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Ozharovskaia TA    , Popova O, Zubkova OV, Vavilova IV, Pochtovyi AA, Shcheblyakov DV, Gushchin VA, Logunov DYu, Gintsburg AL

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

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
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Т. А. Ожаровская    , О. Попова, О. В. Зубкова, И. В. Вавилова, А. А. Почтовый, Д. В. Щебляков, В. А. Гущин, Д. Ю. Логунов, А. Л. Гинцбург

РАЗРАБОТКА И ХАРАКТЕРИСТИКА ВЕКТОРНОЙ СИСТЕМЫ НА ОСНОВЕ АДЕНОВИРУСА 
ОБЕЗЬЯН 25-ГО СЕРОТИПА 

В настоящее время аденовирусные векторы широко используют в качестве вакцинных и генотерапевтических препаратов благодаря их технологичности 

и способности индуцировать стойкий гуморальный и клеточный иммунный ответ. Однако одни из наиболее часто используемых векторов для разработки 

кандидатных вакцин — рекомбинантные аденовирусы человека 5-го и 26-го серотипов (Ad5 и Ad26) становятся менее привлекательными из-за высокого 

процента населения с иммунитетом к данным векторам, вызванным вакцинацией «Спутником V». На сегодняшний день появляется тенденция к выбору 

альтернативных серотипов аденовирусов в качестве платформ для разработки вакцин против новых патогенов. Например, аденовирус обезьян 25-го 

серотипа (SAd25), принадлежащий к подгруппе E, генетически отдален от Ad5 и проявляет крайне низкую серопревалентность у людей, что делает 

его привлекательным альтернативным вакцинным вектором. Целью работы было создать и исследовать новую вакцинную платформу на основе 

аденовируса обезьян 25-го серотипа. Для конструирования и получения рекомбинантных аденовирусов использовали современные молекулярно-

биологические и вирусологические методы, для филогенетического анализа применяли биоинформатические методы. Полученный рекомбинантный 

аденовирусный вектор способен эффективно реплицироваться в производственной культуре клеток HEK293 (клетки почки эмбриона человека). 

Результаты работы обосновывают целесообразность дальнейшего исследования вектора SAd25 в качестве платформы для разработки вакцин для 

профилактики различных инфекционных заболеваний.

Ключевые слова: аденовирусный вектор, вакцинная платформа, рекомбинантный аденовирус, аденовирус обезьян 25-го серотипа
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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], ChAd68 
(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 DH5α (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 DMEM1× 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

2
 at 5%.

SAd25 genome sequencing

The SAd25 wild-type (wt-) virus strain was obtained from the 
State Collection of Viruses of II–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 

was determined using whole genome sequencing on the Oxford 
MinION 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 
SwaI site was inserted between the homology arms.

To construct the plasmid pSAd25ΔE1-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 BJ5183 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 pSAd25ΔE1-
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 NheI. The E3 region 
of the genome (nucleotides 27131–31051) was deleted using 
the NcoI and SalI 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 pSAd25-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 
PacI and SspI 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 × 106 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-HCl pH 8.0, 0.01 M NaCl, 
5 mM 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.



6

ORIGINAL RESEARCH    VIROLOGY

BULLETIN OF RSMU   1, 2023   VESTNIKRGMU.RU| |

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

А B C

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

50
) 

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 μl of calibration solutions 
(in a known concentration) and solutions of the test sample. 
Next, 10 μl 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 μl of TE solution and 
100 μl 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 qPCRmix-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 
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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
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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.

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 × 104 cells/well) at a dose of 1 × 104 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 

left homology 
arm

right homology 
arm
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Fig. 3. Cytopathic effect of adenoviruses on HEK293 cells 48 and 72 hours after transduction
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Table. Biological and physical characteristics of recombinant adenoviruses

Serotype TCID
50

/ml number of genomes/ml number of v.p./ml number of genomes/TCID
50

number of v.p./ TCID
50

SAd25-EGFP 2,15 × 109 1,79 × 1012 1,15 × 1012 833 535

Ad5-mCherry 4,64 × 109 1,01 × 1012 1,02 × 1012 218 220

Ad26-EGFP  6,81 × 109 1,88 × 1012 1,91 × 1012 276 281

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 

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 I–III 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 



9

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ВИРУСОЛОГИЯ

ВЕСТНИК РГМУ   1, 2023   VESTNIKRGMU.RU| |

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 E3 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 

nucleotide sequence of this region is not high enough and there 
will be no homologous recombination between the SAd25 
genome and the E1 region in the HEK293 cell line.

To confirm the stability of the vaccine vector throughout 
the production process it is necessary to test the genetic 
stability of the recombinant viral vector. The test involves a 
number of passages of viral vectors that exceeds the level 
used in production; the usual amount is 5–10 passages [30]. 
The frequency of mutations in the genome of a replication-
defective adenovirus is considered rare, however, this 
analysis is important for assessment of unchangeability of the 
expression cassette and, accordingly, expression of the target 
gene. We performed 10 passages of the obtained recombinant 
adenovirus SAd25-EGFP, after which the genomic DNA was 
analyzed by whole genome sequencing. The SAd25 vector was 
found to be genetically stable.

Further production and investigation of SAd25-based 
adenoviral vectors, including safety and immunogenicity 
studies thereof, and their comparison with the safety profile 
and immunogenicity of the already existing adenoviral vectors 
(including Ad5 and Ad26) will expand the panel of recombinant 
viruses that can be used as basis for development of drugs 
preventing a wide range of infectious diseases.

