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DEVELOPMENT AND CHARACTERIZATION OF A VECTOR SYSTEM BASED
ON THE SIMIAN ADENOVIRUS TYPE 25

Ozharovskaia TA™, Popova O, Zubkova OV, Vavilova IV, Pochtovyi AA, Shcheblyakov DV, Gushchin VA, Logunov DYu, Gintsburg AL
Gamaleya National Research Center for Epidemiology and Microbiology of the Ministry of Health of the Russian Federation, Moscow, Russia

Technological versatility and the humoral and cellular immune response induction capacity have conditioned wide spread of adenoviral vectors as vaccine and
gene therapy drugs. However, vaccination with Sputnik V. made a significant portion of the population immune to the types 5 and 26 (Ad5 and Ad26) recombinant
human adenovirus vectors, which are some of the most frequently used bases for candidate vaccines. Today, vaccine designers tend to select alternative adenovirus
serotypes as platforms to develop vaccines against new pathogens on. A good example is simian adenovirus type 25 (SAd25), which belongs to subgroup E. It
is genetically distant from Ad5 and exhibits extremely low seroprevalence in human beings, which makes it an appealing alternative vaccine vector. The purpose
of this work was to design and study a new vaccine platform based on simian adenovirus type 25. We relied on the advanced methods of molecular biology and
virology to construct and make recombinant adenoviruses; the phylogenetic analysis in the context of this study was enabled with bioinformatic methods. The
resulting recombinant adenoviral vector can effectively replicate itself in the HEK293 cell line (human embryonic kidney cells). This work substantiates the expediency
of further investigation into the SAd25 vector as a platform for development of the prevention vaccines against various infectious diseases.

Keywords: adenovirus vector, vaccine platform, recombinant adenovirus, simian adenovirus type 25

Funding: the work is the result of the effort under the "Development of a recombinant vaccines platform (including live vaccines) enabling design of the infectious
diseases prevention vaccines" task set by the Ministry of Health of the Russian Federation.
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PA3SPABOTKA U XAPAKTEPUCTUKA BEKTOPHOW CUCTEMbI HA OCHOBE AIEHOBUPYCA
OBE3bSH 25-'0 CEPOTUMNA

T. A. Oxaposckas =, O. MNonosa, O. B. 3ybkosa, V1. B. Basunosa, A. A. MNo4tosbi, [. B. LLebnakos, B. A. I'ywmH, . KO. loryHos, A. J1. TMHUGYpr

HaumoHanbHbI ccnefoBaTenbCKuin LEHTP 3naeM1Monorn n Mykpobuonorum nmenn H. @. famanen MuHMCTepcTBa 3apaBooxpaHeHns Poccuiickon Gepepatin,
Mockea, Poccust

B HacTosiLLee Bpems aeHOBVPYCHbIE BEKTOPbI LLMPOKO UCTIONB3YIOT B KAYECTBE BaKLWHHBIX 1 FEHOTEPaneBTUYECKIX NpenapaToB 6rarofaps 1x TEXHONOrMYHOCTU
1 CNOCOBOHOCTY MHAYLIMPOBATL CTOMKUIA FyMOPaUTbHBIN 1 KNETOUHbIN MMMYHHBIA OTBET. OAHaKO OAHM 13 Havbonee 4acTo MCMOb3yeMblx BEKTOPOB A1 pa3paboTKm
KaHOMOATHBIX BaKLWH — PEKOMOVHAHTHbIE 8AEHOBMPYChI YenoBeka 5-ro 1 26-ro cepotunos (AdS 1 Ad26) CTaHOBATCA MeHee MPVBNeKaTesnsHbIMM 13-3a BbICOKOrO
NpoLeHTa HaceneHnsi C UMMYHUTETOM K [laHHbIM BEKTOPAM, BbI3BaHHbIM BakLHaLmMen «CnyTHUKOM V». Ha cerogHsILLHWIA fileHb NOSIBASETCA TEHAEHUWS K BbIOOPY
ansTepPHaTVBHbBIX CEPOTUMOB aAEHOBMPYCOB B Ka4ecTBe NnaTtopmM ANs pa3paboTki BakLMH MPOTUB HOBbIX MaToreHoB. Hanpumep, ageHoBMpyc 06e3bsiH 25-ro
cepoTuna (SAd25), npyHagnexalnii K nogrpynne E, reHetnydecku otnaneH ot AdS 1 NposiBNseT KpariHe HU3KYIO CepOnpeBaneHTHOCTb Y NOAen, YTo aenaet
ero npviBneKaTenbHbIM ansTepHaTVBHBIM BaKLWHHBIM BEKTOPOM. Llenbto paboTbl 6bi10 co3haTte M MCCNefoBaTh HOBYHO BaKUMHHYKO MAaTdopMy Ha OCHOBE
afileHoBypyca 06e3bsH 25-ro cepoTuna. [Ans KOHCTPYMPOBaHUSA 1 MOMyHeHWs PEKOMOVHAHTHbBIX afeHOBMPYCOB MCMONb30BaIM COBPEMEHHBIE MOMEKYISPHO-
Oronorn4ecKre 1 BUPYCONOrNHECKE METOAbI, A1 (DUOrEHETUHECKOro aHanm3a NPUMEHSIN BMOMHAOPMAaTUYECKE METOABI. [TOMyHeHHbI PEKOMOUHAHTHbIA
a[leHOBVIPYCHbI BEKTOP CMocobeH ahdeKTUBHO PEnINLMPOBaTLCS B MPOW3BOACTBEHHON KynbType Knetok HEK293 (knetkm nodki smoOprioHa YenoBeka).
PesynstaThl paboTbl 060CHOBBIBAIOT LieNecoobpa3HOCTb AasbHENLLEro nccneaoBanmns sektopa SAJ25 B kadecTBe nNnatopMbl AN Pa3paboTkn BaKLMH ANs
NPOMUNAKTVKN Pa3INYHbIX MH(DEKLMOHHBIX 3a001eBaHMI.

KniouyeBble cnoBa: aleHOBVPYCHbIV BEKTOP, BaKLMHHAA NnaTopma, PEKOMONHAHTHbIA afeHOBUPYC, afeHOBMPYC 00e3bsaH 25-ro cepoTumna

®duHaHcupoBaHue: paboTa BbINMOSIHEHA B pamkax rocydapCTBEHHOro 3agaHus MuHMcTepcTBa 3apaBooxpaHeHus Poccuiickon depepaumn «PagpaboTka
TEXHOMOMMYECKOM MNaThopMbl AJ1st CO3AaHUST PEKOMOUHAHTHBIX, B TOM YMCHE XKMBbIX BaKLMH AJ1st MPOMUIAKTUKA NHDEKLIMOHHBIX 60Ne3Hel>.

BnarogapHocTu: BbipaXkaeM VICKPEHHIOIO OnarofapHOCTb HayYHOMY COTpyaHVKY A. O. HMKOHOBOW 13 nabopatopuy MONekynspHor buotexHonorum GOrby
«HLSM mm. H. ®. Mamanen» 3a NoMoLLb B NPOBEAEHUN (DUNOrEHETUHECKOrO aHanM3a NnocnefoBaTenbHOCTEN FeKCOHOB afeHOBMPYCOB, a Takke nabopaHTy-
vceneposatento . [. KyctoBoi 3a MOMOLL B MOyHeHUW NOSHOMEHOMHbIX MOCNe0oBaTelbHOCTEN.

Bknap aBtopos: T. A. Oxaposckasi, O. B. 3ybkosa, [. KO. JloryHoB, A. J1. TMHUOYpPr — KoHLUenumst 1 nnaH akcrnepumeHTos; O. Monosa, O. B. 3ybkosa —
NonyYeHne reHHO-NHXEHEPHbIX KOHCTPYKUMIA 1 pekoMOUHaHTHOro ageHoBupyca o6esbsaH 25-ro cepotuna; T. A. Oxxaposckas, 1. B. Basunosa —
PUNoreHeTUYEeCKNI aHanna, BUPYyConornieckme akcneprmMeHTsl; A. A. [1o4TOBbIN — NOHOFEHOMHOE CekBeHMpoBaHve ageHoBmpycos; T. A. OxapoBckas,
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Recombinant adenoviral vectors (rAd) are a popular tool for
gene delivery into mammalian cells; in particular, they are
used in development of candidate vaccines [1-4]. Vaccines
based on human adenovirus types 5 and 26 (Ad5 and Ad26,
respectively) designed to counter Ebola and COVID-19 have
proven to be effective [5, 6]. However, there is a need for new
adenovirus vectors of other serotypes that can be alternatives
to the existing ones, since vaccination of the large portion of
the population translated into immunity to adenovirus vectors
that can lower efficacy thereof. In this connection, human
adenovirus types other than Ad5 and Ad26, as well as simian
adenovirus serotypes, can facilitate development of the new
drugs and heterologous prime-boost immunization patterns.
There are over 80 serotypes of human adenoviruses; there are
various approaches to their classification: they can be viewed as
forming seven separate subgroups (A-G) or belonging to seven
species of adenoviruses (Human mastadenovirus A-G) [7, 8.

Simian adenoviruses (SAd) are also being extensively
investigated as vector vaccines. There is a considerably
wide range of SAd-based adenoviral vectors currently being
analyzed as vaccine candidates, including the chimpanzee
adenoviruses (ChAd) ChAd3 [9], ChAd63 [10, 11], ChAd6B8
(also called SAd25) [12, 13], ChAd83 and ChAd155 [14, 15],
as well as SAd22 [16], SAd23 [16, 17], SAd24 [16, 18]. These
vectors have shown high immunogenicity in animal models and
in clinical trials of candidate vaccines [13, 19, 20]. In addition,
they are significantly similar to human adenoviruses biologically
and exhibit low cross-activity of sera with virus-neutralizing
antibodies to Ad5 and Ad26 [12, 21].

Simian adenovirus type 25 (SAd25) is one of the alternative
serotypes used as a platform for therapeutic agents. It belongs
to subgroup E, which makes it a potent vector in its own
right and as part of heterologous immunization. In addition,
antibodies to Ad2, Ad4, Ad5, Ad7, and Ad12 do not neutralize
SAd25, therefore, this vector a promising vaccine platform
candidate [12].

This study aimed to design a new vector platform based
on SAd25 and study its biological and physical characteristics.

METHODS
Bacterial strains and cell lines

For this work, we used a laboratory strain of Escherichia
coli DH5a (New England Biolabs; USA), an E. coli BJ5183
strain (Stratagene; USA) and the HEK293 cell line, human
embryonic kidney cells containing the Ad5 region in the E1
genome (Russian Collection of Vertebrate Cell Lines; Russia).
We cultivated HEK293 in the DMEM1x medium (Dulbecco's
Modified Eagle Medium; HyClone, USA) supplemented with
5% fetal bovine serum (HyClone; USA) and 25 ml of sodium
bicarbonate 7.5% (PanEco; Russia), in the presence of 146 mg
of L-glutamine (PanEco; Russia) and a mixture of penicillin and
streptomycin (PanEco; Russia), at 37 °C, with CO, at 5%.

SAd25 genome sequencing

The SAd25 wild-type (wt-) virus strain was obtained from the
State Collection of Viruses of [I-IV Pathogenicity Groups of the
D.I. Ivanovsky Institute of Virology, part of the N. F. Gamaleya
National Research Center of Epidemiology and Microbiology.
This virus was passaged on HEK293 cells and purified by
cesium chloride (CsCl) density gradient ultracentrifugation. We
used the standard technique [22] to isolate the genomic DNA
from purified wt-SAd25. The nucleotide sequence of wt-SAd25
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was determined using whole genome sequencing on the Oxford
MinlON sequencer (Oxford Nanopore Technologies; UK).

Designing the recombinant adenovirus vectors

Firstly, to create the pArms-SAd25-EGFP plasmid, we
PCR-amplified the left homology arm (nucleotides 1-537 and
3406-3801 in accordance with the wt-SAd25 genome) and
the right homology arm (nucleotides 35969-36519). The
expression cassette, consisting of the cytomegalovirus early
promoter (CMV promoter), the enhanced green fluorescent
protein (EGFP) gene and the SV40 virus polyadenylation signal,
is located at the site of the E1 deletion (nucleotides 538-3405).
For further linearization of the pArms-SAd25-EGFP plasmid a
Swal site was inserted between the homology arms.

To construct the plasmid pSAd25AE1-EGFP carrying the
full-length SAd25 genome and the expression cassette with the
EGFP gene at the site of the deleted E1 region of the genome,
we used the method of homologous recombination between
the linearized pArms-SAd25-EGFP plasmid and wt-SAd25
genomic DNA in E. coli cells of the BJ5783 strain. The bacterial
cells were transformed by electroporation with the MicroPulser
(Bio-Rad, Hercules; USA), as prescribed by the manufacturer's
instructions. We analyzed the resulting plasmid pSAd25AE1-
EGFP with PCR and restriction mapping.

For the E3 region modification, we designed the
pBS-E3-SAd25 plasmid that carried a fragment of the SAd25
genome (12804 nucleotides) cloned by Nhel. The E3 region
of the genome (nucleotides 27131-31051) was deleted using
the Ncol and Sall sites and with the help of the homologous
recombination technique. The final pSAd25-EGFP plasmid
contained deletions in the E1 and E3 regions of the genome. We
resorted to restriction mapping and whole genome sequencing
to analyze the resulting molecular clone.

Production of recombinant adenoviruses

We used the pSAd25-EGFP plasmid to obtain a pSAJ25-EGFP
recombinant adenovirus. HEK293 cells were seeded in six-well
culture plates and incubated overnight to 80% confluence. To
remove the bacterial part, we hydrolyzed the plasmid DNA with
Pacl and Sspl restriction endonucleases and then transfected
into HEK293 cells using the Lipofectamine 2000 reagent
(Thermo Fisher Scientific; USA), as prescribed in the manual
provided by the manufacturer. Once the CKX41 inverted
microscope (Olympus; Japan) allowed a visual conformation of
the viral cytopathic effect (CPE), the cells in the culture medium
were subjected to three freeze-thaw cycles.

The Ad5-mCherry and Ad26-EGFP recombinant adenoviruses
were obtained as described previously [23].

Accumulation and purification of recombinant adenoviruses

We produced the recombinant adenoviruses in the HEK293
cell line. The HEK293 cells were seeded into 10 culture dishes
(diameter of 15 cm) in the amount of 15-17 x 10° per dish. The
next day, a monolayer of cells with the confluence of 65-75%
was infected with recombinant Ad at a dose of 107 PFU per dish.
Two days later, when the CPE was at 90-100%, the infected
cells were collected, concentrated by low-speed centrifugation,
resuspended in buffer (0.01 M Tris-HCI pH 8.0, 0.01 M NaCl,
5mM EDTA) and subjected to three freeze-thaw cycles to destroy
cell and nuclear membranes and release the virus from the cells.
Cell lysates were centrifuged at 5000 rpm for 10 minutes at room
temperature, the precipitate removed afterwards.
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Recombinant adenoviruses were purified in Optima XPN-90
(Beckman Coulter Inc.; USA) by double ultracentrifugation in a
CsCl gradient (stepwise and equilibrium gradient).

We used PCR and whole genome sequencing to confirm
purity and identity of the Ad. The titers of purified viruses were
determined using 50% Tissue Culture Infectious Dose (TCID, )
assay on HEK293 cells [24]. The results were detected on days
10-12 after cell transduction.

Adenovirus particles quantification

We counted the particles using reagents from the Pico488
dsDNA quantification kit (Lumiprobe; USA). Each well of a
96-well microplate was filled with 10 pl of calibration solutions
(in a known concentration) and solutions of the test sample.
Next, 10 pl of lysis solution (TE buffer + 0.1% SDS) were
added to the wells, mixed there and incubated for 5 minutes
at room temperature. Then, we added 80 pl of TE solution and
100 pl of staining solution to the wells and left the mixtures
to incubate for 5 minutes. After that, the fluorescence intensity
was measured by a spectrofluorimeter at 480 nm excitation
and 520 nm emission wavelengths. Next, a graph of the linear
dependence of the fluorescence intensity of the calibration
solutions (ordinate axis) on the concentration of viral particles
(abscissa axis) was plotted.

Adenovirus genomes quantification

We isolated the total DNA using the Wizard Genomic DNA
Purification Kit (Promega; USA). The number of genomes was
determined by real-time PCR (RT PCR) using universal primers
for all three studied serotypes (F: 5'GGCGGCTGGCGGTAGAG,
R: 5'GCAACATCTGGAACCGCG). We used the gPCRmix-HS
SYBR mixture (Evrogen; Russia) as prescribed by the
manufacturer. Real-time PCR was performed in automatic mode
on a CFX 96 Real-Time PCR Detection System (Bio-Rad; USA).

Phylogenetic analysis of the sequences of hexons, fibers
and pentons of adenoviruses of various serotypes

Nucleotide sequences of the genomes of various serotypes of
human adenoviruses (45 serotypes) and simian adenoviruses
(5 serotypes) were taken from the NCBI database (USA).

Using the Geneious Prime program, we aligned the amino
acid sequences of the studied proteins of adenoviruses of
various serotypes. The Neighbor-Joining method [25] enabled
depiction of the evolutionary history [25]. The tree was drawn to
scale, with branch lengths in the same units as the evolutionary
distances used to build the phylogenetic tree. The evolutionary
distances were calculated by the number of differences method
and expressed as the number of amino acid differences per
sequence. We used the MEGA 11 software to build the tree [26].

RESULTS

Comparison of hexons, pentons and fibers of different
serotypes of human and simian adenoviruses

The structural proteins of adenovirus hexon, penton and fiber
contain type-specific antigenic determinants that are targets
for neutralizing antibodies. For this reason, when choosing
an adenovirus serotype for the development of a new vector
platform, it is important to take into account how these proteins
of this serotype differ from similar proteins of already used
recombinant adenoviruses, in particular from Ad5 and Ad26.
With this in mind, after obtaining the results of whole genome
sequencing of wt-SAd25 we performed a phylogenetic analysis
of the amino acid sequences of hexons, pentons, and fibers of
various serotypes and compared them to the SAd25 proteins
(Fig. 1).

The analysis shows that hexon, penton and fiber of SAd25
are sufficiently distant evolutionarily from the same proteins of
adenoviruses Ad5 (subgroup C) and Ad26 (subgroup D), on
which the Sputnik V vaccine is based. Therefore, with a high
degree of probability, virus-neutralizing antibodies generated
by Ad5 or Ad26 vaccination targeting these proteins will not
neutralize SAd25, and this vector may be a suitable candidate
both for stand-alone use and for priming or boosting.

Construction of the vector based on simian
adenovirus type 25

The recombinant SAd25-based replication-defective vector was
constructed following the standard viral genome modification
pattern used to create vectors based on Ad5 and Ad26 (Fig. 2A).
Deletion of the E1 region turns the adenoviral genome into

Fig. 1. Phylogenetic tree showing the relatedness of the hexon (A), penton (B) and fiber (C) sequences of adenoviruses of different serotypes. The tree was built
based on the amino acid sequences of hexons of 45 human adenovirus serotypes and 5 simian adenovirus serotypes. The evolutionary distances were calculated
based on the number of differences; they are given in as amino acid differences per sequence. Ad5, Ad26 and SAd25 are highlighted in red
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Fig. 2. Patterns of recombinant adenoviral vectors. A. Production of a plasmid construct containing the full-length genome of simian adenovirus type 25 and carrying
the EGFP gene expression cassette. B. Genomes of recombinant replication-defective adenoviruses used in this study

a replication defective (it can only reproduce in a special cell
line). The place of the deleted E1 region is occupied with a
cassette carrying the reporter gene (CMV promoter, EGFP
gene, polyadenylation signal). To increase the packing capacity,
we have also deleted the E3 region. The plasmid carrying
the recombinant SAd25-EGFP genome was engineered by
homologous recombination in bacterial cells.

We used HEK293 cells transfected with pSAd25-EGFP
plasmid with the vector part removed (containing the origin
of replication (ori) and the kanamycin gene) to produce the
infectious progeny of adenovirus. Despite the fact that HEK293
cells express proteins of the E1A region, which have some
specificity, especially E1B55K, we have shown that this cell line
efficiently assembles recombinant simian adenovirus type 25.

Investigation of biological and physical properties of the
new adenoviral vector

One of the important characteristics of a viral vector is the
genetic stability of the adenovirus genome. We did a number
of passages of the SAd25-EGFP adenovirus on the HEK293
cell line to determine the respective capability of the vector. The
genomic DNA was isolated from passages 1, 5 and 10, and then
analyzed with the help of whole genome sequencing. The analysis
revealed no mutations in the genome; the genome sequences
from all three passages had 100% identity. These results allow a
conclusion that SAd25-EGFP recombinant adenovirus remains
genetically stable after at least 10-fold in vitro passaging.
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To compare the replication efficiency of the produced
SAd25-EGFP adenovirus and the two recombinant
adenoviruses of types Ad5 and Ad26 that were produced
earlier at the N.F. Gamaleya National Research Center for
Epidemiology and Microbiology, we used vectors expressing
the genes for fluorescent proteins EGFP and mCherry (red
fluorescent protein). Adenoviruses SAd25-EGFP, Ad5-mCherry,
and Ad26-EGFP (Figure 2B shows the genome structures)
were transduced into wells of a 96-well plate with HEK293 cells
(5 x 10* cells/well) at a dose of 1 x 10* viral particles (v.p.), and
incubated for 72 h. Olympus IX73 (Olympus; Japan) inverted
microscope with a U-RFL-T fluorescent module (Olympus;
Japan) enabled detection of viral plaques in all wells infected
with different adenoviruses. Viral plaques found in cells infected
with SAd25-EGFP were noticeably larger than those in cells
infected with other adenoviruses. In addition, the former had
the lysis zone clearly enlarged, which indicates a higher viral
cytotoxicity (Fig. 3). These findings are consistent with the
results obtained for another simian adenovirus, SAd23 [17].

To perform a more detailed analysis of the replication
efficiency of the resulting adenoviral vector, as well as
to compare it with other adenoviral vectors, we cultured
SAd25-EGFP, Ad5-mCherry and Ad26-EGFP on ten culture
dishes (150 mm), purified the cultures by ultracentrifugation and
collected them in equal final volumes (2 ml). The final sample
could contain virus particles without a genome (unpacked or
empty), with a full genome (packed or complete), or various
intermediate forms in between. Next, we carried out a physical
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Fig. 3. Cytopathic effect of adenoviruses on HEK293 cells 48 and 72 hours after transduction

and biological characterization of the obtained adenoviruses
(see Table).

The amount of SAd25-EGFP v.p. was similar to the amount
of Ad5-mCherry and Ad26-EGFP v.p., but the infectious titer
of SAd25-EGFP was lower than that of Ad5 and Ad26. The data
also indicated that, compared to Ad5 and Ad26, the SAd25-EGFP
sample contained more non-infectious viral particles. The yield
of recombinant simian adenovirus was lower in comparison
with Ad26-EGFP. Detection of more viral genomes for
SAd25-EGFP indicates presence of unpackages viral DNA.
Thus, these results show that recombinant SAd25 efficiently
accumulates in HEK293 cells. A large number non-infectious
viral particles and free viral DNA detected in the SAd25-EGFP
samples necessitates the search for optimal conditions of
cultivation and purification.

DISCUSSION

Simian adenoviruses have long been subjects of research. They
are investigated to understand their capability to act as vectors
for delivering target genes into cells. They have an undeniable
advantage: human beings almost completely lack antibodies
to common serotypes, including CAd63 and CAd68. The first

Table. Biological and physical characteristics of recombinant adenoviruses

vector based on a chimpanzee adenovirus was CAd68, which
had the E1 region deleted [12]. In preclinical studies of the
HIV-1 vaccine, this recombinant adenovirus was shown to be a
highly immunogenic vaccine vector [20]. Later, a recombinant
adenoviral vector based on simian adenovirus type Y25 was
developed; subsequently, it was named ChAdOx1. The vaccine
platform based thereon offers a good safety profile, as was
shown in phase |-l clinical trials of the ChAdOx1-based vector
vaccines designed for prevention of a number of diseases,
including influenza, tuberculosis, malaria, prostate cancer,
MERS, Zika fever and COVID-19 [27].

The SAd25 adenovirus has a good safety profile and high
immunogenicity [27], but there are still no vaccine or gene
therapy preparations based thereon that are used in the
Russian Federation. Therefore, we have developed a vector
platform based on SAd25 with the prospect of its further use as
a vaccine platform.

At the first stage of our work, we performed a bioinformatic
analysis of the wt-SAd25 genome sequence. We focused on
the hexon, penton and fiber adenovirus sequences, i.e. the
main proteins of the virion capsid. The epitopes in hexon are
targets for neutralizing antibodies in vivo; they are recognized by
cytotoxic T cells and serve as one of the parameters in allocation

Serotype TCID,/ml number of genomes/ml number of v.p./ml number of genomes/TCID, number of v.p./ TCID,
SAd25-EGFP 2,15 x10° 1,79 x 10" 1,15 x 10" 833 535
Ad5-mCherry 4,64 x 10° 1,01 x 10" 1,02 x 10" 218 220
Ad26-EGFP 6,81 x 10° 1,88 x 10" 1,91 x 10" 276 281
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of adenoviruses into various serotypes [28]. Therefore, it was
important to establish how far the SAd25 hexon is evolutionarily
from other serotypes, including those used in the development
of vaccines based on Ad5 and Ad26. As a result, we have shown
that hexon, penton, and fiber of SAd25 are quite evolutionarily
distant from these proteins of Ad5 and Ad26. Thus, our next
task was to create a vector system based on SAd25.

There are several adenoviral vectors construction methods:
cloning, obtaining a vector through cosmids, homologous
recombination in bacteria and homologous recombination in
eukaryotic cells [29]. Among them, the common method is
the third one, which was also used in this work. This method
includes obtaining a plasmid containing the adenovirus genome
by homologous recombination of a shuttle vector carrying
regions of homology with the adenovirus genome and genomic
adenoviral DNA in E. coli BJ5183 cells.

