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Kazimirskii AN    , Salmasi JM, Poryadin GV

ANTIVIRAL SYSTEM OF INNATE IMMUNITY: COVID-19 PATHOGENESIS AND TREATMENT

Antiviral system of innate immunity includes two main components: the mitochondrial antiviral sensor — the mitochondrial outer membrane protein and peripheral 

blood neutrophils capable of forming neutrophilic extracellular traps. Depending on the activation pathway of the mitochondrial antiviral sensor (MAVS), two possible 

variants of cells death, apoptosis or cellular degeneration with necrotic changes, develop during cell infection with an RNA-containing virus. The development of 

virus-induced apoptosis of infected cells causes the formation of neutrophilic extracellular traps, the secretion of inflammatory cytokines, ROS generation, tissue 

damage, hemocoagulation and the development of an acute inflammatory process with the development of COVID-19 pneumonia. Violation of the prion-like 

reaction of MAVS in response to viral infection of the cell triggers an alternative pathway for activating autophagy. Cells under conditions of prolonged activation 

of autophagy experience necrotic changes and are eliminated from the organism by monocytes/macrophages that secrete anti-inflammatory cytokines. This type of 

reaction of the antiviral system of innate immunity corresponds to the asymptomatic course of the disease. From the most significant aspects of the pathogenesis 

of the coronavirus infection COVID-19 given, recommendations for the prophylactic treatment of this dangerous disease follow. The proposed treatment can 

significantly decrease the severity of COVID-19 disease and reduce mortality.

Keywords: innate immunity, antiviral system, mitochondrial antiviral signaling protein, MAVS, neutrophilic extracellular traps, COVID-19 treatment
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А. Н. Казимирский    , Ж. М. Салмаси, Г. В. Порядин

АНТИВИРУСНАЯ СИСТЕМА ВРОЖДЕННОГО ИММУНИТЕТА: ПАТОГЕНЕЗ И ЛЕЧЕНИЕ COVID-19

В обзоре представлена концепция антивирусной системы врожденного иммунитета и описаны главные структурные компоненты этой системы в организме 

человека, действующей против РНК-содержащих вирусов. Антивирусная система врожденного иммунитета включает в себя два главных компонента: 

митохондриальный антивирусный сенсор (MAVS) — белок наружной мембраны митохондрий и нейтрофилы периферической крови, способные 

формировать нейтрофильные экстраклеточные ловушки. В зависимости от пути активации MAVS при инфицировании клетки РНК-содержащим вирусом 

развиваются два возможных варианта ее гибели — апоптоз или дегенерация клеток с некротическими изменениями. Развитие вирус-индуцированного 

апоптоза инфицированных клеток вызывает формирование нейтрофильных экстраклеточных ловушек, секрецию воспалительных цитокинов, генерацию 

АФК, тканевое повреждение, гемокоагуляцию и возникновение острого воспалительного процесса с развитием COVID-19-пневмонии. Нарушение 

прионоподобной реакции MAVS в ответ на вирусное инфицирование клетки запускает альтернативный путь активации аутофагии. Клетки в условиях 

продолжительной активации аутофагии испытывают дегенеративные изменения и элиминируются из организма моноцитами/макрофагами, которые 

секретируют противовоспалительные цитокины. Такой тип реакции антивирусной системы врожденного иммунитета соответствует бессимптомному 

течению заболевания. Из приведенных наиболее существенных сторон патогенеза коронавирусной инфекции COVID-19 вытекают рекомендации по 

профилактическому лечению этого опасного заболевания. Предлагаемое лечение позволит значительно ослабить тяжесть заболевания Covid-19 и 

снизить летальность.

Ключевые слова: врожденный иммунитет, антивирусная система, митохондриальный антивирусный сигнальный белок, MAVS, нейтрофильные 
экстраклеточные ловушки, лечение COVID-19
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In the past 20 years, eight new deadly viruses have been 
discovered that threaten humans, which actualized the search 
for components of the organism's antiviral system. Several 
studies have shown that the antiviral system of the human 
organism is associated with innate immunity and it activates 
immediately when the virus enters into the human cells, so it 
can be called the antiviral system of innate immunity.

The existence of the antiviral system of innate immunity is 
recognized by some researchers, but both the components of 
this system and its functioning are still unclear. At the same 
time, the accumulated experimental material allows us to 
identify the main parts of this system and create a model of its 
functioning. In no case do we claim to fully cover this issue, but 
we suppose that the antiviral system of innate immunity has 

two main components: the mitochondrial antiviral sensor — the 
outer membrane protein of mitochondrion and neutrophils that 
can form neutrophilic extracellular traps.

Mitochondrial antiviral sensor

Mitochondrial antiviral sensor (mitochondrial antiviral signaling 
protein, MAVS) — a surface protein of the outer mitochondrial 
membrane with prion-like activity has the ability to change 
conformation when interacting with viral RNA. Viral infection 
triggers the formation of aggregates of mitochondrial antiviral 
signaling protein (MAVS), which actively stimulates immune 
signaling [1]. The antiviral effect of this protein depends on the 
speed of its renewal. The weakening of the immune response 
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and increased intracellular infection is due to the inhibition of 
ubiquitin ligase, which is responsible for the accelerated renewal 
of MAVS [2]. Mutations in MAVS that disrupt its prion-like activity 
also completely cancel its ability to transmit immune activation 
signals in mammalian cells. The results of some studies show 
that prion-like polymerization is a conservative mechanism 
of signal transmission of activation of innate immunity even 
in the development of inflammation [3, 4]. The importance 
of mitochondrial antiviral signaling protein (MAVS) has been 
demonstrated in the infection of wild-type mice with Ebola 
virus (EBOV). MAVS controlled EBOV replication through IFNα 
expression, impaired inflammatory responses in the spleen, and 
prevented liver cell death. MAVWS (-/-) mice developed severe 
inflammation, viral replication, and decreased IFN-I synthesis 
[5]. The threat, associated with Zika virus epidemics (ZIKV) and 
its association with serious complications, confirms the need 
for a better understanding of ZIKV pathogenic mechanisms. 
Examining RNA sequencing in the blood of patients infected 
with ZIKV, it was found that programs of transcriptional antiviral 
interferon-stimulated genes and innate immune sensors in 
patients infected with ZIKV remained inactive compared to 
those in healthy donors. In infected patients, ZIKV was able to 
suppress the induction of IFN-I, and the viral protein ZIKV NS4A 
bound MAVS and thereby interrupted the interaction of RIG-I/
MAVS reducing the synthesis of INF-I [6]. Some extracellular 
pathogens can activate intracellular defense mechanisms 
against viral infections. Pneumolysin (Ply), the main virulence 
factor of Streptococcus pneumoniae, is able to initiate 
oxidative damage to mitochondria, which causes the release 
of mitochondrial DNA, which mediates the expression of IFNβ 
in macrophages. In response to pneumolysin, macrophages 
express IFNβ using an interferon gene stimulator STING 
(stimulator of interferon genes) [7]. The activation of the main 
intracellular adapter proteins of the antiviral defense MAVS and 
STING consists in their phosphorylation with the participation 
of certain (serine-threonine) protein kinases (IKK and/or TBK1) 
when pathogens enter the cell [8]. An intracellular signal of 
cell infection is an unusual noncanonical cyclic dinucleotide 
2'3'-cGAMP (cGAMP) [9]. The organism of higher mammals 
and humans synthesizes the cyclic guanyl-adenyl dinucleotide 
2'3'-cGAMP capable of activating the main intracellular 
adapter antiviral defense proteins MAVS and STING under the 
influence of the enzyme cGAMP synthase. The formation of 
2'3'-cGAMP is catalyzed by cGAMP synthase (cGAS) when a 
cytosolic double-stranded DNA is detected and functions as 
an endogenous inducer of innate immunity by directly binding 
and activating an adapter protein, an interferon gene stimulator 
(STING). This cyclic 2'3'-cGAMP dinucleotide stimulates the 
secretion of interferon-β (IFNβ), a major defense signaling 
pathway that is independent of activation of innate immunity 
receptors (toll-like receptors, TLRs) [10]. The Vaccinia virus 
in human cells induces the synthesis of specific nucleases 
called poxins capable of catalyzing the cleavage of the 3'-5' 
bond, converting the cyclic 2',3'-cGAMP into a linear Gp[2'-
5']Ap[3'] dinucleotide. Linear guanyl-adenyl dinucleotide 
loses its ability to activate the interferon gene stimulator 
(STING), while the antiviral mechanisms do not work. The 
results demonstrate the mechanism by which viruses avoid 
innate immunity [11].

In the recognition of intracellular pathogens and the 
production of interferons I, (IFN-I), the most important role 
belongs to dendritic cells and macrophages [12]. When mice 
were infected with respiratory syncytial virus (RSV), which is 
the most common cause of respiratory infections in infants 
and young children, alveolar macrophages were identified as 

the main source of IFN-I [13]. Infection of genetically modified 
Myd88/Trif/Mavs (-/-) mice in which signaling was impaired by 
all TLR, RLR (RIG-I, MDA5, LGP2) and IL-1R, as well as other 
cytokine receptors, such as IL18 receptor showed that in such 
RSV-infected animals, the early production of pro-inflammatory 
mediators was completely absent. However, RSV-specific 
CD8+ T-lymphocytes were observed in lung tissue and airways. 
RSV-infected Myd88/Trif/Mavs (-/-) mice with disabled innate 
immunity overcame the infection, but showed higher viral load, 
severe and prolonged inflammation, and weight loss. These 
data demonstrate both a certain level of redundancy in the 
organism's immune defense and the fact that the involvement 
of cytotoxic T-lymphocytes in the response is provided by 
cells of the infected tissue itself producing IFNγ [14]. In the 
experimental model of Toxoplasmosis (Toxoplasma gondii), the 
presence of a non-lymphoid source of IFNγ was determined 
in genetically modified mice with the absence of all lymphoid 
cells due to deficiencies of recombinant activating genes 2 and 
IL-2Rγc, which also produced IFNγ in response to a simple 
parasite. Flow cytometry and morphological studies showed 
that in this experimental model, the sources of IFNγ are 
neutrophils, not NK cells and not CD8+ T lymphocytes [15, 16]. 
Intracellular pathogens also induce accelerated formation of 
IFNγ. Moreover, viral infection does not increase the expression 
of innate immunity receptors (TLRs) in plasmacytoid dendritic 
cells. Mice infected with the lymphocytic choriomeningitis virus 
developed strong TLR-independent production of interferon 
I (IFN-I) using RNA helicase and with the participation of 
mitochondrial antiviral signaling protein (MAVS) [17].

MAVS induces apoptosis

MAVS (IPS-1, VISA or Cardif) is important for protecting the 
host organism against viral infection not only by inducing 
interferons-I (IFN-I), but it also causes apoptosis of infected 
cells regardless of its function in initiating production IFN-I. 
Moreover, MAVS (-/-) fibroblasts are resistant to apoptosis 
caused by the Sendai virus. Functional screening shows that 
severe acute respiratory syndrome coronavirus (SARS-CoV) 
protein (NSP15) inhibits MAVS-induced apoptosis and this 
is a method of coronavirus immune evasion [18]. In MAVS-
deficient cells, caspase-8 and -3 activation are reduced. After 
infection with the RNA virus, MAVS induces type I antiviral 
response and recruits caspase-8 in mitochondria to ensure 
activation of caspase-3 and apoptosis of infected cells [19]. 
African swine fever virus increases MAVS expression in alveolar 
macrophages. MAVS expression was enhanced by intracellular 
reactive oxygen species (ROS). In addition, MAVS increased 
the induction of antiviral and proinflammatory cytokines and 
apoptosis of infected cells and inhibited virus replication [20].

In mice with MAVS deficiency, hepatitis A virus causes 
histological signs of liver damage, leukocyte infiltration, and the 
release of liver enzymes into the blood [21]. The miR-33/33* 
miRNA was found to be able to increase viral replication and 
mortality, while at the same time weakening the synthesis of 
interferon-I in vitro and in vivo. Further studies showed that 
this miRNA prevents the formation of activated aggregates of 
mitochondrial antiviral signal protein (MAVS) and is a negative 
regulator of the antiviral system of innate immunity [22]. These 
and several other studies show the critical role of mitochondrial 
antiviral signaling protein (MAVS) in virus-induced apoptosis. 
Viral infection triggers the organism's defense mechanisms, the 
main of which is the mitochondrial antiviral sensor. The antiviral 
defense strategy of the organism is to initiate apoptosis of cells 
infected with RNA-containing viruses. The described protection 
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strategy can only be implemented with a functionally complete 
MAVS.

Inhibition of inflammation by reducing the number 
of apoptotic cells

After synthesis in the cell and its transport into the outer 
mitochondrial membrane, the mitochondrial antiviral sensor 
undergoes modification over time. The essence of the 
modification of this viral RNA sensor is its geranylation (addition of 
two residues of geranyl diphosphate) followed by palmitoylation 
(addition of two residues of palmitic acid). Such a modified 
mitochondrial antiviral sensor is not capable of aggregation 
under the influence of viral RNA and is not capable of activation 
and aggregation with the subsequent development of apoptosis 
of the virus of the infected cell [23]. Geranyl diphosphate is a 
linear ten-carbon molecule consisting of two isoprene residues 
formed in the organism in the way of cholesterol synthesis, 
therefore, preventive treatment of coronavirus infection 
may consist in pharmacological inhibition of the cholesterol 
synthesis pathway using statins. The timely use of preventive 
therapy against coronavirus infection (COVID-19) will help to 
avoid the severe course of the disease and the development 
of complications. The inflammatory process, with a functionally 
complete mitochondrial antiviral sensor, as we assume, will 
be localized in the upper respiratory tract and will not be 
spread in the organism. An important and relevant question 
about predicting the severity, complications and outcome of 
a coronavirus infection can be resolved after developing a test 
for the presence of a geranylated mitochondrial antiviral sensor. 
Uninfected people with a high level of modified (geranylated) 
MAVS may be at risk for coronavirus infection (SARS-CoV-2) 
and need in isolation and prescribing prophylactic therapy.