CONCLUSIONS

We produced a recombinant adenoviral vector based on simian 
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 
HEK293 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 
of the adenoviral vector as a platform for prevention drugs.
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SINGLE-DOMAIN ANTIBODY FOR BINDING THE CONSERVED EPITOPE 
IN THE SARS-COV-2 SPIKE PROTEIN RECEPTOR-BINDING DOMAIN 

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-СoV-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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П. О. Воробьев1, С. В. Тиллиб1,2

ОДНОДОМЕННОЕ АНТИТЕЛО ДЛЯ СВЯЗЫВАНИЯ КОНСЕРВАТИВНОГО ЭПИТОПА 
РЕЦЕПТОР-СВЯЗЫВАЮЩЕГО ДОМЕНА БЕЛКА SPIKE КОРОНАВИРУСА SARS-COV-2

В последние три года с помощью разных технологий были разработаны несколько вакцин против COVID-19, а также получено большое число вирус-

нейтрализующих антител к коронавирусу SARS-CoV-2 с целью борьбы с пандемией. Однако применение этих препаратов для профилактики и 

потенциального лечения сталкивается с существенными проблемами из-за появления новых мутантных вариантов вируса, как более контагиозных, 

так и ускользающих от иммунной нейтрализации, что постоянно требует обновления вакцин и разработки новых терапевтических антител. Целью 

данного исследования было использовать технологию создания однодоменных антител (нанотел) для таргетирования наиболее консервативных 

эпитопов рецептор-связывающего домена (RBD) поверхностного S-белка (шипа, Spike) широкого спектра вариантов SARS-CoV-2. Рекомбинантные 

белки, соответствующие RBD трех актуальных штаммов SARS-СoV-2, а также полноразмерному S-белку (Wuhan), были использованы в качестве 

антигенов для иммунизации верблюда с целью индукции образования соответствующих антител и/или в качестве иммобилизуемых белков для 

последующих перекрестных процедур селекции клонов нанотел с заданной специфичностью методом фагового дисплея. Из генерированной иммунной 

библиотеки было отобрано нанотело, обладающее свойством эффективно узнавать консервативный участок RBD S-белка широкого спектра вариантов 

пандемического коронавируса  SARS-CoV-2, включая омикрон. Помимо традиционного использования в иммуноанализе и диагностике, полученное 

нанотело  потенциально может быть использовано в качестве модуля мишень-специфичного связывания для задержки коронавируса в верхних 

дыхательных путях человека при разработке новых комбинированных противовирусных препаратов.

Ключевые слова: SARS-CoV-2, консервативный эпитоп, однодоменное антитело, нанотело, задержка вируса
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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 С-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 β-sheet and one external subdomain or the receptor-
binding motif (RBM, amino acids 438–506) that is linked to two 
adjacent β-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 

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. It is important 
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 × 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. 
It 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

Table 1. Olygonucleotides (primers) for point mutagenesis

Primer Nucleotide sequence 5'–3'

For RBD Delta

RBD delta for 63 atctgaagcccttcgagcgggacatctccaccgagatctatcaggccggcagcaaaccttg

RBD flanc rev 63 tctgctagctcgagtcgcgac

Vector for 59 atcttaagtcgcgactcgagc

Vector rev 59 gtcggccacgcaattgc

RBD new rev 55 gtggagatgtcccgctcgaagggcttcagattggacttccggaacagccggtatctgtaattg

RBD new flanc for 53 gtggagatgtcccgctcgaagggcttcagattggacttccggaacagccggtatctgtaattg

For  RDB Omicron

LIC ins for II 65 ccccttcGACgaggtgttcaatgccaccAAGttcgcctctg

LIC ins omi I for 61 ctgtacaacCTCgccCCGttcTTTaccttcaagtgctacggcgtgtcccc

LIC ins omi I for 63 gggctgATGgcccacgccGTAtgtgggCCGaaaACTgtaggaTCGcagtGGGAAG

LIC ins omi II rev 65 ttgaagccTGCcacgccgttacaaggAAAGTTgccggcctgatag

LIC vec omi I for 58 CaTACggcgtgggcCatcagccc

LIC vec omi I rev 59 AAAgaaCGGggcGAGgttgtacagcacggagtagtcg

LIC vec omi II for 63 ttgtaacggcgtgGCAggcttcaactgc

LIC vec omi II rev 65 attgaacacctcGTCgaaggggcacagattg

SDM II omi for 55 gtggcaactacaattacAGAtaccggctgttcc

SDM II omi rev 56 TgactttggagtccagTTTgttgctg

SDM omi for 54 atatcgccgactacaactac

SDM omi for 55 tgcctgtctgtccagg

CAG seq for rbd tcctgggcaacgtgctgg

CAG seq rev rbd agatgctcaaggggc

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 

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 
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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-СoV-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 С-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 °С 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

2
PO

4
·H

2
O, 135 mmol NaCl, 20 mmol Imidazol), then  

RBD was flushed with elution buffer (57 mmol NaH
2
PO

4
·H

2
O, 

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 Сleanup Standart kit (Evrogen; Russia). The amplified 
vector and insert were incubated with T4 polymerase at 37 °С 
for 3 min, then T4 polymerase was inactivated at 75 °С 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.

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 (3 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 NcoI(PstI) and NotI 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; 



16

ORIGINAL RESEARCH    IMMUNOLOGY

BULLETIN OF RSMU   1, 2023   VESTNIKRGMU.RU| |

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 1× 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 β-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 НА 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 mol). 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 (Хеmа; 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%.

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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RESULTS

Initially we cloned and produced recombinant proteins 
corresponding to the S protein receptor-binding domains of 
three important SARS-СoV-2 strains (Fig. 2). Yield of produced 
proteins per 108 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 

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)

RBD35 kDa

25 kDa

BSA
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Fig. 4. Results of ELISA of nine selected nanobody variants (aRBD-1–aRBD-8 and aRBDce1) binding to immobilized recombinant proteins that correspond to 
(left-to-right) spike protein, RBD Wuhan (W-RBD), RBD Delta (Δ-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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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 μg/100 μL (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 рIII 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 (HinfI, MspI, RsaI) 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 

anti-HA tag monoclonal antibody (H6533, Sigma-Aldrich; USA) 
was used as a secondary antibody against the НА 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 aRBDce1 (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: НА tag 
allowing to detect the nanobody using the commercially 
available antibodies against this peptide and (His)

6
 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 Ni2+-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 
аRBDсе1 nanobody (1 μg/mL) is highly effective: it binds to 
the recombinant S proteins, RBD Wuhan (W-RBD), RBD Delta 
(Δ-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 аRBDсе1 nanobody binding to RBD (in the 
low nanomolar range) compared to other earlier generated in 
one group and characterized nanobodies against other targets; 
аRBDсе1 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 μg/mL), then the wells were washed, and a 
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commercially available XR19 neutralizing mouse monoclonal 
nanobody (Хеmа; Russia) at a concentration of 1 μg/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 
аRBDсе1 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 аRBDсе1 
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 

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 (Хеmа; Russia). 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. 6. аRBDсе1 nanobody. А. Amino acid sequence of the nanobody deduced from the cloned adapted coding DNA sequence. In the sequence, the CDR1, CDR2, 
and CDR3 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 аRBDсе1 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 аRBDсе1 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 

set of antigens most close to native set for immunization and 
subsequent selection aimed at using the approach similar to 
that reported in this paper to generate the nanobodies against 
the conserved surface epitopes of the virus. 