Most of the engineered adenovirus-based vectors
investigated as candidate vaccines are considered to be
first-generation vectors, in which the E1 and ES3 regions of the
genome have been deleted. Deletion of the E1 region makes
the adenovirus replication-defective, that is, unable to multiply
in animal cells. This procedure significantly improves safety
and reduces the likelihood of side effects. Deletion E3, another
region of the genome, increases the possible insert size to
8 kb, which grants greater flexibility to design of the expression
cassette. In addition, this deletion does not affect growth in the
complementary cell line. In the recombinant adenoviral vector
based on SAd25 that we produced, both of the mentioned
regions were removed.

Clinical applicability requires design of a vector that will
effectively replicate in a producer cell line. The cell line used in
Russia to produce recombinant adenoviral vectors is HEK293,
which is complementary and contains the E1 region of the Ad5
genome. But in the case of creating a vector with a deleted
E1 region, there is a risk that this vector will form replicatively
competent adenoviral particles during growth. However, SAd25
presents no such risk, since the percentage of homology of the
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CONCLUSIONS
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adenovirus type 25 that has the expression cassette with the
target gene (EGFP) inserted into the E1 region and E3 region of
the genome removed to increase the potential genetic capacity.
This recombinant adenovirus can efficiently replicate in the
HEK?293 cell line, which is used in production of the adenovirus-
based drugs. It was noted that the phenotype of viral plaques
in the obtained adenovirus differs from that peculiar to Ad5 and
Ad26, since SAd25 plaques are larger and have a larger lysis
zone. The data obtained indicate the possibility of further study
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SINGLE-DOMAIN ANTIBODY FOR BINDING THE CONSERVED EPITOPE
IN THE SARS-COV-2 SPIKE PROTEIN RECEPTOR-BINDING DOMAIN
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Several COVID-19 vaccines have been developed in the last three years using various tecnhiques. Multiple virus-neutralizing antibodies against SARS-CoV-2 have
been also obtained to combat the pandemic. However, the use of these medications for prevention and potential treatment faces significant challenges due to
the emergence of new mutant virus variants, both more contagious and escaping neutralization by the immune system, that is why it is necessary to continuously
renew the vaccines and develop new therapeutic antibodies. The study was aimed to use the technology of generating single-domain antibodies (nanobodies) to
target the surface spike (S) protein RBD conserved epitope of the broad spectrum of SARS-CoV-2 variants. Recombinant proteins that corresponded to RBDs
of three important SARS-CoV-2 strains and the full-length S protein (Wuhan) were used as antigens for immunization of a camel in order to induce production of
appropriate antibodies and/or as immobilized proteins for further cross selection of the nanobody clones with pre-set specificity by the phage display. A nanobody
capable of effectively recognizing the conservative region in the S protein RBDs of the broad spectrum of pandemic SARS-CoV-2 variants, including Omicron, was
selected from the generated immune library. Along with conventional use in immunoassays and diagnosis, the generated nanobody can be potentially used as a
module for target-specific binding used to trap coronavirus in human upper airways during the development of novel combination antiviral drugs.
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OAHOOOMEHHOE AHTUTENO AJ11 CBA3bIBAHUA KOHCEPBATUBHOIO 3rNMATOMNA
PELIENTOP-CBA3bIBAIOLLIEIO JOMEHA BEJIKA SPIKE KOPOHABUPYCA SARS-COV-2

M. O. Bopobbes', C. B. Tunm6' 2=

T VIHCTUTYT MonekynsipHoi 6ronorim nmenn B. A. SHrenbrapaTa Poccuiickoin akagemunn Hayk, Mocksa, Poccust
2 ViHcTuTyT Bronorumn reHa Poccuinckoi akaaemun Hayk, MockBea, Poccus

B nocnegHne Tpu roga ¢ NOMOLLbIO PasHbIX TEXHONOMMA Bbinn paspaboTaHbl HECKONbKO BakLmH NpoTue COVID-19, a Takke nosy4eHo 60sbLLIoe YT BUPYC-
HeNTpaMaytoLLWX aHTUTeN K KopoHasupycy SARS-CoV-2 ¢ uenblo 6opbbbl ¢ naHaemven. OoHako NMpUMeHeHue STVX npenapaToB AN MPOoMUNakTukA 1
MOTEHUMAIIBHOIO JIEYEHSI CTAUTKMBAETCS C CYLLECTBEHHBIMM NMPOGIEMaMy 13-3a MOSIBEHWST HOBbIX MyTaHTHbIX BAPUAHTOB BMPYCa, Kak 6051ee KOHTarnosHbIx,
TaK W YCKOSMb3aKoOLLMX OT MMMYHHOW HeTpanMsaumm, YTo NOCTOSHHO TPebyeT OBHOBNEHUSI BakLMH 1 pa3paboTki HOBbIX TepaneBTUYecKmx aHTuTen. Llensto
[aHHOTO MCCnefoBaHVst 6bII0 UCMOMb30BaTh TEXHOMOMMIO CO3AaHVs OAHOAOMEHHbIX aHTUTeN (HaHoTen) A8 TapreTpoBaHUst Hanbonee KOHCepPBaTVBHbBIX
AMNMTOMOB peLenTop-ceasbiBatoLero gomeHa (RBD) nosepxHocTHOro S-6enka (wuna, Spike) wrpokoro cnektpa BapnaHtoB SARS-CoV-2. PekoMOuHaHTHble
6enkun, cootsetcTBylolme RBD Tpex akTyasbHbIx wTtammoB SARS-CoV-2, a Takke nonHopaamepHomy S-6enky (Wuhan), 6biii Mcnonb3oBaHbl B KavecTse
aHTUreHOB 19 UMMyHM3aUMK BepOnioga C Lenblo MHAYKLMM 06pa3oBaHusi COOTBETCTBYIOLLWX aHTUTEN W/WM B Ka4ecTBe UMMOBUIN3YyeMbiX GenkoB Afist
rocneytoLLMX NEPEKPECTHbIX MPOLIEAYP CENEKLMN KITOHOB HAHOTEN C 3alaHHOM CreLmdUYHOCTBIO METOAOM (haroBOro avcrnest. VI3 reHepupoBaHHOM UMMYHHOM
6r1bnMoTeKN GbINo 0TobPaHO HaHOTENO, 0bnafatoLLee CBOMCTBOM 3(DEKTUBHO y3HaBATL KOHCEPBATVBHbIN y4acTok RBD S-6eka LUMPOKOro CnexkTpa BapnaHToB
naHaeMudeckoro kopoHasmpyca SARS-CoV-2, BKIoHas OMVKPOH. MoMMMO TpaauLMOHHOMO NCMOMb30BaHNA B UMMYHOaHaIIM3e U OMarHOCTVKe, MoyHeHHoe
HaHOTENO MOTEHUMAIbHO MOXET ObiTb MCMOMB30BAHO B Ka4ecTBE MOAYIS MULLEHb-CMELMUHHOTO CBS3bIBAHUS OIS 3a0E0KKN KOPOHABMPYCa B BEPXHYX
[ObIXaTesibHbIX MyTsX YenoBeka npu paspadboTKe HOBbIX KOMOUHMPOBaHHbBIX MPOTUBOBUPYCHBIX NMpenapaTos.

Kniouesble cnosa: SARS-CoV-2, KOHCEPBATUBHbIN SNUTOM, OAHOAOMEHHOE aHTUTENO, HAHOTENO, 3aAepPXKKka Brpyca

®duHaHcupoBaHue: paboTa Obina nogaepkaHa MVHUCTEPCTBOM Hayku 1 BbiCLlero obpasosaHuna Poccuiickon Pepepaumn (gorosop Ne 075-15-2021-
1086, koHTpakT Ne RF—193021X0015).
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Most virus neutralizing antibodies against important targets,
such as SARS-CoV-2, bind to protein epitopes on the surface of
viral particles and prevent the interaction of virus with the cellular
receptor that is essential for viral entry. As for SARS-CoV-2, the
spike (S) protein (1300 amino acids) displayed on the surface
is the main target for neutralizing antibodies. S protein forms
a homotrimer on the virion surface. During virus assembly this
protein is broken down into N-terminal (S1) region and C-terminal
region (S2) that is directly involved in fusion with the host cell
membrane. A receptor-binding domain (RBD, 319-541 amino
acids or at least 333-527 amino acids) has been identified in the
S1 region. In the S protein open conformation, RBD interacts with
the angiotensin-converting enzyme 2 (ACE2), the SARS-CoV-2
entry receptor displayed on the host cell surface. The latter
triggers S protein rearrangement that results in membrane fusion
and viral entry. RBD consists of two core subdomains with the
central B-sheet and one external subdomain or the receptor-
binding motif (RBM, amino acids 438-506) that is linked to two
adjacent B-strands of the core; RBM becomes the region of
S protein in its receptor-binding open conformation that is most
distant from the viral surface. RBD (and particularly RBM) is the
main antigenic region of S protein and the main target for the
virus neutralizing antibodies [1-3].

From the beginning of the pandemic the currently circulating
SARS-CoV-2 strains have acquired mutations relative to the
original Wuhan (WA1) strain. In particular, the B.1.617.2 variant
(Delta) [4] and the related B.1.617.1 variant (Kappa) first identified
in India carry the RBD L452R-T478K and L452R-E484Q
substitutions, respectively, that are probably responsible for
enhanced infectiousness [4]. The B.1.1.529 variant (Omicron)
identified in South Africa comprises the extension of RBD
with 15 substitutions (such as G339D, S371L, S373P, S375F,
K417N, N440K, G446S, S477N, T478K, E484A Q493K,
G496S, Q498R, N501Y, Y505H) [5]. RBD mutations found in
these variants increase the risk of reducing the effectiveness
of modern vaccines and therapeutic human antibodies. These
mutations can also contribute to virus evolution and selection
of new variants capable of escaping neutralization by human
immune system. Thus, generating the broad-spectrum virus
neutralizing antibodies against various SARS-CoV-2 strains
(existing and future) is extremely challenging [6-8].

The use of antibody-based inhalation medications is a very
promising method for targeted interventions and combating
respiratory infections at the point of entry into the human body,
i.e. in the upper airways [9]. Inhalation is a promising non-
invasive strategy for delivery of antibodies used for treatment of
respiratory diseases, since this route ensures higher antibody
concentrations in the respiratory tract, thereby overcoming the
constraints and uncertainty related to the drug levels in the right
area after systemic antibody delivery through the bloodstream.
The nasal route of drug delivery is one of the well-characterized
administration routes. For a number of drugs, the nasal sprays
were considered successful and approved for widespread
use. Respiratory viruses that infect humans enter the body
through the respiratory tract in aerosols produced by the other
infected individuals' cough or sneezing. Large aerosol particles
are usually retained in the turbinates and sinuses, where these
particles may cause upper respiratory infections. The smaller
particles can travel to the lower respiratory tract and cause
more dangerous infections affecting the alveolar region. The
majority of viruses that infect the upper respiratory tract cause
acute infections and show seasonality (for example, respiratory
syncytial virus (RSV), rhinovirus, parainfluenza and influenza
A viruses, adenovirus, human metapneumovirus, human
bocavirus, and coronavirus). Mucosal epithelial cells represent
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the portal of entry for most respiratory viral infections. The
virus would not be able to initiate the infection, if its attachment
to the cell is blocked at the point of entry. It has been shown
that the influenza virus particles can be trapped in the human
respiratory mucus, regardless of haemagglutinin binding sialic
acids on mucins [10]. Perhaps the trapping observed is due
to the presence of antibodies binding both influenza virus and
components of the mucus gel. The link between antibodies
and the mucus gel is probably ensured through the antibody Fc
fragment multiple low affinity interactions with mucin. Itisimportant
to note that adhesive interactions between the antibodies that
bind pathogens and the components of respiratory mucus may
provide a universal strategy for combating pathogens in the
airways. The topical delivery of antibodies that bind the causative
agents of respiratory infections can potentially decrease the risk
of infection and reduce viral load in the respiratory epithelium.

The format of single-domain antibodies is one of the most
promising formats of monoclonal antibodies that gains more
attention in recent years, including in the context of developing
new means of combating infections.

The recombinant derivatives of the single-domain antigen-
binding fragments (VHH) of the specific HCAb antibodies
(heavy-chain only antibodies) comprising the truncated heavy
chain dimer and no light chains, that are normally found in
blood of the Camelidae family members and some species of
cartilaginous fishes in addition to conventional immunoglobuline
types, are referred to as single-domain antibodies (nanobodies)
[11-12]. The main features of nanobodies are as follows: small
size (12-15 kDa, 4 x 2.5 nm); high solubility, stability, specificity,
and affinity; thermal and chemical resistance; easy realization
of various modifications by genetic engineering methods;
possibility of using the extremely effective phage display method
for selection of optimal nanobody variants. Nanobodies are
capable of forming unique paratopes and recognizing unique
native antigen epitopes that are unusual for conventional
antibodies (mostly conformational epitopes, small grooves,
active sites of enzymes). This may result in the extraordinary
high specificity of the specified target recognition in vivo. The
framework regions of the camelid nanobodies (VHH) have high
homology (significantly higher compared to the mouse VH) with
the framework regions of the variable VH domains of human
immunoglobulins (IgG3 subclass). Nanobody production in
bacteria or any other expression systems is very cost-effective;
nanobodies can be used as building blocks for multi-domain
constructs [13-14].

The promising nanobody-based antiviral therapeutic
drugs have already been created. For example, several
nanobodies have been obtained that specifically bind to the
most conserved fragments of haemagglutinin of the influenza
viruses of various subtypes [15]. The multi-domain constructs
containing four different nanobodies have been inserted in the
adeno-associated virus vector.

The mouse model has shown that the expressed multi-
domain antibodies targeted at several conserved epitopes
at once very effectively prevent infection with influenza A and
B viruses. The same strategy can be used for prevention of
infection with other viruses/pathogens that show high variability.
[t is important to note that no such medication has not yet been
obtained using conventional monoclonal antibodies.

A number of recently published papers report generating
nanobodies against the receptor-binding domain (RBD) of
the SARS-CoV-2 spike protein in order to block its interaction
with ACE2 and thereby neutralize the virus [16-17]. This was
accomplished for many SARS-CoV-2 variants, except for the
most heavily mutated Omicron strain.
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Fig. 1. Scheme of the aligned amino acid sequences of RBDs of three SARS-CoV-2 S protein mutant variants (original RBD Wuhan, RBD Delta, and the most
heavily mutated RBD Omicron). Mutations of amino acid residues are highlighted in gray. The bold line represents position of the receptor-binding motif (RBM) that
interacts directly with the ACE2 receptor

There is a report of generating the nanobody (Nb6) that
binds and blocks S protein in a fully inactive conformation, thus
preventing the virus binding to ACE2 [18]. Affinity maturation in
vitro and trimerization of the high-affinity nanobody derivative
have made it possible to obtain a drug against the SARS-CoV-2
infection that shows picomolar neutralization activity. This drug
remained stable and retained its function after aerosolization,
lyophilization, and heat treatment. The authors assume that

Table 1. Olygonucleotides (primers) for point mutagenesis

the aerosolized delivery of this potent neutralizer directly to the
respiratory epithelium is possible.

The study was aimed to use the antibody-producing
technology for selection of nanobody against the S protein
RBD conserved epitope of the broad spectrum of SARS-CoV-2
variants, including Omicron. Such a nanobody is considered
as a potential virus-binding module of the future aerosol
combination virus-trapping drug that would contain an anchor

Primer Nucleotide sequence 5'-3'
For RBD Delta
RBD delta for 63 atctgaagcccttcgagcgggacatctccaccgagatctatcaggccggcagcaaaccttg
RBD flanc rev 63 tctgctagctcgagtcgegac
Vector for 59 atcttaagtcgcgactcgage

Vector rev 59

gtcggccacgcaattge

RBD new rev 55

gtggagatgtccecgetcgaagggcettcagattggactticcggaacagecggtatetgtaattg

RBD new flanc for 53

gtggagatgtcccgetcgaagggcttcagattggacttccggaacagecggtatctgtaattg

For RDB Omicron

LIC ins for Il 65

ccccttcGACgaggtgttcaatgccaccAAGttcgectctg

LIC ins omi | for 61

ctgtacaacCTCgccCCGttcTTTaccttcaagtgctacggegtgtccee

LIC ins omi | for 63

gggctgATGgeccacgecGTAtgtgggCCGaaaACTgtaggaTCGeagtGGGAAG

LIC ins omi Il rev 65

ttgaagccTGCcacgcecgttacaaggAAAGTTgeccggectgatag

LIC vec omi | for 58

CaTACggcgtgggcCatcagece

LIC vec omi | rev 59

AAAgaaCGGggcGAGgttgtacagcacggagtagtcg

LIC vec omi Il for 63

ttgtaacggcgtgGCAggcttcaactge

LIC vec omi Il rev 65

attgaacacctcGTCgaaggggcacagattg

SDM Il omi for 55

gtggcaactacaattacAGAtaccggctgttce

SDM Il omi rev 56

TgactttggagtccagTTTgttgetg

SDM omi for 54 atatcgccgactacaactac
SDM omi for 55 tgcctgtctgtccagg
CAG seq for rbd tcctgggcaacgtgetgg
CAG seq rev rbd agatgctcaaggggc
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module for binding the major components of the human upper
respiratory tract secretions.

METHODS

Production of recombinant proteins corresponding to the
S protein receptor-binding domains of three important
SARS-CoV-2 strains and the full-length S protein (Wuhan)

The SARS-CoV-2 strain (Wuhan) RBD was produced using
the NR-52309 plasmid provided by Krammer et al. [19]
(BEI Resources web-site, NIAID, NIH) in the HEK293T eukaryotic
cells in accordance with the protocol published on the web-site
and as previously reported [20]. The designated vector for
the SARS-CoV-2 RBD, Wuhan-Hu-1 (GenBank: MN908947),
was generated by fusing the S protein N-terminal signal
sequence with RBD (amino acids 319-541) and the C-terminal
hexahistidine tag. The target RBD-encoding plasmid was
introduced into the HEK293T cells by calcium phosphate
transfection. Three days later the RBD protein-containing
supernatant was collected and centrifuged at 4 °C and 1500 g
for 10 min. The purified supernatant was mixed with 5 mL
of Ni-NTA-agarose (Qiagen; USA) equilibrated in phosphate-
buffered saline and subsequently incubated with continuous
mixing on the orbital shaker (Biosan; Latvia) for an hour at
room temperature. Suspension was applied to the column
and subsequently washed with the wash buffer (57 mmol
NaH,PO,H,0, 185 mmol NaCl, 20 mmol Imidazol), then
RBD was flushed with elution buffer (57 mmol NaH,PO,-H,0,
135 mmol NaCl, 235 mmol Imidazol). The protein obtained
was dialyzed against phosphate-buffered saline using a
5 kDa dialysis membrane (Merck; USA). The purified protein
was analyzed by polyacrylamide gel electrophoresis. The
protein concentration was determined by normalization with
the known concentrations of bovine serum albumin (BSA)
and by the Pierce BCA protein assay (Thermo Fisher; USA).
Absorbance was measured using the CLARIOstar plate reader
(BMG Labtech; USA).

To obtain RBDs of the SARS-CoV-2 Delta and Omicron
strains, we introduced appropriate nucleotide substitutions
(highlighted in Fig. 1) in the original sequence encoding RBD
comprised by the above mentioned plasmid. Substitutions were
introduced using the specially synthesized oligonucleotides
by ligation-free cloning through synthesis of overlapping
intermediate PCR products using the T100 Thermal cycler
(Bio-Rad; USA). After amplification of appropriate fragments
using the PhusionTM high-fidelity DNA polymerase (Thermo
Fisher; USA), the amplified fragments were subjected to 1%
agarose gel electrophoresis, and the fragments cut were isolated
using the Cleanup Standart kit (Evrogen; Russia). The amplified
vector and insert were incubated with T4 polymerase at 37 °C
for 3 min, then T4 polymerase was inactivated at 75 °C for
15 min followed by incubation on ice for 1 min on ice for 1 min.
After that the resulting mixture was used for transformation of
the TOP10 competent cells. RBD was expressed and purified
as previously described [20].

Oligonucleotides used for mutagenesis are provided in
Table 1 (the coordinates correspond to that provided in Fig. 1).
As for RBD Delta variant, mutations L176R, T202K were
reproduced. To synthesize the sequence encoding the
SARS-CoV2 Omicron strain RBD, the nucleotide substitutions
that corresponded to mutations G63D, R70K, S95L, S97P,
S99F, K141N, N164K, G170S, S201N, T202K, E208A, Q217R,
G220S, Q222R, N225Y, Y229H, were introduced in the original
plasmid encoding the SARS-CoV-2 strain RBD.
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The sequences obtained by cloning were tested by Sanger
sequencing using the RBD new flanc for 53 or CAG seq
oligonucleotides (Table 1).

The full-length  SARS-CoV2 S protein was expressed
and purified in accordance with the earlier reported protocol
[19, 20] as described above, with the difference that the spike
protein was expressed instead of RBD (using the pSFHT
PCAGGS-wt Spike-Trb-T4-HT plasmid DNA provided by
Krammer). Production and purification were performed in the
same manner as described for RBD [20].

Immunization and acquisition of the library of cDNA
sequences encoding nanobodies

The camel was kept in the spacious enclosure with regular
paddock and feeding in the Center for Collective use “Live
Collection of Wild Mammals” at the Scientific and Experimental
Base “Chernogolovka”, Severtsov Institute of Problems of
Ecology and Evolution of the Russian Academy of Sciences.
Animal work was carried out in accordance with the National
Standard of the Russian Federation GOST R 53434-2009.
The Bactrian camel (Camelus bactrianus) was sequentially
immunized with five doses (four weeks after the first injection,
then each subsequent injection was performed within 10-14 days)
by subcutaneous injection of antigenic material mixed with
equal amount of complete (first injection) or incomplete
(other injections) Freund's adjuvant. A total of 0.5 mg of the
mixture of recombinant proteins corresponding to RBD
Wuhan and RBD Delta were used as antigenic material for
immunization. Blood (150 mL) was collected five days after the
final injection. To prevent blood clotting, 50 mL of the standard
phosphate-buffered saline (PBS) containing heparin (100 U/ml)
and EDTA (8 mmol) were added. Blood was two-fold diluted
with PBS containing 1 mmol EDTA; 35 mL of diluted blood
were layered on the 15 mL step of specialized medium
(Histopaque-1077; Sigma-Aldrich, USA) with the density of
1.077 g/mL; centrifugation at 800 g was performed for 20 min.
Mononuclear cells (lymphocytes and monocytes) were collected
from the plasma/Histopaque interphase zone and subsequently
washed with PBS containing 1 mmol EDTA. Total RNA was
extracted from B cells using TRIzol (Thermo Fisher Scientific; USA).
Then poly(A)-containing RNA was purified from total RNA
using the Oligo(dT)-cellulose column. RNA concentration was
defined with BioPhotometer (Eppendorf; Germany), and the
quality of extracted RNA was verified by 1.5% agarose-
formaldehyde gel electrophoresis. The reverse transcription
reaction was carried out using the Maxima reverse transcriptase
(Thermo Fisher Scientific; USA) and the Oligo(dT)18 primer. The
reverse transcription products were used as a matrix for two-
step polymerase chain reaction, and amplification products were
cloned into a phagemid vector with the Ncol(Pstl) and Notl sites
as previously described [21]. The pHEN4 expression vector [22]
kindly provided by Professor S. Muyldermans (Vrije Universiteit
Brussel, Belgium) was used for cloning.

Selection of the nanobody clones that bind to RBD;
formatting, production, and analysis of anti-RBD nanobodies

The next phage display-based selection procedures involving
the use of the M13KO7 bacteriophage (New England Biolabs;
USA) as a helper phage were mainly conducted in the same
way as the previously described procedures [21].

The Excella E24 and E25 shaker incubators (NewBrunswick
Scientific; USA) were used to grow the bacterial culture.
The 5810R and 5415R refrigerated centrifuges (Eppendorf;
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Germany) were used for centrifugation. The recombinant
proteins obtained by the above methods were immobilized
in the wells of the Maxisorp immuno plate (Nunc; Denmark).
The wells were blocked with 1% BSA (bovine serum albumin)
in 1x PBS or with the casein blocking buffer (Sigma-Aldrich;
USA). Both alternate antigens and blocking proteins were
used for sequential selections. The selected clones of the
nanobody-encoding sequences were grouped based on
the identity of the HMR-fingerprint-like images and the
activity of the expressed nanobodies (with the C-terminal HA
tag) in periplasmic extracts [21]. The promising clones were
re-cloned adding to the C-terminus of the nanobody-encoding
sequences additional sequences of the long hinge region (as
a linear flexible linker), HA tag and His tag for detection and
effective purification of nanobodies, as previously described
[23]. All the expression constructs comprised the pelB leader
sequence for periplasmic nanobody expression. This made it
possible to isolate the nanobody by the osmotic shock method
without disrupting bacterial cells. Nanobodies were expressed
in the E. coli cells (XL1 strain). Protein expression in the
exponentially growing cells was induced by adding 0.2-1 mmol
IPTG (isopropyl B-d-1-thiogalactopyranoside). The cells were
incubated with vigorous agitation for 5 h at 30 °C and overnight
at 28 °C. The recombinant proteins were extracted from the
periplasmic extract by affinity chromatography with Ni-NTA-
Agarose (Qiagen; USA) in accordance with the manufacturer's
instructions. The periplasmic extract containing a nanobody
with C-terminal HA tag or an affinity purified adapted nanobody
were used to assess specificity and efficiency of the nanobody
binding to the antigen preparation immobilized in the immune
plate well by conventional enzyme-linked immunoassay (ELISA).
The horseradish peroxidase-conjugated anti-HA tag monoclonal
antibody (H6533, Sigma-Aldrich; USA) was used as a secondary
antibody against the HA tag. The horseradish peroxidase acitivity
was defined with the use of 1-Step Ultra TMB-ELISA Substrate
Solution (Thermo Fisher Scientific; USA) as a chromogenic
substrate. Absorbance was measured at 450 nm with the
Multiscan EX photometric microplate absorbance reader (Thermo
Labsystems; USA) after adding equal volume of sulfuric acid
(2 moal). The control wells contained no antigen, however, these
were blocked and processed in parallel with the experimental
wells (antigen-containing). Commercially available preparations
were used for competitive nanobody assay: XR19 neutralizing
mouse monoclonal nanobody (Xema; Russia) that is currently
under approval and is manufactured as an experimental batch,
and peroxidase conjugated rabbit anti-mouse immunoglobuline
antibody (IMTEK; Russia). A measurement was taken three
times, and the ELISA results were presented as mean values
and standard deviations that did not exceed 10%.

