.7 [15;24] 15.2 [14;18] 0.012
Regulatory T cells 23.0[19;32] 20.3 [16;26] 0.032
T helper 17 cells 20.7 [17;27] 19.6 [17;23] 0.034

Note: p — significance of differences between groups, Mann-Whitney U test.
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Fig. 2. Number of major (A) and minor (B) populations of lymphocytes and NK cells with NF-kB translocation in children with psoriasis and comparison group.
p — significance of differences between populations, Wilcoxon signed rank test for dependent variables

T 0=0.012), T_ (0 = 0.032), and Th17 (o = 0.034) in children
with psoriasis compared to healthy children (Table 1). In children
with psoriasis, an upward trend was observed in the percentage
of cells with NF-xB translocation in the populations of T cells,
cytotoxic T cells, and natural killer T (NKT) cells, however, in
the populations of B cells and natural killer (NK) cells there was
a downward trend. The largest proportion of cells with NF-kB
translocation was revealed in B cell populations of both children
with psoriasis and comparison group (Table 1).

Analysis revealed differences in the percentage of cells with

NF-kB translocation in the studied cell populations of surveyed children.
The number of cells with NF-xB translocation was significantly
(o = 0.000) higher in B cell population compared to NK cells,
T helper cells, cytotoxic T cells, and in the NK cell population it
was significantly (o = 0.000) higher compared to the populations of
T helper cells and cytotoxic T cells in both children with psoriasis
and comparison group; moreover, it was 2.5 times higher
compared to other cell populations (Table 1; Fig. 2A). In the group

Table 2. Correlations of the number of cells with NF-kB translocation in lymphocyte populations with the patients' age and the duration of psoriasis

I?sc;ri?;ios) Comp(a;iiosr:) )group
Population Age Disease duration Age
r P r P r P
B cells 0.09 0.299 -0.02 0.796 0.25 0.182
T cells 0.21 0.016 0.21 0.22 0.28 0.142
T helper cells 0.22 0.011 0.21 0.022 0.25 0.194
Cytotoxic T cells 0.19 0.031 0.19 0.003 0.32 0.09
Immature T cells 0.2 0.028 0.21 0.021 0.24 0.214
NK cells 0.24 0.006 0.27 0.002 0.11 0.577
NKT cells 0.16 0.071 0.15 0.083 0.41 0.052
Activated T helper cells 0.21 0.023 0.16 0.109 0.16 0.433
Regulatory T cells 0.2 0.031 0.15 0.116 0.18 0.383
T helper 17 cells 0.23 0.015 0.21 0.021 0.46 0.015

Note: r — Pearson correlation coefficient, p — probability of non-zero regression coefficients.
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A Multiple regression equation Multiple regression equation
Dependent variable: PASI Dependent variable: BSA (%)
: Regression|| Error of : Regression || Error of
Variable coefficient| coefficient || 1St P Variable coefficient || coefficient || €St P
Free term 24,63 4.47 5.51 0,000 Free term 29:12 9,33 3,12 0,002
NF-kB in Treg -0.46 0,19 | -2.34 | 0,021 NF-kB in Treg -0,71 0,23 -3,04 0,003
NF-kB in NK cells -0,42 0.21 -1.99 | 0,048 NF-kB in B cells 0.33 0,16 1.99 0,048
NF-kB in immature 0,65 0.24 2.78 0,006
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Fig. 3. Multiple regression equation for the relationship between PASI (A) and BSA (B) scores and the number of cells with NF-kB translocation in children with psoriasis,
and the relationship between the observed and predicted values calculated using the regression eqution for PASI (C) and BSA (D) indices. Regression equations were

constructed using the stepwise multiple regression method with exceptions. R_

coefficients

of healthy children, the number of cells with NF-kB translocation in
the populations of T helper cells and cytotoxic T cells was the same
(o =0.101). In contrast to healthy children, the increased percentage
of cells with NF-kB translocation in the population of T helper cells
compared to cytotoxic T cells was revealed in patients with psoriasis
(o =0.000; Fig. 2A).

In the group of healthy children, it was found that the
average number of cells with NF-kB translocation in T cell
populations, including Tyeg, Th17,and T ,, was 15x20%. The
largest proportion of cells with NF-kB translocation was found
in the Treg population (20% of cells), and the lowest proportion
was observed in the T__ population (15% of cells; p = 0,011),

act

the difference was considered significant (p = 0.002; Fig. 2B).

— coefficient of multiple correlation, R; p — significance of non-zero regression

In children with psoriasis, the number of cells with NF-kB
translocation in the T_, Th17, and T populations was
significantly higher compared to the comparison group (Table 1).
In healthy children, the highest percentage of cells with NF-kB
translocation was also found in the 'I',eg population (23% of
cells), and was significantly higher than in the populations
of T helper cells, Th17, and T_ (o = 0.000; Fig. 2B). The
number of T . with NF-kB translocation was significantly
lower compared to the T helper cell population, just like in the
group of healthy children (p = 0.000; Fig. 2B). In contrast to
healthy children, the number of Th17 with NF-«B translocation
was significantly higher compared to the T, population
(o = 0.001).

Table 3. Number of cells with NF-kB translocation in children with psoriasis before and 24 h after administration of GEBD

Number of cells with NF-kB translocation
Population Adalimumab (n = 24) Etanercept (n = 8) Ustekinumab (n = 10)
before after p before after 1% before after p
B cells 46.0 [39; 65] | 38.2[33;45] | 0.002 | 36.7[33;42] | 28.0[27;31] | 0.004 | 51.7 [35;71] | 44.8[32;51] 0.217
T cells 20.2[17;25] | 19.5[15; 21] 0.12 17.0[16;20] | 17.6[15;19] | 0.721 | 24.9[18;36] | 18.2[16; 25] 0.105
T helper cells 20.2[18;24] | 18.3[16;21] | 0.025 | 19.0[18;21] | 17.5[16;19] | 0.049 | 24.8[19;32] | 19.6[16;25] | 0.191
Cytotoxic T cells 19.2[16; 24] | 17.2[15;18] | 0.021 | 16.30[16; 18] | 16.6 [15; 18] 0.99 23.9[19; 35] | 16.6 [14; 25] 0.052
Immature T cells 22.5[16;31] | 21.2[20;38] | 0.814 | 21.2[19;24] | 19.2[17;23] | 0.161 | 36.2 [30; 48] | 21.4 [14; 30] 0.009
NK cells 27.7[18;32] | 26.2[19;29] | 0.574 | 30.6[29;36] | 30.7[27;33] | 0.721 | 37.9[35;42] | 25.3[17;29] 0.018
NKT cells 21.6[15;27] | 19.7[15;24] | 0.418 | 20.9[18;23] | 18.4[17;21] | 0.131 | 30.0[26; 44] | 24.7 [13; 31] 0.052
Activated T helper cells 19.1[16;21] | 17.1[14;20] | 0.165 | 19.7[16;24] | 14.3[14;16] | 0.007 | 24.4[17;34] | 16.4[13; 24] 0.042
Regulatory T cells 19.1[16;21] | 20.5[19;23] | 0.005 | 23.2[19;28] | 19.4[19;21] | 0.105 | 34.9[22;48] | 21.5[15; 29] 0.018
T helper 17 cells 22.4[18;23] | 18.5[16;21] | 0.032 | 18.6[18;20] | 17.2[15;18] [ 0.021 | 27.3[27;39] | 19.1[14; 25] 0.011

Note: p — significance of differences in the numbers of cells with NF-kB translocation obtained before and 24 h after administration of GEBD, Mann-Whitney U test.
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Correlations of the number of cells with NF-kB
translocation with the patients' age and the duration of
psoriasis

Analysis of the relationship between the number of cells with
NF-kB translocation and the healthy children's age revealed no
correlations in all cell populations, except for T helper 17 cells,
the number of which increased with age (Table 2). In children
with psoriasis, the proportion of cells with NF-kB translocation
increased with age in all populations, except for B cells and NKT
cells. With increased disease duration, the number of cells with
NF-kB translocation significantly increased in the populations of
T helper cells, cytotoxic T cells, immature T cells, NK cells and
Th17 (Table 2). In children with psoriasis, correlation between
the patient's age and the disease duration was revealed
(o = 0.000): the older the child, the longer he was ill.

Relationship between the content of cells with NF-xB
translocation and psoriasis severity in children

PASI and BSA indices were evaluated in the surveyed children
with psoriasis. The psoriasis severity PASI scores in children
varied between 0-70% (Me 13.3 [5; 22]), and BSA scores
varied between 0-100% (Me 20 [4; 40]).

Multiple correlation analysis of the relationship between
the psoriasis severity and the number of cells with NF-xB
translocation showed the increase in the PASI score with
the decrease in the number of T_ and NK cells with NF-«xB
translocation and the increase in the proportion of immature
T cells with translocation (R, , = 0.32; Fig. 3A). The increased
BSA scores are associated with the decreased number of cells
with NF-xB translocation in the T_ population and increased
number in B cell population (R, = 0.31; Fig. 3B).

Assessing the number of cells with NF-xB translocation in
children with psoriasis receiving various types of therapy

Comparison of the proportion of cells with NF-kB translocation
in lymphocyte populations of children with psoriasis receiving
various types of therapy revealed no significant differences
between groups of children receiving different therapy. However,
maximum deviation from healthy children was observed in the
group of children, who received biological therapy. The number
of cells with NF-kB translocation in the T helper cell populations
of children, who received topical therapy, increased by 6%, in
the group of children, who received methotrexate, it increased
by 10%, and in the group of children, who received biologics, by
11.5% compared to healthy children. The number of cells with
NF-kB translocation in B cell population decreased by 17% in
patients, who received topical therapy, by 4% in patients, who
received methotrexate, and by 29% in children, who received
biologics, compared to healthy children.

To assess the effects of GEBD on the number of cells
with NF-kB translocation, we examined 42 children with
psoriasis before and 24 h after administration of adalimumab,
etanercept, ustekinumab. A significantly decreased number
of cells with NF-kB translocation in the populations of B cells,
T helper cells, cytotoxic T cells, T@, and Th17 was observed
24 h after administration of adalimumab (Table 3).

The significantly decreased number of cells with NF-xB
translocation was revealed in the populations of B cells, T helper
cells, T, and Th17 after administration of etanercept. The
significantly decreased number of NF-kB cells was observed in
the populations of NK cells, immature T cells, T_, T, and Th17
after administration of ustekinumab (Table 3).
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It is interesting to note that biologics, adalimumab and
etanercept, significantly decreased the number of B cells
with NF-xB translocation after 24 h: by 20.4 and 31%,
respectively. However, administration of ustekinumab resulted
in the insignificantly decreased number (Table 3). The same
downward trend was observed in the T helper cell population
after administration of adalimumab (by 10.4%) and etanercept
(by 8.6%). Significant alterations in the number of cytotoxic
lymphocytes with NF-kB translocation were observed after
administration of adalimumab (Table 3).

The number of Tact with NF-kB translocation significantly
decreased 24 h after administration of etanercept (by 37.8%)
and ustekinumab (by 48.7%) (Table 3). Only the administration
of ustekinumab resulted in the the decrease in the number of T _
with NF-kB translocation by 62%, however, administration of
adalimumab resulted in the significant decrease in their number
by 6%. Administration of all biologics resulted in the decreased
number of Th17 with NF-xB translocation: the maximum
decrease was observed after administration of ustekinumab
(by 42.9%), and administration of adalimumab and etanercept
resulted in the decrease by 21.1 and 8%, respectively (Table 3).

Furthermore, only administration of ustekinumab decreased
the number of cells with NF-kB translocation in the population
of NK cells by 49.8% and in the population of immature T cells
by 69%.

DISCUSSION

Alterations in signaling pathways, such as NF-kB, JAK-STAT,
Janus kinase (JAK)/signal transducer pathway, Akt and Wnt
signaling pathways, are observed in individuals with psoriasis
[16, 17]. The number of cells with NF-kB translocation in
children with psoriasis was assessed using the ImageStreamX
advanced technique. Our findings about the number of cells
with NF-kB translocation are in line with the data reported by
other researchers: the maximum number of cells with NF-kB
translocation has been revealed in B cell population [18].

Our study has shown that in children with psoriasis, the
number of cells with NF-kB translocation in the populations
of T helper cells, Treg, T, and Th17 is increased compared
to healthy children. That could explain the effects of the
NF-kB signaling pathway activation in these cells, which are
responsible for production of pro-inflammatory cytokines
directly involved in pathogenesis of psoriasis [24-26].

There was a direct correlation between the number of cells
with NF-kB translocation and the children's age in children with
psoriasis; the proportion of such cells in healthy children did not
change with age. Probably, our findings about the relationship
between the number of cells with NF-kB translocation and age in
children with psoriasis are attributable to the correlation between
the duration of psoriasis and the surveyed children's age.

The number of T_ with NF-kB translocation decrease with
the increase in the psoriasis severity in children according to
PASI and BSA, which is in line with the other researchers' report
of the decreased 'I'reg functional activity in psoriasis [27]. This
fact confirms the importance of assessing both Treg number and
functional activity [14, 15]. As one of the factors involved in the
cell functional activity regulation, NF-kB determination could
be considered an additional criterion for the disease severity
evaluation in patients with psoriasis.

Our findings are in line with the data on the NF-kB activation
reduction by anti-TNF therapy (adalimumab) in adults with
psoriasis [28-30]. The maximum decrease in the number
of cells with NF-kB translocation in the populations of NK
cells, immature T cells, T, T_,, and Th17 of children with

act’
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psoriasis was detected when using ustekinumab. The use of
TNFa and 1L12/23 blockers reduces the number of cells with
NF-kB translocation to varying degrees, depending on the
cell population and therapy applied. Taking into account the
findings and the minimally invasive method of assessing the
number of cells with NF-kB translocation in the whole blood of
children with psoriasis, we consider this line of research to be
perspective for diagnosis of the disease severity and predicting
therapeutic efficacy.

CONCLUSIONS

Significant differences between lymphocyte populations by
the number of cells with NF-kB translocation were revealed
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EFFECTS OF COVID-19 VECTOR VACCINE ON AUTOANTIBODY PROFILE IN REPRODUCTIVE AGE WOMEN
Dovgan AAE, Drapkina YuS, Dolgushina NV, Menzhinskaya IV, Krechetova LV, Sukhikh GT
Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russia

Autoimmune mechanisms have been implicated in the negative effects of vaccines on female reproductive health. This study evaluates the endogenous levels of
self-reactive antibodies and ovarian reserve-associated hormones before and after immunization with the domestically developed Gam-COVID-Vac combined vector
vaccine to check for possible reproductive sequelae. The prospective study enrolled 120 women aged 18-49, subject to vaccination with Gam-COVID-Vac. Ovarian
reserve was assessed prior to vaccination and 90 days after the first component injection. Profiles of specific antibodies to self-antigens, including phospholipids, nuclear
antigens, FSH, progesterone, and also thyroid, ovarian, trophoblast, and zona pellucida antigens, were assessed at the same time points by enzyme immunoassay.
Overall, the vaccination had no effect on the levels of ovarian reserve-associated hormones and autoantibodies, apart from a transient increase in positivity for anti-
phosphatidylethanolamine IgM and anti-dsDNA IgG. Seroprevalence of elevated serum autoantibodies constituted 70.8% before and 75% after vaccination. According
to the results, immunization with Gam-COVID-Vac does not affect ovarian reserve or autoimmune status, thus being safe for the female reproductive potential.
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BJIUSSHUE BEKTOPHOW BAKLIMHbI OT COVID-19 HA MPO®W/1b AYTOAHTUTEN Y XKEHLLMH
PEMNPOOYKTUBHOIO BO3PACTA

A. A. JosraHb =, tO. C. OpankuHa, H. B. DonrywwHa, V1. B. MerxuHckas, 1. B. Kpedetosa, I T. Cyxuix
HaumoHanbHbIn MeaULMHCKNA NCCNefoBaTeNbCKUM LIEHTP akyLLIEePCTBa, MMHeKonorun 1 nepuHatonorum nmenn B. . Kynakosa, Mocksa, Poccust

OOWH 13 MEXaHV3MOB HEraTUBHOMO BAMSIHUSA BakLWH Ha PENPOLYKTUBHOE 300POBbE XKEHLLUMH HOCUT ayTOVMMYHHbIN XapakTep. Llensto paboTbl 66110 OLeHUTb
BAVSHAE VMMYHM3aLMN OTEHECTBEHHOM KOMOMHMPOBAHHOM BEKTOPHOW BaKLWHOM A8 MPOMUIAKTUKM KOPOHaBUPYCHOW MH(EKLMM, BbI3bIBAEMOWA BUPYCOM
SARS-CoV-2, Ha ypoBeHb ayTOaHTUTEN 1 MOPMOHOB, OTPaXKAKOLLMX OBapuasibHbI PE3EPB, 1 CBA3b MEXOY HUMM Y XKEHLLWH PenpodyKTMBHOMO Bo3pacTta. B
NPOCMNEKTUBHOE 1ccnefoBaHve 6bio Bkto4deHo 120 »xeHWmH B Bo3pacTe 18-49 neT, BakuUmH1poBaHHbIx am-KOBVI-Bak. OBapvanbHbiii pe3eps onpeaensnm
nepep BakuUmHauwmen 1 Yepes 90 AHen nocne BBeAeHMs NepBoro KoMroHeHTa. C nomoLpto VPA naydanv npodunb aHTUGoChonmnnaHbIX aHTUTeN, aHTUTeN K
A0EPHbIM aHTUreHaM, aHTUreHam LLIMTOBUAHON XKeNesbl, aHTMOBapUaIbHbIX, aHTUTPO(OBIACTUHECKNX aHTUTenN, K 3oHe nenmoumnaa, PCl, nporectepoHy. Mocne
BaKLWHaLMM He OOHaPYXXEHO MOBBILLEHWS YPOBHSI ayTOAHTUTEN, 3a UCKMtoYeHeM aHTU-®3 IgM 1 aHTu-acOHK IgG-aHTuTen, KoTopoe HOCKIO TRaH3UTOPHbI
xapakTep. [ons no3nT1BHBIX XEHLLUMH A0 BakLHaLumm coctasnana 70,8%, nocne BakumHauum — 75%. He BbIBNEHO KOPPENALMOHHOM CBA3W MEXY YPOBHEM
ayTOaHTUTEN 1 FOPMOHOB, OTPavKaOLLMX OBapuabHbIA pe3eps. CornacHo pesynstatam, BakumHaums fam-KOBVI[-Bak He okasblBaeT HeraTtvBHOrO BAVSIHUA
Ha oBapuanbHbI PE3ePB, He BbI3bIBAET Pa3BUTUS ayTOUMMYHHbBIX PEAKLIN 11 aCCOLMMPOBAHHOMO C HUMU CHYDKEHWS PENPOAYKTUBHOIO NOTEHLMANA Y XKEHLLMH.

Knioueble cnosa: COVID-19, SARS-CoV-2, BakuuHa lam-KOBW-Bak (CrnyTHrk V), penpodykums, Npoduib ayToaHTUTeN
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Registered COVID-19 vaccines, mostly based on spike
glycoprotein (S-protein) of SARS-CoV-2 [1], include whole
inactivated vaccines, combined vector vaccines containing
recombinant adenoviral particles with SARS-CoV-2 S protein
gene, mRNA vaccines, and recombinant protein vaccines.
The combined vector Gam-COVID-Vac (Sputnik V™) was the
world’s first registered COVID-19 vaccine, approved by the
Ministry of Health of Russia. The vaccine contains adenoviral
vector cargoed with a coding sequence of S-protein intended for

delivery to human cells in order to educate the immune system
in a disease-specific manner [2]. The advent and ubiquitous
propagation of COVID-19 vaccines has raised concerns on
long-range safety of these medications, particularly on their
possible influence on human reproductive health [3-7].

Early (pre-pandemic) studies emphasized the potentially
negative impact of adjuvant vaccines developed for other
infectious diseases. The vaccines allegedly affected
reproductive function by triggering autoimmune responses in
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animals and humans [8]. For many immunological adjuvants,
mechanisms of action remain understudied. The adjuvants are
believed to amplify the innate immunity reactions by mimicking
certain evolutionary conserved epitopes (e.g. those of bacterial
lipopolysaccharides). These molecules act through binding
Toll-like receptors (TLR) on dendritic cells and macrophages;
the binding triggers cytoplasmic inflammasome signaling,
production of pro-inflammatory cytokines, and expression of
antigen-presenting proteins [9].

The normal immune response is sometimes accompanied
by ancillary autoimmune reactions. Their diverse mechanisms
involve (1) participation of cryptic antigens with subsequent
activation of autoreactive Th1 cells; (2) exposure of intracellular
epitopes upon tissue damage; (3) amassing of inflammation-
specific autoantigens leading to systemic propagation of
immune response with the incrementing role of autoantigens;
(4) molecular mimicry based on structural similarities between
foreign and host epitopes, resulting in activation of cross-
reactive T cells and non-specific activation of self-reactive Th1
cells mediated by various TCR dependent and independent
mechanisms [9]. Such reactions are collectively known as
“autoimmune/inflammatory syndrome induced by adjuvants
(ASIA)”"; the term was introduced in 2011 [10]. Meta-analysis
reveals about 500 cases of ASIA recorded in 2016-2019, most
of them associated with vaccines against hepatitis B, influenza,
and HPV [11].

Another meta-analysis assessed for correlations between
vaccination and the risks of systemic lupus erythematosus
(SLE) or rheumatoid arthritis to show significant correlation
with the risk of SLE [12]. In women, SLE has been associated
with autoimmune oophoritis leading to premature ovarian
failure, which proves that rheumatoid conditions may result
in infertility. Moreover, about one third of female patients with
SLE develop the antiphospholipid syndrome accompanied by
recurrent pregnancy losses and thromboembolic complications
in connection with thrombocytopenia and antiphospholipid
antibody (aPL) persistence. The antiphospholipid syndrome
etiology clearly involves molecular mimicry based on the
homology between certain exogenous agents and self-
antigens, and the resulting cross-reactivity of corresponding
antibodies. For instance, IgM antibodies produced in response
to immunization with tetanus toxoid also react with cardiolipin
and B2-glycoprotein | (32GPI) self-antigens [13].

It should be noted that Gam-CQOVID-Vac is a combined
vector vaccine and does not contain adjuvants. Preliminary
data on the influence of Gam-COVID-Vac on the levels of aPL
to cardiolipin (anti-CL), B2GPI (anti-B2GPI), annexin V (anti-
AnV), and phosphatidylserine (anti-PS) have been published.
According to the results of examination for 51 vaccinated female
participants, immunization with Gam-CQOVID-Vac (Sputnik V)
caused no elevation in circulating aPL levels [6]. The lack of
correlation between circulating levels of aPL, follicle-stimulating
hormone (FSH), and anti-mullerian hormone (AMH) indirectly
confirmed the lack of negative impact on female reproductive
potential.

A more dedicated assessment of the vaccination safety in
terms of reproductive health requires studying a wide range
of autoantibodies involved in the development of systemic
autoimmune diseases before and after vaccination on more
representative samples of reproductive age women.

This study evaluates endogenous levels of self-reactive
antibodies and hormones, associated with ovarian reserve,
before and after immunization with the domestically developed
Gam-COVID-Vac combined vector vaccine against SARS-CoV-2,
to check for possible reproductive sequelae of the vaccination.
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METHODS

This prospective study was carried out at the Kulakov National
Medical Research Center for Obstetrics, Gynecology and
Perinatology, Moscow, Russia. The participants (n = 120) were
enrolled within the period from December, 2020 to December,
2021; all participants received immunization with the Gam-
COVID-Vac combined vector vaccine for the prophylaxis
of SARS-CoV-2-induced new coronavirus infection. The
inclusion criteria were as follows: age 18-49 years; preserved
menstrual function; negative PCR test for SARS-CoV-2 RNA
and negative tests for IgM and IgG antibodies to SARS-
CoV-2 (before vaccination); no clinical history of COVID-19;
and no contact with COVID-19 cases for at least 14 days
prior to the start of the study. The non-inclusion criteria were
as follows: listed contraindications for Gam-COVID-Vac use;
pregnancy and lactation; acute inflammatory and infectious
diseases; rheumatic diseases; oncological diseases of any
localization; hormone therapy affecting the menstrual cycle;
immunomodulatory therapy; or vaccination within three months
preceding the enrollment. Patients with decreased ovarian
reserve (FSH >12 mlU/mL and antral follicle count (AFC) below
six in both ovaries) or morbid obesity (BMI > 40.0 kg/m?) were
not included in the study. The exclusion criteria were COVID-19
during the vaccination period, pronounced side effects of
immunization requiring the abolition of the second component,
and vaccination refusal.

The participants were examined twice: (1) before vaccination
and (2) 90-100 days after injection of the first component.
Patients with autoantibody levels above reference range (RR)
were subject to additional round of tests performed at 6 months
after the first component injection. Serum levels of FSH and
AMH were determined by electrochemiluminescence assay on
day 2-5 of the menstrual cycle.

Autoantibody levels were measured by enzyme
immunoassay before and after vaccination. The scope included
antiphospholipid IgM and IgG antibodies (Ab), both “criterial”
(anti CL and anti-B2GPI) and “non-criterial” (anti-AnV, anti-PS)
(reagents by ORGENTEC Diagnostika GmbH; Germany);
phosphatidylethanolamine (anti-PE) and phosphatidylserine/
prothrombin complexes (anti-PS/PT) (reagents by AESKU
Diagnostics; Germany); antinuclear IgG Ab (ANA) and Ab
to double stranded DNA (anti-dsDNA), ribonucleoprotein
70 (anti-RNP70), and cytoplasmic antigens SS-A(Ro) and
SS-B(La) (respectively, anti-SS-A and anti-SS-B) (reagents by
ORGENTEC Diagnostika; GmbH); IgG Ab to thyroid antigens:
thyroglobulin (anti-TG) and thyroid peroxidase (anti-TPO)
(reagents by ORGENTEC Diagnostika GmbH; lepmanns),
and thyroid-stimulating hormone receptor (anti-TSH receptor)
(reagents by Medipan GmbH; Germany). Immunoassay targets
also included anti-trophoblast and anti-zona pellucida IgG
(reagents by QAYEE-BIO for Life Science; China), anti-ovary Ab
(reagents by DRG; Germany); and Ab to FSH and progesterone
(respectively, anti-FSH and anti-PRG) (reagents by Xema-
Medica; Russia).

The patients were vaccinated in accordance with the
current recommendations issued by the Ministry of Health
of Russia [14]. Handling of the vaccine strictly followed the
official instructions for this medication.

Statistical processing of the data was performed using
Microsoft Excel spreadsheet and Statistica V10 packages
(TIBCO; USA). The categorical data were converted into
percentages (%). McNemar’s test was applied to analyze the
paired binary data for the patients before and after vaccination.
The distributions were assessed with Kolmogorov—Smirnov test
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Table 1. Serum levels of antiphospholipid antibodies (aPL) in women before and after vaccination

Parameter Reference range Before vaccination 90 days after vaccination p-value
anti-CL IgM, U/mL <7 U/mL 2.2 (1.4-3.5) 2.3 (1.7-3.1) 0.575
anti -CL IgG, U/mL <10 U/mL 2.9 (2.0-4.1) 2.4 (1.8-3.3) < 0.001
anti-B2GPI IgM, U/mL <5U/mL 2.6 (1.7-3.5) 2.3(1.7-3.2) 0.022
anti- B2GPI IgG, U/mL <5U/mL 1.8(1.3-2.9) 1.7 (1.3-2.3) 0.003
anti-AnV IgM, U/mL <5U/mL 2.9 (2.2-4.1) 3.4 (2.6-4.4) < 0.001
anti-AnV IgG, U/mL <5U/mL 2.3 (1.7-3.0) 4.0 (2.2-4.8) < 0.001
anti-PS IgM, U/mL <10 U/mL 2.5(1.8-3.4) 2.5(1.9-3.2) 0.630
anti-PS IgG, U/mL <10 U/mL 2.6 (2.0-3.4) 3.5(2.8-4.6) < 0.001
anti-PE IgM, U/mL <12 U/mL 5.2 (2.6-10.4) 6.1(3.4-13.4) < 0.001
anti-PE 1gG, U/mL <12 U/mL 1.0 (1.0-1.3) 1.5(1.2-2.1) < 0.001
anti-PS/PT IgM, U/mL <12 U/mL 1.9 (1.3-2.8) 1.9(1.3-3.2) 0.949
anti-PS/PT IgG, U/mL <12 U/mL 2.3(1.7-3.3) 2.8 (1.9-3.7) 0.002

Note: Me (X-Y), p-values by the sign test.

using graphical data representation. Given non-normality of the
distributions, the data were analyzed non-parametrically, with
the variables described by medians and interquartile ranges,
Me (Q25-Q75), and the non-parametric sign test applied for
paired samples. The differences were considered statistically
significant at p < 0.05.

