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OPINION | MOLECULAR DIAGNOSTICS

GUT DYSBIOSIS AND COLORECTAL CANCER: FROM ONCOGENESIS HYPOTHESES
TO NON-INVASIVE DIAGNOSTICS

Glazunova EV, Kurnosov AS, Zlobovskaya OA®
Centre for Strategic Planning and Management of Biomedical Health Risks of the Federal Medical Biological Agency, Moscow, Russia

Colorectal cancer (CRC) is one of the most prevalent malignant neoplasms that occupies the leading position in terms of cancer mortality. The main problem of
CRC is that the disease is diagnosed at the advanced stages (about 50% of cases identified are stage Ill and IV CRC), which results in high mortality. Dysbiotic
gut microbiota alterations represent one of the key risk factors of CRC. Three hypotheses of CRC emergence were formulated in order to explain the relationship
between dysbiosis and carcinogenesis: “alpha-bug”, keystone pathogen, and driver-passenger hypotheses. The driver—passenger model is the most promising,
it divides bacteria into “drivers” of cancer triggering inflammation and cell damage and the passenger bacteria modeling tumor microenvironment, accelerating
tumor growth, and exacerbating dysbiosis. Drivers and passengers can be markers of various carcinogenesis stages. Colonoscopy involving examination of the
surface of the rectum and colon is the most effective method to detect CRC, including the early stage disease. However, the wide use of this procedure is limited
by the fact that it is associated with discomfort for patients and the risk of possible sequelae. Non-invasive microbiota assessment based on the driver—passenger
model can become a safe and affordable alternative to the invasive diagnostics during preventive screening, since it makes it possible to improve survival rate due
to involvement of a larger number of patients.

Keywords: colorectal cancer, inflammatory bowel diseases, microbiota, microbiome, diagnostics, carcinogenesis hypotheses, personalized medicine, non-invasive
studies, survival

Author contribution: Glazunova EV — literature review, data acquisition, manuscript writing; Kurnosov AS — manuscript editing; Zlobovskaya OA — manuscript
concept, manuscript editing.
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ONCBNO3 KULLEYHUKA U KOJTOPEKTAJIbHbIN PAK: OT M’MNOTES3 OHKOIMEHESA
K HEMHBASNBHOWN AUATHOCTUKE

E. B. MhasyHoBa, A. C. KypHocos, O. A. 3nobosckas =
LleHTp cTpaTernieckoro niaHMpoBaHNs 1 yNpaeieHst Meavko-61oNnorvHecKMI PUCKamin 300poBbio PefepanbHoro Meanko-6ronorideckoro areHTcTea, Mockea, Poccust

KonopekTtansHbii pak (KPP) — 0aHO 13 cambix pacnpoCTpaHeHHbIX 310ka4eCTBEHHbIX HOBOOBPa30BaHWA, 3aHMMatoLLEee IMAVPYIOLLIME MO3ULN MO CMEPTHOCTM
ot paka. OcHosHasa npobnema KPP — anarHoCcTvka 3abonesaHns Ha no3gHux ctagusx (okono 50% cnydvaes BbigBnatoT Ha Il n IV ctagunsax), 4To npusoanT K
BbICOKOW netanbHocT. OfHUM 13 KIto4eBbIX hakTopoB pricka KPP SBRSOTCS AMCOMOTUHECKME HAPYLLIEHWS KULLEYHOW MUKPOOGMOTbI. C Lenblo 06bACHUTL
B3aNMOCBSA3b AMCOMO3a 1 KaHLieporeHesa bbiin cchopMyIMpoBaHbl TpW MNoTe3bl BO3HMKHOBeHMS KPP: «Alpha-bug», «Keystone pathogen hypothesis» u «Driver-
Passenger». Mogenb «Driver-Passenger» Hanbonee nepcnekTvBHa 1 pasfensdeT bakTepun Ha «apanBepbl» paka, 3amnyckaioLye BoCnaneHe v NoBpeXxxaeHme
KNETOK, 1 «BGaKTepumn-naccakvpbl», MOAENVPYIOLLME MUKPOOKPYKEHE OMyXONW, yCUIMBatoLLvie ee POCT 1 ycyrybnsioLme ancbros. Oparisepsl 1 naccavpol
MOryT BbICTyNaTb Mapkepammn pasinyHbIX CTaauii OHKoreHesa. KonoHOCKOMMS MOBEPXHOCTU MPSAMON 1 060A0HHOM KUK — Havbonee aPdeKTBHbIA METOA,
ons o6Hapy>xeHns KPP, B TOM 4ncne Ha paHHUX ctaausx 3abonesaHns. OoHako NOBCEMECTHOE MPUMEHEHNE JaHHOW NMPOLEayPbl OrPaHNHMBAETCS CBA3AHHBIM
C Hell AnCKoMPOPTOM ANt NaLMEHTOB 1 PYCKOM BO3MOXHbIX MOCNEACTBUI. HevrHBasnBHOE vccnefoBaHne MMKpoOmnoTsl Ha OCHOBE Mofenn «Driver-Passenger»
MOXET CTaTb 6€30MacHON 1 JOCTYMHON ansTepHaTUBON MHBA3MBHOW AMArHOCTVIKE B XOAe MPOMUNaKTUHECKOrO CKPUHMHIE, MO3BOMSS MOBbLICUTE BbPKMBAEMOCTb
3a CYET BOBJEHEHUS BOMbLLEro YMcna NaLneHToB.

Kntouesble cnosa: KOJ'IOpeKTaJ'IbeII7I pakK, BocnanntesnbHble 3ab0neBaHnsa KLLeYH1Ka, MMKpOGMOTa, MIAKpO6I/IOM, AnarHoCTuKa, rmnoTedbl KaHLieporeHesa,
nepcoHamanpoBaHHasa MeguLHa, HerHBa3BHbIe UCCiegoBaHns, BbKMBaeMOCTb

Bknap aBToposB: E. B. [MasyHoBa — aHan1s nMtepatypbl, cOop AaHHbIx, HanmcaHre pykormen; A. C. KypHocos — pepaxtuposanue pykommey; O. A. 3nobosckas —
NAest PyKOMMCK, PEAAKTUPOBAHME PYKOMMUCK.

<] Onsa koppecnoHaeHumn: Onbra AHaToNbeBHa 31060BCKasA
yn. MoroguHekas, g. 10, ¢. 1, . Mockea, Poccus, 119121; OZlobovskaya@cspfmba.ru
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CRC Statistics Eastern Europe. Among adults under 50, there is a tendency

towards an increase in CRC cases, especially rectal and colon

Colorectal cancer (CRC) is a malignant neoplasm of various
parts of the colon or rectum and one of the most common types
of pathological tumor processes (10% of all cancer cases) [1].
CRC ranks second or third among the most frequent causes
of cancer deaths: about 1.1-2 million new cases (600-935
thousand deaths per year) [2].

Given the trends, the forecast for detecting new CRC
cases in Western countries by 2030 is 2.2 million people, and
by 2040, about 1.6 million deaths annually will occur among
3.2 million patients [1, 3]. The highest mortality is recorded in

cancer, and subsequent deaths [3, 4], which, along with the
overall dynamics, is causing concern.

The dynamics of CRC incidence in the Russian Federation
corresponds to the global trend. For the period 2011-2021,
the average annual increase in the detection of colon and rectal
cancer is 2.14% and 1.47%, respectively [5]. In 2021, cancer
of various parts of the intestine accounted for a total of 12.2%
of all malignant neoplasms [4]. This trend can be explained
not only by a true increase in incidence but also, probably, by
improved screening quality [1].
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Along with an annual increase in CRC cases among young
people by 1-2.4%, there is a steady decrease in morbidity and
mortality among people aged =65 years, which is associated
with increased participation of the risk group in regular preventive
screening and once again confirms the need to develop new
strategies for early diagnosis and prevention [3, 4].

The prognosis for the course and outcome of the disease
depends on the diagnosed stage. Approximately 50% of CRC
detection cases occur collectively at stages Ill and IV of the
disease, leading to high mortality in the first year after detection
[1,4]. Early tumor diagnosis (at stages O, I, or ll) is accompanied
by 80% survival over five years, which decreases to 10% with
later diagnosis [6].

Most CRC cases are sporadic, and only 20-30% are caused
by hereditary syndromes [3]. The prevalence of sporadic cancer
cases over hereditary ones indirectly confirms the dominance
of various environmental factors as the main cause of the onset
and development of carcinogenesis [2].

Risk Factors

The emergence and development of CRC is a multifactorial
and multi-stage process, representing a complex interaction
of environment, lifestyle, genetic, epigenetic, and other factors
[2]. Among other risk factors, age, Western diet (especially
consumption of large amounts of red meat), smoking,
alcohol abuse, obesity, diabetes, and inflammatory bowel
diseases (IBD) are highlighted [3]. Dysbiotic disturbances in
the microbiota are also considered a key risk factor for CRC.
Every year, the global scientific community publishes new data
confirming the pathogenic and carcinogenic effects of dysbiotic
microbial communities [2, 3, 6-10].

Dysbiosis stimulates the emergence and development of
a cascade of various inflammatory reactions in the intestine,
up to IBD, which, along with the direct impact of pathogenic
and opportunistic microorganisms, is recognized as one of the
main causes of CRC [2, 6]. Patients diagnosed with IBD have a
higher risk of developing CRC: the probability of development
is 8.3-20% [11].

Thus, a comprehensive approach to studying intestinal
oncogenesis involves analyzing the three-way interaction
between the intestinal microbiota, the mucosal immune system,
and colonic epithelial cells [7, 8].

CRC Hypotheses and Microbiota

To approach understanding the potential mechanism of
carcinogenesis influenced by the microbiota, as well as the
development of dysbiotic disturbances in this process, three
models were successively proposed: "Alpha-bug", "Keystone
pathogen hypothesis", and "Driver-Passenger".

"Alpha-bug" Model

This model was based on a hypothesis that emerged as a
result of studies on the enterotoxigenic subtype of Bacteroides
fragilis (ETBF) and was proposed by Sears CL and Pardoll
DM [7]. According to this model, bacteria possessing unique
virulence factors not only directly trigger chronic inflammation
and carcinogenesis and negatively affect the immune system
but also contribute to dysbiosis by displacing commensal
bacteria with anti-tumor effects. Such bacteria were called
"alpha-bugs".

In the process of developing the "Alpha-bug" model,
various researchers supplemented it with the following taxa:
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Escherichia coli pks+, Enterococcus faecalis, Fusobacterium
spp., Streptococcus gallolyticus subsp. gallolyticus (S. bovis
biotype I) [2].

"Keystone pathogen hypothesis" Model

In their model, Hajishengallis G and co-authors point out
several shortcomings of the "Alpha-bug" hypothesis: focusing
only on individual toxigenic species, excluding the influence of
commensals from consideration (i.e., lack of a comprehensive
approach), analyzing oncogenesis starting from the dysbiotic
stage. Their proposed model suggests considering "keystone"
bacteria whose impact on the host organism is disproportionate
to their numbers. These "keystone" minor bacteria affect
homeostasis, microbiota composition, initiate inflammatory
processes, and dysbiosis. The hypothesis complements
the list of organisms included in the "Alpha-bug" model
with the following species: B. thetaiotaomicron, Citrobacter
rodentium, Klebsiella pneumoniae, Methanobrevibacter smithii,
Porphyromonas gingivalis, Proteus mirabilis [10].

"Driver-Passenger" Model

The "Driver-Passenger" model, also proposed by Tjalsma H
and colleagues, expands and unifies the first two concepts,
viewing carcinogenesis as a complex process induced
by driver bacteria and progressing under the influence of
passenger bacteria. Drivers cause inflammation and epithelial
cell damage, contributing to the onset of CRC, and create a
favorable environment for the development of opportunistic
and commensal passengers. Passengers are better adapted
to the tumor microenvironment, promote further progression
of carcinogenesis, can suppress the growth of drivers, and
exacerbate dysbiotic disturbances in the microbiota [12].

The functional role of driver bacteria shows significant
similarities with the characteristics of alpha-bugs and "keystone"
bacteria, which expectedly suggests common candidates.
Researchers propose the following bacteria: B. thetaiotaomicron,
Bifidobacterium bifidum, E. coli (dvnotun B2 v pks+), E. faecalis,
Eubacterium rectale, ETBF, P endodontalis, Ruminococcus
gnavus; Citrobacter spp., Morganella spp., Salmonella spp.,
Shigella spp.; Enterobacteriaceae, Porphyromonadaceae,
Pseudomonadaceae, Ruminococcaceae.

Taxa such as Clostridium septicum, P. gingivalis, S. gallolyticus
subsp. gallolyticus, Proteus spp., Fusobacterium spp., and
other E. coli pathotypes can be singled out into a separate
"driver-passenger" subgroup, as they combine properties of
both groups. For example, Fusobacterium spp. have a high
affinity for intestinal epithelial cells, especially tumor cells.
F. nucleatum can form biofilms between itself and other species,
such as C. difficile, Candida albicans, E. faecalis, P gingivalis,
Streptococcus spp. [3].

The group associated with late stages of carcinogenesis and
functioning as passengers includes: Akkermansia muciniphila,
Prevotella intermedia, Parvimonas micra, Peptostreptococcus
anaerobius, P. stomatis, Saccharomyces cerevisiae; Aspergillus
spp., Lactobacillus spp., Clostridium spp., Collinsella spp.,
Klebsiella spp., Mucor spp., Peptostreptococcus spp.,
Prevotella spp., Roseburia spp., Staphylococcus spp.,
Streptococcus spp., Veillonella spp.; Streptococcaceae. Both
drivers and passengers show proven associations with certain
stages and mechanisms of carcinogenesis, with elevated levels
of various interleukins and Th17-mediated immune response,
with some CRC subtypes, and with the mutational status of
tumor and adenoma cells [3, 13].
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Currently, the "Driver-Passenger" model is a comprehensive
concept that most closely reflects the dynamic, functional, and
temporal interactions within the microbial cormmunity at various
stages of CRC, compared to other hypotheses. The limitations
of this model lie in the heterogeneity and multifunctionality of the
microbiota, whose composition and quantity vary depending
on many factors, and currently do not take into account
the influence of commensal archaeal species and parasitic
infections [12].

Further research will help clarify microbiome-associated
mechanisms of CRC development and progression to create a
more universal model of oncogenesis.

Dysbiotic Disturbances of the Archaecome

Archaea are minor commensal representatives of the
microbiome that metabolize various compounds produced
during the anaerobic decomposition of organic substances
by intestinal bacteria. Throughout oncogenesis, archaeome
dysbiosis is observed: depletion of the methanogenic
component and an increase in the abundance of halophilic
species [14]. The role of archaea requires further study in the
context of the "Driver-Passenger" hypothesis.

Parasitic Infection as a CRC Driver

Common parasitic invasions of the gastrointestinal tract
include: amebiasis (Entamoeba histolytica), ascariasis (Ascaris
lumbricoides), balantidiasis (Balantidium coli), blastocystosis
(Blastocystis spp.), cryptosporidiosis (Cryptosporidium sp.),
giardiasis (Giardia lamblia), strongyloidiasis (Strongyloides
sp.), trichocephalosis (Trichuris trichiura), cystoisosporiasis
(Cystoisospora belli), cyclosporiasis (Cyclospora cayetanensis),
schistosomiasis (Schistosoma sp.), enterobiasis (Enterobius
vermicularis). Some of these are classified as normobiota,
but the vast majority of these organisms have been proven to
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BbIBOP METOLA KOJIMYECTBEHHOW OLIEHKN MUKPOBUOTbI KULLEYHUKA:
CPABHUTEJIbHbIN AHAJNIU3 16S NGS U MNLP-PB

O. A. 3noGosckas'®™, A. C. Kyprocos!, A. ®. LLentynuHa?, E. B. Magy+osa'
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2 HaumoHanbHbIi MEeAVUMHCKMIA UCCNeaoBaTeNbCKMN LIEHTP Tepanin 1 NpodunakTuieckon MeamuyvHel MUHMCTEPCTBa 3apaBooxpaHeHmst Poccuiickoin depepatiim,
Mocksa, Poccusi

B nocnegHee Bpems HabnogaeTcs 3Ha4MTENbHAA KOMMEPLManM3aumns yeayr no KOMYECTBEHHOM OLEHKE MUKPOOMOTbI KULLEYHKA C LIENbIO ANarHOCTUKM
mncbrosa — HapyLLeHVst MKPOBHOro HanaHca. B yCroBusix pacTyLLero nHTepeca K nepcoHanmavpoBaHHbIM Noaxoaam B MeAULIMHE 1 MPOoUnakTHecKo Tepaniim
[varHocTvka aucburosa nprobpeTtaeT Bee bornbluee 3HaqeHre. Peaynstatbl MOA0OHOO CKPUHUHIA VCMONL3YIOT A8 PEKOMEHAALMIA MO KOPPEKTVPOBKE MUTaHWS,
N3MEHEHNIO 00pa3a »KI3HN 1K, NPU HEOOXOANMOCTU, Ha3HA4YEHNS MEAVKAMEHTO3HOIO le4enHns. [1ns nono6bHOM OLEHKI HEOBXOAMM HAAEXHbIN 1 TO4HbIA METOL,
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cekBeHvpoBaHus reHa 16S pPHK (16S NGS) u MLIP B peansHom Bpemenm (MLP-PB), a Takke NpeacTaBneHbl U CUMbHbIE, Ha HALL B3MAL, 1 CNabble CTOPOHbI.

Kntouesble cnoa: 16S NGS, MLP-PB, MeTareHOMHbIn aHanm3, KONMYeCTBEHHbIN aHann3, MUKPOOKOM, NepCoHan3poBaHHas MeayLmHa

Bknap aBTopoB: O. A. 3nob6oBckas — unagest, aHanna nutepaTtypsbl, HanucaHne pykonucu; A. C. KypHocos, A. @. LLlentynuHa, E. B. MTasyHoBa —
penakTMpoBaHe PyKOMCH.

<] Ans koppecnoHaeHummu: Onbra AHatoneesHa 3n1060BCKas
yn. MoroanHekasn, a. 10, c. 1, . Mockea, 119121, Poccus; OZlobovskaya@cspfmba.ru

Cratbsi nonyyeHa: 15.10.2024 CtaTtbsa npuHATa K nedartu: 25.10.2024 Ony6nukoBaHa oHnaiiH: 30.10.2024
DOI: 10.24075/vrgmu.2024.047

16S NGS: Broad Capabilities and Significant Limitations

The 16S NGS method has become an essential tool for studying
the microbiota. Its main advantage is the ability to simultaneously
sequence multiple samples and detect a wide range of
microorganisms. Comprehensive assessment of the taxonomic
composition of microbial communities and their diversity makes
16S NGS indispensable for fundamental research. However,
despite its benefits, this method has several significant limitations
that can lead to distorted quantitative results.

Uneven amplification (dependence on primers)

Universal primers are used to amplify the variable regions of the
16S rRNA gene. They exhibit different affinities for the DNA of
various taxa, resulting in unequal amplification efficiency during
library preparation [1]. As a result, the microbiota structure data
can be skewed, with some taxa being overestimated, while
others are underestimated or entirely missed.

Uneven ampilification (dependence on taxonomic composition)

The most abundant taxa gain a significant advantage
during the early stages of amplification [2], thus reducing the
likelihood of accurately detecting rare taxa (up to 10% of the
total community). Since each sample has a unique microbiota
composition, it is impossible to apply a systematic correction
for all samples, even when using the same protocols [3, 4].

Low sensitivity

On average, between 5,000 and 50,000 reads are obtained
per sample when using the 16S NGS method. However,
according to Poisson distribution, quantitative assessment
of a taxon can only be considered statistically reliable when
there are at least 100 reads for that taxon in the sample [5].
This limits the ability to reliably quantify taxa that make up less
than 0.2-2% of the total reads (depending on the total number
of reads). Increasing the number of reads per sample is not
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always effective, as the ampilification of dominant taxa occurs in
the early stages, leading to a significant underrepresentation or
even loss of minor taxa. Consequently, the taxonomic diversity
saturation curve reaches a plateau at 20,000-50,000 reads,
meaning that further increasing the number of reads will not
improve data representativeness. This is especially important
for minor opportunistic microorganisms that may have
clinical significance at low concentrations but are often either
undetected or inaccurately quantified. Additionally, there is no
consensus among researchers on whether it is more accurate
to compare samples with different numbers of reads or to
introduce bias by unifying the number of reads [6, 7].

Reduced specificity

When analyzing short regions (V1-V3, V3-V4, V6, etc.), the
high degree of conservation in the 16S region often prevents
taxonomic resolution at the species level, and sometimes
even at the genus level [1, 8]. Using the full-length 16S gene
increases the resolution of sequencing but is only available on
such platforms as ONT, PacBio, and LoopSeqg. A significant
drawback of these platforms is their higher error rate compared
to short-read platforms like lllumina.

Limitations of relative quantification of taxa

The 16S NGS method evaluates only the relative abundance of
taxa, not their absolute quantity. This means that an increase in
the relative abundance of one taxon, for example, due to dietary
changes, will automatically reduce the proportion of other taxa
in the analysis. Simultaneous changes in multiple taxa in either
direction makes the reconstruction of the true dynamics of the
community impossible [4-6].

Impact of 16S rRNA gene copy number

Each microbial species has a unique number of 16S rRNA gene
copies, which is rarely considered during analysis, particularly
when identifying sequences to the genus or family level. Even
when using specialized plugins for QIME 2, biases usually persist.
One reason is that in cases where the copy number data for a
specific taxonomic group is absent from the rrmDB database, the
algorithm automatically assigns a copy number of one.

Uneven phylogenetic resolution

Different regions of the 16S rRNA gene have varying levels of
phylogenetic resolution [1, 8-10]. This leads to inconsistent
classification accuracy, complicating the comparison of data
across different studies.

Differences in sequencing platforms and data
processing methods

The choice of sequencing platforms and library preparation
methods can lead to significant variations in results [1, 11, 12].
As mentioned above, this makes it more challenging to
compare data across various studies.

Dependence on databases
Different databases (RDP, SILVA, Greengenes, etc.) can yield
different quantitative assessments for the same sample 1, 13].

Additionally, databases are updated every few years, which
means that newly introduced taxa may be missing.
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qPCR: Specialized Tasks, High Accuracy

Unlike NGS, specific DNA fragments are amplified in real-time
PCR (gPCR). This results in several advantages.

High sensitivity and a broad quantitative range

gPCR enables the detection and quantification of even a few
target copies in a reaction with high precision. This is especially
important when studying rare clinically significant taxa, which
may be missed by 16S NGS. Additionally, gPCR can reliably
quantify up to 107—108 target copies in a reaction.

High specificity

Oligonucleotides are designed to distinguish even closely related
microorganisms with high accuracy.

Improved Precision

Unlike 16S NGS, the absence of simultaneous amplification of
hundreds of different targets leads to a more reliable individual
assessment of a specific taxon abundance.

Fast and simple interpretation

Unlike 16S NGS, gPCR does not require complex bioinformatics
methods for data interpretation. This makes it more accessible
and convenient for clinical research and diagnostics, where
speed and accuracy are critical.

High reproducibility

gPCR provides higher reproducibility compared to 16S NGS
due to the simplicity of the method and data analysis. This is
particularly important for clinical diagnostics and long-term
studies, and also facilitates data comparison between different
studies and laboratories.

Absolute quantification

gPCR allows for both relative and absolute quantification of
taxa. Thus gPCR enables analysis of microbiota dynamics
under different conditions, unlike the relative approach of NGS.

Reduced dependency on sample quality

gPCR analysis is less dependent on the initial quality of the
sample (e.g., quantity, presence of PCR inhibitors) compared to
the 16S NGS method, where these factors significantly impact
the library preparation stage.

Nevertheless, the gPCR method also has certain limitations.
However, unlike NGS, many of potential issues can be
minimized if addressed properly.

Selection of target microorganisms

Preselected genetic targets are amplified in gPCR, which
requires prior knowledge of the microbiota key representatives
in the given study.

Target region selection

The most commonly studied region for the majority of bacteria
is the 16S rRNA gene, making it the typical target for gPCR
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assay development. However, this is a highly conserved
genomic region, so for some taxonomic units at the species
level (and occasionally at the genus level, e.g., Oscillibacter/
Dysosmobacter), it may not be possible to develop specific
systems that amplify 16S region. For some microorganisms,
whole-genome data are available, allowing the selection of
another region for detection. However, these organisms are in the
minority, so the chosen target may be nonspecific, or the system
may fail to amplify all members of the given taxonomic group.

Limitation on the number of taxa

High gPCR specificity limits the number of taxa that can be
analyzed simultaneously. For accurate quantitative assessment, it is
recommended to combine no more than two targets (if they exhibit
a broad range and are consistently present in most samples) or
three targets (for rare taxa) in a single tube. Moreover, due to
the limited number of taxa analyzed in this method, gPCR does
not provide information on the structure of the entire microbial
community or its diversity, which may also hold clinical significance.

Biases related to gene copy number

This issue can arise if the system is designed to detect a
taxonomic group at a higher level (e.g., family), where different
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PRODUCTION AND BIOLOGICAL ACTIVITY OF THE EXOGENOUS mRNA ENCODING
HUMAN MxA PROTEIN
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Human MxA protein induced by type | and Ill interferons is an important innate immunity mediator, it shows antiviral activity against a broad spectrum of RNA and
DNA viruses. According to the latest data, the MxA protein overexpression increases chemotherapy sensitivity and represents one of the favorable prognostic
factors in patients with breast cancer. The exogenous mRNA capable of intracellular MxA protein production not only has the potential for treatment of viral
respiratory infection, but also can become an important fundamental research tool. The study aimed to construct and produce the exogenous mRNA encoding the
functional human cytoplasmic MxA protein by in vitro transcription (IVT); to study its translational properties; to assess and identify the patterns of the expression
of some interferon system genes in response to introduction of this exogenous mRNA into cells. As a result of the study, the exogenous mRNAs capable of
effective translation (up to 20 ng/mL of protein from 100 ng of MRNA per well of the 96-well plate) in the eukaryotic cell systems were successfully constructed and
produced by IVT (in the amount of up to 200 pg); diffuse distribution of the MxA protein in the MDCK cells was confirmed; significant changes in the expression
of the interferon-stimulated genes, such as OAS1, PKR (EIF2AK2), MDAS5, RIG-I, were revealed. Our further research will be focused on assessing the developed
exogenous mMRNASs’ therapeutic potential against influenza A and B viruses, respiratory syncytial virus, and coronavirus SARS-CoV-2.
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MOJTYYEHUE N OLIEHKA BUOJIOTMYECKOW AKTUBHOCTU SK30MEHHOMN MPHK,
KOOWPYIOLLIEN BEJIOK MxA YEJIOBEKA

M. A. MnotHrkosa', [. E. Bobkos'?, C. A. KnotyeHko™

" Hay4Ho-unccnepoBaTtensCkuii MHCTUTYT rpunna umenn A. A. CmopoamHLEeBa MuHVCTepcTBa 3apaBooxpaHermnst Poccun, CaHkT-MNetepbypr, Poccus

2 NHcTuTyT umtonorum Poccuiickoin akanemun Hayk, CankT-MeTepbypr, Poccust

Hpyumpyembin nHtepdepoHamu tuna | 1 Tuna Il Yenosedeckuin 6enok MxA SBASETCA BaXXHbIM MeAMaTOPOM BPOXAEHHOMO MMMYHUTETa 1 NPOSBNSET
AHTVBMPYCHYIO aKTVMBHOCTb B OTHOLLEHWMN wpokoro cnekTpa PHK- n OHK-cogeprkawimx BupycoB. 1o nocnenHm aHHbIM, CBepxakcnpeccus benka MxA
MOBbILLAET HyBCTBUTENBHOCTD K MPOBOAUMON XMMMOTEPANUN 1 SBASIETCS OHMM 13 (DakTopoB 6n1aronpusTHOro NporHosa A NaunMeHToB C PakoM MOMOYHOMN
»xenesbl. 9k3oreHHas MPHK, cnocobHas K BHYTpUKNETO4HOM Npodykumn 6enka MxA, He Tonbko obnagaeT NoTeHUManoM A1 NeYeHrst PeCnpaTopHbIX BUPYCHbIX
VHEKLMIN, HO 1 MOXKET CTaTb BaXKHbIM MHCTPYMEHTOM AN (PyHOAaMeHTanbHbIX nccnegoBaHnin. Liensto paboTbl 66110 CKOHCTPYMPOBATL Y NOMYyHATb METOLOM
in vitro TpaHckpunumn (IVT) ak3oreHHyto MPHK, KoampytoLLyto yHKUMOHaNBbHBIA LTonnasmaTideckmnin 6enok MxA venoseka; 13yqnTb ee TPaHCASLUMOHHbIE
CBOWCTBA; OLIEHUTb U BbISIBUTb 3aKOHOMEPHOCTH B 9KCMPECCUN HEKOTOPbIX MEHOB CUCTEMbI MHTEP(EPOHOB B OTBET Ha BBEAEHWE 3TOM 3k30reHHon MPHK B kneTku.
B pesynirare paboTbl 6binv yCNELWHO CKOHCTPYMPOBaHbI 1 NoslyyYeHbl MeTofoMm VT ak3oreHHble MPHK (B konndectBax 0 200 MKr), CNOCOBHbIE K 9P(EKTVBHON
TpaHcnsumn (0o 20 Hr/mn 6enka co 100 Hr MPHK B nyHke 96-1yHOYHOro MiaHLeTa) B 3yKapUOTUHECKNX KIIETOUHbIX CrcTEMaX; MOATBepXaeHO anddysHoe
BHYTPVK/ETOYHOE pacnpeneneHne benka MxA B knetkax MDCK; BbisiBNieHbl JOCTOBEPHbIE U3MEHEHUSI SKCMPECCUM UHTEP(EPOH-CTUMYINPYEMbBIX FEHOB,
Taknx kak OAST, PKR (EIF2AK2), MDA5, RIG-I. Hawwn gansHenmne ncecnegoBaHms ByayT NOCBSLLEHb! OLEHKE TepaneBTUHECKOro NoTeHumana paspaboTaHHbIX
9K30reHHbIX MPHK B OTHOLLEHWI BUPYCOB rpunna A 1 B, pecnnpatopHo-CUHLMTUaNbHOMO BUpyca 1 kopoHaBmpyca SARS-CoV-2.

KntoueBble cnoBa: 6enok MxA, ak3oreHHas MPHK, in vitro TpaHckpunums, NOH-ctumynnpyemble reHbl

®duHaHCMpoBaHue: 1CCefoBaHme BbINOSHEHO NPY (hHAHCOBOW Noaaepkke Poccuiickoro Hay4Horo hoHaa, Cornawenme Ne 23-25-00433, HagBaHve NpoekTa:
«3y4eHne npotreoBvpycHoro aencteua MPHK, koampytoLei MxA 6enok Yenoseka» (pykoBoautens — M. A. TnoTH1KoBa), https://rscf.ru/project/23-25-00433/
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The Mx proteins induced by type | and Il interferons are the In humans, two different Mx-GTPases referred to as MxA
important innate immunity mediators and are involved in  and MxB are encoded on chromosome 21. Both proteins are
protection against various RNA and DNA viruses [1]. These localized to the cytoplasm and show a characteristic granular
proteins belonging to the large hydrolase enzyme family  staining pattern when detected by the immunofluorescence
(GTPases) are homologous to vertebrates [2, 3]. method [3]. Human MxA is a cytoplasmic protein with
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the weight of 78 kDa that is closely linked with the smooth
endoplasmic reticulum [1]. MxA has a comparatively wide
antiviral spectrum against various types of viruses, regardless
of their intracellular replication type. The MxA-sensitive viruses
include representatives of the bunyaviruses, orthomyxoviruses,
paramyxoviruses, rhabdoviruses, togaviruses, picornaviruses,
and hepatitis B virus, a DNA virus with the genomic RNA
intermediate [2, 4, 5]. It is interesting that some viruses are
inhibited in the cell-type specific manner. This suggests that
unknown cellular factors may affect antiviral specificity [6].

In addition to antiviral activity, recent studies defined the role
of MxA in various cancer types, specifically breast cancer and
prostate carcinoma [1]. Thus, it has been reported that high
MxA levels and large amounts of tumor-infiltrating lymphocytes
are independent prognostic factors of relapse-free survival in
patients with triple-negative breast cancer [7]. It has been also
reported that MxA expression by tumor cells more often results
in metastasis-free survival after adjuvant chemotherapy [8]. In
this regard, it is expected that artificial increase in tumor MxA
levels can lead to favorable outcomes in cancer patients and
make chemotherapy more effective. All the above suggests
that MxA is an extremely promising therapeutic agent.

Since MxA is an intracellular protein, and delivery of
proteins of such size into cells remains a major problem, we
have proposed a relatively new approach involving the use
of the human MxA protein-encoding exogenous mRNA for
investigation of the MxA biological properties. This concept
has been actively developing in the past decade; it was quite
successfully implemented in 2020 when creating the next
generation of MRNA vaccines against COVID-19 produced
by Pfizer/BioNTech and Moderna. Considerable progress
was made in regenerative medicine, where mRNA is used to
reprogram somatic cells, as well as in protein replacement
therapy used for treatment of genetic disorders.

The study aimed to construct and produce the exogenous
mRNA encoding the functional human cytoplasmic MxA protein
by IVT; to study its translational properties; to assess and
identify the patterns of the expression of some interferon system
genes (IFN-stimulated genes) in response to introduction of the
exogenous mRNA into cells. In the future we suppose to assess
the therapeutic potential of the mRNA construct developed
against influenza A and B viruses, respiratory syncytial virus,
and coronavirus SARS-CoV-2.

METHODS
Construction of plasmid vectors

The nucleotide insertions encoding human MxA protein
were obtained from the total RNA preparations extracted
from the A549 cells by RT-PCR using the primers
(GAGAGCGGCCGCGCCACCATGGTTGTTT/ ATCTTCTAG
ATTAACCGGGGAACTGGGCAAGC) comprising restriction
sites for the Not | and Xba | endonucleases. The fragments
of appropriate size (2017 bp) were inserted in the pJET1.2
vector system comprising the T7 promoter region by the Not
I/Xba | restriction with subsequent sticky-end ligation. To
produce the construct with the cap-independent translation,
the IRES-element sized 605 bp was amplified in a similar
way using the pIRESneo3 plasmid vector as a template; the
poly(A) sequences, 5" and 3" UTR sized 114, 57, and 110 bp,
respectively, were synthesized by Evrogen (Russia). All
untranslated cassette components were ligated into the
pJET1.2 vector in accordance with the design proposed
(see Results).
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The colonies obtained by cloning were screened by
RT-PCR. The plasmid constructs containing insertions of
the expected size were accumulated and purified using the
Plasmid Miniprep 2.0 kit (Evrogen; Russia). The sequences
of the plasmid constructs developed were confirmed using
Sanger sequencing by Evrogen (Russia).