1 2

BSA =

35 kDa = = RBD

25kDa =

Fig. 2. SDS-polyacrylamide gel electrophoregram showing the produced (using
the cloned coding sequence) and subsequently purified recombinant RBDs of
three strains (6 — RBD Delta, 7 — RBD Wuhan, 8 — RBD Omicron). Left —
lane of marker proteins (Thermo Scientific PageRuler Plus Prestained Protein
Ladder, size 10-250 kDa). Different amounts of BSA marker protein have been
applied to lanes 2-5 in order to quantify the protein produced (0.25, 0.5, 1.0,
and 2.0 mg, respectively)

RESULTS

Initially we cloned and produced recombinant proteins
corresponding to the S protein receptor-binding domains of
three important SARS-CoV-2 strains (Fig. 2). Yield of produced
proteins per 10® cells: RBD delta — 2200 ng, RBD Wuhan —
2446 ng, RBD omicron — 300 ng, membrane-associated
full-length S-protein Wuhan (Fig. 3) — 75 ng.

Recombinant proteins that corresponded to RBD Delta
and RBD Wuhan were produced rather effectively, however,
significantly lower reproducible protein output was observed
for RBD Omicron. This was probably due to the features of
the RBD Omicron protein secondary structure that could be
formed harder in this expression system. When we started this
study, no information about the RBD Omicron was available,
that is why the mixture of RBD Delta and RBD Wuhan proteins
was used for immunization of the camel. RBD Omicron was
later used at the selection stage.

The recombinant protein produced that corresponded to
the full-length SARS-CoV-2 (Wuhan) S protein was used at the
same stage of selection and validation ELISA (Fig. 3).

After the Bactrian camel immunization, the titer of IgG
binding to RBD Delta and RBD Wuhan in the antiserum

M
(kDa)
= 240
S - — 130
[

Fig. 3. SDS-polyacrylamide gel electrophoregram showing the produced SARS-CoV-2 (Wuhan) recombinant S (spike) protein. The protein was detected in the
cytoplasmic fraction (1) and in the sediment fraction (2). The marker of the polypeptide molecular weight is applied on the right
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significantly (about 40 times) increased compared to
pre-immune serum. We cloned cDNA sequences encoding
the entire repertoir of the single-domain antigen-recognizing
sequences (VHH, single-domain antibodies, nanobodies)
containing a homodimer of truncated (having no CH1 domain)
heavy chains and no light chains in the pHEN4 phagemid
expression vector based on mRNA from the immunized
camel peripheral blood lymphocytes. The resulting library
of the VHH-cDNA sequences was converted into the phage
particle format using the M13KO7 helper phage and then
used for cross selection with three variants of produced RBD.
Selection was performed by sequentially using the immune
plate wells showing high sorption capacity (Nunc Maxisorp)
that contained recombinant proteins immobilized in PBS with
a concentration of 10 ug/100 pL (RBD Wuhan, RBD Delta,
and RBD Omicron). The 1% BSA (Sigma-Aldrich; USA) in
PBS or the casein blocking buffer (Sigma-Aldrich; USA) were
used for blocking. Selection and subsequent amplification of
the selected phage particles (containing the gene encoding
the single-domain nanobody inside and the expressed single-
domain nanobody as a component of the plll phage surface
protein) were usually performed three times in a row using
different incubation sequences for all three variants of the
immobilized antigens. The first two RBD variants were used
for immmunization, and is was easy to select nanobodies
against these variants. However, it was predictably difficult to
select a nanobody capable of effectively binding RBD Omicron
as well. The sequences of selected nanobody clones were
grouped based on the similarity of fingerprints obtained by
electrophoretic separation of the products of hydrolysis of the
amplified sequences of single-domain nanobodies using three
restriction endonucleases (Hinfl, Mspl, Rsal) at once. To assess
specific activity of the selected nanobodies that represented
each group, microinduction of the nanobody synthesis in the
bacterial periplasm was performed, and the periplasmic extract
containing the generated nanobodies was obtained. Such
periplasmic extracts with nanobodies comprising a C-terminal
HA tag (antigenic determinant, the YPYDVPDYA fragment of
9 amino acids) were used when performing enzyme-linked
immunoassay (ELISA) for detection of the most promising
nanobody variants. The horseradish peroxidase-conjugated

1 4
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anti-HA tag monoclonal antibody (H6533, Sigma-Aldrich; USA)
was used as a secondary antibody against the HA tag. We
managed to select nine different variants (groups) of the
nanobody clones after selection and ELISA. Among those the
most promising nanobody referred to as aRBDcel (anti-RBD
conserved epitope 1) that met all the major requirements we
had initially set should be highlighted.

The selected cloned nanobody-encoding sequences
were adapted for more effective production in the bacterial
expression system and subsequent effective nanobody
purification, as described earlier [23]. The nanobodies obtained
comprise a long C-terminal linker sequence (28 amino acids
of the long variant of the non-conventional camelid antibody
hinge region) followed by two peptide fragments: HA tag
allowing to detect the nanobody using the commercially
available antibodies against this peptide and (His), tag, the
sequence of six histidine residues, that makes it possible to
effectively purify proteins containing the tag by the metal-
chelate affinity chromatography on the Ni*-NTA agarose. The
selected and adapted nanobodies were tested for functional
activity. Initial testing was performed by ELISA in order to test
the efficiency of the S protein RBD conserved epitope binding by
the nanobodies obtained for three different mutant SARS-CoV-2
variants. Fig. 4 shows the ELISA results suggesting that the
aRBDce1 nanobody (1 pg/mL) is highly effective: it binds to
the recombinant S proteins, RBD Wuhan (W-RBD), RBD Delta
(A-RBD), and RBD Omicron immobilized in the plate wells better
than other nanobody variants selected alongside, however,
it hardly binds to the control well. The wells with immobilized
BSA (bovine serum albumin) were used as controls. The signal
intensity reflects the nanobody binding efficiency. We can assume
higher affinity of the aRBDce1 nanobody binding to RBD (in the
low nanomolar range) compared to other earlier generated in
one group and characterized nanobodies against other targets;
aRBDce1 is so far the only nanobody we have selected that is
capable of effectively binding all the RBD variants used, including
RBD Omicron and the full-length S protein.

Fig. 5 shows the results of ELISA, during which the
immobilized RBD (Wuhan) was first bound/blocked with the
increasing concentrations of individual variants of the selected
nanobodies (20 pg/mL), then the wells were washed, and a

B Spike

= W-RBD

= A-RBD
Omicron-RBD
Control

aRBD-4 aRBD-5 aRBD-6 aRBDcel aRBD-7 aRBD-8

t

Fig. 4. Results of ELISA of nine selected nanobody variants (@RBD-1-aRBD-8 and aRBDce1) binding to immobilized recombinant proteins that correspond to
(left-to-right) spike protein, RBD Wuhan (W-RBD), RBD Delta (A-RBD), and RBD Omicron, and to the control well with no antigen blocked with 1% BSA (as in all other
wells). The absorbance values reflect the effectiveness of nanobody binding. Mean values for three independent experiments and standard deviations are provided
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Fig. 5. Results of ELISA aimed at identification of the competition for binding to RBD Wuhan immobilized in the well between the selected nanobody variants and the
XR19 neutralizing monoclonal antibody (Xema; Russia). The absorbance values reflect the effectiveness of nanobody binding. Mean values for three independent

experiments and standard deviations are provided

commercially available XR19 neutralizing mouse monoclonal
nanobody (Xema; Russia) at a concentration of 1 pg/mL was
added (all antibodies were dissolved in PBS with 0.1% BSA). After
washing the peroxidase-conjugated rabbit antibodies against
mouse immunoglobulins were added, and the bound peroxidase
was determined as described above. It can be seen that the
aRBDce1 nanobody does not compete for binding with this virus-
neutralizing (according to the manufacturer) antibody. The results
obtained allow us to assume with high probability that we have
managed to complete the task and generate a single-domain
antibody capable of highly effectively binding the SARS-CoV-2
S protein RBD conserved surface (easily accessible) epitope. Fig. 6
shows the amino acid sequence of the generated aRBDcef
nanobody, it also shows how the adapted purified nanobody
looks like when sorted in the 14% SDS-polyacrylamide gel. The
data obtained provide the basis for the recently submitted patent
application (registration number 2022132017).

DISCUSSION

In the study a nanobody that binds to one of the RBD conserved
antigenic epitopes of S protein found in three different SARS-
CoV-2 varians, including the most heavily mutated Omicron
variant, has been generated according to the task using the
technique of generating the nanobodies with pre-set specificity
and subsequent effective nanobody selection by phage display.
Thus, we have demonstrated an approach allowing to generate
such nanobodies. The fundamental difference between our
approach and many similar studies (some of the studies are
mentioned in the background section [16-18]) is the fact that
we are not focused on the virus-neutralizing nanobody variants.
We strive to generate nanobodies against the most conserved
and the most accessible (displayed on the surface of the virus)
epitopes of the viral surface proteins. It is known that the most
conserved epitopes of S protein are located in its C-terminal

malgvglvesgggl vgaggslrl sckasgtinvmgwy rgapgkqrelvssmsrvgiitsadsve
gritisrdngkntvylgmnslkpedtavyyctagldfradtywoggtovtvss

epkipgpapkpapapapap kpap kpepe s yrypydvpdyas grgshhhhhh

A

> aRBDcel

Fig. 6. aRBDce1 nanobody. A. Amino acid sequence of the nanobody deduced from the cloned adapted coding DNA sequence. In the sequence, the CDR1, CDR2,
and CDRS3 hypervariable regions are highlighted (left-to-right, from N- to C-terminus) that are crucial for the coronavirus S protein RBD conserved epitope specific
recognition by the aRBDce1 nanobody. The linear linker region, HA tag, and His tag attached to the C-terminus of the nanobody are highlighted in gray. B. 14% SDS-
polyacrylamide gel electrophoregram showing the produced and purified adapted aRBDce1 nanobody
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region (S2) that is directly involved in fusing with the host cell
membrane. However, our unpublished data on the nanobodies
against the similar region of the influenza virus haemagglutinin
suggest that there could be some spatial constraints that prevent
the nanobody from reaching such epitopes in vivo. The S protein
RBD region comprises the epitopes that are most accessible
for binding. Furthermore, it contains regions with the relatively
low mutation rate [6-8]. We have chosen this RBD region as
the initial target, because this region is potentially the most
accessible for binding with the nanobody that is considered as a
potential virus-binding module of the future aerosol combination
virus-trapping medication that would also contain an anchor
module for binding with the major components of human upper
respiratory tract secretions. We assume that it is a good idea
to have several binding modules against various epitopes to be
less dependent on the new mutations. Moreover, in the future
we consider the use of inactivated whole virus particle as the
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THE APPROACH TO PATIENT CLUSTERING BASED ON THE MICROCHIP DATA CONFINED TO DISTINCT
LOCI USING THE COMBINATIONS OF VARIANTS

lulmetova LN, Kulemin NA, Sharova EI®

Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine of the Federal Medical Biological Agency, Moscow, Russia

Fuchs' endothelial corneal dystrophy is a socially significant hereditary disease. More than a half of cases in the European population are caused by the increased
number of trinucleotude repeats in the TCF4 gene. The study was aimed to develop and test the approach of dividing patients into groups based on the chip-based
genotyping and genome-wide association study (GWAS) results. The analysis was conducted using FECD Genetics Multi-center Study and AREDs project datasets
containing the data of 1721 clinical cases and 2408 control patients. When analyzing the GWAS results, the patients and the control group were divided into two
groups by means of hierarchical clustering suggesting that patients with the increased number of repeats in the TCF4 gene are carriers of specific combinations of
genomic variants (haplotypes). It was shown that individual variants cannot be used for the molecular genetic stratification of patients with the increased number of
repeats in TCF4 due to inconsistent results obtained for the variants. Furthermore, the haplotype-based approach outperformed the SNPs in terms of odds ratio.
The paper proposes a method that enables further search for the biologically relevant combinations of genomic variants.
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noaxon K KNACTEPU3ALMN NAUMEHTOB MO MUKPOYUIMOBbIM AAHHBIM BHYTPU

OTAEJIbHbIX JIOKYCOB C UCMO/Ib30BAHVNEM KOMBUHALIMA BAPUAHTOB

1. H. tOnbmetosa, H. A. KynemuH, E. U, Laposa™

DenepabHbI HayYHO-KIMHNHECKIN LIEHTP (O3MKO-XUMMHECKO MeaMLIMHBI eI KO. M. JlonyxvHa ®enepansHoro Meavko-61onorn4eckoro areHtctea, Mocksa, Poccunst

[vctpodmst poroBuLbl Pykca SBNSETCA CoLMabHO 3HAYMMBIM HaCNEACTBEHHbIM 3a00neBaHeM. Bonee NonoBMHbI CriyHaes B €BPOMENCKON MOMymsiLvA Bbl3BaHbI
YBESIMYEHNEM YICTa TPVHYKNEOTUAHbIX MOBTOPOB B reHe TCF4. Llenbto vccnenoBanus 66110 paspaboTaTb 1 MPOBEpUTb MOAXOL, PasaeneHyst mauyeHToB Ha rpynmbl
Ha OCHOBE Pe3y/NLTaToB YMM-rEHOTUNMPOBAHS 1 MOSIHOFEHOMHOMO accoumaTBHOro uccneaosannsa (GWAS). B kadecTBe MCXOOHbIX JaHHbIX MCMONb30Ba AaTaceTbl
FECD Genetics Multi-center Study 1 npoekta AREDs B KonnyecTBe 1721 KIIMHWYECKMX crydaeB 1 2408 KOHTPOSbHbIX MaumeHToB. Mpu aHanmae pesynstatos
GWAS 6b110 NpoBeeHO pasaeneHvie NaumeHToB 1 rpynnbl KOHTPOS Ha ABE MPyMMbl METOAOM UEPaPXNHECKON KnacTepusaLyn ¢ y4eTOM NPeanoNoxXeHnsi, YTo
nauyieHTbl C YBEIMHYEHHbIM HYCIOM MOBTOPOB B reHe TCF4 UMElOT onpefeneHHble COYETaHVst FeHOMHbIX BapyaHTOB (ranfioTunoB). okadaHo, YTO OAMHOYHbIE
BapMaHTbl HE MOMYT BbITb MCMONB30BaHbI AJ1St MONEKYNSPHO-MEHETUHECKON KIaCcCUUKaLWN NaLMEHTOB C YBEMHYEHHbBIM YCIIOM MOBTOPOB B reHe TCF4 13-3a
paccornacoBaHHOCTV Pe3ynsTaToB Mo BapuaHTam. [1py 3TOM ramioTUMHbIN MOAXOM NPEB3O0LLEN aHaIM3NPYEeMble BapyaHTbl MO NapameTpy OTHOLLEHMS! LLAHCOB,
nepekpbiBas 95%-11 [OBEpPUTENbHbIA MHTEPBAN BbIGOPOK ABYX 9KCNEPUMEHTabHBIX UccnefoBaHniA. [peanoxXeHHbI METOA, MO3BOSET NPOAOKATb MOUCK
OVONOrN4ECKM 0BOCHOBaHHBIX COYETAHUIA TEHOMHbBIX BAPUAHTOB.

KntoueBble cnoBa: nosHoreHoMHoe accoLmaTBHOE UCCnefoBaHmne, SHAoTenManbHas AMCTPOMMS POroBHLbI, SKCMAHCUsSt TPUHYKIEOTUAHbLIX MOBTOPOB, Kilac-
cuvKauyst NaLUUeHToB, OKYC

durHaHcupoBaHue: paboTa BbiNonHeHa B paMkax rpaHta lNpeaunpeHta PO ana monogbix ydeHbix-kaHamaaTos Hayk MK-2951.2022.1.4.

BnaropgapHocTu: aBTopbl 6narogapst dbGaP 3a npenoctaBneHne goctyna k Habopam AanHbix phs000421.v1.p1 n phs000001.v3.p1. Habop gaHHbIX C
pervcTpauyoHHbiM HomepoM dbGaP phs000421.v1.p1 nonyyeH 13 MCCnenoBaHNS reHETUKY aHOoTeNManbHon aucTpodum porosuLbl Pykca (FECD) https://www.nchi.
nim.nih.gov/projects/gap/cgi-bin/study. cgi?study_id=phs000421.v1.p1. ABTOPbI MPV3HAIOT MPaHTbI, (AMHAHCMPOBABLLME PEMVICTPALIMIO CyHaeB 1 KOHTPOMEN, KOTOpble
OynyT ncnonb3oBatbes B aToM GWAS: ROTEY016514 (DUEC, PI: Gordon Klintworth), ROTEY016482 (CWRU, PI: Sudha lyengar) n 1X01HG006619-01 (PI: Sudha
lyengar, Hatanm Adbuapn). ABTopb! 6narofgapsT y4actHrkos FECD 1 nccneposatensckyto rpynny FECD 3a 1x LieHHbI BKag, B 9TO MccnefosaHne. Habop AaHHbIX
C pervcTpaumoHHbIM HomepoM dbGaP phs000001.v3.p1 nonydeH 13 6a3bl AaHHbIX UCCNeAoBaHMS BO3pacTHbIX 3abonesaHniin mas (AREDS) no agpecy https://www.
ncbi.nim.nih.gov/projects/gap/cgi-bin/study. cgi?study_id=phs000001.v3.p1. ®uHaHcosBas nopaepkka AREDS 6bina npepnoctasneHa HaumoHanbHbIM miasHbIM
nHetuTyToM (NO1-EY-0-2127). ABTOpbI Gnarogapst y4actHnkos AREDS 1 nccneposatensckyto rpynny AREDS 3a 1x LieHHbI BKaA B 3TO MCCNeaoBaHne. ABTOpbI
OnaropgapsAT Hay4Horo coTpyaHvka OrbY GHKLL OXM nmern FO. M. JlonyxuHa J1. O. CkopooyMoBy 3a LiEHHbIE MPEANIOKEHNS, 3aMeHaHIst 1 MOAAEPXKKY.

Bknap aBsTopos: E. /1. LLlaposa — naes v nonbop gaHHblx; E. V. Lapoga, J1. H. KOnemeToBa — nnaHnpoBaHme 1 BbIoop Metofos; H. A. KynemuH — rHaHcHpoBaHvie
1 agMUHUCTpUpOBaHue npoekTa; J1. H. KOnbmetoBa — paspabotka n BblbducneHus; E. V. Laposa, J1. H. tOnbmeToBa, H. A. KynemunH — obcyxxaeHve
pesynsTaToB, HanMcaHve U pefakTUpoBaHne ctaTbu.

CobniofeHune 3aTU4eCKMX CTaH[apToB: VICCNef0oBaHWe NPOBEAEHO C COBMIOAEHVEM NPUHLIMNOB XeNbCUHKCKOW AeKnapaLmm, ¢ MCnofb3oBaHeM HabopoB
naHHbIX NpoekToB phs000421.v1.p1 1 phs000001.v3.p1., AOCTYN K KOTOPbIM 0f06peH 1 nonyyeH Yepe3 dbGaP B COOTBETCTBUM C WX MOMUTUKON 000bpeHns 1
[0CTyna K KOHKPETHbIM CeTaM AaHHbIX.
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METO/[ | MEOVLUMHCKAA NTEHETUKA

Finding a biological basis for the inheritability of phenotypes is
one of the main tasks of modern medical genetics. Generally,
approaches aimed at the detection of pathogenic genomic
variants can be divided into two categories: biological and
mathematical. Biological methods include the approaches
that explain phenotypes based on the studied biochemical
processes. Whenitisimpossible to directly trace the biochemical
pathway underlying phenotype formation, but the disease shows
a familial tendency, various statistical approaches are applied:
genome-wide association studies (GWAS) [1], polygenic risk
score (PRS) [2], haplotype identification approaches [3], and
other methods. Basic GWAS methodology performs single
nucleotide polymorphism (SNP) association testing to identify
SNP loci exceeding a genome-wide significance p-value
threshold. Thus, the GWAS results for any disorder representing
a combination of rare inherited mutations could be inaccurate,
since the number of rare polymorphisms don’t meet the
significance criteria. The PRS approach might be considered
as an extension of GWAS, however, it also evaluates the effect
of each SNP independently. For some disorders the genetic
basis can’t be explained by biological or popular statistical
methods. The inheritance of such phenotypes is based on
the haplotype architectures. We define a haplotype as a linear
combination of a certain number (up to several hundred) of the
linked variable variants that together forma small number (less
than 100, 10-20 on average) of allele variants. The approach
involving identification of specific haplotype variants is actively
used in pharmacogenetics for analysis of P450 cytochromes.
For example, there are more than 120 haplotype variants for
CYP2D6 resulting from more than 500 polymorphisms [4].
However, this approach is extremely rarely discussed with
reference to the majority of loci of polygenic diseases.

GWAS is commonly applied to the nervous system disorders,
polygenic developmental disorders and neurodegenerative
diseases, such as amyotrophic lateral sclerosis, Parkinson's
disease, schizophrenia, autism spectrum disorders. GWAS
method allows to identify genome regions, the alterations of
which are overrepresented in affected individuals relative to the
general (control) population. GWAS also handles the structural
variations that can’t be detected directly by the chip SNPs but
are in linkage disequilibrium with those ones.In particular, the
amyotrophic lateral sclerosis GWAS detects the C9orf72 gene
locus comprising the G4C2 expanded six-nucleotide repeat
(GGGGCQ) [5], however, the repeat variants are not detected
directly with the chip. The Huntington's disease GWAS reveals
the chromosome 15 HTT gene locus comprising trinucleotide
repeats [6], but there are no probes matching the repeat region
in the chip.

Fuchs Endothelial Corneal Dystrophy (FECD) is a hereditary
eye disease characterized by a decrease in the number of
corneal endothelial cells that maintain the corneal stroma water
balance. FECD is a polygenic disease that is of considerable
interest for genetic research [7]. There are two FECD forms:
early onset and late onset FECD. These forms have different
genetic bases. Early onset FECD is diagnosed at the age below
50 and is a very rare disorder associated with the COL8A2
gene pathogenic variants [8]. The late onset FECD manifests
at the age greater than 50 and it is the most common form of
FECD. It was shown that late onset FECD is associated with
the intronic CTG18.1 trinucleotide repeat expansion in TCF4
[9]. According to our data and the data provided by foreign
authors, the CTG18.1 intronic trinucleotide repeat expansion
in TCF4 is the most common FECD-associated variant among
Caucasoid populations. The expansion of at least one allele of
CTG18.1 trinuclectide repeat was detected in approximately

two thirds of the FECD patients in European descent cohorts.
Later Afshari et al. [10] made an attempt to find other variants
associated with FECD in a bigger cohort also using GWAS.
They confirmed the association of the TCF4 locus and identified
three new loci in the genes KANK4, LAMC1 genes and near the
ATP1B1 gene, however, their independence from trinucleotide
repeat expansion was not tested [10]. The role of mutations
in ZEB1 [11], SLC4A11 [12], AGBL1 [13], and LOXHD1 [14]
in the development of FECD is also discussed. The question,
whether FECD is a set of phenocopies or a polygenic disease,
still remains open. The reported asymptomatic carriers of the
repeat expansion [9, 15] and the disputable nature of the clear
monogenic link of FECD to some other genes suggest that late
onset FECD is a set of polygenic phenocopies. This makes it
similar to other late onset repeat expansion diseases.

Thus it leads to the question if it's possible to split the
patients into groups within the loci using GWAS results and
what accuracy can be achieved. And is it possible to stratify
late onset FECD patients by expansion/no expansion based
on the microchip-based data? Are the haplotype stratification
results and simple patient grouping based on the minor allele
of SNPs comparable for these purposes? The study was
aimed to develop and test the approach of dividing patients
into groups based on the chip-based genotyping and genome-
wide association study (GWAS) results.

METHODS

The analysis was carried on dbGaP datasets corresponding to
two studies: the FECD Genetics Multi-center Study [16] and
the Age-Related Eye Disease Study (AREDS, Refractive Error
Substudy) [17-18]. All samples were genotyped on lllumina
HumanOmni2.5-4v1 arrays. Clinical manifestations of the
disease were classified using a modified Krachmer grading
scale based on the slit lamp biomicroscopy data [19].

Both sample-level and variant-level quality control (QC) was
performed. The genotyping data were preprocessed using the
PLINK 1.9 software [20], GRAF 2.4 [21-22], and code written
in R version 4.1.0.

First genotypes with GenCall (GC) scores below 0.3 were
removed. Subsequent QC selected markers met the following
criteria: missing genotype rate < 10%, minor allele frequency
> 1%, number of Mendel errors, a Hardy-Weinberg Equilibrium
p-value > 1 x 107° for control samples and p-value > 1 x 107" for
FECD patients. Duplicate markers, i.e. markers with different
IDs but identical genetic positions and allele coding, were
detected and analyzed separately. Both markers of each pair
of duplicates were excluded from consideration. One marker
with the lowest missing genotype rate was excluded from each
pair of duplicates showing 10 differences or more. A total of
1,680,746 SNP markers were included in the analysis after
applying all the filters.

The following inclusion criteria were defined for the group
of FECD patients: age 47 or older; keratoplasty in at least one
eye or grade 2 or above disease (according to the modified
Krachmer grading scale) in at least one eye.

Inclusion criteria for the control group: age 60 or older;
normal cornea with no epithelial, endothelial, or stromal
abnormalities except corneal injuries.