RESULTS

Median age of the participants was 33 years; median BMI
constituted 22.4 kg/m2. All participants complied with the
inclusion criteria; prevalence of gynecological diseases did not
exceed 10%; non-gynecological diagnoses were dominated by
allergic conditions (encountered in 30% of participants). Ovarian
reserves were assessed before and after vaccination using FSH
and AMH tests combined to AFC. No significant alterations
in hormone levels and AFC were encountered. The medians/
interquartile ranges fell within RR for all studied hormones, and
similar numbers of patients presented with FSH levels above
RR and AMH levels below RR before and after vaccination.

The study of serum antiphospholipid antibodies (aPL)
revealed reciprocal dynamics for the levels of criterial and non-
criterial aPL, respectively (Table 1).

In 30 pts (25%) aPL levels exceeded RR initially (Table 2). After
vaccination, elevated aPL levels were observed in 28 pts (23.3%),
most frequently for anti-PE IgM (20 pts, 16.7%). In 7 pts

Table 2. Prevalence of elevated serum aPL in women before and after vaccination

(5.8%) elevated aPL levels were encountered after vaccination
only, whereas in 9 pts (7.5%) the initially elevated aPL levels
decreased to normal after vaccination. Two pts (1.7%) with
histories of autoimmune thyroiditis and allergic reactions
revealed aPL persistence after vaccination. It should be noted
that both of them had ovarian reserve parameters within the
normal range, showing no decrease after vaccination.

Possible correlations in the dynamics of aPL and hormone
levels we assessed by setting A values for the parameters
(e. g. AAMH = AMH1-AMH2, AFSH = FSH2-FSH1, etc.); a
positive A always indicated an adverse trend (Fig. 1). The only
identified correlation (a weak negative one of negligible clinical
relevance) reflected an increase in AMH levels accompanied by
an increase in anti-PS/PT IgM.

All 7 pts with elevated aPL as measured 90 days after
vaccination showed normal aPL in the repeated tests performed
6 months after vaccination.

Thus, all median values and interquartile ranges for
serum aPL levels fell within RR. The analysis revealed no
significant increase in the prevalence of elevated aPL levels
after vaccination, except for anti-PE IgM. In patients revealing
elevated serum aPL at the second reference time point of the
study (90 days after the first component injection), the values
returned to normal range within a 3 months follow-up. The
analysis revealed no clinically relevant dynamic associations for
the ovarian reserve-related hormones and aPL.

Parameter Before vaccination 90 days after vaccination p-value
anti-CL IgM, U/mL 4 (3.3%) 4 (3.3%) 0.683
anti-CL 1gG, U/mL 4 (3.3%) 1(0.8%) 0.248
anti-p2GPI IgM, U/mL 0 1(0.8%) -
anti-B2GPI IgG, U/mL 4 (3.3%) 2(1.7%) 0.479
anti-AnV IgM, U/mL 3(2.5) 5 (4.2%) 0.723
anti-AnV IgG, U/mL 3 (2.5 3(2.5) 0.617
anti-PS IgM, U/mL 1(0.8%) 1(0.8%) 1.00
anti-PS I1gG, U/mL 0 1(0.8%) -
anti-PE IgM, U/mL 15 (12.5%) 20 (16.7%) 0.043
anti-PE 1gG, U/mL 0 2(1.7%) -
anti-PS/PT IgM, U/mL 1(0.8%) 0 -
anti-PS/PT IgG, U/mL 0 1(0.8%) -
At least one type of aPL above RR 30 (25%) 28 (23.3%) 0.802

Note: p-values by McNemar’s test, RR — reference range.
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Fig. 1. Correlation analysis for possible dynamic associations between serum levels of hormones (AFSH, AAMH) and antiphospholipid antibodies (AaPL) in women

before and after vaccination

Apart from aPL, we analyzed a scope of other self-reactive
antibodies with diverse specificities (organ-specific, antinuclear,
and anti-hormone) before and after vaccination (Table 3).
Significantly decreased serum levels were observed for anti-
FSH IgM, anti-TSH receptor IgG, ANA IgG, anti-SS-A IgG, and-
RNP70 IgG, along with significantly increased serum levels of
anti-trophoblast IgG, anti-ovary 1gG, anti-PRG IgG, anti-SS-B
lgG, and anti-dsDNA IgG.

However, these trends are hardly relevant: despite the
statistically significant dynamics, Ab levels stayed within RR in
the majority of patients. Comparing seroprevalence of elevated
autoantibodies is more indicative (Table 4). Patients with at least
one type of elevated serum autoantibodies constituted 70.8%
before vaccination and 75% after vaccination. Patients with
at least two autoAb above RR constituted 38.3% and 45.8%,
respectively. It should be noted that different classes of anti-PRG
and anti-FSH Ig showed reciprocal dynamics: the prevalence
of elevated serum IgM decreased, whereas the prevalence of
elevated serum IgG increased. Anti-dsDNA IgG were the only
autoantibodies with the elevated serum levels more prevalent
after vaccination than before, although in most of the cases
their levels only slightly exceeded RR.

Correlation analysis revealed no dynamic associations
between serum levels of ovarian reserve-related hormones
(FSH, AMH) and self-reactive antibodies to nuclear antigens,
thyroid-, ovarian-, and trophoblast-specific antigens, or
hormones (Fig. 2).

Table 3. Serum levels of autoantibodies in women before and after vaccination

The results indicate high incidence of serum autoantibody
persistence in reproductive age women. The only antibodies
showing increased seroprevalence after vaccination were
anti-dsDNA IgG. In patients showing elevated serum Ab
at the second reference time point of the study, these levels
returned to normal within 6 months after the first component
injection. Correlation analysis revealed no dynamic associations
between serum levels of ovarian reserve-related hormones and
autoantibodies.

DISCUSSION

According to in vivo studies and pilot clinical research,
vaccination may cause reproductive failure by promoting
ASIA and certain autoimmune disorders including anti-
phospholipid syndrome and SLE [12, 13, 15]. It is known that
aPL can destroy the annexin V protective layer formed over
the negatively charged surface of syncytiotrophoblast and
endothelium, thus promoting coagulation and development of
a hypercoagulable state. In addition, aPL can initiate apoptosis
in trophoblast cells, interfere with cell proliferation, expression of
cell adhesion molecules, and chorionic gonadotropin secretion,
while supporting pro-inflammatory reactions [16].
Autoantibody persistence is rather prevalent in women. This
asymptomatic condition may favor development of autoimmune
diseases in genetically predisposed individuals. In connection
with this concern, the present study analyzed a wide range of

Parameter Reference range Before vaccination 90 days after vaccination p-value
ig}i'mzlf’na pellucida 19, <250 ng/mL 156.0 (126.5-183.5) 157.0 (133.7-218.2) 0.114
anti-trophoblast IgG, ng/mL <150 ng/mL 101.7 (84.0-117.0) 127.2 (106.0-137.2) <0.001
anti-ovary IgG, U/mL <10 U/mL 4.0 (3.3-5.1) 4.8 (4.0-5.7) <0.001
anti-PRG IgM, OD u <0.40Du 0.28 (0.22-0.40) 0.29 (0.23-0.35) 0.302
anti-PRG IgG, OD u <0.40Du 0.28 (0.21-0.37) 0.33 (0.25-0.44) 0.002
anti-FSH IgM, OD u <0.40Du 0.29 (0.22-0.38) 0.25 (0.19-0.30) < 0.001
anti-FSH 1gG, OD u <0.40Du 0.27 (0.20-0.34) 0.29 (0.23-0.35) 0.575
anti-TPO IgG, 1U/mL <50 IU/mL 12.2 (8.7-18.7) 12.4 (9.5-18.9) 1.00
anti-TSH receptor 1gG, IU/L <1IU/L 0.5 (0.3-0.6) 0.3 (0.2-0.5) < 0.001
anti-TG IgG, IU/mL <100 IU/mL 19.4 (15.0-28.5) 20.7 (14.8-31.5) 0.227
ANA IgG, PI <1PI 0.5 (0.4-0.7) 0.45 (0.4-0.65) < 0.001
aHTN-SS-A IgG, 1U/mL <15 IU/mL 3.3(2.6-5.3) 3.0 (2.6-4.3) 0.032
aHT1-SS-B IgG, IU/mL <15 IU/mL 3.2 (2.1-4.8) 3.3 (2.3-5.1) 0.038
anti-dsDNA 1gG, 1U/mL <20 IU/mL 11.8 (9.3-14.7) 15.3 (12.8-18.1) < 0.001
anti-RNP70 IgG, U/mL <25 U/mL 4.1 (2.8-5.6) 2.3(1.7-3.1) <0.001

Note: Me (X-Y), p-values by the sign test.

BULLETIN OF RSMU | 2, 2022 | VESTNIKRGMU.RU




ORIGINAL RESEARCH | IMMUNOLOGY

Table 4. Prevalence of elevated serum autoantibodies in women before and after vaccination

Parameter Reference range Before vaccination 90 days after vaccination p-value
anti-zona pellucida IgG, <250 ng/mL 17 (14.2%) 19 (15.8%) 0.844
ng/mL
anti-trophoblast IgG, ng/mL <150 ng/mL 7 (5.8%) 13 (10.8%) 0.211
anti-ovary IgG, U/mL <10 U/mL 1 (0.8%) 2 (1.6%) 1.00
anti-PRG IgM, OD u <0,40Du 32 (26.7%) 19 (15.8%) 0.012
anti-PRG IgG OD u <0,40Du 21 (17.5%) 41 (34.2%) < 0.001
anti-FSH IgM, OD u <0,40Du 23 (19.2%) 11 (9.2%) 0.006
anti-FSH IgG, OD u <0,40Du 14 (11.7%) 21 (17.5%) 0.190
anti-TPO IgG, IU/mL <50 IU/mL 12 (10%) 13 (10.8%) 1.00
anti-TSH receptor 1gG, IU/L <1IU/L 2 (1.6%) 1(0.8%) 1.00
anti-TG IgG, IU/mL <100 IU/mL 6 (5%) 7 (5.8%) 1.00
ANA IgG, PI <1PI 11 (9.2%) 12 (10%) 1.00
anti-SS-A 1gG, 1U/mL <15 1U/mL 4 (3.3%) 7 (5.8%) 0.248
anti-SS-B IgG, 1U/mL <15 1U/mL 1(0.8%) 1(0.8%) -
anti-dsDNA IgG, IU/mL <20 IU/mL 4 (3.3%) 18 (15%) 0.003
anti-RNP70 IgG, U/mL <25 U/mL 4 (3.3%) 0 -

At least one type of autoAb above RR 85 (70.8%) 90 (75%) 0.423
Two or more types of autoAb above RR 46 (38.3%) 55 (45.8%) 0.176

Note: p-values by McNemar's test, RR — reference range.

autoantibodies to organ-specific and systemic self-antigens
in reproductive age women before and after COVID-19
vaccination. The tests for criterial and non-criterial aPL were
performed to assess the risks of antiphospholipid syndrome
with possible complications including infertility, thrombosis,
thrombocytopenia, and habitual miscarriage [17].

The study also included the antinuclear antibody (ANA)
tests conventionally used in diagnostics of connective tissue
autoimmune disorders (SLE, Sjogren syndrome, the mixed
connective tissue disease (Sharp syndrome), polymyositis/
dermatomyositis, and progressive systemic scleroderma)
[18]. ANA are widely employed as biomarkers of particular
connective tissue disorders. Apart from ANA, the women were
tested for autoantibodies to double-stranded DNA (dsDNA) and
extractable nuclear antigens SS-A/Ro, SS-B/La, and RNP70.
Rheumatoid autoimmune diseases are often associated
with the presence of autoantibodies to extractable nuclear
and cytoplasmic antigens. The anti-SS-B and anti-SS-A
autoantibodies are usually detectable in Sjogren syndrome [19].
The study also included serum and plasma tests for anti-RNP70
IgG conventionally used in diagnostics of the mixed connective
tissue disease (Sharp syndrome) and related autoimmune
disorders [20].

In addition, the participants were tested for autoantibodies
to organ-specific antigens, including anti-ovary, anti-
trophoblast, and anti-zona pellucida species, associated with the

risks of reduced fertility, infertility, or premature ovarian failure. In
particular, anti-oocyte autoantibodies have been associated with
poor ovarian response upon ovarian stimulation in IVF cycles [21].

Other serological targets included autoantibodies to thyroid
antigens including thyroglobulin (TG), thyroid peroxidase (TPO),
and thyroid-stimulating hormone receptor (TSH receptor).
These tests are used in differential diagnostics of autoimmune
thyroid diseases including Hashimoto thyroiditis and Graves’
disease [22].

We also used novel modifications of enzyme immunoassay
enabling detection of antibodies to the most important female
reproductive hormones, particularly FSH and progesterone.
Such antibodies can interfere with the effects of exogenous and
endogenous hormones and affect follicular growth, endometrial
readiness, and the course of early pregnancy.

The results indicate significant decrease in blood levels
of criterial aPL (anti-CL and anti-B2GPI) accompanied by
significant increase in non-criterial aPL (anti-AnV, anti-PS, anti-
PE, and anti-PS/PT) after vaccination. However, these findings
have low clinical relevance: in the majority of patients, aPL levels
stayed within the normal range despite the observed negative
and positive dynamics.

The analysis of prevalence of elevated aPL levels with regard
to vaccination is certainly more informative. We observed a
significant increase in the prevalence of elevated anti-PE IgM in
response to vaccination, which was transient.
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Fig. 2. Correlation analysis for possible dynamic associations between serum levels of hormones (AFSH, AAMH) and autoantibodies (AautoAB) in women before and

after vaccination
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It should be noted that anti-PE aPL typically arise during
infectious processes induced by viral or bacterial pathogens
and persist for a considerable period [23-24]. PE, a major lipid
component of microbial membranes, is also found in human
cell membranes. Immunologically compelling circumstances
(immunization, activation of chronic infection foci, etc.)
accompanied by release of pro-inflammatory mediators and
tissue damage may facilitate exposure of PE in cell membranes,
triggering the production of corresponding self-reactive
autoantibodies capable of transient or long-term persistence.
Infectious agents are capable of triggering autoimmune
reactions, whereas anti-PE antibody persistence may indicate
chronic infections possibly prone to the vaccination-mediated
enhancement.

Overall, the observed trends were clinically irrelevant,
except, perhaps, the transiently increased prevalence of
elevated serum levels for anti-dsDNA IgG after vaccination.
Elevated levels of anti-dsDNA antibodies may result from a
variety of events (both physiological and pathological) where
DNA fragments are released from cells along with other nuclear
antigens. For instance, such release of nuclear antigens occurs
in apoptosis or necrosis. Production of anti-dsDNA antibodies
at systemic level can be induced by exogenous factors, e.g.
bacterial lipopolysaccharide stimulation [25]. These findings
explain the boosted synthesis of anti-dsDNA antibodies during
Gram-negative bacterial infections [26].

One study focusing on the autoimmune effects of
different types of vaccines demonstrates that production
of autoantibodies occurs in healthy people in response to
immunization against hepatitis B, influenza, or hepatitis
A (including a transient increase observed for antinuclear
antibodies). At the same time, none of the patients presented
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EXPERIENCE OF TOCILIZUMAB IN HOSPITAL PATIENTS WITH MODERATE COVID-19
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Severe form of COVID 19 has been linked to the phenomenon of dysregulated inflammation with excessive cytokine release and elevated interleukin 6 (IL6) levels.
Suppressive agents enabling specific inhibition of cytokines, notably monoclonal antibodies to IL6 and its receptors, have been applied as a rescue therapy in COVID
19 despite the underexplored clinical scope for these biologic medications. This study aimed to evaluate the clinical utility of IL6 receptor antagonist tocilizumab in
moderate symptomatic COVID 19 prone to aggravation. The retrospective cohort study enrolled two groups of hospitalized patients (a total of n = 72) diagnosed
with moderate COVID-19. The main group received a single 400 mg dose of tocilizumab (TCZ) on top of standard therapy. The comparative analysis included
statistical evaluation for a number of clinical and laboratory parameters at reference time points and disease outcomes with regard to treatment strategy. Overall,
TCZ administration provided no advantages in terms of oxygen supplementation status, disease progression, or survival. Lethal cases constituted 19.2% (10 pts)
and 5% (1 pt) in TCZ and comparison groups, respectively. The results indicate that administration of monoclonal antibody drugs in hospital patients with COVID-19
must follow differential schemes with regard to the disease severity and comorbidities, as well as proper commencement schedules.
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OonbIT TPUMEHEHUA TOLUUITN3YMABA Y CTALUMOHAPHbIX MALMEHTOB CO CPEAHETAXKEJIbIM
TEHEHMEM COVID-19

O. A. bypracosa'?*= C. B. JonvHHbiii®, B. B. Tetoea', [I. A. Orapkosa?, M. A. OgHopanos', B. B. BakanuH', C. B. CmeTtanuHa®, H. A, AHTURAT?,
M. B. TapaHoBa*

" Poccuiickuii yHuBepeuTeT apy»x6bl Hapoaos, Mockea, Poccuist

2 HauyoHanbHbIN MccnenoBaTensCKMin LEHTP aNAEMMONOriv 1 Mrkpobuonorim nvenn H. ®. famanen, Mocksa, Poccus

3 NHdbekupmoHHas knnHmndeckas 6onbHmnua Ne 1, Mockea, Poccus

4 MepBbii MOCKOBCKUIA FOCYAAPCTBEHHbIN MEAVLMHCKUA yHBepcuTeT nmenn U. M. CedeHoa (CeveHoBckuii yHMBepcuTeT), Mockea, Poccus

OcnoxHeHHoe Tederne COVID-19 accoummpoBaHo C (heHOMEHOM HEePEeryMpyemMoro BOCHaneHns, CUHAPOMOM M30bITOYHOIO BbIOPOCa LMTOKMHOB, B TOM
Yucne MoBbILLEHVEM YPOBHS MHTepneikHa-6 (IL6). Ona nedveHns nauveHtoB ¢ COVID-19 cTanm akTMBHO NPUMEHSATL CynpeccuBHble CPeACcTBa C BEKTOPHbLIM
6N0KMPOBaHVEM LIMTOKVHOB — MOHOKIOHasbHbIE aHTUTena K IL6 v ero peuentopam. TepanesTuyeckas ahheKTVBHOCTb Pa3inyHbIx BUONOrMHECKIX CPEACTB
npu COVID-19 noka HepocTato4Ho madyqeHa. Llenbio nccnenosaHms Oblno OLEHWTL BAMSIHME aHTaroH1cTa peuentopa IL6 Toumnmsymaba Ha KIMHUHECKOe
TedeHne COVID-19 B cpaBHEHWN C NOAAEPKMBAIOLLIEN KOPTMKOCTEPOWOHON Tepanmneit. B peTpocneKkTBHOM KOropTHOM 1CCrefoBaHun Habntoaani ase rpynmbi
nauneHToB (n = 72) co cpepHeTsbkenbiM TedeHrem COVID-19 1 prckoM nporpeccrpoBaHis 3abonesaHust. MNaumueHTam OCHOBHOW rpynnbl K CTaHOAAPTHOW Tepanim
OOHOKPATHO BBOAMM ToLmndymad B fo3e 400 Mr. poBefeH CpaBHUTENbHDIN aHAM3 OCHOBHBIX MapaMeTPOB KIMHUKO-1abopaTopHOro MPOMUS 1 NCXOAOB
3a00n1eBaH1st B KOHTPOSbHBIX BPEMEHHbBIX TOUKax NPy UCMONb30BaHUM PasNNYHbIX NeHebHbIX cTpaTeruii. PesynsraTbl NPYMEHeHNs ToLmnmMaymata y naumeHToB
CO cpefHeTsykenbiM TedeHnem COVID-19 He MpoAeMOHCTPUPOBany NMPEenMyLLECTB ero UCMONb30BaHUS A8 CHKEHUS MOTPEOHOCTV B AOMOSAHUTENBHOM
KCNOPOAHON NOAAEPKKE M PUCKa MPOrpeCCUpPOBaHs 3a00neBaHNs 40 TSHKENon (hopMbl, a TakKe Hrcna NeTaslbHbIX MCXOAOB MO CPaBHEHWIIO C MOAAEPKMBAIOLLEN
Tepanuei. Yvicno netanbHbix cnyydaes coctasmno 10 (19,2%) 1 1 (5%) B rpynnax ¢ npuMeHeHeM ToLmnmdymaba 1 NofaepKUBatOLLEV Tepan COOTBETCTBEHHO.
Vcnonb3oBaHve npenapaToB MOHOKJIOHaNbHbBIX aHTUTeN y naumeHToB ¢ COVID-19, BO3MOXHO, TPebyeT n3bupaTenbHoro noaxoaa ¢ y4eToM He TONbKO CTeneHu
TSHKECTV 3aboneBaHnsi, KOMOPOUAHOCTH, HO U CPOKOB Havana BBEAEHWSI OMONOrMHECKIMX CYNPECCUBHbBIX CPEACTB.

KntouyeBble cnoa: COVID-19, SARS-CoV-2, ocTpblii pecnivpaTopHbiit auctpecc-cuHapom (OPLC), nHrvbutop IL6, Toumnmaymab, aekcameTasoH
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The coronavirus pandemic remains a major challenge to
global healthcare, responsible for over 4 million deaths as of
October 2021 [1]. Despite the enormous vaccination efforts,
the problem will persist due to the high mutation capacity of
the SARS-CoV-2 virus.

Immune response plays a pivotal role in individual
susceptibility to infectious diseases. Dysfunctional immune
reactions are responsible for severe respiratory distress
syndrome in viral pathologies, including the acute viral respiratory
infections. The excessive release of pro-inflammatory cytokines,
termed “cytokine storm”, is the critical immunological event
leading to severe clinical syndrome, a grave complication of
infectious and inflammatory diseases. The cytokine storm and
acute respiratory distress syndrome (ARDS) are directly related
to adverse prognosis in COVID-19 [2-10].

The availability of safe and effective therapeutics for the
treatment of hospitalized patients with COVID-19 remains a
major clinical issue, which is far from being solved decidedly.
The progress will depend on clinical trials for antiviral and anti-
inflammatory drugs including monoclonal antibodies.

As demonstrated in a number of cohort and clinical studies,
properly scheduled administration of immunomodulatory agents
to patients with COVID-19 can substantively improve the clinical
status, reduce the hospital stay, and ultimately alleviate the
risk of lethal outcome [11]. Several studies on the therapeutic
efficacy of neutralizing monoclonal antibodies in patients with
COVID-19 have shown significant reduction of SARS-CoV-2
viral loads and prevention of the disease progression [12—-15].
One of such molecules, tocilizumab (TCZ), specifically targets
the receptor of interleukin 6 (IL6). Systematic reviews suggest
that rational use of TCZ may prevent the irreversible lung
damage in severely and critically ill patients with COVID-19 [16].

Meta-analysis of available evidence on the efficacy of TCZ
in hospitalized patients with COVID-19, encompassing eight
randomized clinical studies (n = 5,340) and 28 observational
cohort studies (n = 15,484), revealed a negative association
between TCZ therapy and the demand for mechanical
ventilation at a high level of significance. In addition, TCZ
therapy has been associated with reduced probability of
adverse outcome and reduced risks of secondary infections in
patients with COVID-19, albeit at a medium level of significance
[17]. On the other hand, a systematic review on the use of TCZ
for the treatment of COVID-19, based on the results of three
indirect preclinical studies and 28 clinical studies enrolling 5,776
patients with COVID-19 and viral pneumonia/sepsis treated
with TCZ before June 20, 2020, failed to confirm the rationale
due to the scarcity and controversy of the clinical evidence [18].
Yet another three clinical studies on IL6 antagonists, RCT-TCZ-
COVID, CORIMUNO, and STOP-COVID, unanimously conclude
that the most promising member of this pharmacological
group, TCZ, has negligible efficacy in mild or moderate
COVID-19 [19-21]. The benefits of TCZ in severe COVID-19
are conditional, and their dedicated scrutiny will require extra
randomized trials enrolling large clinical samples at different
stages of pathogenesis.

This study aimed to evaluate the therapeutic efficacy of TCZ
as a part of combination therapy in hospitalized patients with
moderate COVID-19.

METHODS

This retrospective cohort study was carried out in a city clinical
hospital for infectious diseases between January 11, 2021
and December 31, 2021. The initial demographic, clinical, and
epidemiological data were retrieved from printed and electronic

medical records. The diagnosis of COVID-19 was conclusively
confirmed by positive results of real-time polymerase chain
reaction (RT-PCR) test for SARS-CoV-2 in nasopharyngeal
swabs.

The observations encompassed 72 inpatients diagnosed
with moderate symptomatic COVID-19 in accordance with
the 2021 WHO guidelines. The patients presented with
certain risk factors for aggravation of the disease and were
hospitalized on day 8 + 3.5 since the initial symptoms. The
patients were assigned into two groups: the main group (n = 52)
received tocilizumab (TCZ) on top of standard therapy and the
comparison group (n = 20) received standard therapy with
dexamethasone (DMX).

The inclusion criteria were as follows: moderate
symptomatic COVID-19 with developed pneumonia and
various comorbidities, risk factors for disease aggravation
(age = 60, diabetes, chronic respiratory and/or cardiovascular
conditions, arterial hypertension, and/or presentation with X-ray
signs of pneumonia). The exclusion criteria were the absence
of characteristic symptoms of COVID-19, the absence of
pneumonia, and the use of alternative biologic medications.

The clinical status was assessed on the following basis:
clinical blood tests including leukocyte differential and
erythrocyte sedimentation rate; biochemical blood tests
including C-reactive protein (CRP) levels; chest X-ray scan
for the signs of pneumonia; and pulse oximeter readings
(Sp0,). Importantly, the positive RT-PCR test for SARS-
CoV-2 in a nasopharyngeal swab collected at admission was
a prerequisite for the final diagnosis of COVID-19. The data
analysis involved between-the-group comparisons of survival
rates, as well as clinical and laboratory profiling before (baseline
data) and after the treatment (clinical and laboratory indicators
collected at reference time points after the medications had
been administered).

Patients of the main group (TCZ group, n = 52) were
admitted to inpatient care units at different time points with
regard to initial symptoms: 9 pts (17.3%) were hospitalized
on day 1-5, the majority (32 pts, 61.5%) on day 6-10,
8 pts (15.4%) on day 11-15, and 3 pts (6.8%) on > 15 day
of the illness. Age of patients in the main group constituted
30-50 years (7 pts, 18.5%), 51-70 years (24 pts, 46.2%), and
> 71 years (21 pt, 40.3%). The main group included 19 (36.5%)
men and 33 (63.5%) women.

Patients of the main group received TCZ at a single 400 mg
dose administered by intravenous drip on day 10 + 3.7 of the
illness on top of standard scheme in compliance with the current
regulatory guidelines. The dynamic observation encompassed
clinical and laboratory-instrumental indicators.

Patients of the comparison group (n = 20), who received
the standard scheme with DMX, were also admitted at different
time points with regard to the disease onset: 4 pts (20%) were
hospitalized on day 1-5, the majority (13 pts, 65%) on day
6-10, 2 pts (10%) on day 11-15, and 1 pt was hospitalized
on > 15 day of the illness. Age of patients in the comparison
group constituted 51-70 years (9 pts, 45%) and > 71 years (11
pts, 55%). The comparison group included 10 (50%) men and
10 (60%) women. According to the guidelines of the Ministry of
Health of the Russian Federation, all patients of the comparison
group received DMX infusions on day 8 + 3.7, 4 mg 2 times a
day. Structure of clinical symptoms for the two groups is given
in Table 1; baseline data, dynamics of clinical and laboratory
parameters, and outcomes are given in Table 2. The groups were
similar in age structure (68 [59-80.5] vs. 72.5 [64.5-82] years;
p = 0.308), hospitalization time point (day 8 [6-10] vs. 8 [6.5-8.5]
of the illness; p = 0.505), and initial laboratory parameters.
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Table 1. Structure of clinical symptoms in patients receiving tocilizumab vs. standard therapy (+dexamethasone)

Tocilizumab Maintenance therapy/dexamethasone
Symptoms
(n=52) (n=20)

Fatigue n=52 100% n=20 100%
Headache n=3 5.8% n=0 0%
Myalgia n=2 3.8% n=3 15%
Chills n=46 88.5% n=14 70%
Rash n=2 3.8% n=1 5%
Oropharyngeal hyperemia n=3 5.8% n=1 5%
Sore throat n=5 9.6% n=1 5%
Nasal congestion n=0 0% n=0 0%
Dry cough n=233 63.5% n=12 60%
Wet cough n=4 7.7% n=0 0%
Abdominal pain n=3 5.8% n=1 5%
Nausea/vomiting n=9 17.3% n=0 0%
Diarrhea n=11 21.2% n=2 10%
Fainting n=1 1.9% n=2 10%
Vertigo n=7 13.5% n=1 5%
Meningeal signs n=0 0% n=0 0%
Dysosmia n=4 7.7% n=1 5%

Dysgeusia n=1 1.9% n=0 0%

The main group received the biologic medication on day 10
[8-12] of the iliness, whereas the comparison group received
standard therapy plus DMX starting from day 8 [5.5-10] of
the illness. Equivalent proportions of patients in both groups
received steroids (100%). None of the patients in both groups
received other immunosuppressive drugs (e.g. levilimab,
baricitinib).