Neutrophilic extracellular traps

Neutrophilic extracellular traps are a form of response of pre-
activated neutrophils to contact interactions with cells in a state 
of apoptosis. Neutrophils are pre-activated by receiving activation 
signals through various innate immunity receptors (TLRs). At the 
activation stage, neutrophils interact with various molecules of 
pathogens or modified molecules in our organism that recognize 
innate immunity receptors (TLRs) as pathogens. During the 
activation of neutrophils, occurs the expression of the genome, 
the synthesis of cytokines and enzymes, the generation of reactive 
oxygen (ROS) and nitrogen (NOS) species. However, this is not 
enough for the formation of neutrophilic extracellular traps.

Disclosure of neutrophilic extracellular traps occurs after 
interaction with apoptotic cells or their residues. A network 
of neutrophilic DNA fibers captures and holds apoptotic 
cells, and then other intact neutrophils and monocytes 
phagocytose this structure, hydrolyzing its components and 
presenting antigens. Interestingly, after phagocytosis, cells 
are no longer capable of opening neutrophilic extracellular 
traps [24–27]. A signal molecule that causes activated 
neutrophils to form neutrophilic extracellular traps is a 
membrane lipid phosphatidylserine located on the surface 
of apoptotic cells. The development of cell apoptosis is 
associated with the inversion of the membrane lipid — 
phosphatidylserine — normally located on the inner surface 
of the cell membrane. Phosphatidylserine is transferred 
from the inner cell membrane to the outer surface using 
phospholipid scramblase-1 (PLSCR1) and is an apoptotic 
signal for neutrophil activation with the opening of neutrophilic 
extracellular traps [26].

Excessive formation of neutrophilic extracellular traps causes 
hemocoagulation

The effect of phosphatidylserine on activated neutrophils is a key 
event in the pathogenesis of microvascular dysfunction. Studies 
have revealed a previously unrecognized relationship between 
hypercoagulation and the presence of phosphatidylserine 
in the blood, which causes a risk of thrombosis [28, 29]. 
Thrombotic complications are a serious danger in many 
diseases. Since the discovery of neutrophilic extracellular traps, 
the view on the pathophysiology of thrombosis has changed 
significantly. Networks generated by neutrophils, which consist 
of decondensed chromatin in the form of fibers, contribute 
to the formation of a blood clot, serving as a framework that 
activates platelets and coagulation. Thrombogenic vascular 
damage caused by excessive formation of neutrophilic 
extracellular traps has been described under various conditions 
of thrombosis, including stroke, myocardial infarction, and 
deep vein thrombosis [30]. To overcome thrombogenic 
vascular damage, it was proposed to use DNase I, which 
will limit the excessive formation of decondensed chromatin 
fibers and accelerate their hydrolysis [31]. The mechanisms 
underlying the development of systemic coagulopathy and 
acquired thrombophilia, characterized in most cases by a 
tendency to venous, arterial and microvascular thrombosis in 
COVID-19 pandemics, are unclear. Doctors and researchers 
are at the stage of collecting and analyzing information about 
this dangerous infection [32].

In the pathogenesis of coronavirus infection (COVID-19), 
there is a clear connection between the development of 
systemic coagulopathy and the formation of neutrophilic 
extracellular traps. Moreover, the most clinically severe patients 
are those who develop virus-induced apoptosis, only in some 
infected cells. These cells express phosphatidylserine on 
the surface and induce the neutrophilic extracellular traps 
formation that traps apoptotic cells and their residues. Another 
part of infected cells does not enter apoptosis due to functional 
deficiency of the mitochondrial antiviral sensor. These cells 
are involved in viral replication and support the spread of the 
virus throughout the human organism. The spread of the virus 
throughout the organism increases the number of apoptotic 
cells and, accordingly, the number of revealing neutrophilic 
extracellular traps. During the formation of extracellular traps, 
neutrophils secrete proinflammatory cytokines, enzymes, 
ROS, and peptides with pore-forming activity. Parts of the 
secreted products — ROS, peptides with pore-forming activity 
(such as LL-37), TNFα are designed to damage and destroy 
microorganisms. But in the absence of a bacterial infection, 
their own tissues and blood cells are damaged. Endothelial 
cells of capillaries of the pulmonary circulation become porous, 
which leads to interstitial pulmonary edema, the development 
of viral pneumonia, and an increase in the permeability of 
erythrocyte and platelet membranes causes hemoglobin loss 
and hemocoagulation. Our concept is supported by studies 
of patients with COVID-19 pneumonia, in which neutrophilic 
extracellular traps were found in microvessels of the pulmonary 
circulation together with damaged endothelial cells and fibrin 
deposits [33].

Development of immunodeficiency in patients 
with coronavirus infection

The study of blood cells in patients with severe coronavirus 
infection (COVID-19) showed that they have a reduced number 
of lymphocytes and an increased number of leukocytes. The 
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total number of T-lymphocytes was significantly reduced 
due to both CD4+ and CD8+ cells compared with the level 
of healthy donors [34]. Moreover, the degree of developing 
immunodeficiency depends on the severity and duration of the 
disease. Prolonged infectious inflammation causes significant 
changes in the population and subpopulation of T-lymphocytes, 
and causes the development of T-cell immunodeficiency. 
The decrease in the content of T-lymphocytes, as well as a 
subpopulation of peripheral blood CD4+ and CD8+ cells, is 
based on an insufficient expression of lymphocyte activation 
antigens (CD25, CD71, HLA-DR) and increased expression of 
activation apoptosis trigger receptor CD95 [35–37]. The action 
of these factors cause accelerated elimination of T-lymphocytes 
and cause the development of immunodeficiency. These 
observations indicate that the treatment strategy for patients 
should be aimed at reducing the time of inflammation.

Violations of IgG synthesis in patients 
with coronavirus infection

The formation of immunity in coronavirus infection (COVID-19) 
is an almost insoluble problem for doctors and researchers. 
Without a detailed analysis of the results of screening for 
antibodies in patients after a coronavirus infection, the main 
features of the deficiency in the formation of immunoglobulins 
can be identified. This is, first of all, the absence of virus-specific 
IgG in some patients, a low titer of virus-specific IgG, and in 
some patients, an extremely weakened immune response, 
which nevertheless causes the formation of a virus-specific 
IgG, but in some cases this occurs only after 4–5 or more 
weeks after admission to the hospital. Thus, it was reported 
that five of the six examined patients had a high titer of virus 
neutralizing antibody [38]. Examination of 208 plasma samples 
14 days after the onset of the disease revealed the presence 
of virus-specific IgM and IgG in 85.4% and 77.9% of patients, 
respectively [39]. Being unable to analyze the obtained data, 
the authors cite a set of separate observations, from which it 
follows that virus-specific IgM and IgG antibodies in individual 
patients were recorded 6, 11, 18, 23, 24, 35, and 43 days after 
admission to the intensive care unit. As can be seen from the 
data provided, the late period for the appearance of specific 
IgG coincides with a higher viral load of patients [40]. The 
results of the studies showed that coronavirus infection (SARS-
CoV-2) is accompanied by obvious violations of the production 
of specific immunoglobulins and this is the main mechanism of 
immunopathogenesis. The cause for the observed violations 
may be related to the excessive formation of neutrophilic 
extracellular traps during coronavirus infection. The formation 
of a network of DNA fibers is accompanied by the secretion of a 
number of compounds, including the secretion of enzymes. The 
main secreted enzymes are NADPH oxidase, myeloperoxidase, 
arginase. The physiological significance of NADPH oxidase, 
myeloperoxidase has been established and consists in the 
generation of reactive oxygen and nitrogen species that 
damage and inactivate various pathogens. The role of arginase 
is to disrupt antigenic presentation by antigen-presenting 
cells and inhibit T cells with helper induction function (CD4+ 
cells) in the initial period of inflammation. The role of arginase 
in inhibiting adaptive immunity has been described previously 
[41]. Investigating the early stages of inflammation, found 
pronounced reciprocity in relation to the activation of innate and 
adaptive immunity. The physiological role of arginase secreted by 
neutrophils is to organize the correct and consistent activation of 
two parts of the immune system [42, 43]. However, prolonged 
inflammation is dangerous not only by damage to one's own 

tissues, but also by the development of hemocoagulation. As 
can be seen, there is a pronounced prolonged suppression of 
adaptive immunity, the result of which is the insufficient formation 
of virus-specific immunoglobulin in some patients.

A feature of coronavirus infection (COVID-19) is that 
damaged endothelial cells of the capillaries of the pulmonary 
circulation also contain arginase. Therefore, with inflammation 
accompanying a coronavirus infection, arginase enters the 
blood from two sources — neutrophils and endothelial cells. 
The suppression of adaptive immunity in this infection is 
especially pronounced. Overcoming the inhibition of adaptive 
immunity in patients in order to activate immunogenesis can be 
achieved, in our opinion, by the use of arginase inhibitors (like 
valine) in the acute period of the disease.

Asymptomatic coronavirus infection

A number of patients with coronavirus infection have an 
asymptomatic course. The danger is that asymptomatic 
virus carriers can infect other people. They can also be re-
infected. So, 38 out of 112 COVID-19 positive patients have 
an asymptomatic course of the disease, while IgM antibodies 
were detected in 22 patients, 7 patients in this group had IgG 
antibodies, and 9 patients did not have virus-specific antibodies 
[44]. A group of 24 asymptomatic carriers of the SARS-CoV-2 
virus was described. After hospitalization, in five cases (20.8%) 
symptoms appeared (fever, cough, fatigue), in twelve cases 
(50.0%) typical frosted glass images were found on CT scans, 
and in 5 (20.8%) observed bands of dimming in the lungs. 
No severe pneumonia was detected. None of the 24 cases 
revealed severe pneumonia. But in some family members of 
these asymptomatic carriers, severe coronavirus pneumonia 
was subsequently detected [45]. A study of the spread of 
coronavirus infection among recruits of the Swiss Armed 
Forces in the canton of Ticino (southern canton of Switzerland 
on the border with Italy) shows that young healthy people often 
show a moderate course of COVID-19 with a rapid alleviation of 
symptoms, but they were constant carriers of SARS-CoV-2 [46]. 

Asymptomatic course of the disease — activation of an 
alternative way to remove the virus from the organism

The asymptomatic course of COVID-19 disease is associated 
with activation of autophagy. Autophagy consists in the 
renewal of many cellular structures and is activated when the 
cell enters stressful conditions. At the same time, it is also a 
way to overcome viral infection due to accelerated hydrolysis of 
cellular proteins and other components with their subsequent 
synthesis. Autophagy is one of the first lines of cellular defense 
against the invasion of microorganisms, including viruses [47]. 
Many viruses have evolved to the point that they use autophagy 
for their own development. They acquired the ability to either 
inhibit autophagy in the cell, escaping the cellular hydrolysis 
of their components or, which is more common, to use 
autophagosomes for replication and assembly of viral particles. 
Moreover, some viruses can even cause additional activation 
of autophagy in an infected cell for their own development. 
Thus, Picornaviruses use the cell apparatus for reproduction, 
and then inhibit the fusion of autophagosomes with lysosomes, 
which leads to an increase in the formation of viral particles 
[48]. Enterovirus A71 (EV-A71) activates autophagy both in vitro 
and in vivo. EV-A71 triggers the formation of autolysosomes 
during infection in human rhabdomyosarcoma cells, which 
facilitates its replication [49]. Zika virus (ZIKV), upon infection of 
human umbilical vein endothelial cells, triggers cell autophagy 



REVIEW    IMMUNOLOGY

BULLETIN OF RSMU   5, 2020   VESTNIKRGMU.RU| | 9

and enhances replication using autophagosomes. The use of 
inhibitors of autophagosome formation significantly reduces 
the formation of viral particles [50, 51]. Uzutu virus (USUV) is 
an African mosquito-borne flavivirus that is closely associated 
with West Nile fever virus and Japanese encephalitis virus, 
the carriers of which are mainly mosquitoes and birds. The 
presence of USUV in Africa was discovered more than 50 
years ago, but in the last decade it has appeared in Europe, 
causing episodes of bird mortality and some cases of serious 
illness among people. USUV infection also stimulates autophagy. 
Pharmacological modulation of the autophagy pathway using the 
autophagy inducer Rapamycin led to an increase in the output of 
the virus. On the other hand, treatment with 3-methyladenine or 
Wortmannin, two different phosphatidylinositol-3-kinase inhibitors 
involved in autophagy, reduced the output of viral particles [52].

RIG-I (retinoic acid-inducible gene 1), which detects viral 
infections by recognition of viral RNA, MAVS and TRAF6 (TNF 
receptor-associated factor 6), a cytosolic adapter protein 
belonging to the family of factors related with TNF alpha 
receptor, takes part in virus-induced autophagy. Deficiency 
in the cells of any of these proteins disrupts the initiation of 
autophagy [53]. These and many other studies have shown 
that viruses circulating among the human population for a long 
time, use autophagy mechanisms for their own development. 
SARS-CoV-2 apparently does not yet have such mechanisms. 
Despite the fact that direct data on the interaction of SARS-
CoV-2 with autophagy proteins or autophagosomes have 
not been obtained, however, the nature of the asymptomatic 
course of COVID-19 indicates that autophagy in this disease 
nevertheless fulfills its deterrent role and prevents the spread of 
the virus in the human organism.

Activation of autophagy causes cellular degeneration of virus 
infected cells

Short-term activation of autophagy promotes cell survival with 
insufficient intake of the necessary metabolites. Activation of 
virus-induced autophagy continues for a long time and leads 
to cellular degeneration and necrotic cell death [54–57]. Such 
cells do not exhibit phosphatidylserine on their surface and 
therefore are not able to cause the neutrophilic extracellular 
traps formation. 

Therefore, secretion of inflammatory cytokines does 
not occur. Removal of such infected cells develops through 
phagocytosis by monocytes/macrophages secreting anti-
inflammatory cytokines. The asymptomatic course of the 
disease is due to the reaction of the antiviral system of innate 
immunity in an alternative way. The results of the study are 
presented in the table.

The polarization of M0 macrophages into M2 phenotype 
producing anti-inflammatory cytokines develops with IFNγ 
deficiency, and in the presence of IFNγ, the differentiation of 
macrophages in M2 phenotype is weakened [58, 59], which 
explains the presence of anti-inflammatory cytokines in case of 
formation of neutrophilic extracellular traps.