Exclusion criteria: samples with Mendel errors, samples
with mismatch between annotated and genetic sex
(determined based on the X chromosome heterozygosity rate
and Y chromosome genotype counts); samples with genotype
missingness above 5%; relatives up to the second degree of
relationship (according to GRAF-rel).
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Table 1. Characteristics of the study paticipants

METHOD | MEDICAL GENETICS

Patients with FECD Control samples
Sample According to Afshari et al, 2017 According to Afshari et al, 2017 | According to ARED
2373
Number of participants 1287
562 | 1811
989
Males 408
245 | 744
1384
Females 879
317 1067
72 68
Median age 71
69

The population structure was estimated using GRAF-pop in
order to obtain a genetically homogenous sample. The samples
identified as outliers in the genetic distance coordinates were
filtered out. The patients were divided into groups according to
the potential carrier state of repeat expansion in three stages:

Stage 1: selection of significant variants;

Stage 2: clustering the study participants based on the
haplotypes/combinations of the selected variants, calculation
of the repeat expansion rate;

Stage 3: evaluation of the concordance between the
obtained repeat expansion rate and the percentage of the
repeat expansion carriage according to the experimental data
reported in previous studies. The repeat allele was considered
as expanded if the number of the repeats was > 40 and as
unexpanded if the number of the repeats was < 40.

In the first stage, variants were tested for association with
FECD using logistic regression with sex and the first six principal
components as covariates. p-values were adjusted for multiple
testing using the Benjamini-Hochberg method. The chromosome
18 (carrying the locus with the repeats) variants were first filtered
by p-value < 1 x 1075, For comparison with the haplotype-
based approach, three SNPs showing the lowest p-values in the
resulting set of variants were considered as the potential markers
of the increased number of repeats. Additionally marker pruning
based on LD (r? > 0.6) was performed. The genotype matrix was
encoded according to the dominant inheritance model.

In the second stage, we used the assumption that the
patients with the repeat expansion in the TCF4 gene carried
the certain combinations of SNPs. We expected that the FECD
samples would cluster within the TCF4 locus based on the
haplotypes and the combinations of individual variants. However,

140
120
100

10

individuals with phenocopy due to expansion would fall into
common clusters based on the similarity of the combinations
of minor variants. Asymptomatic control repeat carriers from
the control sample (2-10%) and a fraction of the control sample
carrying minor haplotypes with no repeats would fall into the
same clusters. Furthermore, the combinations of major variants
and haplotypes showing predominance of major alleles would
form clusters mostly of the control sample representatives.
However, these clusters would also include some FECD
patients with phenocopy and some patients with the expansion
no longer linked to minor haplotypes (in 7% of FECD patients,
linked haplotypes and repeats sometimes break apart, which
has been earlier demonstrated for the rs613872 variant [23]).
That is why the percentage of FECD patients and subjects with
no FECD can be used as a surrogate marker of the carriage of
the repeats in specific clusters.

Agglomerative hierarchical clustering implemented in the
hclust function of the stats R package was used for clustering.
The algorithm arranges the data into a tree representation
by merging the pairs of clusters with the minimum distance
into a new cluster. The algorithm takes the matrix of pairwise
distances between the points (samples) as input; initially each
point represents a distinct cluster. Since the haplotypes are
not identical, we expected that there would be more than two
clusters, while the optimal number of clusters was defined by
the Silhouette metrics.

For each cluster we calculated the percentage of patients
and controls. Clusters with a patient predominance we
considered associated with FECD. For the selected three
SNPs, carriage of the minor allele was considered as a marker
of the repeat expansion carriage.

-log,, (0

8 9 10 11 12

I
;
:
!
|
!

13 14 15 16 18 20 22

Chromosome

Fig. 1. Genome-wide association study results presented through a Manhattan plot. Points represent the assessed variants. Their positions on the x axis are determined
by positions of the variants in the genome, while positions on the y axis represent the degree of the disease association (-log,, of the p-value)
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Fig. 2. Heatmap visualization of clustering output. Columns represent variants patients, and rows represent patients various genomic variants. Annotations on the right
show the distribution of the FECD samples and the control samples within each cluster

To evaluate the resulting partition, we calculated the odds
ratio from the estimates of the expansion status in each group.

The last step was to compare the results obtained by the
proposed approach with the experimental data reported in the
previous studies. We selected studies based on the following
conditions:

1. The number of repeats in TCF4 was determined by
means of fragment analysis or triplet repeat primed PCR.

2. The study participants were individuals of European ancestry.

3. The sample size was at least 50 people for each
comparison group.

RESULTS

After the quality control procedure, the discovery dataset
consists of 3,660 samples of European ancestry (Table 1) and
1,580,746 SNP markers.

Since GWAS was performed on the same cohort of samples
that were studied in the Afshari et al [10], its results (Fig. 1) are
comparable to those described in the article. The genomic inflation
factor was 1.05, which indicated slight population stratification.

For further analysis, only the locus of chromosome 18
was considered. Filtering by p-values resulted in 134 SNPs,

Table 2. Distribution of probable repeat expansion carriers across the comparison groups

Patients with FECD Control sample
Marker of increased repeat P i
count Predicted repeat Predicted no Predlgted repgat Predicted repeat Predicted no Predicted Tepeat
expansion repeat expansion expansion carriers, expansion repeat expansion expansion
% carriers, %
Group of clusters 764 523 59.4 264 2109 111
rs784257 1046 237 81.5 765 1602 32.3
rs72932578 698 583 54.5 286 2082 121
rs618869 852 431 66.4 588 1780 24.8
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Table 3. Results of experimental studies of the percentage of people with the repeat expansion in TCF4 among patients with FECD and control samples of European

ancestry
FECD Total
Country
Total Repeat expansion Total Repeat expansion
Skorodumova et al, .
2018 [15] Russia 100 72 100 5
Viberg et al., 2022 [24] Sweden 85 76 102 4
Foja et al., 2017 [25] Germany 61 47 113 13
Kuot et al., 2017 [26] Australia 189 107 183 9

three of which with the lowest p-values were rs784257,
rs72932578, and rs618869 (and according to gnomAD v3.1.2,
the frequencies of the C, T, and C minor alleles in the European
population are 0.17932, 0.05649, and 0.13451, respectively).
These variants were further tested in terms of dividing patients
into groups.

The haplotype block size was 50 variants left after pruning.
After clustering the samples were divided into 10 subgroups
(Fig. 2).

Clustering has shown that clusters with a predominance of
control group participants are homogeneous in terms of their
representation. However, three clusters with the potentially
increased repeat counts (in which FECD patients prevail) are
heterogeneous in terms of haplotypes. This is reflected by the
uneven distribution of patients with various phenotypes within
each cluster. This may be due to both asymptomatic carriers
of the increased repeat number in this locus and the resolution
of the population-variable chip SNPs that is not enough for
accurate division of samples based on the repeats of varying
length.

Our analysis has shown that that the proportion of people
from clusters with a presumptive carriage of expanded repeats
in the group of samples with FECD is significantly higher than
in the control group (Table 2). Furthermore, the calculated
rate of probable repeat expansion carriers varies significantly
depending on the selected method (prediction of expansion
based on the haplotypes/combinations of variants or based on
the genotypes of certain variants with low p-values).

To verify the results obtained we have selected the studies
involving experimental determination of the repeat expansion.
The number of repeats is routinely defined by conventional
fragment analysis or triplet repeat primed PCR with subsequent

Haplotype-based

fragment analysis. A total of five papers with appropriate
samples have been found (Table 3).

To compare the predicted and reported frequencies of
the expansion carriers we have merged the samples from
the papers. Comparative analysis has shown that markers
reproduce the frequency of the expansion carriers in the
comparison groups to a different extent (Fig. 3).

None of the applied approaches represent the repeat
frequency in the group of patients and the control group
accurately enough compared to the results of direct typing
reported in the papers (Table 4). However, the haplotype-based
approach outperformed the SNPs in terms of odds ratio by
covering the 95% confidence intervals of the samples used in
two studies.

[t is interesting to note that the individual variants we have
considered produce extremely discordant results (Fig. 4),
i.e. quite different people are carriers of minor allele in these
variants, which makes the applied metrics volatile. rs784257
differs most from the haplotype-based approach in terms of the
allele carrier state, it is also the most significant variant according
to the GWAS results. At the same time, it shows the maximum
discrepancy in the proportions of potential expansion carriers in
the control group and no better correspondence with the FECD
group. This allele is most likely to show weaker linkage to the
repeat carrier state than the other two alleles.

DISCUSSION

Molecular genetic stratification of patients with polygenic
diseases is a useful tool for studying the disease genetics.
Furthermore, there could be patients with the groups of causal
variants linked to various haplotypes within one phenotype.

rs784257 rs72932578 rs618869 Previous studies
approach
100-
6.2%
11.1% 12.1%
24.8%
32.3%
51 54.5%
o 59.4%
o 66.4%
E 73%
5 81.5% Calculated repeat
5 status:
& s0-
93.8% no exp.
88.9% 87.9% exp.
75.2%
67.7%
25 455%
40.6%
33.6%
27%
18.5%
O_
FECD Ctrl FECD Ctrl FECD Ctrl FECD Ctrl FECD Ctrl

Fig. 3. Percentage of people with the repeat expansion and no repeat expansion in the TCF4 gene intron based on the data of our study (haplotype-based approach,
carriers of minor alleles of the rs784257, rs72932578, rs618869 variants) and other studies. FECD — individuals with Fuchs' endothelial corneal dystrophy, Ctrl —

control group
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Table 4. Odds ratio of finding the expansion in the group of patients with FECD compared to the control group

Odds ratio 95% confidence interval

Haplotype-based approach (h-clust) 11.67 9.85-13.83
rs784257 9.24 7.83-10.90
rs72932578 8.72 7.39-10.28
rs618869 5.98 5.16-6.94
Skorodumova et al, 2018 [15] 48.86 17.98-132.76
Viberg et al., 2022 [24] 206.89 61.37-697.50

Foja et al., 2017 [25] 25.82 11.25-59.26

Kuot et al., 2017 [26] 25.23 12.17-52.31

Despite the fact that the gene is definitely associated with the
disease, p-values of the variants would be higher due to the
large number of the groups of linked variants, i.e. the variants
that are significant for every group do not surpass the generally
accepted significance threshold (p-value < 5 x 107%) due to
the features of the disease genetic basis. Moreover, many loci,
the significance of which is close to the generally accepted
threshold, are characterized by the marked sparseness of the
significant variants, under which only a few variants are strongly
associated with the disease. Thus, it is impossible to choose
between genomic variants as the population outliers (the
significance of which results from random population frequency
shift) or assigning these variants to the potentially significant
group of variants. That is why the genetic data structuring
methods that involve assessing interactions between both
variants within haplotype blocks and haplotype blocks are a
promising tool for the disease genetic basis clarification.

GWAS makes it possible to obtain more information about
the disease genetic basis than exclusion of variants based
on p-values and loci formation with reference to the nearest
gene that represents the transition from the "variant" level to
the "gene" level. However, questions remain about unequal
contribution of various loci to the genetic basis of the disease
in specific groups of people with the same phenotype. This is
due, among other things, to the lack of advanced approaches
to formation of the combinations of variants, i.e. to working at
the intermediate level between the "variant" level and "gene"
level. Since the variants show incomplete linkage, it would be
reasonable to consider the sets of haplotypes/combinations of
variants that define the differentiated disease risk instead of the
specific risk haplotypes or protective haplotypes. This means
that the variant with the highest population attributable risk
(combination of allele frequency and relative risk) is likely to be
the most significant one in the locus.

1s784257

1s72932578

Haplotypes 15618869

Assessment of the groups of haplotypes linked to the
causal variants is still a challenging task, however, it more and
more often outperforms GWAS, even despite the lack of the
high throughput standard approaches. The GWAS performed
in 2005 showed that the CFH gene was associated with age-
related macular degeneration [27]. Later it was reported that
this association was not confined to individual variants and
was also observed in the groups of patients with structural
alterations, such as partial deletions of the CFHR7-5 genes [27].
Furthermore, it was found that most of the variation attributed
to individual variants was in fact the marker of haplotypes
showing large-scale structural alterations in this region. And
these are haplotype variants of the locus structure, including
those with different population abundance, that show much
stronger correlation with the risk of retinal degeneration than
the majority of individual variants in this locus [28].

In this study we have implemented sample clustering by
variants of the region containing the expansion based on the
data on the association of individual variants with the repeats
[14, 23, 29], particularly, allele G of the rs613872 variant, and
haplotype blocks [29]. After clustering the samples of the group
of patients with FECD turned out to be distributed unevenly
across the clusters, which was indirect evidence of clustering
by haplotypes linked to the expansion. All clusters except
one (cluster 3) had a clear status of the repeats. Uncertainty
in defining the status was due to parity between patients and
controls in the cluster. In the future we have to decide what
to do with such clusters: re-cluster people in these clusters in
the case-by-case manner or leave them with uncertain status.
It is also necessary to select another clustering metrics. This
requires additional data that include both sample genotyping
results and information about the repeat length. Regardless
of these limitations, the results obtained using the haplotype-
based approach were better than the results shown by

1s784257

1s72932578

HapIOtypeS 1s618869

Fig. 4. Consistency of the repeat status determination results obtained by different approaches: based on the genotypes of the rs784257, rs72932578, rs618869
variants and haplotype-based. Left — for the repeat expansion carriers in the FECD group, right — for the repeat expansion carriers in the control group
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individual variants. However, these results turned out to be not
precise enough to consider our method optimal.

This work accomplished two goals.

1. Initial testing of an approach that allows stratification of
patients and control groups at the intermediate level (not the
level of a single variant and not the level of the gene closest to
the locus) without first understanding the haplotype structure
of the locus. The proportion of patients with FECD and
control samples in clusters is used as a measure, allowing this
approach to be used for diseases in which the approximate
proportion of individuals with a phenotype closely related to or
due to changes in a given locus is not known in advance.

2. Obtaining a subsample of patients with FECD and no
expansion carrier state for precision re-analysis of GWAS in
order to refine genetic structure in this particular category of
patients.

In the future, patient clustering will make it possible not
only to allocate groups within the phenotype showing a strong
contribution from distinct genetic variants, including structural
variants, but also to propose the basis and approaches to
predicting the patients' responses to various types of therapy.
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SURVIVAL OF HUMAN CELLS IN TISSUE-ENGINEERED CONSTRUCTS STORED AT ROOM TEMPERATURE
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Tissue-engineered constructs (TECs), the dermal equivalent (DE) and the skin equivalent (SE), are allogenic equivalents of the skin and derm used to treat critical
skin loss. Selection of storage conditions that contribute to longer shelf life, thereby expanding the possibilities of logistics and use, is one of the major issues
related to the TECs development. The study was aimed to determine the shelf life of the DE and SE TECs stored in normal saline at room temperature by assessing
morphology and viability of the cells on their surface, along with the levels of endothelial growth factor (VEGF) secreted by these cells. Using the MTT assay and
staining with vital dye, we discovered the following: when TECs of both types were stored in normal saline, the cells viability and metabolic activity decreased by
more than 50% by days 3-4 of storage. Furthermore, these decreased faster in DEs than in SEs. Morphology of the cells isolated from DEs and SEs after the 3-day
storage remained unchanged. Mesenchymal stem cells on the surface of TECs kept producing VEGF after TECs culture medium was changed for saline solution
(confirmed by immunofluorescence assay), which could indicate that the cells retained essential secretory activity.
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BbI>KMBAEMOCTb KJIETOK YEJTOBEKA B BUOMEOUNLUMNHCKNX KNETOYHbIX MPOAYKTAX
MPU XPAHEHUN NMPU KOMHATHOW TEMMNEPATYPE
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BromeanumHckmne knetodHble npoaykTel (BMKIT) — AepmanbHbin akBrBaneHT koxun (O3K) n bronorndecknin akemBaneHT koxmn (BOK) — aTo annoreHHble
9KBMBANIEHTbI AEPMbI 1 KOXKU HEMOBEKA, MPYMEHAEMbIE 415 NEHYEHNA B ClyHasix KpUTUHECKOW noTepn Koxu. OfHUM 13 BaxKHbIX BONPOCOB pa3paboTkyn BMKIT]
ABNAETCS NOAOOP YCNOBUIA XPaHEHS, CMOCOBCTBYIOLLIMX YBENMHEHUIO CPOKa VX FOAHOCTU ANS PaCLUMPEHIS BO3MOXXHOCTEN NOMUCTVIKM 1 MCNonb3oBaHys. Liensto
1ncenenoBaHns Obl1o onpefenTb cpok rogHocTy 9K 1 BOK nyTem oueHkM Mopdhonorum 1 xKmM3HecnoCobHOCTN KIETOK B MX COCTaBe U1 YPOBHEN CeKpeLn
nMmmn pakTopa pocta aHaotenms cocynos (VEGF) B mpouecce xpaHeHust B (h3MOIOrM4eckoM pacTBope Npu KOMHaTHOM Temnepartype. Vicnonssys MTT-tect
1 OKPaCKy BUTANbHbIM KpacuTenem, Mbl yCTaHOBUAW, YTO NPy XpaHeHun obovx Bruaos BMKIT B hu1aronorn4eckom pactBope CHKEHE »KI3HECNOCOBHOCTY 1
MeTabOoNMYECKON aKTUBHOCTU KNETOK 6onee Yem Ha 50% npoucxoamno K 3—4 cyTkam xpaHeHus, npudem B 9K bbicTpee, Yem B BOK. Mopdonorus KneTok,
BblaeneHHbix 13 AOK 1 BOK nocne 3 cyTok xpaHeHus, octaBanacb HemameHHow. ocne nomelleHns BMKIT B dmadnonornyecknii pacteop Me3eHXUMHbIE
CTBOJIOBbIE KINETKM B 1X COCTaBe Npofokanm cuHTeavposaTs VEGF (nokasaHo meTofom VIDA), 4To MOXKET CBUAETENBCTBOBATL O COXPaHEHNUMN MM HEOOXOAVIMO
CEKPETOPHOW aKTUBHOCTU.
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Tissue-engineered constructs (TECs) assessed in this study,
the dermal equivalent (DE) and the skin equivalent (SE), are
three-dimensional equivalents of the skin and derm that
comprise living cells cultured on the surface of biocompatible
matrices. One of the TEC disadvantages is the low survival rate
of the cellular component when frozen and its short shelf life
at positive temperatures, which limit TEC logistics and use.
To introduce TECs into a wide clinical practice, it is necessary

to find a balance when the cell-based product would not
require storage conditions that are difficult to maintain but
simultaneously would meet such criteria as functional activity
and sufficiently high viability of the cellular component by the
moment of transplantation. Developing the reliable method for
TEC storage without using xenobiotics would facilitate their
widespread integration into clinical practice. Furthermore, an
adequate shelf life of the ready-to-use cell-based products
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would provide enhanced capabilities for quality control before
usage [1].

While successful preservation of the frozen plain TECs
has been reported, viability of the cellular component of the
cell- and matrix-based 3D systems after thawing usually does
not exceed 50% [2-4]. Such viability scores are insufficient to
achieve optimal therapeutic outcome. At the same time, there
is evidence of successful full-thickness skin graft storage in
simple saline solutions at low positive temperatures [5, 6].

These data combined with the need to use complex
freezing/thawing modes, specialized equipment, and methods
for TEC cleaning of cryopreservation media before usage
suggest that the development of the protocol for TEC storage
at positive temperatures by the moment of transplantation is
promising.

It is known that the range of positive temperatures enabling
preservation of cells without significant loss of vitality is
+4—+37 °C, while the viability rates at +5 and +25 °C
are different. Thus, the cold-induced injury occurs in rat
hepatocytes at a temperature below +16 °C, and the injury
reaches its maximum at +4—+8 °C [7]. As has been previously
demonstrated, human cells can retain 90% viability when stored
in isotonic solutions at low positive temperatures for 30 h [8].
There is evidence that adipose tissue-derived mesenchymal
stem cells (AT-MSCs) retain all their properties when stored
in saline solutions at room temperature [9]. The method for
the MSC-based transplant storage under mild hypothermic
conditions being an alternative strategy for short-term graft
preservation has also been proposed. The authors have earlier
shown that the viability of MSCs as a component of TECs is
significantly higher at +25 °C than at +4 °C [10].

In view of the above, the sample storage temperature of
+22 °C was chosen for this study. The TECs (DE and SE)
stability was assessed throughout three-day storage based
on the following properties: sample integrity and color;
volume, color, and clarity of the liquid in the dish containing
the sample; sterility of the sample; the number of viable cells
in the sample, metabolic and secretory activity of these cells.
The DE TEC was constructed using the biocompatible matrix
containing hyaluronic acid and type | collagen and the cellular
component (AT-MSCs). The SE TEC was constructed using
the biocompatible matrix containing hyaluronic acid and type
| collagen and the cellular component (AT-MSCs and skin
keratinocytes). The study was aimed to determine the shelf life of
the ready-to-use DE and SE TECs stored at room temperature
consistent with the criterion of preserving secretory activity and
high viability of their cell component.

METHODS

The study was performed in the laboratory conditions. All the
procedures involving cell growth and cell culture transfer to
biopolymer matrices were performed under aseptic conditions.

TEC engineering and storage

TECs were constructed using human cells obtained from the
Cell Culture Collections for Biotechnological and Biomedical
Research (Koltzov Institute of Developmental Biology, RAS,
Moscow, Russia). AT-MSCs and keratinocytes had been
isolated from the skin biopsies of healthy adult donors
(40-70 years of age).

The G-DERM, histoequivalent-bioplastic material (G-Group;
Russia) made of hyaluronic acid and type | collagen, was used
as a matrix for cell growth when culturing TECs.
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Thawing and culturing cells

The cryotubes containing cells (1 x 10° cells per a tube)
were retrieved from the cryogenic storage tanks, thawed at
+37 °C, and centrifuged at 200 g. After that the supernatant
was removed, and the cellular precipitate was resuspended in
the culture medium and transferred to the T25 culture flasks
(SPL; Korea).

The o-MEM culture medium (PanEco; Russia)
supplemented with 10% fetal bovine serum (FBS)(Hyclon;
USA), 1% Glutamax (Gibco; USA), and 1% PenStrep (Gibco;
USA) was used for AT-MSCs. Cells were incubated in the CO,
incubator set to +37 °C, 5% CO,, and high humidity. The
culture medium was changed completely every two days. The
cells were passaged after reaching 80% confluence. Passaging
was performed in accordance with the following scheme: the
culture medium was withdrawn, the cells were washed once
with the Versene solution (PanEco; Russia), then 800 pL of the
0.05% trypsin solution (Gibco; USA) were added to the flask
and incubated at +37 °C for 5-10 min until the cells became
round and detached from the bottom. Trypsin was inhibited by
the culture medium. The acquired cell suspension was pipetted
and subcultured into new flasks at a 1 : 3 ratio.

The DMEM/F12 culture medium (PanEco; Russia)
supplemented with 10% FBS (Hyclon; USA), 10 ng/mL of
epidermal growth factor (EGF) (Sigma; USA), 1% Glutamax
(Gibco; USA), 1% PenStrep (Gibco; USA), and 1% ITS (Gibco;
USA) was used for keratinocytes. The cells were cultured the
same way as AT-MSCs.

Construction of the DE and SE TECs

Biocompatible matrix for TECs was prepared as follows: a
piece of the G-DERM dry sheet sized 6 x 6 cm was cut and
placed into a Petri dish with a diameter of 10 cm, then 10 mL
of culture medium was added to the Petri dish, and the sheet
was left in the medium for 2 h to swell.

For DEs fabrication AT-MSCs were passaged 6-8 times.
The cells were removed from the culture flasks using the
Versene solution and trypsin as described above and
centrifuged at 300 g. The cellular precipitate was resuspended
in the culture medium for AT-MSCs to obtain a concentration
of 3 x 10° cells/mL. The suspension containing AT-MSCs was
applied on the well-prepared biocompatible matrix, 3 mL of
cellular suspension per one DE. Two hours after cell seeding
the volume of the medium in the dish containing the matrix was
adjusted to 10 mL, and the equivalent obtained was incubated
in the CO, incubator for three days.

Cells of two types were used to prepare SEs: AT-MSCs
were passaged 6-8 times, and keratinocytes were passaged
1-2 times before the procedure. At the first stage, AT-MSCs
were plated on the matrix as described above. Two hours after
seeding AT-MSCs, the second layer of cells (keratinocytes)
was applied on the matrix. To do this, keratinocytes were
removed from the culture flask and centrifuged at 300 g. The
cellular precipitate was resuspended in the culture medium
for keratinocytes. The cellular suspension was poured into
the Petri dish containing the previously prepared matrix with
AT-MSCs based on the ratio of 1 x 10° cells/cm?. After that the
TEC was incubated in the CO, incubator for three days.

TEC storage

The culture medium was removed from the Petri dishes
containing DEs and SEs, and they were washed twice with



ORIGINAL RESEARCH | CELL BIOLOGY

DPBS (PanEco; Russia). After that, 10 mL of sterile saline
were added to each dish containing TEC, and the dishes were
packed in vacuum bags. The ready-to-use TECs obtained
by this method were stored in a thermostat at a temperature
of +22 °C for five days. Several samples were withdrawn for
analysis every day.

Visual assessment of sample quality after storage

Sample integrity and color change, volume, color, and clarity
of the liquid in the dish containing the sample, and the sample
sterility were assessed after the sample withdrawal from storage
prior to further analysis of the cellular component in the following
way. After the packages containing samples were transferred
to the laminar flow hood, where the secondary packaging
(vacuum bag) was removed, the Petri dish was opened, the
saline used for sample storage was collected, the liquid volume
was measured, and liquid was transferred to the new dish.
The saline was inspected using the IX73 inverted microscope
equipped with the DP74 camera (Olympus; Japan) at 200x and
400x magnification to reveal the traces of contamination. The
sample was examined and tested for integrity using tweezers.
Then assessment of the cellular component viability and
functional activity was performed.

Assessment of the cells ability to adhere and form cell
cultures after being part of a TEC

After storage, cells were isolated from TECs in the following way.
The samples were washed with the Versene solution (PanEco;
Russia), then treated with 3 mL of the 0.25% trypsin solution
(PanEco; Russia) and left for 10 min at +37 °C with intense
shaking for fermentation. After that trypsin was inhibited by
the equal volume of culture medium supplemented with 10%
FBS and pipetted in order to wash as much cells away from
the matrix surface as possible. Then the obtained suspension
was centrifuged for 5 min at 200 g. Supernatant was removed,
while the precipitate was resuspended in the culture medium
and plated on the cell culture Petri dishes. A day later, the cells
were examined and imaged using the IX73 inverted microscope
equipped with the DP74 camera (Olympus; Japan).