CONCLUSIONS 

Thus, the paper reports the method to obtain nanobodies 
(аRBDсе1) against the conserved epitope of the receptor-
binding domain of the SARS-CoV-2 main surface protein, the 
spike protein, using the recombinant proteins that correspond 
to this domain in various most relevant  mutant virus variants 
and the effective technique for generating single-domain 
antibodies. Along with conventional use in immunoassays and 
diagnosis, the generated nanobody can be potentially used as 
a module for target-specific binding of coronavirus during the 
development of novel combination antiviral drugs.
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Л. Н. Юльметова, Н. А. Кулемин, Е. И. Шарова

ПОДХОД К КЛАСТЕРИЗАЦИИ ПАЦИЕНТОВ ПО МИКРОЧИПОВЫМ ДАННЫМ ВНУТРИ 
ОТДЕЛЬНЫХ ЛОКУСОВ С ИСПОЛЬЗОВАНИЕМ КОМБИНАЦИЙ ВАРИАНТОВ 

Дистрофия роговицы Фукса является социально значимым наследственным заболеванием. Более половины случаев в европейской популяции вызваны 

увеличением числа тринуклеотидных повторов в гене TCF4. Целью исследования было разработать и проверить подход разделения пациентов на группы 

на основе результатов чип-генотипирования и полногеномного ассоциативного исследования (GWAS). В качестве исходных данных использовали датасеты 

FECD Genetics Multi-center Study и проекта AREDs в количестве 1721 клинических случаев и 2408 контрольных пациентов. При анализе результатов 

GWAS было проведено разделение пациентов и группы контроля на две группы методом иерархической кластеризации с учетом предположения, что 

пациенты с увеличенным числом повторов в гене TCF4 имеют определенные сочетания геномных вариантов (гаплотипов). Показано, что одиночные 

варианты не могут быть использованы для молекулярно-генетической классификации пациентов с увеличенным числом повторов в гене TCF4 из-за 

рассогласованности результатов по вариантам. При этом гаплотипный подход превзошел анализируемые варианты по параметру отношения шансов,  

перекрывая 95%-й доверительный интервал выборок двух экспериментальных исследований. Предложенный метод позволяет продолжать поиск 

биологически обоснованных сочетаний  геномных вариантов.

Для корреспонденции: Елена Ивановна Шарова
ул. Малая Пироговская, д. 1с3, г. Москва, 119435, Россия; sharova78@gmail.com

Федеральный научно-клинический центр физико-химической медицины имени Ю. М. Лопухина Федерального медико-биологического агентства, Москва, Россия 

Статья получена: 12.12.2022 Статья принята к печати: 20.01.2023 Опубликована онлайн: 12.02.2023

DOI: 10.24075/vrgmu.2023.001

Соблюдение этических стандартов: исследование проведено с соблюдением принципов Хельсинкской декларации, с использованием наборов 
данных проектов phs000421.v1.p1 и phs000001.v3.p1., доступ к которым одобрен и получен через dbGaP в соответствии с их политикой одобрения и 
доступа к конкретным сетам данных.  

Вклад авторов: Е. И. Шарова — идея и подбор данных; Е. И. Шарова, Л. Н. Юльметова — планирование и выбор методов; Н. А. Кулемин — финансирование 
и администрирование проекта; Л. Н. Юльметова — разработка и вычисления; Е. И. Шарова, Л. Н. Юльметова, Н. А. Кулемин — обсуждение 
результатов, написание и редактирование статьи. 

Финансирование: работа выполнена в рамках гранта Президента РФ для молодых ученых-кандидатов наук МК-2951.2022.1.4.

Благодарности: авторы благодарят dbGaP за предоставление доступа к наборам данных phs000421.v1.p1 и phs000001.v3.p1. Набор данных с 
регистрационным номером dbGaP phs000421.v1.p1 получен из исследования генетики эндотелиальной дистрофии роговицы Фукса (FECD) https://www.ncbi.
nlm.nih.gov/projects/gap/cgi-bin/study. cgi?study_id=phs000421.v1.p1. Авторы признают гранты, финансировавшие регистрацию случаев и контролей, которые 
будут использоваться в этом GWAS: R01EY016514 (DUEC, PI: Gordon Klintworth), R01EY016482 (CWRU, PI: Sudha Iyengar) и 1X01HG006619-01 (PI: Sudha 
Iyengar, Натали Афшари). Авторы благодарят участников FECD и исследовательскую группу FECD за их ценный вклад в это исследование. Набор данных 
с регистрационным номером dbGaP phs000001.v3.p1 получен из базы данных исследования возрастных заболеваний глаз (AREDS) по адресу https://www.
ncbi.nlm.nih.gov/projects/gap/cgi-bin/study. cgi?study_id=phs000001.v3.p1. Финансовая поддержка AREDS была предоставлена Национальным глазным 
институтом (N01-EY-0-2127). Авторы благодарят участников AREDS и исследовательскую группу AREDS за их ценный вклад в это исследование. Авторы 
благодарят научного сотрудника ФГБУ ФНКЦ ФХМ имени Ю. М. Лопухина Л. О. Скородумову за ценные предложения, замечания и поддержку. 

Ключевые слова: полногеномное ассоциативное исследование, эндотелиальная дистрофия роговицы, экспансия тринуклеотидных повторов, клас-
сификация пациентов, локус
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THE APPROACH TO PATIENT CLUSTERING BASED ON THE MICROCHIP DATA CONFINED TO DISTINCT 
LOCI USING THE COMBINATIONS OF VARIANTS

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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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. When it is impossible 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 
(GGGGCC) [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 trinucleotide 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 Illumina 
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 × 10–10 for control samples and p-value > 1 × 10–15 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 
1,580,746 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

Patients with FECD Control samples

Sample According to Afshari et al, 2017 According to Afshari et al, 2017 According to ARED

Number of participants 1287
2373

562 1811

Males 408
989

245 744

Females 879
1384

317 1067

Median age 71
72 68

69

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
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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 × 10–15. 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  (r2 > 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, 

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.
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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

Major allele homozygotes Control group 

Patients with  FECD
Minor allele homozygotes or 
heterozygotes

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

Marker of increased repeat 
count 

Patients with  FECD Control sample

Predicted repeat 
expansion

Predicted no 
repeat expansion 

Predicted repeat 
expansion carriers, 

%

Predicted repeat 
expansion 

Predicted no 
repeat expansion

Predicted repeat 
expansion 
carriers, %

Group of clusters 764 523 59.4 264 2109 11.1

rs784257 1046 237 81.5 765 1602 32.3

rs72932578 698 583 54.5 286 2082 12.1

rs618869 852 431 66.4 588 1780 24.8

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, 
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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

Country
FECD Total

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

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

P
er

ce
nt

ag
e

Haplotype-based 
approach

rs784257 rs72932578 rs618869 Previous studies

Calculated repeat 
status:

no exp.
exp.