Statistical analysis of the data was carried out using
IBM SPSS Statistics 26 (IBM; USA). Distributions of most
quantitative variables differed from normal (p > 0.05; Shapiro-Wilk
test); these were described nonparametrically as median
[interquartile range]. The comparisons were carried out
using Mann-Whitney test for independent samples (groups),
Wilcoxon rank test for dependent samples, and Pearson’s x?
test or Fisher’s exact test for categorical data.

RESULTS

The analysis of clinical and laboratory parameters revealed
significant 10-fold decrease in serum CRP to 7 mg/L
(3.56-41.5 mg/L) at 24 h after TCZ infusion (p < 0.001).
In addition, the use of TCZ was associated with significant
increase in platelet counts at 24 h after the infusion (o < 0.001).
At the same time, the main group showed adverse dynamics
for LDH, progressively increased to 341 U/L (280-522 U/L,
p < 0.05), and no dynamics for oxygen saturation levels.
Dynamics of clinical and laboratory parameters for the main
group are given in Table 3.

The comparison group, treated with DMX only, showed
identical positive dynamics for CRP (11-fold reduction compared
with baseline measurements, p = 0.001) and platelet counts (to
274.5, 222-357, p = 0.002) during the same reference period,
and no dynamics for oxygen saturation. Dynamics of clinical
and laboratory parameters for the comparison group are given
in Table 4.
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The lethality constituted 19.2% for the main group (10 pts
died in the inpatient care unit, including 1 pt (1.9%) aged
< 60 years and 9 pts (17.3%) aged > 60 years), and 5% for the
comparison group (1 pt aged > 60 years).

DISCUSSION

Therapeutic use of monoclonal antibody drugs in patients
with COVID-19 has multiple shortcomings including the
understudied safety profiles, high costs, and unproved efficacy.
According to WHO recommendations, the use of TCZ is only
justified in critically ill patients with COVID-19. By contrast,
clinical guidelines adopted in Russia suggest using this
medication for a broader clinical spectrum including moderate
COVID-19in hospitalized patients with risk burden [22]. To date,
many specialized inpatient care units practise the use of TCZ
as first line treatment for COVID-19 despite the in many ways
unconvincing results of clinical trials and rather controversial
clinical experience.

In this study on clinical efficacy of TCZ, encompassing
individuals with moderate COVID-19 and risks for aggravation,
we monitored known indicators of disease progression,
including of CRP and SpO2 levels. Positive dynamics of
certain clinically validated parameters (CRP, platelets) after TCZ
administration should be noted.

However, we observed no significant reduction in the
rate of disease progression to severe form in response to
TCZ. In particular, respiratory support was required in 71.2%
(37 pts) of the main group and 45% (9 pts) of the comparison
group. Aggravation of the respiratory failure syndrome was
encountered in 9.6% (5 pts) of the main group and 5%
(1 pt) of the comparison group. The lethality constituted 19.2%
(10 pts) in the main group and 5% (1 pt) in the comparison group.

The increase in IL6 levels and sharp decrease in CRP
levels observed in TCZ-treated patients of our cohort
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Table 2. Baseline data, dynamics of clinical and laboratory parameters, and clinical outcomes in patients receiving tocilizumab vs. standard therapy (+dexamethasone)

Maintenance therapy/

Parameter To((iilizzusn;)ab dexamethasone P
(n=20)
Demographic data
Age 68 [59-80.5] 72.5 [64.5-82] 0.308 (Mann-Whitney test)
Sex M: 19 (36.5%) M: 10 (50%)

F: 33 (63.5%)

F: 10 (50%)

Hospitalized, day of illness 8[6-10] 8 [6.5-8.5] 0.505 (Mann-Whitney test)
i'}fr?:si‘s:a“o” administered, day of 10 [8-12] 8 [5.5-10] 0.022* (Mann-Whitney test)
Comorbidities
Arterial hypertension 39 75% 16 80% 0.764 (Pearson's x? test)
Cardiovascular disorders 25 48% 14 70% 0.118 (Pearson's x? test)
Diabetes mellitus 12 23% 6 30% 0.762 (Pearson's x? test)
Chronic respiratory disorders 11 21% 3 15% 0.744 (Fisher's exact test)
Obesity (known for 46) (known for 16) 0.020* (Pearson's x? test)
28 61% 4
25%

Clinical indicators

Temperature, initially

36.8 [36.6-37.4]

36.8 [36.6-37.35]

0.845 (Mann-Whitney test

Temperature, 4 days after treatment

36.6 [36.45-36.8]

36.65 [36.5-36.8]

0.978 (Mann-Whitney test]

( )
( )
( )
( )

treatment

Saturation, initially 95.5 [93-96.5] 95.5 [94.5-97] 0.318 (Mann-Whitney test]

Saturation, 4 days after treatment 96 [94-97] 96 [95-98] 0.247 (Mann-Whitney test
Laboratory test results

Leukocytes, total, initially 7 [5.2-9] 7.05 [6.20-10.05] 0.427 (Mann-Whitney test)

Leukocytes, total, 4 days after 5.7 [4.2-11] 8.35 [5.8-10.5] 0.075 (Mann-Whitney test)

Lymphocytes, total, initially

1.23 [0.84-1.57]

1.24 [0.85-1.64]

0.832 (Mann-Whitney test)

Lymphocytes, total, 4 days after
treatment

1.09 [0.70-1.75]

1.62 [1.14-1.84]

0.107 (Mann-Whitney test)

CRP, initially

72 [28.5-130.5]

74 [39.5-105.5]

0.977 (Mann-Whitney test

( )
CRP, 24 h after treatment 7 [3.5-41.5] 6 [6-12.5] 0.945 (Mann-Whitney test)
Ferritin, initially 499.5 [251-1033] 319 [295-399] 0.872 (Mann-Whitney test)
Ferritin, 24 h after treatment 708 [375-904] 1252 [783-1500] 0.127 (Mann-Whitney test)
Interleukin, initially 37 [19-182] 12 [7-439] 0.479 (Mann-Whitney test)
Interleukin, 24 h after treatment 319 [167-807.5] 16 [8-37] 0.017* (Mann-Whitney test)

Procalcitonin, initially

0.14 [0.08-0.22]

0.23 [0.10-6.10]

0.497 (Mann-Whitney test

Procalcitonin, 24 h after treatment

0.145 [0.06-0.16]

0.14[0.08-0.18]

0.859 (Mann-Whitney test]

D-dimer, initially

359 [189-937]

391.5 [163-1193]

D-dimer, 24 h after treatment

385 [297-1130]

332 [ 252-1009]

0.618 (Mann-Whitney test

( )
( )
0.903 (Mann-Whitney test)
( )
( )

LDH, initially 312 [275-422] 385 [265-443] 0.737 (Mann-Whitney test
LDH, 24 h after treatment 341 [280-522] 245 [197-324] 0.005* (Mann-Whitney test)
Platelets, initially 156 [135.5-193.5] 172 [143-185] 0.499 (Mann-Whitney test)
Platelets, 24 h after treatment 231 [175-300] 274.5 [222-357] 0.099 (Mann-Whitney test)
Lethality 10 (19.2%) 1(5%) 0.275 (Fisher's exact test)

indicates an improvement in hyperinfammatory status, when the time had already been lost and the aggravation
consistently with a systematic review on clinical utility of this ~ was inevitable. This point is consistent with the reported
biologic medication in COVID-19 at the level of individual  association between higher demand for oxygen support and
patient data including baseline records, laboratory tests, and  delayed commencement of TCZ therapy. It can be speculated
outcomes [23]. that earlier administration of TCZ may effectively prevent or

In this study, we had no means to identify the entire  alleviate the generalized inflammation syndrome [21, 23]. The
complex of causal factors that determined the course of low anti-covid efficacy of TCZ in certain settings may also
the disease for each patient individually. Apparently, one involve miscellaneous understudied factors. For example,
of the key adverse factors was delayed hospitalization, in this study we disregarded the possible impacts of viral
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Parameter Initially After treatment 1%

Body temperature 36.8 [36.6-37.4] 36.6 [36.45-36.8] < 0.001* (Wilcoxon test for dependent samples)
Oxygen saturation 95.5 [93-96.5] 96 [94-97] 0.161 (Wilcoxon test for dependent samples)
Leukocytes 7 [56.2-9] 5.7 [4.2-11] 0.945 (Wilcoxon test for dependent samples)
Lymphocytes 1.23 [0.84-1.57] 1.09 [0.70-1.75] 0.637 (Wilcoxon test for dependent samples)
CRP 72 [28.5-130.5] 7 [3.5-41.5] < 0.001* (Wilcoxon test for dependent samples)
Ferritin 499.5 [251-1033] 708 [375-904] 0.859 (Wilcoxon test for dependent samples,
Interleukin 37 [19-182] 319 [167-807.5]

Procalcitonin

0.14 [0.08-0.22]

0.145 [0.06-0.16]

0.498 (Wilcoxon test for dependent samples

D-dimer

359 [189-937]

385 [297-1130]

)
0.144 (Wilcoxon test for dependent samples)
)
)

0.878 (Wilcoxon test for dependent samples

LDH

312 [275-422]

341 [280-522]

0.020" (Wilcoxon test for dependent samples)

Platelets

156 [135.5-193.5]

231 [175-300]

< 0.001* (Wilcoxon test for dependent samples)

Table 4. Dynamics of clinical and laboratory parameters i

n patients treated with standard

therapy (+dexamethasone)

Parameter Initially After treatment p
Body temperature 36.8 [36.6-37.35] 36.65 [36.5-36.8] 0.005 (Wilcoxon test for dependent samples,
Oxygen saturation 95.5 [94.5-97] 96 [95-98] 0.810 (Wilcoxon test for dependent samples;

)
)
0.140 (Wilcoxon test for dependent samples)
)

Leukocytes 7.05 [6.20-10.05] 8.35[5.8-10.5]

Lymphocytes 1.24 [0.85-1.64] 1.62 [1.14-1.84] 0.121 (Wilcoxon test for dependent samples
CRP 74 [39.5-105.5] 6 [5-12.5] 0.001* (Wilcoxon test for dependent samples)
Ferritin 319 [295-399] 1252 [783-1500] 1.000 (Wilcoxon test for dependent samples)
Interleukin 12 [7-439] 16 [8-37] paired values available for one patient only

Procalcitonin

0.23 [0.10-6.10]

0.14 [0.08-0.18]

paired values available for one patient only

D-dimer

391.5 [163-1193]

332 [ 252-1009]

0.500 (Wilcoxon test for dependent samples)

LDH

385 [265-443]

245 [197-324]

0.8983 (Wilcoxon test for dependent samples)

Platelets

172 [143-185]

274.5 [222-357]

0.002* (Wilcoxon test for dependent samples)

mutagenesis and viral loads due to technical limitations
and small size of the cohort. Identification of other factors
interfering with TCZ therapy should rely on larger trials that
account for viral mutations.

The analysis accounted for key baseline factors including
age, sex, and comorbidities. During the observation period, the
protocols for management of moderate COVID-19 underwent
no significant alterations; however, there was a spread of new
SARS-CoV-2 variants in many countries including Russia. A
number of limitations of our study include, first of all, smaller
size of the comparison group compared with the main group.
Secondly, the research was confined to a single hospital and the
long-term results after redirection to outpatient facilities were
disregarded. In addition, despite the mandatory confirmation of
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MICROGLIA AND PUTATIVE MACROPHAGES OF THE SUBFORNICAL ORGAN: STRUCTURAL AND
FUNCTIONAL FEATURES

Guselnikova VW25 Razenkova VA, Sufieva DA', Korzhevskii DE?
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The subfornical organ is an important regulator of water-salt metabolism and energy balance of the body, involved in the control of the cardiovascular system and
immune regulation. The organ comprises several cell populations, among which microglia and macrophages remain uncharacterized. The study aimed at structural,
cytochemical, and functional characterization of microglia and macrophages of the subfornical organ in rats. Brain specimens were collected from mature male
Wistar rats (n = 8). Microglia and macrophages were revealed by immunostaining with poly- and monoclonal antibodies against calcium-binding protein Ibat
and lysosomal protein CD68; the slides were examined by light and confocal laser microscopy. The study provides a complex morphological characterization of
microglial cells and macrophages of the subfornical organ. We demonstrate that the majority of lba1-expressing cells in this area of the brain are microglial cells,
not macrophages. Microglia of the subfornical organ reveals preactivated state, which may reflect structural and functional features of this organ and specific
functions of local microglia. Subependymal microglial cells, the processes of which penetrate into the cavity of the third ventricle of the brain, constitute a distinct
subpopulation among the Iba1-expressing cells of the subfornical organ. Apart from microglial elements, the subfornical organ contains sparse tissue macrophages
with characteristic strong expression of CD68 accompanied by undetectable or weak expression of lbat.
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MUKPOINA N NPEANONATAEMbIE MAKPO®AT CYBPOPHUKAJIbHOIO OPIFAHA:
CTPYKTYPHO-®YHKLIMOHAJIbHBIE OCOBEHHOCTU

B. B. l'ycenbHukosa'? B, B. A. Pagerkoga', [1. A. Cydmesa’, [1. 3. Kop>keBcKkuiA'

" VIHCTUTYT 3KCnepuMeHTasbHON MeauumHel, CaHkT-MeTepbypr, Poccust
2 CaHKT-lMNeTepbyprekuii rocyaapcTBeHHbIn yHnBepeuTeT, CaHkT-MNeTepbypr, Poccus

CybhopHVKabHbI OpraH ABASETCA BaXXHBIM PEryNaTOpOM BOAHO-CONEBOrO 0BMeHa 1 SHepreTn4eckoro banaHca opraHnama, y4acTByeT B KOHTPone paboTbl
CepAe4HO-COCYANCTON CUCTEMbI U MMYHHOW perynsauumn. B cocTas cy6dhopHUKanbHOrO opraHa BXOAAT pasHble KNeTouHble NOMynauyn, Cpeay KoTOpbixX
HeoxapakTepV30BaHHbIMM OCTAIOTCA MUKPOMMSA U Makpodari. Liensto paboTsl Oblo N34T CTPYKTYPHbIE, LIUTOXUMUYECKME 1 (DYHKLIMOHAIBHBIE XapaKTePUCTUKM
MUKPOMMM 1 MakpoaroB CybhOpHMKaNbEHOro opraHa rofioBHOro Mo3dra Kpbichl. ViccnegoBann obpaslipl rofIoBHOMO MO3ra MoSIoBO3PENbIX KPbIC-CaMLOB
nopofb! Buctap (n = 8). [nsa BbISBNEHAS MUKPOIM 1 Makpodaros NpMeHsIv Nonv- 1 MOHOKIOHaNbHbIE aHTUTena NPOTUB KasbLWii-CBA3bIBAtOLLIErO H6enka
lbal 1 nnsocomHoro Genka CDB8 1 aHanM3npoBany npenapatbl METOAAMN CBETOBOW M KOH(OKaNbHON Na3epHOM MUKPOCKOMMN. B pamkax nccnenosaHvs
[aHa KomnnekcHas MopdonorMieckas xapakTepucTka KNeTok MUKPOmMM 1 MakpoharoB cybthopHUKansHOro opraHa. MNMokasaHo, 4To 60mbLumHCTBO Ibal-
cofepXKaLLVX KNeToK 3To 0611acTu rofoBHOMO MO3ra SBASIOTCS MUKPOMvoLMTamMu, a He Makpodaramy. Mykpornvs cy6dOopHMKaIbHOro opraHa HaxoauTes B
NpefaxkTVBUPOBaHHOM COCTOSHN, YTO MOXET ObITb 0BYCNOBAIEHO CTPYKTYPHO-(MYHKLMOHabHBIM OCOOEHHOCTAMM 3TOrO OpraHa 1 CneuUHeECKMN (PYHKLAMM
MecTHON Mukpormun. Cpegm Ibal-copepkalmx KNeTok B Cy6dopHIKaIbHOM OpraHe BbisiBieHa 0cobas nonynaums cybaneHaMHbIX MAKPOMVOLMTOB, OTPOCTKM
KOTOPbIX MPOHVKAIOT B MOMOCTb TPETHErO XEyA0HKa rOIOBHOrO MO3ra. IMOMUMO MUKPOMINK B CyBOPHNKANEHOM OpraHe 0BHapy»eHb! eAVHYHbIE TKaHeBble
Makpodaru, Ans KOTOPbIX XapakTepHO BbICOKOE cofepkaHnem CDB8, HO He3Ha4UTensHOe KOMYECTBO Um oTcyTcTeme Ibat.

KntoyeBble cnoBa: Cy6(opHVKasbHbI OpraH, MUKPOVsS, Makpohari, LIMPKYMBEHTPUKYISPHBIE OpraHb!

®duHaHCcUpoBaHMe: 1ccneaoBaHne BbiNoHEHO Npu vHaHCOBOW nogaepxke Poccuitickoro Hay4Horo ®oHga, npoekT Ne 22-25-00105, https://rscf.ru/
project/22-25-00105/

Bknap aBTopos: B. B. [ycensHnkoBa — aHanma nantepartypbl, MHTEpnpeTaumsa pesynstatoB, NOAroToBka pykonucu; B. A. PadeHkoBa — oTpaboTka NpOoTOKONoB
MMMYHONYOPECLEHTHBIX Peakuuii, NPOBEAEHNE KOH(OKaNbHOM nasepHon mvkpockonun; . A. CydwreBa — ructonorndeckas npoBoaka Oronorm4eckoro
mMarepvana, nocTaHoBKa MMMYHOMMCTOXUMNYECKIX peakumii ANns CBETOBOW MUKPOCKonun; . 3. KOp>KEBCKMA — KOHLENUWS, MiaHMpoBaHve NCCnefoBaHns,
pPefaKkTUPOBaHNE PyKOMUCU.
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The subfornical organ (organum subfornicum) is localized
near the arch of the telencephalon (fornix) along the anterior
wall of the third ventricle, where it occupies the dorsal end
of the terminal plate, protruding slightly into the lumen of the
third ventricle. An important regulator of water-salt metabolism
and energy balance of the body, it is involved in the control
of the cardiovascular system and immune regulation [1, 2];
hence the considerable interest in overall anatomy and cellular
composition of the subfornical organ, which still remains one of
the most mystifying brain structures.

Microglia and macrophages are resident cells of the
subfornical organ. These two cell types implement similar
functions, but differ structurally (by expression profiles of certain
genes and immunophenotype) and ontogenetically (by source
of origin). The importance of studying these cell types within
the context of subfornical organ functionalities is determined
by its being one of the circumventricular organs characterized
by the lack of the blood-brain barrier. Accordingly, its local
macrophages and microglia, by contrast with their counterparts
in other brain regions, are in continuous contact with various
agents circulating in the blood [3], which implies that these
cells have certain structural and functional features. An extra
focus on microglia and macrophages of the subfornical organ
is due to their possible involvement in the course of coronavirus
infection. The strong neurotropism of SARS-CoV-2 is a well-
established fact [4]. The chronic activation status of microglia,
which is normal for circumventricular organs, is thought to
render it hyper-sensitive and hyper-reactive to pathological
stimuli (e.g. SARS-CoV-2 infection) [5] and prone to transition
into pro-inflammatory phenotypes accompanied by active
synthesis of pro-inflammatory mediators and increased rates of
phagocytosis. The SARS-CoV-2-associated neuroinflamsmatory
response, which develops in circumventricular organs, confers
significant risks of neurodegeneration. In addition, the enhanced
migration capacity of the hyper-activated ameboid microglial
cells facilitates the spread of neuroinflammation to other brain
regions [5], which may be one of the underlying causes of
neurological symptoms in patients with coronavirus infections.

This study aimed at structural, cytochemical, and functional
characterization of microglia and macrophages of the
subfornical organ in rats.

METHODS

The study was carried out on brain specimens of mature
(83-5 months old) male Wistar rats (n = 8). The animals were
purchased at the “Rappolovo” breeding facilities (Leningrad
region, Russia) and housed at standard conditions with
ambient temperature, 12-h light cycle, and ad libitum access
to pellets and water. The brain specimens were fixed in zinc-
ethanol-formaldehyde [6] and embedded in paraffin (Paraffin
Type 6, ThermoScientific Richard-Allan Scientific; USA) under
standard protocol. The blocks were sectioned on a Microm HM
325 rotary microtome (ThermoScientific; USA); the 5 um thick
frontal sections comprising the subfornical organ region were
mounted on adhesion slides (Menzel; Germany). After standard
deparaffinization and rehydration, the sections were demasked
by heating in 10% aqueous solution of sodium thiosulfate for
23 min [7].

The light microscopy immunohistochemistry assay of
microglia and/or macrophages involved anti-lbal rabbit
polyclonal antibodies (Biocare Medical; USA) diluted 1:1500
and anti-CD68 mouse monoclonal (ED1) antibody (Abcam;
UK) diluted 1:4000, with REVEAL Rabbit Specific HRP-DAB
Detection System in manufaturer’s dilution (Spring Bioscience;
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USA) as secondary antibody and 3,3'-diaminobenzidine
(DAB+, Agilent; USA) as chromogen. After the reaction, some
of the sections were treated with alum hematoxylin as a nuclear
counterstain.

For immunofluorescent detection of Ibal, the sections were
covered with the rabbit polyclonal antibodies diluted 1:1000
(Biocare Medical; USA). The antigen-antibody complexes were
visualized with REVEAL Rabbit Specific HRP-DAB Detection
System in manufaturer’s dilution (Spring Bioscience; USA)
followed by Cy3-conjugated AffiniPure Goat Anti-Horseradish
Peroxidase polyclonal antibodies (Jackson ImmunoResearch;
USA). The nuclei were counterstained with SYTOX Green
fluorescent dye (Invitrogen; USA).

For double-fluorescent immunostaining of lba1/CD68 the
sections were covered with a 1:1 mixture of rabbit polyclonal
antibodies to Ibal diluted 1:500 (Biocare Medical; USA) and
mouse monoclonal antibodies to CD68 diluted 1:1000 (Agilent;
USA), followed by a mixture of (anti-)Rabbit IgG Biotinylated
Antibody (R&D Systems; USA) and EnVision+/HRP-Anti-Mouse
reagent (Agilent; USA) as secondary antibodies. After incubation
in the mixture of secondary antibodies, the sections were
sequentially treated with solutions of Cy2-Streptavidin (Jackson
ImmunoResearch; USA) and Cy3-conjugated AffiniPure Goat
Anti-Horseradish Peroxidase polyclonal antibodies (Jackson
ImmunoResearch; USA).

Examination of the slides and image acquisition were carried
out with Leica DM750 light microscope (Leica; Germany)
equipped with Leica ICC,, camera (Leica; Germany) and
Zeiss LSM800 confocal laser microscope (Zeiss; Germany).
The fluorescence was excited using a 488 nm laser for Cy2
and SYTOX Green and a 561 nm laser for Cy3. The images
were analyzed in ZEN2012 and LSM Image Browser software
packages (Zeiss; Germany).

RESULTS

Immunohistochemical detection of Iba1
calcium-binding protein

Immunohistochemical staining for calcium-binding protein Iba1
specifically expressed in microglia and macrophages revealed
immunopositive cells of the subfornical region in all studied rat
brain specimens (Fig. 1). The subfornical organ is clearly
visualized at low magnification (x10) as a compact cellular
aggregation protruding into the cavity of the third ventricle
(Fig. 1A, SFO). The organ shows high cellularity revealed by
counterstaining of the nuclei with hematoxylin (Fig. 1A, SFO,
blue), as well as the high intensity of the Ibal signal (Fig. 1A,
SFO, brown). Thus, already at a low magnification of the
microscope, the subfornical organ presents with abundant
lbal1-immunopositive elements distributed rather evenly within
the organ.

Examination of the subfornical organ region and its boundary
with adjacent white matter at higher magnifications (x40, x100)
revealed specific localization of the Ibal immunostaining in cells
with ramified processes, of diverse morphology (Fig. 1B-E,
brown). In white matter (Fig. 1B, WM), the Iba1-positive cells are
mostly fusiform, with two long non-ramified or poorly ramified
processes located at the poles; cell bodies and processes of
these cells are oriented along the nerve fibers (Fig. 1B, WM,
brown). In subfornical organ (Fig. 1B-E, SFO), the Iba1-positive
cells are visually larger compared with the corresponding cells
in white matter. These cells have more complex architecture
of the processes and show considerable morphological
heterogeneity: one morphotype has fusiform shape with small
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Fig. 1. Iba1-immunopositive cells in rat subfornical organ and adjacent white matter. A. Overall view. B. The boundary between subfornical organ and the underlying
white matter. C—E. Different morphotypes of Iba1-immunopositive cells within subfornical organ. SFO — subfornical organ, WM — white matter, V — third ventricle of
the brain (cavity); the dashed line indicates the boundary between subfornical organ and white matter; the asterisk indicates blood vessel (lumen); the arrow indicates
a small perivascular cell with few processes, containing Iba1. Scale bars, 200 um (A), 50 upm (B), and 20 pm (C-E)

body and a long non-ramified process (Fig. 1C, brown), another
morphotype exhibits relatively thick processes moderately
branching in multiple directions (Fig. 1D, brown), whereas the
sparse perivascular Ibat-positive cells with few processes are
spread over the surface of dilated thin-walled vessels of the
subfornical organ (Fig. 1E, arrow).

The fluorescent immunostaining for Ibal produced
similar results (Fig. 2). The subfornical organ region presents
with high cellularity revealed by counterstaining of the nuclei
with SYTOX Green fluorescent dye (Fig. 2, green fluorescence).
Consistenly with the corresponding light microscopy assay,
the fluorescent immunostaining for Ibal revealed high density

of Ibal-containing cells within subfornical organ (Fig. 2,
red fluorescence). Examination of these cells at higher
magnifications revealed their considerable morphological
heterogeneity. The immunofluorescence assay produced a more
contrasted visualization of the thin processes of the Iba1-containing
cells compared to light microscopy, which allowed us to describe
a specific subpopulation of these cells confined to the ependymal
lining of the third ventricle at the level of the subfornical organ.
The bodies of these Ibal-immunopositive cells were immediately
adjacent to the ependymal layer and often spread over it, and their
thin processes permeated the ependymal layer and reached the
cavity of the third ventricle (Fig. 2, arrow).

Fig. 2. Immunofluorescent detection of Iba1-positive cells in rat subfornical organ. The Iba1 specific signal is red (Cy3 fluorochrome) and the nuclei are green (SYTOX
Green). V — third ventricle of the brain (cavity); the arrow indicates processes of the Iba1-containing cells reaching the ventricular cavity. Scale bar, 20 pm
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Ibal/

Fig. 3. Characteristic patterns of Ibal and CD68 immunostaining in rat subfornical organ. A. Immunohistochemical reaction for Iba1 with alum hematoxylin nuclear
counterstaining. B. Immunohistochemical reaction for CD68 with alum hematoxylin nuclear counterstaining; the arrows indicate CD68-immunopositive structures within
the subfornical organ; the insert shows a magnified area comprising CD68-immunopositive cell. Images A and B represent histologically identical serial sections of the
same specimen (light microscopy). C. Double-fluorescent immunostaining of Iba1/CD68 (confocal laser microscopy). The Ibat signal is green (Cy2 fluorochrome) and
the CD68 signal is red (Cy3 fluorochrome); the arrow indicates a CD68-containing cell; the asterisk indicates blood vessel (lumen). Scale bars, 50 pm (A, B) and 10 pm

(B insert, C)
Immunohistochemical detection of CD68

Comparative examination of light microscopy immunostaining
images for Ibal (Fig. 3A) and CD68 (Fig. 3B), representing two
histologically identical serial sections of the same brain tissue
specimen, revealed much lower density of CD68-positive
elements and higher density of Ibal-positive elements in the
subfornical organ. Only sparse CD68-positive elements were
visualized in the subfornical organ, found in parenchyma or
perivascular spaces. Most of the signal appeared as small CD68-
immunopositive granules scattered in the nervous tissue (Fig.
3B, arrow). Only a minority of CD68-immunopositive elements
had cellular outlines. These few cells were oval or elongated and
showed distinct cytoplasmic granularity (Fig. 3B, insert).