Assessment of metabolic activity of the cells on the surface
of TECs using MTT assay

To estimate metabolic activity at every time point of storage,
TECs were taken out of the packages, cut into fragments
sized 1 x 1 cm, and put into separate wells of the 24-well
plate. Then MTT reagent (Sigma-Aldrich; USA) was added
to the wells to reach the final concentration of 30 ug/mL
and incubated for 2.5 h. After incubation, the medium was
collected, and 180 pL of DMSO (PanEco; Russia) were added
to each well. The plate was placed on the shaker. After 1 min
the stained solution was collected and put into the wells of the
96-well plate (60 uL per well) for optical density measurement.
Optical density of the solution was measured using the Stat
Fax 2100 photometer (Awareness Technology; USA) at the
wavelength of 530 nm.

Identification of viable cells on the surface of TECs

To identify viable and dead cells on the surface of TECs
withdrawn from storage, the samples were stained using
the Calcein AM vital intercalating dye (1 uM) (Sigma; USA) in
accordance with the manufacturer's guidelines. TECs were

stained in the CO, incubator (+37 °C, 5% CO,) for 30 min.
The staining method is based on the activity of intracellular
esterases present in living cells only. These esterases cleave
the dye, thereby making it emit fluorescence in the green
spectral region. No fluorescence is detected in the dead cells.
The stained samples were examined and imaged using the
IX73 inverted microscope equipped with the DP74 camera
(Olympus; Japan). The protocol of the Image J software (LOCI,
University of Wisconsin; USA) with the open-source plugin [11],
which calculated the share of regions stained with calcein in
the field of view, was used to define the percentage of living
cells in TECs. The values were obtained via three repetitions of
the experiment, and the data calculated by assessing original
TEC samples cultured in the CO, incubator for three days were
taken as 100%.

Assessment of the TEC secretory activity by
determination of VEGF levels in the conditioned medium
by immunofluorescence assay

The samples of normal saline used for TEC sample storage were
collected daily throughout the tree-day storage in the following
way. Packages containing samples were transferred to the
laminar flow hood, where the secondary packaging (vacuum
bag) was opened, and 100 yL of the liquid were collected
from each dish containing TEC under sterile conditions. After
sample collection, the dishes were sealed again and moved
into the thermostat for further storage. Original TEC samples
in the culture medium and AT-MSCs (of the same cell line and
passage as the cells of the studied TECs), which were seeded
in the wells of the 24-well plate and cultured utilizing standard
method, were used as a control. To provide the control, the
growth medium samples were collected before the beginning
of the study along with the samples of the medium used for
incubation of the matrix alone during the same period. The
VEGF-EIA-BEST (A-8784) kit (Vector-Best; Russia) was used
for the assessment.

The analysis was performed in accordance with the
manufacturer's instructions. Spectrophotometric analysis
of the samples was performed at the wavelength of 450 nm
using the xMark Microplate Absorbance Spectrophotometer
(Bio-Rad; USA).

We calculated mean optical density (OD) values for the
well pairs and plotted a calibration curve of OD as a function
of VEGF concentration (IU/mL) using linear coordinates. The
curve was used to define the concentrations of the control
and test samples in IU/mL in accordance with the guidelines
issued by the manufacturer of the kit. The results were taken
into account when the value for the control sample calculated
based on the calibration curve matched the value specified on
the label of the flask in the kit.

Statistical analysis

All the experiments with TECs were performed in three
biological replicates; each individual experiment — at least
in three technical replicates. After obtaining the values in
the experiments involving calculation of the share of viable
cells and when assessing the MTT assay results, the values
were normalized to the data obtained when assessing intact
samples before the beginning of the experiment. The mean and
mean standard deviation were calculated in Microsoft Excel
(Microsoft Corporation; USA).

Significance of differences in the groups was tested by
ANOVA using the Prism 8 (GraphPad Software).
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Fig. 1. Identification of living cells stained with the calcein vital dye (green stain) on the matrix surface in the DE TEC at various stages of storage at a temperature of +22 °C
(A-F): at the beginning of the experiment (no storage, zero day) (A), day one (B), day two (C), day three (D), day four (E), and day five (F) of storage. G. The graph
showing the percentage of living cells in the DE TEC as a function of the sample condition on the zero day of storage. The data are presented as the mean share of

green pixels in three fields of view for three technical repetitions, error bars +SD (%)

RESULTS

All the samples seemed to be preserved after removing the
secondary packaging when withdrawing from storage: the
normal saline in which the TECs had been stored remained
clear, no volume reduction or contamination by microorganisms
was revealed. The samples remained unimpaired and retained
their original pinkish-beige color throughout the study.

Viability of the cells in the cultured and packed ready-to-use
TECs that were stored at +22 °C was assessed by two methods:
by staining with the calcein vital dye and by MTT assay.

The results of the experiment showed that the number of
living cells decreased faster in the DE TECs. By the second
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day, a two-fold decrease in the number of calcein-positive cells
was observed in the DE (Fig. 1), while in the SE no decrease
was revealed (Fig. 2). Furthermore, the AT-MSC morphology
alterations were observed in equivalents of both types on day
three: the cells that were normally spindle-shaped became less
elongated, several cells started to detach from the surface of
the matrix. The critical decrease in the number of living cells in
both TECs, to 14% in DE and to 22.3% in SE (the confirmed
significance for both TEC types (p-value) < 0.005), was
detected on day four of storage (Fig. 1, 2).

The second method we had selected to assess the state of
the TEC cellular component involved measuring the intensity of
the formazan crystal formation in the cell environment when
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Share of living cells in SE during storage (%)
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Fig. 2. Identification of living cells stained with the calcein vital dye (green stain) on the matrix surface in the SE TEC at various stages of storage at a temperature of +22 °C (A-F):
at the beginning of the experiment (no storage, zero day) (A), day one (B), day two (C), day three (D), day four (E), and day five (F) of storage. G. The graph showing the
percentage of living cells in the SE TEC as a function of the sample condition on the zero day of storage. The data are presented as the mean share of green pixels in

three fields of view for three technical repetitions, error bars +SD (%)

exposed to the cell metabolites that correlated with the metabolic
rate of the cells, which was considered reflecting cell viability.
This test has shown that cell metabolic activity decreases faster
in DE than in SE, since metabolic activity reduction to 44.6%
compared to the beginning of the storage has been revealed
in DE (p < 0.005), while in SE it has been still at 79.1% by day
three (the difference from the baseline value at this stage was
non-significant). Only 18% of the cell baseline metabolic activity
was observed in DE by day five, while in SE metabolic activity
significantly decreased to 33.7% (p < 0.005) (Fig. 3A, B).

When assessing concentration of VEGF secreted by cells
into the normal saline used for sample storage, VEGF was

revealed in all samples. The levels of this factor in the storage
solution decreased slightly by day three (Fig. 3C, D). Thus,
about 506 + 136 IU/mL of VEGF were revealed in the samples
of the solution used for storage of DEs in the first day, while
there were 493 + 136 IU/mL by day three (the difference was
non-significant); 1583.333 + 189 IU/mL and 1733 + 208 IU/mL
were revealed in the samples of the solution used for storage of
SEs at the same stages, respectively (the difference was non-
significant).

The cellular component was isolated from TEC on day
three. As previously described, cells of only one type, AT-MSCs,
were used to create DEs, while cells of two types, AT-MSCs
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Fig. 3. The changes in the cells' mitochondrial activity assessed by MTT assay in the DE (A) and SE (B) TECs and presented as mean optical density values obtained
at various stages of storage vs. data obtained before storage (zero day), percentage obtained in three technical repetitions, error bars +SD (%). Significance of the
metabolic activity decline observed on day three in DEs and day four in SEs is calculated by ANOVA (p < 0.005). The data on the VEGF levels in the normal saline used

for the DE (C) and SE (D) TEC sample storage measured by enzyme immunoassa:

y are presented as mean optical density for nine repetitions, error bars +SD (%). Matrix

with no cells, culture medium, and original AT-MSC culture used to construct TECs were used as controls. There were no significant differences between the normal

saline samples in the storage groups within three days

and keratinocytes, were used to create SEs, that is why the
cells isolated from DEs and SEs were different in morphology
and number. All the isolated cells showed normal ability to
adhere. These cells quickly attached to the bottom of the cell
culture dish, spread, acquired standard morphology (Fig. 4A, C),
and retained it throughout the observation period (up to four
days) (Fig. 4B, D). Visual inspection showed that the number of
attaching AT-MSCs isolated from SEs was significantly higher
than that of AT-MSCs isolated from DEs (Fig. 4).

DISCUSSION

The study was focused on the defining the storage duration at
room temperature of the DEs and SEs created in our library, when
their cellular components retain functioning and viability. Our
previous studies (unpublished data) showed that TEC freezing
at —70 °C and —-20 °C using various cryoprotectants (DMSO,
glyceral), specialized freezing media for sensitive cell lines,
such as Bambanker (Lymphotec; Japan), and for multicellular
objects, such as Cryoderm (PanEco; Russia), resulted in the
loss of cell viability after thawing. A significant decrease in the
TEC cell viability within 24 h was also reported at a temperature
of +4 °C. According to the literature, specialized commercially
available culture media (such as Synth-a-Freeze) are often
used to freeze TECs, and the freezing/thawing protocols are
carefully developed [4, 12, 13]. This complicates and increases
the cost of TEC storage and logistics. As noted by our
colleagues from the Privolzhsky Research Medical University in
their review focused on cryopreservation of MSCs and TECs,
there is little research on cryopreservation of the cell-based 3D
structures and TECs, and there is no the whole picture of the
mechanisms underlying freezing of such products [14]. The
conditions are developed specifically for each product, and
TEC cryopreservation method was designed initially for longer
storage. According to global practice, bioengineered tissue
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constructs are delivered on ice “just-in-time”. The exceptions
include the FDA-approved commercially available tissue-
engineered Dermagraft and Apligraf, which are stored and
shipped at =75 °C and +20—+23 °C, respectively [15]. Thus, the
task of developing the conditions for the short-term storage of
tissue-engineered constructs is quite important. The literature
analysis has shown that the solution is usually found out for
each variant of the product.

Our study was aimed to determine the possibility of the
DE and SE TEC storage under the most technically feasible
conditions: without the use of any expensive imported
reagents, accessory equipment or specific thermal modes.
Furthermore, storage in the sterile saline, which represents an
approved medicinal product, simplifies TEC preparation for
use, since there is no need to wash TECs from saline before
transplantation to a patient.

We managed to show that DEs and SEs generally retained
their main quality parameters after three days of storage under
most simple conditions (room temperature and normal saline).
Furthermore, SEs showed better results compared to DEs. The
higher cell survival rate in SEs is probably due to the presence
of two cell types that have a beneficial effect on the viability of
each other. After assessing the rate of viability decline in the
studied samples we concluded that storage for more than three
days under the current conditions resulted in the reduction of
the viable cell number by more than 50% in TECs of both types.
Consequently, we did not examine the samples stored for more
than 72 h in further research.

As the expected therapeutic effects of the DE and SE TECs
include not only mechanical skin wound closure, but also the
wound healing regenerative effect, the cellular component
secretory activity is an important indicator of the TEC quality.
Mesenchymal cells, such as MSCs, are known to play a key role
in regulation of the cell-cell interaction and maintaining tissue
homeostasis [16]. The AT-MSCs can stimulate angiogenesis
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Fig. 4. The culture of cells extracted from DE (A, B) and SE (C, D) TECs after 72 h of storage. Cells after one day (A, C) and three days (B, D) after extraction (light

microscopy, phase contrast)

via activation of blood vessel growth and stabilization of the
growing vessels [17]. Growth factors of the VEGF family
produced by these cells can induce directed cell migration,
proliferation, and differentiation of endothelial cells in the region
of the defect via interaction with their VEGF-R receptors, which
is reflected in the reduced defect area, the increased number
of blood vessels, and higher blood vessel density [9]. Normally,
the cultured cells of TECs actively secrete growth factors, such
as VEGF. In our experiment, VEGF levels in the culture medium
were 1600-2000 IU/mL or higher. Furthermore, we showed
that AT-MSCs in TECs we had constructed kept producing
VEGF in the normal saline, and the VEGF secretion levels
were comparable with its levels in the culture medium used for
incubation of TECs before packaging and storage.

The results of the experiment that involved measuring
VEGF concentrations for SE and DE suggest that keratinocytes
contribute to the AT-MSCs survival and promote VEGF
secretion by them.
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ASSESSMENT OF THE ZONA PELLUCIDA MICRODISSECTION ON ITS THICKNESS
IN MAMMALIAN EMBRYOS
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The zona pellucida (ZP) is a dynamically changing object that plays an important role during the preimplantation stage of embryogenesis. The ZP thickness may
affect the implantation success and pregnancy rate, it is considered as a prognostic factor in a number of studies. The study was aimed to assess the dynamic
changes in the mouse embryonic ZP thickness after laser assisted hatching (LAH) that involved breaching the ZP integrity at the blastocyst stage. Femtosecond
laser pulses were used to perform the zona microsurgery. The zona thickness was measured both at the stage of blastocyst microsurgery (~E3.5, i.e. 3.5 days of
embryogenesis) and at the hatching stage (~E5). Significant differences in the ZP thickness were revealed in the control group of embryos: from 6.21 ym (E3.5) to
5.4 um (E5). The changes in thickness from 6.6 um (E3.5) to 6.2 um (E5) observed in the group subjected to LAH were non-significant. Tracing the ZP thickness of
a particular embryo from the blastocyst stage to the hatching stage made it possible to estimate the thinning coefficients in the experimental and control groups.
The findings that indicate lower tensile strength of the zona in case of LAH can provide the basis for further research on the ZP properties in case of using the
embryo cryopreservation protocols.
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WCCNEOOBAHUE BNUAHUA MUKPOAUCCEKLMN BNECTALLEN OB0N04KN 3MEPUOHOB
MNEKOMUTAKOLLNX HA EE TOJILLIUHY

[. C. Cuthvkos! &, W, B. Unbuna', M. A. ®unatos?, 0. HO. Cunaesa?

T O6beanHEHHbIN MHCTUTYT BbICOKNX TemnepaTtyp Poccuitckoin akagemmnn Hayk, Mocksa, Poccust
2 NHcTuTyT Bronorum reHa Poccuminckoin akagemunn Hayk, Mocksa, Poccust

Bnectawan obonoyka (zona pellucida, ZP) — oMHaMM4ECKU MEHSIIOLUMIACA OOBEKT, UrpatoLLMii BaXKHYIO POSb Ha MPEeVMMIaHTauUMoHHOM CTaammn pasBuTus
ambpuoHa. Ee TonuwpmHa MOXET okasblBaTb BAVSHWE Ha YCMELHOCTb UMMAaHTaUMM 1 HacTOTy HacTynneHust 6epemMeHHOCTV, B PSAe UCCNefoBaHU ee
paccmaTpuBatoT Kak MPOrHOCTUYECKUIA KpuTepuid. Lienbto paboTbl Obino MccnenoBaTh AMHaMUKY TOLLMHbGI 6necTsLLelt 060104KM SMOPUOHA MbILLW B pe3ynsTaTte
npoLenypbl BCNOMoraTelbHOro nasepHoro xetyuHra (BJ1X), korga HapyLueHne uenocTHocT ZP NpoBoadAT Ha cTaguy 61acToumncTbl. [ns MUKpOXMpypritn
060M04KN NCMONB30BAIM UMMYNBChI N3NYHYeHNA (DEMTOCEKYHOHOW ANUTENBHOCTU. 3MepeHme TONLWWHLI 060N04KM NMPOBOANAN Kak Ha CTaauv MUKPOXMPYPIn
6nactouncTsl (~E3.5, T. e. 3,5 AHS AMOPVIOHANBLHOIO Pa3BUTKS), Tak 1 Ha CTagun BoinynneHns (~E5). ObHapy»eHbl CTaTUCTUHECKI 3HAYNMBIE PaSIMYNA TONLLMHBI
ZP 3MOpUOHOB B KOHTPOSbHOM rpynne — ¢ 6,21 Mk (E3.5) oo 5,4 mkm (E5). B rpynne, nopseprasLueics BJIX, nameHeHnst TonwmHbl ¢ 6,6 Mk (E3.5) go
6,2 MKM (E5) 0Kadan1ce CTaTUCTUHECKM He 3Ha1MbIMU. OTCRexXMBaHme TONWWHbI ZP MHAMBUOYaIbHOro SMOpUoHa OT CTaaum 61acToUmMCTbl 40 CTaaumy BblynieHns
MO3BOSINIMO OLEHWTb KOSMPMULIMEHT MCTOHYEHNS A5 KOHTPOMBHOM 1 SKCNIePUMEHTaIbHOM rpynmn. [onyYeHHble faHHble CBUAETENLCTBYIOT O CHYDKEHUM Npeaena
NMPOYHOCTV 060N0YKM NMpK NpoBeaeHnn BIIX 1 MOryT cny>kuTb 6a31Mcom Ans NocnedytoLmx UCCNeA0BaHNIA ee CBOWCTB B Crly4ae MPYIMEHEHWS MPOTOKOMIOB
KP1OKOHCEPBALMN SMOPVIOHOB.

KnioueBble cnosa: 6nactouycTa, TonLmHa 6necTaLei 060N104KN, NCTOHYEHIE, BCMOMOraTeNbHbI 1a3ePHbIA XETHMHE, (DEMTOCEKYHAHbIE Nas3epHble NMMYNbChI
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The zona pellucida (ZP) is an extracellular matrix that surrounds
the oocyte at the early stages of development and performs a
number of important functions during oogenesis, fertilization,
and preimplantation development. The ZP plays a role of
physical barrier protecting the embryo from microorganisms,
viruses, and immune cells, which could be present in the
oviduct [1]. It allows the oocyte to move freely in the fallopian
tube after ovulation, prevents embryo implantation in the
oviduct wall [2], enables species-specific fertilization, induction
of acrosome reaction in sperm, and blocks polyspermic
fertilization [3]. Limitation of volume of the embryo surrounded
by the ZP ensures a close contact between blastomeres that
is essential for compaction at the stage of cleavage [4] and
later maintains integrity of the inner cell mass (ICM) [5]. The
ZP thickness of the embryo is crucial: it affects the embryo's
implantation in the endometrium.

There are certain factors, the effects of which make it
difficult for the embryo to hatch from its shell on its own and
then to implant: for example, in case of thicker (more than
17 um thick) [6, 7] or dense ZP, or in case of impaired production
of enzymes responsible for the ZP lysis [8]. In the last decade,
laser assisted hatching (LAH) has become increasingly used
in the clinics. This procedure is based on the ZP exposure
to laser pulses aimed at the zona thinning/dissecting and
facilitation of subsequent embryo hatching. Millisecond infrared
laser dissectors are usually used for this purpose. Laser pulse
absorption by the shell results in the local ZP protein disruption
due to heating to several hundred degrees [9]. The size of the
dissection site of 5-20 um is determined by the laser pulse
energy and thermophysical properties of the object. There is
a possibility of thermal damage to embryonic cells adjacent
to the ZP, that is why it is recommended to perform laser
microdissection in strict compliance with the regulations at the
early stages of preimplantation development characterized by
wider perivitelline space (i.e. the space between the ZP and
the cell membrane of oocyte or zygote) compared to the later
stages of preimplantation development.

The laser microsurgery technique involving the use
of femtosecond laser pulses can be an alternative to the
applied commercial solutions. The physics of the femtosecond
pulse interaction with the biological objects is based on the
multiphoton absorption processes, and the local breaching of
the ZP integrity is of non-thermal nature [10]. This fact makes it
possible to precisely define the area of laser exposure confined
to the focal spot size of ~1.5-2 um. The benefits of using
femtosecond laser pulses that include minimum ZP dissection
width and minimization of the radiation thermal effects on
adjacent embryonic cells were earlier implemented in the
technologies for controlled laser assisted hatching [11] and
embryo tagging during preimplantation development [12, 13].

The interest in studying the ZP properties is increased due
to the desire to discover reliable indicators of oocyte quality.
It is oocyte quality that is considered one of the major factors
of female fertility, since it determines the original potential of
embryogenesis [14]. Thus, there is a number of studies of
the correlation of the ZP thickness (as one of the indicators)
[15, 16] and its variability in embryos with the pregnancy
and implantation rates [6, 15, 17, 18]. The ZP mechanical
characteristics were also considered as predictors of successful
oocyte development after fertilization [19], embryo quality [20],
and successful implantation [21].

Despite the fact that LAH has been used in clinical practice
for several decades, there are just a few studies focused
on the impact of this procedure on the ZP structure and
morphology. The relevance of such studies is beyond doubt,
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since comparison of the ZP dynamic changes associated with
experimental breaching of its integrity with the natural cycle
makes it possible to acquire additional data on the mechanisms
underlying the ZP disruption/thinning and the factors that
determine successful hatching and subsequent embryo
implantation. Furthermore, effective approaches to embryo
cryopreservation by vitrification at any stage of preimplantation
development have been introduced into clinical practice. At
the same time, there are data on alteration of the ZP physical
and chemical properties in such embryos, as well as on the ZP
thickening (the so called zona hardening) [22]. In this regard
it is essential to study the effects of LAH on alterations of the
ZP properties, since the findings can provide the basis for
comparative analysis of hatching peculiarities in the embryos
subjected to vitrification.

The study was aimed to assess the effects of LAH performed
using femtosecond laser on the ZP characteristics of the house
mouse (Mus musculus) embryos at the blastocyst stage. This
stage of embryogenesis represents the beginning of embryo
hatching, during which the ZP is subjected to substantial
strain. The fundamental possibility of the ZP microsurgery at
the blastocyst stage (i.e. on the later stage of preimplantation
development) is ensured by using femtosecond laser pulses.
As shown earlier [11, 23], the ZP microsurgery involving such
pulses has no adverse effect on embryogenesis.

METHODS
Experimental apparatus

Microsurgical experiments involving embryos were performed
using the femtosecond laser scalpel set-up (Fig. 1) created
by the Joint Institute for High Temperatures of the Russian
Academy of Sciences [24]. The beam generated by the TETA
femtosecond laser source (Avesta; Troitsk) was used as a
laser scalpel. After conversion to the second harmonic in the
DKDP crystal, the laser pulse parameters were as follows:
pulse duration 280 fs, energy 50 pd, wavelength 514 nm, pulse
repetition rate 2.5 kHz. The laser beam was fed through the
right side port of the Olympus IX-71 inverted microscope and
focused into the spot with a diameter of about 2 pm (FWHM)
with the 20x UPlanFL objective lens (Olympus; Japan) having
a 0.5 numerical aperture (NA). Attenuator was mounted on the
laser beam path before entering the microscope for the laser
pulse energy adjustment, and the telescope was used to align
the laser beam diameter with the objective lens aperture. When
performing microsurgical procedures, the laser pulse energy
was 20 nd, which corresponded to the intensity of 2.5 TW/cm?2.
The embryos were distributed into droplets of growth medium
in Petri dishes with the glass bottom thickness of 170 um.
A Petri dish was placed on the motorized microscope stage
(Méarzhauser Wetzlar; Germany) to move the embryo relative
to the stationary laser beam. The beam was focused in the
plane of maximum embryo cross-section, i.e. in the equatorial
plane. Imaging of the embryos was performed using the DFK
72AUCO02 camera (The Imaging Source; Germany). Software
allowing the operator to set the trajectory of the laser beam
motion over the image of the embryo was used to automate
the microsurgical procedure.

Animals
Embryos were collected from the C57BI/6JxCBA F1 hybrid

mice purchased from the animal house of the Federal Medical
Biological Agency of Russia (Stolbovaya branch; Russia).
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Animals were kept in the controlled environment (22-24 °C,
14 : 10 h light/dark cycle (day : night)) with ad libitum access
to food (special extruded diet for mouse breeding) and water.

Hormonal stimulation of ovulation

The widely accepted protocol for ovulation induction was
used to collect a large number of embryos at once. Immature
females about 3 weeks of age with body weight of 10-12 g
were used as donors. Hormonal stimulation was performed
in accordance with the two-step protocol: the pregnant mare
serum gonadotropin (PMSG) was administered intraperitoneally
at 13:00 of day one, 5 IU per animal. HCG (Chorulon, Merck
Animal Health, USA), 10 IU per animal were administered 48 h
later. After that the females were housed with males for mating.

Obtaining embryos

Animals were euthanized by cervical dislocation. The zygote
stage embryos were collected on the day of the copulation
plug detection. Oviducts were cut out from the animal's body
with scissors and placed in the HEPES-containing Ooclean
medium (PanEco; Russia) heated to 37 °C. Then the oviduct
ampullae were dissected with the syringe needles under
stereomicroscope to extract the cumulus-oocyte complexes.
Then about 0.03 g of hyaluronidase (Lydase; Microgen, Russia)
were added to this droplet to provide zygote purification from
the cumulus cells. The zygotes obtained were serially washed
in four droplets of Ooclean medium and transferred to the
culture medium.

Transportation of embryos

To be transferred from the Institute of Gene Biology of the
Russian Academy of Sciences to the Joint Institute for High
Temperatures of the Russian Academy of Sciences for LAH,
the embryos were placed in the HEPES-containing Ooclean
medium (PanEco; Russia) previously heated to 37 °C. The
embryos were transported in the 2 ml eppendorf tubes. The
temperature of +37 °C was maintained during transfer of the
tube containing embryos. After transportation the embryos
were washed in the culture medium. For that these were
transferred from one droplet to another three times.

Embryo culture

The embryos were cultured to the morula stage (about 2.5 days
of embryogenesis, E2.5) in the four-well plates (Thermo Fisher
Scientific Nunc; USA) using the CSCM-C culture medium for
gametes and embryos (Fuijifilm Irvine Scientific; USA). During
the morula and blastocyst stages (E3.5), the embryos were
cultured in the 20 pL droplets of the CSCM-C medium (Fuijifilm
Irvine Scientific; USA) covered with mineral oil, 2-3 embryos
per droplet.