FECD FECD FECD FECD FECD Ctrl Ctrl Ctrl Ctrl Ctrl

three of which with the lowest p-values were rs784257, 
rs72932578, and rs618869 (and according to gnomAD v3.1.2, 
the frequencies of the С, T, and С 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 

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.

It 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. 
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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

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

Haplotypes Haplotypes 

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 × 10–8) 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. 

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 CFHR1-5 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 
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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. 

CONCLUSIONS

The study has shown the possibility of using the haplotype-
based approach for genetic stratification of patients based on 
the cause of the genetic disorder, namely the presence of the 
repeat expansion. The findings have made it possible to draw 
the following conclusions: 1) the haplotype-based approach 
is better suited for detection of the association of loci with 
certain groups of patients than individual variants; 2) for a 
more accurate picture we should reconsider the approach to 
defining the haplotype composition and modeling the data 
matrix for clustering. In particular, it is planned to analyze 
some methods of computing the genetic similarities (genetic 
distances (genetic distances) among samples and apply 
more specific methods for initial selection of variants; 3) 
the results obtained show that clustering splits the patients 
with FECD and the control group based on the groups of 
haplotypes/combinations of variants associated with the 
repeat expansion. Further testing of the approach requires 
additional evidence base that demands the use of more 
validation data. 
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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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SURVIVAL OF HUMAN CELLS IN TISSUE-ENGINEERED CONSTRUCTS STORED AT ROOM TEMPERATURE  

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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ВЫЖИВАЕМОСТЬ КЛЕТОК ЧЕЛОВЕКА В БИОМЕДИЦИНСКИХ КЛЕТОЧНЫХ ПРОДУКТАХ 
ПРИ ХРАНЕНИИ ПРИ КОМНАТНОЙ ТЕМПЕРАТУРЕ

Биомедицинские клеточные продукты (БМКП) — дермальный эквивалент кожи (ДЭК) и биологический эквивалент кожи (БЭК) — это аллогенные 

эквиваленты дермы и кожи человека, применяемые для лечения в случаях критической потери кожи. Одним из важных вопросов разработки БМКП 

является подбор условий хранения, способствующих увеличению срока их годности для расширения возможностей логистики и использования. Целью 

исследования было определить срок годности ДЭК и БЭК путем оценки морфологии и жизнеспособности клеток в их составе и уровней секреции 

ими фактора роста эндотелия сосудов (VEGF) в процессе хранения в физиологическом растворе при комнатной температуре. Используя МТТ-тест 

и окраску витальным красителем, мы установили, что при хранении обоих видов БМКП в физиологическом растворе снижение жизнеспособности и 

метаболической активности клеток более чем на 50% происходило к 3–4 суткам хранения, причем в ДЭК быстрее, чем в БЭК. Морфология клеток, 

выделенных из ДЭК и БЭК после 3 суток хранения, оставалась неизменной. После помещения БМКП в физиологический раствор мезенхимные 

стволовые клетки в их составе продолжали синтезировать VEGF (показано методом ИФА), что может свидетельствовать о сохранении ими необходимой 

секреторной активности.
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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 °С, 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 °С than at +4 °С [10]. 

In view of the above, the sample storage temperature of 
+22 °С 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 I collagen and the cellular 
component (AT-MSCs). The SE TEC was constructed using 
the biocompatible matrix containing hyaluronic acid and type 
I 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 I collagen, was used 
as a matrix for cell growth when culturing TECs.

Thawing and culturing cells

The cryotubes containing cells (1 × 106 cells per a tube) 
were retrieved from the cryogenic storage tanks, thawed at 
+37 °С, 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 Т25 culture flasks 
(SPL; Korea). 

The α−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 СО

2 

incubator set to +37 °С, 5% СО
2
, 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 μL of the 
0.05% trypsin solution (Gibco; USA) were added to the flask 
and incubated at +37 °С 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 × 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 × 105 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 СО

2
 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 × 105 cells/cm2. After that the 
TEC was incubated in the СО

2
 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 
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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 °С 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 200× and 
400× 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 °С 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 × 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 μg/mL 
and incubated for 2.5 h. After incubation, the medium was 
collected, and 180 μL 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 μL 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 μM) (Sigma; USA) in 
accordance with the manufacturer's guidelines. TECs were 

stained in the CO
2
 incubator (+37 °С, 5% CO

2
) 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 СО

2
 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 μL 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 (А-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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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 °С 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 

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 (р-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 

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 
(А–F): at the beginning of the experiment (no storage, zero day) (А), 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 (%)
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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 (р ≤ 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% (р ≤ 0.005) (Fig. 3А, 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 

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 (А–F): 
at the beginning of the experiment (no storage, zero day) (А), 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 (%) 
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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. 4А, 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 °С and –20 °С using various cryoprotectants (DMSO, 
glycerol), 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 °С. 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 

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 °С and +20–+23 °С, 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 

Fig. 3. The changes in the cells' mitochondrial activity assessed by MTT assay in the DE (А) 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 (р ≤ 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 immunoassay 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 
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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. 

CONCLUSIONS

When the SE TEC is stored under mild hypothermia conditions 
at room temperature (+22 °C), its cellular component viability 
remains at the level over 50% of the value obtained at the 
beginning of the three-day storage. Viability of the DE TEC 
cellular component decreases faster: the values that do not 
exceed 50% of the baseline value are observed by day three. 
The demonstrated ability of AT-MSCs on the surface of TECs 
to secrete VEGF when stored under selected conditions can be 
an indicator of paracrine activity exerted by these TECs that can 
play a therapeutic role in treatment of skin wounds of different 
etiology and can be considered an indirect sign of the cell 
functional activity in the ready-to-use product. The SE cellular 
component viability and metabolic activity during storage are 
significantly higher than that of DE. These findings are essential 
to accelerate implementation of the tissue engineering and 
regenerative medicine methods into clinical practice.