As shown by the double-fluorescent Ibal/CD68
immunostaining, the majority of positively stained cells are
Iba1+/CD68" (Fig. 3C, green fluorescence). These cells have
ramified appearance and heterogeneous morphology, similarly
with the Ibal-immunopositive cells revealed by the light
microscopy assay. A very minor fraction of cells (solitary cells) in
the subfornical organ are Iba1-/CD68* (i.e. contain CD68, but
no Ibal). These cells are oval or elongated, with characteristic
cytoplasmic granularity, and no observable processes (Fig. 3C;
arrow, red fluorescence). In certain CD68-immunopositive cells,
lbal was present in small amounts, but it never colocalized with
CD68.

DISCUSSION

The subfornical organ remains one of the least studied brain
structures. The main scientific findings on its structure and
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function date back to the 1960-80s. The organ receives
synaptic inputs from solitary tract nuclei [8], lateral hypothalamus
and medial hypothalamic nuclei [9], while sending projections
to diverse brain centers including paraventricular nucleus and
lateral hypothalamus [10], arcuate nucleus [11], and median
preoptic nucleus [9]. Seminal research on the role of this organin
osmoregulation [12] and control of cardiovascular functionalities
[13] also dates to the mid-20th century. The findings obviously
need verification and refinement with the use of modern
immunomorphological methods, along with the available
data on cellular composition of the organ. A comprehensive
morphological study on structural and functional features of
different subpopulations of neurons, astrocytes, and vascular
cells in rat subfornical organ was carried out in 2021 [2];
however, it completely disregarded such important cell types as
macrophages and microglia.

Microglia and tissue macrophages of the brain make
important contribution to immunity by forming the first-line
defense of the central nervous system from various infectious
agents capable of crossing the endothelial barrier. Despite their
similar functions, these cell populations originate from different
embryonic sources [14]. The microglial progenitor cells are
formed within the embryonic yolk sac wall during the first wave
of hemopoiesis and migrate to the developing brain before the
onset of the blood-brain barrier. In the brain, these progenitors
differentiate into microglial cells which constitute a self-
perpetuating population. Other macrophage lineages found in
the brain (meningeal macrophages, perivascular macrophages,
choroid plexus macrophages) descend from the erythro-
myeloid progenitor cells and hemopoietic stem cells of the
embryonic liver and the bone marrow during the second and
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the third waves of hemopoiesis. In connection with their yolk
sac origin and by contrast with macrophages, the microglial
differon comprises no equivalent of the monocyte stage [15-
17]. Apart from the origin, microglial cells differ from the “true”
brain macrophages both structurally and phenotypically. For
instance, microglial cells express unique molecular markers
P2RY12, Sall1, and Tmem119 along with very moderate
levels of CD45 transmembrane tyrosine phosphatase. By
contrast, brain macrophages express CD45 and the major
histocompatibility complex class Il molecules at much higher
levels than microglia, which reflects the important antigen-
presenting role of these cells. Also by contrast with microglia,
perivascular and meningeal macrophages abundantly express
CD206 protein known as macrophage mannose receptor [18].

It is believed that under normal physiological conditions
(in the absence of pathogenic processes) microglial cells
have “ramified” morphologies with numerous thin branching
processes that constantly monitor the microenvironment for
potential hazards (the so-called sentinel or resting microglia).
Upon the exposure to pathological stimuli, microgliais converted
into active (activated) state with characteristic ameboid
morphologies. The conversion involves substantial enlargement
of the cell body (through increase in the perinuclear cytoplasm
volume) accompanied by reduction of the processes. These
morphological metamorphoses correspond to a functional
shift towards increased phagocytic activity and/or cytokine
production [19, 20]. In other words, morphological features of
microglial cells reflect their functional status.

In this study, we used calcium-binding protein Ibail
(ionized calcium-binding adaptor molecule 1) as a marker to
assess the morphological and functional state of microglia
in the subfornical organ. It should be noted that, despite its
common use as immunohistochemical marker for microglia
[21], Ibal is not uniquely expressed in microglial cells but also
detected in typical tissue macrophages, e.g. in Kupffer cells
[22]. Immunostaining with anti-lbal antibody reveals both
resting and activated microglia and all intermediate states as
well [20, 23]. The homogeneous distribution of Ibal protein
in the cytoplasm of microglial cells enables the use of anti-
Iba1l immunohistochemistry as a valuable tool for detailed
morphological characterization of these cells [24]. Our use of
anti-lba1l immunostaining on paraffin sections of rat subfornical
organ revealed numerous positive cells with ramified
morphology corresponding to microglia. The examination
revealed high density of microglial cells in the subfornical organ
and their substantial morphological heterogeneity. Although the
identified cells had thicker and shorter processes with reduced
degree of branching compared with the classical images of
resting microglia, we encountered no amoeboid microglial cell
morphologies in the studied histological specimens. Apparently,
all microglial cells observed by us in the subfornical organ
can be assigned with intermediate status loosely defined as
“preactivated”.

It is important to emphasize that the subfornical organ
a circumventricular organ which lacks the blood-brain
barrier. The signs of microglial activation under normal
physiological conditions have been previously described for
other circumventricular organs. The physiologically activated
microglia in circumventricular organs of mice [3] shows overall
reduction in the length and number of microglial cell processes
compared with other brain regions, accompanied by elevated
expression levels of certain molecular markers. The high
degree of microglial activation under normal physiological
conditions was also observed in the median eminence area
of rat brain [25].

Exact causes of the chronic microglial activation observed
in circumventricular organs are disputable. Obviously, the
condition reflects specific physiological features of these
organs. One of such features is the presence of fenestrated
capillaries, resulting in the constant exposure of microglial cells
to antigens circulating with the blood (by contrast with microglia
in other brain regions protected by the blood-brain barrier).
A likely responsibility of microglia under these conditions is
phagocytosis of neurotoxic molecules that arrive from circulation
in order to ensure the maintenance of tissue homeostasis
[8]. Another possible function of the activated microglia is its
participation in tissue remodeling. Circumventricular organs
have been previously characterized as the sites of intensive
physiological angiogenesis accompanied by constant
proliferation and apoptosis of endothelial cells of the local
microcirculatory bed. The activated microglia has been shown
to regulate the proliferative activity of endothelium, as well as
scavenge the apoptotic leftovers of the dead endothelial cells
[26, 27]. Ultimately, microglia can be involved in neurogenesis
with concomitant acquisition of an activated morphotype. The
presence of neuronal stem cells has been recently demonstrated
for certain circumventricular organs including the subfornical
organ [28, 29]. This finding suggests a possible contribution
of the activated microglia to formation of neurogenic niches
in this organ, similar to the well-described involvement of the
subventricular zone as well as the subgranular zone of the
dentate gyrus in the hippocampus [30].

Another interesting observation made by us in this study
reveals a special population of microglial cells of the subfornical
organ, which reside beneath the ependymal lining of the third
ventricle and reach its cavity with their processes. Similar cell
populations termed “subependymal microglial cells” have been
described in the subventricular zone of the lateral ventricles
[81]. The close contact of subependymal microglia with
cerebrospinal fluid may indicate participation of these cells in
the control of cerebrospinal fluid composition.

One of the problems that arise in fundamental research
on microglia concerns the morphological and cytochemical
similarity of these cells with tissue macrophages of the brain.
Microglia and macrophages originate from different sources
but share a variety of common marker proteins, lbal being
one of them [32]. It would be virtually impossible to distinguish
microglia from tissue macrophages of the brain on a sole basis
of immunostaining for Ibal. To specify the identity of the Ibai-
immunopositive cells observed by us in the subfornical organ,
we additionally performed immunohistochemical staining for
CD68 (a transmembrane glycoprotein with a molecular weight of
110 kDa implicated in lysosomal transport). A prominent marker
of phagocytic activity, CD68 is highly expressed in monocyte-
macrophage lineages and widely used forimmunohistochemical
detection of Kupffer cells, alveolar macrophages, osteoclasts,
dermal Langerhans cells, etc. [33, 34].

Immunostaining with CD68-specific antibody revealed
sparse signal and very few CD68-containing cells
morphologically similar to macrophages within the subfornical
organ. The vast majority of Ibal-immunopositive cells in
the subfornical organ do not express CD68, which identifies
them as microglia. The absence of CD68 molecules in these
cells reveals their rudimentary lysosomal capacity despite
the distinct morphological signs of activation. Apparently, the
chronic preactivated state of microglia in the subfornical organ
has little to do with active phagocytosis and its biological
meaning has yet to be discovered. Unexpectedly, the identified
CD68-immunopositive macrophages of the subfornical organ
contained negligible amounts of the Ibal protein. According
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to the literature, tissue macrophages of the brain express
Iba1 in high amounts, which is consistent with our own data
for other brain regions in rodents and also in humans [35,
36]. Its low expression in tissue macrophages of subfornical
organ may represent a unique cytochemical feature of this local
macrophage population.

CONCLUSIONS

The majority of Ibal-containing cells in the subfornical organ
are microglial cells, not macrophages. Microglia of the
subfornical organ reveals preactivated state, which may reflect

References

1. McKinley MJ, McAllen RM, Davern P, Giles ME, Penschow J,
Sunn N, Uschakov A, Oldfield BJ. The sensory circumventricular
organs of the mammalian brain. Adv Anat Embryol Cell Biol. 2003;
172: 1I-XIl, 1-122. DOI: 10.1007/978-3-642-55532-9.

2. Hicks A-l, Kobrinsky S, Zhou S, Yang J, Prager-Khoutorsky M.
Anatomical organization of the rat subfornical organ. Front Cell
Neurosci. 2021; 15: 691711. DOI: 10.3389/fncel.2021.691711.

3. Takagi S, Furube E, Nakano Y, Morita M, Miyata S. Microglia are
continuously activated in the circumventricular organs of mouse
brain. J Neuroimmunol. 2019; 331: 74-86. DOI: 10.1016/j.
jneuroim.2017.10.008.

4.  DosSantos MF, Devalle S, Aran V, Capra D, Roque NR, Coelho-
Aguiar JdM, et al. Neuromechanisms of SARS-CoV-2: A Review
Front Neuroanat. 2020; 14: 37. DOI: 10.3389/fnana.2020.00037.

5. Tremblay M-E, Madore C, Bordeleau M, Tian L, Verkhratsky A.
Neuropathobiology of COVID-19: The Role for Glia. Front. Cell.
Neurosci. 2020; 14: 592214. DOI: 10.3389/fncel.2020.592214.

6. Korzhevskii DE, Sukhorukova EG, Kirik QV, Grigorev IP.
Immunohistochemical demonstration of specific antigens in the
human brain fixed in zinc-ethanol-formaldehyde. Eur J Histochem.
2015; 59 (3): 2530. DOI: 10.4081/ejh.2015.2530.

7. Korzhevsky DEh, Kirik OV, Alekseeva OS. Sposob demaskirovaniya
antigenov pri provedenii immunocitoximicheskix reakcij. Patent RF
#2719163. 17.04.2020. Russian.

8. Tanaka J, Hayashi Y, Shimamune S, Nomura M. Ascending
pathways from the nucleus of the solitary tract to the subfornical
organ in the rat. Brain Res. 1997; 777: 237-41. DOI: 10.1016/
S0006-8993(97)01211-0.

9. Lind RW, Swanson LW, Ganten D. Angiotensin Il immunoreactivity
in the neural afferents and efferents of the subfornical organ of
the rat. Brain Res. 1984; 321: 209-15. DOI: 10.1016/0006-
8993(84)90174-4.

10. Miselis RR. The subfornical organ’s neural connections and
their role in water balance. Peptides. 1982; 3: 501-2. DOI:
10.1016/0196-9781(82)90115-2.

11.  Gruber K, McRae-Degueurce A, Wilkin LD, Mitchell LD, Johnson AK.
Forebrain and brainstem afferents to the arcuate nucleus in the
rat: potential pathways for the modulation of hypophyseal secretions.
Neurosci Lett. 1987; 75: 1-5. DOI: 10.1016/0304-3940(87)90065-6.

12. Felix D. Peptide and acetylcholine action on neurones of the cat
subfornical organ. Naunyn Schmiedebergs Arch Pharmacol.
1976; 292: 15-20. DOI: 10.1007/BF00506484.

13. Mangiapane ML, Simpson JB. Drinking and pressor responses
after acetylcholine injection into subfornical organ. AJP Regul
Integr Comp Physiol. 1983; 244: R508-13. DOIl: 10.1152/
ajpregu.1983.244.4.

74. LiQ, Barres BA. Microglia and macrophages in brain homeostasis
and disease. Nat Rev Immunol. 2018; 18 (4): 225-42. DOI:
10.1038/nri.2017.125.

15. Gomez Perdiguero E, Klapproth K, Schulz C, et al. Tissue-
resident macrophages originate from yolk-sac-derived erythro-
myeloid progenitors. Nature. 2015; 518: 547-51. DOI: https://doi.
org/10.1038/nature13989

BECTHVK PIMY | 2, 2022 | VESTNIKRGMU.RU

OPUNIMMHAJIBHOE NCCJIEQOBAHUNE | ®N3NOJ10I A

physiological features of this organ and specific functions
of local microglia. The subfornical organ contains specific
population of subependymal microglial cells, which project
into the third brain ventricle and contact cerebrospinal fluid
with their processes. Apart from microglia, the organ contains
solitary tissue macrophages with high content of CD68 and
low or negligible expression of Ibal. Continued research on
microglia and macrophages is important, considering their
regulatory role in normal functioning of the nervous system
and notably their involvement in neuroinflammatory and
neurodegenerative processes, particularly in the context of
targeted pharmacotherapy for neurodegenerative diseases.

16. Hoeffel G, Chen J, Lavin Y, et al. C-Myb(+) erythro-myeloid
progenitor-derived fetal monocytes give rise to adult tissue-
resident macrophages. Immunity. 2015; 42 (4): 665-78. DOI:
10.1016/j.immuni.2015.03.011.

17. Bennett ML, Bennett FC. The influence of environment and origin
on brain resident macrophages and implications for therapy.
Nat Neurosci. 2020; 23: 157-166. Available from: https://doi.
org/10.1038/s41593-019-0545-6

18. Prinz M, Ery D, Hagemeyer N. Ontogeny and homeostasis of
CNS myeloid cells. Nature Immunology. 2017; 18 (4): 385-92.
DOI:10.1038/ni.3703

79. Hanisch U-K. Functional diversity of microglia— how heterogeneous
are they to begin with? Front Cell Neurosci. 2013; 7: 65. DOI:
10.3389/fncel.2013.00065.

20. Alekseeva OS, Kirik QV, Gilerovich EG, Korzhevskii DE. Microglia
of the brain: Origin, structure, functions. J Evol Biochem Phys.
2019; 55: 257-68. Available from: https://doi.org/10.1134/
S002209301904001X.

21. Kirik OV, Suhorukova EG, Korzhevsky DEh. Kal'cij-svyazyvayushhij
belok Iba-1/AIF-1 v kletkax golovnogo mozga krysy. Morfologiya.
2010; 137 (2): 5-8. Russian.

22. Wijesundera KK, lzawa T, Tennakoon AH, et al. M1- and
M2-macrophage polarization in rat liver cirrhosis induced by
thioacetamide (TAA), focusing on lbal and galectin-3. Exp Mol
Pathol. 2014; 96 (3): 382-92. DOI: 10.1016/j.yexmp.2014.04.0083.

23. Kolos E, Korzhevsky D. Spinal cord microglia in health and
disease. Acta Naturae. 2020; 12 (1): 4-17. DOI: 10.32607/
actanaturae.10934.

24, Korzhevsky DEh, Grigorev IP, Guselnikova VV, Kolos EA,
Petrova ES, Kirik OV, i dr. Immunogistoximicheskie markery
dlya nejrobiologii. Med Akad Zhurnal. 2019; 19 (4): 7-24. DOI:
10.17816/MAJ16548. Russian.

25. Sufieva DA, Razenkova VA, Antipova MV, Korzhevskii DE.
Microglia and tanycytes of the infundibular recess of the brain
in early postnatal development and during aging. Russ J Dev
Biol. 2020; 51: 189-96. Available from: https://doi.org/10.1134/
S106236042003008X.

26. Morita S, Furube E, Mannari T, Okuda H, Tatsumi K, Wanaka A, et
al. Heterogeneous vascular permeability and alternative diffusion
barrier in sensory circumventricular organs of adult mouse brain.
Cell Tissue Res. 2016; 363: 497-511. Available from: https://doi.
org/10.1007/s00441-015-2207-7.

27. Furube E, Mannari T, Morita S, Nishikawa K, Yoshida A, Itoh M, et al.
VEGF-dependent and PDGF-dependent dynamic neurovascular
reconstruction in the neurohypophysis of adult mice. J Endocrinol.
2014; 222: 161-79. Available from: https://doi.org/10.1038/
mp.2017.246.

28. Hourai A, Miyata S. Neurogenesis in the circumventricular organs
of adult mouse brains. J Neurosci Res. 2013; 91: 757-70. DOI:
10.1002/jnr.23206.

29. Furube E, Morita M, Miyata S. Characterization of neural stem
cells and their progeny in the sensory circumventricular organs
of adult mouse. Cell Tissue Res. 2015; 362 (2): 347-65. DOI:



30.

31.

32.

33.

ORIGINAL RESEARCH | PHYSIOLOGY

10.1007/s00441-015-2201-0.

Matarredona ER, Talaverdn R, Pastor AM. Interactions between
neural progenitor cells and microglia in the subventricular zone:
physiological implications in the neurogenic niche and after
implantation in the injured brain. Front Cell Neurosci. 2018; 12:
268. DOI: 10.3389/fncel.2018.00268.

Kirik OV, Suhorukova EG, Alekseeva OS, Korzhevsky DEh
Subehpendimnye mikrogliocity Il zheludochka golovnogo mozga.
Morfologiya. 2014; 145 (2): 67-9. Russian.

Amici SA, Dong J, Guerau-de-Arellano M. Molecular mechanisms
modulating the phenotype of macrophages and microglia. Front
Immunol. 2017; 8: 1520. DOI: 10.3389/fimmu.2017.01520.
Chistiakov DA, Killingsworth MC, Myasoedova VA, Orekhov AN,

Jlutepatypa

1.

10.

11.

12.

13.

14.

15.

McKinley MJ, McAllen RM, Davern P, Giles ME, Penschow J,
Sunn N, Uschakov A, Oldfield BJ. The sensory circumventricular
organs of the mammalian brain. Adv Anat Embryol Cell Biol. 2003;
172: 1I-XII, 1-122. DOI: 10.1007/978-3-642-55532-9.

Hicks A-Il, Kobrinsky S, Zhou S, Yang J, Prager-Khoutorsky M.
Anatomical organization of the rat subfornical organ. Front Cell
Neurosci. 2021; 15: 691711. DOI: 10.3389/fncel.2021.691711.
Takagi S, Furube E, Nakano Y, Morita M, Miyata S. Microglia are
continuously activated in the circumventricular organs of mouse
brain. J Neuroimmunol. 2019; 331: 74-86. DOI: 10.1016/j.
jneuroim.2017.10.008.

DosSantos MF, Devalle S, Aran V, Capra D, Roque NR, Coelho-
Aguiar JdM, et al. Neuromechanisms of SARS-CoV-2: A Review
Front Neuroanat. 2020; 14: 37. DOI: 10.3389/fnana.2020.00037.
Tremblay M-E, Madore C, Bordeleau M, Tian L, Verkhratsky A.
Neuropathobiology of COVID-19: The Role for Glia. Front. Cell.
Neurosci. 2020; 14: 592214. DOI: 10.3389/fncel.2020.592214.
Korzhevskii DE, Sukhorukova EG, Kirik OV, Grigorev IP.
Immunohistochemical demonstration of specific antigens in the
human brain fixed in zinc-ethanol-formaldehyde. Eur J Histochem.
2015; 59 (3): 2530. DOI: 10.4081/ejh.2015.2530.

Kopxesckun . 3., Kupuk O. B., Anekceea O. C.
Cnocob [gemackmpoBaHWs aHTUreHOB MNpu  NPOBEAeHUN
VIMMYHOLIUTOXUMNYECKMX peakumi. MateHT PO Ne2719163.
17.04.2020.

Tanaka J, Hayashi Y, Shimamune S, Nomura M. Ascending
pathways from the nucleus of the solitary tract to the subfornical
organ in the rat. Brain Res. 1997; 777: 237-41. DOI: 10.1016/
S0006-8993(97)01211-0.

Lind RW, Swanson LW, Ganten D. Angiotensin Il immunoreactivity
in the neural afferents and efferents of the subfornical organ of
the rat. Brain Res. 1984; 321: 209-15. DOI: 10.1016/0006-
8993(84)90174-4.

Miselis RR. The subfornical organ’s neural connections and
their role in water balance. Peptides. 1982; 3: 501-2. DOI:
10.1016/0196-9781(82)90115-2.

Gruber K, McRae-Degueurce A, Wilkin LD, Mitchell LD, Johnson
AK. Forebrain and brainstem afferents to the arcuate nucleus in
the rat: potential pathways for the modulation of hypophyseal
secretions. Neurosci Lett. 1987; 75: 1-5. DOIl: 10.1016/0304-
3940(87)90065-6.

Felix D. Peptide and acetylcholine action on neurones of the cat
subfornical organ. Naunyn Schmiedebergs Arch Pharmacol.
1976; 292: 15-20. DOI: 10.1007/BF00506484.

Mangiapane ML, Simpson JB. Drinking and pressor responses
after acetylcholine injection into subfornical organ. AJP Regul
Integr Comp Physiol. 1983; 244: R508-13. DOIl: 10.1152/
ajpregu.1983.244 4.

Li Q, Barres BA. Microglia and macrophages in brain homeostasis
and disease. Nat Rev Immunol. 2018; 18 (4): 225-42. DOI:
10.1038/nri.2017.125.

Gomez Perdiguero E, Klapproth K, Schulz C, et al. Tissue-
resident macrophages originate from yolk-sac-derived erythro-
myeloid progenitors. Nature. 2015; 518: 547-51. DOI: https://doi.
org/10.1038/nature13989

34.

35.

36.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bobryshev YV. CD68/macrosialin: not just a histochemical marker.
Lab Invest. 2017; 97 (1): 4-13. DOI: 10.1038/labinvest.2016.116.
Jurga AM, Paleczna M, Kuter KZ. Overview of general and
discriminating markers of differential microglia phenotypes. Front
Cell Neurosci. 2020; 14: 198. DOI: 10.3389/fncel.2020.00198.
Kirik OV, Tsyba DL, Alekseeva OS, Kolpakova ME, Jakovleva AA,
Korzhevskii DE. Alterations in Kolmer cells in SHR line rats after
brain ischemia. Russian Journal of Physiology. 2021; 107 (2):
177-86. DOI: 10.31857/50869813921010052.

Korzhevskii DE, Kirik OV, Guselnikova VV, Tsyba DL, Fedorova EA,
Grigorev IP. Changes in cytoplasmic and extracellular neuromelanin
in human substantia nigra with normal aging. Eur J Histochem.
2021; 65 (s1): 3283. DOI: 10.4081/ejh.2021.3283.

Hoeffel G, Chen J, Lavin Y, et al. C-Myb(+) erythro-myeloid
progenitor-derived fetal monocytes give rise to adult tissue-
resident macrophages. Immunity. 2015; 42 (4): 665-78. DOI:
10.1016/j.immuni.2015.03.011.

Bennett ML, Bennett FC. The influence of environment and origin
on brain resident macrophages and implications for therapy.
Nat Neurosci. 2020; 23: 157-166. Available from: https://doi.
org/10.1038/s41593-019-0545-6

Prinz M, Erny D, Hagemeyer N. Ontogeny and homeostasis of
CNS myeloid cells. Nature Immunology. 2017; 18 (4): 385-92.
DOI:10.1038/ni.3703

Hanisch U-K. Functional diversity of microglia— how heterogeneous
are they to begin with? Front Cell Neurosci. 2013; 7: 65. DOI:
10.3389/fncel.2013.00065.

Alekseeva OS, Kirik OV, Gilerovich EG, Korzhevskii DE. Microglia
of the brain: Origin, structure, functions. J Evol Biochem Phys.
2019; 55: 257-68. Available from: https://doi.org/10.1134/
S002209301904001X.

Kunpuk O. B., Cyxopykosa E. I, Kopxxesckuin 1. 9. Kanbuunin-
ceagbliBatoLLMin 6enok Iba-1/AIF-1 B kneTkax rofloBHOrO Mo3ara
KpbIcbl. Mopdonorus. 2010; 137 (2): 5-8.

Wijesundera KK, lzawa T, Tennakoon AH, et al. M1- and
M2-macrophage polarization in rat liver cirrhosis induced by
thioacetamide (TAA), focusing on Ibal and galectin-3. Exp Mol
Pathol. 2014; 96 (3): 382-92. DOI: 10.1016/j.yexmp.2014.04.003.
Kolos E, Korzhevsky D. Spinal cord microglia in health and
disease. Acta Naturae. 2020; 12 (1): 4-17. DOI: 10.32607/
actanaturae.10934.

Koprkesckuin . 3., Mpuropees V. 1., TycenbHukosa B. B., Konoc
E.A.,MetpoBakE. C., Knpuk O. B., n gp. ViMMyHOrncToxmmmyeckmne
Mapkepbl Ansa Hempobduonorun. Meg, Akag XKypHan. 2019; 19 (4):
7-24. DOI: 10.17816/MAJ16548.

Sufieva DA, Razenkova VA, Antipova MV, Korzhevskii DE.
Microglia and tanycytes of the infundibular recess of the brain
in early postnatal development and during aging. Russ J Dev
Biol. 2020; 51: 189-96. Available from: https://doi.org/10.1134/
S106236042003008X.

Morita S, Furube E, Mannari T, Okuda H, Tatsumi K, Wanaka A, et
al. Heterogeneous vascular permeability and alternative diffusion
barrier in sensory circumventricular organs of adult mouse brain.
Cell Tissue Res. 2016; 363: 497-511. Available from: https://doi.
org/10.1007/s00441-015-2207-7.

Furube E, Mannari T, Morita S, Nishikawa K, Yoshida A, Itoh M, et al.
VEGF-dependent and PDGF-dependent dynamic neurovascular
reconstruction in the neurohypophysis of adult mice. J Endocrinol.
2014; 222: 161-79. Available from: https://doi.org/10.1038/
mp.2017.246.

Hourai A, Miyata S. Neurogenesis in the circumventricular organs
of adult mouse brains. J Neurosci Res. 2013; 91: 757-70. DOI:
10.1002/jnr.23206.

Furube E, Morita M, Miyata S. Characterization of neural stem
cells and their progeny in the sensory circumventricular organs
of adult mouse. Cell Tissue Res. 2015; 362 (2): 347-65. DOI:
10.1007/s00441-015-2201-0.

Matarredona ER, Talaverdn R, Pastor AM. Interactions between

BULLETIN OF RSMU | 2, 2022 | VESTNIKRGMU.RU



OPUTMHAJIbBHOE NCCJIEOOBAHVE | ®N3NOJO0IMNA

31.

32.

33.

neural progenitor cells and microglia in the subventricular zone:
physiological implications in the neurogenic niche and after
implantation in the injured brain. Front Cell Neurosci. 2018; 12:
268. DOI: 10.3389/fncel.2018.00268.

Kupuk O. B., Cyxopykosa E. I, Anexceesa O. C., Kopxesckuin [, 3.
CybaneHanMHble MukpornvounTsl Il xxenygodka ronoBHOro
mosra. Mopdonorus. 2014; 145 (2): 67-9.

Amici SA, Dong J, Guerau-de-Arellano M. Molecular mechanisms
modulating the phenotype of macrophages and microglia. Front
Immunol. 2017; 8: 1520. DOI: 10.3389/fimmu.2017.01520.
Chistiakov DA, Kilingsworth MC, Myasoedova VA, Orekhov AN,
Bobryshev YV. CD68/macrosialin: not just a histochemical marker.

BECTHVK PIMY | 2, 2022 | VESTNIKRGMU.RU

34.

35.

36.

Lab Invest. 2017; 97 (1): 4-13. DOI: 10.1038/labinvest.2016.116.
Jurga AM, Paleczna M, Kuter KZ. Overview of general and
discriminating markers of differential microglia phenotypes. Front
Cell Neurosci. 2020; 14: 198. DOI: 10.3389/fncel.2020.00198.
Kirik OV, Tsyba DL, Alekseeva OS, Kolpakova ME, Jakovleva AA,
Korzhevskii DE. Alterations in Kolmer cells in SHR line rats after
brain ischemia. Russian Journal of Physiology. 2021; 107 (2):
177-86. DOI: 10.31857/50869813921010052.