In vitro transcription

Preparations of the exogenous mRNAs (MRNA-MxA-CDS,
MRNA-MxA-IRES, mRNA-MxA-UTR, and mRNA-GFP-CDS)
were obtained by IVT using the HighYield T7 ARCA mRNA
Synthesis Kit (#RNT-102, Jena Bioscience; Germany). A total
of 1 pg of the plasmid linearized by the Xba | site was used as
a template for RNA synthesis. The synthetic Anti-Reverse Cap
Analog (ARCA) added to the reaction mixture to the ratio of
ARCA/GTP 4 : 1 was used as a cap. The modified nitrogenous
bases, 5-methylcytidine (#NU-1138, 5-Methyl-CTP, m5C,
Jena Bioscience; Germany) and pseudouridine (#NU-1139,
Pseudo-UTP, W, Jena Bioscience; Germany), were used in the
reaction. The reaction was carried out in accordance with the
manufacturer’s protocol.

After the RNA synthesis, the DNA template was removed
by further cleavage with the Turbo DNAse (#AM1345, Thermo
Fisher Scientific; USA). The Poly(A) Tailing Enzyme Testkit
(#RNT-004, Jena Bioscience; Germany) was used for the non-
templated 3’ polyadenylation of the transcribed mRNAs. The
resulting transcripts were purified using the columns, the RNA
Clean & Concentrator kit (#R1017, Zymo Research; USA).
The resulting mRNA concentrations were measured with the
NanoDrop-1000 spectrophotometer and Qubit 4 fluorometer
(Thermo Fisher Scientific; USA).

Agarose gel electrophoresis

The plasmid DNA preparations were analyzed in the 0.8%
agarose gel prepared based on the 1x TAE buffer containing
up to 0.5 pg/mL of ethidium bromide using the 6x buffer for
DNA application.

The mRNA samples were analyzed under denaturing
conditions in the 1% agarose gel containing 0.5 pg/mL of
ethidium bromide. A total of 500 ng of mMRNA sample were
mixed with the equal amount of the Gel Loading Buffer II
(#AM1344, Invitrogen; USA), heated for 5 min at 80 °C, and
applied to the gel.

The electrophoretic separation results were imaged using
the Gel Doc EZ Imager (Bio-Rad; USA).

Cell culture maintenance and transfection
with the exogenous mRNAs

The following cultures were used in the study for various
experiments: the passaged culture of the A549 cells (human
lung carcinoma) obtained from the ATCC collection (USA)
and the culture of the MDCK FR58 cells (canine kidney cells)
obtained from the IRR collection (USA).

The A549 cells were cultured in the F12K growth medium
(Gibco; USA) in the presence of the 10% KPC serum (Gibco;
USA); the MDCK cells were cultured in the alpha-MEM
medium (BioloT; Russia) added KPC serum to 5%. The culture
maintenance and all the experiments were implemented without
adding antibiotics.

To ensure transfection with the exogenous mRNAs, we
used the 24 h 90-100% cell monolayer; the growth medium
was replaced with the serum-free medium immediately before
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Fig. 1. Structure of the plasmid-based constructs encoding the exogenous human MxA mRNA. A. Amino acid sequence of the encoded MxA protein (obtained by
sequencing of the constructs developed), the G1-G5 motifs (in the order of occurrence) are highlighted in red, the C-terminal GTPase effector domain — in blue, the
V379l variation — in yellow. B. Scheme of the linearized plasmids designed for mRNA production by IVT. In the schemes, the T7 promoter region for T7 polymerase
(and T7 terminator region for the construct #2) is highlighted in brick red, the auxiliary non-coding regulatory elements — in yellow, the fragment ensuring the template
addition of the poly(A) tail (114 b) — in orange (in the second case), the MxA-encoding sequence — in blue, the restriction site used for linearization — in green.
C. Electrophoretic separation of the linearized plasmids, the expected product lengths (bp) are highlighted in red

adding mRNA. Cells were transfected using the commercially
available Lipofectamine MessengerMAX transfection reagent
(Thermo Fisher Scientific; USA) in accordance with the
manufacturer’s instructions. The mRNA complexes were added
to the wells of the 96-well plate in a volume of 10 pL, and to the
wells of the 12-well plate in a volume of 50 pL. There were 100
ng of MRNA and 0.3 pL of the Lipofectamine MessengerMAX
reagent per well of the 96-well plate, 450 ng of RNA and 1 pL
of the Lipofectamine MessengerMAX reagent per well of the
12-well plate. Depending on the objectives of the experiment,
cells were incubated with the RNA/Lipofectamine complexes
for 4-24 h at 37 °C and 5% CO,,

Confocal miscroscopy

Confocal imaging of the fixed cells was performed 24 h
after transfection with the exogenous mRNAs. For that the
cell monolayer grown on the glass slides was washed with
DPBS, fixed with the 4% paraformaldehyde solution for 10 min,
and permeabilized with the 0.1% Triton X-100. Blockage
was accomplished using the 1% BSA solution in DPBS. The
nuclei were stained with DAPI (AppliChem; USA), and the actin
cytoskeleton was stained with phalloidin covalently linked to
rhodamine (Thermo Fisher Scientific; USA). The human MxA
protein imaging was performed using the primary MxA/Mx1
Antibody labeled with biotin (Novus Biologicals; Germany)
with subsequent development using Streptavidin DyLight
633 (Thermo Fisher Scientific; USA). Cell microscopy was
performed using the TCS SP8 inverted confocal laser scanning
microscope (Leica; Germany).

Enzyme-linked immunosorbent assay (ELISA)
The MxA protein levels were measured using the Human MxA

Protein ELISA kit (BioVendor; Czech Republic) in accordance with
the manufacturer’s instructions. The results were recorded in

the dual-wavelength mode (at the primary wavelength of 450 nm
and reference wavelength of 655 nm) using the CLARIOstar
microplate reader (BMG Labtech; Germany)

Expression level assessment

The IFN-stimulated gene expression levels were assessed by
real-time RT-PCR using the previously designed primers [9].
The total RNA preparations were extracted using the TRIzol
reagent (Thermo Fisher Scientific; USA) and then treated with
DNAse (Biolabmix; Russia). The RT reaction was carried out
using the RNAscribe RT kit (Biolabmix; Russia), dT(16) primers
and 2 pg of the DNA-free RNA. PCR was conducted using the
ready-made BioMaster HS-gPCR (2x) kit (Biolabmix; Russia),
to which 1-2 pL of cDNA were added.

Relative gene expression was calculated by the double delta
Ct (AACt) method using GAPDH and ACTB as the normalizing
genes. The relative gene expression levels were determined using
the inductive formula R = 2124¢1, Calculations were performed
using the Microsoft Office Excel 2003/2007 software (USA).

Statistical data processing

Significance of differences was assessed with the GraphPad
Prism 6 software tool (GraphPad Software; USA) using the
nonparametric Kruskal-Wallis test (to assess significance of
differences between three or more independent groups) and
the Dunnett's test (for multiple intergroup comparisons). The
differences were considered significant at p < 0.05.

RESULTS
Functional mRNA production

According to the NCBI database [10], four MxA protein-
encoding mRNA transcript variants were identified in humans.

BULLETIN OF RSMU | 5, 2024 | VESTNIKRGMU.RU



OPUIMMHAJTIBHOE NCCJIEQOBAHNE | UMMYHONOT NA

A B
‘M UTR CDSCDS IRESIRES 40 =

: poly(A)  poly(A)

35 =
30 ™
25 ™
20 ™
— 15 =

10 =

MxA concentration (ng/mL)

®F —
' e
& :
§ | .
_.‘
. o 0—---m-.....-

Calibration curves

ns

Values of OD,_,~OD,,, (U)

O T T T 1
0 10 20 30 40
MxA concentration, ng/mL

u-ocoo.ouo-.oococomocoMooo<

T
>
&
=
S
@Q*

é?: e?‘
@Q\ L

1 1
Q> () (<) O
& § . § d
& o &

Fig. 2. Human MxA protein-encoding exogenous mRNAs and their translation in the MDCK cells. A. Electrophoretic separation of the produced exogenous mRNA
products before and after polyadenylation, M — RNA molecular weight marker (#AM1750, Thermo Fisher Scientific; USA), UTR — mRNA-MxA-UTR (initially having the
poly(A) tail), CDS and CDS-poly(A) — mRNA-MxA-CDS before and after polyadenylation, IRES and IRES-poly(A) — mRNA-MxA-IRES before and after polyadenylation.

B. ELISA in the MDCK cells 24 h after transfection with the exogenous mRNAs

Despite the differences in length and 5" UTR variation, the
transcript variants 1, 2 and 3 encode the same MxA protein
isoform referred to as isoform a. The transcript variant 4 has
an alternative 5" UTR and does not comprise three exons in
the 3" coding region, which leads to the frameshift, due to
which this mRNA encodes the shorter MxA protein isoform (b),
also known as varMxA [11]. When designing the constructs
encoding mRNA of human MxA gene, primers for specific
cloning of the canonical MxA protein form (a) were selected.

The human MXxA protein-encoding sequence was obtained
from the total RNA preparation (after DNAse treatment) by
RT-PCR (Pfu DNA polymerase) using the selected primers.
According to the sequencing results (Fig. 1A), the sequence
was completely identical to the expected canonical MxA protein
form (a), but it had a single reported amino acid variation V379l
having no effect on the MxA protein physical and chemical
properties [12].

To generate mMRNA by the IVT method, three plasmid
constructs were proposed (Fig. 1B) comprising the promoter
region specific for the phage T7 polymerase as a mandatory
component of the cassette. One of the constructs comprised the
MXxA protein-encoding sequence (MRNA-MxA-CDS) only, while
untranslated regions potentially enhancing the effectiveness
of translation of the protein encoded by these mRNAs were
additionally introduced to the other two. To ensure realization of
the cap-independent translation, the second MRNA-MXxA-IRES
was constructed complemented with the cropped type Il
IRES element from the encephalomyocarditis virus (EMCV)
comprising an A7 bifurcation sequence on the 5" end [13, 14].
The third mMRNA-MxA-UTR comprised additional untranslated
regions on the 5’ and 3' ends, as well as the region ensuring the
templated extension of the poly(A) tail during IVT.

All three proposed plasmid constructs were successfully
generated and accumulated; the expression cassette
sequencing showed that these were completely matched to
the expected sequences. Then the plasmids were linearized
(the electrophoretic separation results are provided in Fig. 1C)
and used as a DNA template for IVT.
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The mRNAs we had generated (Fig. 2A) comprised the
synthetic cap analog (ARCA), the modified bases pseudouridine
(W) and 5-methylcytidine (m5C), which, according to modern
literature data, reduce the exogenous transcript immunogenicity
[15, 16], as well as the 3’ poly(A) tail. The latter was added in the
templated manner (when the cassette was used for mMRNA-MxA-
UTR) or by conducting a separate polyadenylation reaction (for
mRNA-CDS and mRNA-IRES). In addition, we also produced
the exogenous mRNA encoding the green fluorescent protein
(GFP): mRNA-GFP-CDS containing no untranslated regions, the
structure of which was equivalent to that of mMRNA-MxA-CDS.
The amounts of the resulting MxA protein-encoding mRNAs
reached 200 ug, and the concentrations were up to 350 ng/uL.

Assessment of the exogenous mRNA-encoded
protein product translation

Translational activity of the exogenous mRNAs produced was
assessed by transfection of the MDCK cells. The use of ELISA
and the results obtained in a series of experiments showed that
mMRNA-MxA-IRES was incapable of translation in the studied
cell line: when using this mRNA, we failed to detect the MxA
protein throughout 36 h after the mRNA introduction into cells.
However, the diagnostically significant amounts of human MxA
protein were detected in the cell lysates as early as 4 h after
transfection of the MDCK cells with two other mRNAs (results
not shown).

When using both mRNA-MxA-CDS and mRNA-MxA-UTR,
the human MXxA protein concentrations were comparable and
reached 20 ng/mL 20 h after transfection (Fig. 2B).

Internalization and intracellular localization of human MxA
protein encoded by the exogenous mMRNAs were studied by
confocal microscopy. As shown in Fig. 3, the MxA protein
was effectively translated by the MDCK cells 24 h after the
mRNA introduction. According to the ELISA results, MxA
encoded by both exogenous mRNAs was found exclusively in
the cell cytoplasm, it was spread diffusely in the form of the
characteristic granules.



ORIGINAL RESEARCH | IMMUNOLOGY

mRNA-GFP-CDS

mRNA-MxA-CDS

mRNA-MxA-UTR

Fig. 3. Confirmation of the MxA production in the MDCK cells by confocal microscopy. Representative images of the MDCK cells (fixed specimens) were obtained 24
h after transfection with the exogenous mRNAs encoding the green fluorescent protein (MRNA-GFP-CDS) and human MxA protein (MRNA-MxA-CDS and mRNA-
MxA-UTR), presented from left to right. The cell nuclei are highlighted in blue (DAPI, extinction/emission: 358 (UV)/461 nm), the actin cytoskeleton — in red (phalloidin:
540/605 nm). MxA is highlighted in magenta (620/655 nm); GFP (control cells not transfected with the MxA-encoding mRNA) is highlighted in green (488/509 nm).

White arrows point to the characteristic structures defined as MxA protein

Assessment of the IFN-stimulated gene expression in
response to introduction of the exogenous
mRNA-MxA-UTR

It is well known that introduction of synthetic exogenous
mRNAs can lead to activation of the cytoplasmic RNA sensors
and activate the immune response. The MxA protein also
can modulate production of the IFN-stimulated genes, as
one of the most important effector metabolites of the innate
immunity. We assessed specificity of such response 4 h and
24 h after transfection of the A549 cells with mMRNA-MxA-UTR
using mMRNA-GFP-CDS as a non-specific stimulation control
(Fig. 4). Thus, 4 h and 24 h after transfection of cells with
mMRNA-MxA-UTR the detected relative MxA mRNA level was
about 6500 times higher compared to the level in the control
cells (taken as the unit) (Fig. 4A). It has been also shown that
the exogenous MRNA introduction into cells results in the
non-specific (not dependent on the exogenous MRNA type)
upregulation of OAS1, as well as the cytoplasmic sensor
genes MDAS and RIG-I, which suggests the innate immune
response activation. It is interesting that transfection of cells
with mMRNA-MxA-UTR led to almost 1000-fold decrease in the
PKR levels compared to intact cells, while the trend towards a
4-fold increase in activity of this gene was reported for mRNA-
GFP-CDS.

DISCUSSION

The protein-encoding exogenous mMRNASs represent a promising
tool that makes it possible to conduct fundamental research
on the patterns of functioning, signaling, and metabolism of
proteins in cells and has a huge therapeutic potential. The
human MxA protein-encoding mRNA preparations we have

constructed and synthesized will be used to assess their
antiviral activity against respiratory viruses in the future.

Synthetic mRNAs have the same structure as natural mMRNA
molecules: 5’ cap (more often its structural analog), 5" and 3'
UTRs flanking the protein-coding region, and poly(A) tail [17, 18].

Of the three proposed mRNAs, we managed to reliably
demonstrate stable translation of two constructs, one of which
comprised 5" and 3" UTRs, and the other one comprised no
service regions in addition to the protein-coding part (except
for the cap analog and poly(A) tail). Surprisingly, despite
the increased effectiveness of the IRES-containing mRNA
translation reported in the literature [19], there was no protein
synthesis with the mMRNA-MxA-IRES we had proposed. In our
study, we used the IRES element of EMCV belonging to the
Picornaviridae family not using cap during replication. The
resulting mRNA construct comprised both cap analog and the
IRES element. Presumably, the simultaneous presence pf these
two ribosome recognition sites in the close proximity results in
blockage of the cap-dependent translation from this transcript.

In the future we nevertheless plan to assess translation
of synthetic mRNA-MxA-IRES comprising no cap analog.
According to the literature data, despite the fact that the
IRES-dependent translation is less effective compared to the
cap-dependent translation under normal conditions, the IRES-
mediated translation can persist and outperform the translation
involving cap under conditions of cellular stress (including heat
shock, viral infection, etc.) [20].

It is well known that the 5" and 3" UTRs are among key
regulators of the mRNA molecule intracellular kinetics. In
particular, mMRNAs having long 3" UTRs have a shorter half-life,
while MRNAs having short 3" UTRs are less effectively translated
[18]. Comparison of MxA protein levels in the MDCK cells 24 h
after transfection with the exogenous mRNAs revealed no
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Fig. 4. Expression of the genes MxA, PKR, OAS1, as well as MDA5 and RIG-I in the A549 cells 4 h and 24 h after transfection with mRNA relative to intact cells (CC).
The mean expression values (captions on top) for four biological repeats and standard error of the mean as bias are presented as bars. One-way analysis of variance
(ANOVA) and the Holm-Sidak test for pairwise comparison of samples were used to calculate statistical significance of the differenced revealed. Significant differences
revealed when comparing the appropriate group with the CC at the same time point are marked with asterisks: ns — P = < 0.1234; ** — P < 0.0021; *** —
P . <0.0001

value

advantage in the translation activity resulting from the presence mRNA had the greatest effect on the expression of the studied
or absence of UTRs in the mRNAs. Both mRNAs capable of  genes, which can be due to its structure or due to the fact that
translation led to protein production (within 20 ng/mL) 24 h after  negative regulation of the expression of these genes associated
transfection. Immunofluorescence analysis of the MDCK cells  with the negative feedback loop is possible in case of MRNA-MxA.
transfected with the exogenous mRNAs showed that these It is interesting that transfection of the A549 cells with
contained the granules, presumably having a ring configuration ~ mMRNA-MxA-UTR caused the prolonged (at least up to 24 h)
(visible at maximum magnification), which were diffusely  potent specific suppression of PKR at the transcription level as
distributed in the cytoplasm. This finding is entirely consistent  early as after 4 h.
with the published data on the fact that the MxA homo-
oligomerization occurs at physiological salt concentrations in  CONCLUSIONS
the cell in vivo, and such aggregation prevents degradation and
ensures stability of protein with the half-life exceeding 24 h During the reported study: 1) the MxA protein-encoding mRNAs
[21]. Our findings suggest that the MxA protein produced will  capable of effective translation in the eukaryotic systems were
function in the cells like native. produced using the plasmid constructs we had designed as a
When assessing antiviral potential of the MxA protein  template in the IVT reactions; 2) up to 20 ng/mL of the MxA
translated from the exogenous mMRNA, special attention should be  protein product were accumulated within 24 h after transfection of
paid to the non-specific innate immune response activation  cells with the exogenous mRNAs; 3) the diffuse intracellular MxA
resulting from the increased immunogenicity of the mRNA  protein distribution in the cells was confirmed; 4) the expression
molecule. It is well known that the pattern recognition receptors,  of cytoplasmic sensors and some IFN-stimulated genes in
such as transmembrane TLRS3, 7, 8, 9, and the RIG-l and MDA5  response to introduction of the human MxA protein-encoding
cytoplasmic sensors can recognize foreign nucleic acids andlead ~ exogenous mRNA in the cells was assessed. The authors’
o the reciprocal expression of pro-inflammatory cytokines or  further research will be focused on assessing the therapeutic
activation of inflammation [22]. We have shown upregulation of the  potential of the designed mRNA constructs against influenza A
RIG-I and MDAS cytoplasmic sensors, as well as the OAS1 IFN-  and B viruses, respiratory syncytial virus, and coronavirus SARS-
stimulated gene 24 h after transfection of cells with the exogenous ~ CoV-2. Assessment will primarily involve the cell-based models
mRNAs. The expression patterns of these genes differed in  of infections caused by the above pathogens; if the therapeutic
strength and correlated with each other for various exogenous  potential is high, we plan to assess antiviral activity of the MxA
mRNAs. We assume that such alterations result from non-specific ~ protein-encoding exogenous mRNAs in the murine model of
immunogenicity of the exogenous mRNA. The GFP-encoding  influenza pneumonia.
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CHANGES IN BACTERIAL FITNESS DURING THE PSEUDOMONAS AERUGINOSA
EXPERIMENTAL ADAPTATION TO COLISTIN

Mayanskiy NA, Brzhozovskaya EA ™, Skvortsov-Igralov GA, Chausova SV, Chebotar IV
Pirogov Russian National Research Medical University, Moscow, Russia

Pseudomonas aeruginosa, the opportunistic pathogen, occupies one of the leading places in the structure of pathogens causing nosocomial infections, which is
due to high adaptive potential and the ability to quickly develop antimicrobial resistance. The study aimed to assess the influence of the P. aeruginosa adaptation to
colistin on bacterial fitness. A total of nine isolates obtained during the experimental evolution of the P aeruginosa strain (laboratory number 1202) under conditions of
increasing colistin concentrations, the growth kinetics of which was compared to that of wild type strain, were included in the study; the whole genome sequencing
of all isolates was performed, and the minimum inhibitory concentration of colistin was determined. Growth rate was estimated using the Varioskan LUX multimodal
reader (Thermo Scientific, USA) throughout 18 h at 37 °C; optical density (OD) at A = 600 nm was measured every 15 min. The maximum growth rate (GR __, i.e.
the maximum change in OD within 1h) and the time to reach 50% of the maximum OD reported when growing the wild type Pa_7202_0 strain (T_OD,, ) were
considered. Isolates of the clone carrying mutations of the genes phoQ, IptA, and prs showed low fitness values compared to wild type strains. For example, GR__
of the isolate Pa_7202_43 was 0.029 OD/h vs. 0.182 OD/h reported for the original isolate Pa_7202_0, and it reached OD,, 4.6 h later. The growth characteristics
of the clone carrying mutations of joxL and |ptB, as well as the clone carrying mutant pmrB were generally comparable with the characteristics of the wild type
strain. Thus, the genome modifications observed during the P, aeruginosa adaptation to colistin have an ambiguous effect on bacterial fitness.
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W3MEHEHUE BAKTEPUANIBHOIO ®UTHECA B XO[E 3KCMEPUMEHTAJIbHON AOANTALIUN
PSEUDOMONAS AERUGINOSA K KOJINCTUHY

H. A. MasiHckui, E. A. Bpxxososcekast =, I A. Ckeopuos-Vrpanos, C. B. Yaycosa, U. B. HYe6oTtapb
Poccuitcknin HaumoHanbHbIM CCNeaoBaTenbCKNA MEAULINHCKUIA yHUBEpPCUTET uMeHn H. . MNuporosa

OnnopTyHUCTUHECKWIA naToreH Pseudomonas aeruginosa 3aHMMaeT OfHO 13 BEAYLLWX MECT B CTPYKTYpe BO3OyAMTENe HO30KOMUaTbHbIX MHPEKLMIA, YTO CBSA3aHO
C BbICOKVM afanT/BHbIM MOTEHLMANIOM 1 CMOCOBHOCTBIO BbICTPO (hOPMMUPOBATE YCTOMHMBOCTL K aHTUMMKPOBHBIM Mpenapatam. Llensto paboTbl 6610 OLEHUTb
BMMSIHWE apanTaumm P aeruginosa K KONMCTUHY Ha GakTepuanbHbii UTHeC. B nccnepoBaHvie BKIOHMAM 9 130M1STOB, MOMYYEHHbBIX B XOL4E SKCMEPUMEHTaIbHON
3BOMIOLMN LWITaMMa P aeruginosa (nabopatopHbii Homep 1202) B yCNOBUSX BO3PACTAOLLEN KOHLIEHTPALMM KOMMCTUHA, KUHETVIKY POCTa KOTOPbIX CPaBHMBaIN C
POOUTENBCKYM LLITAMMOM; Y BCEX U30MISTOB MPOBEN MOSTHOrEHOMHOE CEKBEHVPOBAHVE 1 ONMPEfENAIN MAHUMATbHYIO MOLABISIOLLYIO KOHLIEHTPALMIO KONMCTVHA.
Temnbl pocTa OLEHVBaIN MNP MOMOLLIM MHOrOMYHKLMOHaIbHOro puaepa Varioskan LUX (Thermo Scientific, CLLIA) B TedeHre 18 4 npu 37 °C, kaxkaple 15 MUH 13mepsist
onTryeckyto nnoTHocTb (ON) mpu A = 600 HM. YuuTbiBaIM MakCUMaribHYHO CKOPOCTb pocTa (CPmax‘ T. e. MakcumMasibHoe nameHeHre OF B TeveHne 1 4) 1 Bpems,
Heobxommmoe ANt AOCTVKeHMs 50% oT MakcumManeHon Of, 3aperncTprpoBaHHOM MpY POCTE POAUTENBCKOrO WTamma Pa_7202_0 (T_OI50%). 3onaTsl knoHa ¢
MyTaUvsM1 B reHax phoQ, [ptA v prs OTIMHaIMCb HUSKUMI MoKasaTensamy (hvTHeca OT POANTENbCKIX WTamMoB. Hanprvep, CP_ . vsonsTa Pa_1202_43 cocTasina
0,029 OrM/A4 npotwe 0,182 OT/4 'y nexogHoro ugonaTa Pa_1202_0, a Ol , oH pocturan Ha 4,6 4 nose. POCTOBble XapakTepUCTVIKI KIOHa C MyTaLmsamMm B JoxL
1 [ptB, a Takxe KNoHa, HeCyLLIEro MyTMPOBaHHbI pmirB, B LIENOM Oblvi CONOCTaBKMbI C MOKA3aTeNsIMN POAUTENBCKOrO LWTaMmMa. TakumM 06pasom, Moaudrkaumm
reHoma, HabnioaaBLLIMECS B Xofe afanTaumm P, aeruginosa K KOIMCTUHY, OKa3bIBatOT HEOAHO3HAYHOE BINSIHNE Ha BaKTepuaibHbI UTHEC.

KntoyeBble cnoBa: C1HErHomHas nanoyka, Ho3oKoMuasbHble MHEKLMW, BakTepuanbHbli (PUTHEC, KOMUCTUH, MreHbl PE3NCTEHTHOCTM
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Pseudomonas aeruginosa is an important opportunistic
pathogen, the successful survival of which in clinical settings
results from high adaptive potential. Quick adaptation to new
ecological loci, antimicrobial drugs, and the immune system
effectors allows P, aeruginosa to be one of the main causes of
nosocomial morbidity [1]. The infections caused by multidrug-
resistant P aeruginosa strains are difficult to treat, and only a
few antimicrobial drugs remain active against such pathogens.

Colistin, the polymyxin antibiotic, is one of the “last chance”
antibiotics [2].

The increasing clinical use of colistin inevitably leads to
colistin resistance. Resistance to colistin is associated with
the structural modification of its target, lipopolysaccharide
(LPS), which decreases the antibiotic binding to the bacterial
cell wall [3]. LPS modification and colistin resistance in
P aeruginosa are usually associated with damage to the
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Fig. Growth curves of the wild type Pa_7202_0 strain and descendants strains of the clone Pa_phoQ/IptA/prs. Bacteria were incubated in the 96-well plate at 37 °C,
and optical density (OD) at A = 600 nm was measured every 15 min. The long open arrow points to the OD value corresponding to 50% of the maximum OD reported

when growing the wild type Pa_1202_0 strain (OD

50%)

. The short closed arrows point to the time needed by the studied isolates to reach OD,,, (T_ OD

50% 00)- The isolate

characteristics are provided in the Table. Representative results of one of three repetitions of the experiment

PhoP-PhoQ and PmrA-PmrB two-component systems
resulting from mutations of appropriate genes, although are
not limited to these mechanisms [3, 4]. Mutations that form
resistance are advantageous for carriers of mutations in the
presence of antibiotic. However, the same mutations can reduce
viability of microorganism as a whole, making it uncompetitive
in the absence of antibiotic. Mutations that trigger alternative
metabolic pathways in the cell and replace missing metabolism
links can compensate for biological expenditures associated
with resistance [5-7]. In this regard, assessment of bacterial
fitness, i.e. viability level that can be inter alia expressed as the
bacterial population growth rate changes [8], is an important
complement to genetic analysis of the resistance mechanisms.

In the recent study focused on the P aeruginosa experimental
adaptation to colistin, we have shown that the genome evolved
by alternative routes not only in different strains, but also within
the same bacterial strain when developing colistin resistance
[9]. Isolates of one experimental P aeruginosa strain obtained
at various stages of adaptation to colistin and analyzed by
whole genome sequencing were used in this study. Isolates
with various mutations were selected for the study, in which
the growth kinetics was assessed and compared with that
of the parent strain. The study aimed to investigate the
relationship between genotypic and phenotypic characteristics
in the experimental models, which highlights the importance
of genetic background for the development of antimicrobial
resistance, makes it possible to gain new knowledge about the
mechanisms underlying antibiotic resistance, and outline new
ways to overcome drug resistance of bacteria.

METHODS

We studied the R, aeruginosa strain (jaboratory number 1202, genome
deposited in GenBank) isolated from the environment in 2016 that
was susceptible to all antibiotics and its Pa_71202-descendants
isolates obtained during experimental adaptation to colistin, the
methodology of which had been earlier discussed in detail [9].
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To estimate bacterial fitness, we compared growth rates of the
wild type and descendants Pa_1202 strains obtained in the adaptive
experiment. A single colony of the 24-h culture of each isolate was
used to prepare a bacterial suspension, which was standardized
by optical density to 0.5 McFarland units. A total of 10 mL of the
Luria—Bertani broth were inoculated with 10 pL of the resulting
suspension, after which 200 pL were collected and transferred
to the well of the flat-bottom 96-well plate. The plate was sealed
with the transparent film and incubated in the Varioskan LUX
multimodal reader (Thermo Scientific, USA) for 18 h at 37 °C;
optical density (OD) at A = 600 nm was measured every 15 min.
Growth curves were analyzed using the Skanlt v. 7.0 software tool
(Thermo Scientific; USA). Growth rate was estimated based on
two indicators: 1) maximum growth rate (GRmax, corresponds
to the maximum change in OD within 1h measured in OD/h); 2)
time to reach 50% of the maximum OD reported when growing
the wild type Pa_7202_0 strain (T_OD,,) (Fig). The decrease in
GRmax and the increase in T_OD,,, were considered as the
fitness decrease. The experiment was carried out in triplicate.

The minimum inhibitory concentration (MIC) of colistin within
the range of 0.25-16 mg/L was determined using the ComASP
Colistin 0.25-16 kits (Liofilchem srl.; Italy), while higher MICs (up
to 64 mg/L) were estimated by the broth microdilution method.
The MIC values were interpreted based on their experimental
dynamics, not clinical significance.

The whole genome sequencing was performed using
the bacterial DNA extracted from the 24-h cultures of the
experimental Pa_7202 isolates grown from frozen samples
(see above) on the Mueller-Hinton agar. The whole genome
sequencing and bioinformatics analysis procedure has been
earlier discussed in detail [9].

Statistical analysis was performed using the IBM SPSS
Statistics v. 27.0 software (USA). The quantitative results are
presented in the text and the Table as mean values (standard
deviations). The Mann-Whitney U test was used to compare
the GRmax and T_ODEO% values; the differences were considered
significant at p < 0.05.
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Table. Phenotype and genotype of the isolates obtained during experimental adaptation to colistin

GR_ (ODh) | T.op,, ()

Isolate | Day | MIC of colistin (mg/L)
Mean (SD)

12020 | o 1 0.182(0.018) | 88(0.1)
1202 43 | 11 32 0.029 (0.001)* | 13.4(0.2)*
120249 | 13 1 0.038 (0.009) * | 12.7 (0.2)*
120262 | 16 2 0.140 0.012) | 10.0(0.1)"
1202 63 | 16 16 0.285(0.015)* | 8.9(0.0)
1202 80 | 20 2 0.268 (0.059) | 9.0(0.1)
1202 95 | 28 16 0.163(0.016)* | 9.2(0.1)
1202.37 | 9 1 0.155 0.016) | 8.9 (0.0
1202 44 | 11 2 0.219(0.029) | 9.0(0.1)
1202.88 | 24 16 0.198 (0.026) | 7.9(0.1)*

Clone Pa_phoQ/IptA/prs

Clone Pa_phoQ/lpxL/IptB

Clone Pa_pmrB

speE | hp/PA2117

Note: 10 Pa_7202 isolates were obtained on the specified days of the experiment [9]. We determined the minimum inhibitory concentration (MIC) of colistin and
assessed fitness by analysis of the growth curves and measurement of the maximum growth rate (GR__ ) and the time to reach 50% of the maximum optical density
(OD) reported when growing the wild type Pa_7202_0 strain (T_OD, ) (see Fig). Genes of the core genome were studied using whole genome sequencing. Green
cells correspond to the gene sequences identical to Pa_7202_0, mutations are highlighted in red. Names of the genes involved in lipopolysaccharide synthesis and
associated with colistin resistance are highlighted in orange; names of the genes of general metabolism not directly associated with colistin resistance are uncolored.

SD — standard deviation. * — p < 0.05, comparison with Pa_1202_0.
RESULTS

Growth rates of the wild type Pa_7202_0 strain and nine
Pa_1202 isolates representing three earlier described major
clonal lineages obtained during experimental adaptation to
colistin were assessed [9] (Table). Two clones carried the same
mutation of phoQ (ins-ATCGCCT-1086), but were distinguished
by mutations of other genes. In one case further damage was
found in the genes IptA (ins-CCGCGC-490) and prs (T143-C),
the clone was named Pa_phoQ/IptA/prs. In another case the
IoxL (ins-C-335) and IptB (ins-GCG-27) genes were altered,
the clone was named Pa_phoQ/lpxL/IptB. The third clone was
characterized by mutation of the gene pmrB (T92-G) (the
clone was named Pa_pmrB) combined with the damaged gene
hp/PA2117 (G326-A).

Isolates of the clone Pa_phoQ/IptA/prs showed low fithess
compared to the wild type Pa_7202_0 strain (Fig, Table). For
example, GR__ of the isolate 1202_43 was 0.029 (0.001) OD/h
vs. 0.182 (0.018) OD/h reported for the original Pa_1202_0
isolate, and it reached OD, ,, 4.6 h later.

The growth characteristics of the clones Pa_ jpxL/IptB and
Pa_pmrB were generally comparable with the characteristics of
the wild type Pa_71202_0 strain (Table). Two isolates showed
a significant increase in GR__ (1202_63) and a significant
decrease in T_OD,,, (1202_88), which suggested better
growth rate compared to the wild type strain, despite the 16-fold
increase in the colistin MIC (Table). Isolate 1202_95 of the clone
Pa_pmrB showed a significantly decreased GR__, however,
the difference in T_OD from the original strain was
non-significant.