Fig. 4. The culture of cells extracted from DE (А, B) and SE (C, D) TECs after 72 h of storage. Cells after one day (А, C) and three days (B, D) after extraction (light 
microscopy, phase contrast) 
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ASSESSMENT OF THE ZONA PELLUCIDA MICRODISSECTION ON ITS THICKNESS 
IN MAMMALIAN EMBRYOS 

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 (~Е3.5, i.e. 3.5 days of 

embryogenesis) and at the hatching stage (~Е5). Significant differences in the ZP thickness were revealed in the control group of embryos: from 6.21 μm (Е3.5) to 

5.4 μm (Е5). The changes in thickness from 6.6 μm (Е3.5) to 6.2 μm (Е5) 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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Д. С. Ситников1       , И. В. Ильина1, М. А. Филатов2, Ю. Ю. Силаева2

ИССЛЕДОВАНИЕ ВЛИЯНИЯ МИКРОДИССЕКЦИИ БЛЕСТЯЩЕЙ ОБОЛОЧКИ ЭМБРИОНОВ
МЛЕКОПИТАЮЩИХ НА ЕЕ ТОЛЩИНУ

Блестящая оболочка (zona pellucida, ZP) — динамически меняющийся объект, играющий важную роль на преимплантационной стадии развития 

эмбриона. Ее толщина может оказывать влияние на успешность имплантации и частоту наступления беременности, в ряде исследований ее 

рассматривают как прогностический критерий. Целью работы было исследовать динамику толщины блестящей оболочки эмбриона мыши в результате 

процедуры вспомогательного лазерного хетчинга (ВЛХ), когда нарушение целостности ZP проводят на стадии бластоцисты. Для микрохирургии 

оболочки использовали импульсы излучения фемтосекундной длительности. Измерение толщины оболочки проводили как на стадии микрохирургии 

бластоцисты (~Е3.5, т. е. 3,5 дня эмбрионального развития), так и на стадии вылупления (~Е5). Обнаружены статистически значимые различия толщины 

ZP эмбрионов в контрольной группе — с 6,21 мкм (Е3.5) до 5,4 мкм (Е5). В группе, подвергавшейся ВЛХ, изменения толщины с 6,6 мкм (Е3.5) до 

6,2 мкм (Е5) оказались статистически не значимыми. Отслеживание толщины ZP индивидуального эмбриона от стадии бластоцисты до стадии вылупления 

позволило оценить коэффициент истончения для контрольной и экспериментальной групп. Полученные данные свидетельствуют о снижении предела 

прочности оболочки при проведении ВЛХ и могут служить базисом для последующих исследований ее свойств в случае применения протоколов 

криоконсервации эмбрионов. 

Для корреспонденции: Дмитрий Сергеевич Ситников 
ул. Красноказарменная, д. 17а, г. Москва, 111116, Россия; sitnik.ds@gmail.com 

1 Объединенный институт высоких температур Российской академии наук, Москва, Россия
2 Институт биологии гена Российской академии наук, Москва, Россия

Статья получена: 09.11.2022 Статья принята к печати: 30.12.2022 Опубликована онлайн: 27.01.2023

DOI: 10.24075/vrgmu.2023.002

Соблюдение этических стандартов: все манипуляции с животными производили в соответствии с требованиями Хельсинкской декларации и 
рекомендациями комиссии по биоэтике Института биологии гена РАН. 

Вклад авторов: Д. С. Ситников — проведение лазерной микрохирургии, обработка результатов, написание статьи; И. В. Ильина — идея исследования, 
написание статьи; М. А. Филатов — работа с эмбрионами, статистическая обработка, написание статьи; Ю. Ю. Силаева — руководство; обсуждение 
и редактирование статьи — все авторы. 

Финансирование: экспериментальные исследования по ВЛХ были выполнены с использованием УНУ «Лазерный тераваттный фемтосекундный 
комплекс», входящим в состав ЦКП «Лазерный фемтосекундный комплекс» ОИВТ РАН при финансовой поддержке Министерства образования 
и науки РФ в рамках Государственного задания № 075-01129-23-00. Эмбрионы были получены с использованием Уникальной научной установки 
«Трансгенбанк» при финансовой поддержке Министерства образования и науки РФ в рамках проекта (Соглашение № 075-15-2021-668 от 29.07.2021).
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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 μm 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 μm 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 μm. 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, 

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 μJ, 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 μm (FWHM) 
with the 20× 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 nJ, which corresponded to the intensity of 2.5 TW/cm2. 
The embryos were distributed into droplets of growth medium 
in Petri dishes with the glass bottom thickness of 170 μm. 
A Petri dish was placed on the motorized microscope stage 
(Märzhäuser 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 
72AUC02 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 C57Bl/6JхCBA F1 hybrid 
mice purchased from the animal house of the Federal Medical 
Biological Agency of Russia (Stolbovaya branch; Russia). 
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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

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, Е2.5) in the four-well plates (Thermo Fisher 
Scientific Nunc; USA) using the CSCM-C culture medium for 
gametes and embryos (Fujifilm Irvine Scientific; USA). During 
the morula and blastocyst stages (Е3.5), the embryos were 
cultured in the 20 μL droplets of the CSCM-C medium (Fujifilm 
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 
№ 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 (~Е3.5). 

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. 2А 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 
Δ was measured in three different areas with the angular 
increment of ~90–120°. Similar measurements of the embryo’s 
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Fig. 2. Embryos before zona microsurgery (А); zona pellucida after hatching (B). 
1 — hole in the ZP after blastocyst hatching resulting from incision along the 
trajectory 1 (on the fragment а); 2 — results of incision along the trajectory 2 (on 
the fragment а). The zone after hatching of the embryo in the experimental group 
(C) and CC group (D)

А B

C D

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 Δ

m
 (from 6.21 μm (E3.5) 

to 5.4 μm (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 Δ

m
 values are 6.6 μm 

(E3.5) and 6.2 μm (E5). Statistical processing of the experimental 
data using the Mann–Whitney U test has confirmed significant 
differences between the ZP thickness (Е5) values observed 
during the natural hatching cycle and after the LAH procedure. 