Experiment

Three droplets containing culture medium were previously
formed in each glass bottom Petri dish (catalogue number
Ne 200350; SPL Lifesciences, Korea), then the droplets were
covered with mineral oil. A day before the experiment, the
morula stage embryos were distributed into well-prepared Petri
dishes and transferred to the incubator. Three embryos were
placed in each droplet. Microsurgery of the embryos' ZP was
performed at the blastocyst stage (~E3.5).
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Fig. 1. Scheme of femtosecond laser scalpel. 1 — femtosecond laser; 2 —
converter to second harmonic; 3 — attenuator; 4 — telescope; 5 — mechanical
laser interrupter; 6, 7 — mirrors for the laser beam wavelength; 8 — objective
lens; 9 — motorized microscope stage; 10 — Petri dish containing embryo; 11 —
substage condenser; 12 — substage lamp; 13 — CMOS camera; 14 — inverted
microscope

A total of 99 embryos were divided into two groups:
experimental group (EG) of 63 embryos and concurrent control
group (CC group) of 36 embryos. The operator took a picture of
the embryo in its initial state, set the trajectory of the laser beam
motion for the embryo's ZP microdissection, performed LAH,
and took a final picture of the embryo after the procedure. The
total time spent on one embryo did not exceed 1.5 min. The
embryos usually hatched at the E5 stage, during which they
were photographed again.

Statistical data processing

Statistical processing of the results was performed using the
Statistica 7.0 software package (Dell; USA) and Microsoft Excel
2013 (Microsoft Corporation; USA). The hypotheses were
tested for normality using the Kolmogorov—-Smirnov and the
Shapiro-Wilk tests. Since the distributions of the data provided
in the study were non-normal, nonparametric tests were
used for analysis. In this case, median, quartiles (25-75%),
and variation (minimum and maximum values of the studied
parameters) were considered as significant indicators. The
Mann-Whitney U test was used to compare two independent
groups; two dependent groups were compared using the
Wilcoxon signed-rank test for dependent samples. Significance
levels of all statistical parameters were set to 0.05.

RESULTS

Fig. 2A shows a fragment of the embryo’s ZP before exposure
to laser beam. The primitives (green lines 1-3) set the trajectory
of the laser beam motion. Laser exposure of the area along
the polyline 1 was essential for breaching of the embryo’s ZP
integrity during the LAH procedure. About 80-90% of the
ZP thickness were cut. Lines 2 and 3 were auxiliary ones (to
confirm that the embryo hatched through the drilled hole (Fig. 2B)).
The ZP thickness of each embryo of the experimental group
at the time of the procedure was measured. The ZP thickness
A was measured in three different areas with the angular
increment of ~90-120°. Similar measurements of the embryo’s
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ZP thickness were performed at the stage of embryo hatching
and after hatching in both experimental (Fig. 2C) and CC
(Fig. 2D) groups.

The data on the ZP thickness for the embryos of the
experimental and control groups are provided in Fig. 3. As is
commonly known, the ZP is stretched during hatching in the
natural conditions. Thus, we have shown that the ZP thickness
demonstrates a significant decrease in A (from 6.21 um (E3.5)
to 5.4 pm (E5)) in the control group of animals not exposed
to laser beam. No such ZP thinning has been revealed in the
experimental group, and the measured A values are 6.6 ym
(E8.5)and 6.2 um (E5). Statistical processing of the experimental
data using the Mann-Whitney U test has confirmed significant
differences between the ZP thickness (E5) values observed
during the natural hatching cycle and after the LAH procedure.

The ZP thinning coefficient K = A /A, where A_,, and
A, are the ZP thickness values of specific embryo obtained
3.5 and 5 days after fertilization, respectively, is one more
interesting parameter. The median value of this parameter in
the experimental group (K__,.) is 0.95. The bars of the bar
chart (Fig. 4A) to the right of the K = 1 line show that the ZP
thickness measured at the stage of hatching is greater than
that measured at the time of microsurgery. In certain cases
the differences reported reach 23%. This may be due to the
fact that the blastocyst demonstrates cyclic volume changes
(expansion and collapse) during hatching, thereby stretching
the ZP [25]. The ZP thickness measured at the microsurgery
stage (E3.5), therefore, corresponded to the stretching phase.
In the control group, the ZP thickness was also assessed in
the embryos that had reached the blastocyst stage (E3.5).
According to Fig. 4B, the ZP of the vast majority of embryos
becomes thinner during hatching. The share of embryos with
K > 1 is less than 20%. Similar to the experimental group, this
can be due to the changing thickness of the blastocyst ZP (E3.5)
during expansion. The median coefficient values (K =0.84)

med.cc

also indicate greater ZP thinning in non-treated embryos.
DISCUSSION

The embryo hatching from the ZP is an important step that is
essential for further embryo implantation in the uterus. Hatching
is preceded by cyclic blastocyst expansion and collapse. The
changes in blastocyst volume result in physical impact on the
ZP, since these cause ZP stretching and thinning. Exposure to
tensile stress and proteases (such as trypsin) synthesized by
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Fig. 2. Embryos before zona microsurgery (A); zona pellucida after hatching (B).
1 — hole in the ZP after blastocyst hatching resulting from incision along the
trajectory 1 (on the fragment a); 2 — results of incision along the trajectory 2 (on
the fragment a). The zone after hatching of the embryo in the experimental group
(C) and CC group (D)

the uterus and/or blastocyst results in the ZP breaching that
makes blastocyst hatching possible.

In terms of mechanics, the observed differences between
the experimental and control groups can be interpreted in the
following way. The breaking strength is a threshold value
of mechanical stress applied to the sample; exceeding the
threshold results in destruction of the material. As applied
to the hatching process, the embryo's ZP is permanently
exposed to tensile stress during the blastocyst expansion
stage. Exceeding the tensile strength threshold leads to the ZP
rupture and initiation of hatching. There are numerous studies
aimed at developing models describing the ZP mechanical
properties. The approaches used include describing the ZP as
a material having linear elastic, hyperelastic, and viscoelastic
properties (the detailed review of the present state of the art
in analytical and numerical approaches can be found in the
recently published report [26]).
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Fig. 3. Changes in the ZP thickness during embryogenesis in the control (A) and experimental (B) groups
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Fig. 4. Distribution of the ZP thinning coefficient in the experimental (A) and control (B) groups

Constructing the model of the mouse embryo ZP mechanical
properties lies beyond the scope of this study. However, the
data obtained can be analyzed taking into account the current
knowledge about the ZP properties. Analysis of the bar charts
provided in Fig. 4 appears to be in qualitative agreement
with the available models. With an increase in the blastocyst
diameter, the tensile stress at the ZP is increased. The ZP radius
is increased, while its thickness is reduced. Currently, there are
literary data on the Young's modulus (the ratio of the applied
stress to the deformation response of the material) values of the
mammalian ZP; these values of the mouse oocyte and embryo
are 17.9 and 42.2 kPa, respectively [27]. The Young's modulus
characterizes the material properties in the linear section of the
stress-strain diagram, right up to the yield strength, at which
the elastically loaded sample elongates when stretched, but
returns to its original form and size when unloaded. When this
limit is exceeded, the material ceases to be elastic and starts
to deform plastically (does not fully return to its original state).
The thinning coefficient values K < 1 provided in Fig. 4B indicate
plastic deformation after the tensile stress termination. When
the stress threshold value (tensile strength) is reached, the zona
breaches and the embryo hatches. Breaching of the ZP integrity
during LAH results in significantly lower threshold, as evidenced
by the ZP thickness mean values A_; and the values of the K
thinning coefficient that are greater than that of the control group.
The paper [25] reports the hypothesis of reduced implantation
capability, possibly due to adverse effects of thick ZP on the
blastocyst expansion. This hypothesis is consistent with the
theory of strength of materials and the need to apply more force
per surface area unit to deform a thicker layer of the zona.

The impact of cryopreservation procedures on the state
of the ZP of the oocyte/embryo has been studied fairly
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Today, metabolically healthy obesity (MHO) and metabolically unhealthy obesity (MUO) are distinguished. Adipose and muscle tissues can determine the obese
phenotype due to adipokine and myokine production. Gut microbial community is also involved in MHO. The study was aimed to reveal the features of adipokine
and myokine levels and their association with the gut microbiome alpha diversity in patients with MHO and MUO. A total of 265 subjects were divided into two
groups: healthy individuals and obese patients. The latter were divided into two subgroups: patients with MHO and patients with MUO. Body mass index, waist
circumference, HOMA-IR, adipokine and myokine levels, gut microbiome taxonomic composition, alpha diversity indices were defined in all the surveyed individuals,
lipid and carbohydrate metabolism was also assessed. Significant differences in the adipokine and myokine levels and their association with the gut microbiome
diversity indicators were revealed in patients with different obese phenotypes. Patients with MHO and MUO showed significantly lower adiponectin levels (o < 0.05)
and significantly higher leptin and asprosin levels (o < 0.05) than healthy individuals. Patients with MUO had lower adiponectin and leptin levels (o < 0.05) than
patients with MHO. Significantly higher FGF21 levels were observed in patients with MUO. Large-scale correlation analysis revealed the relationship between the
glucose levels and the gut microbiome diversity indices that was missing in patients with MUO. This indicated the loss of the microbiota diversity effects on the
blood glucose control in individuals with MUO, as well as different regulatory roles in the gut microbiome-liver-muscle/adipose tissue axes of individuals with MHO
and MUO played by gut microbiota. The findings show the relationship between the gut microbiome diversity and the obese phenotype.
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AONNOKUNHbI U MMOKNHbI KAK MHOWUKATOPbI ®EHOTUIMOB O>KUPEHUA
N NX CBA3b C NMNOKA3ATEJIAMUN PASHOOBPA3UA MUKPOBNOMA KULLEYHUKA
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B HacTosiee BpeMs BbiAensioT metabonmdeckn 3opoBoe oxvpenne (M30) 1 metabonnyeckn Heapopooe oxnperre (MH30). XKnposas 1 MblluedHas
TKaH1 MOryT onpenensTb PeHOTUN OKMPEHNS 3a CHET BbIPabOTKM aMnOKUHOB U MUOKMHOB. B thopmmpoBaHu M30 y4acTByeT 1 MUKPOOHOE COOBLLECTBO
KMLweyHnka. Liensto paboTbl BbI10 N3YHnTb YPOBHM aAUNOKMHOB Y MUOKMHOB 1 X CBS3b C anbda-pasHoobpasnem Mrkpobrioma kuwedHnka npn M30 1 MH30.
V13 265 obcnenyemMblix chopMmpoBaHbl ABE MPYMMbl: 300POBbIE LA Y NaLMEHTbl C OXupeHneM. NocneaHve Obinn pas3aeneHsl Ha ABe NOArPynMbl: NauMeHTb!
¢ M30 u naypeHtbl ¢ MH30. Y obcnefyembix onpefensnm NHAEKC Macchl Tena, OKPYy>KHOCTb Tanuu, nHaeke HOMA-IR, ypoBeHb aavnoKMHOB 1 MUOKUHOB,
TaKCOHOMMYECKMIA COCTaB MMKPOBMOMA KULLIEYHWKA W MHAEKCbI anba-pasHoobpasust, OLLEeHVBaNy TMNUAHBIA ¥ yrNeBoaHbIN 0OMeH. BbiSBNeHbI CTaTUCTUHECKN
3HaYMMble Pa3NM4MA YPOBHEN aaMMOKMHOB 1 MUOKVHOB, @ TakKe MX B3anMOCBSA3b C MoKasaTensaMin pasHoobpasns MUKPOOMOMa KULLEYHMKA Y NaLMEHTOB C
pasHbIMy peHoTUnamu oxxmpenns. Mpu M30 1 MH3O0 ypoBeHb aaunoHekTHa Obin 3HaqMMo Hke (p < 0,05), a nentmHa w acnpocuHa — Bbiwe (p < 0,05)
Mo cpaBHEHMIO CO 340POoBbIMU NMuamMn. MaumeHTsl ¢ MH3O nveny ypoBHM agunoHekTHa 1 nentuHa 6onee Huskme (o < 0,05), Yem naumeHTsl ¢ M30. Mpn
MH3O0 cTatucTyieckn 3Ha|Mmo Boille ypoBeHb FGF21. MaccoBbln koppensumoHHbii aHanmnd npn M30 nokagdan cBssb Mexy YPOBHEM IHOKO3bl C MHAEKCaMM
pasHo0bpasna MMKpobromMa K1LLEHHKa, KoTopasi oTcyTcTBoBana npu MH3O, 4TO ykasbiBaeT Ha yTpaTy BAMSHNS MUKPOOUOTbI KULLEYHMKA Ha PEMYNALIIO YPOBHS
roKo3bl Kpou Npy MH3O0 1 0 pasnn4Hol PerynsaTopHON PO MUKPOBMOTbI KMLLEYHVKA B OCU «MUKPOBMOM KULLEYHMKA — MeYeHb — >XXMPOoBast U MbilLeyHas
TKaHW» Npy M30 1 MH3O. lMonyyeHHble AaHHbIe YKa3blBatoT Ha B3aMMOCBA3b MEXXAY Pa3HO00pa3veM MUKPOBroMa KULLEYHNKA U (HEHOTUMOM OXMPEHUS.
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Complications of obesity reduce the quality of life and life
expectancy [1]. However, obesity is not always associated
with metabolic disorders, that is why metabolically healthy
obesity (MHO) and metabolically unhealthy obesity (MUO)
are distinguished [2]. The prevalence of MHO among obese
patients is 6-60% depending on the criteria of MHO [3]. Obesity
classification that is based on BMI does not provide a full picture
of the health status and potential risk of adverse outcome.
This has been documented in the AACE/ACE (American
Association of Clinical Endocrinologists and American College
of Endocrinology) guidelines (USA, 2014) suggesting to take
into account metabolic status when classifying obesity [4].
The adipose and muscle tissues play an important role in
maintaining metabolic homeostasis via secretion of biologically
active peptides: adipokines and myokines [5]. Imbalance
between these insulin sensitivity and adipogenesis increasing
and reducing adipokines and myokines may contribute to
metabolic complications, such as insulin resistance, slow
inflanmatory adipose tissue remodeling, extracellular lipid
deposition, atherosclerosis, etc. [6]. It is known that adiponectin
exerts insulin sensitizing, anti-atherogenic and anti-inflammatory
effects [7]. In contrast, such adipokines as leptin and resistin
are potential factors of insulin resistance that have pleiotropic
effects on food intake, neuroendocrine control of hypothalamus,
reproductive function, and energy metabolism [8]. Information
about the recently discivered adipokine, asprosin, is extremely
fragmented: it is believed that asprosin can affect glucose
metabolism, that it is probably associated with obesity, and
that asprosin levels can be used as a marker for early diagnosis
of diabetes mellitus [9]. Currently, information about the role of
myokine (myostatin) in the pathogenesis of obesity and insulin
resistance is limited. Some authors suggest using myostatin
for identification of MUO [10]. The insulin-responsive myokine,
FGF21, functions as a metabolic factor involved in the glucose
homeostasis control [11]. Recently the interest of researchers
has been drawn to the osteocrin peptide that is secreted by
fibroblasts and osteoblast-like cells. Its pathophysiological
role is poorly understood [12]. Sporadic results obtained in
obese patients with insulin resistance showed that had higher
osteocrin levels than healthy individuals [13]. In the last decade,
gut microbiota has been considered as a factor affecting the
development of obesity. Microbiota can influence the metabolic
phenotype via both direct effects on the energy and nutrient
availability and modulation of the microorganisms' signalling
and metabolic pathways. There is growing evidence that the
balance and diversity of microorganisms are essential for
both optimal interaction with macroorganism and prevention
of extraintestinal diseases [14]. The diversity of microbiome
reflects the abundance of various bacterial species. Two types
of diversity are distinguished: alpha diversity (within the same
biotope) and beta diversity (between distinct biotopes). Alpha
diversity is assessed based on the Chao 1, Shannon, Simpson
(direct and inverse), Gini-Simpson, and Berger—Parker indices.
The Chao 1 index is used to estimate the observed/hidden
diversity, the Shannon index is an estimator of the microbiome
diversity and evenness (higher index values correspond to wider
diversity); the Simpson index describes the probability that
any two specimens randomly selected in the indefinitely large
community belong to different species (the diversity decreases
with the increasing index); the Berger—Parker index is a measure
of the species dominance in the microbiome (the larger is
the index, the lower is alpha diversity) [15]. Previous studies
have shown that the stool microbiome of obese individuals
is less diverse than that of lean people [16]. The decrease in
mocrobial diversity in 75% of patients with morbid obesity

and 40% of patients with class | and Il obesity has been also
shown [17, 18]. Some authors have found a positive correlation
between the decrease in the gut microbiome diversity and
MUO [19]. Despite the fact that the number of studies aimed
at assessing the role of adipokines and myokines in MHO, as
well as the relationship between adipokines and myokines and
the gut microbiome indicators, is limited, the associations of
adiponectin, resistin, FGF21 with MHO reported in the literature
[5, 6] have provided the basis for the scientific hypothesis used
in our study: various profiles of adipokines and myokines may
contribute to phenotypic dissociation of obesity. The study
was aimed to reveal the features of adipokine and myokine
levels and their association with the gut microbiome diversity
indicators in patients with different obese phenotypes.

METHODS

The study was performed in the Rostov State Medical University,
Kazan Federal University, and the Center for Molecular Health at
the Institute of Digital and Translational Biomedicine. The patients
were enrolled between 2019 and 2020. All the subjects were
divided into two main groups based on the body mass index
(BMI) and waist circumference (WC): healthy individuals (controls)
were included in group 1, while obese patients were included
in group 2. Then group 2 was divided into two subgroups
depending on whether or not metabolic complications were
present: subgroup 2a included patients with MHO and subgroup
2b included patients with MUQO. Inclusion criteria: age over
18 years; taking no antibiotics, pre- or probiotics within three
months before enroliment. Additional inclusion criteria for group
1:18.5 kg/m? < BMI < 24.9 kg/m?; no dyslipidemia, hyperglycemia
or arterial hypertension (AH). Additional inclusion criteria for
group 2: BMI = 30 kg/m?, WC > 102 cm in males and > 88
cm in females. Subgroup 2a included patients who met more
than three criteria, while subgroup 2b included those who met
> three criteria of the National Cholesterol Education Program
(NCEP), Adult Treatment Panel lIl (ATPIII) (NCEP-ATP lll) including
the following indicators: systolic blood pressure (SBP) > 130 and/or
diastolic blood pressure (DBP) > 85 mm Hg, fasting plasma
glucose (FPG) = 6.1 mmol/L, triglycerides (TG) = 1.7 mmol/L,
high density lipoprotein cholesterol (HDL-C) < 1.29 (females)
or < 1.03 (males), waist circumference (WC) > 102 cm (males)
or > 88 cm (females). Exclusion criteria: severe somatic disease,
any gastrointestinal disorder, acute condition, depression,
alcohol abuse, pregnancy.

Study design

A cohort study was performed. Clinical interview and
examination, as well as assessment of anthropometric
indicators were performed in all subjects; all of them were
through questionnaire survey and the laboratory tests: fasting
plasma glucose (FPG), total cholesterol (TC), low density
lipoprotein cholesterol (LDL-C), high density lipoprotein
cholesterol (HDL-C), triglycerides (TG), adiponectin, leptin,
asprosin, resistin, vascular endothelial growth factor (VEGF),
irisin, fibroblast growth factor 21 (FGF21), myostatin, osteocrin,
and insulin. The insulin resistance index (HOMA-IR) was
calculated, the composition of gut microbiome was defined,
and the alpha diversity indices of bacterial phylotypes were
computed. Blood pressure was measured using the manual
blood pressure monitor (Little Doctor LD-60; China) using the
standard method by N.S. Korotkov. Biochemical parameters,
such as FPG, HDL-C, LDL-C, TG, TC (mmol/L), were assessed
by photometry using the Hitachi U-2900 spectrophotometer
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Table 1. Clinical and laboratory characteristics of the surveyed individuals of groups 1 and 2

Parameters %rgug; irgigg p
Males 15 (11.6%) 28 (20.6%) 0.621
Females 114 (88.3%) 108 (79.4%) 0.613
Age/years 39.6 + 4.2 54.6 +4.7 0.032
BMI, kg/m2 20.8 [19; 23] 34 [31; 36] 0.024
WC, cm 74 [69; 75.5] 100 [95; 103] 0.011
SBP, mm Hg 120.5 [90; 125] 135 [125; 145] 0.034
DBP, mm Hg 74.5 [60; 90] 85 [80; 90] 0.001
FPG, mmol/L 3.96 [4.05; 5.1] 5.57 [5.1; 6.93] 0.0001
TC, mmol/L 4.5[4.1;5.0] 5.42[4.62; 6.2] 0.624
LDL-C, mmol/L 3.11 [2.4; 3.21] 3.19 [2.6; 3.64] 0.745
HDL-C, mmol/L 1.93 [1.49; 2.24] 1.23[1.11; 1.39] 0.031
TG, mmol/L 0.79[0.57; 1.13] 1.65[1.33; 2.34] 0.001
Insulin, pg/mL 262 [133.6; 418.2] 390 [170.02; 678.78] 0.001
HOMA-IR 1.86 [1.47; 2.82] 11.7 [5.08;19.3] 0.001

Note: BMI — body mass index, WC — waist circumference, SBP — systolic blood pressure, DBP — diastolic blood pressure, TC — total cholesterol, LDL-C — low
density lipoprotein cholesterol, HDL-C — high density lipoprotein cholesterol, TG — triglycerides, HOMA-IR — Homeostasis Model Assessment of Insulin Resistance.

(Hitachi; Japan) and the Olvex Diagnosticum kits (Russia).
Adiponectin, leptin, resistin, asprosin, VEGF, irisin, myostatin,
FGF21, osteocrin, and insulin (hg/mL) were quantified by multiplex
immunoassay using the Magpix analyzer (BioRad; USA) and the
kits manufactured by Milliplex (USA). The concentration of asprosin
was determined by ELISA using the ELISA KitForAsprosin (Cloud-
Clone.; USA). Faecal samples were collected in accordance with
the handbook edited by V.V. Menshikov [20]. Gut microbiome
composition was defined by Next-Generation Sequencing (NGS)
of the bacterial 16S rRNA gene (V3-V4 variable region) on the
MiSeq platform (lllumina; USA) in the paired-end reading mode
(2 x 300). Various alpha diversity indices of the bacterial community
were used to characterize microbiota.

Statistical analysis

R environment (version 3.2, R Foundation for Statistical
Computing; Vienna, Austria) was used for statistical processing.
The following was calculated for quantitative indicators: mean +
+ standard deviation; median and quartiles (25%, 75%); minimum
and maximum values of the sample. The average group levels
were compared using the Mann-Whitney U test. The median
values of the studied parameters were compared using the
Kruskal-Wallis test, and the correlation analysis involved the
use of Spearman's rank correlation coefficient. The differences
were considered significant at p < 0.05. Cluster analysis: large-
scale correlation analysis was performed in Python v3.8 for
each group of patients and the correlations between:

BMI, WC, SBP, DBP, FPG, LDL-C, HDL-C, TG, TC and the
levels of adipokines and myokines;

each clinical parameter and microbiota parameters (alpha
diversity: species richness (operational taxonomic units (OTUs)
with non-zero abundance), Shannon entropy, Berger—Parker
dominance index, Simpson index and inverse Simpson index,
Gini—Simpson index, Chao1 index;

microbiome parameters and the levels of adipokines and
myokines.

The Spearman's rank correlation matrices obtained were
clustered together within each group of patients based on the
Manhattan distances.
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Data availability

The cluster analysis scripts are publicly available from
GitHub: https://github.com/ivasilyev/curated_projects/tree/
master/ashestopalov/nutrition/obesity_elisa

RESULTS

Clinical and laboratory characteristics of the surveyed individuals
of groups 1 and 2 are provided in Table 1.

The control group and obese patients were matched
for gender and the TC and LDL-C levels. Furthermore, the
subjects of group 1 were younger (p = 0.032), they had lower
BMI (p = 0.024) and WC (p = 0.011). Obese patients had
higher SBP, DBP, TG, FPG, insulin levels, HOMA (p < 0.05)
and lower HDL-C (p < 0.05) than the control group. Clinical
and laboratory characteristics of the surveyed individuals of
subgroups 2a and 2b are provided in Table 2.

Subgroups 2a and 2b were matched for the number
of males and females, subjects' age, BMI, and WC. When
comparing patients with different obese phenotypes, significant
differences in various indicators were revealed: SBP, DBP, TG,
FPG, insulin, and HOMA were higher (o < 0.05) and HDL-C
was lower (p < 0.05) in the MUO subgroup than in the MHO
subgroup. Particularly noteworthy, however, was hyperglycemia
in patients of the subgroup 2b that corresponded not to
prediabetes, the early carbohydrate metabolism disorder, but
to diabetes mellitus. By comparison, normal blood glucose
levels were observed in the subgroup 2a, despite imsulin
resistance revealed in both groups. In the subgroup 2b a more
than twofold increase in blood levels of triglycerides suggesting
triglyceride storage impairment due to the adipose tissue
insulin resistance that resulted in lipotoxicity, i.e. extracellular
triglyceride accumulation, was noteworthy.