Korzhevskii DE, Kirik OV, Guselnikova VV, Tsyba DL, Fedorova EA,
Grigorev IP. Changes in cytoplasmic and extracellular neuromelanin
in human substantia nigra with normal aging. Eur J Histochem.
2021; 65 (s1): 3283. DOI: 10.4081/ejh.2021.3283.




ORIGINAL RESEARCH | PHYSIOLOGY

REGENERATIVE EFFECTS OF GLY-HIS-LYS AND GLY-HIS-LYS-D-ALA PEPTIDES IN INFECTED
SKIN WOUNDS

Rakhmetova KK, Mishina ES, Vorvul AO, Bobyntsev Il =, Dolgintsev ME, Bezhin Al
Kursk State Medical University, Kursk, Russia

Skin wound healing mechanisms and new ways of improving their efficiency represent an important focus in medicine. In this regard, regulatory peptides, which
exhibit physiological polyfunctionality and modulate cell growth and differentiation, are of special interest. This study evaluates the effects of Gly-His-Lys (GHK) and
Gly-His-Lys-D-Ala (GHK-D-Ala) peptides in the infected skin wound healing. The wounds were modeled in rats (n=150) by full-thickness dorsal skin defects. The
peptides were administered intracutaneously at daily doses of 0.5 or 1.5 ug/kg. The healing was assessed on days 3, 7, and 10 by histomorphometric examination
of the wounds with adjacent intact skin. GHK-D-Ala administered at daily doses of 0.5 pg/kg had pronounced positive effect on regeneration processes in the
wound, as indicated by significantly reduced numbers of granulocytes and lymphocytes with increased representation of fibroblastic lineages and macrophages,
and the resulting higher cellular index (o < 0.05-0.001). At higher doses of GHK-D-Ala (1.5 ug/kg), the beneficial effects were less pronounced. According to the
comparative morphological examination, the highest positive effect was achieved with 0.5 pg/kg of GHK-D-Ala. Thus, local administration of the GHK peptide with
extra D-alanine at carboxy-terminus significantly mitigated the inflammatory reaction and facilitated the healing of infected skin wounds in rat model.

Keywords: Gly-His-Lys-D-Ala, GHK-D-Ala, infected wound, regeneration, inflammation

Author contribution: Rakhmetova KK — sample collection, concept and design of the study, data analysis and interpretation, writing of the manuscript; Mishina ES —
histological and morphological examination, data analysis and interpretation; Vorvul AO — statistical processing of the data, writing of the manuscript; Bobyntsev Il — concept
and design of the study, scientific editing of the manuscript; Dolgintsev ME — data analysis and interpretation, writing of the manuscript; Bezhin Al — concept
and design of the study.

Compliance with ethical standards: the study was approved by Ethics Committee of the Kursk State Medical University (Protocol Ne 1 of January 16, 2014). The
study was carried out in compliance with the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes
and the Guidelines for conducting preclinical drug trials (Moscow, 2012).

><] Correspondence should be addressed: Igor |. Bobyntsev
Karla Marxa, 3, Kursk, 305041, Russia; bobig@mail.ru

Received: 10.02.2022 Accepted: 10.03.2022 Published online: 13.04.2022
DOI: 10.24075/brsmu.2022.014

PEFEHEPATVBHBIE 3®®EKTbI MEMTUAOB GLY-HIS-LYS U GLY-HIS-LYS -D-ALA MPU KOXKHON
VHOULVMPOBAHHOW PAHE

K. K. PaxmetoBa, E. C. MuwmHa, A. O. Bopsysib, V. V. BobbiHues™, M. E. OonruHues, A. V1. BexuH
Kypckuii rocygapCTBEHHbI MEAULMHCKUI YHUBEPCUTET, Kypck

ViccnepgoBaHne MexaH3MOB pereHepaLmn Npu paHeBOM MPOLLECCe 1 MOUCK HOBbIX MyTel NOBbILLEeHNSt 3DMEKTUBHOCTH 3XKMBIEHNS ABASIOTCA OAHVMU 13
aKTyalbHbIX HaNpaBneHW B MeavuvHe. [oaToMy NpeacTaBnaeTcs LenecoobpasHbiM U3ydeHne penapaTrBHbIX 9h(MEKTOB perynsaTopHbIX NenTvaos, 0bnagatoLLmx
hM3MONOrNHECKON NONMMMDYHKLIMOHAIBHOCTHIO 1 OKa3bIBAIOLLMX BIVSHME Ha MPOLIECCHI pocTa U AnddepeHLUMPOoBKIA KNeToK. Llensto rcenenoBaHmns 6bin10 ndyynTs
BvaHve nentnaos Gly-His-Lys (GHK) 1 Gly-His-Lys-D-Ala (GHK-D-Ala) Ha npoLecchl pereHepaum B YCNOBUSX MHIULMPOBAHHOM KOXHOM paHbl y KpbIC. PaHy
mMofenmpoBany Ha 150 >XXMBOTHbIX MyTEM HAHECEHWSI HA YHaCTKe CHbI MOMHOCAOMHOM paHbl, NenTnapl BBOAWM B Ao3dax 0,5 1 1,5 MKI/Kr noaKOXXHO B 061actu
paHbl pa3 B AeHb B TedeHre 3, 7 unv 10 cyTok. [ns OLeHKN TeHeHNst paHeBOro nNpoLecca 13ydani rmcTonormieckmne 1 Mopgonornyecke npenaparbl y4acTKoB
paHbl C Npunexallen HTakTHon koxen. GHK-D-Ala B no3e 0,5 MKI/Kr okadbiBas 6onee BblpaxkeHHoe, Yem GHK, BnvsiHWe Ha pereHepaTviBHble MPOLIECChI B
paHe, YTO OTPa3nIoCh B 3HAYMMOM CHXKEHUM HYMCNa rpaHyoumToB U MMMMOLMTOB U MOBBILLEHNN YMCna KNEToK hrbpobnacTuieckoro psaa, Makpoharos
1N KNETOYHOIO MHAEKCA MO CPaBHEHUIO Kak C KOHTPOMbHOM rpynnoit (o < 0,05-0,001), Tak 1 C >KMBOTHbIMU, KOTOpbIM BBOAMAM GHK B aKBVBaneTHON [03e
(o < 0,05-0,001). Mpwn yBenudeHmn 0o3bl 4o 1,5 MKI/kr adhdexTol GHK-D-Ala Heckonbko ocnabesanu. 1o pedynsratam cpaBHeHUst MCCReoBaHHbIX rnokasaTenei
HanborbLLasa aKTBaLms perepaTvBHbIX MPOLECCOB B paHe BbigneHa nocne seeaeHns GHK-D-Ala B gose 0,5 MKI/kr. Takvm 06pa3om, npucoeavHeHne D-anaHmHa
K C-KkoHLy nenTtuaa GHK cnocobcteoBano ocnabneHnio BocnanbHOM peakLnv 1 YCUNEHUIO pereHepaTuBHbIX MPOLIECCOB NPY MECTHOM BBELEHUN B YCNOBUSX
MNHMULIMPOBAHHON KOXHOM paHbl.

Kntoueble cnosa: Gly-His-Lys-D-Ala, GHK-D-Ala, nHuumpoBaHHas paHa, pereHepauys, BocnaneHme
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Regenerative mechanisms of the wound healing and new
srategies for its enhancement constitute one of the topical
areas in medicine. Skin repair involves all three regulatory
systems of the body — nervous, endocrine, and immune [1, 2].
These systems are known to act through regulatory signaling
molecules, which exhibit physiological polyfunctionality and
modulate cell growth and differentiation [3].

Anaturally occurring NH,-Gly-L-His-L-Lys-COOH tripeptide
(Gly-His-Lys, GHK) can stimulate tissue regeneration processes
[4-6] and confer antioxidant, immunotropic, anti-inflammatory,
and neurotrophic effects [7—10]. The curative effect of GHK in
skin wounds is significant but moderate [11], probably due to
the rapid degradation of the peptide by proteolytic milieu of the
wound. To overcome this limitation, we modified the structure
of GHK by adding D-alanine (D-Ala) moiety to its carboxy-
terminus in order to increase its resistance to proteolysis and
thus reinforce its action.

The study aimed at comparative evaluation of the influence
of GHK and its structural modification GHK-D-Ala on healing
processes in the infected skin wounds in rat model.

METHODS

The experiments were carried out on male Wistar rats, 180240 g
body weight, aged 6-8 months, obtained from the "Stolbovaya"
branch of the Scientific Center for Biomedical Technologies
of the Federal Medical and Biological Agency of Russia. The
animals (n = 150) were kept under standard conditions with ad
libitum access to chow and water, at 12-h light cycle and 22 + 2 °C.
The animals were randomly assigned to 15 groups, 10 animals
in each group.

The infected wound was modeled by introducing a 250 mm?
full-thickness skin defect to a shaven area of the dorsum in
anesthesized animals.

The study used peptides GHK and GHK-D-Ala synthesized
in the Institute of Chemistry, Saint Petersburg State University.
The peptides were dissolved in saline and administered
intracutaneously at two points around the wound, changing the
injection sites clockwise by 90° each time. The first injection
made at 24 h after wound modeling was followed by repeated
injections of the same medication every 24 h for 3, 7 or
10 days. The treatment groups received either 0.5 or 1.5 ug/kg
daily doses of either GHK or GHK-D-Ala; the control groups received
sham injections of saline pro rata 1 mL per 1 kg body weight.

The animals were withdrawn from the experiment by
puncture of the right cardiac ventricle under ether anesthesia.
The healing process was assessed by histological examination
of wound autopsies on days 3, 7, and 10 post-wounding. The
specimens were collected by dissection of the wound area with
adjacent intact skin, formalin-fixed, paraffin-embedded, and
sectioned using routine techniques. The 7 pm sections were
stained with hematoxylin and eosin (H & E) for light microscopy.

Morphological examination of the slides was carried out with
a Nikon Eclipse Gi microscope (Nikon; Japan) equipped with
a digital camera. The histological assessment accounted for
the degree of inflammatory reaction, landmarks of granulation
tissue development and marginal epithelization, as well as the
structural maturity of the newly formed epithelium.

Morphometric assessment for the course of healing process
was carried out by differential cell counts in histological slides.
The cells were counted at x400 magnification of a representative
area beneath the leukocyte-fibrinous scab to a total of
100 cells, and the shares of particular cell populations
(fibroblastic lineages, macrophages, granulocytes, and
lymphocytes) were expressed as percentages.
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A quantitative index for the extent of healing and regeneration
phase was calculated as follows:

I = Fb+M

Gr+L
where Cl stands for "cellular index" derived from differential
cell counts including Fb — fibroblast lineages (prefibroblasts,
fibroblasts, and fibrocytes), M — macrophages, Gr —
granulocytes (neutrophils, eosinophils, and basophils), and
L — lymphocytes. At Cl > 100%, regeneration processes
are considered dominant, whereas at Cl < 100 inflammatory
processes are considered dominant.

Statistical processing of the data was carried out in R
v.4.1.0 [12] using the RStudio Desktop v. 1.4.1717 integrated
development environment (RStudio, PBC; USA). The initial
processing involved Shapiro-Wilk test for normality (shapiro.
test() function of the R base package) and Levene's test for
equality of variances (levene.test() function of the lawstat
package). Subsequent two-group comparisons used one-
way ANOVA (aov() function of the R base package) with
a post hoc Dunnett test (DunnettTest() function of the
DescTools package); the data are presented as means and
standard deviations (M + SD) calculated using mean() and sd()
functions of the R base package. Multiple comparisons used
Kruskal-Wallis test (kruskal.test() function of the R base
package) with a post hoc Dunn’s test (dunn.test() function of
the dunn.test package); the data are presented in the median
[lower quartile; upper quartile] format (Me [1Q; 3Q)), calculated
using median() and quantile() functions of the R base package.
The differences were considered significant at p < 0.05.

X 100%,

RESULTS

The results of histological examination of skin defects on day 3
post-wounding were similar in all groups. The defect was filled
with polymorphocellular infiltrate showing a predominance
of leukocytes beneath the clearly distinguished superficial
leukocyte-necraotic layer. The boundary with the intact dermis
had signs of edema: sparse "empty" vessels with expanded
lumina and thinned walls, and swollen fibers forming a network
growing denser towards the leukocyte-necrotic layer.

On day 7 post-wounding, skin defects in the control group
had the leukocyte-necrotic layer non-ubiquitously demarcated
from the infiltration zone. The deeper layers presented with
initial stages of the granulation tissue histogenesis, with
cellular composition dominated by neutrophils, histiocytes, and
lymphocytes. With the use of 0.5 pg/kg doses of either GHK
or GHK-D-Ala, the leukocyte-necrotic layer was preserved,
although non-ubiquitously, and was significantly reduced
compared with the control. The discontinuities of the leukocyte-
necrotic layer showed fibrin deposits clearly demarcated
from the infiltration zone. The underlying young connective
(granulation) tissue contained the fully perfused dilated rounded
capillaries. The signs of edema included the moderately thinned
capillary endothelium and prominent interstructural spaces.
Cellular composition of the granulation tissue was dominated
by macrophages, fibroblasts and lymphocytes. With 1.5 pg/kg
doses of either GHK or GHK-D-Ala, the signs of edema were
reduced and the leukocyte-necrotic scab was fragmentary.
Formation of the granulation tissue and a network of thin
collagen fibers were observed in the wound area, accompanied
by round-cell infiltration. In addition, the higher-dose groups
presented with the onset of wound epithelization at the
boundaries with intact skin, in the form of marginal epidermal
thickening with preserved stratification.
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Fig. 1. Microphotographs of the skin wound area on day 10 post-wounding (H & E, magnification x 40). A. Control. B. GHK peptide, 0.5 pg/kg daily. C. GHK-D-Ala
peptide, 0.5 pg/kg daily. D. GHK peptide, 1.5 pg/kg daily. E. GHK-D-Ala peptide, 1.5 pg/kg daily

On day 10 post-wounding, the control group continued
to present with inflammatory reactions. In deeper layers of the
wound, connective tissue acquired a more mature appearance
in terms of cell types and fibrous patterns. Amid the persisting
mild lymphocyte infiltration, a fully-formed mature connective
tissue appeared above the hypodermis. The boundary of the
defect with adjacent intact skin exhibited a thickening of the
basal epidermal layer and a major portion of the wound was
coated in detritus (Fig. 1A).

In the 0.5 pg/kg GHK group on day 10 post-wounding, the
leukocyte-necrotic layer was observed in the central portion
of the wound only. The underlying young granulation tissue
showed rounded dilated capillaries, as well as less perfused
vertical capillaries. The fibers were more mature than in the
control. The low degree of edema and mild polymorhous
infiltration persisted amid the predominance of fibroblast
lineages. The deeper layers presented with fully-formed mature

connective tissue. The adjacent intact skin at the immediate
boundary with defect had thickened epidermal layers and
showed marginal expansion of the newly formed epithelium
with irregular stratification (Fig. 1B).

Inthe 0.5 pug/kg GHK-D-Ala group on day 10 post-wounding,
the leukocyte-necrotic layer was missing. The underlying
young connective tissue with underperfused rounded dilated
capillaries showed visual predomination of fibroblast lineages
and noticeable expansion of the epithelial flap over its surface.
The epithelium showed regular structure except in the corneal
layer. The scale of epithelial growth matched the size of the
defect, with full epithelization observed in certain sections. The
dermis of intact skin around the wound retained the signs of
edema albeit less prominent than in the control (Fig. 1C).

In the 1.5 pg/kg GHK group on day 10 post-wounding,
the leukocyte-necrotic layer was preserved albeit significantly
reduced in size and frequently shed off during histological
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Table. Dynamics of morphometric indicators upon injections of Gly-His-Lys-D-Ala peptide (M + SD / Me [1Q; 3Q], n = 10) assessed by histological examination on

days 3, 7, and 10 post-wounding

Indicator Group Time point
Day 3 Day 7 Day 10

Control 15.9 + 2.47 15.9 + 3.54 20.6 + 6.67

GHK 0,5 pg/kg 9.5 +3.31™ 15.2 +1.55 22.5 +3.50
Fibroblast lineages, % GHK-D-Ala 0,5 pg/kg 17.00 + 2.49%## 43.20 + 4.447 34.80 + 1.93"*#

GHK 1,5 pg/kg 11.7 £ 1.77 [20.5(2);2'2530.00]“* 34.8 + 1.93"

GHK-D-Ala 1,5 pg/kg 12.1 + 3.60* 20.5 + 1.43* 30.1 + 3.38***:5%8

Control 13.3 +3.97 17.6 + 3.06 16.5+8.18

GHK 0,5 pg/kg 20.7 + 4.57* 244 + 312" 19.4 + 3.86

Macrophages, %

GHK-D-Ala 0,5 pg/kg

34.60 + 3.10™*###

23.30 + 4.57*

33.90 + 3.14"*#

GHK 1,5 pg/kg

27.1 £7.03™

34.3 + 3.09™

54.2 + 452

GHK-D-Ala 1,5 ug/kg

21.4 + 5.68™

23.9 + 4.20"$

26.4 + 317758

[24.00; 26.00 |

Control 55+ 3.50 36.2 + 2.30 202 +5.85
ok 36.50 .
GHK 0,5 pg/kg 465 +2.22 (360, 5775 28.1+1.20
13.00 13.50 4.00
0 -D-,
Granulocytes, % GHK-D-Ala 0.5 ug/kg [12.00; 14.00 ]## [11.25; 17.50] [3.00; 5.001""*
23.50 .
GHK 1,5 pgrkg 182+ 253 s . 15,5+ 5.23
GHK-D-Ala 1,5 pg/kg 44.00 + 3,655 242+ 2,30 184+ 171
Control 15,8 + 4.76 303 + 4.06 427 + 8.07
GHK 0,5 pg/kg 233+ 1.25™ 24.50 304394

Lymphocytes, %

GHK-D-Ala 0,5 pg/kg

35.00
[34.25; 36.75 |***#

18.40 + 3.41™*#

27.70 + 4.47

GHK 1,5 pg/kg

43.0 + 510"

21.4 + 4.58"

19.9 + 4.46™

GHK-D-Ala 1,5 ug/kg

22.5 + 2,465

31.4 £ 3.10$%$

25.5
[25.00; 26.75]"**

Cellular index, %

37.9
Control 5. 44.] 51.0+10.35 61.2 +20.92
GHK 0,5 pg/kg 43.4 + 4,69 63.9 72.9 + 12.14
: 4xd [58.7; 68.8]" 9= 12.
108.33

GHK-D-Ala 0,5 pg/kg

[104.08; 112.77]*###

206.7 + 54.09"*###

225.6 + 46.76™##

GHK 1,5 pg/kg

65.0 + 17.35™

128.31 + 20.26™"

184.89 + 28.27"

GHK-D-Ala 1,5 pg/kg

51.1 +10.68"

80.7 + 12.88™

130.1 + 8.71***$

Note: * — p < 0.05; ** — p < 0.01; ** — p < 0.001 compared with the control group; # — p < 0.05; ## — p < 0.01; ### — p < 0.001 compared with the GHK
0.5 pg/kg group; $ — p < 0.05; $$ — p < 0.01; $$$ — p < 0.001 compared with the GHK 1.5 pg/kg group

processing; the exposed regions presented with distinct fibrin
deposits. The underlying young connective tissue was rich in
underperfused rounded dilated capillaries. The epithelial flap
outgrowth followed the boundary between the leukocyte-
necrotic layer and the young connective tissue. The epithelium
showed regular structure except in the corneal layer. The
scale of epithelial growth matched the size of the defect, with
full epithelization observed in certain sections. Beneath the
epithelial outgrowth, the granulation tissue was structurally
similar to the typical connective tissue of the dermis (Fig. 1D).

In the 1.5 pg/kg GHK-D-Ala group on day 10 post-
wounding, the leukocyte-necrotic layer was fragmentary. The
boundary with adjacent intact skin exhibited a thickening of
the basal and granular epidermal layers. The epithelial flap
outgrowth followed the boundary between the leukocyte-
necrotic layer and the underlying young connective tissue,
exceeding the dimensions of outgrowth observed in the control
group. The epithelium showed regular structure (except the
most distal regions). The dermis retained the signs of edema
albeit less prominent than in the control (Fig. 1E).
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The observed progression of the inflammatory reactions
to regenerative phase was confirmed by morphometric study
(Table). Granulocyte counts for 0.5 pg/kg GHK-D-Ala at all time
points were significantly lower compared with both the control
(3-5-fold; p < 0.05-0.001) and 0.5 pg/kg GHK (3.5-7-fold;
p < 0.05-0.001), consistently with the milder secondary
alterations in the wound area and the enhanced regeneration
efficiency achieved with 0.5 pg/kg GHK-D-Ala. For 1.5 pg/kg
doses, the trends were similar albeit with reduced difference
between the peptides. Overall, granulocyte counts in all
GHK/GHK-D-Ala groups were significantly lower than in the
corresponding control groups at all time points of the experiment.

Macrophage counts for 0.5 pg/kg GHK-D-Ala were
significantly higher compared with the corresponding control
groups at all time points (p < 0.05-0.001) and compared
with 0.5 pg/kg GHK groups on days 3 and 10 (p < 0.05).
The 1.5 pg/kg doses of both peptides significantly increased
the macrophage counts at all time points compared with the
control (p < 0.05-0.001) with somewhat more pronounced
effects observed for GHK.
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Migration of fibroblast lineages to the site of injury, thought
to reflect the induction of regeneration processes, was most
pronounced for 0.5 pg/kg GHK-D-Ala at all time points of
the experiment compared with both the controls and
corresponding doses of GHK. The use of 1.5 ug/kg doses
of the peptides had similar effects on fibroblast counts
(o < 0.05-0.01) without significant differences between GHK-
D-Ala and GHK (p > 0.05).

The dynamics of lymphocyte counts in the course of the
experiment was generally consistent with the timing of transition
from the inflammatory reaction to regenerative phase (for other
cell types, the transition was detectable as well). Administration
of GHK-D-Ala at 0.5 pg/kg significantly increased the
lymphocyte counts compared with both groups of comparison
on day 3 (p < 0.05-0.001), whereas on days 7 and 10 the
effect was reverse. On the other hand, administration of GHK at
1.5 pg/kg significantly influenced the lymphocyte counts at all
time points (p < 0.05-0.001 compared with the control), while
the effects of GHK-D-Ala were less pronounced.

According to the calculated cellular index, the most
pronounced effects at all time points of observation were
achieved with daily injections of GHK-D-Ala at 0.5 pg/kg
doses (p < 0.05-0.001). The use of GHK at this dose had no
significant impact on regeneration (p > 0.05). Of note, daily
injections of GHK at 1.5 ug/kg doses afforded a more robust
regenerative response on days 7 and 10 post-wounding and
a more pronounced overall effect compared with 1.5 pg/kg
doses of GHK-D-Ala.

Thus, intracutaneous administration of GHK-D-Ala at daily
doses of 0.5 pg/kg provided maximal regeneration benefits,
exceeding those achieved with similar doses of GHK. Increased
doses of the peptides (1.5 pg/kg) leveled the difference by
reducing the positive effects of GHK-D-Ala and enhancing
the positive effects of GHK. Overall, the highest morphometric
indicators of regeneration processes in this study were obtained
with 0.5 pg/kg of GHK-D-Ala.

DISCUSSION

The results indicate enhanced regeneration and decreased
inflammatory response in the infected skin wounds treated
with GHK peptide reinforced by chemical addition of D-alanine
to its carboxy-terminus. The beneficial effects of GHK are
well known and multiple hypotheses on their mechanisms
can be found in the literature. For instance, GHK has been
considered as a transport molecule for Cu?* cations essential
for the completion of phagocytosis, which ensures the effective
physiological debriding and proper healing of the wound. In
particular, it has been demonstrated that Cu®* binds the amino-
terminus of GHK through interactions with glycine and histidine
[13]. Our study features a structural modification of the GHK
tripeptide, which leaves the amino-terminus intact; accordingly,
the Cu?* cations can interact with the specified amino acids,
rendering GHK capable of its role in cation transfer. Besides,
GHK has been implicated as a mediator molecule orchestrating
the positioning of cells within extracellular architecture of the
dermis, facilitating cell motility and stimulating the production

of signaling and structural molecules including certain growth
factors and decorin [4, 14].

The higher degree of healing benefits attributed to the
structurally modified tripeptide molecule may be explained by its
increased resistance to the degrading action of carboxypeptidases.
Qur data are consistent with the reported impact of GHK-D-Ala
on the phagocytic activity of granulocytes and lipid peroxidation
processes in the infected skin wounds in rats [15]. The curative
activity of GHK observed by us in this study corresponds to the
expectations based on published evidence [11].

Comparative analysis between different studies should take
into account the routes of administration. The peptides are
administered locally in order to make them available to cells at
the site of injury. However, the peptides may enter systemic
circulation and influence other organs and systems of the bodly.
In particular, when administered intraperitoneally at comparable
doses, GHK exerts an analgesic and anxiolytic effect, which
may contribute to the reduction of the stress response and
increase the regenerative potential by modulating the cutaneous
neuroimmune interactions [2]. However, the chemical addition
of D-alanine to the carboxy-terminus of GHK has been shown
to neutralize such effects [16, 17]. In this regard, it can be
assumed that the enhanced pro-regenerative efficacy of GHK-
D-Ala observed by us in this study is not directly related to the
neurotrophic effects described for GHK.

The conserved direction of the pro-regenerative and anti-
inflammatory effects described for GHK upon administration
of GHK-D-Ala are indicative of the common mechanisms.
For instance, apart from the aforementioned findings,
GHK has been shown to stimulate the expression of vascular
endothelial growth factor (VEGF) and fibroblast growth factor
2 (FGF2) [18]. In addition, the unmodified tripeptide inproves
the rates of skin wound healing and stimulates skin renewal by
stimulating the release of growth factors from platelet granules
(notably of the transforming growth factor B, TGFf), which
promote the recruitment of immune cells to the site of injury
[19]. Besides, GHK inhibits the production of pro-inflammatory
cytokines, including tumor necrosis factor — (TNFa) and
interleukin 6 (IL6), by fibroblasts, which leads to a decrease in
cutaneous inflammatory reactions and prevents the formation
of hypertrophic scars [20].