The ZP thinning coefficient К = Δ
Е5

/Δ
Е3.5

, where Δ
Е3.5

 and 
Δ

Е5
 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

med.e
) is 0.95. The bars of the bar 

chart (Fig. 4А) 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

med.cc
 = 0.84) 

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 

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]). 

Fig. 3. Changes in the ZP thickness during embryogenesis in the control (А) and experimental (B) groups
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Fig. 4. Distribution of the ZP thinning coefficient in the experimental (А) and control (B) groups

12 12

8 8

4 4

R
ef

er
en

ce

Thinning coefficient Thinning coefficient

R
ef

er
en

ce

10 10

6 6

2 2

0
0,5 0,50,7 0,71,0 1,01,3 1,30,6 0,60,9 0,91,2 1,20,8 0,81,1 1,11,4 1,4

0

А B

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 Δ

Е5
 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 

extensively. There is abundant evidence that cryopreservation 
makes their ZP harder [22, 28]. However, the question of how 
cryopreservation affects the ZP state and properties during 
the later stages of embryogenesis requires further research. 
The logical next step of the experiment will be replacing the 
research object with the embryo subjected to cryopreservation. 
The data obtained in this study will be used as reference data 
when studying the ZP thinning in cryopreserved embryos 
subjected to LAH performed using femtosecond laser pulses 
at the blastocyst stage.

CONCLUSIONS

This study was focused on assessing the mouse embryo zona 
pellucida (ZP) thickness both in natural hatching cycle (control 
group, non-treated embryos) and after the LAH procedure 
(experimental group). Minimal thermal effects of femtosecond 
laser beam made it possible to perform microsurgery at the late 
stage of preimplantation development, at the blastocyst stage 
before hatching. Measuring the ZP thickness at the blastocyst 
stage (Е3.5) and hatching stage (Е5) allowed us to estimate the 
thinning coefficient of each particular shell. Statistical analysis 
revealed significant differences in the zona thickness between 
the experimental and control groups at the blastocyst hatching 
stage: 5.4 and 6.2 μm, respectively. It was also noted that LAH 
resulted in almost no stretching of the embryo's ZP: the ZP 
thickness was 6.6 μm (Е3.5) and 6.2 μm (Е5), as evidenced by 
the thinning coefficient median value. We believe that this fact 
is due to lower tensile stress threshold. The experimental data 
obtained will provide the basis for comparison during further 
assessment of the ZP thickness in cryopreserved embryos and 
embryos grown in media of various compositions.
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Shestopalov AV2,3, Ganenko LA1      , Grigoryeva TV4, Laikov AV4, Vasilyev IYu4, Kolesnikova IM3, Naboka YuL4, Volkova NI1, Roumiantsev SA2,3

ADIPOKINES AND MYOKINES AS INDICATORS OF OBESE PHENOTYPES AND THEIR 
ASSOCIATION WITH THE GUT MICROBIOME DIVERSITY INDICES

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 (р < 0.05) 

and significantly higher leptin and asprosin levels (р < 0.05) than healthy individuals. Patients with MUO had lower adiponectin and leptin levels (p < 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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А. В. Шестопалов2,3, Л. А. Ганенко1      , Т. В. Григорьева4, А. В. Лайков4, И. Ю. Васильев4, И. М. Колесникова3, Ю. Л. Набока4, Н. И. Волкова1, 
С. А. Румянцев2,3 

АДИПОКИНЫ И МИОКИНЫ КАК ИНДИКАТОРЫ ФЕНОТИПОВ ОЖИРЕНИЯ 
И ИХ СВЯЗЬ С ПОКАЗАТЕЛЯМИ РАЗНООБРАЗИЯ МИКРОБИОМА КИШЕЧНИКА

В настоящее время выделяют метаболически здоровое ожирение (МЗО) и метаболически нездоровое ожирение (МНЗО). Жировая и мышечная 

ткани могут определять фенотип ожирения за счет выработки адипокинов и миокинов. В формировании МЗО участвует и микробное сообщество 

кишечника. Целью работы было изучить уровни адипокинов и миокинов и их связь с альфа-разнообразием микробиома кишечника при МЗО и МНЗО. 

Из 265 обследуемых сформированы две группы: здоровые лица и пациенты с ожирением. Последние были разделены на две подгруппы: пациенты 

с МЗО и пациенты с МНЗО. У обследуемых определяли индекс массы тела, окружность талии, индекс HOMA-IR, уровень адипокинов и миокинов, 

таксономический состав микробиома кишечника и индексы альфа-разнообразия, оценивали липидный и углеводный обмен. Выявлены статистически 

значимые различия уровней адипокинов и миокинов, а также их взаимосвязь с показателями разнообразия микробиома кишечника у пациентов с 

разными фенотипами ожирения. При МЗО и МНЗО уровень адипонектина был значимо ниже (р < 0,05), а лептина и аспросина — выше (р < 0,05) 

по сравнению со здоровыми лицами. Пациенты с МНЗО имели уровни адипонектина и лептина более низкие (p < 0,05), чем пациенты с МЗО. При 

МНЗО статистически значимо выше уровень FGF21. Массовый корреляционный анализ при МЗО показал связь между уровнем глюкозы с индексами 

разнообразия микробиома кишечника, которая отсутствовала при МНЗО, что указывает на утрату влияния микробиоты кишечника на регуляцию уровня 

глюкозы крови при МНЗО и о различной регуляторной роли микробиоты кишечника в оси «микробиом кишечника — печень — жировая и мышечная 

ткани» при МЗО и МНЗО. Полученные данные указывают на взаимосвязь между разнообразием микробиома кишечника и фенотипом ожирения.

Ключевые слова: ожирение, метаболически здоровое ожирение, адипокины, миокины, альфа-разнообразие микробиома кишечника 
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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 
inflammatory 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 I and II 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 2а included patients with MHO and subgroup 
2b included patients with MUO. Inclusion criteria: age over 
18 years; taking no antibiotics, pre- or probiotics within three 
months before enrollment. Additional inclusion criteria for group 
1: 18.5 kg/m2 < BMI ≤ 24.9 kg/m2; no dyslipidemia, hyperglycemia 
or arterial hypertension (AH). Additional inclusion criteria for 
group 2: BMI ≥ 30 kg/m2, WC > 102 cm in males and > 88 
cm in females. Subgroup 2а 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 III (ATPIII) (NCEP-ATP III) 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

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, НОМА-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 (ng/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 (Illumina; USA) in the paired-end reading mode 
(2 × 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 р < 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. 