The treatment strategy for asymptomatic COVID-19 
patients may be directed to the activation of apoptosis in cells 
infected with the virus. For this, Resveratrol can be used, which 
is able to induce apoptosis, while inhibiting the anti-apoptotic 
protein Bcl2, and enhancing the expression of p53 in normal 
and tumor human cells [60–62].

We call on doctors and researchers to experimentally verify 
the theoretical basis of our concept and the treatment methods 
of COVID-19 resulting from our proposed antiviral system of 
innate immunity.

CONCLUSION

The data presented in this article allow us to describe the 
components and functioning of the antiviral system of innate 
immunity in the human organism. We suggest that the antiviral 
system of innate immunity has two main components: the 
mitochondrial antiviral sensor — the mitochondrial outer 
membrane protein and peripheral blood neutrophils capable 
of forming neutrophilic extracellular traps. Depending on the 
activation pathway of the mitochondrial antiviral sensor (MAVS), 
when a cell is infected with an RNA-containing virus (SARS-
CoV-2), two possible variants of its death, apoptosis or cellular 
degeneration with necrotic changes develop. These variants 
of the predominant cell death determine the type of inflammation 
and the course of the disease. The development of virus-induced 
apoptosis of infected cells causes the formation of neutrophilic 
extracellular traps, the secretion of inflammatory cytokines, 
ROS generation, tissue damage, hemocoagulation and the 
development of an acute inflammatory process in the form 
of COVID-19 pneumonia. Violation of the prion-like reaction 
of MAVS in response to viral infection of the cell triggers an 
alternative pathway for the activation of autophagy. Cells under 
conditions of prolonged activation of autophagy experience 
necrotic changes and are eliminated from the organism by 
monocytes/macrophages that secrete anti-inflammatory 
cytokines. This type of reaction of the antiviral system of innate 
immunity corresponds to the asymptomatic course of the 
disease.

The given main stages of the pathogenesis of coronavirus 
infection make it possible to propose pathogenetically 
substantiated therapy that can significantly reduce the severity 
of the disease, activate immunity and reduce mortality. 

Table. The reaction of the antiviral system of innate immunity and the organism's inflammatory response

Cell response to infection 
with an RNA-containing virus

MAVS reaction Mononuclear blood cells Cytokines
Characterization of the 
inflammatory process

Apoptosis
MAVS induces prion-like 

polymerization
Activated neutrophils form 

neutrophilic extracellular traps
Pro-inflammatory Acute inflammatory process

Cellular degeneration with 
necrotic changes

MAVS does not induce 
prion-like polymerization

Activated neutrophils do not form 
neutrophilic extracellular traps

Anti-inflammatory
No signs of inflammation, 

asymptomatic course of the 
disease
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Mesothelin (MSLN) is a small cell-surface protein anchored to 
the cell membrane via its C-terminal glycosylphosphatidylinositol 
(the GPI-anchor) [1]. In humans, mesothelin expression is 
limited to the cells that line the pericardium, peritoneum and 
pleura. However, mesothelin is also abundantly expressed in 
many tumors, including 100% of mesotheliomas, up to 70% of 

ovarian cancers, 60% of triple negative breast cancers, 50% of 
lung cancers, pancreatic and biliary cancers, and gastric cancer 
[2, 3]. The role of mesothelin in the initiation and progression 
of malignancies is not fully understood. Since mesothelin is a 
receptor for another cancer antigen, MUC16, it might promote 
the metastatic expansion of MUC16-expressing cells typically 
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НОВЫЕ ОДНОДОМЕННЫЕ АНТИТЕЛА К МЕЗОТЕЛИНУ И КЛЕТОЧНЫЕ МОДЕЛИ ДЛЯ РАЗРАБОТКИ 
ТАРГЕТНОЙ ТЕРАПИИ РАКА МОЛОЧНОЙ ЖЕЛЕЗЫ 

Среди случаев трижды негативного рака молочной железы (ТНРМЖ) преобладают новообразования с повышенной экспрессией поверхностного 

антигена мезотелина (MSLN) — одной из предпочтительных мишеней для направленной терапии многих видов солидных опухолей. Разработка  

MSLN-опосредованной терапии ТНРМЖ осложнена тем, что большая часть перевиваемых клеточных культур этого субтипа MSLN-негативны. Целью 

работы было найти гиперэкспрессирующие MSLN модельные клеточные культуры ТНРМЖ и получить новые однодоменные антитела (наноантитела), 

распознающие MSLN на клетках ТНРМЖ. Уровни транскрипта мезотелина были определены на панели клеточных линий ТНРМЖ при помощи ОТ-

ПЦР-РВ, результаты верифицированы непрямым иммуно-ферментным анализом на мегакариоцит-потенцирующий фактор, секретируемую часть белка-

предшественника мезотелина. Для получения наноантител адаптировали метод предварительного обогащения иммунных библиотек фрагментов VHH-

антител из мононуклеаров Vicugna pacos с селекцией при помощи фагового дисплея. В результате исследования получены два варианта наноантител, 

обладающих высокой специфичностью взаимодействия с мишенью и K
d
 около 140 и 95 нмоль. Были идентифицированы две линии клеток MSLN+ и три 

линии MSLN– ТНРМЖ. Наноантитела оказались способны распознавать целевой антиген на MSLN+ клетках и обладали низким уровнем связывания 

с MSLN–-клеточными культурами. Установлена удобная клеточная модель MSLN+ ТНРМЖ для тестирования MSLN-опосредованной терапии; новые 

однодоменные антитела могут быть использованы в качестве нацеливающих частей химерных антигенных рецепторов.

Ключевые слова: наноантитела, химерный антигенный рецептор, мезотелин, трижды негативный рак молочной железы

Финансирование: работа выполнена при финансовой поддержке Министерства образования и науки РФ (уникальный код проекта RFMEFI60418X0205).

Для корреспонденции: Степан Петрович Чумаков
ул. Миклухо-Маклая, 16/10, г. Москва, 117997; hathkul@gmail.com 

Институт биоорганической химии имени М. М. Шемякина и Ю. А. Овчинникова, Москва, Россия

Статья получена: 28.09.2020 Статья принята к печати: 20.10.2020 Опубликована онлайн: 30.10.2020

DOI: 10.24075/vrgmu.2020.068

Вклад авторов: Ю. Е. Кравченко — работа с клеточными культурами, ПЦР-РВ, ИФА; С. П. Чумаков — получение иммунных библиотек, проведение 
селекции, очистка белковых препаратов, цитометрия, написание рукописи; Е. И. Фролова — планирование исследования, проведение манипуляций с 
животными, работа с первичными культурами, редактирование рукописи.

Соблюдение этических стандартов: работу с животными проводили в соответствии с принципами и требованиями Международной лаборатории по 
уходу за животными и Директивой совета европейских сообществ (86/609/EEC) от 24 ноября 1986 г.



15

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ОНКОЛОГИЯ

ВЕСТНИК РГМУ   5, 2020   VESTNIKRGMU.RU| |

seen in ovarian tumors [4]. Mesothelin can inhibit the TNFα-
induced apoptosis of tumor cells [5], stimulate proliferation 
and invasion of malignant cells [6] and promote resistance 
to chemotherapy [7]. The evident prooncogenic effect of 
this protein, its elevated expression in the most aggressive 
subpopulations of cancer cells and limited expression in normal 
tissue make mesothelin an attractive target for cancer therapies 
that rely on monoclonal antibodies and immunocompetent 
cells expressing chimeric antigen receptors (CARs). Currently, 
a few types of immunotoxins and MSLN-CAR-T cells are being 
tested as candidate therapeutics against mesotheliomas, 
pancreatic, biliary, gastric and ovarian cancers [3].      

Mesothelin can function as a biomarker for many TNBC [8]. 
TNBC is defined as a breast cancer negative for the estrogen 
(ER) and progesterone (PR) receptors and lacking HER2/neu 
(ERBB2) expression. TNBC is a very aggressive malignancy 
with a poor prognosis: there are no effective therapeutic 
regimens for this type of cancer. There were attempts to identify 
different gene expression patterns within this cancer subtype; 
for example, the claudin-low phenotype was identified a while 
ago [9]. This, however, did not result in the advent of a novel 
specific therapy for TNBC. Mesothelin is overexpressed in more 
than half of TNBC cases and in no more than 4% of ER+, PR+ and 
ERBB+ breast cancers; therefore, it could be considered a fairly 
selective TNBC marker and a promising therapeutic target [10]. 

In MSLN-targeted CAR-based therapy, the antigen-
recognition domain of CAR is assembled from single-chain 
variable fragments (scFv) derived from anti-MSLN monoclonal 
antibodies [11]. This is a fast yet not perfect method for obtaining 
CAR prototypes and testing their efficacy. ScFv derived from 
traditional antibodies can have inferior physical and chemical 
properties due to the altered secondary structure and are 
characterized by reduced affinity and reduced specificity for 
the target protein [12]. Besides, it is argued that monoclonal 
antibodies for immunotherapy and immunodiagnostics should 
preferably be high-affinity (in the nanomolar range), whereas the 
most important factor for CAR engineering is antibody binding 
specificity (the optimal antibody affinity for the target can be 
much lower) [13]. This necessitates a search for new antibodies 
for CAR constructs. 

Since antibodies for CAR therapy are designed as scFv, 
alternative immunoglobulin structures like single-domain 
antibodies (sdAb) of Camelidae have some  advantages as 
candidates for CAR design [14]. These camelid antibodies 
consisting of variable heavy homodimers (VHH) arose from 
a point mutation in the hinge region of the heavy chain; in 
the course of evolution, they “learnt” to effectively recognize 
antigens in the absence of light chain variable fragments [15]. 
Owing to the extended CDR3 length and the presence of 
an additional disulfide bond, VHH antibodies are capable of 
binding to their targets with the same specificity and affinity 
as traditional antibodies, but they are advantageously smaller 
in size and have good solubility. Their antigen-recognition 
sites are located on their single peptide chain, so they can be 
easily employed as scFv (VHH fragments or nanobodies) to 
create new CARs [16]. Today, there are two variants of anti-
mesothelin nanobodies, but their application is still limited to 
immunodiagnostics [17, 18]. 

Once the antigen-recognition domain of an anti-MSLN CAR 
has been designed, the CAR construct needs to be tested 
using an adequate ex vivo model. According to the literature, 
the most commonly exploited model TNBC cell lines are 
MSLN–. The aim of this study was to identify the cell line with 
high MSLN expression in the panel of commercial TNBC cell 
lines, select VHH fragments against MSLN using phage display 

and find a few sequence variants that could be used to create 
an anti-MSLN CAR.   

METHODS

Cell culture

The cell lines used in this study, including HEK-293Т 
(transformed human cells), MDA-MB-231, MDA-MB-468, 
MDA-MB-436, MDA-MB-157, MDA-MB-453, HCC1937, 
HCC1143, HCC38, HCC70, HCC1806, HCC1187, HCC1395, 
BT-549, BT-20, and Hs 578T (TNBC), were ordered from the 
American Type Culture Collection (ATCC; USA). The cells 
were grown in DMEM-F12 (PAA; Austria) supplemented with 
10% fetal bovine serum (Gibco; USA), 2 mM alanylglutamine 
(PanEco; Russia), 20 mM HEPES, 100 µg/ml penicillin and 
100 µg/ml streptomycin (PanEco; Russia).

 
RNA isolation and reverse transcription PCR

RNA was isolated using an RNeasy Mini kit and spin 
columns (Qiagen; USA) following the manufacturer’s protocol 
or, alternatively, extracted in preparative amounts using 
an ExtractRNA reagent (Evrogen; Russia) following the 
manufacturer’s protocol. The reverse cDNA sequence was 
generated from the purified RNA template using a ProtoScript II 
First Strand cDNA Synthesis Kit (NEB; USA). The purified RNA 
(500 ng per reaction) was mixed with other kit components, 
including the d(T)

23
 primer, following the manufacturer’s protocol. 

CDNA of VHH fragments was synthesized using a specific 
primer CH2-IgG–sp rev (GGTACGTGCTGTTGAACTGTTCC). 
The RNA/primer mix was incubated at 42 °С for one hour 
and then at 80 °С for 5 min. The amount of cDNA per each 
quantitative PCR (qPCR) reaction was no more than 50 ng. 

Real-time PCR

For qPCR, we used HS-Taq polymerase (Evrogen; Russia) 
and a set of specific primers, including MSLN-qPCR 
dir (GCACTCCTCTTTCTGCCTGG), MSLN-qPCR rev 
(GCCATGGTCTGTGTAGATCCC) and MSLN-probe (5'-FAM-
CCCACGGTGCCTCCCTCCCT-BHQ1-3') by DNA-synthesis, 
Russia. Primer and probe selection was aided by the Primer-
BLAST tool (NIH NCBI; USA). Prediction of secondary 
structures was carried out using the OligoAnalyzer Tool (IDT; 
USA). All experiments were run in 6 replicates. The amount 
of the accumulated PCR product was compared between the 
samples based on the Ct values. GAPDH was used as an internal 
control for real-time PCR; the expression of target genes was 
normalized to GAPDH expression (ΔСt). The ΔСt value in the 
cDNA sample isolated from the MDA-MB-231 cell line was used 
as a calibration standard. Thus, changes in gene expression in the 
studied samples were calculated by the formula: 2 – (ΔСtsample - ΔСtcalib) 
[19]. PCR was performed in the MyiQ Single-Color Real-Time PCR 
Detection System (Bio-rad; USA).