CONCLUSIONS

The study shows that modification of GHK peptide through
addition of D-alanine at carboxy-terminus may increase its
curative effect in infected skin wounds. The modified peptide
administered at daily doses of 0.5 or 1.5 pg/kg successfully
stimulated tissue repair and alleviated the inflammatory
response on days 3, 7, and 10 post-wounding in rat model.
The GHK-D-Ala peptide facilitated an increase in fibroblast
and macrophage counts accompanied by a decrease in
granulocyte and lymphocyte counts. The results highlight the
use of structural modifications of GHK peptide to potentiate its
efficiency in skin wound healing. Further efforts will be required
to elucidate its mechanisms and the role of peptide regulation
in regenerative processes.
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SPECIFIC FEATURES OF MEMORY CONSOLIDATION AND RECONSOLIDATION IN OLDER
INDIVIDUALS WITH VISION AND HEARING IMPAIRMENTS
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! Pirogov Russian National Research Medical University, Moscow, Russia
2 Belgorod State National Research University, Belgorod, Russia
8 Kursk State Medical University, Kursk, Russia

Sensory impairments (visual and auditory) reduce quantity and quality of the information input. The associated memory loss can be classified as intrinsic decline
in memory functionalities or mere physiological effect of sensory deprivation. This study aimed to specify this issue by analyzing memory consolidation and
reconsolidation processes in older people with sensory deficits. The study enrolled 65-75 year-old individuals (n = 61) distributed into four groups: patients with
unilateral sensorineural hearing loss (n = 17); patients with bilateral sensorineural hearing loss (n = 14); patients with visual impairment (n = 19); and patients with
combined sensory deficits (n = 11). The methods included Luria’s auditory-verbal (“10 words”) and visual memory tests and Bartlett’s experimental procedure.
A decrease in memory volume for auditory-verbal and visual-figurative short-term memories was observed in all groups. The results reveal significant adverse
dynamics of qualitative and quantitative indicators for memory consolidation and reconsolidation processes, associated with decreased volume of short-term
memories, both auditory-verbal and visual-figurative. Based on these findings, we conclude that consolidation and reconsolidation efficiency depends on proper
accommodation of the newly incoming information to already memorized modules (previous experience) and requires dosing of the newly incoming information in
order to preserve its integrity at the stage of consolidation.
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OCOBEHHOCTN NPOLIECCOB KOHCONMUAALIMA N PEKOHCONUAOALIN NAMATU MNMPA
SPUTEJIbHbIX N CITYXOBbIX HAPYLLEHUAX B NMO>XWJTIOM BO3PACTE

N. A. Saxaposa', E. A. MeTpaw'®, B. b. HukvwmHa', T. H. Pagysaesa?, T. B. LLlyTeesa®
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feduupmTamm. B CBA3K C MOMCKOM OTBETa Ha MOCTaB/IEHHbIN BOMPOC HaMu Oblna cthopMyMpoBaHa Lenb nccnenosaqus. Liensto nccnenosaHmst 6110 U3y4nTb
MPOLECChl KOHCONMAALIMN 1 PEKOHCONMAALMI NaMATH Y NUL, MOXUMIOrO BO3pacTa C CEHCOPHbIMM HapyLUeHVsiMW. B nccnenoBaHuv y4acTBoBanm naumeHTbl B
BO3pacTe 65-75 net (n = 61), pagzbutble Ha YeTbipe rPyMnMbl: NaUMEHTbI C OAHOCTOPOHHEN HENPOCEHCOPHOW TYroyxoCThbio (1 = 17); naumeHTbl ¢ ABYCTOPOHHEN
HEMPOCEHCOPHOW TyroyxoCThto (N = 14); naumeHTbl C HapyLleHreM 3peHus (1 = 19); NaumeHTbl C CoYeTaHHbIM CEHCOPHbIM Aeduumtom (n = 11). B kadecTtse
METOZOB Mcnonb3oBany Metoauki A. P. Jlypust «10 cno» 1 «3puTenibHas NamsTb», a TakKe aKCNepUMEHTasbHy0 NMpoLeaypy, NpeasioxeHHyto ®. baptnettom.
YCTaHOBNEHO CHWXKEHVE OObeMa KPaTKOBPEMEHHOW CllyXOPeYeBOn 1 3pUTeNbHO-06pa3HoN NamsaTy MO BCEM rpymnaM UCTbITyeMbIX Y MauMeHToB MOXMIoro
BO3pacTa C CEHCOPHbIMI HapyLLeHVsaMU. [JOCTOBEPHO MOKa3aHO W3MEHEHME KadeCTBEHHO-KONMMHYECTBEHHbIX XapakTePUCTUK MPOLIECCOB KOHCOMMAaUMn 1
PEKOHCONMAALWN NAaMSITU NP CEHCOPHBIX HapyLLEHWsIX. [JaHHOE M3MeHEHME OBYCNOBNEHO CHKEHEM OO beMa KPATKOBPEMEHHON NaMsIT (KaK CIyXOpe4eBoW,
TaK v 3puUTenbHO-06pasHor). CaenaH BbIBOL, YTO BXKHBIMM YCAOBUAMM MOBbILLEHNS SPMEKTUBHOCTI MPOLIECCOB KOHCONMAALMM 1 PEKOHCONMAALIMM SBASIOTCS
HEOOXOAMMOCTb «MOACTPOMKN» BHOBb MOCTYyMAIOLLEN MHMOPMALMK K YXXE UMEIOLLENCS B NamaTh (MPedLecTBYIOLEM OrbITe), a Takke HeobxoauMOCTb
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The integration of subjective content of the mind and our
picture of the world is provided by systemic diversity of memory
types and processes. The age-related alterations in memory
functionalities result from accumulation of neural and non-
neural impairments.

A number of studies emphasize the relationship of sensory
and cognitive impairments in older individuals [1-8].

In particular, some experts associate characteristic memory
loss with age-related hearing impairment in older people [5].
One hypothesis attributes the effect to progressive social
isolation in connection with the hearing loss. The Wisconsin
Longitudinal Study (WLS) participants reported hearing
problems with concomitantly reduced engagement in several
types of social activity. The self-perceived hearing impairment
was related to substantial decline in memory function. The
authors further demonstrate that self-reported hearing loss and
social isolation represent independent risk factors for memory
loss in older people [5].

Memory, from the perspective of processes and types of
its implementation and functioning, provides an important
compensatory resource for a number of disorders, regardless
of age.

A relationship has been established between subjective
age-related hearing loss (SARHL) and the functioning of
episodic memory [6]. The data indicate that self-perceived
hearing loss may have an indirect effect on episodic memory
through its negative impact on weekly social activity. The
dysfunctional hearing narrows the scope of social interactions
and communication, which may negatively affect cognitive
performance.

The age-related hearing loss, which affects the ability
to hear high frequencies, eventually leads to major difficulties in
perception of sounds and speech comprehension, especially
under non-optimal listening conditions [7]. The hearing loss can
be partly compensated by the use of executive functions such
as working memory. Though auditory and speech impairments
have been closely associated with cognitive flexibility, in mild
to moderate degree of hearing loss, the neural and behavioral
features of working memory are usually preserved.

Four possible causative mechanisms linking hearing loss
and cognitive decline have been described: 1) generalized
pathological process that simultaneously affects hearing
and cognitive functions; 2) a decrease in cognitive reserve
due to hearing loss (reduced information sources, loss of
cognitive integrity); 3) overexpenditure of cognitive resources in
perception of auditory-verbal stimuli; 4) a combination of
mechanisms 1 and 3, with certain structures affected by a
pathological process and the intact areas and neural networks
of the brain redirected to compensate for the lost auditory
perception [8].

According to a concept proposed by K. V. Anokhin, memory
as a process is carried out through memorization, which involves
two stages (phases). The short-term phase is characterized by
unabridged fixation of stored information (without losses and
distortions of content) within a short time period. This labile
phase of memory corresponds to retention of an information
trace in the form of reverberation of nerve impulses. The long-
term phase of memorization is characterized by a reduction
in information volume during its subsequent long-term storage
without changes (Fig. 1).

The long-term memory implies preservation of a trace
through consolidation and associated structural changes. The
new information is installed and preserved through formation
and reinforcement of synaptic connections between neurons
in particular contours. The concomitant formation of retrieval

system allows extracting the information when appropriate,
as well as reconsolidation of memories after “using” them
(by reproducing the stored information). Every reactivation of
particular memory, during which the information is extracted,
must be followed by its active reconstruction, recategorization,
and, ultimately, reconsolidation (repeated saving of the content).
Each memory retrieval event is accompanied by replacement
of the existing memory trace with new content (a modified
version of the previous).

Sensory impairments (visual and auditory) significantly
reduce the information input in terms of quantity and quality. The
associated memory loss can be classified as intrinsic decline in
memory functionalities or mere physiological effect of sensory
deprivation. This study aimed to specify this issue by analyzing
the processes of memory consolidation and reconsolidation in
older people with sensory deficits.

METHODS

All interactions with participants were carried out on individual
basis. All participants provided written informed consent for the
study.

The cohort included 61 patients (28 men and 33 women)
aged 65-75 years (mean age — 68.4 + 2.12 neT) and not
involved in labor activity for at least 3 years by the time of
the study. The first group included 17 patients with unilateral
sensorineural hearing loss (ICD-10 code H90.4: Sensorineural
hearing loss, unilateral with unrestricted hearing on the
contralateral side). The second group included 14 patients
with bilateral sensorineural hearing loss (ICD-10 code H90.3:
Sensorineural hearing loss, bilateral). The third group included
19 patients with visual impairment ((CD-10 code H52.1: Myopia —
visual acuity reduced to -7 D), the fourth group included 11
patients with combined sensory deficit (unilateral sensorineural
hearing loss with decreased visual acuity). All groups had
balanced gender representation. Inclusion criteria were the lack
of cognitive impairment (at least 23 points on the Mini-Mental
State Examination scale, MMSE); higher education status; and
continued non-involvement in labor activities.

The study included a preparatory step and three experimental
procedures.

Preparatory step

This step involved assessment of somatic and neurological
status by qualified physicians. The cognitive status was
assessed using MMSE scale.

Experimental procedures

Assessment of short-term auditory-verbal and visual-figurative
memory volumes

The short-term auditory-verbal memory volume was studied
using “10 words” method introduced by A.R. Luria [9]. The
patient was read a list of 10 semantically unrelated words
denoting specific objects. After listening to the stimulus words,
the patient was asked to to reproduce them. The procedure was
repeated five times. The following indicators were recorded: the
number of correctly reproduced stimulus words; the number of
multiply repeated words in a single output; the number of added
words. The volume of short-term visual-figurative memory was
assessed using the "Visual memory" technique. The patients
were presented with a table consisting of 16 cells. Each cell
contained one contour image of a particular object (geometric
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Fig. 1. Conceptual and experimental modeling of research on memory storage and retrieval

figures and schematic representations of objects). After 2 min
presentation, the image was withdrawn and the patient was
asked to recollect the depicted objects. The presentation was
repeated five times and the same set of indicators was recorded
after each presentation.

The next two experimental procedures were based on the
F. Bartlett's experiments on reconstruction of memories by
active retrieval.

Assessment of visual-figurative memory consolidation and
reconsolidation processes

The patients were presented with symbolic image — a letter of
ancient Greek alphabet resembling an owl (Fig. 2). An important
condition of using it as a stimulus material was its absence in
the previous experimental procedure.

The symbolic image (symbol) consisted of four parts:
“head”, “torso with leg”, “wing”, and “leg”. Each of these parts
contained distinct elements (for example, the “head” contained

two elements — the outline and the inner “tick”). During
presentation the participants were asked to copy the image as
close as possible. After specific time periods (40 min, 4 h,
and 36 h), the patients were given the following instruction:
“Remember, we copied the image together? Draw it now, as
you recollect it, as closely to the original as possible.” The visual-
figurative memory evaluation involved four criteria: the integrity of
the produced images, the number of lost elements, the number
of distortions, and the number of preserved elements.

Assessment of semantic auditory-verbal memory
consolidation and reconsolidation processes

A text from the Indian epic of Canada, presented in Russian,
containing 79 semantic units, 33 sentences, 1427 characters,
and 295 words, was used as stimulus material. Semantic
unit was defined as a grammatic entity bearing semantic
content, with a core of a noun combined to other parts
of speech (adjectives, verbs, and pronouns). The instruction

Table. Absolute ranges of short-term auditory-verbal and visual-figurative memory volumes in four groups of the study

Recollected series lengths (min-max)

Groups
1 2 3 4 5 40 min
AV VF AV VF AV VF AV VF AV VF AV VF
Unilateral hearing loss 5-7 9-10 5-6 10-12 5-7 11-12 6-7 11-12 6-7 11-12 4-5 8-10
Bilateral hearing loss 5-6 8-9 5-7 8-10 5-6 9-10 5-6 9-11 4-6 9-10 3-6 8-9
Visual impairment 5-7 7-9 6-7 8-9 5-7 8-10 6-7 9-11 6-7 7-9 4-6 6-9
Combined sensory deficits 4-6 5-7 5-6 6-7 5-6 6-8 4-6 7-8 4-5 7-8 3-5 5-7

Note: AV — auditory-verbal memory; VF — visual-figurative memory.
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Fig. 2. Stimulus image presented in the redrawing tasks and its immediate copies produced by four groups of the study

ran as follows: “Now | will read you a text. Listen to it and
retell the story as close to the text as possible”. In 40 min,
4 h, and 36 h, the participants were asked to recollect and
retell the text. The evaluation criteria included the number of
preserved sentences, the number of preserved semantic units,
the number of distorted sentences, the number of distorted
semantic units, the number of confabulated sentences, and
the number of confabulated semantic units. Categorization of
semantic units distinguished object and trait (characterization
of an object), object and time (who and when), object and
action (who did what), object and place (who and where), as
well as causal relationships. A semantic map was developed
and used in data recording. Mistakes in the verbal recollection
were categorized as substitutions and losses. The substitutions
included distorted semantic units and confabulatory semantic
units. The losses encompassed incoherent sentences lacking
semantic content.

The quantitative data were processed using descriptive
statistics (mean values, standard deviations) with nonparametric
Mann-Whitney U-test and Wilcoxon T-test for pairwise
comparisons at p < 0.05.

RESULTS

The preparatory step produced and verified the enroliment in
four groups with distinctive neurological and somatic status.

The primary assessment of short-term memory volume
during the first experimental procedure revealed a decrease for
both auditory-verbal and visual-figurative modalities in all four
groups of the study (Table).

Comparative assessment for the auditory-verbal and
visual-figurative stimuli reproduction test performance in
four groups of the study revealed no significant between-the
group differences. The lowest indicators of short-term auditory
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Fig. 3. Representative copies of the stimulus image made at different time points after exposure (40 min, 4 h, and 36 h) in four groups of the study
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memory volume were revealed in patients with bilaterally
impaired hearing (x + 0 = 5.12 + 0.72) and combined sensory
deficits (x + 0 = 4.12 + 0.10). The loss of original content for
these groups was over 50%. The sensory deficiency of the
auditory analyzer system leads to substantial loss and distortion
of the incoming information already at the stage of perception.
Patients with hearing impairments tend to introduce new words
while reproducing the word series. For the visual-figurative
modality, the lowest indicators of short-term memory volume
were revealed in patients with combined sensory deficits
(X +0=7.19 + 0.22) and visual impairments (x + ¢ = 7.42 + 0.68).
The loss of original content for these groups was over 50%.
The patients presented with characteristic substitutions of
the initial visual-image stimuli by similar in size and shape (for
example, a bed instead of a sofa; a ball instead of an apple;
a dog instead of a goat; etc.). Upon memorization (2 minute
exposure of a table with images), the depicted objects were
correctly identified and named by all participants.

Experimental study of the auditory-verbal and visual-
figurative memory consolidation and reconsolidation in four
groups of participants revealed the following features. At the
stage of copying (immediate redrawing) of the stimulus image,
the maximum degree of similarity with the original, preserving
all parts and elements of the symbolic image, was achieved
in the group of patients with unilateral hearing loss (Fig. 2A).
Corresponding images produced by patients with bilateral
hearing impairment preserved the major parts of the stimulus
image while distorting their elements; furthermore, the images
clearly lent towards the creation of specific image — an owl
with eyes and a beak (Fig. 2B). Patients with visual impairment
or combined sensory deficits presented with distortion and
compromised integrity of the image. In patients with visual
impairment, the original image disintegrates into separate, non-
interconnected lines (Fig. 2C, D). The observed transformation
of symbolic image into figurative one at the stage of immediate
copying of stimulus image, which reflects the short-term
memory storage for subsequent consolidation, leads to initial
fixation of a distorted image.

Upon reconsolidation of the figurative-symbolic information
at 40 min, 4 h, or 36 h time points in patients with sensory
disorders, the distortion of consolidated visual-figurative
content was apparent in all groups of the study, regardless of
the degree and modality of sensory deficits (Fig. 3).

Patients with unilateral hearing loss produced images with
minimal distortions. Only after 36 h, patients of this group
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reduced the number of parts and elements while introducing
specific figurative content (bird’s paws with clearly drawn
fingers) (Fig. 3-1lI-A).

In patients with bilateral hearing loss, at the stage of initial
consolidation (immediate copying of a stimulus symbolic
image), the symbolic image is transformed into a figurative
replica, with the clearly drawn owl’s beak, eyes, and ears). The
recollected images produced at 40 min, 4 h and 36 h timepoints
preserve the image specificity and detalization as an “owl”. At
the same time, the number and identity of major parts remains
unchanged and corresponds to the original symbolic image. In
addition, the reconsolidations performed at 40 min, 4 h, and
36 h time points revealed further simplification of the image
by transformation into specific images available in previous
experience, with a reduction in the number of elements.

The corresponding images produced by patients with
visual impairments (wearing vision correction devices) have
more profound distortions with compromised integrity of
the image and its portions (Fig. 2C). At 40 min, the decay of
the memory trace for initial stimulus is evident. The image
becomes specific and totally loses its symbolic character. In
the act of reconsolidation, the image acquires a holistic quality;
it also contains additional lines and pencil strokes that are
superimposed on the image. At 4 h, the patient reproduces
a coherent image, which resembles neither the stimulus, nor
its copy. During the consolidation process ensuring transition
of the image into a long-term memory, the symbol acquires
distinctive features of a bird. The patient gives up mechanical
copying of the original (especially difficult given a sensory
deficit), but recreates it as a new image coherent with the pre-
existing experience.

The opposite effect is observed in patients with combined
sensory deficits: immediate copy of the stimulus reveals
characteristic features of a specific prototype character from
the pre-existing experience (Fig. 2D). However, at 40 min,
the reproduction shows ultimate disintegrity, with only the
“head” preserved, while the “body” is represented by a bunch
of disordered lines. This phenomenon can be explained by
functioning of certain compensatory mechanisms, which allow
the patient to endow the image with integrity based on the
experience. Reproductions made at 4 h and 36 h reveal further
decay — the loss of individual elements and simplification of
the rest to a set of randomly interconnected pencil strokes.

Thus, during retrieval of visual-figurative information in older
patients with sensory disorders, specification and detailing of
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Fig. 5. Histograms of mean values for auditory-verbal memory indicators in four groups of the study

a stimulus image is fixed in accordance with the information
available from a previous experience (reducing symbolic image
to the image of an owl). Patients with hearing deficit produce
integral images; patients with vision deficit produce images with
characteristic complete disintegration of the visual-figurative
content into two separate unrelated parts — the circumference
of head and the “torso” with a set of extra strokes. (Figs. 3-II-C
and 3-llI-C).

Experimental assessment of the auditory-verbal memory
consolidation and reconsolidation profiles of semantic
recollection involved profiles of semantic recollection based
on averaged counts of correctly reproduced semantic units
during verbal recollection tasks (text retelling) in four groups of
participants (Fig. 4).

Upon retelling of the text immediately after its auditory
perception, the maximum loss of semantic content was
observed in patients with combined sensory deficits, whereas
the minimal losses of semantic content were observed in
patients with visual impairment. Moreover, for patients with
visual impairments, numbers of semantic units correctly
reproduced at 40 min, 4 h, and 36 h were statistically similar.
By contrast, significant decrease in numbers of correctly
reproduced semantic units between 40 min and 4 h time points

was revealed in groups of patients with unilateral hearing loss
(o = 0.019), bilateral hearing loss (p = 0.021), and combined
sensory deficits (p = 0.021). Significant between-the-group
differences in the verbal reproduction quality (in terms of
semantic content) were observed at 4 h only. At this time point,
the number of correctly reproduced semantic units in patients
with visual impairment was significantly higher compared with
other groups including patients with unilateral hearing loss
(p = 0.022), patients with bilateral hearing loss (p = 0.021),
and patients with combined sensory deficits (p = 0.019). The
analysis revealed no significant between-the-group differences
for patients with unilateral hearing loss, bilateral hearing loss,
and combined sensory deficits.

The analysis of counts and nature of the errors made during
sequential rounds of auditory-verbal recollection at 40 min, 4
h, and 36 h, reveals a decrease in the number of correctly
reproduced semantic units accompanied by an increase in the
numbers of distorted and confabulatory semantic units, as well
as the number of incoherent sentences of no semantic content,
in all groups of participants (Fig. 5).

The study of auditory-verbal memory consolidation and
reconsolidation processes in older patients with sensory
disorders revealed specific patterns, notably a trend towards
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schematization and concretization of the text. Another distinct
trend was to change the sentence altogether with overall
preservation of semantic units. The intrinsic semantic sense
of the sentences was preserved better than the structure and
specific wording. Overall, the recollections at different time
points showed relative stability of the content compared with
initial reproduction.

The patients with visual impairment typically revealed a
higher degree of syntactic simplification; they also tended to
use short sentences or fused several sentences into one if
united by a single semantic topic. The patients with hearing
loss presented with introduction of multiple details and
excessive meticulousness of the stories. The excessive detall
and verbosity in retelling was associated with loss of semantic
content and often reduced the retelling to a dialogue with
oneself regarding the correctness of what was heard: “...One
night two young people went hunting from the settlement of
Egulac to hunt seals. Seals? | don’t think so. Why seals? This is
somewhere in the southern latitudes. Weird. OK...”

DISCUSSION

The obtained results are consistent with the data presented
by other authors [10-12]. Several studies relate a decrease in
memorization volume to the inability of switching attention from
actual psychological experiences to cognitive tasks. In such
cases, objective impairment of mnestic functions may be missing
or minimal (according to an objective neuropsychological
examination). The observed decrease in volume of short-term
auditory-verbal and visual-figurative memory in older individuals
with sensory impairments manifests as distortion and partial
loss of information in copying (redrawing) a symbolic image or
immediate retelling of a story. The deficit leads to consolidation
of the initially incomplete/distorted information, which is further
modified upon subsequent retrieval from long-term memory
during reactivation and recategorization with critical losses.
The observed decline in the qualitative and quantitative
characteristics of memory consolidation and reconsolidation
processes in older people with sensory impairments most
probably involves a decrease in short-term memory volume (for
both auditory-verbal and visual-figurative modalities). During
the short-term phase of the memory process, the information
is preserved without loss or content distortion for a short
time period. Under conditions of significantly reduced short-
term memory volume, experimentally proved in older patients
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patients with sensory disorders, the information is critically
simplified with compensation for the missing (lost) content
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HEMOPERFUSION AND FUNCTIONAL STATE OF THE MACULA AFTER SIMULTANEOUS PANCREAS
AND KIDNEY TRANSPLANTATION
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Simultaneous pancreas and kidney transplantation (SPK) provides effective treatment in patients with type 1 diabetes mellitus (T1DM) and end-stage renal
failure (ESRF), mitigating the hyperglycemia and uremic syndrome. The study aimed at the assessment of morphofunctional status of the macula and macular
hemodynamics in patients with T1DM after SPK. The study enrolled 45 patients subdivided into three groups: Group A — patients with T1DM after SPK; Group B —
patients with T1DM and ESRF, maintained on programmed hemodialysis (PH), on waiting list for SPK; and Group C — individuals without ophthalmic or systemic
pathologies. All patients were subject to the standard ophthalmological examination complemented by measurements of the central retinal thickness (CRT) and the
average perfusion density (PD) in four vascular layers: superficial capillary plexus of the retina (SCP), deep capillary plexus of the retina (DCP), choriocapillaris, and
choroid. The patients after SPK had significantly lower CRT (241 + 33 um in Group A, 309+10 um in Group B; p < 0.05) and significantly higher PD of the macular
region in both the retina (Group A: SCP — 19.0 = 1.6%, DCP — 10.7 + 1.3%; Group B: SCP — 11.7 + 0.8%, DCP — 4.8 + 0.8%; p < 0.05) and the choroid (Group A:
choriocapillaris — 28.1 + 1.8%, choroid — 31.3 + 1.6%; Group B: choriocapillaris — 20.4 + 1.6%, choroid — 21.8 + 1.3%; p < 0.05), as well as significantly higher visual
acuity (Group A: 0.7 + 0.1; Group B: 0.5 + 0.1; p < 0.05) and macular light threshold (Group A: 25.9 + 1.4 dB; Group B: 22.3 + 1.1 dB; p < 0.05) compared with the
patients on PH. Thus, the normalization of carbohydrate metabolism and the mitigation of uremic syndrome in patients with T1DM and ESRF after SPK favorably
affect the functional condition of the macular area, as indicated by the improvement in macular blood flow and visual functions.
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Acknowledgements: the authors acknowledge Prof. G.Sh. Arzhimatova of the Botkin Hospital (Moscow) for helpful discussions.

Author contribution: Vorobyeva IV — literature analysis, planning and coordination of the study, data analysis and interpretation; Bulava EV — literature analysis,
data collection, analysis and interpretation, preparation of the manuscript; Moshetova LK — study planning and supervision, data analysis and interpretation;
Pinchuk AV — study planning and supervision.

Compliance with ethical standards: the study was approved by Ethical Committee at the Russian Medical Academy of Continuous Professional Education
(Protocol Ne 1 of January 18, 2021); the written informed consent for the study was provided by all participants.

><] Correspondence should be addressed: Irina V. Vorobyeva
Botkinsky pr-d, 2, korp. 19, Moscow, 125284 Russia; irina.docent2000@mail.ru

Received: 22.02.2022 Accepted: 10.03.2022 Published online: 05.04.2022
DOI: 10.24075/brsmu.2022.013

FEMOMEP®Y3UA N ®YHKLMOHAJIbHOE COCTOAAHUE MAKY/1bl MOCNE COYETAHHOW
TPAHCMNAHTALMN NOYKU U MOOXKENYOOYHON XKENES3bI

. B. Bopobbera'?™, E. B. bynaga', J1. K. MoweToBa', A. B. MuHuyk®45

" Poccwiickas MeauLvHCKas akafemmst HernpepbIBHOMO npodeccroHansHoro obpasoBaHns, Mocksa, Poccus

2 Poccuinckui yHuBepcuTeT Apyx6bl Haporos, Mockea, Poccust

8 Hay4Ho-vcecnenoBaTenbCKuin UHCTUTYT CKOPO MoMoLLmM uvenn H. B. Cknndocosckoro, Mocksa, Poccust

4 MOCKOBCKMI rocyaapCTBEHHbIN MeaVKO-CTOMAaTONOrMYeCcKnii yHBepeuTeT uMmeHn A. V1. EBookumoBa, Mocksa, Poccuist

5 Hay4Ho-1ccnenoBaTtenbCkuii UHCTUTYT OpraHv3aumi 30paBoOXpaHeHns U MeAULIMHCKOro MeHemxmeHTa, Mockea, Poccus

CoveTaHHas TpaHCnIaHTaums MoYKK 1 NoppKenyno4Hon xxenessbl (CTIMIMK) — ahdhekTVBHBIN METOA, NeveHst 60MbHbIX C caxapHbiM AnadeTom 1-ro Tuna (CO1)
1 TEPMVHANBHOW CTafmen XPOHNHYECKOM NoYeyHon HegocTaTtouHocTy (TXITH), KOTOpbI MPYBOAWT K KyNMPOBAHWIO MMEPTTIMKEMUN 1 YDEMUHYECKOTO CYHAPOMA.
Llensto paboTbl 66110 U3y4nTb MOPMOMYHKLIMOHANBHOE COCTOSHME 1 reMOANHaMIKY Makysbl y naumentos ¢ C1 nocne CTIMIMXK. B uccnenosaHum y4acteosanm
45 naumeHTOB, pasfeneHHbIX Ha Tpy rpynnbl: B rpynny A sownv nauveHTbl ¢ CO1 nocne CTMulMK; B rpynny B — ¢ CO1 n TXIMH, npoxogsaiwme Kypcbl
nporpammHoro remoguanmaa (M) v oxupatowwme CTIMIK; B rpynny C — anua, He UMetoLLVe madHbiX U CUCTEMHbIX MaTonoruin. Bcem nauvieHTam nposBognam
TpaauLUMOHHOE ohTanbMonornieckoe obcnefoBaHre, a Takke U3MepPeHne LIEHTPasIbHOM ToNWmHbI ceTHaTky (LITC), cpenHero 3Ha4eHnst MnoTHOCTY nepddy3sunm
B YeTblpex CcocyamncTbix cnosix: nosepxHocTHoM (MKCC) n rmybokom (TKCC) kanunnsipHbIX CrneTeHnsiX ceT4aTku, crnoe xopuokanunnspos (XK) 1 xopvonaen.
Mocne CTINuIMXK, no cpasHeHwto ¢ M, BbisiBneHo ymeHbLeHne LITC (8 rpynne A: 241 + 33 Mkm; B rpynne B: 309 + 10 mkMm; p < 0,05), yBenmyeHvie cpenHero
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About 10% of diabetes cases worldwide are classified as type
1 diabetes mellitus (T1DM). This most severe type of diabetes
develops due to autoimmune damage to pancreatic -cells. Up to
85% of T1DM cases are diagnosed in early adolescence. About
1,100,000 individuals aged under 20 currently live with T1DM, and
the global prevalence continues to increase by about 132,600
new cases per annum [1]. In Russia, the prevalence of T1DM at
the end of 2020 was 180.9 cases per 100,000 population [2].

Insulin therapy remains the main treatment for TIDM. The
proper administration of insulin can mitigate the hyperglycemia
and considerably prevent the onset and progression of diabetic
complications [3]. However, according to the T1D Exchange
registry, as little as 21% of patients with TIDM achieve the
recommended levels of glycated hemoglobin (HbA1c) [4]. In
this regard, complications of T1IDM remain the leading causes
of disability and death among the patients [5].

Diabetic nephropathy is the third leading cause of death,
surpassed only by cardiovascular disorders and cancers.
The patients with T1DM-associated nephropathy, which
progresses to the end-stage renal failure (ESRF) over 1520 years
[6], become inevitably faced with the need for the kidney
replacement therapy. The dialysis procedures are expensive
and require specialized medical facilities, advanced equipment,
and dedicated personnel training. Besides, these procedures
are debilitating and entail side effects [7]. On the other hand,
kidney transplants in T1DM have low efficacy due to the high
risks of secondary nephropathy in posttransplantation period [8].