Comparative analysis of the adipokine and myokine levels in
the subjects of groups 1 and 2 revealed significant differences
in the levels of adiponectin, leptin, and asprosin. Obese patients
had lower adiponectin levels (p < 0.05) and higher leptin and
asprosin levels (p < 0.05) than healthy individuals (Table 3). It
is known that leptin is a key mediator of interaction between
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Table 2. Clinical and laboratory characteristics of the surveyed individuals of subgroups 2a and 2b

Parameters SUb,?LOZg 2a Subgroup 2b n=55 P
Males 6 (15%) 11 (20%) 0.612
Females 34 (85%) 44 (80%) 0.510
Age, years 49.05 + 5.1 51.3+3.6 0.734
BMI, kg/m2 33 [31; 36] 33 [31; 36] 0.591
WC, cm 100 [96; 104] 100 [93; 102] 0.112
SBP, mm Hg 120 [110; 125] 145 [136; 150] < 0.0001
SBP, mm Hg 75 [70; 80] 90 [90; 95] < 0.0001
FPG, mmol/L 4.88[4.57; 5.28] 7.2 [6.14; 8.62] < 0.0001
HOMA-IR 7.48 [3.3; 12] 14.4 [7.57; 27.37] 0.0003
TC, mmol/L 5.08 [4.31; 6.01] 5.74 [4.57; 6.5] 0.102
LDL-C, mmol/L 3.18[2.78; 3.53] 3.1[1.95; 3.79] 0.341
HDL-C, mmol/L 1.3[1.21;1.47] 1.2[1.08; 1.45] 0.022
TG, mmol/L 1.19[0.91; 1.46] 2.39[1.77; 3.16] < 0.0001
Insulin, pg/mL 284.92 [142.25; 529.07] 389.96 [221; 721.57] 0.050

Note: BMI — body mass index, WC — waist circumference, SBP — systolic blood pressure, DBP — diastolic blood pressure, TC — total cholesterol, LDL-C — low
density lipoprotein cholesterol, HDL-C — high density lipoprotein cholesterol, TG — triglycerides, HOMA-IR — Homeostasis Model Assessment of Insulin Resistance.

the adipose tissue and the hypothalamic-pituitary axis that
exerts orexigenic effect. High leptin levels in the group of obese
patients suggest the leptin orexigenic effect inhbition due to
resistance to appropriate signals developed by the central
nervous system, i.e. these suggest the development of insulin
resistance characterized by low satiety, excessive intake of
nutrients, and weight gain.

When comparing serum levels of adipokines and myokines
in patients with MHO, MUO and healthy donors the following
earlier detected trends were observed: patients with MHO
and MUO had significantly lower adiponectin levels (p < 0.05)
and significantly higher leptin and asprosin levels (p < 0.05)
compared to the control group. Furthermore, patients with
MUQO had lower adiponectin and leptin levels (p < 0.05)
than patients with MHO. A significant increase in the levels
of FGF21 was also observed in patients with MUO (Table 4).
Given its insulin sensitizing effect, the decrease in adiponectin
levels fits into the general picture of insulin resistance. The
lower leptin levels in patients with MUO that seem paradoxical
at first glance are likely to result from the adipose tissue insulin
resistance that leads to impaired terminal differentiation into
adipocytes, abnormal extracellular triglyceride deposition,
and lipotoxocity.

The correlation analysis has revealed positive correlations
between the levels of adiponectin and resistin (r = 0.428;

p = 0.001), FGF21 and myostatin (r = 0.543; p = 0.001),
insulin and leptin (- = 0.429; p = 0.0001) in healthy donors.
This suggests normal balance in the insulin sensitivity regulation
system and the adipose and muscle tissue endocrine function.

Positive correlations between the adiponectin levels and the
levels of insulin (= 0.3; p =0.008), leptin (= 0.3; p = 0.008), resistin
(r=0.5; p < 0.0001), and VEGF (r = 0.49; p < 0.0001) were
revealed in obese patients. Moreover, there were significant
correlations between the levels of the FGF21 myokine and
myostatin (- = 0.37; p = 0.0001), as well as between the levels
of insulin and leptin (- = 0.84; p < 0.0001). The leptin levels
were also correlated to the VEGF levels (r = 0.38; p = 0.002),
while resistin levels were correlated to the osteocrin levels
(r = 0.33; p = 0.0006). Such correlations are indicative of the
imbalances in the regulatory system and the involvement of
hypoxia-inducible factor in the regulatory system, since there
are positive correlations between adiponectin and leptin and
between leptin and VEGF.

Patients with MHO showed the following correlations of
osteocrin levels: negative correlation with asprosin (r = -0.43;
p= 0.02) and resistin (- = -0.39; p = 0.01), positive correlation
with adiponectin (r = 0.43; p = 0.04). The relationships were
revealed between the levels of adiponectin and myostatin
(r =0.34; p = 0.035), insulin and leptin (- = 0.59; p < 0.0001),
FGF21 and adiponectin (r = 0.34; p = 0.00083).

Table 3. Serum levels of adipokines and myokines in healthy individuals and obese patients

Indicators Gnr2u1p2; Gnr2u1p3§ P
Adiponectin, ng/mL 2149800 [62542; 6457800] 591180 [22366; 6457800] 0.05
Leptin, pg/mL 3999.96 [1120.19; 10099.7] 11291.99 [5541.55; 17827.94] < 0.0001
Resistin, pg/mL 52364.75 [32515.5; 116732] 46147.46 [27968.18; 104077.3] 0.35
Asprosin, pg/mL 0.18 [0; 0.36] 0.35 [0; 0.54] 0.01
VEGF, pg/mL 73.18 [44.93; 139.3] 58.45 [35.45; 143.28] 0.19
Insulin, pg/mL 262 [133.6; 418.2] 390 [170.02; 678.78] 0.001
Osteocrin, pg/mL 55.23 [37.7; 74.28] 45.23 [34.15; 69.60] 0.14
Myostatin, pg/mL 0[0; 0] 0[0; 0] 0.6
Irisin, pg/mL 01[0; 0] 01[0; 0] 0.58
FGF21, pg/mL 0 [0; 56.86] 0[0;88. 45] 0.14
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Table 4. Serum levels of adipokines and myokines in subjects of the group 1 subgroups 2a and 2b

Parameters Gnr2u1p2; Subgr:mig 2a Proin Sublgrzogg 2b Py Prnos
Adiponectin, ng/mL 214980 [62542; 6457800] 75 618 [25132; 6457800] <0.052 57 891 [22616.75; 2606600] < 0.054 0.003
Leptin, pg/mL 3999.96 [1120.19; 10099.7] 13808.18 [6332.91; 17956.46] | < 0.051 9942.72 [4664.47; 16802.91] < 0.055 0.002
Insulin, pg/mL 262 [133.6; 418.2] 284 [142.25; 529.07] 00.1 389 [221.22; 721.57] <0.054 0.05
Asprosin, pg/mL 0.18 [0; 0.36] 0.46 [0.23; 0.6] <0.05 0.38 [0; 0.57] <0.05 0.37
FGF21, pg/mL 0 [0; 56.8] 0[0; 31.44] <0.01 13.98 [0; 90.49] 00.05 0.05
Resistin, pg/mL 52364.75 [32515.5; 116732] | 48637.48 [33229.66; 97603.33] 00.5 43421.05 [26433.69; 109927.65] 00.6 0.7
VEGF, pg/mL 73.18 [44.93; 139.3] 56.33 [19.89; 145.32] <0.05 58.97 [39.61; 163.05] 00.26 0.34
Osteocrin, pg/mL 55.23 [37.7; 74.28] 44.08 [35.91; 59.08] 00.16 48.96 [32.22; 78.6] 00.17 0.57
Myostatin, pg/mL 0[0; 0] 0[0; 0] 0.23 0[0; 0] 0.3 0.6
Irisin, pg/mL 0[0; 0] 0[0; 0] 00.34 0[0; 0] 00.26 0.7

The correlations of osteocrin with asprosin (r = —0.38;
p = 0.04), resistin (r = 0.48; p = 0.001), and myostatin (r = 0,33;
p = 0,03) were revealed in patients with MUO. There were
significant positive correlations between FGF21 and myostatin
(r =0.37; p = 0.005), insulin and leptin (- = 0.37; p = 0.005).
Thus, the role of osteocrin in regulation of the adipose and
muscle tissue endocrine function becomes more and more
important with the development of obesity. No correlations
of osteocrin have been found in healthy individuals. There are
two correlations of osteocrin with adipokines (asprosin and
resistin) in the group with MHO and three such correlations that
expand the range to the myostatin myokine in the group with
MUOQ. Therefore, obesity is associated with the interrelated
alterations in all three mesenchymal stem cell differentiation
branches: adipogenic, myogenic, and osteogenic. It should
be noted that positive correlations between insulin and leptin
are observed in all studied groups. These are maximal in the
group with MHO, which suggests that the effects of insulin
on the adipose tissue are preserved, and are minimal in
the group with MUO, which could be indirect evidence of
the adipose tissue insulin resistance. Also noteworthy is the
change of the FGF21 regulatory effects with the development
of obesity. In healthy donors and patients with MUQO, this
myokine positively correlates with the other myokine,
myostatin, while in patients with MHO is correlates with
adiponectin and myostatin. Perhaps the FGF21-adiponectin
regulatory axis is one of the compensatory mechanisms in
the adipose tissue-muscle tissue system that allows the
adipose tissue to retain insulin sensitivity in obese patients
and prevent lipotoxicity.

To assess alpha diversity of the bacterial community in
the studied groups, we calculated the Simpson and Shannon
phylogenetic diversity indices, Chaol1 index, and OTUs.
Significant differences in the phylogenetic diversity index and
Chao1 index between controls and obese patients have been
found, which suggest reduced alpha diversity in fecal samples
of obese patients. However, there are no differences in the
Shannon index between groups 1 and 2 [21, 22].

It should be noted that the Shannon index, Chao1 index,
and OTUs were significantly higher in patients with MHO than
in the group with MUO and the group of healthy donors. The
increased alpha diversity is likely to be a protective mechanism
of the microbial community that prevents metabolic disorders
in obese individuals.

The large-scale correlation analysis that revealed positively
related (r = 0.3) clusters typical for each obese phenotype
was performed in subgroups 2a and 2b. Thus, the following
clustering type was typical for the subgroup of patients
with MHO: 1) correlations of glucose levels with inverse
gut microbiome diversity indices (Berger—Parker index,
Gini-Simpson index, inverse Simpson index); 2) correlations
of the levels of leptin, insulin, irisin and HOMA values with the
VEGF concentrations; 3) correlations of the FGF21 and HDL-C
concentrations with the direct gut microbiome diversity indices
(Chaot index, OTUs, Shannon index, Simpson index) (Fig. 1).

Clustering of the correlation between glucose levels and
inverse gut microbiome diversity indices demonstrates the
relationship between microbiota and glucose levels, it suggests
that gut microbiota of individuals with MHO affects glucose
concentration and probably keeps glucose at normal levels,
despite the presence of obesity. Clustering of the correlation
between VEGF levels and the carbohydrate metabolism
indicators together with insulin sensitivity shows that hypoxia
has a regulatory effect in individuals with MHO. Clustering of the
correlation of the direct gut microbiome diversity indices with
the FGF21 and HDL-C levels suggests that microbial diversity
has a protective effect in individuals with this obese phenotype,
probably due to preservation of the microbiota—liver—adipose
tissue regulatory axis.

It is important to note that no clustering of the gut microbiota
diversity indicators with the glucose levels typical for MHO was
observed in patients with the MUO phenotype. This suggests
the loss of gut microbiota influence on the regulation of blood
glucose levels (Fig. 2). Furthermore, inverse diversity indices in
individuals with MUO were highly correlated to BMI, SBP, DBP,
LDL-C, TC, HOMA-IR, and insulin, while direct gut microbiome

Table 5. Characteristics of the stool microbiome alpha diversity in the studied groups of patients

Indices Group 1 Group 2 Subgroup 2a Subgroup 2b
(control) (obesity) (MHO) (MUO)
Simpson index 0.981 [0.979-0.982] 0.977 [0.975-0.981] 0.978 [0.971-0.986] 0.976 [0.973-0.981]
Shannon index 7.80 [7.71-7.90] 7.82[7.63-8.11] 8.28" [7.67-8.76] 7.63t [7.46-7.90]

Chao1 index 4010.16 [3871.53-4256.37]

4018.56" [3647.52-4492.64]

4899.13" [4139.88-5384.25] 3631.751 [3214.01-4118.26]

OTUs 1974.50 [1865.86-2060.00]

2015.00 [1930.17-2285.94]

2479.00" [1982.88-2727.61] 1930.001 [1743.64-2125.33]

Note: the data are presented as median and 95% confidence interval; * — significant differences from group 1 (o < 0.05); T — significant differences from patients with

MHO (p < 0.05)
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Correlation between clinical, ELISA and diversity data for metabolically-healthy_obesity
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Fig. 1. Clustermap of the correlations between glucose, adipokines, myokines,
with MHO

diversity indices were highly correlated to myostatin, TG, VEGF,
FGF21, resistin, and leptin. This suggests that the decrease in
the microbial community diversity in individuals with this type
of obesity is directly related to the clinical and biochemical
manifestations of metabolic syndrome and type 2 diabetes
mellitus.

The results obtained suggest that gut microbiota plays
different regulatory roles in the gut microbiome-liver—
muscle/adipose tissue axis in individuals with various obese
phenotypes. The findings also provide evidence of the
emergence of abnormal relationships associated with MUO.

DISCUSSION

The roles of microbial community and endocrine factors
of adipose and muscle tissues in obesity are quite fully
investigated [2, 4, 5]. However, these studies rarely
addressed the differences between the obese phenotypes
and the correlations of the microbiome characteristics
with the adipokine and myokine levels. Our study revealed
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lipid profile and the gut microbiome diversity indicators for the group of patients

alterations in the serum adipokine and myokine profiles
consisting of the significant decrease in the adiponectin levels
amid the increasing levels of insulin, leptin, and asprosin. This
generally reflected the development of insulin resistance, leptin
resistance, and, therefore, impaired storage function of adipose
tissue and appetite regulation. Downregulation of adiponectin
is consistent with the data obtained by other authors [1, 6].
Similar patterns have been previously shown for the levels of
leptin and insulin [1, 23]. Higher adiponectin levels and lower
leptin levels in healthy individuals are probably due to the lack
of terminal adipocyte hypertrophy, preserved adipocyte storage
function and metabolic plasticity. That is why such adipocytes
must be characterized by high insulin resistance. At the same
time, obese individuals may show hyperplasia and hypertrophy
of adipocytes, the cytoplasm of which is completely filled with
TG. These block further TG deposition in accordance with
the negative feedback principle and, consequently, disrupt
adipocyte metabolic plasticity [24]. Such remodeling results in
ectopic fat accumulation and altered adipocyte morphology,
being the triggers of insulin resistance associated with the
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Correlation between clinical, ELISA and diversity data for metabolically-pathological_obesity

U nwyxX>2xX XUy unuw [ ==
2iSS883858ELESS
Schccsccrovliivnsg
c c ——E‘——gnocﬁog
i i i cw ODss5cC&m5=
Ezggogcg8a?88a8?
04200060038 we2T 50
st SBEEEE-B8L89d8EFEYD
gﬁ..qmgmgmgg‘é‘m..g
S CEQUag@ePEBoTm
O ma:= o B i
Lc-0dwmen S ggscm
vad .  >c=0 0 S Hon =2
o= scad=o0 L~ >0 ©
Ed4 c-Z Ef HEOCE
3 = O Fa= =
i < c o =08 3
o 1 v w2 F
S < c gt =
= C ££v0 v
ov

Fig. 2. Clustermap of the correlations between glucose, adipokines, myokines,

with MUO

decreased adiponectin levels and the increased leptin levels.
Elevated leptin levels are probably associated with leptin
resistance, in which smaller amounts of leptin would reach the
brain, thereby decreasing activation of the signaling pathway
for body weight regulation. Leptin resistance at the blood-brain
barrier (BBB) level is due to the receptor saturation effects
caused by excess leptin or reversible inhibition by circulating
factors, such as TG [25].

Information about the role of asprosin in obesity is extremely
fragmented [26]. The results of this study show higher asprosin
levels in obese patients compared to healthy individuals. In the
study the levels of asprosin in obese individuals are higher than
that in healthy people. It is well-known that asprosin secreted
by white adipose tissue increases appetite. Since obesity is
associated with the increase in the number of adipocytes, then
the asprosin levels increase, which, in turn, results in activation
of orexigenic neurons by the agouti-related protein (AgRP)
and increased appetite to form a vicious circle [27]. Therefore
there are speculations that asprosin can contribute to the
development of obesity by affecting food intake.
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lipid profile and the gut microbiome diversity indicators for the group of patients

MHO is characterized by alterations that are similar in all
types of obesity, however, lipoxicity manifestations are minimal.
The maximum leptin levels, highest correlation between insulin
and leptin, and the relationship between FGF21 and adiponctin
are typical for this phenotype. On the one hand, this shows
preserved effects of insulin in the adipose tissue, and on the
other hand activation of the FGF21-adiponectin regulatory
mechanism probably allowing to preserve insulin sensitivity of
adipose tissue in individuals with this obese phenotype and to
prevent lipotoxicity. The relationship between the gut microbial
community diversity and the clinical and laboratory indicators
suggests that microbiota is involved in regulation of glucose
levels and that the diversity indices have a protective effect on
the indicators of cholesterol metabolism, which is probably
evidence of preserved microbiota-liver-adipose tissue
regulatory axis.

As we have shown earlier, alterations in the share of the
main microbiome members, Bacteroidetes and Firmicutes,
associated with MHO are less severe than these associated with
MUO. Perhaps these alterations are not critical for metabolic
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function of the microbial community as a whole, as well as for
production of regulatory molecules and metabolites (indoles,
kynurenines, short-chain fatty acids, secondary bile acids,
vitamins, and essential amino acids), and are compensated by
the increased diversity that consequently ensures preservation
of the microbiota—liver—adipose tissue regulatory axis.

MUOQ is characterized by the most severe manifestations
of the carbohydrate metabolism disorders, lipotoxicity, and
dyslipoproteinemia. Furthermore, patients with MUO have
lower adiponectin and leptin levels than patients with MHO.
The significantly increased FGF21 levels have been also
found in individuals with MUO. Perhaps, elevated FGF21
levels associated with MUO constutute a dysfunctional
compensatory mechanism for hyperglycemia, since adipocytes
that have reached critical hypertrophy show insulin resistance
and are unable to utilise glucose. In this regard, there is a
need to form an extra glucose metabolism pathway in order
to relieve hyperglycemia. In particular, the increase in the
muscle metabolism rate activates glucose utilization by the
muscle tissue (myokine FGF21). It is important to note that the
missing relationship between the glucose levels and the gut
microbiome alpha diversity indicators is a feature of the MUO
phenotype. This is indicative of the loss of regulatory effects by
the gut microbiome in the microbiota-liver-adipose tissue axis
and the emergence of abnormal relationships in individuals with
this obese phenotype.

The cause of lower adiponectin concentrations in individuals
with MUO compared to MHO is unknown, however, it can be
related to the MUO-associated chronic hyperinsulinemia that
suppresses adiponectin production by adipose tissue and
thereby generates a feedback loop for the decreased insulin
secretion caused by insulin resistance [3, 28]. In our study
the leptin levels found in patients with MUO were significantly
higher than these found in patients with MHO. Such results
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and promotion but also in the development and production of
pharmaceuticals [3].

Given the current political and epidemiological conditions
and the fact that foreign pharmaceutical companies are superior
to their Russian national counterparts, it can be said that
industrial policy is an important practical tool for the Russian
economy. During the initial adaptation, import substitution
efforts proved to be insufficiently effective and rather costly [4].

This article defines the industrial policy measures that have
to do with informational and consulting aspects, research and
technical parts, innovations and economic factors.

Russian Pharmaceutical Industry

Pharmaceutical companies have always found production of
drugs an investment appealing sector of the Russian economy,
since Russian market is one of the largest markets for medicines
worldwide and it continues to grow. June 2021 through June
2022, the size of the commercial drugs market of the country
was about 1.3 ftrillion rubles. In rubles, it has increased by
29.2% first six months of 2022 over first six months of 2021
[1]. Pharmaceutical industry is strategically important: health of
the population hinges on timely provision of high-quality drugs
and cannot be critically dependent on imports. Over the past
9 years, 62 integrated pharmaceutical production complexes
have been opened in Russia and 16 factories launched;
there are over 500 pharmaceutical companies currently in
business that stably produce drugs with sanctions in the

Industrial policy measures

The industrial policy measures being implemented in Russia
(and within its pharmaceutical industry in particular) were

background, but this is not enough to foster competition, it is
necessary to pursue an industrial policy aimed at developing
the pharmaceutical market [2]. In Russia, foreign companies,
such as OTCPharm, Bayer, Stada, GlaxoSmithKline, Sanofi,
remain the leading players, and they specialize not only in sales
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developed with the current political and epidemiological
circumstances in mind (see Table) [5, 6].

In addition to the above industrial policy measures, it
is necessary to pursue a staffing policy, since economic
sustainability of pharmaceutical companies depends on
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Table. Industrial policy measures and tools of state support. (According to: Kalinin A. Developing a balanced industrial policy: structuring goals, objectives, tools.

Questions of Economics. 2012; (4): 132-146.)

# Industrial policy measures

Tools of state support

1 Encouragement of consumption of domestic drugs

State purchasing of products from domestic producers

2 | Regulation of drug imports

Non-tariff regulation of imports, technological barriers

3 | Drug exports stimulation and support

Tax incentives for the exports, simplified customs procedures

4 | Stimulation of technological development

Provision of resources to support innovations and technological
development

5 | Public private partnerships

Joint ventures

Support of development of intersectoral territorial production
complexes (clusters)

Organizational and financial support of organization and development of
clusters

Organization of cooperation between educational and research institutions,
producers and industry bodies

7 | Direct support of investments by the government

Interest rate or cost subsidies, milder deposit requirements, other
preferences

8 | Tax incentives for investments

Privileges

competitive human resources. Their skills, professional training
and qualifications ensure improvement of the production
efficiency. The demand for highly qualified personnel has long
exceeded supply thereof, and the labor market has been seeing
a significant shortage of the respective labor resources [7].

Regulations allow sales of drugs in foreign packaging in the
Russian Federation until December 31, 2023, subject to the
availability of labeling in Russian [8]. In addition, drug suppliers
are required to give a 6-month advance notice of their plans to
leave the pharmaceutical market [9].

Stimulation of domestic consumption was analyzed in one
of the studies investigating group buying of medicines in low-
and middle-income countries [10]. The authors of that study
looked into the structure of pharmaceutical markets in India
(Kerala state), the Philippines, Senegal, Serbia, South Africa
(states of KwaZulu-Natal, Northern, Western and Eastern
Capes), Tunisia and Zambia. The data covered purchases of
40 drugs from 16 therapeutic areas (most of them — generics)
made in 2015 through 2017. The results of the study allowed
identification of two consistent patterns. First, the increased
demand for drugs produced in low- and middle-income regions
reinforces the position of their producers as awardees of the
public procurement contracts. Secondly, centralized buying
means purchasing of large amounts, which, for governments,
translates into volume discounts. Thus, centralized bulk
orders of pharmaceuticals in the public sector drive the prices
down [10]. It is possible to stimulate national consumption of
domestically produced drugs under the following conditions:
population of the country has access to all necessary drugs;
producers have sufficient capacities and human resources;
and supporting them does not cause critical damage to the
economy as a whole.

Otherwise, reducing the prices requires regulation of imports
of drugs. For example, in the US, purchases of prescription
drugs account for 10% of the total healthcare spending: in
2016, the prescription drug sales there amounted to over $448
billion. A study by the Kaiser Family Foundation established
that in 2019, the average spending by Medicare beneficiaries
on various hematologic drugs was as follows: venetoclax —
$8712/year, imatinio — $8983/year, acalabrutinio — $10,175/year,
midostaurin — $11,830/year, lenalidomide — $14,461/year. Both
consumers and policy makers have underscored the significant
differences in cost of drugs in the US and other industrialized
countries. Many of these drugs are new, there are yet no
generics and biosimilar medicines that could put pressure on
their prices. In order to drive the said consumer prices down, it
was proposed to allow additional large-scale imports of drugs

from the following countries: Australia, Canada, Israel, Japan,
New Zealand, Switzerland, South Africa, EU member states
and member states of the European Economic Area [11].

In Europe, the US and other countries with strict patent
laws, competing producers are not allowed to produce generic
drugs or biosimilar medicines even if they are made only for
export to a country where the respective patents are invalid,
have been obtained or have expired. This situation encourages
producers of generics to systematically grow their capacities in
potential export markets and not in Europe or the US, while the
patents still have to expire. European market is expected to gain
from non-renewal of patents in other countries, the respective
benefits taking the form of additional exports worth about
$1 billion per year and about 25000 new jobs [12]. In Russia,
holder of a pharmaceutical patent is protected legally as per the
international standards. However, in some cases, patent law
conflicts such factors as the security of the state, protection of
life and health of the citizens, public welfare and technological
progress. In this connection, the state implements mechanisms
to regulate such conflicts, such as limitation of effect of the
patent law in the form of compulsory licensing [13].

In recent years, as part of implementation of the European
Union's industrial policy there was established a public-
private partnership called Innovative Medicines Initiative
(IMI), which seeks to actively develop innovative drugs. The
objectives of IMI are to accelerate the development of more
effective and safer drugs by designing reliable and validated
study patterns, to eliminate the poorly predictable preclinical
models, to develop new biomarkers and drug targets and
to create tools and methods enabling prediction of adverse
reactions to drugs. With around €5 billion in funding, IMI can
boost drug development in Europe by 2024. Currently, the
initiative supports 86 consortiums comprised of 593 research
groups that are members of the European Federation of
Pharmaceutical Industries and Associations (EFPIA), as well as
1214 academic partnership groups and 249 other partnership
groups. IMl is engaged in all types of pharmaceutical research,
including development of biomarkers, drugs against infectious
diseases and diseases of the central nervous system [14].

In Russia, pharmaceutical clusters have been created since
2010 as part of implementation of the industrial policy [15]. One
of the main exporters working with the Kaluga pharmaceutical
cluster is Liston, a vendor that supplies medical products to 35
countries and operates in more than 50 countries. The cluster
also cooperates with Eurobiomed, Bavaria and MediconValley.
The export revenue of residents of the Kaluga region's
pharmaceutical, biotechnological and biomedical cluster
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is expected to double by 2024 and amount to $160 million
while employing 11.3 thousand people, but the real foreign
policy situation may adjust the estimated export figures: the
trade with the European and American companies shrinks and
new trade relations between Russia and countries of the East
and South Asia evolve [16, 17]. Therefore, it is important to
mention the Chinese and Korean experience of implementation
of the industrial policy measures. Some of the key measures
in China are beneficial lending, tax cuts, subsidies and relaxed
requirements for companies wishing to enter the market. The
industrial policy can improve the efficiency of resource allocation
and promote industrial development [18]. South Korea has
adopted the Western model of industrial policy measures,
which include, for example, barriers to imports [19].