MSLN producer and recombinant protein

CDNA prepared from the HCC1806 cell line was amplified 
in the presence of 2 primers for the membrane-anchored 
mesothelin domain sequence: MSLN full dir (GAAGTGG
AGAAGACAGCCTGTCCTTCAGGC) and MSLN full rev 
(GCTGAGGTCTAGGACCAGGTAGCCGTTG) by DNA-
synthesis, Russia. The initial denaturation step was performed 
at 95 °С for 120 s, followed by 30 cycles of 95 °С for 30 s, 66 °С 
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for 30 s and 72 °С for 60 s in the presence of Tersus polymerase 
(Evrogen; Russia). Then the reaction mix was loaded on 1% 
agarose gel and stained with the intercalating Sybr Gold dye 
(Thermo; USA); the target band (~890 bp) was identified using 
the Cleanup mini kit (Evrogen; Russia). The obtained DNA was 
subjected to PCR amplification in the presence of 2 primers: 
MSLN Xba dir (AGAGAGTCTAGAGAAGTGGAGAAGACAG
CCTGTCCTTCAGGC) and MSLN BglII rev (AGAGAGAGATC
TGCTGAGGTCTAGGACCAGGTAGCCGTTG), following the 
protocol of 18 cycles described above. The PCR product was 
again purified using the Cleanup mini kit and cloned at the 
XbaI — BglII/BamHI restriction sites (enzymes by NEB; USA) 
of a pLCMV-HT-puro lentiviral expression vector (ligase T4, 
Evrogen; Russia). Plasmid pLCMV-MSLN-HT-puro DNA was 
purified using a Plasmid miniprep kit (Evrogen; Russia). To 
prepare the lentiviral vector, 106  HEK-293T cells were plated 
onto a 10 cm culture dish. Next day, the LCMV-MSLN-HT-puro 
plasmid was mixed with the psPAX2 and pMD2.G packaging 
plasmids (both were a gift from Didier Trono (Addgene plasmid # 
12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene_12260 
and Addgene plasmid # 12259 ; http://n2t.net/addgene:12259; 
RRID:Addgene_12259) at the weight ratio of 5 : 3 : 2  (the total 
amount was 20 µg). Transfection was performed in the Opti-
MEM medium (Gibco; USA) following the protocol adapted  
from [20]. Next day, the Opti-MEM medium was replaced with 
fresh serum-free DMEM-F12 supplemented with a Serum 
replacement solution, a Lipid mixture (both by Peprotech; USA) 
and 4 mM caffeine (Sigma Aldrich; USA). Forty-eight hours later, 
the medium enriched in the lentivirus was harvested, filtered, 
supplemented with 10 µg/ml polybrene (Sigma Aldrich; USA) 
and combined with intact HEK-293Т cells (5 × 105) plated onto 
a 10 cm culture dish. After 24 h of incubation, the medium was 
replaced with a regular culture medium. Seventy-two hours 
after inoculation, the medium was supplemented with 1 µg/ml 
puromycin (Sigma Aldrich; USA), and the culture was left to 
incubate for 10 days. To obtain recombinant mesothelin, the 
cells were seeded onto six 15-cm culture dishes (2.5 × 107 cells 
per dish) containing DMEM-F12 supplemented with the Serum 
replacement solution and the Lipid mixture. Protein-containing 
liquid culture medium was harvested every 4 days for 16 days. 
The obtained recombinant mesothelin was purified on HIS Mag 
Sepharose Excel magnetic beads (Cytiva; USA) according 
to the manufacturer’s protocol. Pooled mesothelin samples 
were run through PD-10 columns (Cytiva; USA) to transfer 
mesothelin to a phosphate buffer. Mesothelin concentrations 
were determined by measuring OD280 with a Nanodrop 
OneC spectrophotometer (Thermo; USA). For quality control, 
the protein was run in a polyacrylamide gel and stained with 
Coomassie Blue G-250 following the standard protocol.

Animal immunization and collection of biological samples

Biological specimens (venous blood samples) were collected 
from an alpaca (Vicugna pacos), the member of the Camelidae 
family. For primary immunization, 400 µg/500 µl mesothelin 
was mixed with an equal volume of complete Freund’s adjuvant 
(Pierce; USA) until complete homogenization. For boosting, 
250 µg/500 µl mesothelin was combined with an equal volume 
of incomplete Freund’s adjuvant. A total of 3 booster doses 
were administered at 2-week intervals. The antigen was 
injected subcutaneously and intramuscularly into the thigh of 
the animal. Prior to each immunization, a venous blood sample 
(10 ml) was collected to measure serum concentration of anti-
mesothelin antibodies. B cells were separated from peripheral 
blood mononuclear cells (PBMC) 5 days after the last booster 

injection. PBMC were isolated from a fresh blood sample (100 ml)
by density gradient centrifugation with Ficoll (1,077 g/ml) 
(PanEco; Russia) following the standard protocol. 

Primary selection of B cells

Recombinant mesothelin was biotinylated with NHS-LC-
biotin (Covachem; USA) following the standard protocol and 
then used for magnetic separation of B cells with an EasySep 
Biotin Positive Selection Kit II (Stemcell Technologies; Canada) 
according to the manufacturer’s protocol. RNA was isolated 
from the separated cell fraction using the Satellite red co-
precipitator (Evrogen; Russia).

Assembly of immune VHH library

The VHH library was prepared from cDNA synthesized in 8 
independent reactions from a total of 4 µg mRNA. Target 
VHH sequences were amplified in the presence of high-fidelity 
Tersus polymerase (Evrogen; Russia) and the following primers: 
AlpVHH3 uni fwd (CCACCATGTCTAGASAGKTGCAGSTSGTR
GAGTCTGKGGGAGG), AlpVHH-R1 (AATCCGGATCCGGGGG
GTCTTCGCTGTGGTGCG) and AlpVHH-R2 (AATCCGGATCC
GGTTGTGGTTTTGGTGTCTTGGG); the 2 later primers were 
based on the sequences published in [21]. The amplification 
protocol consisted of a denaturation step at 95 °С for 120 s, 
followed by 30 cycles of 95 °С for 30 s, 61 °С for 30 s and 72 °С 
for 30 s. The phagemid library was prepared by cloning the 
amplified VHH sequences into a pHEN2-XB phagemid using the 
XbaI and BamHI-HF endonucleases and the T4 Electroligase 
(NEB; USA). TG-1 cells were transformed with the phagemid 
library by electroporation using a Genepulser system (Bio-Rad; 
USA). Phage selection was performed following a previously 
published protocol [22] using the antigen immobilized on 
immuno tubes. 

Expression and purification of candidate 
biotinylated antibodies

Sequences of VHH fragments from the selected individual 
phagemid clones were cloned into the pET-BAD expression 
vector at the XbaI and BamHI sites. The resultant constructs 
were used to transform biotin ligase-expressing BL21DE3-
BirA cells. The water-soluble nanobodies were obtained 
from individual cell colonies grown in the liquid medium 
supplemented with 0.2 mM D-biotin (Covachem; USA). The 
culture protocol was previously described in [23]. The water-
soluble nanobodies were isolated from the periplasm by lysing 
the bacterial cell sediment in the buffer composed of 50 mM 
Tris-HCl (pH 7.4), 150 mM NaCl, 0,1% Triton X-100 and 
10 mg/ml lysozyme and PMSF, followed by triple sonication 
with a Soniprep-100 ultrasonic disintegrator (Soniprep; USA), 
subsequent purification on HIS Mag Sepharose Excel magnetic 
beads (Cytiva; USA) and transfer to a phosphate buffer. 

ELISA  

Megakaryocyte potentiating factor (MPF) concentrations in the 
liquid culture media were measured using a Human Mesothelin 
Propeptide/MPF DuoSet ELISA (RND Systems; USA) according 
to the manufacturer’s protocol. To quantify anti-mesothelin 
serum antibodies, the collected serum samples were added 
to the wells of a well-plate coated with 5 µg/ml mesothelin 
and then treated with polyclonal sheep anti-alpaca antibodies; 
detection was carried out using HRP-conjugated donkey anti-
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Fig. 1. Selection of nanobodies. A. Levels of anti-mesothelin serum antibodies in the blood of the immunized animal at the time of immunization and each booster injection. 
B. The dynamics of phage libraries enrichment with mesothelin-specific nanobodies after each round of selection. C. Results of screening of 96 randomly selected 
clones (direct ELISA for mesothelin). 1–48 — clones from the library that was not subjected to preselection; 49–96 — clones from the library that underwent preselection.
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sheep antibodies (Santa Cruz; USA). Library enrichment was 
evaluated following a previously published protocol [22]. The 
wells of the well-plate were coated with 5 µg/ml mesothelin; 
detection was aided by HRP-conjugated anti-M13 antibodies 
(Sino Biological; China). For direct ELISA, the wells of the 
well-plate were coated with mesothelin and treated with 
1 µg/ml nanobodies. Antigen detection was carried out using 
anti-c-myc biotinylated antibodies (SciStoreLab; Russia) and 
HRP-conjugated streptavidin (R&D Systems; USA) or, for 
biotinylated nanobodies, using HRP-conjugated streptavidin 
only. For sandwich ELISA, 5 µg/ml MesoVHH-1E3 was used 
as a capture antibody for antigen immobilization, 1 mg/ml 
MesoVHH-2H5B was used as a detection antibody, and HRP-
conjugated streptavidin was added for additional probing. A 
ready-to-use tetramethylbenzidine solution (Sigma Aldrich; 
USA) was employed as a substrate for HRP conjugates. 
Colorimetric measurements were done with a Triad microplate 
reader (Dynex; USA).

Biolayer interferometry 

Dissociation constants (Kd) for purified MesoVHH-1E3B 
and MesoVHH-2H5B nanobodies were determined using 
Streptavidin (SA) biosensors and a BLItz system (ForteBio; 
USA). 

Nanobody cell staining 
and flow cytometry

Adherent cells were detached from the surface using TrypLE 
(Thermo; USA) and then fixed in 3.7% paraformaldehyde 
solution. Cells suspended in the phosphate buffer were 
incubated with 5 µg/ml nanobodies for one hour (except for 
control samples) and then washed with Streptavidin-FITC 
(MyBioSource; USA) for 40 min. After that, the unreacted reagent 
was removed and fluorescence was measured by means of a 
FacsVantage SE flow cytometer (Beckton Dickinson; USA). The 

data generated by flow cytometry were processed in Flowing 
Software (Perttu Terho; Finland).

Statistical analysis

Statistical analysis was done in Prism 8 software (GraphPad 
Software; USA).

RESULTS

To obtain nanobodies against mesothelin, a Vicugna pacos 
animal was challenged with recombinant mesothelin containing 
highly immunogenic full-sized regions II and III. The immune 
response was closely monitored at all time points after initial 
immunization and administration of booster doses. Production 
of anti-mesothelin serum antibodies slowed between the 2nd 

and 3rd booster injections (Fig. 1А), so blood samples for library 
preparation were collected on day 5 after the 3rd booster injection. 
The mononuclear cell fraction was divided into 2 equal parts, which 
were subsequently used to prepare 2 immune phage-display 
libraries. The first library was prepared from the total RNA isolated 
from mononuclear cells; the second library was prepared from 
the total RNA isolated from the cells that had undergone positive 
selection on magnetic beads coated with biotinylated mesothelin. 
This was necessary to clear the cell population of the B cells that 
secreted irrelevant antibodies. Both phage-display libraries were 
subjected to 3 rounds of selection on the immobilized antigen, 
with enrichment control between the rounds. The second library 
was characterized by higher abundance of MSLN-reactive clones 
and better enrichment with target sequences after as early as one 
round of selection (Fig. 1B). After positive selection, 48 clones 
were randomly chosen from each library and tested for response 
to mesothelin using ELISA; the clones characterized by the 
maximum level of signal intensity (Fig. 1C) were sequenced. 

Sequencing revealed that all selected clones contained 2 
types of VHH fragments, which we called MesoVHH-1E3 and 
MesoVHH-2H5. 
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Fig. 2. Determination of mesothelin levels. A. Relative MSLN expression levels in TNBC cell lines evaluated by real-time PCR. B. MPF levels in the cultural media with 
TNBC. The graphs show median values and standard deviations between biological replicates
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Fig. 3. Testing of the nanobodies in TNBC cell lines. The graphs show flow cytometry results for the model TNBC cell lines labeled with MesoVHH-2H5B (A) and 
MesoVHH-1E3B (B). Staining was done with Streptavidin-FITC 
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Both sequences were cloned into a pET-BAD expression 
vector in frame with biotinylation signal sequence of BirA biotin 
ligase. Biotinylated MesoVHH-1E3B and MesoVHH-2H5B 
antibodies purified by means of affinity chromatography were 
tested for their ability to bind to mesothelin using ELISA. We 
also attempted indirect antigen detection, in which MesoVHH-
1E3 was used as a capture antibody and MesoVHH-2H5B 
was used as a detection antibody. Both tests were successful. 
Then, dissociation constants were determined for the purified 
antibodies by means of biolayer interferometry. For MesoVHH-
1E3B, Kd was approximating 140 nmol, whereas for MesoVHH-
2H5B it was about 95 nmol. 

Mesothelin expression was measured in the panel of 
TNBC cell lines by real-time PCR in order to identify MSLN+ 

and MSLN– cultures. The data generated by real-time PCR 
were normalized to the MDA-MB-231 cell line characterized 
by low mesothelin expression. The analysis showed that low 
mesothelin expression was typical for most of the tested 
TNBC cell lines (Fig. 2). Two cell lines (HCC70 and HCC1806) 
exhibited moderate expression and hyperexpression of 
MSLN, respectively, and therefore were chosen as model cell 
lines for further tests on the selected candidate anti-MSLN 
VHH antibodies. By contrast, the HCC1187, Hs 578T and 
MDA-MB-453 cell lines were characterized by significantly 
(> tenfold) reduced MSLN expression and therefore were chosen 
as negative controls. The levels of intracellular transcripts do 

not always correlate with the actual amount of the protein on 
the cell surface, so the results of real-time PCR needed to be 
verified by ELISA using a secreted fragment of the mesothelin 
precursor MPF. Only 2 cell lines (HCC70 and HCC1806) were 
found to secrete MPF into the liquid culture medium after 6 days 
of incubation (Fig. 2B); MPF levels were well-correlated with the 
levels of mesothelin expression measured by real-time PCR.   

Purified MesoVHH-1E3B and MesoVHH-2H5B antibodies 
were used to stain the selected cell cultures and perform flow 
cytometry. Both VHH fragments produced intense fluorescence 
in most cells (%) of the HCC1806 and HCC70 cell populations 
(Fig. 3); however, fluorescence was much less intense in HCC70 
cells. No significant differences were observed between the 
histograms constructed for the MDA-MB-453, HCC1187 and 
Hs 578T cell lines that were used as a negative control to test 
the non-specific binding of the studied nanobodies and the 
histograms of corresponding samples that were not labeled 
with VHH fragments. These findings were consistent with the 
PCR data on mesothelin expression in TNBC cell lines used for 
the testing of VHH fragments. This suggests that the studied 
nanobodies had high specificity for the target antigen.