50%

DISCUSSION

In this study we have shown how the P aeruginosa
experimental adaptation affects bacterial fitness by assessing
growth kinetics of the isolates with various genotypes. It is the
most logical choice to explain the differences in fitness between
representatives of three studied clones via analysis of the
profiles of the genomic alterations typical for each clone. The
genomes of isolates of the clone Pa_phoQ/IptA/prs comprise

alterations of two types: 1) mutations of the genes phoQ and
IptA that directly control biosynthesis of LPS, the main target
of polymyxins [10, 11]; 2) mutations of the gene encoding
ribose-phosphate pyrophosphokinase (prs) that is not directly
associated with the LPS synthesis and controls the nucleotide
synthesis and metabolism. PhoP, the component of the PhoPQ
regulatory system, is directly involved in the LPS synthesis
regulation, and its breakage is considered to be the common
cause of calistin resistance [10]. The IptA gene product ensures
the LPS assembly and outer membrane translocation [11]. In
the clone Pa_phoQV/|ptA/prs, the complex genomic alterations
were combined with the most pronounced bacterial fitness
decrease.

In the clone Pa_phoQ/IpxL/IptB, we found only mutations
of the LPS synthesis genes, including the abovementioned
phoQ), IpxL (gene encoding lauroyl acyltransferase ensuring the
lipid A biosynthesis), and IptB (gene encoding the LptB2FG
transporter transferring LPS to the outer membrane) [12, 13].

The Pa_pmrB clone combined mutations of the genes
encoding the sensor kinase (pmrB) and the hypothetic protein
(hp/PA2117). The PmrB kinase is a component of the two-
component system ensuring regulation of multiple functions,
including expression of the LPS operon genes; earlier it had
been proven that damage to the pmrB gene decreases the
P, aeruginosa susceptibility to polymyxins [14, 15]. To date, the
hp/PA2117 gene product has not been verified.

CONCLUSIONS

Thus, the genome modifications observed during the
P. aeruginosa adaptation to colistin have an ambiguous effect
on bacterial fitness. It is clear that the combination of mutations
of the LPS synthesis genes and genes of general metabolism
has the most severe effect on bacterial fitness, as reported
for the clone Pa_phoQ/IptA/prs. Further study of the interplay
between genotype and phenotype via experimental modeling
will improve understanding of the mechanisms underlying
adaptation of bacteria to environmental factors, including the
development of antibiotic resistance, and outline new ways to
overcome bacterial resistance to drugs.
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THE CANDIDATE ANTI-TUBERCULOSIS mRNA VACCINE IMMUNOGENICITY AND REACTOGENICITY
DEPENDENCY ON THE ANIMAL’S SEX AND THE VACCINE DOSE

Reshetnikov VW'™, Shepelkova GS?, Rybakova AVe, Trashkov AP?, Yeremeev VV?, lvanov RA!

' Sirius University of Science and Technology, Sirius, Russia
2 Central Tuberculosis Research Institute, Moscow, Russia
3 National Research Centre "Kurchatov Institute", Moscow, Russia

mRNA vaccines turned out to be highly effective in combating the COVID-19 pandemic and other viral infections. Despite extensive study of mRNA vaccines in the
last five years, the issue of safety of their use is still relevant. The study aimed to assess immunogenicity of two anti-tuberculosis mMRNA vaccine doses in female and
male rats 2 and 4 weeks after vaccination. Hematological and biochemical parameters of blood were determined within the same timeframe. The dose-dependent
nature of MRNA vaccine immunogenicity was confirmed in both females and males. Vaccination led to moderate lymphopenia and neutrophilia in male rats, as well
as to apparent dose-dependent and sex-related changes in blood biochemistry parameters at various time points. The findings suggest moderate toxicity of the
anti-tuberculosis MRNA vaccine and the importance of assessing its toxic effects at various time points in animals of both sexes.

Keywords: mRNA vaccine, tuberculosis, immunogenicity, toxicity
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OPUTMHAJIbHOE UCCJIEQJOBAHNE | UMMYHOJTOI A

Currently, new mRNA vaccines against various viral and
bacterial infections, including tuberculosis, the previously
developed live, attenuated, recombinant, and DNA vaccines
against which have not shown acceptable effectiveness, are
being actively developed [1, 2]. However, there are many
gaps in our understanding of the biology of mMRNA vaccines
delivered using lipid nanoparticles (LNPs). It is well known, that
the mRNA-LNPs show broad biodistribution, are found in most
tissues [3, 4], cause inflammatory response at the injection
site, and can be associated with neuroinflammation [5]. There
are plenty of reports that the use of mMRNA-based vaccines is
sometimes associated with allergy, myocarditis, and pulmonary
hemorrhage [6]. In some cases, vaccination with the mRNA-
LNPs leads to the delayed transcriptome alterations and
moderate CpG island methylation level changes in peripheral
blood monocytes [7]. Furthermore, there is insufficient
information about the biodistribution and clearance time of
mRNA vaccines and antigens encoded by these vaccines [4].

The pre-clinical trials of the RNA-1273 and BNT162b2
vaccines against COVID-19 involving rats showed a moderate
decrease in the animals’ body weight and the body temperature
increase in the first 24 h after vaccination. Pro-inflammatory
hematological and biochemical alterations, as well as the
cytokine level increase were also revealed [8, 9]. Macroscopic
alterations included the increase in the weight of the spleen,
liver, and adrenal glands, while microscopic alterations included
moderate inflamsmation at the injection site, in the groin, in the iliac
and popliteal lymph nodes, along with the signs of inflammation
in the liver and spleen. All alterations were dose-dependent,
the majority of indicators were back to normal 2-3 weeks after
administration of the last vaccine dose [8, 9]. Clinical trials of the
RNA-1273, BNT162b2, and CS-2034 mRNA vaccines [10-12]
also showed the dose-dependent, local irritant, and systemic
adverse effects, including inflammation at the injection site,
fatigue, headache, fever, muscular and joint pain, changes in
the hematological and biochemical parameters of blood. The
mMRNA vaccine adverse effects can be associated with both
active substance of the vaccine, the mRNA molecule, and the
antigens encoded by this molecule or lipid nanoparticles, in
which RNA is encapsulated.

We have previously shown that the mRNA vaccine against
tuberculosis we have developed yields adaptive and protective
immune responses [13]. However, safety of its use was poorly
understood. The study aimed to assess toxic effects of two anti-
tuberculosis MRNA vaccine doses based on the hematological
and biochemical parameters of blood in male and female rats 2
and 4 weeks after vaccination.

METHODS
Animals

The experiment involved 30 female (126-149 g) and 30 male
(154-180 g) SPF Wistar rats aged 8-12 weeks. The tests were
performed at the breeding nursery of the National Research
Centre "Kurchatov Institute"; the animals were kept under the
SPF conditions with the fixed 12.00 : 12.00 h light/dark cycle
and ad libitum access to food and water.

Experimental design

Three experimental groups, 10 males and 10 females per
group, were formed for the study:

group I: the group administered the MTB-mEp5-1 mRNA
vaccine in a dose of 5 pg/animal;

group II: the group administered the MTB-mEp5-1 mRNA
vaccine in a dose of 15 pg/animal;

group lll: the group administered the phosphate buffered
saline (PBS).

The mRNA vaccine or phosphate buffered saline was
administered to the experimental animals twice with a 14-day
interval: 200 plL intramuscularly into the thigh using a 3-piece insulin
syringe with the 26G needle (Fig. 1A). The animals were euthanized
using the tiletamine-zolazepam plus xylazine anesthesia in a dose
of 15 mg/kg and 6 mg/kg, respectively, with subsequent drainage
of blood from the heart cavities and collection of the spleen and
inguinal lymph nodes. Five males and five females per group were
euthanized on day 16 of the experiment (24 h after administration
of the second vaccine dose), other animals were euthanized on
day 29 (two weeks after administration of the second vaccine
dose). After euthanasia, blood was collected from the heart
cavities of all animals for further clinical and biochemical testing.
Furthermore, inguinal lymph nodes and the spleen were collected
to access the mRNA vaccine immunogenicity.

The mRNA vaccine doses used correspond to the dose of
the CVnCoV mRNA vaccine against COVID-19 that is currently
undergoing clinical trials [NCT04652102]. MTB-mEp5-1 is a
vaccine with the unmodified nucleotide composition (without
any uridine analogues). The dose of the CVnCoV mRNA vaccine
corresponds to 12 pg. The doses of the tested candidate
vaccine we have selected (5 and 15 pg) are similar to the doses
used in the clinical trial, but not adjusted to the animal’s weight.

MTB-mEp5-1 vaccine

The MTB-mEp5-1 multi-epitope mRNA vaccine matches
the 5'-TPL-mEpitope-mRNA1273-3' vaccine that has been
reported before, with minor modifications [13]. During in vitro
transcription, m7G(3'OMe)pppA(2' OMe)pG (Biolabmix; Russia)
at a concentration of 2.4 mm was used as a cap analogue. One
more adenine was added to the plasmid DNA sequence after
the T7 promoter sequence in order to ensure specific insertion
of this cap analogue during the co-transcriptional capping. The
MTB-mEp5-1 mRNA sequence is provided in the Appendix 1.

The other previously reported [13] stages of the mRNA
vaccine development remained unchanged. mRNA was
formulated into lipid nanoparticles using the microfluid
cartridge in the NanoAssemblr™ Benchtop system (Precision
NanoSystems Inc.; Canada). Particles were concentrated and
sterilized using the PES membrane filter with the 0.22 um pore
size. The lipid nanoparticles were stored at +4 °C for no longer
than 3 weeks before administration of the vaccine.

Analytical characterization of the particles obtained was
performed as previously reported [13]; it included estimation
of the particle size, polydispersity index, zeta potential, mRNA
encapsulation percentage and integrity. Particle size was within
the range of 86-88 nm in all experimental groups, zeta potential
was between -3 and -2 mV, polydispersity index did not exceed
0.1. The mRNA encapsulation percentage exceeded 90%,
and RNA integrity was above 85% according to the capillary
electrophoresis data.

Blood hematology and biochemistry tests

Blood was collected from the heart cavities into the test tubes
containing anticoagulant (K3-EDTA) for hematology testing;
the DIATRON Abacus Junior 22.5 hematology analyzer was
used for testing. Red blood cell counts, hemoglobin levels,
hematocrit, white blood cell counts, platelet counts, and white
blood cell differential were determined in the whole blood samples.
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Blood samples were collected into the separator gel test
tubes and centrifuged at 3000 g to obtain serum for further
blood biochemistry testing. Serum concentrations of alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
urea, alkaline phosphatase, total bilirubin, total protein, glucose
were determined using the Architect c8000 chemistry analyzer
(Abbott; USA).

Determination of the number of IFNy-producing cells

The protective T-cell immune response level was estimated
based on the number of cells extracted from the spleen
and inguinal lymph nodes that secreted IFNy in response to
stimulation with the mycobacterial antigens (M. tuberculosis
sonicate, 10 pg/mL) or ESAT6 recombinant protein at a
concentration of 10 pg/mL (the ESAT6 production method was
reported earlier [14]) by the ELISPOT method using the Mouse
IFNy ELISpot Set (BD; USA) and AEC Substrate Set (BD; USA)
in accordance with the manufacturer’s guidelines.

Statistical analysis

All data were tested for normality using the Shapiro-Wilk
(W) test. The median and interquartile range (Q,.—Q,,) were
calculated; the intergroup comparisons (post hoc analysis) were
carried out using the Tukey's test. One-way analysis of variance
(ANOVA) was used for comprehensive assessment of the data
of independent groups at the control points. The results were
considered significant at p < 0.05. Statistical analysis was
performed using the Statistica 6.0 software (StatSoft; USA).

A

ORIGINAL RESEARCH | IMMUNOLOGY

RESULTS
Immunogenicity assessment

We assessed the effects of the vaccine dose on the adaptive
immune response formation in female and male rats at two
time points. A significant impact of immunization on the levels
of IFNy-producing cells (IPCs) in the spleen and the inguinal
lymph node after specific stimulation was revealed (Fig. 1B).
However, the number of IPCs in the spleen was significantly
higher. Large differences in the IPC number per well depending
on the specific stimulation type (ESAT6 protein or M.tb sonicate)
were also reported for both lymph node cells and cells of the
spleen at both time points. It is most likely that these effects
are explained by different target antigen concentrations in the
formulation used for specific stimulation.

Estimation of the adaptive immune response dynamics
showed that the most prominent response was observed
on day 29 of the experiment, two weeks after the second
vaccination, which is in line with the literature data.

The dose-dependent effects were observed after
stimulation with ESAT6: IPC levels in the lymph node cells were
higher in group | administered the dose of 5 g, than in group |l
on day 16 of the experiment, and on day 29 of the experiment
IPC levels in the cells of the spleen were almost twice higher
in group I, than in group I. No significant differences in the
adaptive immune response levels between males and females
were observed (p > 0.05).

Thus, our findings suggest that administration of two
MTB-mEp5-1 mRNA vaccine doses to rats results in the
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Fig. 1. mRNA vaccine immunogenicity assessment. A. Experimental design. B. ELISPOT analysis data for cells of the spleen and inguinal lymph nodes. IPC — IFNy-
producing cells. The data are provided as mean =+ error of the mean. * — p < 0.05; ** — p < 0.01; ** — p < 0.001 compared to appropriate control group (PBS);

### — p < 0.001 compared to the group administered 15 ug of RNA
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Table 1. Hematological parameters of blood

WBC o o o o o RBC HGB PLT
Group Sex 109/L Neu% Lym% Mon% Eos% Bas% 10%2/L gL HCT 10%/L
Day 16 of the study
P Median 5.86 249 67.9 5.9 1.1 0.1 6.3 146 38.4 684
Phosphate buffered Q25-Q75 5.74-5.87 24 25.4 67.5-68.9 4.6-6.5 1-1.5 0.1-0.1 6.1-6.4 144-146 | 38.2-38.4 678-936
saline (PBS) ) Median 4.06 211 72.5 4.6 2 0.1 6.03 137 36.7 1197
’ Q25-Q75 3.67-4.45 20.0-21.6 | 71.7-72.5 3.9-4.6 1.1-2.6 | 0.00-0.10 | 5.99-6.33 135-144 | 36.5-38.9 925-1311
- Median 5.78 33.6 57.6 6.3 1.4 0.2 6 137 36.3 1054
2
Q25-Q75 5.55-6.44 29.4-345 | 55.9-63.6 5.7-6.3 1.3-14 0.1-0.2 5.9-6.1 136-137 | 35.9-37.2 987-1079
MTB-mEp5-1 5 pg
) MMedian 5.01 32.3 59.5 6.4 1.4 0.1 6.1 138 37.2 990
\%‘,
Q25-Q75 4.6-5.63 28.4-37.4 | 54.5-68.0 4.3-6.5 1.2-1.5 | 0.10-0.20 | 5.99-6.20 138-139 | 37.1-38.1 951-1011
Median 4.69 51.1* 38.8* 7.3 1.5 0.2 5.9 132 35 978
MTB-mEp5-1 Q25-Q75 3.67-6.19 48.6-54.9 38-42.4 5.6-8.7 1.3-1.6 0.1-0.2 5.8-6.0 131134 | 34.2-35.3 908-985
1519 Median 3.51 31.1 64 46 1.7 0.1 6.07 139 38 867
?
Q25-Q75 2.87-4.29 26.4-35.7 | 56.3-66.6 3.9-4.8 1.6-2.1 0.10-0.10 | 6.07-6.21 139-145 | 37.5-38.2 845-906
Day 29 of the study
P Median 5.7 42.2 51 5.1 1.5 0.1 6.39 143 36.5 780
Phosphate buffered Q25-Q75 5.63-6.03 37.3-44.1 48.9-56.5 4.6-5.6 1.2-1.6 | 0.00-0.10 | 6.34-6.45 141-147 | 35.7-36.7 774-850
saline (PBS) Median 3.39 31.3 61.3 5.1 1.7 0.1 6.38 139 36.4 734
’ Q25-Q75 3.02-3.44 30.8-32.7 | 60.7-61.3 4.5-5.3 1.4-2 0.1-0.2 6.16-6.44 139-141 | 36.2-36.5 696-781
Median 6.38 25 69.6 4.2 1.2 0.1 6.58 142 37.5 738
2
Q25-Q75 6.13-7.56 24.8-25.5 65.2-69.7 4.1-5.3 1.1-1.3 0-0.1 6.45-6.92 142-148 37-40.4 711-796
MTB-mEp5-1 5 ug
Median 4.1 229 70.7 4.5 1.4 0.1 6.91 156 39.9 780
0
Q25-Q75 3.88-4.71 22.7-25.4 | 69.5-71.7 4-4.8 1.2-1.6 0.1-0.2 6.76-7.01 151-156 | 39.3-40.3 737-852
- Median 6.9 26.2 66.1 5 11 0.1 6.53 145 36.8 797
’ Q25-Q75 6.19-7.41 25.9-27.6 | 65.5-67.4 4.6-5.8 0.9-1.3 0.1-0.2 6.42-6.66 143-149 | 36.6-38.1 791-845
MTB-mEp5-1 15 pg
Median 5.05 23.1 72.6 42 1 0.1 6.18 135 35.2 834
?
Q25-Q75 4.41-6.49 22.1-24.9 69-74.2 1.7-4.6 0.9-1.1 0-0.1 6.15-6.19 135-136 | 34.9-35.6 782-922

Note: the data are presented as median and interquartile range (Q,.-Q,,). The data on the absolute lymphocyte and neutrophil counts are not provided, but significance
of intergroup differences is the same when comparing absolute values. * — the difference from control values is significant at the selected significance level (p < 0.05).
WBC (white blood cells) — white blood cell count; Neu% — relative neutrophil count; Lym% — relative lymphocyte count; Mon% — relative monocyte count;
Eos% — relative eosinophil count; Bas% — relative basophil count; RBC (red blood cells) — absolute red blood cell count; HGB (hemoglobin) — hemoglobin

concentration; HCT — hematocrit; PLT (platelets) — absolute platelet count.

development of adaptive immune response detected at two
studied time points, and the response level depends on the
dose, not on the animal’s sex

Evaluation of hematological and biochemical
alterations in blood

We found no significant effect of vaccination on the studied
experimental animals’ blood parameters. No significant
changes were observed in females of all experimental groups
at both time points (Table 1). Only males immunized with the
MTB-mEp5-1 vaccine dose of 15 ug showed a significant
decrease in the median absolute (1.97 x 10%L vs. 3.78 x 10%L
in the PBS group) and relative lymphocyte counts (lymphopenia),
along with the increase in the median absolute (2.64 x 10%L
vs. 0.89 x 10%L in the PBS group) and relative neutrophil
counts (neutrophilia) on day 16 of the study. However, these
parameters were back to normal two weeks after administration
of the second vaccine dose, on day 29 of the experiment.
When performing analysis of the main blood biochemistry
indicators, significant blood biochemistry alterations were
reported in the experimental animals receiving the test
formulation on days 16 and 29 of the study. In female rats,
vaccination affected blood levels of ALT, AST, and total protein
on day 16 of the experiment (ANOVA: F(2.12) = 4.03, p = 0.046;
F(2.12) = 8.58, p = 0.005; F(2.12) = 9.05, p = 0.004,

respectively). Females immunized with the MTB-mEp5-1 dose
of 15 ug showed a significant increase in blood levels of ALT
and AST, along with the decrease in total protein levels. Females
immunized with the MTB-mEp5-1 dose of 5 pg showed the
increase in AST levels only. At the same time, no such blood
biochemistry indicator changes were found in males.

On day 29 of the experiment, in female rats of the
experimental groups, alterations of most biochemical
parameters were leveled, except for ALT [ANOVA: F(2.12) = 14.12,
p = 0.001], the levels of which were still high in the MTB-mEp5-1
15 pg group. On the contrary, in males, vaccination led
to alteration of most blood biochemistry parameters on
day 29 of the experiment: ALT (F(2.12) = 7.65, p = 0.007],
AST (F(2.12) = 8.13, p = 0.006), urea (F(2.12) =6.5, p = 0.012],
and total protein levels (F(2.12) = 5.2, p = 0.024]. Our findings
showed that the urea, ALT and AST levels were elevated
in both experimental groups, regardless of the mRNA vaccine
dose. At the same time, the administered mRNA vaccine dose
had a great effect on the increase/decrease in total protein
levels reported for the experimental groups.

Thus, immunization with the MTB-mEp5-1 mRNA vaccine
led to apparent blood biochemistry alterations depending on
the animals’ sex and the vaccine dose at different time points
in female and male rats. At the same time, vaccination with
MTB-mEp5-1 had a moderate effect on hematological
parameters of blood (Table 2).
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Table 2. Biochemical parameters of blood

Assessed indicators
Group Sex ALT, AST, Urea mMIL N :S'ki';’:zse Total bilirubin, Total Glucose,
UL UL ' P B Hia pM/L proteing/L mM/L
Day 16 of the study
a 78; 72; 4,6; 353; 18,9; 59; 4,9;
Phosphate buffered ’ 66-80 69-94 4,3-5,1 339-362 16,6-21,1 58-62 4,8-5,0
saline (PBS) . 73; 66; 5,0; 382; 17,1; 61; 4,7;
¥ 71-90 64-73 4,8-5,3 350-402 15,5-20,3 59-66 4,7-5,0
2 78; 82; 4,8; 381; 18,0; 54; 5,0;
MTB-mEp5-1 © 75-101 70-92 4,1-5,2 377-420 16,6-19,4 51-59 4,9-5,2
5 g 5 82; 92, 4,4; 390; 18,0; 57; 4,3;
- 70-96 65-95 4,4-4,7 382-408 15,2-18,4 55-59 4,1-4,5
. 99; 98; 4,9; 364; 18,8; 53; 4,6;
MTB-mEp5-1 c 81-114 87-110 4,9-4,9 361-400 17,2-20,0 51-54 4,2-4,8
15 1g R 104%; 106%; 5,1; 401; 18,0; 50%; 4,3;
N 93-110 101-111 4,0-5,2 385-414 16,2-18,9 49-52 4,3-4,5
Day 29 of the study
P 73; 78; 4,2; 370; 19,5; 57; 5,0;
Phosphate buffered ° 69-77 71-80 4,2-4,5 364-402 17,5-19,5 55-60 4,8-5,1
saline (PBS) 0 77; 83; 4.8; 361; 18,3; 56; 5,0;
75-78 75-83 4,5-4,9 351-380 18,2-19,1 54-57 5,0-5,3
P 85%; 96%; 5,2%; 401; 20,4; 55; 5,1;
MTB-mEp5-1 ° 80-88 90-97 5,0-5,4 400-414 19,2-20,5 53-55 4,9-5,5
5ug 5 82; 90; 5,2; 388; 20,1; 52; 4,3;
M 82-90 83-101 4,4-53 383-397 19,0-21,0 50-53 4,2-4,7
. 99%; 101%; 5,3% 387; 20,0; 52%; 5,0;
MTB-mEp5-1 ° 92-101 93-107 5,1-5,6 385-410 18,3-20,6 50-52 4,1-5,0
15 ug 0 105%; 102; 5,2; 415; 20,9; 50; 4,9;
96-110 97-114 4,8-5,5 402-416 19,7-21,1 50-52 4,8-5,2

Note: the data are presented as median and interquartile range (Q,.—Q,,). * — the difference from control values is significant at the selected significance level (o < 0.05)

DISCUSSION

Vaccination often leads to side effects of inflammatory genesis
that can include pain, redness or swelling at the injection site,
as well as to systemic symptoms, such as body temperature
increase and altered cellular composition of blood [15]. mMRNA
vaccines have immunostimulatory properties due to both RNA
molecule itself and the lipid nanoparticle components [16].
When entering the cell, RNA can be recognized by intracellular
receptors, including toll-like receptors 3 and 7, which results in
activation of the innate immunity signaling pathways [16, 17].
We have shown that male rats demonstrate lymphocytopenia
and neutrophilia that level out two weeks after the mRNA
vaccine administration 24 h after the second injection of the
larger vaccine dose. These data are consistent with the data of
pre-clinical trials of other mMRNA vaccine formulations, such as
RNA-1273, BNT162b2 [8 ,9], in which elevated blood cytokine
levels, elevated white blood cell, neutrophil, and eosinophil
counts, decreased lymphocyte counts were observed in
the first 24 h after injection. It is well known that moderate
inflammatory response is essential for adaptive immunity
formation. The recent study [18] has also shown that the more
prominent inflammatory responses to vaccine administration
correlate with the development of stronger adaptive immune
response. In our study, administration of the elevated vaccine
dose (15 pg) resulted in the more prominent adaptive immune
response, along with the altered cellular composition of blood.
In contrast to the short-term changes in hematological
parameters, biochemistry alterations associated with
inflammation were more stable. According to our data, females
had elevated ALT levels even two weeks after administration of
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the second vaccine dose, while males had elevated ALT, AST,
urea levels and decreased total protein levels. Alterations of
these biochemical parameters can be associated with the liver
and kidney function impairment. We conducted histological
assessment of the animal’s organs (data not shown) and found
microscopic signs of inflammation in the liver (dose-dependent
progression of the productive vasculitis signs: vessel wall
thickening, lymphocyte infiltration, focal accumulation of
lymphocytes and macrophages). At the same time, no
microscopic signs of inflammation were found in the kidneys.

Blood biochemistry alterations and microscopic alterations
in the liver were also reported in the pre-clinical trials of mMRNA
vaccines conducted by BioNTech and Moderna [8, 9]. In these
trials some animals also showed elevated levels of AST, urea,
alkaline phosphatase, triglycerides, cholesterol, bilirubin, along
with the decreased total protein levels. These changes were
accompanied by structural alterations of the liver represented
by the increase in organ weight, hepatocyte vacuolation,
Kupffer cell hypertrophy, single cell necrosis or hepatocyte
degeneration. However, the authors do not specify, when
biochemical and histological indicators return to normal after
vaccination, in their pre-clinical report.

In the pre-clinical trial of the BNT162b2 mRNA vaccine, the
authors assume that hepatocyte vacuolation can be associated
with specific accumulation of the ALC-0315 ionizable lipids [9].
Other lipid components, such as SM102, ALC-0159 or
PEG2000-DMG, can also be toxic at high doses, however, the
much lower doses used in the vaccine are supposed to have
no toxic effects [8, 9, 19].

In our studies, we also used lipids ALC-0315, SM-102,
which can activate the innate immunity response, as earlier
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reported [16]. The use of unmodified uridine in the RNA
sequence represents a significant MTB-mEp5-1 vaccine
difference from the RNA-1273 and BNT162b2 vaccines. The
unmodified uridine is a potent innate immunity stimulator, in
contrast to N1-methylpseudouridine used in the RNA-1273
and BNT162b2 vaccines [16, 17].

[t is most likely that excessive innate immunity activation
due to both unmodified RNA and lipid components can result
in the more severe and prolonged inflammation. It should be
noted that excessive immune activation capable of causing
liver tissue damage can be accompanied by changes in
biochemical parameters of blood. However, when using
various vaccines, including RNA-1273 and BNT162b2, such
extremely rare cases (one per 14 million cases) are associated
with autoimmune processes [20].

The differences in the strength of the MTB-mEp5-1
vaccination effect on biochemical parameters of blood in
females and males are worth special attention. Our findings
show that the differences in biochemical parameters of blood
24 h after the booster mRNA vaccine dose were detected
in females only. At the same time, the more pronounced
alterations were detected in males two weeks after the second
vaccine dose. Such differences can result from the differences
in physiological vaccine concentrations related to the animals’
weight (the weight of males was 15-20% higher) and other
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GENETIC PORTRAITS OF KHANTY AND MANSI BASED ON THE Y CHROMOSOME HAPLOGROUPS
IN THE CONTEXT OF GENE POOLS OF RUSSIA
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Khanty and Mansi are small indigenous peoples of Western Siberia with the unique cultural, anthropological, and linguistic characteristics. The study of their gene
pool will make it possible to reconstruct the genetic structure of the Ugric-speaking population, of which in modern times only Khanty and Mansi remain, along with
Hungarians, in whose gene pool there are traces of medieval migration of the Ugric-speaking Magyars. The detailed characterization of the gene pool of Khanty
and Mansi is important for reconstruction of Ugric populations and genetic history of the region. The study was aimed to assess representative samples of Khants
(n = 83) and Mansi (n = 74) based on the standard panel of 60 SNP markers and the extended panel of 74 Y-chromosomal SNP markers by statistical and cartographic
methods in the context of indigenous population of Urals and Western Siberia. The differences between the gene pools of Khanty and Mansi have been revealed
based on both standard panel of Y chromosome haplogroups and branches of haplogroups N2 and N3a4. Most of the Khanty gene pool is evenly distributed between
N2-Y3195 (26%), N2-VL67 (23%), and N3a4-21936 (23%). The “Western” branch N2-Y3195 predominates in the Mansi gene pool (69%). Mansi gravitate towards
populations of the Urals-Volga region in the multidimensional genetic space. Based on the standard panel of Y haplogroups, Khanty are close to the populations of
Western and South Siberia. However, the analysis of branches N3a4 has shown that Khanty are intermediate between the “Uralic” and “Siberian” clusters: when
the ancestors of Khanty moved from the Ural region to the northeast, these acquired both genetic components. The gene geographic maps of 10 haplogroup N3a4
branches in the populations of Urals and Western Siberia reflect the dynamic changes of the gene pool that took place 4-2 kya.
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FEHETUHECKUE NMOPTPETbI XAHTOB N MAHCW MO FAM0rPYrrAM Y-XPOMOCOMBbI
B KOHTEKCTE TEHO®OHOOB POCCUA

I KO. MoHomapés =2, A, T. ArmxkosiH, A. tO. MoTanuvHa, . C. Anamos, E. B. BanaHoBckast
MeauKo-reHeTHeCKNA Hay4HbIN LIeHTPp MMeHn akagemuka H. . Boykosa, Mocksa, Poccus

XaHTbl 11 MaHCV — KOPEHHbIE MasioHMCneHHble Hapoabl 3anaaHom CUovpK C YHUKaIbHbIMIA KyNBTYPHBIMM, @HTPOMONOMUHECKVIMUA W JIMHIMBUCTUYECK M OCODEHHOCTSAMMN.
V13y4eHne 1x reHothoHAa NO3BONSET PEKOHCTPYMPOBATD MFEHETUHECKYIO CTPYKTYPY HaceneHnsi, roBOPVBLLIErO Ha YrOPCKUX A3bIKax, OT KOTOPOro B COBPEMEHHOCTU
COXPaHWINCh TOMBKO XaHTbl, MaHCK, a TakXKe BEHIPbl, B YbeM reHOMOHAE NPUCYTCTBYIOT CNeAbl CPEOHEBEKOBOM MUrpaLn yrposaabliHbIX Maapsap. [deTtansHas
XapaKTepuCTKa reHohoHAa XaHTOB U MaHCK BabkHa A5 PEKOHCTPYKLMM YrOPCKMX MOMYNSLUMA U FeHETUHECKON ncTopun pervoHa. Llensto nccnenosaHns 6uin0
N3y4nTb penpe3eHTaTVBHble BbIOOPKM XaHTOB (N = 83) 1 MaHcK (N = 74) Ha ocHoBe 6a3oBoli NaHenn 13 60 SNP-MapkepoB 1 yriyoneHHon nanenn 74 SNP-
MapKkepoB Y-XPOMOCOMbI CTATUCTUHECKUMM 1 KapTorpauHecKMM MeETOAaMN B KOHTEKCTE KOPEHHOro HapodoHaceneHus Ypana n 3anagHon Crovpw. BeiseneHb!
pasnMumsa reHohOHAOB XaHTOB 1 MaHCK 1 No 6a30BOM NaHenu rannorpynn Y-XpoMocoMmsl, 1 no BeTsam rarnorpynn N2 1 N3a4. OcHoBHas YacTb reHohoHaa
XaHTOB paBHOMEepPHO pacrpefenera Mexxay N2-Y3195 (26%), N2-VL67 (23%) n N3a4-Z1936 (23%). B reHodoHze MaHCK pe3ko npeobnafaeT «3anafHas» BETBb
N2-Y3195 (69%). B MHOrOMEPHOM reHETUHECKOM MPOCTPAHCTBE MaHCK TArOTEIOT K MonynsumsM Ypano-oBomkbs. XaHTbl No 6a308o naHenv Y-rannorpynn
conmkatoTea ¢ nonynaumsMn 3anagHoi 1 KOxHon Cubupn. AHanmna BeTBert N3ad nokasasl, YTo XaHTbl 3aHMMAatOT MPOMEXYTOYHOE MOMOXKEHVE MEXAY
«ypaNbCKUM» 1 «CUOUPCKMM» KacTepamu: Mpu ABVKEHUN MPEAKOB XaHTOB 13 Mpuyparbs Ha CeBEpO-BOCTOK OHW BKIKOUMIN 06a MrEHETUHECKUX KOMMOHEHTA.
[eHoreorpacudeckre kapTbl 10 BeTBen rannorpynnsl N3a4 B nonynsumsix Ypana n 3anagHoin Cubupn oTpakaroT AvHaMUKy reHodoHaa B nepuvog oT 4 Ao
2 TbIC. NeT Ha3ap,

KniouyeBble cnoBa: xaHTbl, MaHcK, reHooHA, Y-xpomocoma, SNP, rannorpynna, N3a4-21936, N2-Y3195, N2-VL67

®duHaHCUpPOBaHMe: rocynapcTeeHHoe 3adaHne MUHMCTepPCTBa HaykM 1 BbiCLLEro obpadoBaHus PO ans Meamko-reHeTM4eckoro Hay4Horo LeHTpa UMeHn
akagemuka H. M. boykosa

BnarogapHocTu: aBTopbl 6narofapaT BCex y4aCTHUKOB 9KCNeauUMOHHOrO obcnenoBanus (qoHopoB obpasuos) 1 AHO «brnobank CesepHoin EBpasum»
(3a npepocTasnenne konnexkumn JHK).

Bknap, aBTopoB: E. B. banaHosckas — pykoBoacTBo; A. T. ArIKOSiH — Yy4YaCTHUK SKCMeamMuUMOHHOro obcneposaHns obckux yrpos; I HO. MNMoHomapés —
reHoTvnnposaHre Y-SNP mapkepos; I tO. INoHomapés, A. tO. MoTtanmHa, [. C. AjaMoB — CTaTUCTUHECKUI 1 KapTorpathuHeCcKnii aHanma, opopMeHme cTateu;
E. B. BanaHoBckas, I FO. [oHOMapéB — amsariH nccnegoBaHns U HanmcaHue CTaTbu.