The simultaneous pancreas and kidney transplantation (SPK)
is arguably the most advantageous treatment for the patients
with T1DM-associated ESRF. The intervention normalizes
carbohydrate metabolism and renal excretion, thereby liberating
the patients from the constant glucose monitoring, insulin
therapy, and debilitating hemodialysis courses [9].

This study aimed at the assessment of morphofunctional
status of the macula and macular hemodynamics against the
glycemia normalization and the mitigation of uremic syndrome
in patients with T1DM after SPK.

METHODS

The study enrolled 45 participants (68 eyes). The inclusion
criteria were T1DM-associated ESRF treated with either
programmed hemodialysis (PH, group of comparison) or
allogeneic pancreas-kidney transplants (main group), or the

absence of ophthalmic and systemic pathologies (control group).
The non-inclusion criteria were type 2 diabetes and other systemic
pathologies, ESRF of non-diabetic genesis, and the pancreas
and/or kidney transplant rejection. Eyes with a history of retinal
laser photocoagulation in the macular area, vitrectomy, cataract
extraction, or panretinal laser photocoagulation performed
less than 6 months before examination, as well as those with
proliferative lesions of the macula, comorbid retinal pathologies,
glaucoma, pronounced opacities of the optical media, or high-
grade refractive errors were excluded from the study.

All patients were divided into three groups: Group A
(main group) — patients with T1DM and functional pancreas-
kidney transplants (15 individuals, 18 eyes) (Fig. 1); Group B
(comparison group) — patients with severe decompensated
T1DM and associated ESRF, on waiting list for SPK and currently
on PH (15 individuals, 20 eyes); and Group C (control group) —
individuals without ophthalmic or systemic pathologies
(15 individuals, 30 eyes).

All patients were subject to the standard ophthalmological
examination including the maximally corrected visual acuity
(MCVA) and intraocular pressure tests, biomicroscopy of the
anterior eye segment, indirect slit-lamp biomicroscopy with a
78-diopter aspheric lens, and photorecording fundoscopy.

The measurements of central retinal thickness (CRT) and
perfusion densities were carried out by optical coherence
tomography (OCT) angiography in the RS-3000 Advance
2 system (NIDEK; Japan). The average perfusion density (PD)
of the macular region (scan area 3.0-3.0 mm) was measured
in four vascular layers: superficial and deep capillary plexuses
of the retina (respectively, SCP and DCP), the capillary
lamina of choroid (choriocapillaris), and choroid proper (Fig. 2)
using AngioScan mode. The macular light threshold (MLT)
was determined by Macular Integrity Assessment (MAIA)
microperimetry (CenterVue S.p.A; ltaly).

To assess the degree of TIDM compensation and renal
functionality, all patients underwent blood tests for HbA1c,
creatinine, and urea, providing the estimated glomerular
filtration rate, eGFR.

The data were analyzed in StatTech v. 2.6.2 (StatTech;
Russia). Quantitative indicators were assessed for compliance
with the normal distribution using the Shapiro-Wilk and
Kolmogorov—-Smirnov criteria. Comparisons of quantitative
indicators for three or more groups were carried out using one-
way ANOVA and nonparametric Kruskal-Wallis test. Direction

Table. Comparative analysis of perfusion densities in four vascular layers of the macular region

Indicator Group M + SD 95% CI n p
A 19.0+1.6 17.0-21.0 18 Group A - Group B <0.05*
PD SCP (%) B 11.7+0.8 10.7-12.7 20 Group A - Group C <0.05*
C 343+1.0 33.6-35.4 30 Group B - Group C <0.05*
A 10.7+1.3 9.3-12.2 18 Group A — Group B <0.05*
PD DCP (%) B 48+0.8 3.8-5.8 20 Group A - Group C <0.05*
C 143+1.2 13.3-15.6 30 Group B - Group C <0.05*
A 28.1+1.8 25.7-30.5 18 Group A - Group B <0.05*
PD °h°r(i§/:‘;api”a”s B 20.4+1.6 18.3-22.4 20 Group A — Group C <0.05*
C 45.7 + 0.8 45.0-46.4 30 Group B - Group C <0.05*
A 31.3+1.6 29.2-33.8 18 Group A - Group B <0.05*
PD choroid (%) B 21.8+1.3 20.2-23.4 20 Group A - Group C <0.05*
C 48.0 £ 0.8 47.2-48.8 30 Group B - Group C <0.05*

Note: PD SCP — perfusion density of the superficial capillary plexus of the retina; PD DCP — perfusion density of the deep capillary plexus of the retina;
PD choriocapillaris — perfusion density of the choriocapillaris; PD choroid — perfusion density of the choroid; Group A — patients after the simultaneous pancreas
and kidney transplantation (SPK); Group B — patients on PH/waiting list for the simultaneous pancreas and kidney transplantation (SPK); Group C — healthy individuals.
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and strength of relationships between quantitative variables were
described by Pearson's and Spearman's correlation coefficients.

RESULTS

A total of 24 women and 21 men aged 35+7 years on average
participated in the study. Groups A, B, and C were statistically
similar with regard to gender (o = 0.784) and age (p = 0.839) of
the participants. The average length of time since the diagnosis
of T1IDM in Groups A and B was 27 + 8 years, similar between
the groups (p = 0.475). Patients with pre-proliferative (PPDR)
and proliferative (PDR) stages of diabetic retinopathy were
encountered in both groups, all of them previously treated with
panretinal laser photocoagulation. The incidence of PPDR and
PDR between the groups was similar (p = 0.756). The average
time since transplantation in Group A was 21 + 11 months. The
average time on PH in Group B was 24 + 8 months.

Comparison of CRT measurements for the three groups
revealed statistically significant differences (p < 0.05). In patients
with decompensated T1DM on PH, the central portion of the
retina was thicker (Group B, 309 + 10 uym) than in patients after
SPK (Group A, 241 + 33 um) or healthy individuals (Group C,
260 + 6 um).

The highest average perfusion density of the retina and
choroid was observed in the control group (Group C). The
patients with transplants (Group A) had higher perfusion rates
of the retina and choroid than the patients on PH/waiting list for
SPK (Group B) (Table).

Both MCVA and MLT were significantly higher in the patients
with pancreas-kidney transplants (Group A: MCVA — 0.7+0.1,
MLT — 25.9 + 1.4 dB) than in the patients with decompensated
T1DM on PH (Group B: MCVA — 0.5 + 0.1, MLT —22.3 + 1.1 dB;
p < 0.05) (Fig. 3).

All three groups revealed pronounced correlations between
indicators of the functional state of the macula and perfusion
density of the retina and choroid. MCVA positively correlated
with the choriocapillaris perfusion density (p = 0.886; p < 0.05),
whereas MLT positively correlated with PD SCP (p = 0.772;
p < 0.05).

HbA1c levels in the patients with transplants were significantly
reduced compared with the patients on PH (Group A —
4.8 + 0.4%; Group B — 7.1 + 0.8%; p < 0.05). Both CRT
and PD SCP correlated with the hemoglobin glycation levels:
higher levels of HbA1c were accompanied by increased CRT
(p = 0.848; p < 0.05) and decreased SCP perfusion density
(r=-0.723; p <0.05).

Low perfusion densities for both DCP and choriocapillaris
in Group B significantly correlated with the renal functionality
indicators (Fig. 4). In particular, creatinine levels negatively
correlated with DCP perfusion density (p = -0.758; p < 0.05),
whereas eGFR positively correlated with the choriocapillaris
perfusion density (p = 0.867; p < 0.05).

Fig. 1. Computed tomography image with intravenous contrast, 3D reconstruction,
showing typical positions of the pancreatic (A) and kidney (B) transplants in the
recipient

DISCUSSION

The majority of studies on the condition of the retina
after SPK, published in recent decades, assessed the
clinical manifestations of diabetic retinopathy (DR) using
ophthalmoscopy and fluorescent angiography. These studies
demonstrated stabilization and improvement in the condition,
manifesting as a reduced need for laser photocoagulation
of the retina and vitrectomy in more than 60% of the cases
[10-13]. The improvement in the ophthalmoscopic picture,
noted in 21.3-41.7% of the patients, was accompanied by a
decrease in the grade of hard and soft exudates and intraretinal
microvascular abnormalities [14, 15]. An improvement in visual
acuity in patients with proliferative DR after SPK was also
reported [16].

The advent of modern ophthalmological diagnostic equipment
(OCT angiography and microperimetry) enabled detailed
investigation of hemodynamics and morphofunctional state of
the retina in patients with DR after various treatments [17-21];
however, we failed to find any published evidence on the dynamics
of retinal hemoperfusion and light sensitivity in DR after SPK.

Our patients on waiting list for SPK had significantly higher
CRT (309 + 10 pym) and significantly lower average perfusion

Fig. 2. Perfusion density measured in four vascular layers of the macular region (color-coded OCT angiography, RS-3000 Advance 2 system, NIDEK, Japan).
(A) Superficial capillary plexus of the retina. (B) Deep capillary plexus of the retina. (C) Choriocapillaries. (D) Chorid
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Fig. 4. Regression plots showing correlations of DCP and choriocapillaris perfusion densities with creatinine levels and eGFR, respectively. PD DCP — perfusion density of
the deep capillary pexus. PD — perfusion density. EGFR — estimated glomerular filtration rate

density in four macular layers (PD SCP — 11.7 + 0.8%;
PD DCP — 4.8 + 0.8%; PD choriocapillaris — 20.4 + 1.6%;
PD choroid — 21.8 + 1.3%) than patients after SPK (Group A:
CRT — 241 + 33 ym; PD SCP — 19.0 + 1.6%; PD DCP —
10.7 + 1.3%; PD choriocapillaris — 28.1 + 1.8%; PD choroid —
31.3 + 1.6%; p < 0.05). CRT, macular perfusion density, as well
as the laboratory blood test indicators of T1DM decompensation
and renal functionality (HbA1c, creatinine, eGFR), revealed
significant correlations. Normalization of glucose levels and
mitigation of uremia in the aftermath of SPK are beneficial
for the peripheral microcirculation. In particular, it results in
stronger vascular walls and decreased extravasation of blood
plasma and formed elements to the intervascular spaces of
ocular tissues, with the resulting reduction in retinal thickness
and enhanced hemoperfusion in retina and choroid of the
eye. The improved morphometric parameters (reduced CRT)
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THE INFLUENCE OF MIGRATION FACTOR ON THE ESTABLISHMENT OF MENSTRUAL
FUNCTION IN GIRLS
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The problems of migration are becoming increasingly important and have primary impact on women'’s and children’s health. The aim of the study was to evaluate
the influence of migration factor on the establishment of menstrual function in girls. The study enrolled 1,222 female undergraduate students of Moscow universities,
born in 1995-2000, of diverse ethnicity. The data were collected in 2015-2020 by questionnaire method. The main group included 322 students classified as
migrants and the comparison group included 900 students of local origin (Muscovites). Statistical processing of the data was carried out using Statistica 10.0
package (StatSoft; USA). Mean age at menarche constituted 151.35 + 1.20 months in migrants and 150.88 + 1.06 months in Muscovites (o > 0.05). For all
participants, menarcheal age fell within the range of 11-15 years (normal). Other parameters of menstrual function were also similar between the groups and
comparable to corresponding data collected in other countries.
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The national project “Demography” implemented in the Russian
Federation since 2019 regards female reproductive health as
one of the top priorities.

According to WHO, female reproductive health implies the
ability to conceive and bear a child in the absence of sexually
transmitted diseases and with access to the means of family
planning, ensured safety and security of pregnancy and
childbirth, and health maintenance for both the mother and the
child. Female reproductive health depends on socio-economic,
environmental, hygiene, cultural, and lifestyle factors [1].

Migration processes reflect the economic situation, which is
a staple point for the new economic theory of migration. Recent
changes in the migration policy of the Russian Federation have
been associated with the increase in external and internal
migration flows recorded by the Federal State Statistics Service [2].
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The global increase in the rates of migration has primary
impact on women’s and children’s health. In this context,
protecting the reproductive health of adolescent girls is
absolutely essential [3-5].

The age at menarche is considered a sensitive indicator
reflecting the impacts of adverse factors (economic, social,
etc.) on girls’ health [6]. For instance, relocation to another part
of the country may affect physical development, physiological
rhythms, and ultimately the establishment of menstrual
function [7].

A recent study focused on female immigrants in Moscow
Region demonstrates that “migration” and “adaptation” are
largely interconnected: changing the place of residence
requires adaptation to new conditions and integration into new
environments [8].
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For Moscow Region, protection of the reproductive health
of female migrants is especially relevant: according to official
statistics, every seventh child in this region is born to a non-
permanent female resident, i.e. interregional or international
migrant [9].

This study aimed to evaluate the influence of migration
factor on the establishment of menstrual function in girls.

METHODS

The study enrolled 1,222 female students of Moscow
universities undergraduate year 1-2, born in 1995-2000,
of diverse ethnicity. The data were collected in 2015-2020 by
questionnaire method. The participants were aged 19.4 + 0.3
years. The main group consisted of 322 students classified as
internal or external migrants; the number of observations was
determined as guaranteeing 95% reliability of the results based
on the established guidelines by K. A. Otdelnova [10]. In terms
of ethnicity, the main group was diverse and encompassed
immigrants from North Caucasus and Central Asia (external
migrants), as well as Russian citizens — Chechens, Ingushs,
Dagestanis, Ossetians, Adygs, and other (internal migrants).
In accordance with the UN’s International Migration Statistics
Practical Guide for the Countries of Eastern Europe and Central
Asia, all of them were classified as long-term migrants because
their stay in Moscow lasted 1 year or longer [11]. The comparison
group consisted of 900 students of local origin (Muscovites).
The inclusion criteria were as follows: beginning of menstrual
function during stay in Moscow; compliance with sex and age
requirements; studying at a university in Moscow; health group
I-1l; conventional lifestyle with regard to nutrition, physical activity,
etc.; correct completion of the questionnaire. The exclusion
criteria were as follows: the lack of informed consent for the
study; onset of menstrual function before moving to Moscow;
non-compliance with sex and age requirements; staying in other
regions; studying in other educational institutions; health group
lll; non-conventional lifestyles including addictions; incorrect
completion of the questionnaire. The data were formalized as
the “Database for the study of menstrual function in adolescent
girls (born in 1995-2000)", registration certificate 2020622018
of October 23, 2020.

Statistical processing was carried out using Statistica 10.0
package (StatSoft; USA). Compliance of variables to the law of
normal distribution was verified at the initial stage of the analysis.
The descriptive statistics used means (M), standard deviations
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Fig. 1. Menarcheal age distributions for the two groups of the study

(0), and Student’s t-test for between-the-group comparison;
the differences were considered significant at p < 0.05.

RESULTS

Mean age at menarche constituted 151.35 + 1.20 months
(12.5 years) in migrants and 150.88 + 1.06 months (12.5 years)
in Muscovites (p > 0.05). The 68% expectance intervals were
11 years 5 months to 13 years 7 months in migrants and
11 years 5 months to 13 years 6 months in Muscovites.

Apart from these characteristics, we analyzed menarcheal
age distributions for the two groups of the study (Fig. 1).

Menarche at the age of 11 was reported by 5.3% of migrants
and 9.2% of Muscovites. Menarcheal age distributions for the
groups differed (p < 0.05). For Muscovites, the curve had
smoother outline and showed a closer fit to the law of normal
distribution; 35.8% of this group had menarche at the age
of 13. For migrants, the curve had a major peak at 13 years
(49.9% of the group) followed by a minor peak at 15 years
(20.9% of the group). Equal major proportions of migrants and
Muscovites had menarche at the age of 12-14 (73.8% in each
group).

Other parameters of menstrual function for the studied
cohort are illustrated in Figs. 2 and 3.

Overall, the studied parameters of menstrual function
in migrants and Muscovites were similar. Shortened cycles
(< 21 day, proiomenorrhea) and prolonged cycles (> 35 days,
opsomenorrhea) were reported by 2.0% and 7.0% of
participants, respectively.

DISCUSSION

Menarcheal age and other parameters of menstrual function
were similar between the groups and comparable to
corresponding data for other countries.

A Portugal-based study enrolling 11,274 women showed a
gradual decrease in menarcheal age in the course of the 20th
century, by average 31.1 days every 5 years to the current
figure of 12.0 + 1.25 years [12].

A similar trend towards accelerated onset of puberty was
observed in Taiwanese girls, with the average age at menarche
constituting 11.35 + 1.06 years [13].

A Poland-based survey enrolling 11,671 10-16-year-
old girls in 1985-1986, 2005-2006, and 2015-2016
assessed the age at menarche with regard to socioeconomic
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Menstrual cycle
still irregular

Menstrual cycle
established at once

In 2-6 months

Fig. 2. Pie chart of the time spans from menarche to regular menstrual cycle

background (education level of parents, child number and
overall socioeconomic status of the family) to reveal significant
acceleration in all groups [14].

Consistently with these findings, the average age at
menarche in 24,380 Mexican-born female participants was
reduced from 13.3 years among girls born before the 1940s
to 12.56 years among girls born in the 1980s and later on.
Moreover, in all age cohorts, urban women had menarche
significantly earlier than their rural peers. It should be noted that
urban non-indigenous women and rural indigenous women
were the youngest and the oldest at menarche, respectively [15].

Our findings can also be viewed in the context of other
surveys enrolling female migrants.

One study, which encompassed 814 girls adopted
internationally, compared menarcheal age between Chinese
adoptees in North America and age-matched girls in China. The
median menarcheal age in the adoptees constituted 12.37 years
(95% CI 11.84-13.00 years), while the estimated prevalence
of menarche at an age below 10 years was about 3%. In the
non-adopted native residents of China, these parameters were
similar [16].

However, a Denmark-based study demonstrated a
significant 10-20-fold increase in the risks of precocious
puberty for internationally adopted girls. Although the risks
of precocious puberty depended on the country of origin, in

27-29 days

24-26 days

Fig. 3. Pie chart of the menstrual cycle lengths
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children who immigrated with their family these risks were
elevated only slightly. Remarkably, older age of adopters
significantly increased the risks of precocious puberty in
adoptees regardless of their country of origin. The authors
believe that psychosocial stressors in infancy and childhood
may accelerate the onset of puberty: adoptees typically have a
history of traumatic life events which may predispose them to
precocious puberty [17].

In our study, none of the participants in both groups reported
precocious puberty; on the contrary, a distinct subgroup of
migrants (20.9%) reported a somewhat delayed menarche at
the age of 15.

Migration, accompanied by a change in climatic and
geographic conditions, has been shown to significantly interfere
with menstrual function in 3% of girls, in terms of menstrual
cycle length and regularity [18].

Other factors that negatively affect female reproductive
health in adolescents include poor quality of medical care,
unfavorable socio-economic conditions, low family income, and
poor healthcare system at the state level [19-21].

According to a number of foreign studies, the negative impact
of migration on women'’s health is reflected by the structure of
pregnancy outcomes [22-24], including higher risks of pregnancy
and childbirth complications and a 1.3-fold increase in neonatal
morbidity among migrants compared with other social groups [3].

30-31 days

32-34 days

Menstrual cycle longer
than 35 days

Menstrual cycle shorter

than 21 day
21-23 days
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CONCLUSIONS

In migrants and Muscovites, menarcheal age was similar, within
the absolute range of 11-15 years (normal). Other parameters
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CHRONIC NON-TREATED POSTERIOR FRACTURE-DISLOCATION OF THE SHOULDER
Egiazaryan KA, Ershov DS, Badriev DA =, Soshnikov DY
Pirogov Russian National Research Medical University, Moscow, Russia

Posterior fracture-dislocations often remain undiagnosed at initial medical attendance. In dislocation, the head of the humerus extends beyond the glenoid to form
a zone of impaction, which “fixes” it. The injury is aimost unidentifiable in standard frontal X-ray images. Meanwhile, continued fixation of the humerus in the state
of posterior dislocation leads to a rapid progression of the traumatic impaction over up to 50% of the articular surface area. The associated damage to the articular
lip of the scapula, rupture of the rotator cuff muscles, symptoms of shoulder instability after relocation, and severe pain syndrome require advanced treatments for
this type of injury. Here we report a clinical case of anatomical neck fracture of the humerus with displaced consolidation, combined to posterior dislocation. To
avoid subacromial impingement, instead of correcting the position of the head, we abandoned the reposition and performed an osteotomy with distal displacement
of the greater tubercle of the humerus.

Keywords: posterior dislocation of the shoulder, fracture-dislocation of the shoulder, shoulder joint surgery
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3ACTAPEJIbIA 3AOHUI NEPEJIOMOBbLIBUX MJIEYA
K. A. ErvazapsH, . C. Epwos, [. A. Bagpues =, [1. KO. ColwHVKOB
Poccuiickunii HaumoHanbHbI MCCNegoBaTeNbCKNA MEANLUMHCKUIA YHUBepcuTeT nvenn H. W. Muporosa, Mockea, Poccus

3agHvie NepenoMoBbIBUXV HEPEAKO ABNAIOTCS HeAMarHOCTVPOBaHHLIM NOBPEXAEHNEM MPU NepBUYHOM OBpaLLeH i 3a MeaULMHCKOR NoMoLLbto. fonoska
NNe4eBO KOCTV BO BPEMS BbIBMXa 3aX0AUT 3a MMEHOMT, Ha Hell 06pasyeTcs 30Ha UMMPECCHn, 3a CHET KOTOPOW OHa U «UKCMpyeTCs». Ha peHTreHorpammax
B CTaHAAPTHOW MPSIMON MPOEKLMM MPakTUHECKN HEBO3MOXKHO 3arnof03pUTh AaHHOE MOBPEeXAeHVe. B crydae ANTensHOro HaxokAeHVst MneveBoin KocTu
B (PMKCUPOBAHHOM 3afJHEM BbIBUXE, MMMPECCUOHHOE MOBPEXAEHVE MONOBKN MIeYEBON KOCTU BbICTPO MPOrpeccupyeT, 1 MOXeT focturate 50% nnollagn
CYCTaBHOW MOBEPXHOCTU. ACCOLMMPOBaHHbIE C AaHHON TPaBMOW MOBPEXAEHNE CyCTaBHOMN ryObl NONaTKK1, PaspbiB MbILLL, POTATOPHOM MaHXeTbl, NOSBNEHME
HECTabWNBHOCTI MIEHEBOrO CycTaBa nocne YCTpaHeHns BbIBIXa, BbIPaKeHHbI 60NeBOV CUHOPOM TPebyioT Cepbe3HOro NOAXoMa K JIEHEHNIO AaHHOM NaTonorvm.
B npeacTaBneHHOM KNMHUHECKOM CrlyHae y naumeHTa KpoMe 3afHero Bbisumxa Oblil CpacTaloLLMIACs CO CMeLLEHEeM NepenoM aHaTOMUHECKON LLIEVKM NneYeBoi
KOCTU. YTOObI N36EKaTh CY6aKPOMUATEHOMO UMMMHIDKMEHTa BMECTO VCMPaBIEHNS MONOXKEHMS FONOBKN Mbl OTKa3aMCb OT PENO3VLIAN 11 MPOV3BENN OCTEOTOMUIO
C nepemeLLeHrem 6onbLLIOro Byropka nneveBon KOCTU ANCTaIbHO.

KntoueBble cnoBa: 3aHWI BbIBUX Nne4a, NepenioMoBbIBUX Neyva, XMpypria Nne4eBoro cycrasa
Bknap aBTOpOB: BCE aBTOPbI BHEC/IN PABHO3HAYHbIV BKNAL, B MPOBEAEHNEe UCCNEA0BaHNSA 1 MOLATOTOBKY CTaTby.

CobniopeHne 3TMYeCKNX CTaHAAPTOB: 1CCenoBaHie ofobpeHo aTnHeckm kommtetom PHAMY um. H. . Muporosa (mpotokon Ne 202 ot 23 Hosopsa 2020 ),
BbIMOSIHEHO B COOTBETCTBUM C STUHECKUMM CTaHAapTamy XenbCMHCKOW Aeknapauum; naumeHT aan cornacue Ha obpaboTky v nmybnamKaumio NepcoHanbHbIX
OaHHbIX.
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Posterior dislocations of the shoulder are rare and account for
2-5% of all cases of shoulder dislocation. Posterior dislocations
complicated by a fracture of the proximal metaepiphysis of the
humerus are exceptionally rare and constitute about 0.9% of
fracture-dislocations of the shoulder, corresponding to 0.6
cases per 100,000 people [1, 2].

At initial medical attendance, posterior dislocations of
the shoulder escape correct diagnosis in 60% of the cases.
Meanwhile, after 6 weeks of the humeral head dislocation the
injury becomes chronic [3]. The median interval between the
injury and final diagnosis constitutes 8 months [4].

Here we report a clinical case of chronic non-treated
posterior dislocation of the shoulder with a reverse Hill-Sachs
lesion involving about 25% of the articular surface, accompanied
by a fracture of the anatomical neck of the humerus with varus
displacement, in order to illustrate the complexity of diagnostics
and treatment for such conditions.

Clinical case

Patient S., 37 years old, was admitted to our clinic. Two months
before, he was injured by falling off a scooter. Immediately
after the accident, the patient consulted an emergency room,
where they performed clinical examination and a routine
X-ray of the right shoulder joint in frontal projection (Fig. 1).
The X-ray image revealed a fracture of the proximal humerus
with minimal displacement of the fragments. The right upper
limb was immobilized in a cast; the patient was advised to
continue limb immobilization for 3 weeks and released with a
recommendation to consult a local traumatologist at his place
of residence. Next day, the patient attempted to visit the local
trauma center, but there was no reception that day. The patient
called an ambulance, which took him to one of the city hospitals,
where they re-performed clinical examination and X-ray of the
right shoulder joint in the same one frontal projection. Other
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projections (lateral, etc.) were ignored, multispiral computed
tomography (MSCT) was not performed either, so the correct
diagnosis was missed again. Finally, as late as 3 weeks after
the accident, another traumatologist recommended computed
tomography (Fig. 2).

After receiving the results of instrumental examination, the
patient re-applied to the doctor who recommended MSCT
of the shoulder joint. However, the trauma center was not
equipped with a computer, and the patient was re-addressed
for a consultation in a hospital. Few days later, the patient
was able to get to the hospital, where, on the MSCT basis,
the posterior fracture-dislocation of the shoulder was finally
identified; however, they recommended him to wait another few
days until a specialist from another institution with appropriate
experience would pay a visit. Under these unsatisfactory
circumstances, the patient decided to independently consult
at the Pirogov City Clinical Hospital No. 1, where, after clinical
re-examination and study of the X-ray data, he was offered
emergency hospitalization to prepare for surgical treatment.

At the time of admission to our clinic, the patient
experienced significant limitations in the range of motion of
the right shoulder joint: abduction — 25°, external rotation —
10°, internal rotation — 70°, and flexion — 65° (Fig. 3). No
acute neurocirculatory reactions in the right upper limb were
encountered.

The analysis of X-ray and MSCT data revealed the following
features: a reverse Hill-Sachs lesion involving 25% of the total
articular surface area of the humeral head; a fracture of the
anatomical neck of the humerus with varus displacement; a
fracture of the greater tubercle with proximal displacement (the
tubercle protruded significantly above the articular surface).
On top of that, all fractured areas showed distinct osseous
consolidation, whereas the humerus had long remained in a
position of fixed posterior dislocation.

In such injuries, the area of impacted fracture is one of
the main factors predisposing to subsequent recurrence of
shoulder dislocation [5]. Cases with > 25% of the articular
surface affected usually require surgical treatment to restore
the shoulder joint “stability” [2, 6].

Known surgical options for this pathology include transfer
of the lesser tubercle (MclLaughlin procedure); filling the
defect in articular surface of the head with the subscapularis
muscle tendon (Neer’s modified method); subcapital rotational
osteotomy (Weber’s procedure); and shoulder arthroplasty
(implants) [3]. Our selection of surgical tactics involved an
algorithm proposed by Paparoidamis et al. on the basis of
systematic literature review [7].