DISCUSSION

We have successfully identified two specific single-domain 
antibodies against mesothelin. The protocol for the pre-
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selection of immunocompetent cells was adapted from [24] and 
used to prepare immune libraries. Unlike the original protocol, 
we did not perform negative selection on magnetic beads to 
separate the B-cell fraction from mononuclear peripheral cells 
due to the absence of commercial kits for the isolation of alpaca 
B cells. The step involving the sorting of B cells labeled with 
fluorescently-conjugated antibodies was also skipped. Instead, 
we decided to isolate B cells expressing target B-cell receptors 
on their surface by performing positive selection on magnetic 
beads coated with biotinylated mesothelin. This approach 
allowed us to reduce the amount of the initial raw material 
100-fold and create a smaller phage library devoid of irrelevant 
antibody fragments. Both anti-MSLN nanobodies were more 
abundant in the preselected library and were detected during 
the screening of individual clones as early as the first round 
of selection. We conclude that our simplified preselection 
procedure takes 3 times less time than usually needed to 
select a candidate clone. The relative abundance of clones with 
affinity for the target in the initial library can prevent the loss of 
rare sequences with unique properties. 

Currently, there are a few known variants of anti-mesothelin 
VHH antibodies [17, 18]. These nanobodies show promise as 
immunodiagnostic tools, targeting molecules for nanoparticle-
based therapy and components of bispecific therapeutic 
agents. The nanobodies identified in this study are slightly 
inferior to the already known nanobodies in terms of their 
specificity; however, this parameter is not definitive in allowing 
the use of a VHH fragment in a CAR construct. MesoVHH-1E3 
and MesoVHH-2H5B have been successfully tested as capture 
and detection antibodies, respectively, in a sandwich ELISA. 
This suggests that the two nanobodies recognize different 
mesothelin epitopes and their simultaneous binding to the 
target is not impeded. 

Mesothelin-targeting CARs are being actively tested as 
candidate therapies for solid tumors [3]. Recently, a number 
of studies have been published on the MSLN-targeted therapy 
for TNBC [10]. There is a need for a convenient MSLN+ TNBC 
cell model that could be employed for testing these therapeutic 
approaches ex vivo and in vivo. Although the proportion of 
primary MSLN+ TNBC cultures is substantial, the continuous 
cell lines of this subtype are mostly MSLN-negative [8]. By 

screening the wide panel of TNBC cell lines, we were able to 
identify 2 candidate cell models and 3 cell lines with suppressed 
MSLN expression. For MSLN+-cell lines, real-time PCR results 
were consistent with the results of ELISA assays for the MPF, 
the secreted fragment of the mesothelin precursor present in 
the cell supernatant.  Noteworthy, both MSLN+-cell lines can be 
used to induce cancer in immunodeficient BalbC/nude [25, 26] 
via an orthotopic injection, which makes this cell model suitable 
for in vivo experiments.

The selected anti-mesothelin nanobodies were tested on the 
MSLN+ TNBC model and demonstrated the ability to recognize 
the native TNBC antigen. The low level of background signal in 
the MSLN+ cell lines stained with the nanobodies indicates their 
high specificity for the target. The obtained data leads us to 
hypothesize that MesoVHH-1E3 and MesoVHH-2H5 might be 
used to create compact functionally active antigen receptors 
for mesothelin.

CONCLUSIONS

Using a modified protocol for the preselection of cells obtained 
from an immunized animal, we identified 2 nanobodies 
capable to specifically bind to mesothelin. The activity of these 
nanobodies was demonstrated in the in vitro experiment. The 
identified VHH fragments recognize different non-overlapping 
epitopes of MSLN and can be used for sandwich ELISA. 
Using biolayer interferometry, we determined the K

d
 values for 

MesoVHH-1E3B and MesoVHH-2H5B (about 140 and 95 
nmol, respectively). The panel of TNBC cell lines was screened 
for candidate MSLN+ cell models, and 2 cell lines (HCC1806 
and HCC70) were chosen as characterized by high and 
moderate hyperexpression of mesothelin. We also identified 
3 cell lines (HCC1187, Hs 578T and MDA-MB-453) in which 
mesothelin expression was suppressed. The selected anti-
mesothelin nanobodies were able to specifically stain native 
mesothelin on the surface of HCC1806 and HCC70 cells 
and had low levels of non-specific binding in MSLN- breast 
cancer lines. Our findings suggest that the MesoVHH-1E3 and 
MesoVHH-2H5 nanobodies could be used for the molecular 
diagnosis of tumors and creation of compact and functionally 
active antigen receptors for mesothelin. 
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According to statistics, there were 42,518 newly-reported 
cases of prostate cancer in the year 2018 in Russia, and the 
higher incidence rates among males were demonstrated only 
by tracheal, bronchial and lung malignant neoplasms [1].

Prostate cancer is the most common cancer in men all over 
the world, the prevalence of the disease in the developed world 
exceeds 200 cases per 100,000 men. Although the clinical 
course of the tumor varies from slow-growing localized types 
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IMMUNOHISTOCHEMICAL EXPRESSION OF NANOG PROTEIN IN PROSTATE CANCER CELLS OF 
DISTINCT GRADE GROUPS

Prostate cancer is the most common type of cancer among men, which is mainly due to extensive use of screening tests and high total number of prostate biopsies. 

Verification of tumors with poorer prognosis is the primary goal of prostate cancer management. The study was aimed to determine the clinical and morphological 

associations and the prognostic value of the Nanog protein expression in prostate cancer of distinct Grade Groups. We used the prostate tissue specimens obtained 

during surgery, and the biopsy specimens, the total of 89 cases. Histological and immunohistochemical assessment was performed using antibodies to Ki-67 and 

Nanog. Correlations between the expression of markers and the Grade Groups were revealed using the Spearman's rank correlation coefficient, and the correlation 

with clinical and morphological characteristics was determined using the chi-squared test (χ2). There was a positive correlation between the expression of Ki-67 and 

Nanog, and the Grade Group numerical order (r
s
 = 0.619, p < 0.001 and r

s
 = 0.786, p < 0.001 respectively). We managed to find the relationship between the high 

Nanog expression and the extraprostatic extension (p = 0.041). High expression of Nanog protein in the prostate cancer cells was associated with a higher-grade 

adenocarcinoma and indicated a poor prognosis.  
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to highly aggressive cases with fast spreading, the disease is 
one of the major causes of morbidity and mortality among men 
[2, 3].

The USA is one of the countries with the highest rate 
of prostate cancer. The disease occurs in one of every six 
American men during his lifetime. However, only one of those 
patients actually dies of prostate cancer and its complications, 
in other patients the tumor usually demonstrates no clinical 
manifestations [4]. These data were confirmed by autopsy 
studies in which the postmortem diagnosis of prostate cancer 
was established in one third of patients aged 50–60, and in 
60% of people who died over the age of 80 [5].

Prior to wide-scale introduction of the prostate-specific 
antigen (PSA) level assessment, the prostate cancer was often 
diagnosed after the patients had shown symptoms of locally 
advanced or metastatic disease, and the overall 5-year relative 
survival rate was 70% [6]. The extensive use of PSA screening 
tests led to a dramatic increase in the prostate cancer detection 
involving mostly localized cancer. However, the described 
method does not have high specificity and often contributes to 
the increased number of invasive procedures in patients with 
clinically insignificant cancer types [7]. Therefore there is a need 
to continue search for biological markers in order to refine the 
various prostate cancer types progression model and choose 
the appropriate treatment tactics.

The promising strategy to address the problem is the 
in-debth study of major histogenesis patterns for the most 
common type of prostate cancer, the adenocarcinoma. 

At the current stage, the stochastic model of carcinogenesis 
suggesting that each individual tumor cell possesses the 
amplification capacity and is able to produce a new tumor pool 
is relegated to the background [8]. It is being substituted by 
hierarchical approach to tumor progression. This approach 
involves the model in which the tumor consists of atypical cells, 
polymorphic in their proliferative activity and differentiation 
potential. The theory described implies that there are cancer 
stem cells (CSC), which, like normal stem cells, are able to 
divide indefinitely, inter alia they divide asymmetrically, and 
therefore they are capable of multipotent differentiation in the 
tumor tissue. It is believed that cancer stem cells potentiate 
tumor growth [9].   

Early observations (1960s) based on the studies of 
hemoblastosis proved the heterogeneity of cells in the tumor 
mass suggesting the existence of immature cell population. 
The first evidence based on the acute myeloid leukemia 
research that supported the cancer stem cells (CSC) existence 
hypothesis was obtained in the 1990s [10]. More recent studies 
indicated that CSCs were present in tumors of other types, 
particularly in prostate cancer.

The CSC multipotency maintenance patterns are not well 
understood, however, the regulatory proteins responsible for similar 
properties of embryonic stem cells (ESC) may play a vital part.

The Nanog protein is a transcription factor involved in self-
renewal of stem cells. It was first discovered in mouse embryonic 
stem cells and considered an important transcriptional regulator 
responsible for cell differentiation [11, 12].

The described protein encoded by the gene NANOG1 
consists of 305 amino acids and possesses three functional 
domains: the N-terminal domain, the C-terminal domain and 
the conservative homeodomain motif required for binding 
to promoter region of DNA target regions and transcription 
regulation [13].

Together with other transcription factors, the most 
conservative of which are SOX2 and OCT4, Nanog plays a 
critical role in maintaining ESC properties [14]. These three key 

factors usually function together through transcriptional network 
formation to control the expression of a set of pluripotent-
related genes in ESC. High expression of Nanog is observed 
in the pluripotent stem cells and embryonal carcinoma cells, 
and its expression is downregulated upon cell maturation 
[11]. Overexpression of Nanog protein not only contributes 
to maintenance of ESC pluripotency in murine models in the 
abscence of such strong extrinsic factors as leukemia inhibitory 
factor (LIF), but also promotes the human ESC growth in the 
controlled environment in feeder-free conditions, i.e. in the 
absence of feeder, the functional basis represented by primary 
embryonic fibroblasts [15]. Thus, the level of Nanog protein is 
involved in determining the cell fate in pluripotent cells under 
physiological conditions.

Identification of cells possessing the stemness-related 
signs and markers in the tumor tissue might help to predict the 
unfavourable prostate cancer outcome.

The study was aimed to determine the prognostic value 
of the Nanog protein expression in the cells of prostate 
adenocarcinoma.

METHODS

From September 2017 to May 2019 at two hospitals (City 
Clinical Hospital № 31 and Hospital for War Veterans № 2) we 
had been collecting specimens obtained from 89 urological 
patients during surgery and diagnostic procedures.

The average age of patients at the time of tissue sampling 
was 69.3 years (47–89 years). Inclusion criteria: prostate cancer 
patients with morphologically verified diagnosis who received 
no neoadjuvant therapy. Exclusion criteria: cases with no 
clinical and instrumental examination data (PSA levels, tumor 
extension), as well as the cases with tissue amounts insufficient 
for immunohistochemical analysis and further interpretation 
of results. Surgery was performed in 48 patients (23 patients 
underwent transurethral resection, and 25 patients underwent 
radical prostatectomy), and the diagnostic transrectal 
multifocal biopsy was performed in 41 patients. Morphological 
assessment of prostate cancer included not only the cancer 
grade evaluation according to the Gleason score, but also, 
according to the WHO recommendations, the Grade Group 
characteristics were provided in each observation.

Immunohistochemical assessment was carried out 
according to standard protocol. The rabbit monoclonal Nanog 
antibody (Clone EPR2027 (2), Epitomics; USA) was used as a 
primary antibody. The seminomatous testis tissue specimens 
were used as a positive control. The cell proliferative activity 
assessment was performed using the anti-Ki-67 rabbit 
monoclonal antibody (Clone SP6, Cell Marque; USA). The 
reaction with the tonsils lymphoid tissue (tonsillar germinal center 
cells) was used as a positive control. Immunohistochemical 
reaction was carried out using the QUANTO detection system 
in the Autostainer 360 unit (Thermo Fisher Scientific; USA). The 
slices were stained with Mayer’s hematoxylin. The specimens 
were examined under the Axioplan 2 imaging miscroscope 
(Karl Zeiss; Germany) with the AxioCam ERc 5s stand-alone 
camera (Karl Zeiss; Germany).

Quantification of proliferative activity was performed by 
counting the percentage of positively stained nuclei per 300 
cells at x400 magnification. The following scoring system was 
used: no expression (score 0), weak expression (score 1) —
less than 10% of cell nuclei were stained, moderate expression 
(score 2) — more than 10% but less than 33% of cell nuclei 
were positive, strong expression (score 3) — more than 33% of 
the cell nuclei were positive. 
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The Nanog expression assessment was also performed 
by counting the number of immunopositive cells at high 
magnification (х400, the minimum number of cells was 300). 
However, the results were adjusted for staining intensity. The 
0–3 scale was used: 0 was no staining, 1 was weak staining, 
2 and 3 were moderate and strong staining respectively. Then 
the H-score (histochemical score) was calculated using the 
following formula: 

H-score = ∑ (P
i
 × i), 

where i was the staining intensity ranged from 0 to 3, and Pi 
was the proportion of cells stained to different intensities (%). 
The H-score value ranged between 0 and 300 [16].

Statistical analysis was carried out using the Statistica 10.0 
(StatSoft; USA) software for Windows 10. The significance of 
differences in the samples was determined using the Mann–
Whitney U-test. The differences were considered significant at 
р < 0.05. Correlation relationships were determined using the 
Spearman's rank correlation coefficient, the Chaddock scale 
was used to evaluate the strength of relationship for correlation 
coefficients. The chi-square (χ2) and Fisher's exact tests were 
used to reveal correlations between the studied markers 
expression and the clinical and morphological characteristics 
of patients.

RESULTS

After histological examination 68 patients were diagnosed 
with prostate cancer, the other patients were diagnosed 
with benign prostatic hyperplasia combined with 
inflammatory changes of varying severity. In accordance 
with the recommendations, after morphologic evaluation 
all observations were distinguished into five prognostic 
Grade Groups: Grade Group 1 included 18 cases (26.5%), 
Grade Group 2 included 16 cases (23.6%), and Grade 
Group 3 included 15 cases (22.1%). Grade Groups 4 and 
5 included 10 (14.7%) and 9 (13.2%) cases respectively. 
The cancer extent was determined based on the clinical and 
morphological data: tumors detected accidentally during 
examination, as well as carcinomas limited to the tissue of 
origin were considered localized cancer (Т1 and Т2 tumor-
node-metastasis stage according to AJCC, 8th edition). 
Extraprostatic extension was considered a sign of advanced 
cancer (Т3 and Т4). The serum PSA level of 10 ng/mL was 
used as a threshold value. 