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 (р = 0.032), they had lower 
BMI (р = 0.024) and WC (р = 0.011). Obese patients had 
higher SBP, DBP, TG, FPG, insulin levels, HOMA (р < 0.05) 
and lower HDL-C (р < 0.05) than the control group. Clinical 
and laboratory characteristics of the surveyed individuals of 
subgroups 2а and 2b are provided in Table 2.

Subgroups 2а 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 (р < 0.05) and HDL-C 
was lower (р < 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 (р < 0.05) and higher leptin and 
asprosin levels (р < 0.05) than healthy individuals (Table 3). It 
is known that leptin is a key mediator of interaction between 

Parameters
Group 1
n = 129

Group 2
n = 136

р

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



48

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ЭНДОКРИНОЛОГИЯ

ВЕСТНИК РГМУ   1, 2023   VESTNIKRGMU.RU| |

Table 2. Clinical and laboratory characteristics of the surveyed individuals of subgroups 2а and 2b 

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, НОМА-IR — Homeostasis Model Assessment of Insulin Resistance.

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

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 
MUO 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 (r = 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 (r = 0.3; p = 0.008), leptin (r = 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 (r = 0.37; p = 0.0001), as well as between the levels 
of insulin and leptin (r = 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 (r = –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 (r = 0.59; p < 0.0001), 
FGF21 and adiponectin (r = 0.34; p = 0.0003). 

Parameters
Subgroup 2а 

n = 40
Subgroup 2b n = 55 р

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

Indicators
Group 1 
 n = 129

Group 2  
 n = 136

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 0 [0; 0] 0 [0; 0] 0.58

FGF21, pg/mL 0 [0; 56.86] 0 [0;83. 45] 0.14
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Table 4. Serum levels of adipokines and myokines in subjects of the group 1 subgroups 2а and 2b 

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

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

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 (r = 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 
MUO. 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 MUO, 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, Chao1 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 2а 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 
(Chao1 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 

Parameters
Group 1  
 n = 129

Subgroup 2а 
 n = 40

р
1р1-2а

Subgroup 2b 
n = 55

Р
1р1-2б

р
2а-2б

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] 44.03 [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

Indices
Group 1 
(control)

Group 2 
(obesity)

Subgroup 2а 
(MHO)

Subgroup 2b 
( 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] 7.63† [7.46–7.90]

Chao1 index 4010.16 [3871.53–4256.37] 4018.56* [3647.52–4492.64] 4899.13* [4139.88–5384.25] 3631.75† [3214.01–4118.26]

OTUs 1974.50 [1865.86–2060.00] 2015.00 [1930.17–2285.94] 2479.00* [1982.88–2727.61] 1930.00† [1743.64–2125.33]
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Fig. 1. Clustermap of the correlations between glucose, adipokines, myokines, lipid profile and the gut microbiome diversity indicators  for the group of patients 
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 

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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Fig. 2. Clustermap of the correlations between glucose, adipokines, myokines, lipid profile and the gut microbiome diversity indicators  for the group of patients 
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.  

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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JAHA.118.009169.

14. Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, 
Gasbarrini A, et al. What is the healthy gut microbiota 
composition? A changing ecosystem across age, environment, 
diet, and diseases. Microorganisms. 2019; 7 (1): 14. DOI: 
10.3390/microorganisms7010014. 

15. Stoma IO, Karpov IA. Mikrobiom cheloveka. Minsk: Doktor 
Dizajn, 2018; 122 s. Russian.

16. Bombin A, Yan S, Bombin S, Mosley JD, Ferguson JF.  Obesity 
influences composition of salivary and fecal microbiota and 

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. 

MUO 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 

were consistent with the data obtained by other authors 
[29] and were possibly due to abnormal protein synthesis in 
hypertrophic adipocytes. However, the leptin contribution to 
the MUO pathogenesis needs to be clarified, since there are 
studies that have revealed significantly higher leptin levels in 
patients with MUO [30] or no differences at all [31]. In addition 
to the common significant correlations, the correlations 
typical for MUO have been revealed, such as a significant 
positive correlation between the myostatin and osteocrin 
levels. In contrast to patients with MHO, the gut microbiome 
alpha diversity indicators of patients with MUO significantly 
decreased and no longer correlated with blood glucose levels, 
while the inverse indices became correlated to the clinical 
and laboratory indicators of metabolic syndrome and type 2 
diabetes mellitus.

CONCLUSIONS

Thus, the levels of leptin, asprosin, and insulin are sighificantly 
higher (р < 0.05) and adiponectin levels are lower in obese 
patients than in healthy individuals. Correlation analysis 
revealed imbalances in the regulatory system involving the 
hypoxia-inducible factor and interrelated changes in the 
adipogenic, myogenic, and osteogenic mesenchymal stem 
cell differentiation. Large-scale correlation analysis allowed us 
to reveal the loss of the microbiota diversity protective effects 
on metabolic processes in individuals with MUO. Further study 
of the relationship between gut microbiota and both lipid 
metabolism and carbohydrate indicators would contribute to 
further improvement of the therapeutic strategy for obesity 
and associated metabolic disorders through the development 
of the microbiome-based therapy of obesity. Furthermore, the 
data obtained may by used for early prevention of metabolic 
disorders and MUO conversion into MHO.
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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 trillion 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 
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 

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.

Industrial policy measures

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

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, imatinib — $8983/year, acalabrutinib — $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. IMI 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 

# 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

6
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
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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 

government of Moscow issued a decree that decreases the 
income tax from 20 to 16.5% for pharmaceutical facilities that 
received the status of an industrial pharmaceutical production 
complex. These support measures ensure creation of highly 
paid jobs and the further development of industrial production [21].