In accordance with the algorithm, given that in our patient
the impaction area reached 25% of the humeral articular
surface, a decision was made to eliminate the dislocation
and reconstruct the proximal humerus. After preoperative
preparation, a standard deltopectoral approach to the shoulder
joint was performed under general anesthesia in the beach chair
position. At the first stage, an osteotomy of the lesser tubercle
was performed with an oscillating saw. At the second stage, the
long head tendon of the biceps was dissected from the scapula
and sutured to the pectoralis major muscle, and the shoulder
joint scars were removed; we further performed a soft tissue
release for the rotator cuff muscles and an open reduction of the
dislocation. At the third stage, in order to prevent subacromial
impingement, we performed an oblique slide osteotomy of
the greater tubercle and brought it down 10 mm distally. The
decision to relocate the tubercle was made in connection with
the increased risk of aseptic necrosis of the humeral head due
to possible damage to the posterior circumflex humeral artery 3 weeks after injury (B)

Fig. 2. Axial computed tomography scan of the right shoulder joint 3 weeks after
injury (A). Volumetric reconstruction of the proximal part of the right humerus
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upon the attempt to eliminate the varus displacement of the
head [8]. At the fourth stage, the fragments of the humeral head
and the reduced greater tubercle were fixed with a premodeled
plate for osteosynthesis of the proximal humerus. The fifth
stage consisted of a modified MclLaughlin procedure: the
lesser tubercle was relocated and fixed with a screw in place
of the impaction defect in the articular surface of the humeral
head. The wounds were sutured in layers. Aseptic dressings
were applied. The right upper limb was immobilized with an
abductor splint in the external rotation position.

The postoperative period proceeded smoothly. The sutures
were removed on day 14. The immobilization of the upper limb
in the abduction splint lasted 4 weeks, and the patient wore a
standard arm sling for another 2 weeks. The patient received
physiotherapy and physical rehabilitation with a coach starting
from day 1 after surgery. The rehabilitation protocol emphasized
strict immobilization of the right upper limb in the position of
abduction to 60° in neutral rotation during the first 4 weeks
after surgery. After that, passive recovery of the right shoulder
joint mobility was carried out for 2 weeks, accompanied by
immobilization of the right arm in a standard sling. The active
locomotor rehabilitation of the operated limb was commenced
6 weeks after surgery.

Control X-rays performed 12 weeks, 6 months, and 1 year
after surgery revealed progressive consolidation of the humeral
neck fracture, preserved congruence of the articular surfaces
in the shoulder joint, and no signs of aseptic necrosis in the
humeral head (Fig. 4).

The function of the shoulder joint was assessed using the
Constant Shoulder Score: the indicators increased from 24/100
at the time of admission to 88/100 at 12 months of observation,
which corresponds to an excellent treatment outcome. The
DASH and ASES scores at 12 months of observation were also
interpreted as excellent [9] (Fig. 5).

Discussion

Fracture-dislocation of the shoulder occurs rarely and tends
to escape correct primary diagnosis both clinically and
radiographically, even in patients who seek medical help

Fig. 3. The patient before surgery

in a timely manner and follow all recommendations. A failure of
timely diagnosis entails adverse functional sequelae. Prolonged
fixation of the humerus in the state of posterior dislocation
facilitates a rapid spread of the impaction injury, affecting up
to 50% of the articular surface area. The management of
such cases must include advanced examination and careful
preoperative planning with mandatory MSCT of the shoulder

7

Fig. 4. X-ray of the right shoulder joint 12 months after surgery

Fig. 5. The patient 12 months after surgery
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joint. The quality of long-term functional results crucially depends
on the earliest possible diagnosis of fracture-dislocation and its
urgent surgical treatment. [10, 11].

The most common types of fracture encountered in
fracture-dislocations of the shoulder are impression injury to the
articular surface of the head (the so-called reverse Hill-Sachs
fracture; 29%) and fractures of the surgical neck (18.5%), the
lesser tubercle (14.3%), and the greater tubercle (7.8%) of the
humerus [12]. Fractures of the humeral diaphysis, scapula, or
clavicle are encountered in 6% of the patients.

CONCLUSION

Routine X-ray radiography of the shoulder joint in frontal
projection does not afford reliable determination of the humeral
head dislocation. The lack of complementary projections poses
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THE IMPACT OF IMAGE ORIENTATION ON DISTRIBUTION OF VISUAL FIXATIONS WHILE SOLVING
SIMPLE COGNITIVE PROBLEMS

Nikishina VB!, Petrash EA'™, Prirodova OF', Akhramenko RS', Danilova AV?, Kuznetsova AA?

' Pirogov Russian National Research Medical University, Moscow, Russia
2 Kursk State Medical University, Kursk, Russia

Optimization of the educational process, including distance learning, requires orderly arrangement of the information presented, which translates into the need to
factor in oculomotor reactions accompanying the search for solutions to simple cognitive tasks. This need supports the relevance of the present study, which aimed
to investigate the age-dependent parameters of the oculomotor reactions occurring in solving a simple cognitive task. The sample included 97 persons, 47 males
and 50 females, ages 21 to 36. For the purpose of rating the oculomotor reactions, the sample was divided into age groups: 21-26 years (n = 34); 27-32 years
(n = 29); 33-36 years (n = 34). The methodology that governed the rating procedures was developed by the authors of the study and relied on the Tobii EyeX eye
tracking hardware and software solution (GazeControl software). The study revealed a significant correlation between orientation of the image (presentation angle)
and distribution of the visual fixations: regardless of the image presentation angle and its properties (schematic monochrome or full color image), the fixations tend
to fall predominantly into the top and left parts of the image (the first quadrant). Other findings include a) a significant dependence of the capability to solve simple
cognitive tasks and recognize the contents of the image on the spatial orientation of the presented stimuli, and b) the number of errors made in image contents
recognition increasing with age, this dependence being significant and observed for both the schematic monochrome image (o, = 0.014; p, = 0.016; p, = 0.014)
and the full-color image (p, = 0.015; p, = 0.015; p, = 0.017). The researchers have also identified the significant angles of rotation of the presented face images
that stably caused recognition errors.

Keywords: rating, oculomotor reactions, visual fixation, gaze fixation
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BIIMSTHUE OPUEHTALIMOHHbBIX XAPAKTEPUCTUK N3OBPAXKEHNS HA PACNPEEJIEHNE
3PUTEJIbHbIX ®UKCALN NMPU PELLUEHUN NMPOCTbIX KOTHUTUBHbIX 3AOAY

B. B. Hukuwwmna', E. A. Metpaw'=, O. ®. Mpupogosa’, P. C. AxpameHko!, A. B. darunosa?, A. A. KyaHeLosa?

" POCCUCKIMIA HaLMOHabHBIN NCCNenoBaTensCKUii MeauUMHCKNIA yHrBepcuTeT uvenn H. . Muporosa, Mockea, Poccust
2 Kypckuii rocyaapCTBeHHbIN MEAVLIMHCKII yHBepcuTeT, Kypek, Poccus

AKTYyansHOCTb 1ccnefoBaHns 00ycrnoBneHa HEOOXOAMMOCTHIO OpraHM3aLv MPEqbABASEMON MHOPMaLMM C YHETOM MapaMeTPOB Ma30oaBMraTesbHbIX Peakumi npun
PeLLEHNM NPOCTbIX KOMHUTVBHBIX 3a4a4, YTO MO3BOMUT OMTVMM3MPOBATL MPOLIECCHI OOYHEHNSA, B TOM HMCAE C MCMOSb30BaHNEM ONCTaHLMOHHbBIX 0Opa3oBaTebHbIX
TexHonorui. Llensto paboTbl ObI110 U3yHMTh NapamMeTpbl Ma3oaBuraTenbHbIX PeakLmin MpW PeLLEeHN MPOCTON KOrHUTUBHOW 3afa4u Ha y3HaBaHVe Nno BO3PacTHOM
rpynne. O6bemM BblIOOpKM cocTaBmn 97 YenoBek (47 My>kHnH 1 50 »eHLWH) B Bo3pacTte 21-36 net. HopmupoBaHve nokasarenen rna3oapuratenbHbixX peaxLmii
OCYLLECTBAANM MO BO3PACTHbIM rpynnam: 21-26 net — 34 venoseka; 27-32 roga — 29 yenosek; 33-36 net — 34 4enoseka, C MCNonb30BaHneM paspaboTaHHON
aBTOPCKOV METOAVKN 1 MporpaMMHo-annapatHoro komnnexkca Tobii EyeX (MO «GazeControl»). [okadaHo, YTO OpUEHTALMOHHbIE XapaKTEPUCTVIKV 130DpakeHNs
(yron npegbsABeHst) CTaTUCTUHECKM 3HAUYMMO COOTHOCKMBI C MoKasaTensamMm pacnpeaeneHns ukcaumin B3rmaaa. Pacnpenenenie ukcaumin B3rnaaa npovicxonut
NPEVMYLLECTBEHHO B BEPXHEW 1 B NIEBON MOMOBUHAX M30OPadKeHMs (NepBbI KBaOPaHT) BHE 3aBUCUMOCTU OT Yria HaKIOHA M300PaKEeHNs 1 ero XapakTepUCTUKA
(cxemaTyHOEe MOHOXPOMHOE W MOMHOLBETHOE M300pakeHne). BbisiBneHb! 3HauMMas 3aBKCYMOCTb PELLEHUS MPOCTbIX KOMHUTUBHbIX 3afa4y 1 y3HasBaHus OT
NMPOCTPAHCTBEHHOW OpUeHTaLMM NPebABNSEMbIX CTUMYSIOB U CTATUCTUHECKM 3HAYMMOE YBEIMHEHME Ymcna OLUMOOK C yBEMHeHeM BO3pacTa npu y3HaBaHum
KaK CXeMaTVHHOrO MOHOXPOMHOTO 13obpavkeHnst (p, = 0,014; p, = 0,016; p, = 0,014), Tak 1 nonHoLBETHOrO N3obpaxkeHus (p, = 0,015; p, = 0,015; p, = 0,017).
Onpegfenenbl 4OCTOBEPHO 3HAYVMbIE YTlbl MOBOPOTA MPEABSBASEMbIX N300PaXKEHNIN NLL, MPUBOASALLMX K YCTONHMBBIM OLLMOKaM y3HaBaHWIS.

KntoueBble cnosa: HOpMUPOBaHWe, MMasoasuraTe/ibHble peakuny, hukcaummn B3rnsaa

CobniofeHne aTUYECKNX CTaHAAPTOB: 1CCcneaoBaHne ogobpeHo atndeckm kommtetoMm PHAMY nm. H. . Muporosa (npoTtokon Ne 211 ot 18 okTabps 2021
I.), NPOBEAEHO B COOTBETCTBUM C TpeboBaHuaMn OCHOB 3akoHofaTenscTsa «O6 oxpaHe 300p0oBbst rpaxxaaH»; BCE YHaCTHUKX noanucani MHMOPMUPOBaHHOE
cornacvie Ha o6cnefoBaHve.
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Tracking of oculomotor reactions is a non-invasive technique
employed to look into a wide range of cognitive and
regulatory processes: attention, mnemonic activities, thinking
categorization [1-3].

The technique enabling evaluation of the characteristics of
oculomotor reactions in the context of a search for solutions
to simple cognitive problems facilitates optimization of the
educational processes, including those relying on the distance

learning technology [4-7]. A cognitive task triggers a number
of activities: invoking initial representations, subsequent
clarification, expansion, concretization, systematization,
differentiation and generalization of knowledge. For the
purpose of this study, we selected image recognition as a
simple cognitive task. The object to be recognized is a face
of a person, which is a complex social stimulus of perception
[8-14]. The complexity of this object stems from the multiplicity
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of details organized in a single symmetrical space that factors
in the pre-determined location of each element. The social
characteristics of the object allow identification of its species
(human being) and gender.

We searched the Elibrary and Web of Science databases
(using keywords "rnagogsuratensHble peaxkumn' (Russian for
"oculomotor reactions") and "eye movements", respectively)
covering papers published from 2015 to 2020). The results of
this bibliometric analysis show that Russian researchers are less
interested in the subject matter than their foreign counterparts.
Oculomotor reactions were studied as part of research efforts
in neurosciences, psychology, medical fields (ophthalmology
and psychiatry), computer science, engineering. Papers
dedicated to oculomotor reactions make up 29% of the total
amount of the relevant scientific reports. Foreign studies focus
on the many dimensions and diverse aspects of oculomotor
reactions, which proves the technique selected for studying
them is highly informative and universally applicable in the
context of investigation of the processes of cognition and
finding solutions to practical tasks, which rely of thinking and
visual perception as such.

The attitude to the perceived stimuli and their categorization
affects characteristics of oculomotor reactions, which means
that oculomotor activity enables person's interactions with the
world. Eye movements, acquiring the status of operations and
actions, form integral oculomotor structures. Each of the formed
oculomotor structures is associated with certain motives and
conditions that govern how the person perform this or that
activity [8, 9]. Eye tracking also allows measuring variables that
are difficult to capture with other research methods, such as
the exact spot looked at when receiving static or dynamic visual
stimuli and instantaneous activation of the cognitive resources
as required by the task [14].

The rating of oculomotor reactions in the context of visual
perception activity is considered to be a statistical procedure
that describes distribution of the studied parameters within
an age group, and the subjects of such a rating should have
no somatic and mental pathologies (be generally healthy).
Optimization of the educational process, including distance
learning, requires orderly arrangement of the information
presented while factoring in the oculomotor reactions that
accompany the search for solutions to simple cognitive tasks.

A study that aimed to determine how the number of gaze
fixations affects face image recognition found that two fixations
make the chances of successful recognition significantly
better compared to a single fixation, regardless of whether the
face in the image is familiar or not. Besides, the researches
have established that the greater number of fixations does
not translate into better quality of recognition [15]. As a key
takeaway, the authors concluded that two gaze fixations are
enough to recognize a person's face in an image. The face
scanning direction — left to right — should also be mentioned
here as an observed general trend, same as the significant
differences in localization of the gaze at the tutorial and actual
identification stages of the experiment.

Studies of oculomotor reactions conducted by the Russian
scientists support the aforementioned conclusion: a successful
recognition of a person's face in an image takes two visual
fixations [16].

The two factors affecting the parameters of oculomotor
reactions are the task, which can alter the distribution of gaze
fixations on the stimulus image, and the format of the image
shown. We assessed the impact of these two factors on the
oculomotor reactions in a set of two experiments. Both had
the same task (recognize faces on the images) but different
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formats of the images shown and varying angle it which they
were presented. Studying the specific features of oculomotor
reactions associated with contemplation of a face, researchers
mainly focus on the number of gaze fixations in the substantial
areas of the face image, those around eyes, mouth and nose
[11-13]. However, they disregard spatial and orientational
characteristics, i.e., directions (right-left, top-bottom) and
angle of inclination of the image. Researchers also point to
the significance of age as a factor affecting visual-spatial
functions (field of visual perception, measurement by eye, etc).
In adulthood, as opposed to the ages preceding it, correlations
between the coordinate axes of visual sensory field are either
unidentifiable or selective. Functional connections between
the boundaries of the field of view in certain directions grow
significantly weaker with age. In the perceptual visual field,
on the contrary, structure of the perception becomes better
pronounced with age, the improvement pattern coinciding
with that of the spatial-discriminative capability of a person.
Thus, the clearly shaped structure of visual perception enables
maturation of this visual-spatial function and its maintenance at
the optimal level throughout life [17].

Trying to identify the dominant characteristics (related to
content or orientation) that affect the perception of a visual
stimulus, we assumed that a change in the angle of inclination
will condition distribution and number of fixations on the
image. If content-related characteristics dominate the patterns
of perception of an image of a face, the distribution of gaze
fixations will remain relatively constant and concentrate in the
areas of eyes, nose and mouth. If it is orientation that governs
the perception, visual fixations will be predominantly registered
in one of the four quadrants of the image, regardless of the
angle at which it is shown.

The purpose of this study was to investigate the parameters
of oculomotor reactions (number of fixations required to solve
a simple cognitive task (recognition); distribution of fixations
on specific areas of the image) associated with the process of
solving simple cognitive tasks and assessed through the lens
of age.

METHODS

The sample included 97 persons, 47 males and 50 females,
ages 21 to 36 (early adulthood). For the purpose of rating the
oculomotor reactions, the sample was divided into age groups:
21-26 years (n = 34); 27-32 years (n = 29); 33-36 years
(n = 34). Forty-nine percent of the participants used vision
correction aids (glasses or lenses).

The methodology that governed the rating procedures was
developed by the authors of the study and relied on the Tobii
EyeX eye tracking hardware and software solution (GazeControl
software) [18]. The image recording frequency of a Tobii EyeX
Controller is 90 Hz. The working distance of the eye tracker is
50-95 cm, the dimensions of the tracked space are 40-30 cm
at a distance of 75 cm.

According to the methodology, the participants had to
determine whether the two sequentially presented images
showed faces of two different people or if both contained the
face of the same person. The answers were registered for each
pair of images presented.

The sets of stimuli included images of two types, schematic
monochrome (Fig. 1A) and full-color. There were 45 pairs of
face images of each type. They were divided into two groups:
15 pairs that had the face images central axis uninclined
(0° angle), and 30 pairs that had the paired images differing
from each other in the face's central axis inclination angle.
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A. Schematic monochrome image of a face

Fig. 1. Stimuli presented to the participants

Regardless of the direction, the inclination increment within a
pair was 12°. This value was chosen based on the results of
the earlier studies [19].

The resolution of all stimulus images was 1600-900 pixels,
the files were .jpg. The monochrome images were made
up of black lines showing the facial contours, hairline, ears,
eyebrows, eyes, nose, mouth on a white background; the full-
color face images were photographs of a man's face against
a white background. Each image (including the interference
images) was shown for 3 seconds, the duration of presentation
of one pair of faces (including the interference) was 15 seconds;
it took 7 minutes and 30 seconds to show one set of stimuli,
and the total time of presentation of monochrome and full-color
stimulus sets amounted to 15 minutes.

Between presentations of monochrome and full-color
images, the participants rested for 2 min and could freely
examine the environment and speak.

The number of errors made in judgments about the similarity
or difference between the two face images enables assessment
of the visual perception process specifics peculiar to the
situations when the angle of the center line of one image differs
from that of another image in a pair. The analysis of erroneous
answers offered for a simple cognitive task (recognition) allowed
identifying the shown face image's center line inclination angles
that made recognition of the faces more difficult.

Number of errors
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B. The angle of rotation of two consecutively presented stimulus

images within one pair

The study yielded heatmaps showing gaze distribution for
each presented stimulus. The red zones on these maps, which
were obtained based on the methodology developed by the
study authors, are the registered and counted gaze fixations.
The counting factored in the quadrants of the presented face.

For the purposes of statistical processing of the results
we employed the methods of comparative statistics (Mann—
Whitney U-test, use restrictions observed; Wilcoxon T-test,
single sample and two sets of values obtained under different
conditions). The three groups were compared in pairs.

RESULTS

The first step was the sample-wide analysis of the number of
correctly recognized pairs of monochrome and full-color face
images. Among the first findings was the fact that gender had
no significant effect on the rate of recognition: both male and
female participants have shown approximately similar results
for schematic monochrome (U = 246; p = 0.453) and full-
color (U = 278; p = 0.887) images. Same is true about vision
correction: the participants that used vision correction aids
were as likely to answer the experimental question correctly
as their counterparts that did not rely on glasses or lenses
(U =272, p = 0.597 for monochrome images; U = 264.5,
p = 0.505 for full-color images). These findings allow concluding

Number of errors

336725 0 13
324 24
312 &0 36
300 48
288 1 &0
276 72
264 84
252 96
240 108
228 120
21 132
204 144
192755 1egl56

B. Full color face images

Fig. 2. Error distribution diagrams, sample-wide, recognition of monochrome and full-color face images depending on the angle of inclination of the image
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Monochrome image
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Full-color image
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312 36
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Fig. 3. Error distribution diagrams, by age groups, recognition of monochrome and full-color face images (simple cognitive task) depending on the angle of inclination

of the image
that neither gender of the participants nor their level of visual
acuity (and subsequent need for vision correction aids or lack
thereof) influence the effectiveness of solving a simple cognitive
task of recognizing face images significantly. Therefore, gender
and vision correction aids are not the factors that have a
significant effect on the process of recognition.

The next step was the analysis of effectiveness of solving
a simple cognitive task (face recognition), which we conducted
by calculating the indicators of the total number of errors and
the total number of fixations (fixations were distributed over four

Quadrant |

324 36

300 60
288 72
276 84
264 96
252 108

240 120

228 132

216 144
204 156
192 4gg 168

= Realistic images = Schematic images

Quadrant IV

336 50 24
324 36

300 60
288 72
276 84
264 9
252 108

240 120

228 132

216 144
204 156
192 q1gp 168

= Realistic images = Schematic images

image quadrants). As a result, we identified the face inclination
angles associated with the majority of errors (sample-wide,
both monochrome and full-color images). Figure 2 shows these
angles.

The presented face image center line angles that
complicated solution of the simple cognitive task of face
recognition (both monochrome and full-color images) were 72°,
216°, 312°, 324° and 336°. When the center axis of the second
face image of a shown pair was rotated relative to the first
one within the specified angles, the frequency of recognition

Quadrant Il

48 0 12
336 50 24

324 36
40

312 48
30
300 60

288 72
276 84
264 96

252 108

240 120

228 132

216 144

204 156
192 qgg 168

= Realistic images = Schematic images

Quadrant Il

= Schematic images

= Realistic images

Fig. 4. Gaze fixation distribution diagrams, presentation of monochrome and full-color face images, depending on the angle of inclination of the image
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Fig. 5. Heat maps of gaze fixations, schematic monochrome and full-color images

errors averaged at 57.6%. It was also established that full-
color images shown with their center lines at an angle of 24°
(Fig. 2B) were recognized erroneously in a considerable
number of cases, but this phenomenon was not observed for
monochrome images (Fig. 2A).

The results of comparison of errors made in the three age
groups allow drawing a conclusion that the amount of errors
grows significantly with age (o, — indicator of significance
of differences between age groups 21-26 and 27-32; p, —
indicator of significance of differences between age groups
27-32 and 33-36; p, — indicator of significance of differences
between age groups 21-26 and 33-36), this statement
being relevant for both monochrome (o, = 0.014; p, = 0.016;
p, = 0.014) and a full-color images (o, = 0.015; p, = 0.015;
p, = 0.017) (Fig. 3).

Probably, the number of errors made progresses with
age because of the growing reliance on stereotypes in visual
perception and fading ability to perceive finer details. The nature
of the errors made by the participants supports this assumption.
The mistakes made by the members of the first age group
(21-26 years old) had to do with the level of perceived details:
shown same image several times in a sequence, each time at a
different angle, they claimed that these were images of different
faces. On the contrary, members of the third age group (33-36
years old), when shown images of different faces sequentially
and with different central axis angles, claimed that the see one
and the same image, i.e., their errors were associated with
stereotyping of perception. Second group, ages 27 through 32,
made errors of both types with equal frequency: they did not
recognize similar face, thus making the error associated with

Quadrant Il

Quadrant |

Quadrant IV Quadrant Il

the level of perceived details, and they failed to recognize two
images of the same face as such, which means the error has to
do with perception stereotyping.

The paired comparison of the numbers of gaze fixations
registered in the groups (using the Mann-Whitney U-test,
p < 0.05) revealed no significant differences. Therefore, by this
indicator the participants were united into a common research
sample.

The errors quantity comparative analysis that aimed to
investigate the difference between schematic monochrome
and full-color image tasks (done using the Wilcoxon test,
p <0.05) revealed no significant differences (T = 605; p = 0.763).
These findings allow concluding that the quality of the stimulus
image (schematic monochrome or full-color) does not affect the
effectiveness of solving a simple cognitive task of recognizing
face images significantly. Recognition relies on gaze fixations
on the key points of the face image, regardless of whether it is
schematic monochrome or full-color. The gaze fixation points
are concentrated on the eye line, nose and mouth.

At the next stage of the study we sought to investigate
the number of gaze fixations by face quadrants, differentiating
between schematic monochrome and realistic full-color images
but disregarding age as a factor. In case of monochrome
images, the quadrants received the maximum number of gaze
fixations when the image was shown at the following angles:
first quadrant — 24-96°; second quadrant — 216-348°; third
quadrant — 192-228°; fourth quadrant — 108-180° (Fig. 4).

The results for full-color images were same as for
monochrome images. Participants concentrated most on
the first quadrant when shown the image with the central

Quadrant Il

Quadrant |

X
Quadrant IV

Quadrant Il

Fig. 6. An example of the trajectory of gaze movement, schematic monochrome and full-color images, regardless of age. * — dots indicate gaze fixations, lines —

saccades
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Table. Rated numbers of gaze fixations and the number of errors made in solving a simple cognitive task of face image recognition

Number of errors (33-36 y. 0.)
Image inclination angle Number of gaze fixations Recognition of schematic monochrome images Recognition of full color realistic images
(x+0) (X +0) (X +0)

0 19.7 + 4.66 - -

12 20.1 + 4.64 - -

24 21.0+4.26 - -

36 15.4 + 3.82 - -

48 18.0 + 5.41 - -

60 21.4 + 6.81 - -

72 24.4 +5.86 27.04 +5.18 20.12 +4.29
84 18.5 + 3.64 - -

96 22.0+4.10 - -
108 18.3 £ 3.92 - -
120 18.8 + 3.08 - -
132 19.6 + 9.21 - -
144 20.3 +4.98 - -
156 19.0 + 3.04 - -
168 16.3 + 3.78 - -
180 15.4 + 4.91 - -
192 17.5 + 3.08 - -
204 17.6 + 4.21 - -
216 23.0 £ 5.02 24.37 + 3.51 25.44 +5.07
228 16.4 + 4.94 - -
240 19.1 £ 4.60 - -
252 18.3 + 3.86 - -
264 17.4 £ 3.71 - -
276 15.3 +2.62 - -
288 17.4 + 3.73 - -
300 16.5 + 4.02 - -
312 21.1 +4.59 25.26 + 4.87 -
324 21.1 +3.59 - -
336 24.8 +4.85 26.17 + 6.09 21.09 + 3.15
348 19.9 + 3.88 - -

axis inclined in the range between 0 and 84°, for the second
quadrant the range was 240-324°, for the third — 192-276°,
the fourth — 96-168 ° (Fig. 3).

In this study, we have experimentally confirmed that, in
the context of solving a simple cognitive task, the distribution
of gaze fixations depends on spatial orientation (center
line inclination angle) characteristics of the face image,
the differences registered being significant and statement
applicable to both both schematic monochrome and full-
color images. The general area that attracts gaze fixations
regardless of the angle inclination of the central axis is the
top left part of the face image, as illustrated by in heat maps
(Fig. 5).

The uneven distribution of gaze fixations across the
quadrants, as well as the multiple repetition of movement
trajectories, should be noted as a general trend. The fixation
points are concentrated in the area of the eye line, and the
participants repeatedly returned their gaze to those points. For
both schematic monochrome and full-color images we have
also registered repeated fixations around the left zygomatic
part (fourth quadrant) and the region of the mouth on the right
(third quadrant) (Fig. 6).
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Multiple gaze fixations in the nose area on the right (third
quadrant) is a specific feature recorded for full-color images
only. This spot attracts no fixations on a schematic monochrome
image. The reason is that the orientational characteristics of a
face image, i.e., eye shape, shape and size of nose, shape and
size of lips, etc., determine the trajectory of eye movement and
the areas of gaze fixations in the context a search for solutions
to a simple cognitive task.

DISCUSSION

The rating procedure involves standardization; we found that
neither gender nor vision correction aids (or lack thereof) have
any significant effect.

Based on the results of the study, ranges of normative
values for the number of gaze fixations were established.
They factor in angle of inclination of the central axis of the
presented face image and the number of errors made (as an
indicator of the average number of fixations and standard
deviation with confidence intervals). It should be noted that
the rated numbers of fixations disregard age and quality of the
stimulus (monochrome or full-color image) as factors, since
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the comparative analysis revealed no significant differences
imposed by them (see Table).

Based on the experimental data, the ranges of rated values
were compiled for the third group (33-36 years) only, since this
is the only group where the amount of errors exceeded 75%
of the total number of cognitive tasks solved, with 75% being
the threshold between likely random mistakes (below 75%) and
a registerable pattern (above 75%). Moreover, the number of
errors goes above 75% only at certain angles of the presented
face image's central axis.

Thus, the age factor becomes significant for the simple
cognitive task of face image recognition (both schematic
monochrome and full-color images): the recognition success
rate goes down as age goes up. The format of the presented
image plays no significant part in the process of solving a
simple cognitive problem of face image recognition. Repetition
of the research procedure does not affect the results obtained.

The results of this study are consistent with findings of the
previous studies. Earlier, it was proven that recognition effectiveness
does not depend on the number of fixations provided there are at
least two of them [20], which was also confirmed in our study. We
have also confirmed the dependence of recognition success rate
on the spatial-orientational characteristics of the stimulus image,
the former, being a simple cognitive task, changing with the latter.

CONCLUSIONS

This study reliably establishes the effect orientational
characteristics of the image have on distribution of gaze
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