The expression of Ki-67 was detected in 82 cases (92.1%). 
In the group of patients with benign prostatic hyperplasia 
the expression of Ki-67 was detected in 14 observations 

(66.7%), and in vast majority of cases the expression was 
weak. Comparison of the described marker expression 
between groups of patients with benign prostate lesions and 
prostate cancer revealed significant differences, and the overall 
proliferative activity in the prostate cancer group turned out to 
be much higher (p < 0.001) (Fig. 1). 

Comparison of proliferative activity between different Grade 
Groups revealed the progressive increase of the mean Ki-67 
expression with the Grade Group numerical order (Fig. 2). 
Correlation analysis revealed strong positive correlation 
between the parameters compared (r

s 
= 0.619; p < 0.001).

Expression of Nanog

In our study no expression of Nanog was detected in patients 
with benign prostatic hyperplasia, whereas among 68 cases 
of prostate cancer the 26 specimens (38.2%) turned out to 
be Nanog-positive. No expression of Nanog was detected in 
Grade Group 1, in Grade Group 2 there were three positive 
cases (18.75%), in Grade Group 3 there were 6 positive cases 
(40%), in Grade Group 4 there were 8 positive cases (80%), 
and in Grade Group 5 there were 9 positive cases out of 9. The 
mean Nanog expression values adjusted for staining intensity 
are presented in Fig. 3. 

 Comparison of H-scores for Nanog expression in the cells 
of prostate adenocarcinoma made it possible to reveal positive 
correlation with the Grade Group numerical order (r

s
 = 0.786, 

p < 0.001). 
The studied markers expression for the most common 

Gleason patterns is shown in Fig. 4.
Matching the clinical and morphological properties with 

the studied markers expression (Table) revealed significant 
correlation between the Ki-67 expression level and the 
extraprostatic extension (р = 0.046) together with high serum 
PSA level (> 10 ng/mL; р < 0.001). At the same time, high 
H-scores for Nanog expression were associated with advanced 
cancer (р = 0.041). However, no significant correlation between 
Nanog reactivity and the serum PSA level was observed. 

DISCUSSION

The study of cancer stem cells (CSC) peculiarities made in 
possible to revise the fundamentals of tumor organization 
and metabolism. Heterogeneity of tumor cell population is 
due to hierarchical organization partially modeling the normal 
histoarchitectonics of the tissue of origin. Symmetric and 
asymmetric division of CSC contributes both to maintaining the 
tumor cell population and to tumor volume increase due to loss 
of stemness by certain cells [17]. 

Fig. 1. Expression of Ki-67 in patients with benign prostatic hyperplasia and prostate adenocarcinoma

Benign prostatic hyperplasia Prostate adenocarcinoma

2.50

1.50

0.50

2.00

1.00

0.00



25

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ОНКОЛОГИЯ

ВЕСТНИК РГМУ   5, 2020   VESTNIKRGMU.RU| |

It has been shown that in certain cancer types the Nanog 
expression level in CSC is higher compared to the rest of tumor 
cell population [18, 19].

The functional studies have demonstrated that Nanog is not 
only the marker of CSC, but is also able to enhance CSC-like 
properties in some cancer types. For example, the embryonic 
NANOG gene activation forces the colorectal cancer cell 
subpopulation to acquire a stem cell-like phenotype [20].

The expression of Nanog was detected in various tumors, 
including breast cancer, cervical cancer, oral cavity cancer, 
renal cancer, prostate cancer, lung cancer, gastric cancer, brain 
cancer and ovarian cancer [21]. High expression of Nanog 
indicates poor survival prognosis in patients with serous ovarian 
carcinoma, colorectal cancer and breast cancer. In patients 
with oral squamous cell carcinoma and lung adenocarcinoma, 
higher expression of Nanog and Oct4 is associated with 
advanced stage and worse overall survival [22, 23].

Aberrant expression of Nanog in cancer cells was 
associated with higher proliferation rate in vitro and 
tumor growth in vivo. It had been shown that the parallel 
overexpression of Nanog and Oct4 in the cells of lung 
adenocarcinoma enhanced clonogenicity and induced 
the spheroid formation [24], and the Nanog knockdown 
in the breast cancer cells reduced clonogenicity and cell 
proliferation [25]. The Nanog knockdown was associated 
with downregulation of a number of cell-cycle genes (such 
as cyclins D1, D2, D3 and E1, as well as cyclin-dependent 

kinases 1 and 6) and the p53 signaling pathway (for example, 
Bcl6 and Atf3), which could indicate the Nanog involvement in 
the cell cycle regulation [25, 26].

Our study made it possible to identify the Nanog protein 
expression in the prostate cancer cells. This protein was 
absent both in normal prostatic tissue and in observations of 
benign prostatic hyperplasia. The Nanog protein expression 
heterogeneity suggests that distinct adenocarcinoma variants 
distinguished primarily by the degree of anaplasia have different 
histochemical profiles. Considering that this transcription factor 
is generally inherent in embryonic cells, finding it in the cells 
of tumor mass speaks well for the theory of specific pool of 
cells showing signs of “stem-like” phenotype. The comparison 
of distinct prognostic Grade Groups has revealed that the 
Nanog expression rate and intensity increases with the growth 
of the degree of anaplasia. This is reflected by the Gleason 
score of the tumor and contributes to the Grade Group 
selection. Such positive correlation confirms that there is a 
significant subpopulation of CSC, multipotent due to presence 
of Nanog, in the cell mass of the most poorly differentiated 
prostate adenocarcinomas. The study also demonstrates the 
significant correlation between the Nanog expression level 
and the extraprostatic extension, which is an important factor 
affecting the outcome. Most observations, which turned out 
to be considerably immunoreactive for the described protein 
expression, also showed high expression of Ki-67. That 
indicated the high proliferative capacity of anaplastic cancer 

Fig. 3. Comparison of Nanog expression between different prostate cancer Grade Groups
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Fig. 2. Comparison of Ki-67 expression between different prostate cancer Grade Groups
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Fig. 4. Expression of Ki-67 and Nanog in the prostate cancer cells for the most common Gleason patterns (magnification х400)

Ki-67 Nanog

Gleason 
pattern 3

Gleason 
pattern 4

Gleason 
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cells, among them the CSC. Immunohistochemical reaction 
with markers Nanog and Ki-67 in the Grade Groups 1 и 2 
turned out to be much lower compared to Grade Group 5, 
which indicated the better prognosis in well-differentiated 
carcinomas. 

CONCLUSION

Identification of cancer stem cells in the prostate cancer tissue 
is a promising diagnosis and outcome prediction method. High 
expression of Nanog is associated with higher proliferative 

Table. Relationship between the expression of Ki-67 and Nanog and the major clinical and morphological characteristics

Clinical and 
morphological 
characteristics

Number of cases, 
N (%), 68 in total

Expression of Ki-67 Expression of Nanog (histochemical score)

Score 1 Score 2 Score 3
Significance 

level, р
Weak (<40) Strong (>40)

Significance 
level, р

Tumor extension

Localized cancer (T1, T2) 39 (57.4%) 19 (27.9%) 17 (25%) 5 (7.4%)
0.046

8 (11.8%) 2 (2.9%)
0.041

Advanced cancer (T3, T4) 29 (42.6%) 6 (8.8%) 11 (16.2%) 9 (13.2%) 5 (7.4%) 11 (16.2%)

PSA level

<10 ng/mL 51 (75%) 23 (33.8%) 21 (30.9%) 4 (5.9%)

<0.001

9 (13.2%) 5 (7.4%)

0.238
>10 ng/mL 17 (25%) 2 (2.9%) 7 (10.3%) 10 (14.7%) 4 (5.9%) 8 (11.8%)
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Psoralens are plant-derived or synthetic linear furanocoumarins 
which are able to sensitize biological objects to near-ultraviolet 
radiation (UVA, 320–400 nm) [1]. PUVA (Psoralen and UV-A) 
therapy and extracorporeal photopheresis, both based on 
photosensitizing effects of psoralens, are widely used in medicine 

for treatment of such disorders as psoriasis, vitiligo, atopic 
dermatitis, eczema, cutaneous T-cell lymphoma, scleroderma 
(systemic sclerosis), graft-versus-host reaction and a number 
of other diseases [2–9]. PUVA therapy and photopheresis are 
now understood to be based on antiproliferative and apoptotic 
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ПОТЕНЦИАЛЬНЫЕ ФАРМАКОЛОГИЧЕСКИЕ ЭФФЕКТЫ ПРОДУКТОВ ФОТООКИСЛЕНИЯ ПСОРАЛЕНА 
И ИХ ЦИКЛОАДДУКТОВ С АМИНОТИОЛАМИ: ХЕМОИНФОРМАЦИОННЫЙ АНАЛИЗ

Псоралены, медицинские фотосенсибилизаторы фурокумаринового ряда, используют для фотохимиотерапии и фотоиммунотерапии дерматозов. 

Продукты фотоокисления псораленов могут принимать участие в реализации терапевтических эффектов, однако возможные механизмы их действия 

остаются неизвестны. Основной целью работы было оценить потенциальные фармакологические эффекты и возможные механизмы действия 

шести ранее идентифицированных продуктов фотоокисления псоралена, характеризующихся наличием орто-гидроксиформильной группировки, их 

циклоаддуктов с аминотиолами, а также структурно родственных соединений (фурокумариновой кислоты и тукарезола). Хемоинформационный анализ 

потенциальных фармакологических эффектов и возможных механизмов действия указанных соединений был проведен с использованием программ 

PASS и PharmaExpert. Предсказанные фармакологические эффекты, частично подтверждаемые результатами ранее проведенных исследований, 

свидетельствуют о возможном участии продуктов фотоокисления псораленов в реализации эффектов PUVA-терапии или фотофереза при лечении 

ряда дерматозов и пролиферативных патологий. Широкий спектр фармакологических эффектов, обнаруженный для фурокумариновой кислоты и 

циклоаддуктов кумариновых и бензофурановых фотопродуктов псоралена с цистеином и гомоцистеином, определяет новые направления исследований 

в области терапевтического применения псораленов.
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PROSPECTIVE PHARMACOLOGICAL EFFECTS OF PSORALEN PHOTOXIDATION PRODUCTS AND THEIR 
CYCLOADDUCTS WITH AMINOTHIOLS: CHEMOINFORMATIC ANALYSIS 

Psoralens are medicinal photosensitizing furocoumarins which are used in photochemotherapy and photoimmunotherapy of dermatoses. Psoralen 

photooxidation products may be involved in therapeutic effects, but the possible mechanisms of their action remain unclear. The study was aimed to assess 

the prospective pharmacological effects and mechanisms of activity for six previously identified ortho–hydroxyformyl-containing psoralen photooxidation 

products and their cycloadducts with aminothiols, as well as for structurally similar compounds (furocoumaric acid and tucaresol). Chemoinformatic analysis 

of the prospective pharmacological effects and mechanisms of action of these compounds was performed using the PASS and PharmaExpert software. The 

predicted pharmacological effects partially confirmed by previous studies highlight the possible involvement of psoralen photooxidation products in the effects 

of PUVA therapy or photopheresis during the course of dermatoses and proliferative disorders treatment. A broad spectrum of pharmacological effects found 

for furocoumaric acid and cycloadducts of coumarinic and benzofuranic photoproducts of psoralen with cysteine and homocysteine appoints new directions 

of research relating to therapeutic use of psoralens.
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effects towards keratinocytes and immunocompetent cells, 
as well as on induction of immunosuppression, i.e. the 
described treatment methods should be considered as 
photochemotherapy and photoimmunotherapy [2–9]. It is 
important to emphasize that for the reasons of versatility, cost-
efficiency and safety, the clinical significance of PUVA therapy 
and photopheresis does not depreciate in the modern era of 
biologics development and use [6, 7, 9].

During PUVA therapy or photopheresis, the patient’s 
skin or leukapack derived therefrom, respectively, are 
exposed to PUVA treatment. Previously, we have proposed 
the treatment modality for psoriasis, atopic dermatitis and 
eczema based on oral administration to patients of psoralen 
preliminary photooxidized in vitro (POP) and able to induce the 
immunotherapeutic effect in vivo [10, 11]. The described effect 
was studied in the murine model of contact hypersensitivity to 
dinitrofluorobenzene (DNFB) being an experimental analogue 
of atopic dermatitis in humans [11, 12]. It was shown that POP 
modulated the production of secretory cytokines by the lymph 
node cells of DNBF-sensitized mice. POP reduced production 
of IL2, IL4 and IFN-γ, increased secretion of IL17, but did 
not affect the production of IL6 and IL10 [11]. Furthermore, 
it was found that administration of POP to DNBF-sensitized 
mice resulted in reduced number of cells in the regional lymph 
nodes, decreased proliferative activity of cells, and apoptosis 
induction [11]. The results obtained were consistent with the 
modern concepts on the molecular basis of PUVA therapy and 
photopheresis [2–9], and made it possible to consider POP as 
a prospective agent for treatment of pathologies caused by 
T-cell immunity hyperresponsiveness.

It is known that POP is a complex mixture of photoproducts 
produced during the photolysis of aerated psoralen solution 
in vitro [13, 14]. However, only some of those were isolated 
from mixture and chemically identified due to extremely low 
yield in photoreactions and instability during separation and/
or analytical procedures [13–16]. The in vitro analysis of 
photooxidized psoralens revealed their apoptotic activity 
[16, 17], as well as the ability to affect cell proliferation and 
differentiation [15, 17]. It is noteworthy that apoptotic effect was 
observed only in the transformed T-cell lines (Jurkat cell line), 
whereas in normal lymphocytes derived from healthy donors no 
apoptotic effects were detected [16]. That observation makes 
it possible to suggest that the apoptotic activity of psoralen 
photoproducts is specific, and that photoproducts play a vital 
part in PUVA therapy and photopheresis effects.