CobniopeHne aTnYecKnx CTaH[apToB: MCCNeAoBaHNe 040OPEHO STUYECKMM KOMUTETOM MeanKo-reHeTU4eCKOro Hay4Horo LieHTpa nMenn H. . Bodkosa
(npotokon Ne 1 0T 29 noHsa 2020 ).
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Most representatives of the Ob Ugrians, Khanty and Mansi, live
in the Khanty-Mansi Autonomous Okrug — Yugra of the Tyumen
Region (hereinafter, KhMAQO). According to the 2010 census,
the population of Mansi is 11,614 people, and the population
of Khanty is 29,277 people. They speak languages of the Ugric
branch of the Uralic language family. Among contemporary
peoples, only Hungarians, who have inherited a negligible genetic
trace from medieval Magyars, speak these languages [1]. The
Ob Ugrians have a unique combination of anthropological traits
distinguished as a distinct “Uralic race” [2], and their culture
comprises two components: the ancient northern, hunter, taiga
component (inherited from the indigenous population) and the
southern pastoralist one (associated with migration of the Indo-
Iranian-speaking population) [3]. The population structure of the
Ob Ugrians took shape in the 1t millennium A. D. on both sides of
the Ural Mountains: between the Kama region and the Ob River
basin. Their range has been declining gradually and shifting to the
northeast since 14"—15" century under the pressure of the Komi
people, who migrated due to expansion of the Russian population.

Four ethnographic groups characterized by high endogamy
levels were distinguished in Mansi: in the 18"-19" centuries,
the average share of endogamous marriages in these groups
exceeded 80%. Later, part of Southern Mansi was assimilated
by Tatars and Russians, and the Western Mansi were absorbed
into the northern and eastern groups of Mansi. The largest
northern group of Mansi included the populations of Western
and Southern Mansi, as well as Khanty; marriages with the
Nenets people added some Mongoloid traits to their genetic
portrait. The Eastern Mansi maintain the anthropological type
close to that of the Finnish-speaking peoples of the Urals-Volga
region [2].

In Khanty, the dialects of three ethnographic groups differed
so much that these were considered as independent languages,
and the average endogamy level reached 90% in the 18"—19%
century [2]. The culture of Northern Khanty is most similar to
that of Northern Mansi and the Nenets people, while the culture
of Eastern Khanty is most close to that of the Selcup people. To
date, the southern group has been lost, however, it is assumed
that the “Ugric” substrate of the culture [4, 5] and gene pool [6]
of the Zabolotny Siberian Tatars is inherited from the southern
groups of Mansi and Khanty.

Both genetic components, the Western Eurasian and
Eastern Eurasian, are found in the Y gene pool of the Ob Ugrians
[1, 7-14]; the eastern component prevails (77% in Khanty, 89%
in Mansi), the origin of which is considered to be associated
with the Upper Paleolithic migration from South Siberia and
Central Asia [10]. An opposite trend is reported based on the
mtDNA data: the maximum share of the Eastern Eurasian
component (59% in Khanty, 69% in Mansi) [10]. A genetic
relationship between Khanty and the Komi-Zyrians, Samoyedic
peoples (Enets, Tundra and Forest Nenets, Nganasans) against
the background of genetic differences between the Ob Ugrians
and the majority of peoples of Siberia (Altaians, Buryats, Kets,
Selkup people, Evenki, Dolgans, Yakuts) and Central Asia was
demonstrated [15].

In the study of the haplogroup N phylogeography and the
model of expansion of the haplogroup N carriers, the data on
the Ob Ugrians provided are based on the sum of haplogroups
N2 and N3 [9] (according to the haplogroup N nomenclature
introduced in the studies [12]). Later it was shown that the
haplogroup N2 frequency decreased from north to south in the
Western Siberia, while the haplogroup N3 frequency increased
[12]. The analysis of the N3a4 sub-variants in the gene pool
of Hungarians [1, 12] showed that the ancestors of the Ob
Ugrians and Magyars split up about 2.7-2.9 kya.
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In Khanty, significant genetic differences between the
ethnographic groups are likely to persist: if in the northern
group the frequencies of N2 and N3 are equal (38% each) [7],
then in the southern group the frequency of N3 is almost twice
higher (64 %) [10], although the differences can be due to small
samples: n = 47 in the northern and n = 28 in the southern group.

The recent study of the Khanty and Mansi gene pool using
the standard panel of 60 Y-chromosomal markers suggests that
there are three components in the gene pool of the Ob Ugrians:
Siberian, Uralic, and Northern European [16]. The Siberian
component predominates (80%), in which haplogroup N2 is
dominant, and the second place is shared by N3a4 (Northern
European component) and N3al (Uralic). The identified
differences between the gene pools of Mansi and Khanty [16]
can reflect various aspects of the genetic history of Ugrians and
require @ more thorough analysis.

In this study we considerably expanded the range of
the studied populations and improved the genotyping level,
and maximum attention was given to the gene geography of
different haplogroup N2 and N3a4 variants. N2 dominating in
the Ob Ugrians is spread from the Volga region to Far East, and
assessment of the genetic landscape of various haplogroup
branches can provide new information about the genetic history
of Ugrians. Haplogroup N3a4 that is more frequent in the Ob
Ugrians, than in the majority of other populations of Urals and
Siberia, is no less important. Despite the fact that the today’s
N3a4 area is centered round the north of the East European
Plain, it is considered to originate from Western Siberia [1, 11, 12].
Therefore, construction of the detailed genetic portraits of the
Ob Ugrians in the context of the broad range of surrounding
populations is essential for understanding the genetic history of
a large number of indigenous peoples of Russia.

METHODS

The population-based samples of Khanty (n = 83) and Mansi
(n = 74) were assessed within the framework of the expedition
survey (RFBR project No. 16-06-00303a) with the help of
the Biobank of North Eurasia; the samples covered a broad
spectrum of local populations (Fig. 1). Despite the existing
genetic differences between local groups of Khanty (Fig. 1),
we combined these groups into a single sample based on
the shared ethnicity and cultural identity for the purposes of
this study. Such a combination made it possible to perform
statistical analysis showing the genetic characteristics of Khanty
as a single ethnic population. Only unrelated (at least to the third
generation) males, whose fathers and grandfathers were born
in the studied populations of this ethnic group, were included in
the study. The data on the comparison groups were provided
by the Biobank of North Eurasia.

The Qiagen QIASymphony SP automated nucleic acid
isolation and purification system was used to extract DNA
from the venous blood samples; genotyping was performed
by the OpenArray method using the QuantStudio 12 Flex PCR
system (Thermo Fisher Scientific; USA). The basic analysis
involved 60 Y-chromosomal SNP markers most typical for the
population of North Eurasia: D-M174, E-M35, E-M78, C-M217,
C-F3791, C-F5481, C-F3918, C-M48, C-SK1066, C-M407,
G-M201, G1-M285, G2-P15, G2-FGC595, G2-M406, G2-
P303, H-M69, I-M170, I-M253, |-P37.2, I-M223, J1-M267,
J1-P58, J2-M172, J2-M12, J2-M67, J2-M9, L-M20, L-M317,
T-M70, N-M231, N-M128, N2-Y3205, N-M178, N3a1-B211,
N3a2-M2118, N3a3-CTS10760, N3a4-21936, N3aba-F4205,
N-B202, N-B479, O-P186, O-M119, O-P31, O-M122, O-P201,
O-M134, Q-M242, R1a-M198, Rl1a-PF6202, Ri1a-Y2395,
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Fig. 1. Gene pool composition and the sites, where the samples of Mansi and various groups of Khanty were originate. Northern Mansi were surveyed in the
Beryozovsky district of KhMAO and around, along the Sosva and Lyapin rivers (ancestors in the direct male line were born in villages of Beryozovo, Sosva, Vanzetur,
Karym, Kimkyasui, Lombovozh, Verkhniye, Novinskaya, Nyaksimvol, Saranpaul, Khulimsunt, Patrasui, Rakhtynia, Sartynia, Khanglytur, Shhekurya, Yasunt, Unyugan,
as well as the sites of Mansi settlements). Khanty were surveyed in the Beloyarsky (n = 32), Beryozovsky (n = 27), Surgutsky (n = 5), and Nizhnevartovsky (n = 19)

districts of KhMAO

R1a-CTS1211, R1a-Z292, R1a-Z93, R1b-M343, R1b-Y13887,
R1b-M269, R1b-L51, R1b-Z22105, R2-M124.

The samples were further genotyped by another 14 branches
specifically for this study: haplogroups N2 (Y3195, VL67) and
N3a4 (CTS1223, Y13850, Y24370, Y24360, L1034, L1442,
Y28540, Y28544, 71924, YP5259, 735275, Z1928).

The genetic relationships and age to the origin of the
haplogroups were obtained from the YFull Y-chromosome
tree [17], unless otherwise specified. The evolutionary age of
branches was based on the analysis of TMRCA (time to the most
recent common ancestor) with the 95% confidence intervals
(Cl). Statistical analysis was performed using the Statistica
7.0 software (StatSoft; USA); the Nei's genetic distances were
calculated in DJgenetic [18]. The gene geographic maps
were created using the original GeneGeo software tool [19]
by the Shepard's inverse distance weighting method with the
weight function K = 2 and the radius of influence of 1100 km.
Haplogroup N2 was mapped using the color chart with the
frequency maximum of 60%, while N3a4 was mapped using
the chart with the frequency maximum of 30%. Sampling for
comparative analysis was performed based on the objectives
of studying the genetic structure of Khanty and Mansi in
Western Siberia and the Ural region on a large scale. In this
regard, determination of grading for each population was driven
by the combination of such factors, as the large population area
and population heterogeneity, since it was necessary to ensure
the widest possible geographical coverage to construct the
detailed and reliable haplogroup distribution maps. The data of

the Biobank of North Eurasia were complemented by the data
of the earlier reported studies [1, 11-14, 20-23].

RESULTS

Genetic portraits of the Ob Ugrians
in the context of surrounding peoples

Atotal of 13 Y chromosome haplogroup variants have been
identified in the Ob Ugrian gene pools (Table 1, Fig. 1, 2)
showing that the gene pools of Khanty and Mansi are
dramatically different, despite their geographical and linguistic
proximity. Despite the fact that haplogroup N2 predominates
in both ethnic groups, its frequency is significantly higher
in Mansi (70%), than in Khanty (49%); N3a4 is twice more
common in Khanty (23%) compared to Mansi (11%). There are
different proportions of rare haplogroups in Mansi and Khanty.
Particularly noteworthy are the increased Q frequency in Khanty
(14%) and the increased R1b frequency in Mansi (11%).

Haplogroups N2 and N3 that predominate in the genetic
portraits of the Ob Ugrians are common in the indigenous
populations of the Ural region and Western Siberia (Fig. 2):
these predominate in many populations of the region suggesting
similar historical processes and migration routes.

The pattern showing the haplogroup N2 predominance and
a significant share of N3a4, that is typical for the Ob Ugrians
and many indigenous peoples of the region suggests the
importance of the Eastern Eurasian genetic component present

Table 1. Frequencies (%) of Y chromosome haplogroups in the gene pools of Khanty and Mansi

N2 R1b
Pasmep C-M217 12a1- N3ai- N3a3- N3a4- . R1a-M198
CORE BbIGOPKYM | (xM48, M407) E-M96 | 1-M253 | pa7 5 B211 VL29 Z1936 | Q-M242 (xM458, Z93)
Y3195 | VI67 GG400 | M269(xGG400)
Mansi 74 1.35 0 1.35 1.35 68.92 1.35 1.35 0 10.81 1.35 1.35 8.11 2.7
Khanty 83 0 2.38 1.19 1.19 26.19 | 22.62 5.95 2.38 22.62 14.29 0 1.19 0

Note: the gradient from minimum to maximum frequencies is highlighted in shades of red and pink: the more intense the cell color, the higher the frequency
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in their gene pools and possibly reflects ancient migration
waves from Siberia and Central Asia.

The Mansi gene pool originality manifests itself in high
frequency of haplogroup R1b (11%), specifically of its GG400
branch (8%). The Zabolotny Siberian Tatars, who are different
from Mansi only by the fact of having the East Asian haplogroup
O, are most close to the genetic portrait of Mansi. Among the
populations of the Ural region, Komi Permyaks are most close
to Mansi, however, in Komi Permyaks, the greater Western
Eurasian influence is reflected in the increased frequency of
R1a, N3at, and I1.

Along with the large share of haplogroups N2 and N3a4, high
frequency of the haplogroup Q reflecting great Eastern Eurasian

influence is the feature of the Khanty gene pool. Haplogroup Q
found in the Altaians, Khakas, Tuvans, most groups of Siberian
Tatars can reflect the genetic relationships between the Ob
Ugrians and the population, which has migrated from the
Central and East Asia.

Gene geography of haplogroups N2 and N3a4

Cartographic analysis was performed for the branches of
haplogroups N2 and N3a4 most typical for the Ob Ugrians (Fig. 3, 4).
The analysis makes it possible to reveal spatial patterns
even when the data on the Y chromosome frequencies in
the surrounding populations are incomplete, which makes it
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Fig. 3. Gene geography of the Y chromosome haplogroup N2 major branches: westemn branch Y3195 of the haplogroup N2 (A) and eastern branch VL67 of the haplogroup N2 (B)

BECTHUK PIMY | 5, 2024 | VESTNIKRGMU.RU




ORIGINAL RESEARCH | POPULATION GENETICS

[
vPS259 z1928

3400

z35275

Total
Population | frequency |CST1223*| Y13850* | L1034* Y28540* | Y28544 Z21924* | YP5259* | Z35275 21928
N3a4
Mansi 10.81 1.35 0 1.35 1.35 5.41 0 0 1.35 0
Khanty 22.62 0 0 0 15.48 714 0 0 0 0

Fig. 4. Phylogenetic structure of the Ural-Siberian cluster N3a4 and frequency of distinct lineages in the populations of Khanty and Mansi. The numbers provided under
the names of the branches represent their age in thousands of years ago (kya); the 95% confidence intervals are provided in the text

possible to include the published data about haplogroups
N2 and N3a4 in the analysis. Despite different provenance,
these haplogroups are contemporaries: the haplogroups
emerged about 4.5 kya (5.1-3.8 kya) and began growing
phylogenetically.

Haplogroup N2 is divided into the western branch Y3195
(Fig. 3A) and the eastern branch VL67 (Fig. 3B). The eastern
branch reaches high frequencies in the Eastern Khanty (60%)
and the Gydan Nenets (72%) of the Tazovsky District (Yamalo-
Nenets Autonomous Okrug), who maintain their traditional
social framework [14]. Our findings suggest a different
frequency range: the maximum frequency of VLE7 (42%) is
typical for Tofalars, the second place is shared by Khanty and
Khakas (22%). However, when the Eastern Khanty (Surgutsky
and Nizhnevartovsky districts) are specially highlighted, the
VL67 frequency increases to 43%, reaching 61% in our small
sample of the Forest Nenets.

In Mansi, on the contrary, the eastern branch N2 is
the least frequent (1%), and the diversity of N2 is represented
by the western branch Y3195 (69%). It reaches its maximum
frequency in the Zabolotny Siberian Tatars (81%), while medium
frequencies are found in Mari (32%), Khanty (26%), Udmurts
(17%), and Komi Permyaks (14%).

The distribution of both branches shows a clear geographical
correlation and a common area of overlap at the Ob and Irtysh
river basins.

Haplogroup N3a4 is represented by two major branches,
Y13850 and Z1924, in the area of Western Siberia and the Ural
region most important for genetic history of Ugrians: in the tree
of the haplogroup N3a4 (Fig. 4), the Y13850 branch is marked
with the blue background, and the Z1924 branch is marked with

the green background. Branch Y13850 emerged about 4.1 kya
(4.8-8.4 kya) [1, 14, 23] and gave rise to the Ural-Siberian cluster
of the Y-chromosomal lineages. The second branch, Z1924,
emerged around that time (4.8-3.4 kya) and spread across the
western regions of North Eurasia, showing low frequency in the
Ural region, where the areas of both branches (Y13850 and
Z1924) overlap. In the studied Ob Ugrian populations almost
all samples belong to the large Ural-Siberian cluster Y13850.
Exception is only one Mansi sample with the marker 235275
belonging to the western cluster 21924 (Fig. 4).

The main branch Y13850 (Fig. 5A) is important as a
bridge between the Ugric-speaking peoples: the Ob Ugrians
and medieval Magyars (who were among the ancestors of
Hungarians) [11, 13]. In the gene pool of the Ob Ugrians, the
frequency of the Y13850 lineage reaches 23% in Khanty and
8% in Mansi. It is divided into two sub-branches: Y24370 (not
found in the Ob Ugrians) and L1034, to which almost all the
studied samples of Khanty and Mansi with the haplogroup
N3a4 belong (Fig. 5B). The sub-branch L1034 also gives rise to
two descended lineages: L1442 (not found in the Ob Ugrians)
and Y28540 that emerged 3.6 kya (4.5-2.7 kya) and included
all carriers of N3a4 among Khanty (23%) and the majority of
Mansi (7%). The branch Y28540, in turn, is divided into two
variants (Fig. 4): the descended variant Y28544 (Fig. 5D)
emerged 2.9 kya (8.9-2.1 kya), it is almost equally common in
Khanty and Mansi; the root variant Y28540(xY28544) (Fig. 5C)
predominates in Khanty (15%) and is rare in Mansi (1%).

Several descended lineages, which can be identified by whole
genome sequencing, are likely to hide under high frequency
of the root variant in Khanty. Maybe Khanty and Mansi have
inherited both branches (Y28544 and basal Y28540(xY28544))
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from their common ancestors, but Khanty maintained high
frequency of the root variant due to larger population size and
larger area of various endogamous ethnographic groups.

Mapping of the branch L1034 demonstrates that it's
common in the Western Siberia and the Urals-Volga region, as
well as that there are two frequency surges. The first L1034
maximum is observed in the Khanty included in this study
(~23% of frequency), while the second was reported in the
Southern Mansi (~27% of frequency), first described in the
paper [13] and mentioned in other papers [1, 24]. Such high
values of Southern Mansi are dramatically different from both
our sample of Northern Mansi (8%) presented in this study and
the sample [11] (15%). The differences in the branch L1034
frequency between the geographically distant subpopulations
within Khanty and Mansi can be explained by the impact of
genetic drift and small sample size, which have eventually
shifted the haplogroup frequency ratios.

Position of the Ob Ugrians in the genetic
space of indigenous peoples of Russia

The analysis of the position of Ob Ugrians in the genetic space
by multidimensional scaling was performed twice: 1) based on
the standard panel of 38 Y-SNP markers allowing us to include
the literature data on the Nenets and Eastern Khanty [14, 23] (Table 2,
Fig. 6A); 2) analysis of the populations of our team based on
the extended panel of 48 Y-SNP markers (Table 2, Fig. 6B). The
latter included 10 additional haplogroup N3a4 sub-branches,
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playing a key role in segregation of the genetic landscapes of
Siberia and Europe. The analysis conducted in such a detailed
manner for the first time makes it possible to trace the dynamic
changes of the gene pool over time. The analysis based on the
standard panel of 38 Y-SNP markers considers the pattern of
genetic relationships that started to develop more than 4 kya
(before the haplogroup N3a4 division into sub-branches). The
analysis based on the panel of 48 Y-SNP markers extended
through the haplogroup N3a4 subtyping reflects the features of
the population of the studied territory in more recent times.

Analysis based on the standard panel of 38 Y-SNP markers.
The multidimensional scaling plot based on the standard panel
revealed two clusters of populations (Fig. 6A). The Uralic cluster
included Finno-Ugric and Turkic populations of the Ural region;
Mansi and Zabolotny Siberian Tatars are close to this cluster.
The Siberian cluster included all populations of Khanty and
Nenets, along with the Turkic-speaking peoples of Siberia.
The populations of South Siberia (Todzhints, Tofalars, Tuvans,
Khakas) are genetically close to Khanty, but dramatically different
from Mansi (Fig. 6A, Table 2). The “geographical principle” is
violated by the populations of the Yalutorovsky Siberian Tatars
gravitating towards the Uralic cluster and the populations of
Bashkirs that are most close to the Siberian cluster.

Analysis based on the extended panel of 48 Y-SNP markers.
Position of the Ob Ugrians in the genetic space is clarified when
comparing the multidimensional scaling plots (Fig. 6A and Fig. 6B)
due to division of the taxonomically important haplogroup N3a4
into sub-branches. Itis clear that the Siberian and Uralic clusters
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Table 2. Pattern of genetic distances between the Ob Ugrians and surrounding peoples of Russia

Genotyping panel Standard panel Expanded panel
Sample size 38 SNP 48 SNP
Ethnic and sub-ethnic groups (people) . Ob . Ob
Mansi Khanty Ugrians Mansi Khanty Ugrians

Mansi 74 0.00 0.41 0.05 0.00 0.41 0.05
Zabolotny Siberian Tatars 83 0.01 0.45 0.07 0.01 0.43 0.06
Ob Ugrians 157 0.05 0.14 0.00 0.05 0.15 0.00
Mari 316 0.26 0.61 0.29 0.25 0.54 0.27
Khanty 84 0.41 0.00 0.14 0.41 0.00 0.15
Komi Permyaks 367 0.79 1.15 0.83 0.79 1.09 0.81
Kazan Tatars 432 1.20 1.24 1.13 1.25 1.35 1.20
Udmurts 260 1.22 1.28 1.14 1.22 117 1.12
Iskero-Tobol Siberian Tatars 64 1.47 0.74 1.04 1.58 0.95 1.21
Chuvash people of Tatarstan 80 1.47 1.57 1.42 1.49 1.50 1.41
Chuvash people of the Chuvash Republic 419 1.52 1.90 1.57 1.52 1.84 1.54
Mishar Tatars 158 1.84 2.03 1.82 1.85 1.97 1.81
Kryashen Tatars 66 1.91 2.06 1.88 1.91 2.00 1.85
Besermyan 49 2.00 1.53 1.70 1.99 1.47 1.68
Ishtyak-Tokuz Siberian Tatars 59 2.18 0.88 1.38 2.32 0.88 1.44
Bashkirs 943 2.57 1.54 1.95 3.31 3.20 3,18
Yalutorovsky Siberian Tatars 77 2.57 2.12 2.28 2.66 2.24 2,40
Barabinsky Siberian Tatars 70 2.90 0.68 1.38 2.90 0.62 1.36
Todzhints 69 3.88 1.16 1.92 3.87 1.10 1.90
Tyumen Siberian Tatars 59 3.90 1.97 2.62 4.21 2.04 2.76
Tofalars 42 3.91 0.89 1.68 3.91 0.83 1.65
Khakas 178 3.92 0.82 1.61 3.93 0.76 1.59
Tuvans 390 3.95 1.31 2.06 3.95 1.25 2.04
Northern Altaians 161 4.02 1.18 1.95 4.03 1.12 1.93
Southern Altaians 175 4-:63 2.67 3.33 4.63 2.61 3.30
Kazym Khanty [14] 54 0.72 0.15 0.37 — = o
Russkinskaya Khanty [14] 64 1.85 0.56 1.06 = e e
Gydan Nenets [23] 322 2.23 0.43 1.06 - — —

become more distinct and drift further apart in the genetic
space. Furthermore, Khanty come out of the Siberian cluster
and get closer to the Uralic cluster. Bashkirs, on the contrary,
move further away from both Uralic cluster and Khanty: after
turning to the extended panel their genetic distances from
Khanty increase 2-fold: from d = 1.5 to d = 3.2 (Table 2) due to
significant contribution of haplogroup N3a4 to their gene pool.
Mansi together with the Zabolotny Siberian Tatars, Khanty and
Finnish-speaking populations of the Ural region (Mari, d = 0.2;
Komi Permyaks, d = 0.8; Udmurts, d = 1.2) form the new Proto-
Uralic cluster (Fig. 6B).

DISCUSSION
Continuing research on the Ugric peoples, we have significantly

refined and expanded the conclusions drawn in the previous
paper [16].

Further analysis of the sub-branches N2 and N3a4 and
the position of the Ob Ugrians in the genetic space based on
the extended panel of the Y-chromosomal markers confirmed
the dominant influence of the Eastern Eurasian component on
their gene pools. However, the N2 branch gene geography has
revealed significant differences: in Khanty, the eastern VI67
and the western Y3195 branches are almost equally frequent
(about a quarter of the gene pool each); in Mansi, the western
branch constitutes two thirds of the entire Mansi Y gene
pool, while the eastern branch is almost absent. Considering
migrations of the Mansi population, this can indicate that the
Proto-Mansi populations lived far to the west of the current
area during the period of the N2 sub-branch development, so
the effect of the Eastern Eurasian component is small. This is
also confirmed by the position of Mansi in the genetic space:
the Finno-Ugric peoples of the Volga region are genetically
most close to Mansi.
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The Khanty genetic history reconstruction seems to be more
challenging. Considering the large expanse of territory and equal
contributions of the Eastern Eurasian and Uralic components,
several hypotheses about the development of their gene pool
can be proposed. Maybe the ancestors of Khanty originate
from the territory of the Ural region; they assimilated local
populations, in the gene pool of which the haplogroup Q was
highly significant, when moving northeast. This hypothesis is
based on the equal contribution of both N2 branches and high
frequency of the eastern N2 branch in the Northern and Eastern
Khanty, as well as on the increased frequency of N3a4. The
multidimensional scaling plot confirms this hypothesis, showing
that Khanty get closer to the peoples of the Finno-Ugric Volga
region due to the haplogroup N3a4 contribution in Khanty.
According to another hypothesis, the Proto-Khanty populations
initially had both N2 branches, the Uralic cluster N3a4, and
the Siberian haplogroup Q. This hypothesis is based on the
fact that various groups have a similar spectrum of dominant
haplogroups, despite broad ethnographic area of Khanty.
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king languages of the Uralic linguistic family are highlighted in pink; those belonging

We can say unequivocally that the genetic relationships
of the Ob Ugrians associated with the haplogroup N3a4
are ancient; these are important for the Ugrian gene pool
reconstruction, along with the haplogroup N2 branches. Thus,
our study is the first to demonstrate that the phylogenetic
structure of haplogroups N3a4 and N2 clearly divides the gene
pools of Siberia and Europe, which is an important step on the
way to understanding the population history of the region.

CONCLUSIONS

We conducted a comprehensive analysis of the Khanty and Mansi
gene pools based on the broad spectrum of the Y chromosome
haplogroups in the context of indigenous populations of the
Western Siberia and Urals. Thorough investigation of the
haplogroup N3a4 eastern cluster phylogenetic structure has
made it possible to clarify the time frame and the directions
of migration in the region. Position of the Ob Ugrians among
indigenous peoples of Siberia and Urals has been determined:
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Mansi are genetically close to the populations of the Urals-Volga
region; Khanty are intermediate between the Uralic and Siberian
clusters, which reflects the complex historical interactions and
mixing of genetic components. Thus, the aim of the study has
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The MGI (MGI Tech Co. Ltd., China) next-generation sequencing platform, including the DNBSEQ-G50, -G400, and -T7 sequencers, is being actively adopted
in research. Despite its widespread adoption, challenges persist in the form of limitations associated with the manufacturer's provided barcode set for library
preparation. These limitations include constraints on the number of samples that can be concurrently sequenced, compatibility issues with barcodes from diverse
or incomplete sets, and restrictions on the sample ratio. Purpose: to develop a universal method that allows sequencing of up to 252 samples simultaneously on a
single sequencer lane, while eliminating barcode-related limitations. We proposed a “quad method” that provides 4 or 4n+2 equilibration of barcodes. This paper
also delves into its comprehensive analysis, verification procedures, seamless integration into the sequencing process and validation of the method on the DNBSEQ
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PA3SPABEOTKA KACTOMHbIX BAPKO4OB [J111 CEKBEHUPOBAHWA HA NMIAT®OOPME MG
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Poccuiickunii HaumoHanbHbI MCCNeaoBaTeNbCKN MEANLIMHCKAI YHUBepcuTeT nvenn H. W. Muporosa, Mockea

Mnatcopma cekBeHnpoBaHUs cnepytollero nokoneHnst MGl (MGl Tech Co. Ltd., Kutai), Bkntodarolas cekseHatopsl DNBSEQ-G50, -G400 v -T7, akTBHO
BHeOPSIETCS B Hay4Hble nccnenoBaHys. OHaKO COXPaHSIOTCS OrpaHnyeHIist, CBA3aHHbIe C MCMOb30BaHMEM CTaHAAPTHLIX 6APKOAOB, B HACTHOCTY, Ha KONMYECTBO
OOHOBPEMEHHO CEKBEHVPYEMbIX 00Pa3LIOB 1 HA COOTHOLLEHME NX KONMMYECTBA, a TakKe NpUCyTCTBYET Npobiema COBMECTUMOCTY BapKoLOB 13 pasHbIX Un
HenonHbIx ceToB. Llenbto paboTbl ObiNo padpaboTaTb YHUBEPCabHbI METOM, NO3BONSAIOLLIMIA CEeKBEHNPOBATL [0 252 06pa3LoB 0AHOBPEMEHHO Ha OfHOM
[OPOXKKE CeKBeHaTopa, C YCTPaHEHWEM OrpaHYeHunin, CBA3aHHbIX ¢ Bapkogamu. Mbl MpeanoxXmnm «MeTof, YeTBEPOK», 06ecnedmBatoLLii ypaBHOBELLMBaHNE
6apkofoB no npuHUMny 4 nnn 4n+2. MNpoBeaeHa NpoBepka MeToda Ha COOTBETCTBME TPeboBaHWAM K 6apkofgam [Ans CEeKBEHVPOBaHWSA, a Takxke Banmaaums
MeTozfa Ha nnatgopme DNBSEQ G-400. MeTop, HeTBepok nokasan 3pheKTUBHOCTb U HAAEXHOCTb, MO3BOMSET CEKBEHMPOBATb [0 252 06pa3LioB OHOBPEMEHHO
6€3 CHIKEHWS Ka4ecTBa AaHHbIX, OH OMTUMU3NPYET NPOLIECC NOArOTOBKM BUBMMOTEK 1 NOBLILLAET MOKOCTL CEKBEHNPOBaHWS Ha nnatdopme MGI.
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MGI Tech is a relatively new player in the NGS market, founded
in 2016 as a subsidiary of BGI Group [1-3]. The company's
first sequencing platform, the MGISEQ-2000, was introduced
in 2017, followed by the MGISEQ-200RS and MGISEQ-T7
platforms. MGI produces a range of sequencers based on
the DNA nanoball technology and cPAS sequencing [4]. It
allows for sequencing in single-end or paired-end mode using
single or dual barcode conditions. The technology involves
barcoding of samples during the ligation of adapters containing
barcode sequences. DNA library barcoding is necessary
for labeling sequences from different biological samples and
read identification during the transformation of temporary

sequencing files into the commonly used fastq format. The
length of MGl barcodes is 10 bp.

The standard kits for library preparation and sequencing
with the mid-throughput sequencer DNBSEQ G-400 are
designed for single-indexed sequencing, whereas the dual
barcoding mode is optional and requires purchasing additional
kits. Currently, MGI provides a kit that includes 96 barcode
adapters for the ligation step in DNA library preparation for
single-end sequencing. In addition, MGI lists 32 barcode
sequences for synthesis.

The G-400 system is sensitive to nucleotide balance at
each cycle of barcode sequencing, as the quality drastically
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drops if the same position in the barcode sequences from the
same lane is occupied by the same nucleotide. This explains
why the barcode set from the same lane should meet the
criteria for combining their sequences and enable generating
compatible sets. The set of 96 adapters provided by MGl allows
for forming 11 balanced sets (2 of 4, 8 of 8, and 1 of 24). In
practice, however, it is often necessary to combine the samples
containing barcodes from different sets, change the number
of the samples loaded on a lane, and vary their ratio. In the
laboratory routine, it is not uncommon to encounter scenarios
where one or several DNA libraries fail to meet the quality
control standards in the final stage. To address this issue, a
flexible approach to combining samples simplifies the task of
pooling libraries for loading to the lane. Additionally, the task of
combining samples with different required amounts of output
data, such as exomes with different coverage of x200, x100,
must also be considered. Therefore, the manufacturer imposes
limitations on the users of this platform, providing a small
number of barcodes and sets, which thus prevents uncovering
its true potential for sequencing. This may prove critical when
selecting a sequencing platform. Custom solutions for various
applications have been developed for the lllumina platform
[6-7], whereas for the MGI platform, such solutions have not
yet been provided.

We previously developed software that allows choosing
the optimal combination of provided barcodes at various ratios
and sample numbers for MGI adapter sets [8]. The updated
software, including custom barcodes, is available in the GitHub
repository (https://github.com/genomecenter/BC-store/tree/
custom-adapter-sets). Other software for selecting a balanced
ratio of barcodes, depending on the sequencing tasks, has
been developed earlier for lllumina NGS Instruments [9-11].

The purpose of this paper is to present the algorithm we
have developed, that can generate the required number of
barcode sequences for a given study. Using this algorithm,
we designed 252 barcodes, forming 63 balanced sets, each
comprising 4 barcodes, and allowing any set to be combined
with the others.

METHODS
Method formulation and barcode selection

The sequencer has limits in terms of the intensity of the
registered signal from the fluorophores corresponding to the
nucleotides. If the same position of barcodes contains the same
nucleotide, the read quality significantly drops, leading to errors

A B

C

47A:
47B:
47C:
47D:
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in barcode identification and further assigning reads to the
samples [8]. Therefore, we had to design barcodes to generate
the most balanced combinations. The algorithm of sequence
design is based on the "quad method," which involves adding
three barcodes obtained by the consecutive substitutions of
bases to each barcode from the MGl set (Fig. 1A, B).

Following this method, each of the 96 barcodes can serve
as a root barcode for its quad, resulting in generating 96 * 4 = 384
unigue barcodes.

As the percentage of each base at each position is 25%,
the resulting combination is perfectly balanced and guarantees
the highest quality of sequencing.

Verification of compliance with the criteria
Validation of the compatibility based on the balance

As each quad is perfectly balanced, any number of quads can
be combined with each other. The ratio between the quads in
a pool can vary; however, the ratios between barcodes in each
quad should be equal.

Furthermore, we checked whether it was possible to generate
pools containing 4n + 2 barcodes, where n is the number of
quads. We checked the compatibility using the BC-Store software
by combining 10 barcodes (as shown in Fig. 2). The nucleotide
fraction of each nucleotide at any position in a pool of 10 barcodes
has the highest and lowest deviations equal to 0.2 and 0.3,
respectively, and meets the criteria for a balanced combination.
This is still valid when any of the two barcodes from the same quad
are added to n quads at a ratio equal to or lower than in quads.