Seeking to stimulate research and development of the
new drugs, the government of the Russian Federation will
provide subsidies to pharmaceutical companies. There
are two main subsidies allocation strategies: subsidies for
innovative resources and subsidies for innovative products. For
companies, subsidies mean better profits, and for the state —
stimulation of innovations by the companies and improvement
of the social welfare [20].

There are also tax incentives supporting investments
into the pharmaceutical industry in Russia. For example, the
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MIDTERM SEVERE FOREFOOT DEFORMITY TREATMENT OUTCOMES IN ELDERLY PATIENTS
Egiazaryan KA, Ratyev AP, Miroshnikova EA, Zhavoronkov EA, Abilemets AS =
Pirogov Russian National Research Medical University, Moscow, Russia

Severe complex deformities of the forefoot in elderly patients with no rheumatoid arthritis result in the pronounced decrease in quality of life, chronic pain, reduced
mobility, failure to get shoes for everyday use, exacerbation of the concomitant somatic diseases. The use of conventional joint preservation techniques in such
patients often leads to the deformity relapse, persistent pain, and the need for revision surgery that is often impossible due to worsening of the patients' general
somatic status and local functional status. The study was aimed to improve surgical outcomes in elderly patients with no rheumatoid arthritis who had severe forefoot
deformities. The prospective cohort study that involved allocation to the retrospective group for comparison of surgical outcomes in 65 patients was carried out
in 2016-2019. The results obtained before and after surgery were assessed using the FFI, AOFAS Hallux, and AOFAS Lesser Toes scores. The Maryland scores
were used to assess the outcomes during the postoperative period. The study revealed significant differences in treatment outcomes based on the AOFAS Hallux
(p = 0.0001), AOFAS Lesser Toes (p = 0.0001), FFI (p = 0.0001), and Maryland (p = 0.0001) scores. In view of the elderly patients' specific nature, the radical
surgical techniques that do not ensure joint preservation may be considered as effective and predictable methods of correction aimed at reducing the rate of revision
surgeries. These techniques represent a one-step method to improve the quality of life of elderly patients.
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CPEHECPO4HbIE PE3Y/LTATbI JIEHYEHUA TAXKEJION JE®OPMALN NEPEAHETO OTAENA CTOMbI
Y MALUMEHTOB MOXXNJ10I0 BO3PACTA

K. A. ErvasapsH, A. M. Patees, E. A. MupoLuHvkosa, E. A. XKasoporkos, A. C. AGunemet, =
Poccuinckumin HaumoHanbHbIN MCCNeAoBaTENbCKN MEQULIMHCKMIA yHBEpCUTET umeHn H. . Muporosa, Mockea

KomnnekcHble Tskenble aeopmManmmn nepegHero oTaena CTombl y NOXUIbIX NaUMEHTOB, He CTPafaroLLmMX PEBMATONAHBIM apTPUTOM, XapakTepuayoTcs
BbIPaXKEHHbIM CHVDKEHNEM KadecTBa >KU3HW, (POPMUPOBAHNEM XPOHUHECKOrO 60NEBOrO CUHAPOMA, CHUDKEHNEM OBLLIE MOBWIBHOCTN C HEBO3MOXHOCTHIO
nopbopa obyBY ANt EKEOHEBHOrO UCMONb30BaHNS, YCyrybneHnem TeHeHUs COMyTCTBYIOLLWX COMAaTUHeckux 3abonesaHuii. 1cnonb3oBaHne KNacCuyeckyix,
COXPaHSIOLLIMX CYCTaB TEXHUK Y AaHHbIX MALWEHTOB 3a4aCTyto MPUBOAMT K peLmansy AedopmMaLiim, CTOMKOMY COXPaHeHMo 601eBOrO CUHAPOMA, HEOOXOAUMOCTH
PEBU3NOHHbIX BMELLATENCTB, YacTO HEBO3MOXHbIX 13-3a YCYrybneHus obLLecoMaTNHeckoro Ui MecTHOro cratyca nauveHTa. Llensto nccneposaqus 6bi10
YAYSLLUTL Pe3yNTaTbl XUPYPrHeCKOro SIeHeHIst MaLMeHTOB MOXINONO BO3PacTa, He CTPafaioLLIVX PEBMATOMAHBIM apTPUTOM, C Tshkeno AedopmaLiiel nepeaHero
otaena cronbl. MpoBeaeHO MPOCMEKTUBHOE KOrOPTHOE WCCEAOBaHME C BbIAENEHNEM PETPOCMIEKTVBHON MPYMMbl CPABHEHWS PE3YSLTATOB OMEPaTVBHOMO fIeHeHNS
65 naupeHToB, ¢ 2016 no 2019 r. Pegynsrarbl O 1 nocne onepauuy oueHvsany no wkanam FFI, AOFAS Hallux, AOFAS Lesser Toes. OLeHKy pesynsraTtos
B MocneonepawLyioHHoM neprofe NpoBoamav no wkane Maryland. B nccnenosaHnmy nonydeHbl CTaTUCTUHECKN 3HAYMMbIE Pas3nnymns pesynstatoB ledeHunst no
wkanam AOFAS Hallux (p = 0,0001), AOFAS Lesser Toes (p = 0,0001), FFI (p = 0,0001), Maryland (p = 0,0001). B cBsidvi cO cneumdmnyHOCTBIO MOXKUIbIX NaLVEHTOB
paavKanbHble METOOVKW, HE COXpPaHsioLme CycTas, MOryT ObITb PACCMOTPEHbI Kak a(PMEKTVBHBIN NPEACcKa3yeMblii CNOCOO KOPPEKLMM, HanpaBneHHbIN Ha
COKpALLiEHNE PEBU3VIOHHbBIX BMELLATENBCTB, U ABNSIOTCA OOHO3TarNHLIM METOAOM YIyHLLEHVS Ka4eCcTBa XU3HN NOXbIX NaLyIeHTOB.

KntoueBble cnosa: niocko-BanbrycHas gedopmManys, Metatap3anris, nepegHnin OTAen CTomMb!

Bknapg aBtopoB: K. A. ErvazapsiH — nocTtaHoBka nNpobnemaTviki neveHns AaHHbIX NaunMeHToB, pefakTupoBaHune ctaten; A. I1. PatbeB — KOHLEenums
1ncenenoBaHns, pabota ¢ nUTepaTypoit, MHTepnpeTaLmsa pesynsratoB neverns; E. A. MypoLwHMKoBa — pa3paboTka KOHLENLMN CCNefoBaHNs, TEOPETUHECKOE
0B0CHOBaHME NeYeHNs NaUMeHTOB, ONepaTyBHOE NeYeHre N HabntoaeHVe 3a nauneHTamm, coop 1 aHanma AanHblx; E. A, 2KaBOpOHKOB — neveHne naumeHToB,
nocneonepaunoHHoe BeieHne, OLeHKa CPeaHECPOYHbIX Pe3ynsTaTtoB nevdeHrs; A. C. Abrunemel, — onepaTtvBHOE neveHve, HabnogeHne 3a naumyeHtammn, coop
1 aHanM3 AaHHbIX, OLLeHKa CPEAHECPOYHBIX PE3YNLTATOB NIEYEHUS, PEAAKTVPOBaHME CTaTby.

CobniogeHne aTMYeCcKnX CTaHAapToB: 1CCNeaoBaHne ogobpeHo atndeckum kommtetom PHYIMY um. H. . TuporoBa MuHagpasa Poccum (mpoTtokon Ne 181
oT 28 aHBaps 2018 r.). Bce nauneHTbl nognucani nHopMMpPOBaHHOE Cornacue Ha y4acTue B UCCNenoBaHnm.
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Surgical treatment of elderly patients with forefoot deformities When developing the treatment tactics, it is necessary to
is a challenging task. The static complex deformity that involves  take into account not only the foot deformity and the bone
deformities of two or more rays of the foot together with severe  tissue quality together with the features of selecting metal
hallux valgus and rigid lesser ray deformities is difficult to  fixators [1], but also the neurocirculatory status of the limb, local
correct by conventional surgical methods. functional status of the soft tissues, the presence and course
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of chronic concomitant disorders,taking various medications
in order to ensure compensation, the need to minimize the
patient's hypodynamia, his/her social status and ability to
adequately execute the more or less complex postoperative
instructions [2].

It is worth choosing more predictable tactics of surgical
correction in order to minimize the risk of the deformity relapse,
chronic pain, and the need for revision surgical interventions.

Regardless of numerous options for correction of severe
static complex forefoot deformities, there is still no consensus
on management of elderly patients [3]. The currently existing
treatment tactics are often based on the surgeon's personal
experience only [4].

Given high perioperative risk, it is recommended to use
conservative therapy in many elderly patients. However,
conservative treatment of patients with no risk of surgical
intervention fails to restore the patients' motor activity or
improve their quality of life. Furthermore, it is often impossible
due to high cost and inaccessibility of orthopaedic devices [5].
Moreover, some authors note the increased injury rate in elderly
patients that is associated with alterations of gait stereotype
due to severe foot deformities [6], while surgical treatment
makes it possible to restore the patients' freedom of movement
and improve their quality of life despite all the risks [7].

Regarless of the fact that satisfactory forefoot deformity
treatment outcomes can be generally achieved by surgical
correction, the share of adverse outcomes is still high (25-33%)
[8]. It would be several times higher in the group of elderly
patients, that is why the revision surgery rate would also increase.

The attempts to correct severe deformities in these patients
by conventional joint preservation techniques often lead to
failure because of the morphological features of persistent
deformity, such as severe cicatricial adhesion of the sesamoids,
which cannot be corrected without aggressive loosening
of soft tissues, the need for pronounced lateralization of the
first metatarsal distal fragment and the failure of fixation due
to osteoporosis of various origins and minimal bone contact
after the bone fragment displacement, because of the high risk
of the first metatarsal head avascular necrosis associated with
abnormal vascularization, development of severe degenerative
arthrosis of first metatarsophalangeal joint after correction
due to underestimation of the initial injury to the cartilage and
subchondral bone [9]. All of this leads to progressive first ray
deformity and abnormalities of the stance and pushoff phase
[10], incomplete PASA correction, and the development or
recurrence of pre-existing transfer metatarsalgia [11], the
development of extensive soft tissue damage associated
with abnormal circulation due to massive releases [12],
symptomatic pseudarthrosis [13]. The rigid dislocations of the
lesser toe proximal phalanges with the contracture formation
and shortening of the toe neurovascular bundles increase the
risk of tissue necrosis and toe gangrene after the dislocation
management involving insufficient shortening of the ray [14].
The degenerative damage to the fixing soft tissue structures,
sich as the plantar plate and the collateral ligaments of
metatarsophalangeal joints increase the intraoperative time
and the soft tissue injury when attempting to restore these
structures using grafting or suture, while lesser metatarsal
osteotomy often results in symptomatic pseudarthrosis with
severe metatarsalgia [15].

All the above circumstances result in the need to rely on
more predictable surgical methods and the methods that
make it more likely to avoid revision surgery and provide radical
treatment to rid the patient of symptoms when choosing the
surgical treatment tactics for this extremely complex group of

patients. The radical surgical technique that does not ensure
joint preservation that has been first proposed for treatment of
patients with rheumatoid arthritis is one of such methods.

The study was aimed to improve surgical outcomes in
elderly patients with no rheumatoid arthritis who had severe
forefoot deformities using the surgical technique that did not
ensure joint preservation.

METHODS
Study design

The prospective cohort study that involved allocation to the
retrospective group for comparison of surgical outcomes
in patients who received treatment at the Department of
Traumatology, Orthopedics and Military Field Surgery (Pirogov
Russian National Research Medical University) and the
University Clinic of Traumatology and Orthopedics (City Clinical
Hospital Ne 1, Moscow) was carried out in 2016-2019. The
average period of the treatment outcome estimation in the
control group was 34.26 + 9.48 months, while the average
period of the treatment outcome estimation in the index group
was 27.73 + 6.31 months.

All the patients were operated by the same surgical team
under spinal anesthesia. The follow-up examination of the
patient after surgery was conducted by the surgical team
members at weeks 6, 12, 24 after surgery and during the
patient's last visit. The post-surgical instrumental examination
of the feet that involved the forefoot radiography in the
anteroposterior and oblique projections was also performed at
weeks 6, 12, 24 and during the patient's last visit.

Patients

The study involved 65 patients, among them all were females.
This can be explained by predominance of symptomatic foot
deformities in women. The average age of the studied patients
was 72.69 + 5.54 years.

Inclusion criteria: age over 65 years; no established
diagnosis of rheumatoid arthritis; severe first ray foot deformity
according to the Coughlin classification; rigid hammertoe
deformity of one or more lesser toes with dislocation of the
metatarsophalangeal joint that cannot be fixed during clinical
assessment; no clinical effects of conservative therapy.

Exclusion criteria: age under 65 years; history of surgical
correction of the forefoot; mild-to-moderate first ray foot
deformity according to the Coughlin classification; elastic
deformities of the lesser toes.

Reconstructive surgery of single foot was performed in
all groups. The patients were divided into two groups in
accordance with the applied technique.

The control patients were operated using the conventional
joint preservation techniques. The control group included 35
patients.

The following surgical
conventional.

Correction of the first ray of the foot in the control group:

— distal metadiaphyseal osteotomy of the first metatarsal
(SCARF, Chevron, Maestro);

— Akin osteotomy of the great toe proximal phalanx;

— Lapidus procedure;

— metatarsophalangeal joint resection arthroplasty.

The correction options were used in combinations (Table 1).

Correction of the lesser rays of the foot in the control group
was performed by the following methods:

methods were considered as
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Table 1. Characteristics of the first ray surgeries
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Characteristics of methods Total number of patients Number of cases, abs Share of cases, %
Distal osteotomies + Akin osteotomy 35 22 62.9%
Lapidus procedure + distal osteotomy 35 16 45.7%
Metatarsophalangeal joint resection arthroplasty 35 5 14.3%

— distal minimally invasive metatarsal osteotomy (DMMO);

— Weil osteotomy without bone fixation in accordance with
our patented method (RF patent No. 2705233);

— Weil osteotomy with bone fixation;

— resection arthroplasty of the proximal interphalangeal
joints of the lesser toes (Table 2).

Patients of the index group (n = 30) were operated using
the technique that did not ensure joint preservation known as
the Hoffman-Clayton procedure, which included arthrodesis
of the first metatarsophalangeal joint, 2"-5" metatarsal head
resection, resection arthroplasty of the proximal interphalangeal
joints involving transcutaneous fixation of the 2"-5" toes
with wires in the metatarsal canals, or using our patented
method (RF patent Ne 2742447), which included arthrodesis
of the first metatarsophalangeal joint and fixation with a plate,
2nd-4th metatarsal head resection, resection arthroplasty of
the proximal interphalangeal joints involving transcutaneous
fixation of the 2"-4™ toes with wires in the metatarsal canals,
minimally invasive oblique proximal diaphyseal osteotomy of
the fifth metatarsal without metal fixation.

Postoperative management of patients

On day two after surgery the patient was bandaged to ensure
elastic toe fixation in the position of metatarsophalangeal joint
overcorrection (plantar flexion) in the control group or the
position set by metal fixators in the index group.

On day 14 the dressings were changed and the stitches
were removed from the postoperative wound, the patient was
bandaged again to ensure the position of metatarsophalangeal
joint overcorrection till day 28 after surgery. After that the
dressings were removed in both groups. In the index group the
fixing wires were also removed on day 28 after the intervention.

All the parients were allowed the operated limb loading
since the next day after surgery using special orthopedic shoes.
The guidelines on wearing orthopedic shoes varied depending
on the type of the first metatarsal reconstructive surgery type.
Shoes had been used for 6 weeks after distal osteotomy or
for 8 weeks after the first metatarsophalangeal joint arthrodesis
and the Lapidus procedure.

Methods for assessment of the results

The following preoperative and postoperative radiological
parameters were assessed:

— hallux valgus angle (HVA; the angle between the
longitudinal axes of the first metatarsal and the first proximal
phalanx of the hallux);

— intermetatarsal angle (IMA; the angle between the
longitudinal axes of the first and second metatarsals);

Table 2. Characteristics of the main lesser ray surgeries

— proximal articular set angle (PASA; the angle formed
by the articular surface of the first metatarsal head and the
longitudinal axis of the first metatarsal).

The function of the foot was assessed before and after
surgery using the folowing scores: FFI (Foot Functional Index),
AOFAS (American Orthopaedic Foot and Ankle Society Score)
Lesser Toes, AOFAS (American Orthopaedic Foot and Ankle
Society Score) Hallux. The results were also assessed using the
Maryland score during the postoperative period.

According the the results obtained (Table 3), there were
no significant intergroup differences in the main preoperative
assessment criteria. However, it should be noted that statistical
processing has revealed differences in the PASA and IMA
scores. This can be explained by errors of positioning for
radiography and small size of the patient sample.

Statistical analysis

When comparing two groups based on the numerical indicators,
the mean values and standard deviations were used in the M = S
format. The nonparametric Mann-Whitney U test was used
to compare two groups by quantitative variables. Statistical
significance of intergroup differences for binary and categorical
variables was defined using the Pearson's chi-squared (x°)
test. Analysis of the dependent variables for comparison of two
periods was based on the nonparametric Wilcoxon signed-
rank test. The significance level was set at 0.05. Statistical data
processing was performed using the Statistica 10 and SAS
JMP 11 software packages.

RESULTS

The data obtained (Table 4) suggest that there were significant
differences in all the indicators between two comparison
groups. The most significant were the differences in the FFl
scores between the controls and the index group (on average
by 26.0%; p < 0.0001); the AOFAS Lesser Toes scores between
the index group and the controls (on average by 33.1%;
p < 0.0001); the AOFAS Hallux scores between the index group
and the controls (on average by 19.6%; p < 0.0001).

The analysis of the dynamic changes in these parameters
before and after treatment is provided in Table 5.

The findings suggest that all the indicators have changed
significantly. The most significant are the changes in
the FFI scores (in the control group) (on average by 34.5%;
p < 0.0001); the AOFAS Lesser Toes scores (in the control
group) (on average by 29.9%; p < 0.0001); the AOFAS Hallux
scores (in the control group) (on average by 43.0%; p < 0.0001).

Statistical processing has also revealed the risk factors
that most often lead to satisfactory and adverse treatment

Characteristics of methods Total number of patients Number of cases, abs Share of cases, %
DMMO 35 6 17.1%
Weil osteotomy without bone fixation 35 17 65.4%
Weil osteotomy with bone fixation 35 9 34.6%
Resection athroplasty 35 26 74.3%
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Table 3. Comparison of two groups based on the radiological criteria and foot function assessment results obtained using the assessment scales before surgery

Group
Indicator Control group Index group Significance level p
(n=235) (n=230)

Scores

AOFAS Hallux before surgery 18.77 + 11.44 16.03 + 5.80 0.8312
AOFAS Lesser Toes before surgery 19.63 + 13.61 18.10 + 5.86 0.4009
FFI before surgery 68.74 + 12.93 72,87 + 12,66 0.2009
Radiological criteria

HVA before surgery 54.26 + 6.55 55.67 +9.13 0.7366
IMA before surgery 19.77 £ 1.99 17.93 £ 2.79 0.0055
PASA before surgery 33.60 + 7.61 37.57 £ 7.05 0.0168

outcomes based on the AOFAS Hallux, AOFAS Lesser Toes,
FFI scores of the control group obtained before surgery.

The AOFAS Hallux and AOFAS Lesser Toes scores below
75 were considered as satisfactory and adverse treatment
outcomes. The FFI scores above 40% were considered as
satisfactory and bad.

Significance of the indicator effects on the target binary
variable was determined using the Pearson's chi-squared
(x®) test. All the factors were sorted in descending order of
significance (x? statistics) to select the key indicators of the risk
of such events, as AOFAS Hallux < 75, AOFAS Lesser Toes < 75,
FFI > 40.

Age over 70 appeared to be a significant risk factor in all the
studied groups.

AOFAS Lesser Toes — p = 0.0005

AOFAS Hallux — p = 0.03

FFI — p = 0.002

DISCUSSION

The world literature describes numerous options for surgical
correction of severe valgus forefoot deformities and various
conbinations of methods. However, selection of options for
correction does not take into account the patient's age,
circulatory status of the limb, the partient's rehabilitation
potential, and concomitant disorders. Decompensation of
concomitant disorders often makes it impossible to perform
revision surgery, thus leading to persistence of pain syndrome,
decrease in the elderly patient's daily activity, reduced quality
of life, and the need for continuous use of anti-inflammatory
drugs. Elimination of pain and prevention of the foot deformity
relapse are the main goals of the surgical treatment of severe
deformities in elderly patients. Thus, it has been shown that
cosmetic results were less important than elimination of pain
and the possibility to increase the distance traversed [16]. It is

necessary to chose more controllable, predictable, and reliable
methods of surgical correction to ensure elimination of painin this
group of patients. Arthrodesis of the metatarsophalangeal joint
and lesser metatarsal head resection are one of the options for
severe forefoot deformities in patients with rheumatoid arthritis.
This procedure that does not ensure joint preservation allows to
achieve persistent elimination of pain, radical correction of the
deformity, and the increase in the patient's daily activity.

However, a few sources assume that surgical treatment
of this type can also be suitable for correction of severe rigid
forefoot deformities in elderly patients.

Thus, assessment of 13 patients (15 feet; the average
follow-up period was 44.3 months after surgery; the range
was 20-76 months) showed that the average postoperative
satisfaction score was 9.0 (out of 10) [17]. None of the patients
in this cohort needed reoprative surgery. The pain score was
significantly reduced: from 6.2 before surgery to 1.9 after
surgery (p < 0.001). Radiological parameters (1.2 IMA, HVA)
improved after surgery (p < 0.05), the first metatarsophalangeal
joint arthrodesis union was achieved in all 15 feet.

In the retrospective study of 39 patients (56 feet) with
severe non-rheumatic forefoot deformities, 13 patients (20 feet)
underwent first metatarsophalangeal joint arthrodesis and lesser
metatarsal head resection, 20 patients (26 feet) underwent first
metatarsophalangeal joint arthrodesis and Weil osteotomy
of the metatarsal [18]. The average follow-up period was
24 months. The criteria of the patients' condition after surgery
were assessed using the AOFAS and SF-36 scores. Postoperative
satisfaction was 92% in patients after first metatarsophalangeal
joint arthrodesis and lesser metatarsal head resection and 91%
in patients after first metatarsophalangeal joint arthrodesis and
lesser metatarsal osteotomy. However, the quantity of revision
surgeries was not estimated in the studied groups. The total
SF score was 80.7 and 76, respectively. The researchers
concluded that surgery of this type could be recommended

Table 4. Comparison of two groups based on the radiological criteria and foot function assessment results obtained using the assessment scales after surger

Group
Indicator Control group Index group Significance level p
(n=35) (n=30)

Scores
AOFAS Hallux after surgery 61.80 + 13.99 81.40 + 4.54 < 0.0001
AOFAS Lesser Toes after surgery 49.49 + 13.76 82.60 + 3.34 < 0.0001
Maryland MFS 67.49 + 7.02 88.40 + 3.45 < 0.0001
Maryland MFS 34.20 + 12.59 8.20 + 4.62 < 0.0001
HVA after surgery 26.20 + 8.32 12.93 + 5.53 < 0.0001
IMA after surgery 11.20 + 2.49 12.67 +2.35 0.015
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Table 5. Estimation of the dynamic changes in the studied criteria before and after surgery

Group Indicator M + S, before M + S, after Dynamic changes Diffgﬁjr;cse(sb:feot ;lée_e:ﬂr;?an Significance level p
Control group AOFAS Hallux 18.77 £ 11.44 61.80 + 13.99 229.22% 43.08 < 0.0001
Control group | AOFAS Lesser Toes 19.63 + 13.61 49.49 + 13.76 152.11% 29.86 < 0.0001
Control group FFI 68.74 + 12.93 34.20 + 12.59 -50.25% -34.54 < 0.0001
Control group HVA 54.26 + 6.55 26.20 + 8.32 -51.71% -28.06 < 0.0001
Control group IMA 19.77 £ 1.99 11.20 £ 2.49 -43.35% -8.57 < 0.0001
Control group PASA 33.60 + 7.61 21.06 + 4.93 -37.33% -12.54 < 0.0001
Index group AQFAS Hallux 16.03 + 5.80 81.40 + 4.54 407.69% 65.37 < 0.0001
Index group AOFAS Lesser Toes 18.10 + 5.86 82.60 + 3.34 356.35% 64.5 < 0.0001
Index group FFI, 72.87 + 12.66 8.20 + 4.62 -88.75% -64.67 < 0.0001
Index group HVA 55.67 +9.13 12.93 + 5.53 -76.77% -42.74 < 0.0001
Index group IMA 17.93 £+ 2.79 12.67 +2.35 —29.37% -5.26 < 0.0001

for treatment of chronic pain associated with severe non-
rheumatic forefoot deformities.

In the retrospective study of 193 patients of whom 85 were
elderly people, all patients underwent examination 6 months
and 2 years after surgery [19]. Conventional surgical techniques
for correction of deformities, such as SCARF osteotomy of first
metatarsal, osteotomy of the proximal phalanx of the hallux
(Akin osteotomy), and the lesser metatarsal Weil osteotomy,
were used in all the patients. No significant differences in
postoperative satisfaction between the cohorts of young,
middle-aged, and elderly patients were revealed based on the
AOFAS and Sf-36 scores. However, it should be noted that
the number of bed-days in the hospital was higher in elderly
patients than in other groups, the return visits due to pain in the
opreated feet and hospital readmissions were more frequent in
the group of elderly patients. The most important fact was that
the group of elderly patients had a 5 times higher risk of the
deformity relapse.

In our study, the index group included 30 patients, all
the them were operated using the proposed method or our
patented method (RF patent Ne 2742447).

The treatment outcomes were assessed using the AOFAS
Lesser Toes, AOFAS Hallux, FFI, Maryland scores, the average
follow-up period was 27.73 + 6.31 months. In the intervention
group, we managed to ensure a significant increase in the
AOFAS Hallux score (from 16.03 + 5.80 to 81.40 + 4.54); the
average increase for the parameter was 65.37; the AOFAS
Lesser Toes score increased from 18.10 + 5.86 to 82.60 + 3.34,
the average increase for the parameter was 64.5; as for the
FFI score, we managed to improve the foot function from
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