Currently, chemoinformatics is widely used to predict 
the biological activity of organic compounds. The software 
products created for this purpose enable the precise prediction 
of biological activity profiles based on the structural formulae of 
low molecular weight compounds under study [18–22].

The present study was aimed to assess the prospective 
pharmacological effects and mechanisms of action for 
previously identified psoralen photooxidation products and their 
cycloadducts with aminothiols, to reveal correlations between 
the results of chemoinformatic analysis and previously reported 
immunotropic (therapeutic) effects of such products, as well as 
to appoint new directions of research in this field.

METHODS

The prospective pharmacological effects were predicted 
using the PASS (Prediction of Activity Spectra for Substances) 
software ver. 2019 (IBMC; Russia) [18, 19] making it possible 
to assess the biological activity profile of an organic compound 
based on its structural formula. Assessment is based on 

the structure–activity relationship analysis of the training set 
including more than one million of compounds tested for 
biological activity. In the PASS software, the biological activity is 
presented qualitatively (active/inactive). The chemical structure 
is represented by the MNA (Multilevel Neighborhoods of 
Atoms) descriptors [20]. The algorithm of the structure–activity 
relationship modeling based on the training set compounds, 
and the new compounds activity prediction uses the modified 
Bayesian algorithm [18, 19]. The used version of PASS software 
(PASS 2019) predicts over 5000 different types of biological 
activity, including therapeutic effects, 3818 mechanisms of 
action, and side effects with average accuracy of about 95% 
(leave-one-out cross-validation procedure).

The information on structural formula of the compound 
presented in the Molfile format is used as the PASS input data. 
The list of predicted activities with probabilities “to be active” 
P

a
 and “to be inactive” P

i
 varying from 0 to 1 is generated 

as the output. The probabilities P
a
 and P

i
 are also estimates 

of the type I and type II error probabilities, respectively, and 
may be considered as a measure of the predicted compound 
assignment to the subset of “active” or “inactive” substances. 
For specific type of activity, the greater P

a
 value and the smaller 

P
i
 value are predicted, the higher is the chance to confirm the 

predicted activity by experiment.
In the present study, prediction and analysis of prospective 

pharmacological effects and corresponding mechanisms of 
action were performed using the PharmaExpert ver. 2019 
software (IBMC; Russia) [21] with 50% cut-off probability of 
predicted activity signs (the activity was considered probable 
when the P

a
 value was above 0.5 and exceeded the P

i
 value). 

The PharmaExpert software is intended for analysis of PASS 
prediction results, which are based on the “target-pathway-
effect” relationships stored in the PharmaExpert database 
(current version, issued in 2019, contains information for more 
than 15,000 such relationships).

The molecular structures of compounds under study 
were used in the search for identical and similar compounds 
in PubChem, the largest free database containing data (both 
experimental and patent) on molecular structure and biological 
activity for more than 100 million chemical compounds [22]. 
The search for identical and similar compounds is based on 
their structure description as PubChem fingerprints (881-bit 
vectors describing the structural features of the compounds). 
It is known that compounds with similar structure may exhibit 
similar activity, and identification of similar compounds with 
known biological activity may help in planning experimental 
studies. In the present study, the PubChem built-in tool using 
the Tanimoto coefficient calculated from PubChem fingerprints 
as a measure of structural similarity was used for similarity-
based search [23]:

T (X, Y) = (N (X∩Y)) / (N (XUY)),

where N (X∩Y) was the number of common descriptors for 
compounds X and Y, and N (XUY) was the total number of 
unique descriptors for compounds X and Y. The Tanimoto 
coefficient values exceeding 0.9 and 0.8 were used as a 
threshold for similarity evaluation.

RESULTS

Rationale for selection of research objects

It is known that the formation of photoproducts possessing 
immunotropic (therapeutic) effect strictly depends on the 
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presence of oxygen during irradiation of psoralen solution 
[10]. That makes it possible to limit the search by previously 
characterized psoralen photooxidation products (POP 
products). Photolysis products of furocoumarins and the 
pathways leading to their formation are exhaustively reviewed 
[13]. This review demonstrated that all processes involving 
oxidative modification of psoralen and other furocoumarins 
could be divided into three sets. The first set consists of 
oxidative furan or pyrone ring opening photoproducts classified 
as coumarins and benzofurans, respectively. The second set 
includes photoproducts formed by addition of a solvent molecule 
to the furan ring of photooxidation intermediate. The third set 
consists of photoproducts formed during double modification of 
psoralen molecule, with at least one being oxidative.

After the analysis of literature data on biological activity had 
been done, we decided to focus on POP products referring 
to the first set. Coumarins and benzofurans formed during 
photooxidation of furocoumarins are known to contain ortho- 
hydroxyformyl (OHF) arrangement as the fingerprint and 
possess the biological activity described above [13, 15, 16]. It 
was suggested [13] that biological activity of POP products from 
the first set was due to presence of OHF, similarly to well known 
immunomodulator tucaresol [24]. That was partially confirmed 
by the paper reporting the apoptogenic effect of several OHF- 
containing compounds [16]. Previously, we have shown that 
OHF-containing photooxidation products of protoporphyrin 
IX possessed immunotropic activity inducing suppression of 
contact hypersensitivity reaction in mice [25].

Thus, we determined the set of compounds for 
chemoinformatic analysis using the PASS and PharmaExpert 
software. This set includes the OHF-containing coumarinic POP 
products (compounds 1–3) previously identified for psoralen, 8- 
methoxypsoralen (8-MOP) and 5-methoxypsoralen (5-MOP), the 
main furocoumarinic photosensitizers used in medicine [2–9]. 
The set also includes the known OHF-containing benzofuranic 
POP products of the three psoralens listed above (compounds 
4–6). The OHF-containing tucaresol (compound 7) was added to 
the set as a reference compound with the known immunotropic 
effect based on T-cells stimulation by means of Schiff base 
formation with T-cell receptors [24]. Furthermore, the 

prospective pharmacological effects of the furocoumaric acid 
(compound 8), the psoralen photoproduct suspected of being 
an intermediate on the pathway to compound 4 during the 
psoralen photooxidation, were analyzed [26]. A distinct group 
includes cycloadducts of the OHF-containing POP products 
with cysteine and homocysteine (compounds 9–12 and 13–16 
for coumarinic and benzofuranic POP products, respectively). 
In the present study, the choice of cysteine and homocysteine 
is not random. It is known that the OHF-containing coumarins 
(in particular, 8-formylumbelliferone) are used for fluorometric 
analysis of above-mentioned amino acids in biological objects 
[27], and their adducts with amines possess biological activity [28]. 

Predicted pharmacological effects of POP products, 
furocoumaric acid and tucaresol

Tables 1 and 2 summarize the major results of chemoinformatic 
analysis for the target POP products (compounds 1–6). The only 
compound with predicted immunotropic (immunosuppressive) 
activity is coumarinic POP product of 5-MOP. Instead, the 
high probability of apoptosis inducing activity is predicted for 
all compounds, with P

a
/P

i
 values for the described type of 

activity being higher in coumarinic POP products compared to 
benzofuranic POP products. Furthermore, the antitumor and 
cytostatic effects are predicted for compounds 1–6.

In addition to the types of antiproliferative activity listed 
above, the high probability of respiratory (compounds 1–5) 
and to a lesser extent cardiovascular (compounds 1, 2) 
analeptic activities, as well as antimutagenic (compounds 1–6) 
and radioprotective (compounds 1, 3, 4 and 6) activities are 
predicted. Several other protective types of activity are expected 
for benzofuranic POP products, especially for compound 4 
(vasoprotective, neuroprotective and cardioprotective activities).

The results of analysis demonstrate the broad spectrum 
of expected antibiotic activity: antifungal activity is predicted 
for compounds 1–6, and compound 1 is characterized by five 
types of antibiotic activity at once. When comparing, it can be 
noted that the antibiotic activity of coumarinic POP products 
is higher compared to benzofuranic POP products, both in 
qualitative and quantitative terms.

Table 1. Coumarinic POP products 

R
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R
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 = H 
 
1
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1
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R
1
 = OMe 

R
2
 = H 
 
3

Pharmacological effects Pa / Pi

Immunosuppressive – – 0.541/0.036

Apoptotic 0.899/0.004 0.915/0.004 0.764/0.010

Antitumor 0.741/0.019 0.763/0.017 0.751/0.018

Cytostatic 0.538/0.020 0.586/0.015 0.516/0.023

Antimutagenic 0.807/0.004 0.760/0.005 0.774/0.004

Radioprotective 0.701/0.010 – 0.766/0.006

Analeptic 0.791/0.005 0.769/0.007 0.687/0.011

Antifungal 0.620/0.016 0.631/0.015 0.584/0.020

Antiprotozoal (Trypanosoma) 0.537/0.014 – –

Antiparasitic 0.513/0.014 0.519/0.014 –

Anthelmintic (nematodes) 0.512/0.015 – –

Antimycobacterial 0.506/0.018 – –

R
1

OHC

HO

R
2

O O
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Analysis of predicted mechanisms of action for the types 
of activity described above leads to the conclusion that 
antiproliferative activities of the studied compounds may 
be mediated by their action as apoptosis agonists, and as 
inhibitors of a number of enzymes (phosphatases, kinases, 
monophenol oxygenase) and transcription factors (for example, 
NF-kB transcription factor). Radioprotective properties may 
be associated with the ability to inhibit the permeability and 
promote the integrity of membranes, as well as to act as a free 
radical scavenger. Antibiotic activity presumably results from 
the effect of compounds on transmembrane processes and 
functioning of kinases and membrane proteins (for example, 
inhibiting the ampH penicillin-binding protein).

Table 3 presents the results on prediction of major 
pharmacological effects for tucaresol. According to the analysis, 

with a high probability tucaresol possesses anti-inflammatory 
activity in intestine, as well as neurotropic protective effects 
(antineurotoxic and neuroprotective activities).

The profiles of the pharmacological effects predicted 
for furocoumaric acid were found to be surprisingly broad 
(Table 4). It is assumed that acting mainly as a free radical 
scavenger and maintaining the integrity of membranes 
furocoumaric acid provides a wide range of protective effects 
(including antimutagenic, neuroprotective, vasoprotective, 
radioprotective, anticarcinogenic, etc.), affects metabolic 
pathways (regulates lipid metabolism, reduces cholesterolemia), 
provides anti-inflammatory and antioxidant protection, and 
also possesses prospective dermatologic (in particular, 
antipsoriatic) therapeutic activity due to anti-inflammatory effect 
and regulation of enzymatic activity.

R
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 = H 

R
2
 = H 
 
4

R
1
 = H 

R
2
 = OMe 
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R
1
 = OMe 

R
2
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6

Pharmacological effects Pa / Pi

Apoptotic 0.884/0.005 0.906/0.004 0.702/0.015

Antitumor 0.565/0.053 0.635/0.038 0.613/0.042

Cytostatic – 0.532/0.021 –

Antimutagenic 0.780/0.004 0.724/0.005 0.741/0.005

Radioprotective 0.662/0.012 – 0.746/0.008

Analeptic 0.580/0.021 0.532/0.027 –

Antifungal 0.531/0.026 0.548/0.024 –

Antimycobacterial 0.510/0.180 – –

Vasoprotective 0.732/0.009 0.550/0.028 0.523/0.034

Neuroprotective 0.640/0.058 – 0.586/0.080

Cardioprotective 0.539/0.008 – –

Table 2. Benzofuranic POP products 
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R
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Table 3. Tucaresol

7

Pharmacological effects Pa / Pi

Anti-inflammatory (intestine) 0.800/0.004

Treatment of sickle cell disease 0.738/0.002

Antineurotoxic 0.677/0.035

Neuroprotective 0.662/0.039

Antiprotozoal (leishmania) 0.608/0.004

Treatment of precancerous lesions 0.556/0.026

Cytoprotective 0.533/0.020

Radioprotective 0.502/0.022

OH

O

O

O

HO
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Predicted pharmacological effects of OHF-containing POP 
products adducts with aminothiols

Tables 5 and 6 present pharmacological effects predicted 
for cycloadducts of the OHF-containing POP products with 
aminothiols. Reaction of coumarinic compound 1 with cysteine 
and homocysteine results in formation of corresponding 
cycloadducts (see Table 5, compounds 9 and 11). Oxidation 
of compounds 9 and 11 leads to formation of compounds 10 
and 12, respectively (see Table 5). Similarly, the appropriate 
cycloadducts may be obtained for benzofuranic compound 4 
(see Table 6, compounds 13–16).

According to the analysis, compounds 9–15 may function 
as radioprotectors, with such property being associated 
with the ability to scavenge free radicals is more likely for 
nonoxidized cycloadducts (compounds 9, 11, 13, 15). In 

addition, it is assumed that compounds 9, 11, 13 and 15 (but 
not their oxidized forms 10, 12, 14 and 16) possess antitumor 
activity against a number of malignant neoplasms, such as 
prostate cancer, liver cancer, and melanoma. For compounds 
9–16 hepatoprotective activity is predicted, which may be 
used for treatment of liver diseases. As with radioprotective 
properties, this pharmacological effect is attributed to the 
functioning of compounds 9–16 as reducing agents and 
free radical scavengers. According to prediction, coumarinic 
cycloadducts 9–12 possess spasmolytic activity which is 
realized in urinary tract, with such type of activity not being 
predicted for benzofuranic cycloadducts 13–16. All oxidized 
forms of cycloadducts (compounds 10, 12, 14 and 16) are 
presumably applicable for treatment of neurodegenerative 
diseases, and compounds 10 and 12 are also potentially active 
when used in dermatology.