Verifying the compatibility of barcodes based
on a mismatch number

At the next step, all quads were checked for compatibility by the
number of mismatches. Each sample labeled by a barcode had
to be uniquely identified, so the barcode sequences of a certain
length should not overlap with others. We selected a threshold
of 4 mismatches, as all 96 10 bp barcodes provided by the
manufacturer differ by more than 4 bases. The analysis also
included the 999 verification MGI barcode (a 10bp technical
sequence present in the original software's demultiplexing file).
We constructed a graph of incompatible quads (S1 Fig.) and,
using an adjacency matrix (S2 Fig.), we selected 63 quads (252
barcodes) compatible with each other based on the number
of permitted mismatches (Fig. 3). The sequences of all 252
barcodes are listed in S1 Table.

AAGACCTCTA

TTCTAAGAGT
AGTTCTC

CCTCGGAGAC

Fig. 1. A. The concept of the quad method. Each MGI barcode serves as a root for the quad, and custom barcodes are generated by sequential changes at each
position of the original barcode: A—T, T-»G, G—C, C—A. B. An example of a barcode quad. 47A is the original MGl barcode, and 47B, 47C, 47D are the custom

barcodes generated using the quad method.
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Fig. 2. The nucleotide balance in a pool of 4n + 2 barcodes. The colored lines represent 295 the nucleotide fractions. The black strong lines represent the boundaries
of the weak criterion. 296 The fine lines represent the boundaries of the strong criterion for barcode compatibility [8]

Validating the uniqueness

We checked if the sequences of the designed barcodes are
present among the original MGI barcodes. This is necessary
for generating the file containing barcodes for automatic
demultiplexing. For this purpose, we created a Venn diagram
showing the sets of custom and original MGl barcodes. We
obtained 63 overlaps, where all 63 barcodes were original
MGI barcodes, while the other 189 sequences were unique

16F  89F

sequences not coinciding with the MGl barcodes from different
kits (Fig. 4).

Preparation for sequencing
Adapter synthesis

According to the manufacturer's instructions, designing an
individual adapter requires annealing two oligonucleotides.

Fig. 3. The incompatibility graph showing 63 quads and MGI barcodes not included in 298 the quads. All quads that passed filtering based on the mismatch number
are shown in green, 299 the barcodes from the set of 96 MGI barcodes not included in the quads are shown in orange, 300 the MGI barcodes from the set of 128
MGl barcodes are shown in blue, the 999- manufacturer 301 verification sequence is shown in red. The line connects the incompatible barcodes and quads; 302 the

number above the line indicates the lowest number of mismatches between them
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Comparison MGI_all129 and NEW_252

66 63

MGI_all129

189

New_252

Fig. 4. Venn diagram for comparing the sequences of custom and original MGl barcodes from the 128 barcode set and 999 validation barcode provided by MGI. The
custom barcodes are shown in green, the original MGl barcodes which do not overlap with quads are shown in red, and the MGI barcodes overlapping with quads

(which were used as roots for the quads) are shown in orange

One of them (top oligonucleotide) contains the barcode
sequence and a phosphate at the 5'-end (Ad153_5T_1-index
# (1~128) according to the manufacturer), the sequence of
bottom oligonucleotide is partially complementary to the top
oligonucleotide (Ad153Q_Bottom_2) (https://en.mgitech.cn/
Download/download_file/id/71) [12].

The sequences of oligonucleotides containing the barcodes
1A-1D are shown in Table 1, all sequences containing
252 barcodes are listed in S1 Table.

The sequences of oligonucleotides containing the barcodes
1A-1D are shown in Table 1, all sequences containing
252 barcodes are listed in S1 Table.

To prepare the adapters, a mixture was created by adding
1 pL of 5M NaCl, 10 pL of 200 uM top oligonucleotide, and
10 pL of 200 uM bottom oligonucleotide to 79 pL of LowTE
buffer. The mixture was then heated at 95 °C for 2 minutes
and gradually cooled to 17°C at a rate of 0.5 °C every
30 seconds.

The algorithm of uploading new barcodes
to a sequencer

To automatically demultiplex the sequenced libraries and
following the MGl's recommendations, we created a .csv
file (S2 Table) containing barcode sequences, including
new custom barcodes, the original MGl barcodes, and
999-validation barcode. MGI barcodes that were included in
the quads had an nA structure, where n is an adapter number
in the original MGl kit, while custom barcodes had nB, nC, nD
structure according to the order of quad formation. The format
of the original MGI barcodes not included in quads remained
unchanged. The barcode numbers were separated from the
barcode sequences using commas without spaces.

RESULTS

To validate the designed barcodes, we prepared libraries with
the synthesized custom adapters (Evrogen). The libraries,
prepared following the standard MGI protocol, were pooled
and enriched using the SureSelect Human All Exon v7 kit [13]
and then sequenced in the PE100 mode using the DNBSEQ
G-400 machine. Fastg demultiplexing was performed by the
software built in G-400 provided by MGI basecalllite based on
the uploaded file containing the barcode sequencing data. By
default, the algorithm considers a read "undecoded" if there
are two or more mismatches in a 10 bp barcode sequence.
Therefore, the fraction of undecoded reads can be used as a
quality metric for the performance of DIY barcode adapters. We
compared the fraction of undecoded reads in the complete data
from each lane with custom barcodes (44 lanes) and the data
from previous runs (44 lanes) that employed MGI barcodes. On
average (mean = SD), the fractions of undecoded reads per lane
were 1.08 = 0.19% and 1.68 + 0.22% for the MGI adapters
and custom adapters, respectively (Fig. 5). Although the
proportion of undecoded data increased when utilizing custom
barcodes compared to the original barcodes (T = 13.5, df = 83,
p-value = 1.17E-22), the absolute value relative to the total data
output from a single lane is considered to be negligible. The
values of undecoded and full data in GB are presented in S3 Table.

Thus, we have developed a viable approach for designing
custom barcodes that allows for simultaneous sequencing of
more than 96 samples on MGl called the 'quad method.' We
obtained 189 custom barcodes that can be combined with
the 63 MGI barcodes to generate 63 balanced quads. One
barcode from each quad is an original MGI barcode (nA, where
n is a number of an original barcode), and the other three are
custom barcodes (nB, nC, nD) that complement it.

Table 1. The list of barcode sequences and full sequences of top and bottom oligonucleotides for adapter preparation. Ad_Bttm -bottom oligo

Name Barcode/index sequence Top oligo sequence
1A TAGGTCCGAT /5Phos/AGTCGGAGGCCAAGCGGTCTTAGGAAGACAATAGGTCCGATCAACTCCTTGGCTCACA
1B GTCCGAACTG /5Phos/AGTCGGAGGCCAAGCGGTCTTAGGAAGACAAGTCCGAACTGCAACTCCTTGGCTCACA
1C CGAACTTAGC /5Phos/AGTCGGAGGCCAAGCGGTCTTAGGAAGACAACGAACTTAGCCAACTCCTTGGCTCACA
1D ACTTAGGTCA /5Phos/AGTCGGAGGCCAAGCGGTCTTAGGAAGACAAACTTAGGTCACAACTCCTTGGCTCACA
Ad_Bttm TTGTCTTCCTAAGGAACGACATGGCTACGATCCGACTT
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H MGI

2.00% -

1.50% —

1.00% —

0.50% —

The average ratio of undercoded data to complete
data in % per lane (100%)

0.00%

M Custom

Fig. 5. The average ratio of undecoded reads (%) and complete data (Gb) per lane for 309 the libraries with MGl barcodes (in blue, data from 40 lanes) and with custom

barcodes (red, 310 data from 7 lanes)

These quads can be combined with each other at any ratio
and number as long as the ratio between the barcodes from the
same quad remains equal. It is possible to create library pools
with 4n + 2 barcodes, where n is a number of quads, which can
include any two barcodes from the other quad. In this case,
the fraction of the last two barcodes should not exceed the
fractions of the others.

DISCUSSION

The MGI platform is designed for fast, high-throughput
sequencing, offering undeniable benefits yet prone to
limitations. We attempted to overcome certain limits resulting
from the solutions and kits provided by the manufacturer. Our
approach allows for improving the efficiency of sequencing and
expanding the possibilities of the MGl platform. However, it is
important to bear in mind that the combinations of the quads
with some original MGI adapters not included in the quads
can fail to meet the compatibility criterion for the mismatch
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CLINICAL POPULATION GENETIC STUDIES OF HEREDITARY DISEASES
IN THE PEDIATRIC POPULATION OF NORTH OSSETIA - ALANIA
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Currently, there is limited understanding about the cumulative prevalence, diversity, and frequency of distinct orphan hereditary diseases (OHDs) in the pediatric
population, both within the Russian Federation and in the global literature. This gap exists despite a significant demand for such knowledge in healthcare and society.
Variability and heterogeneity of the above indicators are common across different populations, reflecting significant genetic heterogeneity of OHDs. The study aimed to
assess OHDs in the pediatric population of the Republic of North Ossetia — Alania (RNO-A). A total of 543,817 people were evaluated, including 145,560 children aged
0-18 years. The cumulative prevalence of autosomal recessive (AR), autosomal dominant (AD), and X-linked (XL) OHDs was determined. The findings indicate an overall
prevalence of OHDs among children of the RNO-A of 1 : 119, meaning that approximately 1% of children are diagnosed with these conditions. Notably, the total burden
in children of all types of OHDs in rural areas exceeds that in urban areas and district centers by more than twofold. We identified 1,241 patients from 1,037 families with
241 distinct OHDs (109 with AD inheritance, 102 with AR inheritance, and 30 with XL inheritance). Three diseases were particularly prevalent in this population and have
not been documented in similar studies: congenital myasthenia type 12, a rare form of congenital adrenal cortex dysfunction (3-beta-hydroxysteroid dehydrogenase
deficiency), and brachydactyly E — amelogenesis — mental retardation — nanism syndrome. Thus, the population of the RNO-A exhibits a unique spectrum of OHDs
caused by rare mutations, some of which are infrequent in other populations of the world and the Russian Federation. The significantly higher prevalence of these
disorders in rural populations is noteworthy, underscoring the need for tailored, region-specific programs aimed at preventing childhood disability and/or mortality.
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KITMHUHECKUE NONYNALUMOHHO-NrEHETUMECKUE NCCINEAOBAHUA HACTEACTBEHHbIX BOJIE3HEWN
CPEOV AETCKOIO HACEJIEHUA CEBEPHOW OCETUUN - AJIAHAN

P. A. Buderko' =2 V1. C. Tebriesa®®, B. B. Kappiwes', A. ®. MyprasuHa', A. O. Boposukos', A. B. Mapaxoros', A. B. Mepenenos?, 3. K. letoesa®, C. N. Kyues'

" MeauKo-reHeT4eCcKUin Hay4HbIin LeHTp umeHun H. M. Boukosa, Mocksa, Poccus

2 Cesepo-OceTuHCKas rocyfapcTBeHHas MeavLmMHCKas akagemvs MHncTepcTea 3agpaBooxpaHeHus Poccun, Bnagukaskas, Poccus

# PecnybnnkaHckas AeTckas KnHudeckas 6onbHuua, Bnagvikaekas, Poccus

4 OBHVHCKUIA MHCTUTYT aTOMHOM 3HepreTuku, hunnan PefepansHoro rocyaapCTBEHHOrO aBTOHOMHOMO 06pa30BaTeNbHONO YHPEMXAEHUA BbICLLErO 06pa3oBaHmns «HaLoHabHbIN MCCNenoBaTeNsCKAN
anepHbin yHuBepcuteT «M®K», OBHUHCK, Poccus

5 LleHTp oxpaHbl MaTepuHcTBa 1 AeTcTsa . Coun MuHMCTepCTBa 3apaBooxpaHeHmns KpacHonapckoro kpast, Couun, Poccust

CoBpeMeHHble 3HaHVISt O KyMYMISITUBHOW pacipOCTPaHeHHOCTH, pa3Hoobpasii 1 HacToTe BCTPEYAEMOCTUN OTAESbHbIX OPaHHbIX HacNeACTBEHHbIX 6oneaHein (OHB)
cpeay [IETCKOrO HaceneHst orpaHdeHbl B PO 1 MAPOBbIX UCCIe[oBaHMSX HECMOTPS Ha LLIMPOKYIO BOCTPEBOBaHHOCTb 1S 3jpaBooxpaHeHust 1 obLecTsa. st OHB
XapaKTEPHb! U3MEHYMBOCTb ¥ HEOOHOPOAHOCTb BbILLENEPEHNCTIEHHDIX MoKasaTeneit Ans pasHbIX NOMyNSLMWIA, KOTopast TakKe MPOSIBASETCS B LLMPOKOW MEHETUHECKO
reteporeHHocTn. Llensto pabotsl Obino naydeHne OHB cpeam aetckoro Hacenerns Pecnybnnkin CeepHas Ocetust — Ananus (PCO-A). ObcnenosaHo 543 817 Yenosex,
B ToM umcne 145560 petent (o1 O go 18 ner). PaccumtaHa KyMynsiTBHas pacrnpoCTPaHEHHOCTb ayTOCOMHO-PELIECCMBHOM (AP), ayTOCOMHO-AOMUHAHTHOM | u
X-cuenneHHon (X-CL..) Hacnegyemow natonoruu. 1o nony4eHHbIM pesynsraram, CyMMapHas pacnpoctpaHeHHocTs OHB cpean peten PCO-A coctasnser 1: 119, T e.
1% neteit umeeT anarHod OHB. B cenbckoil MECTHOCTI CyMMapHasi OTArOLLIEHHOCTb AETCKOrO HacesneHVst Bcemn Tvnammn OHB 6onee Yem B 2 pasa Bbille, YeM B ropofax
1 paoHHbIX LieHTPax. BbisieneH 1241 nauveHT (13 1037 cemeit) ¢ 241 Hozonormndeckor hopmoit OHB (109 dopm — ¢ All-Hacneposanuem, 102 — ¢ AP 1 30 — ¢ X-cu,).
OcobeHHOCTBIO 06CNenOBaHHON MOMYNALWMM SBASIETCS BbICOKAA PaCnpOCTPaHEHHOCTb TPeX 3aboneBaHuiA, paHee He YCTaHOBNEHHbIX B MOOOOHbBIX MCCNenoBaHNsX:
BPOXAEHHas MuacTeHnst 12-ro Tvna, pepkas opma BPOXKAEHHOM ANCHYHKLMM KOPbI HaAMoYeHHMKoB — AedmumT 3-6eTa-rapoKcrcTeporaaernaporeHassl,
CcvHOPOM BpaxvpakTunvm Thna E — amenoreHeda — yMCTBEHHOW OTCTaIOCTU — HaHuaMa. TakM obpadoM, HaceneHne PCO-A xapaktepmayetcs CriehnHeCcKM
cnexktpom OHB, 06ycnoBneHHbIX PEOKNMI MyTaLWSMU, HaCTb 13 KOTOPbIX PEAKO BCTPeYaeTcs B Apyrvx nonynaumsx mupa n PO. Obpallaet Ha cebs BH1MaHue bonee
BbICOKas PaCMpOCTPaHEHHOCTb AaHHOMO CMeKTpa NaTonornin B CeflbCKUX MOMyNsLmMsX. BeisiBNeHHble NokasaTen CBUAETENbCTBYIOT O HEOOXOAMMOCTY pa3paboTki
CreuUyanmavpoBaHHbIX PEMVIOH-CMeLMMUHECKYX MporpamMM Aist MPOUNAKTVKA AETCKON MHBAIMOHOCTN W/ NETANBHOCTY.

Kntouesble cnosa: opdaHHble HacnencTBeHHble 3aboneBaHns, KyMynsaTYBHas pacnpOCTPaHEHHOCTb HaceACTBEHHbIX BonesHel cpeaun AeTen, pasHoobpasvie
YacTbIX HacneaCTBEHHbIX bonesHen cpeay aetei, Pecnybnnka CesepHas OceTust — AnaHus, Poccuiickas depnepaums
DuHaHCMpPOBaHUeE: VICCNEN0BaHE BbINMOMHEHO NP (HaHCOBOV noaaemkke focynapcteeHHoro 3apanis reHY «MIMHLp» MunobpHaykv Poccun n Minnagpasa PCOA.
Bknap aBtopos: P. A. 3uHuerko, WM. C. Tebuesa, B. B. Kagpiwes, A. ®. MyptaauHa, A. O. Boposukos, A. B. Mepenenos, 3. K. letoeBa — obcnenosanne
nauneHToB, MOCTaHOBKa AMarHo3a, NonyyeHne MHMOPMMPOBAHHOMO coracusa 1 3abop buomarepuana; P. A. 3uHdeHko, . C. Tebuesa — c60p AaHHbIX O
konmnyecTse nauneHTos; P. A. 3uHuerko, . C. Tebuesa, C. V. KyLeB — nnaHMpoBaHve UcCcneoBaHns, BbIMONHEHME CTATUCTUHECKOrO aHanmaa, HanmcaHme
pykonvcy; A. B. MapaxoHoB — aHann3 MonekynapHo-reHeTudecknx ncenegosaqning V. C. Tebresa, A. B. MapaxoHoB, P. A. 3vHYeHKO — pefakTypoBaHue;
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According to the international OMIM database, the number
of nosological forms of orphan hereditary diseases (OHDs) is
about 7000-8000. The majority of these (more than 80%) are
considered to be rare, i.e. the prevalence is less than 1 case per
1 million population [1]. A total of 10-20% of nosological forms fall
on common OHDs, however, the number of patients with such
disorders exceeds 60% [2, 3]. According to the research, the OHD
burden on the population varies between 5-17 per 1000 people
[4], and the pediatric population accounts for the major share
(> 2%) due to the lower survival rate and adaptability of children
with severe diseases. In 30% of cases, OHDs manifest at birth,
while in 87% of cases these manifest by the end of puberty [5]. The
issue of OHDs is very important for both healthcare and society in
general since many cases of such disorders are characterized
by high disability and mortality rates: at least 35% of childhood
mortality in developed economies is associated with OHDs [2, 3.

Variability and heterogeneity of the OHD cumulative
prevalence and diversity reported for various countries and
populations, which are also manifested in genetic heterogeneity,
are typical for OHDs [6]. Current knowledge about the genetic
burden in human populations, diversity, prevalence, and
heterogeneity of OHDs among children is scarce; the main
reports issued both in Russia and abroad are focused on the
analysis of data by hospitals or on certain ethnic populations
[2, 7-16]. In the Russian Federation, the clinical population
genetic studies of OHDs in the pediatric population involving
recording of the maximum number of disorders in distinct
federal entities are conducted only by the Research Centre for
Medical Genetics and are under development. Differentiation of
populations by both the prevalence of certain diseases and the
cumulative prevalence of OHDs has been shown, which confirms
the need to study each region in order to ensure the possibility of
optimizing the region-specific care provided to patients [17-20].

The study aimed to assess OHDs in the pediatric population
of the Republic of North Ossetia — Alania (RNO-A).

METHODS

We performed a medical genetic examination of the population
of RNO-A. People of various age groups in all eight rural districts
and the city of Vladikavkaz were examined in order to identify
OHDs. The population survey was conducted in accordance
with the examination protocol developed by the team of the
Research Centre for Medical Genetics more than 40 years ago
for small populations of the Russian Federation (populations
of districts and towns) and tested in 15 Russian regions (110
rural districts) over this period. The protocol was published
earlier [21-24]. Patients with congenital and presumably

Table 1. Size of the population examined
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hereditary diseases were found via physicians and paramedical
staff of medical institutions of the Republic using the questionnaire
developed. The questionnaire represents the list of symptoms
(neurological, ophthalmological, dermatological, skeletal,
endocrinological, genetic, etc.) of various OHDs distributed across
the main medical specialties. In addition to the lists obtained, we
used the data from the medical and social examination service
and from other medical and social sources. Given the fact that
each symptom can be typical for more than one disease and is
usually typical for a group of diseases, the entire clinical picture
entails identifying the highest possible number of cases of OHDs
(affecting both individual systems and multiple organs). Examination
of families and patients of various age groups was performed
during the meeting of experts in various medical specialties, which
made it possible to identify a broad range of OHDs [20-24]. The
diagnoses were verified by clinical, instrumental, and laboratory
methods (biochemical, cytogenetic, molecular genetic, etc.).

The size of the actually examined population of the RNO-A
(2017-2023) was 543,817 people, including 145,560 (26.77%)
children aged 0-18 years (Table 1). Epidemiological analysis of
OHDs in the pediatric population of the RNO-A was performed.

Considering the heterogeneity of many OHDs, we performed
segregation analysis aimed to confirm certain inheritance
types (autosomal dominant (AD), autosomal recessive (AR), or
X-linked (XL)) showing that the resulting distribution was correct:
p = 0.27 + 0.06 (expected value 0.25) for AR inheritance and
p =0.49 + 0.04 (expected value 0.5) for AD inheritance [25-26].

The cumulative prevalence, or genetic burden, of OHDs
per 1000 examined individuals by populations was calculated
using the following formula: n / (N / 1000), where n was
the number of affected individuals, and N was the number
of children. The standard error of the OHD genetic burden
values was calculated using the formula (0 /N) x (1 =/ N) / N) /
0.5 x 1000, where n was the number of affected individuals,
N was the number of children [25-26].

To analyze the OHD diversity, we compiled the list of
diseases and calculated the disease prevalence (n / N) per
100,000 children. The genetic burden and prevalence of
X-linked OHDs were calculated for boys. The genetic burden
values were compared by the x> method [17-26].

RESULTS

Cumulative prevalence of OHDs in pediatric
population of the RNO-A

Comprehensive assessment of the population of the RNO-A
resulted in the identification of 1241 patients (from 1037 families)

Ne District Urban population Rural population Entire population
All Children Al Children All Children

1 | Ardonsky 19 800 4296 (21.70%) 11632 2700 (23.21%) 31432 6996 (22.06%)
2 | Pravoberezhny 37 029 13 147 (35.50%) 22 683 4224 (18.62%) 59712 17 371 (29.09%)
3 | Kirovsky 13 500 2374 (17.59%) 14916 2655 (17.80%) 28 416 5029 (17.70%)
4 | Alagirsky 20 950 5435 (25.94%) 16 577 2351 (14.18%) 37 527 7786 (20.75%)
5 [ Digorsky 11072 2784 (25.14%) 9224 2200 (23.85%) 20296 4984 (24.56%)
6 | Irafsky 7700 2150 (27.92%) 7679 1650 (21.49%) 15377 3800 (24.71%)
7 | Prigorodny 10 067 2228 (22.13%) 43 361 9529 (21.98%) 53 428 11 757 (22.01%)
8 | Mozdoksky 42155 11 630 (27.59%) 48 089 10 469 (24.77 %) 90 244 22 099 (24.49%)
9 | City of Vladikavkaz 220 167 65 738 (29.86%) - - 220 167 65 738 (29.86%)

total 378 873 114 782 (30.29%) 174 161 35 778 (19.08%) 543 817 145 560 (26.77%)
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Table 2. Cumulative prevalence of hereditary diseases (per 1000 examined children) in pediatric populations of eight districts of the RNO-A and the city of

Vladikavkaz
Genetic burden per 1000 children/boys*
District/subpopulations Population size AD AR XL* Total Prevalence
Children from rural areas
Ardonsky 2700 9.26 + 1.84 6.30 + 1.52 519+ 1.96 20.37 + 2.56 1:55
Pravoberezhny 4224 6.16 + 1.20 6.16 + 1.20 1.42 £ 0.82 13.73 +1.74 1:77
Kirovsky 2655 6.40 + 1.55 6.40 + 1.55 6.03 +2.12 18.83 + 2.42 1:63
Alagirsky 2351 13.19 £ 2.35 7.23 +1.75 2.55 +1.47 22.97 + 3.01 1:46
Digorsky 2200 10.00 £ 2.12 8.18 £ 1.92 1.82 +1.28 20.00 + 2.92 1:52
Irafsky 1650 16.97 + 3.18 10.30 + 2.49 3.64 +2.09 30.91 +4.14 1:34
Prigorodny 9529 4.51 +0.69 4.41 £ 0.68 2.10 £ 0.66 11.02 + 1.02 1:100
Mozdoksky 10469 7.55+0.85 7.26 + 0.83 2.29 +0.66 17.10+1.23 1:63
Weighted average 35778 7.57 + 0.46 6.43 + 0.42 2.29 + 0.66 16.69 + 0.65 1:65
Pediatric populations of towns (district centers)
Ardonsky (town of Ardon) 4296 7.22+1.29 3.96 + 0.96 1.86 + 0.93 13.04 + 1.68 1:83
Pravoberezhny (town of Beslan) 13147 2.36 £ 0.42 2.36 £ 0.42 0.76 + 0.34 5.48 + 0.62 1:196
Kirovsky (rural locality of Elkhotovo) 2374 5.05 +1.39 2,95+ 1.11 2.53 +1.46 10.53 + 1.97 1:108
Alagirsky (town of Alagir) 5435 4.42 +0.89 3.31+0.78 2.58 +0.97 10.30 + 1.28 1:111
Digorsky (town of Digora) 2784 5.39 +1.39 4.31+1.24 1.44 £1.02 11.14 £1.92 1:96
Irafsky (rural locality of Chikola) 2150 4.65 + 1.47 4.65 + 1.47 0.93 +0.93 10.70 £ 2.17 1:102
Prigorodny 2228 3.14+1.19 3.14+1.19 2.10 £ 0.66 11.02 + 1.02 1:149
Mozdoksky 11630 3.10 + 0.52 2.32 +0.45 2.24 +0.62 7.65+0.75 1:153
City of Vladikavkaz 65738 2.08 +0.18 249 +0.19 1.83 £0.24 6.40 + 0.29 1:182
Weighted average 109782 2.76 £ 0.16 2.67 +0.16 1.75+0.18 7.18 +0.24 1:159
Burden of the entire pediatric population of districts and towns
Ardonsky 6996 8.00 + 1.07 4.86 + 0.83 3.14+0.95 16.01 +1.43 2:09
Pravoberezhny 17371 3.28 +0.43 3.28 +0.43 0.92 +0.33 7.48 +0.63 3:22
Kirovsky 5029 5.57 +1.07 4.77 +0.97 4.37 +1.32 14.91 + 1.58 2:19
Alagirsky 7786 7.06 + 0.95 4.50 + 0.76 2.57 +0.81 1413 +1.28 1:78
Digorsky 4984 7.42 +1.22 6.02 + 1.09 1.61 +0.80 15.05 + 1.68 1:70
Irafsky 3800 10.00 + 1.61 711 +1.36 211 +£1.05 19.21 £ 2.10 1:55
Prigorodny 11757 4.25 + 0.60 417 £ 0.59 1.87 + 0.56 10.29 + 0.89 1:107
Mozdoksky 22099 5.20 +0.48 4.66 + 0.46 2.26 +0.45 12.13 £ 0.70 1:91
City of Vladikavkaz 65738 2.08 +0.18 2.49+0.19 1.83 £0.24 6.40 + 0.29 1:182
Weighted average 145560 3.94+0.16 3.59 +0.16 1.98 £ 0.16 9.51+0.24 1:117

with various nosological forms of OHDs, which accounted for
58.62% of the total number of affected individuals of various
age groups identified in this region (2115 patients from 1489
families). We calculated the genetic burden of OHDs in the city
of Vladikavkaz and eight rural districts of the RNO-A.

The cumulative prevalence (per 1000 children) of the main
types of OHDs (AD, AR, and XL) in the pediatric population of
the RNO-A (in the city of Vladikavkaz, Ardonsky, Pravoberezhny,
Kirovsky, Alagirsky, Digorsky, Irafsky, Prigorodny, and
Mozdoksky districts) was calculated (Table 2).

We revealed variability of cumulative prevalence by
subpopulations between 5.48 + 0.621 (1 : 196) in the town of
Beslan and 30.91 + 4.137 (1 : 34) in rural areas of the Irafsky
District (Table 2). The analysis of 17 subpopulations showed
that the cumulative prevalence of all types of OHDs in rural
areas was more than twice higher compared to that in towns
and district centers (x*AD = 54.35; x?AR = 48.89; x2XL =
29.46; x*Tot. = 136.18; d.f. = 16; p < 0.05), which is typical for
populations of the Russian Federation [17-20].

The average prevalence in the surveyed sample was 1 : 117
children, i.e. about 1% of children were diagnosed with OHDs.

This indicator varies widely: between 1 : 34 in rural areas of the
Irafsky District (more than 2% of children) and 1 : 196 (0.5%) in
the town of Beslan.

Comparative analysis of the cumulative prevalence of
hereditary diseases among children in the surveyed
pediatric populations of the Russian Federation

We conducted a comparative analysis of the cumulative
prevalence of hereditary diseases among children in the
surveyed pediatric populations of the Russian Federation,
including the data reported for the RNO-A. It should be noted
that the share of the total number of affected children among
all the OHD patients identified was 58.62% (1241/2117,
respectively), even though the share of the pediatric population
in the Republic is 26.77%.

A comparison of the cumulative prevalence values reported
for the AD, AR, and XL diseases in the pediatric population
showed that the genetic burden of OHDs in children was
higher in rural areas than in towns and district centers (Table 3).
The analysis conducted showed differentiation and revealed
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Table 3. Weighted average values of cumulative prevalence (genetic burden) of OHDs in pediatric populations of the rural areas, towns, and district centers by surveyed
populations of Russia (per 1000 examined children) [17-20]

Genetic burden per 1000 children/boys*
Subpopulations/regions Population size
AD AR XL* Total Prevalence
Genetic burden in rural pediatric populations
Kirov Region 17 032 6.22 + 0.60 4.40 + 0.51 2.35+0.53 12.98 + 0.83 1:85
Rostov Region 55 489 4.99 £ 0.29 3.78 £ 0.26 1.51 +£0.23 10.29 + 0.41 1:105
Karachay-Cherkessia 38 033 7.47 +0.44 5.52 +0.38 3.21 £ 0.41 16.20 + 0.62 1:69
North Ossetia — Alania 35778 7.57 + 0.46 6.43 + 0.42 2.29 + 0.66 16.69 + 0.65 1:65
Udmurt Republic 34 400 7.18 + 0.46 4.24 £0.35 2.56 +0.39 13.98 + 0.60 1:79
Republic of Bashkortostan 27 512 5.05 +0.43 2.51 £0.30 1.96 + 0.38 9.52 + 0.56 1:117
Republic of Tatarstan 49612 4.37 £0.29 2.70 £ 0.23 1.09 + 0.219 8.16 + 0.39 1:131
Chuvash Republic 47 226 2.86 +0.25 2.22 £0.22 0.93+0.19 6.01 +0.34 1:180
In all rural populations 305 082 5.49 £0.13 3.86 £ 0.11 1.91 £ 0.11 11.27 £ 0.18 1:97
Genetic burden in pediatric populations of towns and district centers
Kirov Region 20 316 2.31+0.34 1.58 + 0.28 0.69 + 0.26 4.58 + 0.46 1:236
Rostov Region 46 356 1.68 + 0.19 1.42 £ 0.16 0.43+£0.14 3.54 £0.27 1:301
Karachay-Cherkessia 52 706 3.57 £ 0.26 2.73 £0.23 1.25 +0.22 7.55 + 0.36 1:144
North Ossetia — Alania 109 782 2.76 £ 0.16 2.67 £0.16 1.75+0.18 7.18 +0.24 1:159
Udmurt Republic 23 248 2.84 £0.35 1.94 £ 0.29 1.20 +0.32 5.98 +0.48 1:186
Republic of Bashkortostan 32 685 1.90 + 0.24 1.25+0.19 1.16 £ 0.27 4.31+0.34 1:268
Republic of Tatarstan 15323 2.22+0.38 1.89 +0.35 0.39 + 0.23 4.50 + 0.53 1:232
Chuvash Republic 20 637 1.45+0.27 2.08 +0.32 0.48 +0.22 4.02 +0.43 1:265
In all urban populations 300 416 2.59 +0.09 2.16 £ 0.09 1.13 £ 0.08 5.89+0.14 1:178
Genetic burden by regions
Kirov Region 37 348 4.10+0.33 2.86 £ 0.28 1.45+0.28 8.41+£0.45 1:130
Rostov Region 101 845 3.49+0.18 2.71 £0.16 1.02 +0.14 10.14 +0.73 1:149
KKarachay-Cherkessia 90 739 5.20 +£0.23 3.90 £ 0.21 2.07 £0.21 11.17 £ 0.33 1:99
North Ossetia — Alania 145 560 3.94£0.16 3.59 £0.16 1.98 +0.16 9.51+0.24 1:117
Udmurt Republic 60 197 3.34£0.23 1.83+0.17 1.53 +0.23 6.69 + 0.31 1:173
Republic of Bashkortostan 64 935 3.87 £0.24 251 £0.19 0.92 +£0.17 7.30 +£0.32 1:146
Republic of Tatarstan 57 648 5.43 + 0.31 3.31+£0.24 2.01+£0.26 10.75+ 0.4 1:103
Chuvash Republic 67 863 243 +0.19 2.18£0.18 0.80 +0.15 5.41+0.27 1:200
In all pediatric populations 626 135 3.97 £0.08 2.99 £ 0.07 1.53 £ 0.07 8.48 + 0.11 1:130

the differences in this indicator between the rural and urban
populations. In rural populations, the highest prevalence values
were reported for the RNO-A (1 : 65), Karachay-Cherkessia
(1 : 69), Udmurt Republic (1 : 79), Kirov Region (1 : 85), while
the average value for rural areas was 1 : 97, i.e. more than 1%
of children. As for towns and district centers, the prevalence
ranged between 1 : 144 in Karachay-Cherkessia and 1 : 301 in
the Rostov Region [17-20].

According to Table 3 and Figure, the average values of
OHDs prevalence in the pediatric population of the RNO-A
obtained in our study (1 : 117) are similar to the values reported
for other regions of the Russian Federation we have assessed
(1 : 103 for Tatarstan, 1 : 146 for Bashkortostan, 1 : 200
for the Chuvash Republic, 1 : 173 for the Udmurt Republic,
1 : 149 for the Rostov Region, 1 : 130 for the Kirov Region,
1: 99 for the Republic of Karachay-Cherkessia). It is important
that the average prevalence among children is 1 : 130, i.e.
1% of children are diagnosed with OHDs, which has to be
taken into account when developing prevention programs and
treatment programs for orphan diseases.
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OHD diversity in pediatric population of the RNO-A

A total of 1241 patients with various OHD forms from 1037
families were identified in the pediatric population of the RNO-A.
The diversity of OHDs is made up of 241 nosological forms:
109 ones with AD inheritance, 102 ones with AR inheritance,
and 30 XL diseases. The largest number of affected individuals
(n = 880, 70.91%) is reported for the group of 57 (23.65%)
common OHD disease entities. In contrast, the smallest
number (n = 87, 7.01%) is noted for the group of 87 (36.10%)
rare diseases (Table 4).