CONCLUSION

In today's difficult economic and foreign policy conditions, 
additional analysis and implementation of industrial policy 
measures enable expansion of the possibilities available to 
the domestic pharmaceutical production facilities. From the 
perspectives of both the pharmaceutical companies and the 
state, the most appealing industrial policy measures are those 
design to support of development of intersectoral territorial 
production complexes (clusters), stimulate and support exports. 
Organization of pharmaceutical clusters translated into new 
cooperation ties with 35 countries and the possible creation 
of 11.3 thousand jobs. Exports to the Southeastern part of the 
globe, China, Republic of Korea, will support expansion of the 
production capacities of domestic pharmaceutical companies. 
Implementation of comprehensive industrial policy measures 
enable creation of the best prerequisites for development of 
the pharmaceutical industry, which is socially significant.
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Surgical treatment of elderly patients with forefoot deformities 
is a challenging task. The static complex deformity that involves 
deformities of two or more rays of the foot together with severe 
hallux valgus and rigid lesser ray deformities is difficult to 
correct by conventional surgical methods.

When developing the treatment tactics, it is necessary to 
take into account not only the foot deformity and the bone 
tissue quality together with the features of selecting metal 
fixators [1], but also the neurocirculatory status of the limb, local 
functional status of the soft tissues, the presence and course 

К. А. Егиазарян, А. П. Ратьев, Е. А. Мирошникова, Е. А. Жаворонков, А. С. Абилемец

СРЕДНЕСРОЧНЫЕ РЕЗУЛЬТАТЫ ЛЕЧЕНИЯ ТЯЖЕЛОЙ ДЕФОРМАЦИИ ПЕРЕДНЕГО ОТДЕЛА СТОПЫ 
У ПАЦИЕНТОВ ПОЖИЛОГО ВОЗРАСТА

Комплексные тяжелые деформации переднего отдела стопы у пожилых пациентов, не страдающих ревматоидным артритом, характеризуются 

выраженным снижением качества жизни, формированием хронического болевого синдрома, снижением общей мобильности с невозможностью 

подбора обуви для ежедневного использования, усугублением течения сопутствующих соматических заболеваний. Использование классических, 

сохраняющих сустав техник у данных пациентов зачастую приводит к рецидиву деформации, стойкому сохранению болевого синдрома, необходимости 

ревизионных вмешательств, часто невозможных из-за усугубления общесоматического или местного статуса пациента. Целью исследования было 

улучшить результаты хирургического лечения пациентов пожилого возраста, не страдающих ревматоидным артритом, с тяжелой деформацией переднего 

отдела стопы. Проведено проспективное когортное исследование с выделением ретроспективной группы сравнения результатов оперативного лечения 

65 пациентов, с 2016 по 2019 г. Результаты до и после операции оценивали по шкалам FFI, AOFAS Hallux, AOFAS Lesser Toes. Оценку результатов 

в послеоперационном периоде проводили по шкале Maryland. В исследовании получены статистически значимые различия результатов лечения по 

шкалам AOFAS Hallux (p = 0,0001), AOFAS Lesser Toes (p = 0,0001), FFI (p = 0,0001), Maryland (p = 0,0001). В связи со специфичностью пожилых пациентов 

радикальные методики, не сохраняющие сустав, могут быть рассмотрены как эффективный предсказуемый способ коррекции, направленный на 

сокращение ревизионных вмешательств, и являются одноэтапным методом улучшения качества жизни пожилых пациентов.
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Egiazaryan KA, Ratyev AP, Miroshnikova EA, Zhavoronkov EA, Abilemets AS

MIDTERM SEVERE FOREFOOT DEFORMITY TREATMENT OUTCOMES IN ELDERLY PATIENTS

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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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 № 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 methods were considered as 
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: 
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Table 1. Characteristics of the first ray surgeries

Table 2. Characteristics of the main lesser ray surgeries  

– 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, 2nd–5th metatarsal head 
resection, resection arthroplasty of the proximal interphalangeal 
joints involving transcutaneous fixation of the 2nd–5th toes 
with wires in the metatarsal canals, or using our patented 
method (RF patent № 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 2nd–4th 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);

– 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 (χ2) 
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 FFI 
scores between the controls and the index group (on average 
by 26.0%; р < 0.0001); the AOFAS Lesser Toes scores between 
the index group and the controls (on average by 33.1%; 
р < 0.0001); the AOFAS Hallux scores between the index group 
and the controls (on average by 19.6%; р < 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%; 
р < 0.0001); the AOFAS Lesser Toes scores (in the control 
group) (on average by 29.9%; р < 0.0001); the AOFAS Hallux 
scores (in the control group) (on average by 43.0%; р < 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, %

Distal osteotomies + Akin osteotomy 35 22 62.9%

Lapidus procedure + distal osteotomy 35 16 45.7%

Metatarsophalangeal joint resection arthroplasty 35 5 14.3%

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

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

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 
(χ2) test. All the factors were sorted in descending order of 
significance (χ2 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 pain in 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 (р < 0.001). Radiological parameters (1.2 IMA, HVA) 
improved after surgery (р < 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 

Indicator

Group

Significance level pControl group Index group

(n = 35) (n = 30)

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

Indicator

Group

Significance level pControl group Index group

(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

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 № 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 

72.87 ± 12.66% to 8.20 ± 4.62% (average values), the 
improvement was 64.67% (average values). When assessing 
the foot function after surgery, the average Maryland score 
was 88.40 ± 3.45, which corresponded to beneficial outcome. 
We managed to ensure significant differences in treatment 
outcomes compared to the control group based on the AOFAS 
Lesser Toes, AOFAS Hallux, FFI, Maryland scores. None of the 
patients needed revision surgery due to recurrent metatarsalgia 
or transfer metatarsalgia, hallux valgus relapse, rigid hammertoe 
deformity, osteotomy or arthrodesis non-union.

The described treatment outcomes, patients' satisfaction, 
and no need for revision surgery were achieved due to rational 
selection of the surgical technique for correction of static 
complex forefoot deformities in this extremely complex group 
of elderly patients. All the operated patients stayed mobile 
throughout the postoperative period, which was extremely 
important for elderly people. After surgery the daily activity levels 
and the maximum distance traveled without pain improved in 
all patients; the patients faced no difficulties when selecting 
footwear for everyday use, it was no longer necessary to select 
or purchase the highly complex orthopedic shoes.

CONCLUSIONS

The proposed option for correction of static complex forefoot 
deformities in elderly patients can be used in clinical practice. 
Despite its radical nature, the option has made it possible 
to achieve persistent elimination of pain, reduce the risk of 
reoperative surgery, and restore mobility in elderly patients with 
no rheumatoid arthritis. 
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