The majority of diseases have been already found in
the surveyed populations of the Russian Federation. Table
5 presents the diversity of common (with the prevalence
exceeding 1 : 30 000) OHDs in the RNO-A, along with the
average prevalence in seven previously assessed regions of
European Russia (ER) and the disease prevalence according
to the data of the international Orphanet database [6, 17-20].

High prevalence (per 100,000 children) of 11 diseases is
the feature of the surveyed population: childhood myotonic
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Fig. Cumulative prevalence of OHDs in urban and rural pediatric population of the surveyed regions of Russia

dystrophy — 6.87 (1 : 14.556), Duchenne muscular dystrophy —
37.10 (1 : 2696 boys), type | neurofibromatosis — 18.06 (1 : 7661),
type 12 congenital myasthenia — 3.44 (1 : 29.112), congenital
X-linked ichthyosis — 12.37 (1 : 8087 boys), fragile X syndrome —
9.62 (1:10,327 boys), Rett syndrome — 9.62 (1 : 12,130 boys),
achondroplasia — 9.62 (1 : 10.397), AR deafness — 70.76
(1 : 1413), rare form of congenital adrenal hyperplasia due
to 3-beta-hydroxysteroid dehydrogenase 2 deficiency — 6.18
(1 : 16.173). All patients with the above diseases were
genotyped, and the locus and allelic heterogeneity were
determined. The previously unreported brachydactyly
E-amelogenesis—-mental retardation-nanism syndrome
showing high prevalence (11.28/100,000) was identified in four
families. This syndrome was submitted to Orphanet, but it has
not been mapped.

The prevalence of other diseases in the RNO-A was
similar to that observed in other regions and aligned with the
frequency reported in Europe as documented in Orphanet
[6, 17-20]. However, we would like to note the high prevalence
of undifferentiated intellectual developmental disorder with all

types of inheritance (AD, AR, XL) in the RNO-A (13.74/100,000;
39.85/100,000 and 35.72/100,000 boys, respectively), the
overall prevalence was 1 : 1400 children.

Thus, the OHD analysis conducted revealed regional
specifics of the spectrum and showed the need to develop
specific regional prevention programs.

DISCUSSION

In global practice, there is a limited number of studies focused
on assessing the cumulative prevalence, diversity, and features
of the spread of OHDs in pediatric populations [2, 7-16]. In
the Russian Federation, such studies are conducted only
by the team of the Research Centre for Medical Genetics.
Assessment of the OHD cumulative prevalence in the pediatric
population of the RNO-A revealed variability of this indicator in
17 subpopulations of the region: between 5.48 + 0.621 (1 : 196)
in the town of Beslan and 30.91 + 4.137 (1 : 34) in rural areas of
the Irafsky District. A more than 2-fold increase in genetic burden
relative to the values reported for towns and district centers

Table 4. Distribution of patients and disease entities with OHDs depending on the disease prevalence

Number (%) of affected individuals Number (%) of diseases
Prevalence
AD AR XL z AD AR XL )
379 388 113 880 23 23 1 57
1 | 1:30000 and higher
69.41% 70.93% 76.35% 70.91% 20.91% 22.33% 39.29% 23.65%
69 66 14 149 17 16 4 37
2 [1:30001-1:50000
12.64% 12.07% 9.46% 12.01% 15.45% 15.53% 14.29% 15.35%
52 52 21 125 24 23 13 60
3 [ 1:50001-1:100 000
9.52% 9.51% 14.19% 10.07% 21.82% 22.33% 46.43% 24.90%
46 41 87 46 M 87
4 1 1:100 001 — and lower
8.42% 7.50% 7.01% 41.82% 39.81% 36.10%
TOTAL 546 547 148 1241 110 103 28 241
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Table 5. Nosological spectrum and prevalence (per 100,000 children) of common hereditary diseases (with the prevalence exceeding 1 : 30,000) identified in the
pediatric population of the RNO-A

Prevalence
Ne Ne OMIM Diagnosis 1T N/P
RNO-A | ER | Orphanet
Hereditary neurological diseases
1 162200 Neurofibromatosis, type | AD 29 18.06 13.58 10-15
2 PS308350 Epileptic encephalopathy, early infantile AD 8 5.5 2.56 n/d
3 PS191100 Tuberous sclerosis AD 7 4.81 5.75 1-4
4 160900 Myotonic dystrophy AD 10 6.87 2.4 1-9
5 PS156200 Intellectual developmental disorder, AD AD 20 13.74 13.42 n/d
6 PS249500 Intellectual developmental disorder, AR AR 58 39.85 39.45 n/d
7 PS309530 Intellectual developmental disorder, X-linked XL 26 35.72 37.69 n/d
8 PS251200 Microcephaly, primary AR 23 15.8 17.25 n/d
9 PS251280 Microcephaly, seizures with spastic quadriplegia AR 7 4.81 4.95 n/d
10 610542 Myasthenia, congenital, 12 AR 5 3.44 H/n, 0.1-0.9
11 PS117000 Congenital myopathy AR 8 5.5 2.56 n/d
12 310200 Duchenne muscular dystrophy XL 27 37.1 17.25 1-9
13 310376 Becker muscular dystrophy XL 3 412 2.24 5.4-6
Hereditary eye diseases
12 PS116200 Congenital hereditary cataract AA% 1 ? 170.;5361 18(?.1554 n/d
16 231300 Glaucoma, primary open angle, congenital AR 7 4.81 3.83 1-9
17 PS310700 Nystagmus, congenital, X-linked XL 8 10.99 11.82 n/d
18 120200 Coloboma, ocular AD 6 4.12 4.47 n/d
19 PS148300 Keratoconus AD 5 3.44 1.12 n/d
20 PS268000 Retinitis pigmentosa AR 5 3.44 2.4 10-50
Hereditary genodermatoses
21 148700 Keratosis palmoplantaris AD 15 11.68 13.89 2.5-50
22 146700 Ichthyosis vulgaris AD 5 3.44 26.99 20-25
23 308100 Ichthyosis, X-linked XL 9 12.37 15.01 10-50
24 PS305100 Ectodermal dysplasia XL 3 412 2.24 0.1-1
Hereditary skeletal disorders
25 100800 Achondroplasia AD 14 9.62 5.43
26 146000 Hypochondroplasia AD 6 412 3.35
27 185900 Syndactyly 1 AD 5 3.44 6.55 10-50
28 PS166200 Osteogenesis imperfecta AD 9 6.18 7.51 10-50
29 181800 Scoliosis, idiopathic AD 22 15.11 7.35 10-25
30 PS136760 Frontonasal dysplasia AD 7 4.81 3.35 n/d
31 226900 Epiphyseal dysplasia, multiple, 4 AR 5 3.44 0.8 n/d
Hereditary syndromes
g‘; PS130000 Ehlers-Danlos syndrome ﬁg 125 93?;1642 424_'5566 52
34 PS309510 Intellectual developmental disorder, X-linked syndromic XL 12 16.49 3.83 n/d
35 PS119530 Orofacial cleft syndrome AD 6 412 1.6 10-50
36 300624 Fragile X syndrome XL 7 9.62 5.43 10-50
37 113477 Sgizrgs;(;tggliissﬁr;g;orﬂae,ogrr;?’l:ggﬁ:)is, growth retardation, intellectual AD 9 6.18 n/d n/d
38 143500 Gilbert syndrome AR 9 6.18 3.03 n/d
39 PS118100 Klippel-Feil syndrome AD 6 4.12 2.4
40 PS163950 Noonan syndrome AD 5 3.44 4.95 10-50
41 PS180849 Rubinstein-Taybi syndrome AD 5 3.44 1.92
42 185300 Sturge-Weber syndrome AD 5 3.44 4.31 1-9
43 312750 Rett syndrome XL 6 8.24 4.15 1-9
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Table 5. Ending

Other hereditary diseases

44 PS220290 Deafness, autosomal recessive AR 103 70.76 61.97 20-50
45 274400 Thyroid dyshormonogenesis 1 AR 25 17.18 11.34

46 261600 Phenylketonuria AR 40 24.94 22.02

47 PS173900 Polycystic kidney disease 1 AD 20 13.74 4.63 10-50
48 PS262400 Growth hormone deficiency, isolated AR 10 6.87 5.91 1-9
49 230400 Galactosemia AR 12 8.24 2.56 n/d
50 219700 Cystic fibrosis AR 12 8.24 7.35 10-50
51 201910 Adrenal hyperplasia, congenital, due to 21-hydroxylase deficiency AR 11 7.56 3.51 1-9
50 201810 Qg;irﬁloggﬁz;ge;s;aéf?(gggs;ital, due to 3-beta-hydroxysteroid AR 9 6.18 n/d <04
53 PS203200 Albinism, oculocutaneous, type Il AR 6 4.12 2.4 1-9
54 PS203100 Albinism, oculocutaneous, type IA AR 5 3.44 5.59 1-9
55 608644 Thalassemia, beta AR 5 3.44 0.8 n/d
56 306700 Hemophilia A XL 9 12.37 12.14 1-9
57 306900 Hemophilia B XL 3 412 1.92 1-9

Note: No. OMIM — numbers of diseases according to the international OMIM catalog by Dr. Victor A. McKusick; PS — phenotypic series of the diseases of
heterogeneous group according to OMIM; I/T — inheritance type; N/P — number of patients; RNO-A — Republic of North Ossetia—Alania; ER — average disease
prevalence values according to the genetic and epidemiological studies of pediatric population in European Russia; n/d — no data; the prevalence of X-linked diseases

is represented by the number of boys.

was found in children living in rural areas of 17 subpopulations.
Such a situation is observed in all seven pediatric populations
previously surveyed in the Russian Federation [17-20].

The average OHD prevalence (1 : 117) in children of the
RNO-A (Table 3 and Figure) obtained in this study is similar to
the data on cumulative prevalence in the previously assessed
regions of the Russian Federation (the values range between
1 : 200 in the Chuvash Republic and 1 : 99 in Karachay-
Cherkessia). It is important to note that the average prevalence
among childrenis 1: 130, i.e. 1% of children are diagnosed with
OHDs, which is consistent with the data provided in the reports
of foreign colleagues [2, 3]. It is important for scientists, practical
healthcare, and the society to emphasize that it is children,
who constitute the share of the total number of patients with
OHDs in the population: 58.62% of all patients identified in the
Republic. The same situation is observed in other regions. The
average share of pediatric patients with OHDs among all the
patients identified in eight surveyed constituent territories of the
Russian Federation was 43.5% (from 35% in the Kirov Region
to 58% in the RNO-A), although the share of children in the
surveyed regions varies between 17.80% in the Kirov Region
and 26.77% in the RNO-A. Such a situation is due to the high
mortality rate and decreased genotype fitness associated with
a number of common OHDs [2, 3, 17-20].

The diversity of OHDs is made up of 241 diseases (109 AD,
102 AR, and 30 XL ones). The largest number of affected
individuals (n = 880, 70.91%) is reported for the group of common
(with the prevalence exceeding 1 : 30.000) OHD disease entities:
57 (23.65%). We have analyzed the spectrum of common OHDs
and their prevalence in the RNO-A (Table 5); a comparison with
the prevalence in seven previously surveyed regions of European
Russia (ER) and the data deposited in the international Orphanet
database has been conducted [6, 17-20].

High prevalence (per 100,000 children) of 11 diseases, three
of which have not been previously reported in our studies (type

12 congenital myasthenia (GFPT1 gene) — 3.44 (1 : 29,112); the
rare form found globally in 1% of patients with congenital adrenal
cortex dysfunction (3-beta-hydroxysteroid dehydrogenase
2 deficiency — HSD3B2 gene) — 6.18 (1 16,173);
brachydactyly E-amelogenesis—mental retardation—-nanism
syndrome — 11.28 (has not been mapped)), is the feature of
the surveyed population.

We identified type 1 congenital myotonic dystrophy — 6.87
(1 : 14.556), associated with the trinucleotide repeat expansion
in the DMPK gene, Duchenne muscular dystrophy — 37.10
(1 : 2696 boys), type | neurofibromatosis — 18.06 (1 : 7661),
congenital X-linked ichthyosis — 12.37 (1 : 8087 boys), fragile
X syndrome — 9.62 (1 : 10,327 boys), Rett syndrome — 9.62
(1 : 12,130 boys), achondroplasia — 9.62 (1 : 10,397), AR
deafness — 70.76/100,000 (1 : 1413) showing high prevalence
among children. All patients with the above diseases have
been genotyped, the locus and allelic heterogeneity have been
determined.

CONCLUSIONS

The population of the Republic of North Ossetia—Alania (RNO-A)
is characterized by a specific spectrum of OHDs caused by rare
mutations, some of which do not occur or are significantly less
common in other populations of the world and the Russian
Federation. The higher prevalence of this spectrum of diseases
in rural populations attracts attention. The findings suggest the
need to develop customized region-specific programs for the
prevention of childhood disability. Given the fact that hereditary
diseases in children are characterized by severe course and often
lead to premature death, the development of methods to prevent
such diseases constitutes the obligatory direction of reducing
child mortality. In general, the data obtained during this study
are important in practical terms; these also contribute to global
science and fundamental epidemiological studies of OHDs.

BULLETIN OF RSMU |5, 2024 | VESTNIKRGMU.RU



OPUITMHAJIbHOE NCCJIEQOBAHNE | MEOVLIMHCKAA MTEEHETUKA

References

10.

11.

12.

13.

14.

15.

16.

Online Mendelian Inheritance in  Man. Available from:
http://www.ncbi.nlm.nih.gov/OMIM (data obrashhenija 31.07.2024)
Ferreira CR. The burden of rare diseases. Am J Med Genet. 2019;
179 (A): 885-92. DOI: 10.1002/ajmg.a.61124.

Wakap SN, Lambert DM, Olry A, et al. Estimating cumulative point
prevalence of rare diseases: analysis of the Orphanet database.
European Journal of Human Genetics. 2020; 28: 165-73.
https://doi.org/10.1038/s41431-019-0508-0.

Passarge E. Color Atlas of Genetics. George Thieme Verlag
Stuttgart. 5rd ed. New York, USA, 2017; 474 p.

Bochkov NP. Genetika v praktike pediatra. Pediatrija. 2004; 5: 13—
18. Russian.

Orphanet Reports Series. Available from: http://www.orpha.net/
(data obrashhenija 31.07.2024).

McKusick VA. Ethnic distribution of disease in non-Jews. Israel J
Med Sci. 1973; 9: 1375-82.

Dong-Dong Wu and Ya-Ping Zhang. Different level of population
differentiation among human genes. BMC Evolutionary Biology.
2011; 11 (16). DOI: 10.1186/1471-2148-11-16.

Goodman RM. Genetic disorders among the Jewish people.
Baltimor: The Gohn Hopkins Univ Press. 1980; p. 965-970.
Norio R. Finnish Disease Heritage I: characteristics, causes,
background. Hum Genet. 2003; 112: 441-56.

Laberge Anne-Marie. Prevalence and distribution of genetic
diseases in Quebec: impact of the past on the present. Medicine
sciences. 2007; 23: 997-1001.

De Braekeleer M, Dao T-N. Hereditary disorders in the French
Canadian population of Quebec. I. In search of founders. Hum
Biol. 1994; 66: 205-24.

De Braekeleer M, Dao T-N. Hereditary disorders in the French
Canadian population of Quebec. Il. Contribution of Perche. Hum
Biol. 1994; 66: 225-50.

Verheij JB, ten Kate LP. Mendelian phenotypes in the Netherlands.
Hum Hered. 1993; 43: 223-31.

Zlotogora J, Patrinos GP. The Israeli National Genetic Database:
a 10-year experience. Hum Genomics. 2017; 11: 5. DOI:
10.1186/540246-017-0100-z.

Zlotogora J, Patrinos GP, Meiner V. Ashkenazi Jewish genomic
variants: integrating data from the Israeli National Genetic
Database and gnomAD. Genet Med. 2018; 20 (8): 867-71. DOI:

Jutepatypa

1.

2.

10.

11.

Online Mendelian Inheritance in  Man. Available from:
http://Awww.ncbi.nlm.nih.gov/OMIM (nata obpaveHnsa 31.07.2024)
Ferreira CR. The burden of rare diseases. Am J Med Genet. 2019;
179 (A): 885-92. DOI: 10.1002/ajmg.a.61124.

Wakap SN, Lambert DM, Olry A, et al. Estimating cumulative point
prevalence of rare diseases: analysis of the Orphanet database.
European Journal of Human Genetics. 2020; 28: 165-73.
https://doi.org/10.1038/s41431-019-0508-0.

Passarge E. Color Atlas of Genetics. George Thieme Verlag
Stuttgart. 5rd ed. New York, USA, 2017; 474 p.

Boukos H. IN. lfeHeTvika B NpakTvike neguatpa. [MNeanatpus. 2004;
5:13-18.

Orphanet Reports Series. Available from: http://www.orpha.net/
(nata obpateHns 31.07.2024).

McKusick VA. Ethnic distribution of disease in non-Jews. Israel J
Med Sci. 1973; 9: 1375-82.

Dong-Dong Wu and Ya-Ping Zhang. Different level of population
differentiation among human genes. BMC Evolutionary Biology.
2011; 11 (16). DOI: 10.1186/1471-2148-11-16.

Goodman RM. Genetic disorders among the Jewish people.
Baltimor: The Gohn Hopkins Univ Press. 1980; p. 965-970.
Norio R. Finnish Disease Heritage |: characteristics, causes,
background. Hum Genet. 2003; 112: 441-56.

Laberge Anne-Marie. Prevalence and distribution of genetic
diseases in Quebec: impact of the past on the present. Medicine
sciences. 2007; 23: 997-1001.

BECTHVIK PIMY | 5, 2024 | VESTNIKRGMU.RU

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

12.

13.

14.

15.

16.

17.

18.

19.

10.1038/gim.2017.193.

Bessonova LA, Elchinova GlI, Zinchenko RA. Populjacionnaja
genetika nasledstvennyh boleznej sredi detskogo naselenija
Respublik Bashkortostan, Respublik Chuvashija i Udmurtija.
Genetika. 2012; 48 (5): 644-54. Russian.

Zinchenko RA, Elchinova Gl, Vetrova NV, Amelina MA, Petrin AN,
Amelina SS. Jepidemiologija nasledstvennyh boleznej
sredi detskogo naselenija 12 rajonov Rostovskoj oblasti.
Otjagoshhennost' nasledstvennyh boleznej i geneticheskaja
struktura populjacii. Medicinskaja genetika. 2013; 12 (5): 21-28.
Russian.

Zinchenko RA, Vasileva TA, Elchinova Gl, Petrova NV, Petrin AN,
Ginter EK. Jepidemiologija nasledstvennyh boleznej sredi
detskogo naselenija 8 rajonov Respubliki Tatarstan. Jakutskij
medicinskij zhurnal. 2014; 2: 17-19. Russian.

Zinchenko RA, Kadyshev W, Galkina VA, Dadali EL, Mihajlova LK,
Marakhonov AV, i dr. Klinicheskaja populjacionnaja genetika
nasledstvennyh boleznej sredi detskogo naselenija Karachaevo-
Cherkesskoj Respubliki. Genetika. 2019; 55 (8): 964-71. DOI:
10.1134/S00166758190801860. Russian.

Zinchenko RA, Ginter EK, Marakhonov AV, et al. Epidemiology
of rare hereditary diseases in European part of Russia: point and
cumulative prevalence. Frontiers in Genetics. 2021; 12: 678957.
Available from: https://doi.org/10.3389/fgene.2021.678957.
Ginter EK, Revazov AA, Talanov M, i dr. Mediko-geneticheskoe
izuchenie naselenija Kostromskoj oblasti: 2. Raznoobrazie
nasledstvennoj patologii v pjati rajonah oblasti. Genetika. 1985;
21 (8): 1294-301. Russian.

Petrin AN, Ginter EK, Rudenskaja Gl, i dr. Mediko-geneticheskoe
izuchenie naselenija Kostromskoj oblasti. Soobshhenie 4.
Otjagoshhennost' i raznoobrazie nasledstvennoj patologii v 5
rajonah oblasti. Genetika. 1988; 24 (1): 151-55. Russian.
Zinchenko RA, Makaov AKh, Marakhonov AV, et al. Epidemiology
of hereditary diseases in Karachay-Cherkess Republic.
International Journal of Molecular Sciences. 2020; 21 (1): 325.
Available from: https://doi.org/10.3390/ijms21010325.
Cavalli-Sforza LL, Bodmer WF. The Genetics of Human populations.
San Francisco, Freeman WH and Company, 1971; 965 p.
Morton NE. Genetic tests under incomplete ascertainment. Am J
Hum Genet. 1959; 11: 1-16.

De Braekeleer M, Dao T-N. Hereditary disorders in the French
Canadian population of Quebec. I. In search of founders. Hum
Biol. 1994; 66: 205-24.

De Braekeleer M, Dao T-N. Hereditary disorders in the French
Canadian population of Quebec. Il. Contribution of Perche. Hum
Biol. 1994; 66: 225-50.

Verheij JB, ten Kate LP. Mendelian phenotypes in the Netherlands.
Hum Hered. 1993; 43: 223-31.

Zlotogora J, Patrinos GP. The Israeli National Genetic Database:
a 10-year experience. Hum Genomics. 2017; 11: 5. DOI:
10.1186/540246-017-0100-z.

Zlotogora J, Patrinos GP, Meiner V. Ashkenazi Jewish genomic
variants: integrating data from the Israeli National Genetic
Database and gnomAD. Genet Med. 2018; 20 (8): 867-71. DOI:
10.1038/gim.2017.193.

BeccoHosa J1. A., EnpumHoga I W., 3uHderko P A. TMonynsiuyoHHas
FeHETVIKa HaCneaCTBEHHbIX 60ne3Hen cpeay OETCKOro HaceneHust
Pecnybnuk BawkoptocTtaH, Pecnybmmk Yysawuvs n YamypTus.
[eHeTvka. 2012; 48 (5): 644-54.

3uHueHko P. A., EnbumHoBa I ., Betposa H. B., AmennHa M. A,
MetpuH A. H., AmennHa C. C. Snnaemmonorust HacnegCcTBeHHbIX
DonesHen cpean OETCKOro HaceneHns 12 panoHoB POCTOBCKOM
obnactn. OTAroweHHOCTb HacneAcTBEHHbIX ©OonesHen u
reHeTV4ecKas CTpyKTypa nonynsaumn. MeguuyHCcKas reHeTuka.
2013; 12 (5): 21-28.

3uHyeHko P A., Bacuneesa T. A., EnpumHosa I W, Metposa H. B,



20.

21.

22.

ORIGINAL RESEARCH | MEDICAL GENETICS

MetpuH A. H., TuHTep E. K. Onugemmonorns HacneaCcTBEHHbIX
DonesHen cpeay OETCKOro HaceneHus 8 parioHoB Pecrybnuku
TatapcTaH. AKyTCKUIN MEAMUMHCKUI XXypHan. 2014; 2: 17-19.

3uHuenko P A., Kagbiwes B. B., TankvHa B. A., Jagam E. 1.,
Mwuxannosa J1. K., MapaxoHos A. B., n gp. KnuHnyeckas

NonNyAsUMOHHAsa  FeHeTUKa  HACNEeACTBEHHbIX  60ne3Hen
Cpean  [EeTcKoro  HaceneHus  KapadaeBo-Yepkecckoi
Pecnybnvkn. [leHetvka. 2019; 55 (8): 964-71. DO

10.1134/500166758190801860.

Zinchenko RA, Ginter EK, Marakhonov AV, et al. Epidemiology
of rare hereditary diseases in European part of Russia: point and
cumulative prevalence. Frontiers in Genetics. 2021; 12: 678957.
Available from: https://doi.org/10.3389/fgene.2021.678957.
[uHTep E. K., PeBazos A. A., TanaHos M. V. n gp. Megnko-
reHeTUYeCKoe n3y4eHne HaceneHns KocTpomckom obnactu: 2.

23.

24.

25.

26.

PasgHoobpa3re HacneacTBEHHOW MaToforvm B MNSTU paioHax
obnactu. leHeTuka. 1985; 21 (8): 1294-301.

Metpun A. H., TuHtep E. K., PygeHckaa I W. n gp.
Mepnko-reHeTn4eckoe 13ydeHne HaceneHus KocTpOMCKOM
obnactn. CoobulieHne 4. OTaroweHHOCTb U pa3dHoobpasue
HacneaCcTBeHHOM maTtonorum B 5 parnoHax obnactu. leHeTuka.
1988; 24 (1): 151-55.

Zinchenko RA, Makaov AKh, Marakhonov AV, et al. Epidemiology
of hereditary diseases in Karachay-Cherkess Republic.
International Journal of Molecular Sciences. 2020; 21 (1): 325.
Available from: https://doi.org/10.3390/ijms21010325.
Cavalli-Sforza LL, Bodmer WF. The Genetics of Human populations.
San Francisco, Freeman WH and Company, 1971; 965 p.
Morton NE. Genetic tests under incomplete ascertainment. Am J
Hum Genet. 1959; 11: 1-16.

BULLETIN OF RSMU |5, 2024 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | BIOTECHNOLOGY
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The novel ribonuclease inhibitor LoRl is a 63 kDa recombinant protein optimized for high-throughput expression in E. coli and purification by metal chelate affinity
chromatography (IMAC). The product was obtained by N-terminal fusion of mouse placental RNase inhibitor polypeptide to a thioredoxin module. Advantage of the
engineering strategy in terms of protein structure and function was predicted in silico. Under laboratory settings, the yield of purified soluble recombinant product
was about 12 mg per 1 L of expression bacterial culture. By RNase inhibition capacity in vitro, the product is comparable or superior to a commercial reference.
The kinetic data comply with Lineweaver-Burk model.
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HOBbIN PEKOMBUHAHTHbIW UHTMBUTOP PHKas LORI A1 NPUMEHEHUSA IN VITRO

0. A. Cyxos'??, N. B. Xonowerko'*, T. B. MeTposa’, I. A. PomaHeHko?, M. 0. MbitwkuH2, B. KO. KocT?, [. KO. Tpodumos', H. HO. Yemar® =,

E. B. bBapcosa®®

000 «[dHK-TexHonorus», Mocksa, Poccust

2 MNP3A — Poccuiickuin TexHonorm4eckunii yHueepcuteT, Mocksa, Poccust

3 VIHcTuTyT BroopraHmndeckorn xummm nmern M. M. LLiemsakuHa n tO. A. OBumHHMKOBa, Mockea, Poccust

4 MOCKOBCKWIA FOCYAAPCTBEHHBIN TEXHUHECKUIA yHUBEPCUTET MMeHn H. 3. Baymara, Mocksa, Poccuist

5 PoCCUINCKMIA HAUMOHABbHBIN MCCNER0BATENBCKUI MEAULMHCKUA yHBEpCUTET uMeHn H. W, Muporosa, Mockea, Poccust
VIHrmbuTopbl PHKa3bl gaBHO MCNonbaytoT B 6UOTEXHONOMMK 1 nabopaTtopHoi avarHocTuke. Liensto paboTbl 6bI10 MONY4YUTL Y OXapakTepn3oBaTh HOBbIN
PEKOMONHAHTHBIA MHrMEuTOop PHKa3 LoRlI. Mony4eHHbIn HOBbI MHMMOUTOP prboHykneasd LoRI npeactaBnser cobor pekoMOnHaHTHbI 6enok maccon 63 ka,
OMTVMU3NPOBAaHHBIN AN BbICOKOMPOU3BOAWTENBHOM 3KCNPEeccun B E. COli 1 O4ACTKL C MOMOLLBIO MeTannoxenatHon adpduHHon xpomatorpadpum (IMAC).
[MpogyKT monydeH 3a cHeT N-KOHLIEBOro CAVSHWUSA MOAMAENTUAHOM MOCNenoBaTeNbHOCTU MAaLeHTapHOro nHrnbutopa PHKas Mbium ¢ TMOPEAOKCHHOBbLIM
mogzynem. LlenecoobpasHocTb faHHOM MOANMMKALWN C TOHKM 3PEHNs CTPYKTYPbI 1 (PyHKUMM 6enka NoaTBepxaeHa in silico. BbIxon 04MLLEHHOrO pacTBOPUMOro
PEKOMONHAHTHOMO MPOAYKTa B NabopaTopHbIX YCIOBMSX COCTaBMA OKOMo 12 Mr Ha 1 N 9KCNpeccuoHHOW HakTepuanbHOM KynbTypbl. 10 akTMBHOCTW in vitro
MPOAYKT COMOCTaBMM C KOMMEPHECKIM aHaIoroM Wi MPEBOCXOAWT ero. KnHeTUHecKne faHHble COOTBETCTBYIOT Mofen JlanHynsepa—bepka.

KnioyeBble cnosa: MHMMOUTOP PUOOHYKNeas, TMOPEAOKCHH, MeTannoxenatHas apdmHHas xpomatorpadums (IMAC), mogens NanHyvBepa-bepka
®duHaHCupoBaHue: 1ICcefoBaHne BbiNonHeHo npu duHaHcoBon nopaepkke OO0 «IHK-TexHonorns».

Bknap aBTopos: []. A. Cyxos, I. A. POMaHeHKO — MHXeHepus, akcnpeccus n oumcTka 6enkos; . B. Xonowwerko, T. B. MNMeTpoBa — xapakTepuaauusi NpoaykTa,
HanucaHve ctatbi; M. KO. MbllknH — aHanms cTpykTypbl 6enka; B. HO. KocT — ansanH nccnegosanus; [. HO. Tpodhrmos — pykoBOACTBO npoekTom; H. HO.
YcmaH — Hanvcarue ctatbu; E. B. BapcoBa — koopanHauma npoeKkTa, HanmcaHmne crarbu.
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Specific proteins that directly inhibit cellular and extracellular
ribonucleases (RNases) are expressed by various cell types
and their overall physiological effect is cytoprotective [1]. Kinetic
studies on RNase inhibition by these proteins used several
model targets, notably RNase A and angiogenin — a secreted
RNase with low catalytic activity, promoting vascularization [2].
Experiments with angiogenin and placental RNase inhibitor
revealed a two-step binding mechanism, with rapidly formed
loose complex of the two proteins E:| eventually tightened into
stable E-I* complex by slow isomerization (k, = 97 s7) [3].
RNase inhibitors have long been used in biotechnology
and laboratory diagnostics. The highly efficient RNase
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inhibition is essential for the accuracy of reverse transcription-
based analytical methods, as underscored by the diagnostic
experience during SARS-CoV2 pandemic [4]. Large-scale
production of recombinant RNase inhibitors in bacterial systems
is complicated due to redox sensitivity of these proteins [5]
which may also impair their stability at storage.

Thioredoxins (Trx), small proteins found in all living cells,
participate in redox control, which involves the electron
retention capacity of cysteine residues in the active site of
Trx. By sponging the electron flux from NADPH (catalyzed
by Trx reductase) Trx stabilize activated thiolate groups in
miscellaneous cellular proteins thereby protecting their
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native, active state [6]. In protein engineering, the use of Trx
as a covalently linked chaperone can substantively improve
the yields of a redox-sensitive recombinant product without
compromising its properties; the overall benefit will depend on
details of both the expression system and the target product.
In E. coli-based systems, a Trx fusion module may effectively
prevent the product from being misfolded and sequestered
to inclusion bodies. E. coli Trx transcripts are highly translated
in authentic media thus supporting high yields of the chimeric
protein; in addition, Trx has a robust tertiary structure and can
be further modified for metal chelate purification [7].

This article describes production and characterization of a
novel recombinant RNase inhibitor LoRI, constructed from the
mouse placental RNase inhibitor polypeptide, supplemented
with a thioredoxin module to enhance redox stability and a His
tag for advanced purification by metal affinity chromatography
(IMAC).

METHODS
Protein engineering

Murine ribonuclease inhibitor sequence retrieved from UniProt
database (M. musculus Rnh1; Uniprot Q91VI7) was fused at
the N-terminus to thioredoxin module (E. coli trxA; Uniprot
POAA25) via a linker comprising hexahistidine tag (6H),
thrombin recognition site (LVPRGS), S-Tag (KETAAAKFERQH),
and enterokinase recognition site (DDDDK):

MNHKVHMNSDKIIHLTDDSFDTDVLKADGAILVDFWAEWC
GPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPT
LLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHH
HHHSSGLVPRGSGMKETAAAKFERQHMDSPDLGTDDDDKA
MSLDIQCEQLSDARWTELLPLIQQYEVVRLDDCGLTEVRCKDI
SSAVQANPALTELSLRTNELGDGGVGLVLQGLQNPTCKIQKLS
LONCGLTEAGCGILPGMLRSLSTLRELHLNDNPMGDAGLKLL
CEGLQDPQCRLEKLQLEYCNLTATSCEPLASVLRVKADFKELV
LSNNDLHEPGVRILCQGLKDSACQLESLKLENCGITAANCKDL
CDVVASKASLQELDLSSNKLGNAGIAALCPGLLLPSCKLRTLW
LWECDITAEGCKDLCRVLRAKQSLKELSLASNELKDEGARLLC
ESLLEPGCQLESLWIKTCSLTAASCPYFCSVLTKSRSLLELQMS
SNPLGDEGVQELCKALSQPDTVLRELWLGDCDVTNSGCSSL
ANVLLANRSLRELDLSNNCMGGPGVLQLLESLKQPSCTLQQL
VLYDIYWTNEVEEQLRALEEERPSLRIIS*

In silico study used the AlphaFold 3 protein structure prediction
model [8].

Molecular cloning and bacterial expression system

Codon optimization for E. coli was based on codon usage data
retrieved from public sources (NCBI GenBank, Codon Usage
Database). The nucleotide sequence was further adjusted
manually to minimize the prevalence of GC-rich regions
while preserving the encoded amino acid identity. De novo
synthesis of the nucleotide sequence by assembly with partially
overlapping oligonucleotides and subsequent amplification was
ordered as a service from Evrogen JSC (Moscow, Russia) and
performed according to original protocol by Dr. A. F. Fradkov
in 2021.

The codon-optimized trxA-6H-Rnh1 DNA template was
cloned into pET32 plasmid (Pharmacia). The construct was
verified by Sanger sequencing. To potentiate expression of the
active recombinant protein in E. coli system, electrocompetent
E. coli BL21(DE3) (Novagen) were transformed with pGro7
chaperone plasmid (Takara Bio) to enable GroEL-ES assisted
folding advisable for cysteine-rich recombinant products [9].

The obtained producer strain E. coli BL21(DE3)-pGro7 was
transformed with the pET32-trxA-6H-Rnh1 construct.

Bacterial culture

The BL21(DE3)-pGro7 producer strain transformed with the
PET32-trxA-6H-Rnh1 expression plasmid was grown overnight
at 37 °C in LB broth containing 10 g/L NaCl, 10 g/L tryptone
and 5 g/L yeast extract, with ampicillin and chloramphenicol
added to final concentrations of 100 pyg/mL and 30 pg/mL,
respectively. The culture was subsequently re-inoculated to
a fresh flask with antibiotic-supplemented LB and incubated
overnight at 37 °C/225 rpm. Next day, the pre-culture was
diluted in LB supplemented with 2.5 mM MgCl, and grown in a
F25L bioreactor (BioTechno Group; Russia) at 37 °C, 400 rpm,
0.6 bar and 0.25 m®%h to exponential phase defined as
OD,,, = 0.5. At this point, the culture was induced with 1 g/L
arabinose to activate the chaperone genes and allowed to grow
at 37 °C to OD,,, = 0.9. The temperature was subsequently
reduced to 20 °C and the culture was induced with isopropyl
-d-1-thiogalactopyranoside (IPTG) at a final concentration of
1 mM. Twenty hours post-induction the cells were collected
at 4,500 rpm in a Beckman Coulter Avanti™ J-15R centrifuge
equipped with Beckman Coulter Avanti™ JS-4.750 rotor
(Beckman Coulter; USA).

Protein extraction

A 50 g total yield of bacterial cells expressing Trx-RI fusion
protein was resuspended in 10 v/v of Ni-A buffer solution
(500 mM NaCl, 20 mM Tris-Cl, 10 mM Imidazole (ImH), 0.1%
Tween 20, 10 mM 2-mercaptoethanol (2-bme); pH 7.6) with
1 mM PMSF and lysed with Q500 ultrasonic homogenizer
(Qsonica, USA) set at amplitude 60, pulse on/off 05/05 s
for 10 min on ice. The lysate was clarified by centrifugation
in HERMLE Z-36HK equipped with HERMLE 12/035 rotor
(HERMLE Labortechnik GmbH, Germany) at 21,000 rpm for
40 min. To precipitate soluble proteins, the clarified lysate was
supplemented with 15% w/w (NH,),SO, and centrifuged in
HERMLE Z-36HK with HERMLE 12/035 rotor at 21,000 rpm
for 10 min, then supplemented with 10% w/w (NH,),SO, and
centrifuged identically. The supernatant was discarded and
the pellet was dissolved in 5 v/v of Ni-A. The purified protein
solution was passed through a 0.22 pm polyethersulfone
filter membrane (Vacuum Filtration ,rapid“-Filtermax; TPP,
Switzerland).

Chromatography

The filtered product was loaded onto an XK 26/20 chromatography
column (Cytiva, USA) filled with Ni-INDIGO resin (Cube Biotech
GmbH; Germany). The column volume (CV, 20 mL) was pre-
equilibrated with 15 CV of Ni-A buffer at a rate of 5 mL/min. The
loading proceeded at a rate of 4 mL/min. The loaded column
was washed with 10 CV of Ni-A buffer. The elution used 5 CV
of 0.5X Ni-B buffer and 5 CV of 1X Ni-B buffer (500 mM NaCl,
20 mM Tris-Cl, 500 mM ImH, 0.1% Tween 20, 10 mM 2-bme;
pH 7.6) (Fig. 1).

The eluate was analyzed by 10% SDS-PAGE (Figure 2).
Fractions containing the recombinant target product were
pooled and dialyzed in Q-A buffer (20 mM Tris-Cl, 120 mM KCl,
0.1 % Tween 20, 10 mM 2-bme; pH 7.2) at 1:40 v/v for 12 h.

High-performance anion exchange chromatography Il used
a HiScale™ 16/10 column filled with Q Sepharose Fast Flow
(CV=10 mL; Cytiva) pre-equilibrated with 15 CV of Q-A buffer.
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Fig. 1. Chromatography | profile (IMAC on Ni-INDIGO, Cube Biotech)

The filtered dialysate was loaded onto the column at a rate of
3 mL/min (Supplementary Fig. S1). The loaded column was
washed with 10 CV of Q-A buffer. The elution used 20 CV of
0-15% Q-B buffer (20 mM Tris-Cl, 1 M KCI, 0.1% Tween 20,
10 mM 2-bme; pH 7.2).

Fractions of interest containing the recombinant product
were determined by SDS-PAGE (7-26; Supplementary Fig. S2),
pooled and dialyzed in storage buffer (50 mM KCI, 20 mM
Hepes-K, 0.1 % Tween 20, 8 mM DTT, 50% Glycerol; pH 7.2) at
1:40 v/v for 12 h. After dialysis, concentration and purity of the
product were assessed by spectrophotometry using Bradford
method and by SDS-PAGE with bovine serum albumin as a
standard (Supplementary Fig. S3). The stock was diluted to
1 mg/mL (15.75 uM) with storage buffer (pH = 7.0), aliquoted
and stored at —25...-18 °C.

Commercial reference
Thermo Scientific™ RiboLock RNase Inhibitor 40 U/pL
(#EO0381) was chosen as RNasin activity reference.

Molecular weight of the protein, 49.6 kDa, was provided in the
manufacturer’s data. Concentration of the protein in supplied

11b

45

ﬁ

Fig. 2. Chromatography | samples, 10% SDS-PAGE. Lanes: 1 — supernatant; 2
marker with band values, kDa, indicated in the image; 5-9 — eluted fractions 2, 5,
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aliquots, 1 mg/mL (20.16 uM), was determined using Bradford
method.

RNA substrates

Two types of RNA prep were used as substrates: (1) human
total RNA isolated from HEK 293 cell cultures using ExtractRNA
reagent (Evrogen; Russia); and (2) synthetic single-stranded
RNA, 1.7 kb, obtained by transcription in vitro using HiScribe
T7 High Yield RNA Synthesis Kit (NEB #E2040S). RNA
concentrations were measured in NanoDrop™ 2000/2000c
at 260/280 and 260/230 absorbance ratios; the integrity was
verified by electrophoresis.

RNA stability assay

The ribonuclease inhibitor (RNasin) activity was assessed
through extent of RNA degradation in the presence of RNase A.

Monarch® RNase A 20 mg/mL (NEB #T3018L) was selected
as a model partner for the inhibitory binding. Working solution
of the target was obtained by dilution of the stock with pure
deionized water to 5 ng/uL. The RNase inhibition activity is

5 6 7/ 8 9

A —

— insoluble residue; 3 — flow-through; 4 — wash; M — protein molecular weight
8, 10 and 11, respectively
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Fig. 3. Ribonuclease A (RibA) interacts with core inhibitor Rnh1 (grey surface). A. The enzyme contacts the inhibitor with its ligand-binding groove; the residues forming
the active center are highlighted (PDB id: 1DFJ) [10]. B. Enlarged image of the C-terminus in close contact with residues of the active site in ribonuclease (blue) which
sterically hinders the RNA binding. The histidine tag at the C-terminus (orange) disrupts the interaction by ‘protruding’ into RibA; overlay of AlphaFold3 model of Rnh1

with C-terminal His tag and crystal structure of Rnh1/RibA complex (PDB id: 1DFJ).

conventionally measured in units, with single unit corresponding
to the amount of agent capable of reducing the activity of 5 ng
of RNase A to 50% of initial value.

The reactions were set up in buffer (10 mM TrisHCI, 2 mM
MgCl,, 10 mM KClI, pH 8.0 at 25 °C) with 0.3-1.0 ug human
total RNA, 2.5-5.0 ng RNase A and 0.0-4.0 pg inhibitor (LoRl
or RiboLock). The inhibitor and the RNase were premixed and
added to RNA. The 10 pL reaction mixtures were incubated
under varying conditions, basically at 37 °C for 30 min, and
analyzed by 1.2% agarose gel electrophoresis. The RNase A
reaction was terminated by addition of 2-bme to 0.5 M and the
mixtures were placed on ice or frozen. Before electrophoresis,
the samples were mixed with gel loading buffer (#PB020;
Evrogen). For reverse transcription, the aliquots were sampled
before the addition of 2-bme and analyzed immediately.

Fluorimetry

The RNA stability was monitored by fluorimetry with Ribo488
RNA Quantification Reagent (product code 11510, Lumiprobe,
Russia). Kinetic curves of RNA degradation were built using
CLARIOstar® Plus microplate reader (BMG LABTECH,
Germany) in AMC enzyme kinetics mode.

Specific activity assay used Lumiprobe QuDye ssDNA
Reagent (product code 17102, Lumiprobe) with synthetic
single-stranded RNA combined to 2.5 ng RNase A and
0.5-4.0 pg inhibitor in 40 pL reaction volume. The binding
proceeded at 37 °C for 1 hour. The measurements were made
in a Hidex Sense 425-311 microplate reader (HIDEX; Finland).

Kinetic study used human total RNA and Lumiprobe QuDye
ssDNA Reagent. The mixtures were set up using 10X Reaction
Buffer (300 mM TrisHCI, 50 mM MgCl,, 500 mM KClI; pH 7.9-8.0
at 25 °C) with varying amounts of RNA (150, 300, 600 ng)

and LoRlI (1, 0.9, 0.8 pyg — respectively, 197, 177, 157 nM
in 80 pL reaction volume); the measurements were made in
CLARIOstar® Plus. The reference Thermo Fisher™ RibolLock
inhibitor was used in a final concentration of 252 nM. RNase A
(5 ng per reaction) was used as a target; the RNase-free and
inhibitor-free controls were included in the series, representing
the intact substrate and the uninhibited enzymatic degradation
samples, respectively.

PCR tests

RNA quantification by reverse transcription PCR used OneTube
RT-PCR TagMan setup (# SK031; Evrogen, Russia) with primers
flanking a 130 bp fragment of B2M cDNA (5'-ATTATAACCCTA
CATTTTGTG, 5'-TGTAAGCAGCATCATGGAGGTT, 0.2 uM
each) and a TagMan probe covering exon junction to
exclude noise from residual genomic DNA (5'-FAM-
GCCGCATTTGGATTGGATGAATTCCA-BHQ1, 0.1 uM).

PCR (nonjinhibition tests used 5X gPCRmix-HS PCR setup
(# PK145; Evrogen) with a FAM-BHQ1 TagMan system. A 90 bp
fragment of GAPDH was amplified from 100 pg of human
genomic DNA in 25 plL reaction volume. All tests were run in 5
technical replicates in a BioRad CFX 96 real-time amplification
instrument (BioRad; USA).

RESULTS

In silico structural study

The prototypical ribonuclease inhibitor Rnh1 has multiple
leucine-rich repeat motifs and its overall folded shape

resembles a horseshoe lined with negatively charged residues.
Fig. 3A shows Rnh1 binding ribonuclease A (RibA), a small
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Fig. 4. AlphaFold3 models of Trx::Rnh1 fusion product. A. The product, native and unbound, comprising the horseshoe-shaped core inhibitor connected via linker
to the compact Trx. The color scheme reflects predicted local distance difference test (pLDDT), a per-residue model confidence score provided by AlphaFold3, with
pLDDT > 90, blue, high-confidence model; pLDDT 70-90, light-blue, high confidence for the backbone; pLDDT 50-70, yellow (low-confidence representation of a
volatile structure); and pLDDT < 50, orange, region unstructured in isolation. Accordingly, the Rnh1 and Trx functional modules are imaged with high accuracy, whereas
representation of the linker is conditional: it can be oriented and located differently e.g. outside the horseshoe. B. RibA (arrow) appears sandwiched between Trx and

Rnh1 modules of the fusion product

protein of ~120 amino acids stabilized by four disulfide bonds.
The binding involves C-terminal region of the inhibitor, notably
positions V405, V428, Y430, D431, Y433 and E436 [10]. The
inhibition mechanism is based on steric hindrance of the active
site in RibA. Importantly, N-terminal region of the inhibitor does
not participate in the interaction, which makes it a preferable
location for a fusion point (especially since fusing Trx at the
C-terminus would have excluded it as a cis chaperone module
that should be already in place by the time of Rnh1 synthesis).
Moreover, a His tag at the C-terminus was predicted to interfere
with the ligand binding (Fig. 3B) which ultimately determined the
engineering strategy.

Fig. 4A shows the Trx::Rnh1 fusion protein, with two
compact functional modules of high prediction accuracy
connected by loose, disordered linker. AlphaFold3 images of
the Trx::Rnh1/RibA complex show close juxtaposition of Trx
and RibA moieties during the interaction (Fig. 4B).

Thus, Trx module may stabilize the complex by ‘pressing’
RibA to the inhibitor. Electrostatically, the ‘pressure’ is favored
by a negative surface potential on Trx. The estimated total
charge of Trx module is -4, whereas the ribonuclease molecule
has a total charge of +4 and electrostatically positive surface (to
attract RNA) apart from a single cluster of negatively charged
residues. In addition, Trx may act as an enzyme itself, opening
the exposed disulfides in RibA and thereby disrupting its
structure while bound to the inhibitor (Supplementary Fig. S4).

Yields

The design afforded a 3-5-fold increase in yields of soluble
recombinant protein compared with unmodified Rnh1
sequence. The raw vyields were estimated 2.7-3 mg of
recombinant target per 1 g of E. coli biomass. The cumulative
losses at all purification steps amounted to 25-30%. The yield

2 3 4 5 6
RNase A - - 5ng 5ng 5ng
LoRI 1 g THg - -
Thermo Scientific™ _ _ - - 1
RiboLock e

Fig. 5. RNA stability assay, pilot series. Lane 1: Thermo Scientific™ GeneRuler 1kb DNA Ladder. Lanes 2-6: 1 ug RNA +. The treatment proceeded at 37 °C for 30 min.
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Fig. 6. Reverse transcription PCR data for RNA stability assay at 40-57 °C using 1 ug RNA + 2 g LoRI with or without RNase A (2.5 ng), treatment time — 30 min

of purified active product under laboratory conditions was 2 mg
per 1 gof E. colibiomass, or about 12 mg per 1 L of expression culture.

RNA stability assay

Pilot tests using 1 pg of human total RNA combined to 5 ng
RNase A and 1 pg LoRI in 10 pL reaction volume revealed
excellent protective properties of the product towards RNA
(Fig. 5).

The effective temperature range of inhibition was determined
using a 40-57 °C temperature gradient programmed in a
thermal block. The setup used 1 pg of human total RNA
combined to 2.5 ng RNase A and 2 pg LoRl in 10 pL reaction
volume. For comparison, identical samples of total RNA +
LoRI were incubated for 30 minutes at the same range of fixed
temperatures without added RNase. The 30 min incubations
were followed by collection of 1 pL aliquots for PCR tests of
RNA integrity run immediately; the data are shown in Fig. 6.
The remaining portions were 2-bme-treated and analyzed by
electrophoresis (Fig. 7, Supplementary Fig. S5).

Alternative setups varying the reaction parameters are
shown in Supplementary Figs. S6-S14. The data show that
LoRlI fully preserves RNA at temperatures up to 46.6 °C with
further increase leading to partial RNA degradation. At 54.1 °C
electropherograms show a diffuse smear shifted to a low-
molecular-weight region (Fig. 7, lane 4), while Ct increases by
3 cycles corresponding to a one-order decrease in effective
concentration of the 130 b template (Fig. 6). At 57.0 °C, the

protective properties of LoRI are residual: electropherograms
shows full degradation of the sample with ACt reaching
7 cycles compared with the initial value.

PCR (non)inhibition tests

The data indicate no change in PCR efficiency in the presence of
up to 4.0 pg of LoRlI in a 25 pl reaction volume (Supplementary
Fig. S15).

Specific activity assay

Calibration curve for the assay is shown in Supplementary
Fig. S16. Considering the linear response range of 0.1-0.6 pg,
all measurements were performed with 1.0 pg RNA in order
to improve the inhibition kinetics plot accuracy against Thermo
Fisher™ RibolLock RNase Inhibitor (40 U/pL ~ 1 pg/pL) as a
reference activity. Fluorescence measurements for excess of an
inhibitor were accepted as 100%. Based on the data, 1 pg of
LoRI was found to correspond to 50 U (Supplementary Fig. S17).

Comparative kinetic study

The Lineweaver-Burk graphical model assuming a mixed
ribonuclease inhibition mechanism is shown in Supplementary
Fig. S18.

The inhibition constant value, Ki, determined by the graphical
representation approach was consistent with computational

1 2 3 4 5 6
Fig. 7. RNA stability assay at 40-57 °C, treatment time— 30 min. Lane 1: Thermo Scientific™ GeneRuler 1kb DNA Ladder Lanes 2-9: 1 ug RNA + 2.5 ng RNase A

7 8 9 10 11

+ 2 pg LoRl at
2 3 4 5 6 7 8 9
57.0°C 56.0 °C 54.1 °C 50.7 °C 46.6 °C 43.3°C 41.1°C 40.0°C

Lanes 10-11: 1 pg RNA + 2.5 ng RNase A, no inhibitor added, incubated at 57.0 and 40.0 °C, respectively.
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findings for the mixed inhibition model [11]. The calculated
inhibition constant for LoRI towards RNase A constituted
0.825 pM. The approach was further applied to calculate
the inhibition constant for Thermo Fisher™ RibolLock, which
constituted 1.199 pM. According to the data, LoRI outperformed
the reference activity in terms of inhibitory capacity associated
with the formation of a low-dissociation enzyme-inhibitor complex.

DISCUSSION

The study was aimed at developing an RNase inhibitor for
use in precision molecular medicine, in particular in diagnostic
test systems based on reverse transcription PCR and library
preparation for RNA sequencing. The proposed strategy of Trx
fusion in combination with His-tagging was successful. The
product is intended for a wide scope of research and diagnostic
applications.

The growing demand for effective RNase inhibitors of
molecular biological quality is related to the current interest in
RNA as a key information carrier in molecular medicine and
related medical biotechnology; the latest products include
diagnostic kits, RNA vaccines, etc. The placental RNase inhibitor
Rnh1 is an ideal prototype agent for preserving RNA isolated
from cell cultures or tissues. A major obstacle to its industrial-
scale production is redox-sensitivity: this leucine-rich repeat
protein contains about 30 cysteine residues per molecule, all
of which must be reduced to form SH groups and prevented
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NEUROIMAGING APPROACH TO IDENTIFICATION OF WORKING MEMORY BIOMARKERS IN PATIENTS
WITH CHRONIC CEREBRAL ISCHEMIA

Fokin VF =, Ponomareva NV, Konovalov RN, Medvedev RB, Boravova Al, Lagoda OV, Krotenkova MV, Tanashyan MM
Research Center of Neurology, Moscow, Russia

Verbal working memory (VWM) is a fundamental function responsible for temporary storage and short-term handling of verbal information. The study was aimed to
determine the working memory biomarker associated with imaging of the source of infra-slow electrical activity in patients with chronic cerebral ischemia (CCI). A
total of 50 patients with CCI took part in the study: 16 males and 34 females aged 50-85 years. VWM was evaluated by the Luria test. The subjects were divided
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HENPOBWU3YAJIM3ALIMOHHbBIV NOAXOoA N5 BbIABNEHUS BUOMAPKEPOB PABOYEN MAMATU
Y BOJIbHbIX C XPOHUYECKOW ULLIEMUEA MO3TrA

B. ®. ®okuH =, H. B. MNoHomapesa, P. H. KoHosanos, P. . Measenes, A. V. Bopasosa, O. B. Jlaroga, M. B. Kpoterkosa, M. M. TaHatusH
HayuHbin LeHTp HeBposnorumn, Mocksa, Poccust

BepbanbHas pabodas namsate (BPIM) — dyHaameHTanbHas yHKUMs,, OTBETCTBEHHAS 38 BPEMEHHOE XPaHEeHWe Y KPaTKOCPOUYHYIO paboTy ¢ BepbasnbHon
nHpopmaument. Liensto paboTbl 66110 onpeaenits Griomapkep pabodein namsT, CBA3aHHbIN C HEMPOBU3yan3aLmelt NCTOYHKA CBEPXMEONIEHHOM 3NEKTPUHECKOM
AKTVBHOCTW Yy BOJBHbIX C XPOHUYECKOM milemmei mosra (XVIM). B nccneposarmm npuHanm y4actve 50 nauveHTos ¢ XVIM: 16 My>H4mH 1 34 XeHLLMHbI B BO3pacTe
50-85 net. BPI ouermBany no TecTy Jlypusi. VicnbiTyemble Gbinn pas3feneHsl Ha ABe rpynbl, He pasnmyatoLLmecs no Bo3pacTy, ¢ BPI HuKe 1 Bbille cpeaHero
YPOBHS B 1CCNefoBaHHOM BbIbopke. Pernctpuposanace ceepxmeaneHHast, Meree 0,1 I, anekTpuyeckast akTVBHOCTb, MHaYe HasbliBaeMasi ypOBHEM MOCTOSIHHOIO
noteHumana (Y1) ronoBHOro Mosra B NAT MOHOMONSPHBIX OTBEAEHMSIX: NTOBHOM, LEHTPaIbHOM, 3aTbISIOYHOM, MPaBOM 1 JIEBOM BUCO4HbIX. C nomMoLLsto pMPT
MOKOS aHaIM3nPOBaN 06nacT Mo3ra ¢ akTverposaHHbiM BOLD (blood-oxygen-level-dependent) cvrHanom v ceasaHHble ¢ 061acTsiMm Mo3ra, OTBETCTBEHHbIMU 3a
BPIM v 3a nctouHmnkm reHepaupmn YT, peructprpyemMble HermonsiprayembiMi anekTpogamun. B aByx rpynnax BPI HaneHbl pagnuyns B akTveaumm BOLD-curHana
1 aMNAnTyae CBEPXMEONIEHHON aKTUBHOCTU. TN HepoceTn nokosi, BPI 1 HenpoceTb, oTBeTCTBEHHAA 3a reHepaumto YIT, nepecekatotcsa B TOOHbIX 00nacTsix.
YN B nobHOM OTBEAEHWN [OCTOBEPHO pasnmyancst B AByx rpynnax BPTM (o = 0,00004). Bruomapkepom BPIT y 6onbHbix XVIM siBRsieTcs cBepXxMeniieHHas
aKTVIBHOCTb, PerycTpupyemas B TJOOHOM OTBELEHUN 1 reHepvipyemast TeM Y4aCTKOM HEMPOCETU, KOTOPbIV SBAsSieTCs nepeceyeHrem ceTu BPTT u ydacTka moara,
OTBETCTBEHHOrO 3a reHepauuto Y B nobHoi obnactu.
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Verbal working memory (VWM) is a fundamental function
responsible for temporary storage and short-term handling
of verbal information that is necessary to solve a number of
problems: reasoning, understanding, learning. Identification of
VWM biomarkers can help us understand individual differences
in cognitive ability, as well as diagnose and treat memory
disorders [1]. The working memory deficit can also serve as
an indicator of the cerebral disease process development.
Functional magnetic resonance imaging (fMRI) studies
revealed certain brain regions and networks involved in the
VWM functioning, such as prefrontal cortex, parietal cortex,
anterior cingulate cortex, hippocampus, etc., which can vary
depending on the VWM assessment conditions, individual
psychophysiological characteristics, and the disease type [2, 3].
In the prefrontal cortex, neurotransmitters dopamine and
norepinephrine are involved in the VWM processes; these
depend on the genes associated with dopamine receptors (for
example, DRD2, COMT) and determine the working memory
capacity and effectiveness [4]. fMRI and electrophysiological
measurement, for example, performed when conducting the
P300, N-back and other tests, provided valuable insights into
neuronal activity associated with working memory and its
capacity. Structural characteristics of the brain, such as grey
matter volume and white matter integrity in the regions that
support working memory (in the dorsolateral prefrontal cortex,
anterior cingulate gyrus, etc.) can be correlated to the working
memory indicators [5-6]. The VWM capacity decreases with
aging; it is also reduced in individuals with neurodegenerative
and vascular disorders, such as chronic cerebral ischemia (CCl) [2].

The widespread use of fMRI provided a separate source for
the development of ideas about the neurovascular unit (NVU),
the cellular complex ensuring interaction between the BOLD
signal and the neuronal activity. NVU consists of neurons,
glia, endothelial cells, and some other components [7-8].
The processes that ensure working memory result in the NVU
activation, due to which increased activity of BOLD signals,
neuronal responses, and infra-slow activity shifts are observed.
In the Russian literature, the term “infra-slow activity” is used
along with the term “DC potential (DCP)”. Active functioning of
neurons associated with working memory activation can lead
to changes in the NVU pH and, as a result, to the dynamics
of potential difference between blood and cerebrospinal fluid.
The normal resting state pH of cerebrospinal fluid is 7.31-7.34,
while that of arterial blood is slightly more alkaline, 7.35-7.45.
According to the calculations based on the Nernst equation
due to differences in hydrogen ion concentration (https://www.
physiologyweb.com/calculators/nernst_potential_calculator.html),
the BBB membrane steady potential shift of up to
9 mV can be normally observed. Additional shift is possible
due to differences in concentrations of other ions (potassium,
sodium, chloride). The dynamic changes in acidity change
the hemoglobin's affinity for oxygen, thereby affecting the
BOLD signal (Bohr effect) and cellular acidosis [9]. Thus, infra-
slow activity in the millivolt range reflects primarily complex
energy processes occurring in the NVU and can serve as an
indicator of the state of VWM and other cerebral functions,
since disturbances of the acid base balance on both sides
of the BBB are associated with changes in the functioning of
neurons. The dynamics of infra-slow oscillations of potentials
in the millivolt range reflecting the energy characteristics
of metabolism could potentially play a role of the energy
process biomarker [10-14]. The association of DC potential
with neuronal activity is ambiguous. Higher neuronal activity
normally corresponds to higher DCP values. In case of disorder,
for example neurodegenerative or cardiovascular disease, DCP

tends to rise due to the brain acidity increase resulting from
neurodegenerative and atrophic processes, as well as vascular
incompetence, as it happens in Alzheimer's disease [15].

Conventional VWM biomarkers, such as the previously
mentioned P300 and N-back tests, are often correlated to
various fMRI characteristics in the paradigm of tasks, when the
subjects execute certain cognitive tasks. These tasks ensure
direct activation of the working memory networks and direct
measurement of cognitive functions and related brain activity
indicators. At the same time, the resting state fMRI records
spontaneous brain activity fluctuations, when the subjects are in
the resting state and do not execute any specific tasks, however,
these rather accurately reflect the VWM state. The resting-state
neural networks represent brain regions exerting synchronized
activity in the relaxed wakefulness state. Obviously, the state
preceding the cognitive task has a decisive influence on the
cognitive test performance. In the resting state, neural networks
can overlap with the networks associated with the tasks; such a
relationship is likely to be important for assessment of cognitive
function using the resting-state networks, as well as for the search
for biomarkers. The evidence, that regions of the brain functionally
connected in the resting state facilitate transmission of information
related to cognitive tasks between these brain regions, is provided
[16]. The authors of this paper have developed an approach for
demonstration of the relationship between the network topology
in the resting state and transmission of information in the networks
during execution of tasks. The resting-state neural networks also
can overlap with each other, which reflects some fundamental
pattern of internal organization of the brain. Correlations between
brain regions measure statistical relationships (correlations)
between the neuronal activity in various brain structures and show
the degree, to which two brain regions are synchronized (in-phase
or out-of-phase) in these areas in different states of the brain.
The brain regions, for which strong correlations are reported, are
inherent to the same resting-state neural network. It is theoretically
possible that neural networks can exist in two different states and
their size would be different in these two states. It is also possible
that neural networks can be correlated to several neural networks
due to their multilayered structure. Significant overlapping of some
neural networks with each other suggest that there are strong
functional relationships between the networks reflecting their
common functional roles and coordinated models of activity in
the brain [17-18].

The study was aimed to search for a biomarker being a
component of the VWM neural network in patients with chronic
cerebral ischemia. This biomarker must be inherently involved
in the working memory process, which makes it a useful tool
for solving the research and applied problems. The currently
known working memory biomarkers are compared with the
fMRI data in the paradigm of tasks. To date, no biomarker has
been found that could be considered within the resting fMRI
paradigm. This approach is aimed to fill the gap.

METHODS

A total of 50 patients with chronic cerebral ischemia (CClI)
took part in the study: 16 males and 34 females aged 50-85
years. There were no significant differences in the average age
between the samples of males (64.3 + 2.7) and females (66.2 + 1.5);
significance levels were as follows: p = 0.78 for differences
between males; p = 0.42 for differences between females. All
patients were right-handed.

In CCl, cerebral blood flow through the main and small
arteries of the head is disturbed, which can result in various
functional disorders of the brain. The disorder often occurs
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in elderly and senile individuals. This is usually accompanied
by atherosclerosis, hypertension, diabetic angiopathy, and
other diseases. Inclusion criteria: initial manifestations and
subcompensated CCl; no need for permanent care from
others in patients' daily life [19-21]. Exclusion criteria: dementia
severity score 1 or more (Clinical Dementia Rating) [22], history
of acute cerebrovascular accident, traumatic brain injury, severe
heart or renal failure, uncompensated thyroid dysfunction.

Cognitive function assessment

Verbal working memory (VWM) was evaluated by the Luriatest. The
test was modified taking into account the capabilities of patients
with CCl. The subjects were offered to memorize 10 unrelated
words repeated five times and immediately reproduce them. The
final fifth value for the correctly reproduced words was counted.

Infra-slow electrical activity was recorded: DC potential of
the brain. DCPs of patients with CCl were measured with the
5-channel Neuroenergokartograf unit (Statokyn; Russia) using
the non-polarizable silver chloride electrodes. Active electrodes
were placed on the head, and the reference electrode was
placed on the right wrist. The electrode placement scheme
was as follows: along the sagittal plane — inferior frontal (F),
hereinafter frontal, central (C), occipital (O) leads; parasagittal
plane — right and left temporal leads (Td) and (Ts). Recording
was performed after applying the measures aimed to control
and radical reduction of electrode artifacts with virtual elimination
of the skin potentials. The electrode placement matched the
international 10-20 scheme, standard topographic symbols
are provided in parentheses. The details of DCP recording were
reported earlier [11].

Resting state functional magnetic resonance
imaging (fMRI)

The subjects underwent T2* weighted fMRI to obtain the BOLD
signal in the Magnetom Verio magnetic resonance imaging
scanner (Siemens; Germany) with the magnetic field strength
of 3.0 Tesla. The subjects were offered to relax as much as
possible, lay still with the eyes closed (to avoid stimulation of visual
sensory system) and not to think about anything in particular.
The MRI data were processed using the SPM12 software (UK)
in the MATLAB computing environment (USA). The MAGNETOM
Verio magnetic resonance imaging unit (Siemens; Germany)
had the magnetic field strength of 3.0 Tesla. Functional scans
were acquired in the resting state using the T2* weighted EPI
sequence: TR — 1500 ms, TE — 30 ms, flip angle — 70°, slice
thickness — 2 mm, FOV — 190 mm, FoV phase — 100.0%.

The resting state fMRI was used to assess brain areas
showing the BOLD signal activation and intersecting with the
sources generating infra-slow brain activity recorded by the
non-polarizable electrodes in the inferior frontal lead.

Additional Doppler tests were performed in order to exclude
abnormal circulation asymmetry.

Statistical processing of the data obtained was performed
using the Statistica-12 software package (Dell; USA). The
Kolmogorov—Smirnov test was used to test the distribution for
normality. We calculated mean values, standard deviations,
standard errors, and variance, conducted one-way analysis of
variance and correlation analysis.

RESULTS

The average number of words reproduced by 50 patients with
CCU after five repeats of 10 words was 7.6 words (standard
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error = 0.2 words). The subjects were organized into two
groups: group 1 (25 individuals) reproduced seven words or
less after five repeats, subjects of group 2 (25 individuals)
reproduced eight words or more, respectively. The average
number of words memorized in the first group was 6.4 + 0.2
words; in the second group it was 8.9 + 0.2 words. The groups
were matched by age (significance of differences in age p = 0.91).
The average age of group 1 was 66.7 + 2.0 years, while that of
group 2 was 64.4 + 1.8 years.

Fig. 1 shows brain regions, in which the BOLD signal values
are higher in the second group of subjects.

When assessing the BOLD signal difference, the regions with
high T-value are highlighted. Then MNI (Montreal Neurological
Institute) brain coordinates are provided in parentheses,
followed by the anatomy name and in some cases network
name. The most activated region with the MNI coordinates (-27
—67 6) corresponds to the left lingual gyrus — Visual network,
L. lingual gyrus, which in this situation is activated primarily as a
working memory structure. In Fig. 1 this region is located at the
coordinate axes intersection. Among other the following should
be noted: left postcentral gyrus — Somatomotor network,
L. postcentral gyrus (-28 —26 60), left cingulate gyrus — Default
mode network, L. cingulate gyrus (28 —51 38), and left inferior
frontal gyrus — Language network, L. inferior frontal gyrus
(28 25 8).

In the group of patients with good working memory, the fMRI
BOLD signal activation was significantly higher, than in patients
with poor working memory, which is due to higher neuronal activity
in the regions shown in Fig. 1. This is also associated with higher
energy exchange in these areas and adjacent regions, which
suggests the pH change and, therefore, differences in DCP.
However, cerebral circulation is often disturbed in patients with
CCl. Therefore, neurodegenerative processes resulting in higher
DCP in individuals with poor memory are activated. Individuals
with high VWM have no acidosis, so DCP is lower. ANOVA
revealed significant differences in DCP recorded with the frontal
lead in individuals with high and low VWM values reported in the
resting state and when performing cognitive tests (Fig. 2A, B).

What's interesting is that the differences between two groups
are more significant in the resting state, than during execution of
a cognitive task (Fig. 2A, B). This supports the idea that neural
networks in the resting state and during execution of cognitive tests
largely overlap, especially those implementing similar tasks related
to solving verbal problems and concentration, as in this case.

The intergroup differences in DCP recorded with other
leads are less pronounced (see Table).

Consider fMRI differences in the subjects differing in DCP
recorded with the frontal lead. The first group included the
subjects with the DCP recorded with the frontal lead below 6.5
mV, the second group included those, whose DCP recorded
with the frontal lead exceeded 6.5 mV (Fig. 3).

Fig. 3 shows distribution of the difference of activated
voxels associated with the groups of patients differing in DCP
recorded with the frontal lead.

Comparison of fMRI in two groups of patients different in
terms of VWM indicators and with two groups with low and
high DCP is used. This makes it possible to identify the areas
of activation caused simultaneous by these two factors, since
overlapping of the regions associated with both working
memory and generation of DCP recorded with the frontal lead
is one of possible reasons for the relationship between DCP
and cognitive functions. We have found such areas (Fig. 4).

Thus, we can understand, which regions are responsible for
DCP generation and why DCP is a working memory marker in
this situation.
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Fig. 1. Brain regions corresponding to the activated voxel difference in patients with high and low working memory indicators based on fMRI data. Lower right — T-value
scale. The activated voxel difference at the significance level below 0.05 corresponds to the T-value exceeding 1.68

DISCUSSION

In our sample, the patients included in group 2 having higher
VWM showed almost normal indicators. This resonates with
the data provided by other authors about the fact that there is
often no objective evidence of cognitive decline in patients with
the early stage vascular disorders, even if the patients have
subjective complaints [23]. In patients with CCl included in the
first group with lower VWM, the VWM indicators were typical for
patients with vascular or neurodegenerative disorders showing
no signs of dementia [23]. In individuals having higher VWM, the
voxels activated were located primarily in the left hemispheric

A N =50; F = 20.38; p = 0.00004
16 —

14

10

mV

8_

6_

DCP(Fr),

4 —

Working memory
[ Mean

M Mean SE
I Mean 1.96SE

structures, while the regions of visuospatial working memory
are located primarily in the right hemisphere [2, 3]. Certain
parallel between the fMRI activated voxel difference in two
groups and DCPs in patients with good and poor working
memory was found. The ideas about the association of infra-
slow activity in the millivolt range with the resting-state neural
networks have been discussed in the literature for a long time
and have been confirmed by the study [24]. The authors of
the paper do not preclude the relationship between these
potentials and the BBB potentials. This study shows a particular
mechanism underlying such interaction that is associated with
the presence of common fragment in the VWM and DCP

B N = 49; F = 8.3; p = 0.00594

DCP(Fm), mV

Working memory
O Mean

B Mean SE
T Mean 1.96SE

Fig. 2. DCP recorded with the frontal lead in two groups of patients with CCI having low (=1) and high (1) VWM values reported in the resting state (A) and when
performing the Luria test (B). Statistical characteristics of differences are shown at the top of the figure. DCP values in mV are along the vertical axis. F — Fisher’s exact

test; N — number of subjects; p — significance level
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Table. Significance of differences in two VWM groups of patients with CCl for various DCP leads

DCP leads Significance of differences in DCP in two groups (p)
F (Frontal) 0.000041
C (Central) 0.015256
O (Occipital) 0.007895
Td (Right temporal 0.010093
Ts (Left temporal) 0.085361

neural networks. Apparently, this VWM fragment consists
of neurons synergistic with the infra-slow electrical activity
generation processes. Other fragments of the VWM network
and DCP are generated by the non-overlapping neural network
fragments. In the active wakefulness state, for example, during
execution of the tasks, the resting-state neural networks cease
to execute old tasks, while the anatomically close fragments of
these networks and most likely the same networks possessing
multimodal neurons switch to solving other problems that meet
the new conditions [16]. Furthermore, the VWM capacity can
be predicted based on the resting-state networks [25]. A similar
pattern was observed in our studies, when the differences of
infra-slow activity at rest and during execution of a cognitive
task corresponded to the differences in VWM of patients with
CCI. This can be exemplified by the fact that two groups of
subjects demonstrate stable, unchanging differences in the
infra-slow activity characteristics in the resting wakefulness
state and during execution of cognitive tasks. Since the ratio
of DCP (Fig. 2) in the resting state and during execution of
tasks in two groups of patients was almost the same, it can
be assumed that the ratio of activated (functioning) neurons
remains the same in both groups in these two states.

The use of resting state fMRI opens new avenues for
identification of biomarkers; for this it is enough to assess

overlapping of two resting-state neural networks. The first
resting-state network is the network of the main process (in
this paper it is the VWM neural network), while the second
neural network is the network of biomarker itself, i.e. of specific
synchronized group of neurons responsible not only for genesis
of the main process, but also for the specific type of electrical
processes that can be recorded by non-invasive methods. This
approach to the use of resting state fMRI eliminates the main
question of biomarker specificity, since specificity is determined
by overlapping between the VWM network and another neural
network, functioning of which can be recorded by a convenient
method, for example by non-invasive electrophysiological
method, like in this situation.

CONCLUSIONS

Working memory is a fundamental function responsible for
temporary storage and processing of information that is
necessary to solve various cognitive problems. The working
memory biomarkers can help understand individual differences
in cognitive ability, as well as improve the diagnosis and
treatment of cognitive impairment. The fact that working memory
was considered in terms of the neurovascular unit functioning
resulted in the fact that the dynamics of infra-slow potentials as

Fig. 3. Brain regions corresponding to the activated voxel difference in CCI patients with low and high DCP in the frontal region. The activated voxels in the right and
left lateral fronto-orbital gyri (28 36 —16) and (-28 36 —16), as well as in the left superior temporal gyrus (40 —17 —7) are highlighted in Fig. 3. Other designations are

the same, as in Fig. 1
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Fig. 4. Brain regions corresponding to the working memory overlap with the areas that generate infra-slow activity. Intersection of the coordinate axes corresponds to
the MNI coordinates —28 32 18 — middle frontal gyrus, to the DMN networks and Salience Network. The activated voxel difference in patients with good and worse
working memory (A) and with low and high DCPs recorded in the frontal lead of infra-slow potentials (B) is observed in these regions. This area is marked with the
coordinate axes intersection on both figures, A and B

possible working memory biomarkers was studied. The resting
state fMRI studies revealed brain regions and networks involved
in the working memory functioning. Some of these overlap
with the brain regions generating infra-slow activity that can be
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MORPHOFUNCTIONAL STATE OF CRYOPRESERVED BLOOD CELLS AT MODERATE LOW TEMPERATURE
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Cryoprotectants enable the long-term storage of biomaterials. Despite progress in cryopreservation, there are a number of problems associated with damage
to the cell membranes that result from insufficient efficacy and toxicity of some components. In this regard, it is important to develop non-toxic cryopreservation
agents performing well at low temperature. The study was aimed to assess morphofunctional features of blood cells in the lactulose-based cryopreservation
agent considering the effects of moderate low temperature (40 °C). Blood cells (leukocytes, erythrocytes, platelets) collected from 30 conditionally healthy female
voluntary donors aged 18-23 years were assessed. The complete blood count test was performed using the Gemalight 1270 automated hematology analyzer.
Computerized cytomorphometric assessement was performed using the MECOS-C2 hardware and software complex. The study results showed morphological
and functional integrity of blood cells after the 24 h storage at the temperature of-40 °C when added the lactulose-based cryopreservation agent developed:
erythrocytes — 85.3 + 0.30% (p < 0.05), platelets — 75 + 0.71% (p < 0.05), leukocytes — 90.1 + 0.91% (p < 0.05) of the values reported before freezing. The findings
demonstrate the potential of using lactulose as a non-toxic component of cryopreservation systems, which will expand the range of cryopreservation agents used
and make it possible to analyze morphofunctional parameters of frozen whole blood samples when conducting large-scale studies.

Keywords: cryopreservation, erythrocytes, leukocytes, platelets, lactulose, moderate low temperature

Author contribution: Vlasov AA — study concept, procedure, interpretation of the results; Andrusenko SF — study design, literature review, manuscript writing;
Denisova EV, Kadanova AA, Sokulskaya NN — data acquisition; Elkanova AB, Melchenko EA — data processing; Domenyuk DA — manuscript editing.

Compliance with ethical standards: the study was approved by the Ethics Committee of the North Caucasus Federal University (protocol No. 002 dated 11 July 2024);
all subjects submitted the informed concent to participation in the study.

P><] Correspondence should be addressed: Alexander A. Vlasov
Pushkina, 1, Stavropol, 355017, Russia; avlasov@ncfu.ru

Received: 17.07.2024 Accepted: 25.08.2024 Published online: 17.09.2024
DOI: 10.24075/brsmu.2024.038

MOP®O®YHKLUNOHAJIbBHOE COCTOAHUE KPNOKOHCEPBUPOBAHHbLIX ®OPMEHHbIX 9JIEMEHTOB
KPOBU MNMPU YMEPEHHO HA3KUX TEMIMEPATYPAX

A. A. Bnacos'™ C. ®. AHgpyceHko', E. B. JeHucosa', A. b. OnbkaHosa', A. A. Kaparosa', E. A. MernueHko!, H. H. Cokyncekas', [. A. [JoMeHtok?

" CeBepo-KaBkaackuin hefepanbHblin yHBepcuTeT, CTaBpononb, Poccust
2 CTaBpOnosbCKUIA rocyaapCTBEHHbIN MeavUMHCKIA yHBepcuTeT, CTaBpornosb, Poccus

KpuronpoTekTopbl NO3BOSHOT AONTOCPOYHO XPaHWUTbL BruomMaTepurarbl. HECMOTPS Ha MMEIOLLMECS YCMEXM B KPUOKOHCEPBALMN, CYLLIECTBYET psf npobnem,
CBSI3aHHbIX C PaspyLUEHVEM KIETOYHbIX 0O0N04eEK, 13-3a HeLOCTATOHYHOM SEHEKTUBHOCTM U TOKCUHHOCTU HEKOTOPBIX KOMMOHEHTOB. B CBS3K C 9TUM, BaXKHOE
3Ha4eHre nMeeT pasdpaboTka HETOKCUYHbBIX KPMOKOHCEPBAHTOB, dMdMEKTMBHO paboTatowmx Npu H13KUx Temnepatypax. Lienbio paboTbl 6bino OLeHUTb
MOPOPYHKLMOHABHBIE OCOBEHHOCTY (DOPMEHHBIX BIEMEHTOB KPOBW B KPVOKOHCEPBAHTE C NTAKTY/I0301 C YHETOM BO3LENCTBUA YMEPEHHO HM3KOWM TeMnepaTypb!
(-40 °C). Bblnn nccnenoBaHbl hOPMEHHbIE 3NEMEHTbLI KPOBW (NENKOLMTbI, SPUTPOLMTBI, TPOMOOUMTbI), NonyyYeHHble OT 30 YCNOBHO 340P0BbIX 10OPOBOMLLIEB-
[OHOPOB >KEHCKOro rnona B Bo3pacTte 18-23 net. O6LLMIA aHanm3 KPOBW BbIMNONHAMM Ha aBTOMAaTUHECKOM reMaToiorn4eckoM aHanmaatope «femanant 1270».
KomnbtoTepHoe umMToMOPOMETPUHECKOE NCCNefoBaHe MPOBOANM Ha annapaTHO-NporpaMMHoM Kommnekce «MEKOC-LI2». Mo pesynstatam nccnegosaHns
yCTaHoBMeHa Mopdonornyeckas 1 yHKLMoOHaNbHas CoXpaHHOCTb POPMEHHbIX 3NEMEHTOB KPOBW MOCSE OAHWX CYyTOK XpaHeHust npu TemnepaTtype —40 °C npu
nob6aBneHnn padpaboTaHHOro KPMOKOHCEPBaHTa C NakTyno3oi: ana aputpoumtoB — 85,3 + 0,30% (p < 0,05), ana tpomboumtoB — 75 + 0,71% (p < 0,05),
ons nenkoumtoB — 90,1 + 0,91% (p < 0,05) OT 3Ha4eHW, 3apPErMCTPUPOBaHHBIX 40 3aMOPaxXMBaHVs. PedynstaTel AEMOHCTPUPYIOT NOTEHLMaN NCNOoNb30BaHNA
NaKTyno3bl B Ka4eCTBE HETOKCMYHOIO KOMMOHEHTA NS KPUOKOHCEPBUPYHIOLLMX CUCTEM, YTO PACLLUMPUT CMEKTP NMPUMEHSIEMbIX KPUOKOHCEPBAHTOB W MO3BONWT
NPOBOAUTE aHaNN3 MOPMOPYHKLIMOHANBHBIX NapameTPOB 06Pa3LI0B 3aMOPOXEHHOW LIETEHON KPOBW MPY KPYMHOMACLLTAOHBIX NCCNenoBaHMSX.
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Optimization of biomaterial cryopreservation methods enabling
the prolonged preservation of their functional and phenotypic
features is one of the priorities and promising directions of
modern biology, as well as experimental and clinical medicine.
Biomaterial cryopreservation methods should have low toxicity
and support the cellular homeostatic mechanisms. A significant
slowdown in cell metabolism begins at the temperature of

—70 °C, therefore, the liquid nitrogen cryopreservation is
used. However, this requires bulky, expensive equipment,
regular liquid nitrogen supply, which affects the material
storage cost. Furthermore, such preservation type contributes
to the thrombogenicity changes [1], therefore, effective
cryopreservation agents ensuring maximum integrity of the
preserved biological entity biological properties are in demand.
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The best results are achieved when using the combined
cryopreservation agents containing both penetrating and non-
penetrating cryoprotectants. However, despite progress in
cryopreservation, there are a number of problems associated
with damage to the cell membranes that result from
insufficient efficacy [2] and toxicity of some components [3-5].
It is reasonable to add lipids, proteins and carbohydrates
as the components of natural origin [6-10], as well as
polyhydric alcohols [11] in order to reduce toxic effects of the
cryopreservation agent components, including when freezing
human venous blood [12]. Trehalose has a pronounced
protective effect on the cell membranes [13-16]; a synergistic
effect has been confirmed for trehalose used in combination
with dimethyl sulfoxide (DMSO) [17].

The search for new non-toxic components, such as
lactulose, represents one of the cryopreservation improvement
directions. No data on the toxic, teratogenic or mutagenic
effects were obtained when conducting animal experiments
and human clinical trials [18]. Furthermore, protective effects of
lactulose improving the lactic acid bacterial culture survival rate
during freezing have been reported. Adding up to 3% lactulose
to the mixture containing the lactic acid bacteria contributed
to the increase in the number of viable bacterial cells when
freezing the products to the temperature of =18 °C [19]. There
is evidence that lactulose used in combination with lecithin has
a cryoprotective effect on probiotics at the temperature of —20 °C
[20]. Thus, lactulose can be used in practice as a non-toxic
cryopreservation agent component to preserve biological
entities during freezing.

Fresh whole blood samples are most preferable for analysis,
however, the disadvantages of handling whole blood include
the need for rapid analysis after biosample collection and the
limited number of the repeated tests that can be conducted
without collecting extra blood [21]. The experience of capillary
blood cryopreservation in the field with subsequent cytometry
analysis due to the need for immediate sample testing have
been reported [22], however, there are no similar data on
cryopreservation of venous blood. Moreover, preservation of
the peripheral blood hematopoietic stem cells as a procedure
for treatment of hematological, oncological and autoimmune
diseases is relevant [23].

The study was aimed to assess morphofunctional features
of blood cells in the lactulose-based cryopreservation agent
considering the effects of moderate low temperature (—40 °C).

METHODS

Inclusion criteria: conditionally healthy female donors aged
18-23 years in the first phase of their menstrual cycle, a total
of 30 individuals with no exacerbation of chronic disorders. The
research object was peripheral venous blood stabilized with K3
EDTA (ethylenediaminetetraacetic acid) in vitro.

Samples of peripheral venous blood collected from voluntary
donors were divided into three groups. The control group
included 10 blood samples, in which blood cell characteristics
and parameters were assessed at the temperature of
+20 + 1.0 °C. Experimental group 1 included 10 blood
samples supplemented with the cryopreservation agent.
These samples were assessed after 4 h at the temperature
of +20 + 1.0 °C. Experimental group 2 included 10 blood
samples supplemented with the cryopreservation agent; the
samples were put into a state of cold anabiosis for 24 h at
the temperature of-40 °C. Then the samples were thawed
to assess blood cell characteristics and parameters at the
temperature of +20 + 1.0 °C.
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Isotonic salines were used to prepare the model
cryopreservation agent. Glycerin and DMSO were usedasthe
cryocomponents penetrating into the cell, while the non-penetrating
component was represented by the lactulose disaccharide. The
ultimate composition of the model cryopreservation agent had the
following component ratios (% v/): glycerin (AR, Russia) — 20,
DMSO (CP, Russia) — 10, lactulose (Lactisan manufactured
according to TU 9229-004-53757476-04; Russia) — 2.5,
sodium chloride (AR, Russia) — 0.25, sodium phosphate,
dibasic (AR, Russia) — 0.25, water for injection (Dalhimfarm;
Russia) — to 100%.

The cryopreservation agent solution was autoclaved
(without DMSQ) at 1.2 atm for 30 min. The resulting solution
was stored in a refrigerator at +2 — +4 °C. DMSO was sterilized
using the sterilizing filtration unit and stored in the sterile tubes
at the temperature of =10 °C. The DMSO solution was added
to the ready-made sterile cryopreservation agent immediately
before freezing blood samples.

Cryopreservation agent was added to the samples of the
experimental groups 1 and 2 to the blood : cryopreservation
agent ratio of 2 : 1 (v/v) using a dispenser. The tubes were
sealed with plugs, and the content was mixed for 10 min.
Later (after 4 h) samples of the experimental group 1 were
assessed at the temperature of +20 + 1.0 °C. Samples of the
experimental group 2 were put in the freezer of the electric
deep-freeze refrigerator with the temperature of =20 + 1.0 °C
into the refrigerant in the form of solution (38-45% v/v of 96%
(v/v) ethanol) with the cold adaptation temperature of -26 —
—-30 °C; the volume of sample to be frozen was 10% of the
refrigerant volume, the samples were kept in it for 30 min and
transferred to the electric deep-freeze refrigerator chamber
with the temperature of —40 + 1.0 °C for 24 h for final freezing
and storage. After that the samples were thawed in the UT-
4334 water bath (ULAB; Russia) while rocking (2-3 times/s) in
the manual mode at the temperature of +40 = 1 °C for 1 min.
Then blood cell characteristics and parameters were assessed
at the temperature of +20 + 1.0 °C. The computerized
cytomorphometric assessement of blood cells was performed
using the MECOS-C2 hardware and software complex (Medical
Computer Systems; Russia). The Gemalight 1270 automated
hematology analyzer (Dixion; Russia) was used to conduct
in vitro diagnostic testing of blood in laboratory settings. To
determine red blood counts (RBC), cells were enumerated in
the blood cell suspension with the sample diluted to the ratio of
1:40,000. The hematology analyzer was used to determine 21
laboratory indicators reflecting the state of the white blood cell,
red blood cell, and platelet components.

The results obtained were processed using the IBM
SPSS Statistic 23.0 software package (IBM Corp., Armonk,
NY; USA). Distributions of the studied indicator values were
assessed using the Shapiro-Wilk test. When the indicator value
distribution was normal, significance of intergroup differences
was assessed using the nonparametric Student's t-test for
independent samples; the Mann-Whitney U test was used
when the distribution of indicator values was non-normal.
The mean (X), error of the mean (m), and standard deviation
(8) were calculated for the normally distributed indicators. The
intergroup differences were considered significant at the error
probability (p) < 0.05 (5% probability).

RESULTS
The analysis of white blood cell indicators of blood in the control

group was performed before adding the cryopreservation agent.
In the experimental group 1, it was conducted 4 h after adding
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Table 1. White blood cell indicators of CBC in the studied groups (X + m; p)

CBC indicators Control group (n=10) E);%eiir:%n:(a:l Egnro:uga 0; EZ%eLiT_%n:g (gnrciu1p 0)2 Significance of differences, p
WBC, x10%/ 5.60 + 0.92 4.55+0.74* 4.14 £ 0.85* p<0.01
Lym, % 38.31 £ 1.35 25.70 + 1.87* 11.9 +1.10" p<0.01
Gran, % 56.20 + 3.67 51.10 + 2.05* 453 +2.71** p<0.01
Mid, % 6.20 + 0.32 10.20 = 1.21 10.32 £ 1.27 p=0.2
Integrity, % 100 81+ 0.89* 90.1 £ 0.91* p<0.01

Note: * — a significant difference between the control group and the experimental group 1 (o < 0.01); ** — a significant difference between the control group and the

experimental group 2 (p < 0.01)

the cryopreservation agent at the temperature of +20 + 1.0 °C.
In the experimental group 2, it was performed after thawing
blood samples with the cryopreservation agent following the
24 h incubation at the temperature of 40 + 1.0 °C (Table 1).

The analysis of white blood cell indicators in the experimental
groups 1 and 2 revealed a downward trend of these indicators,
however, the proportion and percentage were still within the
reference ranges.

The white blood cell computerized cytomorphometry data
analysis was performed before adding the cryopreservation
agent in the control group, after adding the cryopreservation
agent and 4 h incubation in the experimental group 1 at the
temperature of +20 + 1.0 °C, and after thawing blood samples
with the cryopreservation agent with the 24 h incubation in
the experimental group 2 at the temperature of -40 + 1.0 °C
(Table 2).

The data obtained show a downward trend of the indicators,
however, the values are within the reference range of changes.
Furthermore, in the experimental groups 1 and 2, where the
cryopreservation agent was added, the indicator values are
stable: the total number of nuclei is 1, the total number of
nuclear segments is 1, the number of inclusion bodies/holes in
the nucleus is 0, and the number of nuclear “tails” is 2.

The analysis of red blood cell indicators was performed
before adding the cryopreservation agent in the control group,
after adding the cryopreservation agent and 4 h incubation in
the experimental group 1 at the temperature of +20 + 1.0 °C,
and after thawing blood samples with the cryopreservation
agent with the 24 h incubation in the experimental group 2 at
the temperature of —40 + 1.0 °C (Table 3).

Comparative analysis of complete blood counts in the
control group, experimental groups 1 and 2 under exposure to
moderate low temperature has revealed a downward trend of
the indicators, however, the proportion and percentage are still
within the reference ranges of blood cell characteristics.

The red blood cell computerized cytomorphometry data
analysis was performed before adding the cryopreservation
agent in the control group, after adding the cryopreservation
agent and 4 h incubation in the experimental group 1 at the
temperature of +20 + 1.0 °C, and after thawing blood samples
with the cryopreservation agent with the 24 h incubation in the
experimental group 2 at the temperature of —40 + 1.0 °C (Table 4).

The results of comparative analysis of the control group
and experimental group 1 demonstrate a downward trend of
the majority of indicators, however, the values obtained are
within the reference ranges of blood cell characteristics. The
data obtained by comparative analysis in the experimental
group 2 demonstrate a downward trend of all the indicators.
Furthermore, the values obtained are within the reference
ranges of blood cell characteristics and suggest stability of the
samples amidst crioprotectant load.

The analysis of red blood cell indicators was performed
before adding the cryopreservation agent in the control group,
after adding the cryopreservation agent and 4 h incubation in
the experimental group 1 at the temperature of +20 + 1.0 °C,
and after thawing blood samples with the cryopreservation
agent with the 24 h incubation in the experimental group 2 at
the temperature of —40 + 1.0 °C (Table 5).

Comparative analysis of complete blood counts in the
control group and experimental group 1 at the temperature of
+20 + 1.0 °C has revealed a downward trend of a number
of indicators, however, all the values are at the boundary
of reference range. The analysis of platelet indicators in the
experimental group 2 has revealed a downward trend of the
values, however, the proportion and percentage are still within
the reference ranges of blood cell characteristics.

The platelet computerized cytomorphometry data analysis
was performed before adding the cryopreservation agent in
the control group, after adding the cryopreservation agent and
2 h incubation in the experimental group 1 at the temperature

Table 2. Differences in the computerized cytomorphometry data in the studied groups (X + m; p)

Entity properties CO?:ZI 1g(|)';)up E’;%‘TT%”:Z' (gnr(ius) 0; li);;se;i:n.%n:gl 3;'(;u1p 0? Significance of differences, p
Cell area, ym? 70 +4.19 59 + 4.75 70 + 3.98 p=0.1
Cell shape factor 1411 £1.62 18.01 £1.23 17.2+1.45 p=0.1
Cell polarization index 0.16 + 0.01 0.31 + 0.01 0.11 £ 0.01 p=0.1
Optical density of cytoplasm 0.66 + 0.01 0.50 + 0.01 0.63 + 0.01 p=0.1
Area of the nucleus, pm? 52 +3.85 40 + 3.21* 32 +2.24* p<0.01
Nucleus shape factor 143+ 21 13.1 +2.88 13.9+2.88 p=0.05
Polarization of the nucleus 0.06 + 0.001 0.02 + 0.001* 0.16 + 0.01** p<0.01
Nuclear-cytoplasmic ratio 0.74 £ 0.01 0.68 + 0.01 0.45 £ 0.01 p=0.1
Nuclear complement share 0.04 + 0.001 0.02 + 0.001 0.04 + 0.001 p=0.1

Note: * — a significant difference between the control group and the experimental group 1 (p < 0.01); ** — a significant difference between the control group and the

experimental group 2 (p < 0.01)
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Table 3. Red blood cell indicators of CBC in the studied groups (X + m; p)
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CBC indicators CO?::Z' 1gor;>up Ii);%eirriT%n:gI (gnr(lus) 0; E);geiirr’%n:gl (g;iuf 0? Significance of differences, p
RBC, x10'%/| 462 £0.23 4.08 + 0.21 3.5+ 0.55 p=0.05
HGB, g/I 131 +5.27 119.25 + 5.48* 101.3 + 4.73** p=0.1
MCV, fl 86.3 + 4.32 84.3+4.14 80.6 +3.38 p=0.1
HCT, % 39.3+1.58 35.4 £1.49 30.4 +1.63 p=0.2
MCH, pg 28.5+1.37 26.2 £1.45 21.1+£1.52 p=0.05
MCHC, g/I 336 +29.72 311 +23.46 266 + 14.42 p=05
RDW, % 12.2 £1.67 11.7 £1.48 10.3+1.25 p=05
Integrity, % 100 89 + 0.20* 85.3 + 0.30* p<0.01

Note: * — a significant difference between the control group and the experimental group 1 (p < 0.01); ** — a significant difference between the control group and the

experimental group 2 (p < 0.01)

of +20 + 1.0 °C, and after thawing blood samples with the
cryopreservation agent with the 24 h incubation in the
experimental group 2 at the temperature of 40 + 1.0 °C (Table 6).

The analysis of data of the control group and experimental
group 1 at the temperature of +20 + 1.0 °C demonstrates a
downward trend of the majority of indicators, however, the
values obtained are within the reference ranges of blood
cell characteristics. The data of comparative analysis in the
experimental group 2 demonstrate a downward trend of the
indicators, being within the reference ranges of blood cell
characteristics.

DISCUSSION

The results of comparative analysis of the white blood cell
indicators in the control group and experimental group 1, where
the cryopreservation agent was added, showed a downward
trend of the majority of indicators, however, all values were within
the reference ranges. Such indicators, as the “total number of
nuclei — 17, “total number of nuclear segments — 1”, “number
of inclusion bodies/holes in the nucleus — 07, “number of
nuclear “tails” — 2” were the same in the control group and
the experimental group 1. The values obtained were used as a
reference for the indicators of frozen samples. The analysis of
white blood cell computerized cytomorphometry data before
and after adding the cryopreservation agent with freezing to
—40 °C showed that the indicators of the experimental group 2
were the same as in the control group: the total number of
nuclei was 1, the total number of nuclear segments was 1, the
number of inclusion bodies/holes in the nucleus was 0, and the
number of nuclear “tails” was 2. The analysis of complete blood
count indicators and the whole blood leukocyte morphometry

characteristics in the control group and experimental groups
revealed a downward trend of the indicator values, however,
the data obtained were within the permissible range of blood
cell characteristics. Thus, in the control group WBC x 10%L
were 5.60 + 0.92 (p < 0.01), in the experimental group 1 these
were 4.55 + 0.74 (p < 0.01), and in the experimental group 2
these were 4.14 + 0.85 (p < 0.01). The leukocyte morphometry
indicators, such as the cell area measured in um?, were
70 + 4.19 (p = 0.1) in the control group, 59 + 4.75 (p = 0.1)
in the experimental group 1, and 70 + 3.98 (p = 0.1) in the
experimental group 2.

The results of comparative analysis of the red blood cell
computerized cytomorphometry data in the control group and
the experimental groups 1 and 2, where the cryopreservation
agent was added, showed a downward trend of indicators,
however, all the values were within the reference ranges. The
analysis of the red blood cell computerized cytomorphometry
data in the experimental group 2 with the cryopreservation
agent added at the freezing temperature of -40 °C showed
a downward trend, however, the results obtained suggested
stability of samples and were within the reference ranges of
blood cell characteristics. Thus, in the control group RBC x
10"/ were 4.62 + 0.23 (p = 0.05), in the experimental group
1 these were 4.08 + 0.21 (p = 0.05), and in the experimental
group 2 these were 3.5 + 0.55 (p = 0.05). The erythrocyte
morphometry indicators, such as the cell area measured in
um?, were 46.6 + 4.12 (p < 0.01) in the control group, 53.3 + 4.68
(o < 0.01) in the experimental group 1, and 41.1 + 2.42
(o < 0.01) in the experimental group 2, respectively.

According to the comparative analysis results, the majority
of platelet indicators in the control group and the experimental
group 1, where the cryopreservation agent was added,

Table 4. Differences in the erythrocyte computerized cytomorphometry data in the studied groups (X + m; p)

) . Control group Experimental group 1 Experimental group 2 - .
Entity properties (n=10) +20 +1,0°C (n = 10) 40+ 1,0 °C (n=10) Significance of differences, p

Cell area, pm? 46.6 + 4.12 53.3 + 4.68* 41.1 £2.42" p<0.01
Average diameter, um 6.4+1.14 7.8+1.17 6.85+1.16 p=0.1
Shape factor 1835+£1.2 13.6 1.2 12.7+£1.2 p=0.1
Polarization 0.096 + 1.001 0.083 + 0.001* 0.048 + 0.001** p<0.01
Integrated optical density 16.4 +2.78 18.1 +2.91 16.2 +2.74 p=>0.05
(Red), um?
Integrated optical density 20.3 + 2.24 21.3 +2.31 19.8 +2.13 p>0.1
(Green), um?
Integrated optical density 11.28 + 2.11 12.95 + 2,17 11.75 + 2.15 p>0.1
(Blug), ym?

Note: * — a significant difference between the control group and the experimental group 1 (p < 0.01); ** — a significant difference between the control group and the

experimental group 2 (p < 0.01)
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Table 5. Platelet indicators of CBC in the studied groups (X + m; p)
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CBC indicators CO?:ZI %;’UP E’;%TT%“:%I (g:;ufol Ii);%e;i:n’%n:gl (%;iufo? Significance of differences, p
PLT, x10%/I 230.8 +5.78 198.6 + 5.36" 150.1 + 4.71** p<0.01
MPV, fl 8.24 +1.22 7.56 +1.24 7.04 £1.17 p=0.1
PCT, % 2.23 +0.31 2.1+0.24 1.97 £ 0.71 p=0.1
P-LCR, % 17.38 £ 2.72 21.24 + 2.61 19.17 £ 2.45 p=0.05
P-LCC, x10%I 41.61 £ 3.12 50.8 + 3.32 46.14 + 3.74 p=0.05
Integrity, % 100 86.2 + 0.31* 75 +0.71* p<0.01

Note: * — a significant difference between the control group and the experimental group 1 (p < 0.01); ** — a significant difference between the control group and the

experimental group 2 (p < 0.01)

Table 6. Platelet computerized cytomorphometry indicators in the studied groups (X + m; p)

Entity properties Cor(wltvrgl 19 5;>up Ii);%ez T,eonz?:l ?nriuf 0; Ii);%e;ir]‘w’%netgl (gnr<iu$ 0? Significance of differences, p
Area, pm? 7.7+0.21 7.5+0.36 7.2 +0.31 p=0.1
Min. diameter, ym 2.85+0.14 2.63+0.16 2.31+0.24 p=0.1
Max. diameter, um 4.03+0.24 3.94 +0.32 3.74 £+ 0.36 p=0.1
Average diameter, um 3.44 +0.13 3.29 + 0.16* 3.03 + 0.21* p<0.01
Shape factor 129 +2.18 123 +1.21 121 +1.74 p=0.05

Note: * — a significant difference between the control group and the experimental group 1 (o < 0.01); ** — a significant difference between the control group and the

experimental group 2 (p < 0.01)

showed a downward trend at room temperature, however,
all the values were were within the reference ranges of blood
cell characteristics. The analysis of platelet indicators in the
experimental group 2, where the cryopreservation agent was
added, with incubation at the temperature of 40 °C showed a
downward trend of the proportion and percentage of indicators,
however, the values obtained were within the reference ranges of
blood cell characteristics. Thus, in the control group PLT x 10%L
were 230.8 + 5.78 (p < 0.01), in the experimental group 1 these
were 198.6 + 5.36 (p < 0.01), and in the experimental group 2
these were 150.1 + 4.71 (p < 0.01). The platelet morphometry
indicators, such as the cell area measured in um?2, were
7.7 +0.21 (p = 0.1) in the control group, 7.5 = 0.36 (p = 0.1)
in the experimental group 1, and 7.2 + 0.31 (p = 0.1) in the
experimental group 2, respectively.

The analysis of studies focused on the search for new
effective cryopreservation agents has shown that there are
a large number of studies focused on cryopreservation of
erythrocytes rather than platelets or leukocytes. When the
Cryosin solution was used as a cryopreservation agent,
the erythrocyte integrity rate was 83.8 + 4.09% [24]. The
following data were obtained when assessing viability of the
nucleated cells contained in the leukocyte concentrates in the
phases of cell acquisition, freezing and thawing: much more
cells remained viable after washing off DMSO than without
washing — 94.4% vs. 86.7% [25]. When the donor blood
platelets protected with the combined cryopreservation agent
were frozen, their functional activity was maintained within the
range of 63.5-88.8% [26]. Thus, the data obtained during our
study are comparable with the literature data on the analysis of
integrity of certain blood cells in the course of cryopreservation.

The lactulose-based cryopreservation agent developed
is effective under conditions of freezing to —40 °C and
affordable (all the components are produced in the Russian
Federation), which expands the range of the cryopreservation
agents used and enables the analysis of morphofunctional
parameters of frozen whole blood samples within the
framework of large-scale studies conducted in emergency
situations, in the aftermath of accidents of natural and
human-induced origin, under conditions of terrorist attacks,
armed conflicts, biomaterial storage in the long expeditions
and remote areas. Moreover, the personalized approach to
blood component transfusion in the cases of emergency
need for transfusion of one's own cryopreserved whole
blood aimed to reduce the risk of the influence of foreign
complexes on the recipient's body is promising. The data
provided suggest the need for further investigation of the
effects of lactulose used as the cryocomponent on the
integrity of biological entities.

CONCLUSIONS

Processing of the data obtained revealed morphological
and functional integrity of blood cells in the lactulose-based
cryopreservation agent developed after freezing for 24 h at the
temperature of 40 °C: erythrocytes — 85.3 + 0.30% (p < 0.05),
platelets — 75 + 0.71% (p < 0.05), leukocytes — 90.1 + 0.91%
(o < 0.05) of the values reported before freezing. In the light
of current studies focused on the search for new effective
cryopreservation agents, lactulose can be used as a non-
toxic component when developing cryocompositions for
preservation of biological entities during freezing.
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