Table 4. Furocoumaric acid

8

Pharmacological effects Pa / Pi

Antimutagenic 0.896/0.002

Neuroprotective 0.754/0.018

Vasoprotective 0.720/0.006

Regulation of lipid metabolism 0.676/0.012

Antihypercholesterolemic 0.669/0.011

Radioprotective 0.643/0.011

Anticarcinogenic 0.631/0.013

Antipyretic 0.566/0.009

Dermatologic 0.530/0.028

Anti-inflammatory 0.523/0.033

Antioxidant 0.520/0.006

R

9 10 11 12

Pharmacological effects Pa / Pi

Radioprotective 0.857/0.003 0.569/0.015 0.800/0.005 0.513/0.021

Treatment of prostate cancer 0.734/0.004 – 0.640/0.005 –

Antitumor (melanoma) 0.661/0.004 – 0.540/0.006 –

Antitumor (liver cancer) 0.563/0.003 – 0.503/0.003 –

Treatment of liver diseases 0.700/0.004 0.683/0.004 0.555/0.008 0.614/0.005

Antispasmodic (urinary tract) 0.525/0.021 0.577/0.013 0.512/0.023 0.563/0.015

Treatment of neurodegenerative diseases – 0.528/0.027 – 0.603/0.016

Dermatologic – 0.522/0.029 – 0.585/0.019

Table 5. Coumarinic POP products cycloadducts with aminothiols  
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DISCUSSION

The described results of the present study are consistent with 
literature data. Previously, it has been found that compounds 
1 and 2 were apoptosis inducers [16], and the psoralen derivatives 
were able to inhibit the activity of NF-kB transcription factor [29]. 
Furthermore, the predicted antitumor and cytostatic activity of 
compounds 1–6 may explain some previously detected effects of 
POP and individual photoproducts. Thus, antitumor activity of POP 
was revealed in the in vivo experiments with murine EL-4 lymphoma 
as a model of human cutaneous T-cell lymphoma [10], and the 
benzofuranic POP product (compound 4) possessed teratogenic 
effect in the experiments on the Xenopus lavrae embryos [15].

In addition, it has been previously shown that tucaresol used 
by us as the reference compound with known immunotropic 
activity, possessed antiprotozoal activity in the experimental 
model of visceral leishmaniasis [30], and was also applicable 
for treatment of patients with sickle cell anemia [31]. It is 
noteworthy that the possible use of psoralen photooxidation 
products for treatment of β-thalassemia and sickle cell anemia 
has also been reported [17].

Of particular interest is the unexpected discovery of the 
prospective dermatologic (in particular, antipsoriatic) therapeutic 
activity of furocoumaric acid resulting from anti-inflammatory 
effect and regulation of enzymatic activity. The latter two types 
of biological activity are typical for cinnamic acid derivatives [32], 
and presumably implemented by furocoumaric acid by means of 
free radical scavenging, inhibiting lipoxygenase and transcription 
factors, and maintaining the integrity of membranes.

Oxidized forms of coumarinic cycloadducts with aminothiols 
potentially possess dermatologic therapeutic activity, but the 

predicted activity of the OHF-containing psoralen photooxidation 
products on homocysteine is of greater interest. It is known that 
elevated level and/or accumulation of homocysteine may result 
in a variety of pathologic conditions (Alzheimer's disease, senile 
dementia, vascular disorders, nephropathy, etc.) [33]. Hence, 
the predicted therapeutic activity of oxidized cycloadducts 
resulting from reaction of the OHF-containing psoralen 
photooxidation products with homocysteine may determine 
the prospects of their practical usage for therapy of the above-
mentioned pathologies.

CONCLUSION

In the present study, chemoinformatic assessment of 
prospective pharmacological effects and mechanisms of action 
for previously identified psoralen photooxidation products and 
their cycloadducts with aminothiols was performed using 
the PASS and PharmaExpert software. Several predicted 
pharmacological effects are confirmed with the results of 
earlier studies, which indicate high prediction efficiency of the 
analysis. In terms of actual usage of psoralens for treatment 
of various dermatoses and proliferative disorders, the data 
obtained are indicative of the possible involvement of psoralen 
photooxidation products in the realization of the therapeutic 
effects of PUVA therapy and photopheresis, and therefore are 
especially valuable. Of special interest is the surprisingly broad 
spectrum of pharmacological effects found for furocoumaric 
acid and cycloadducts of coumarinic and benzofuranic 
photoproducts of psoralen with aminothiols, which appoints 
new directions of research related to therapeutic use of 
psoralens.

R

13 14 15 16

Pharmacological effects Pa / Pi

Radioprotective 0.843/0.004 0.531/0.019 0.783/0.005 –

Treatment of prostate cancer 0.710/0.004 – 0.621/0.006 –

Antitumor (melanoma) 0.670/0.004 – 0.549/0.005 –

Antitumor (liver cancer) 0.579/0.003 – 0.510/0.003 –

Treatment of liver diseases 0.689/0.004 0.672/0.004 0.542/0.008 0.601/0.005

Treatment of neurodegenerative diseases – 0.658/0.011 – 0.707/0.008

Table 6. Benzofuranic POP products products cycloadducts with aminothiols
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Iazeva EG    , Legostaeva LA, Bakulin IS, Poydasheva AG, Abaimov DA, Suponeva NA, Shabalina AA, Ryabinkina YV, Piradov MA

EFFECT OF NEUROMODULATION ON NEUROTROPHIC FACTORS IN PATIENTS WITH CHRONIC 
DISORDERS OF CONCIOUSNESS 

Transcranial magnetic stimulation (TMS) is one of rehabilitation approaches for patients with chronic disorders of consciousness (DOC). The aim of our study was to 

assess neurotrophic factors and the changes of those after TMS course in patients with chronic DOC. We enrolled 26 patients with chronic DOC of various etiology 

and 21 heathy volunteers. Blood serum and cerebrospinal fluid (CSF) were collected from all patients before and after the TMS course, the levels of BDNF, NSE, 

NGF, РDGF, GDNF and NT3 were assessed in the biomaterial. The blood BDNF, NSE, PDGF, GDNF and NT3 in patients with chronic DOC were higher compared 

to healthy volunteers (p < 0.05). We found no correlations between the type of DOC and neurotrophic factors concentrations in blood and CSF. The CSF level of 

BDNF in patients after traumatic brain injury (TBI) was higher compared to patients with non-traumatic chronic DOC (p < 0.05). We also found the increase of CSF 

BDNF after the TMS course in patients after TBI (p < 0.05). No other significant differences between groups and another blood and cerebrospinal fluid biomarker 

levels were detected. Thus, the serum BDNF, NSE, PDGF, GDNF and NT3 levels in patients with chronic DOC were higher compared to healthy volunteers. The 

BDNF level in CSF was higher in patients with traumatic DOC, and it also increased after the course of high-frequency TMS in this group. This fact may indicate 

the long-term neuronal plasticity processes in patients after TBI, as well as more favorable rehabilitation prognosis.

Keywords: disorders of consciousness, vegetative state, unresponsive wakefulness syndrome, minimally consciousness state, BDNF, NSE, PDGF, NT3, neurotrophic 
factors, transcranial magnetic stimulation
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ВЛИЯНИЕ КУРСА НЕЙРОМОДУЛЯЦИИ НА ПРОФИЛЬ НЕЙРОТРОФИЧЕСКИХ ФАКТОРОВ 
У ПАЦИЕНТОВ С ХРОНИЧЕСКИМИ НАРУШЕНИЯМИ СОЗНАНИЯ

Одним из методов реабилитации пациентов с хроническим нарушением сознания (ХНС) является транскраниальная магнитная стимуляция (ТМС). Целью 

работы было изучить нейротрофические факторы у пациентов с ХНС и их изменение на фоне применения курса ТМС. Пациентам с ХНС различной 

этиологии в хронических сроках (26 человек) и здоровым добровольцам (21 человек) проводили курс ритмической ТМС левой ангулярной извилины. У 

всех участников собирали образцы сыворотки крови и ликвора до и после курса. В биоматериале исследовали уровни BDNF, NSE, NGF, РDGF, GDNF, 

NT3. Показано, что уровни BDNF, NSE, PDGF, GDNF, NT3 в крови у пациентов с ХНС выше, чем у здоровых добровольцев (p < 0,05). Не выявлено 

различий в концентрации нейротрофических факторов в крови и ликворе в зависимости от формы ХНС. У пациентов с последствиями черепно-

мозговой травмы уровень BDNF в ликворе оказался выше, чем у пациентов с нетравматической этиологией ХНС (p < 0,05). После проведения курса ТМС 

показано увеличение уровня BDNF в ликворе у посттравматических пациентов (p < 0,05). Других значимых изменений по группам и другим биомаркерам 

в крови и ликворе выявлено не было. Таким образом, уровни нейротрофических факторов BDNF, NSE, PDGF, GDNF, NT3 в сыворотке крови пациентов 

с ХНС выше, чем у здоровых добровольцев. Уровень BDNF в ликворе пациентов был выше при посттравматическом ХНС и увеличивался после 

проведения курса высокочастотной ТМС у этой группы. Это может свидетельствовать о длительных процессах нейропластичности, происходящих у 

пациентов после черепно-мозговой травмы, и более благоприятном реабилитационном прогнозе.

Ключевые слова: хронические нарушения сознания, вегетативное состояние, синдром ареактивного бодрствования, состояние минимального сознания, 
BDNF, NSE, PDGF, NT3, нейротрофические факторы, транскраниальная магнитная стимуляция
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Advancements in intensive care led to increased number 
of patients who survived severe brain injury and numerous 
disabled patients with chronic disorders of consciousness (DOC) 
including the vegetative state (VS), also known as unresponsive 
wakefulness syndrome (UWS), the minimally conscious state 
(MCS) and the emergence from MCS (eMCS). As is well known, 
the spontaneous opening of eyes with no signs of self- or 
environmental awareness is typical for VS. MCS is distinguished 
by minimal but clearly discernible evidence of awareness [1–4]. 
Patients with chronic DOC pose many significant challenges 
for health professionals and society, such as development of 
approaches to social adaptation of patients, and search for 
rehabilitation methods with proven effectiveness. That creates 
a large field for clinical and fundamental neuroscientific research.

Currently, most studies of chronic DOC are focused on 
neurophysiolocal and neuroimaging features of the impaired 
consciousness, as well as on implementation of various 
methods for the consciousness level improvement. Of those, 
the noninvasive neuromodulation techniques attract most 
attention, such as transcranial magnetic stimulation (TMS) and 
transcranial direct current stimulation (tDCS) [5]. However, the 
study of biochemical changes in the nervous tissue is relegated 
to the background. To date, a large number of neurotrophic 
factors are known. The factors are involved in the central 
nervous system (CNS) functional regeneration, and may be 
used as neuronal plasticity markers.

In the context of chronic DOC and recovery of consciousness 
the brain-derived neurotrophic factor (BDNF) is of particular 
interest. It is known as one of the most active neuroprotective 
factors, and is involved in regeneration of neurons both during 
the acute phase of brain tissue damage and in chronic one [6]. 
Among other neurotrophins involved in neural plasticity process 
are neurotrophin-3 (NT3), glial cell derived neurotrophic factor 
(GDNF), platelet derived growth factor (PDGF), and nerve growth 
factor (NGF). Neurotrophic factors are generally studied in 
the context of search for possible neurodegenerative diseases 
treatment methods [6], however, the experience of using them 
for treatment of injuries to nervous tissue had been also reported 
[7]. NT3 is known mainly as a factor responsible for stimulation 
of fetal neurogenesis. It is involved in generation of neurons 
from stem cells and in regeneration of neurons in adults [8]. 
GDNF increases the survival rate of  dopaminergic and motor 
neurons, therefore, it is also considered a factor promoting the 
nervous tissue repair [9]. PDGF is best known for its effect on 
angiogenesis and mesenchymal stem cells. Furthermore, PDGF 
stimulates glial cells (oligodendrocytes, for instance), which 
affects the neurons functioning and regeneration [10]. NGF 
stimulates growth and repair of neurons [6]. Another potentially 
interesting protein is the marker of neuronal injury, the neuron 
specific enolase (NSE). NSE is commonly studied in the context 
of acute conditions (acute traumatic brain injury, cardiac arrest). It 
shows the prognostic value during the acute brain injury both for 
subsequent consciousness recovery and brain death [11, 12]. 

Very few studies so far assessed neurotrophic factors 
in patients with chronic DOC, and their potential role in the 
recovery of consciousness remains unknown. As previously 
mentioned, one of the major approaches to rehabilitation of 
such patients is the noninvasive brain stimulation, particularly 
TMS. A number of papers report the changes of plasma BDNF, 
NT3, GDNF and PDGF levels in patients after TMS, which 
might be interesting in terms of studying the damaged nervous 
tissue repair mechanisms [13–15].

Currently, the prognostic value of biochemical markers 
for chronic DOC generally remains understudied, as well 
as their correlations with repair processes. The study was 

aimed to assess the neurotrophic factors levels in blood and 
cerebrospinal fluid (CSF) of patients with chronic DOC and their 
change during the course of repetitive TMS (rTMS). 

METHODS

Inclusion criteria were: age over 18 years; chronic DOC 
(vegetative state or minimally conscious state); within a period 
of more than 3 months for non-traumatic brain injury or more 
than 12 months after traumatic brain injury (TBI); traumatic 
and non-traumatic etiology (after hypoxia, CNS infections, 
stroke, etc.); stable condition of the patient; no current 
infectious complications, disfunctions of organs and systems; 
no contraindications of rTMS. We performed routine EEG to 
ensure the safety of rTMS in patients with organic lesions of 
the CNS [16]. Exclusion criteria: patients with epileptiform 
discharges on EEG screening were excluded. 

Patients after admission were examined with the validated 
Russian version of the Coma Recovery Scale — Revised 
(CRS-R) score [17], then we conducted venipuncture for blood 
sampling and lumbar puncture in accordance with standard 
protocol for CSF sampling. After that we delivered the high-
frequency rTMS protocol over the left angular gyrus [18]. The 
patient’s rehabilitation also included standard procedures, such 
as physical exercises, massage therapy and verticalization. 
After the rTMS course the patients were assessed with the 
CRS-R score again. The second sampling of serum and CSF 
was performed within 24 hours after the last rTMS session. 

After sampling of biomaterials, blood was subjected to 
centrifugation in order to obtain serum. The serum and CSF 
samples were subsequently frozen at –71 °С.  The levels of 
BDNF, NSE, NGF, PDGF, GDNF, NT3 were evaluated. Detection 
and quantification were performed by sandwich enzyme linked 
immunosorbent assay (ELISA). The R&D Systems (USA, China) 
and Vector-Best (Russia) reagent kits were used. The calibrators 
provided by the reagent manufacturers were used in all studies. 
The duplicate readings were performed with VICTOR 2 system 
(PerkinElmer; USA) using the lyophilized control serum/plasma 
samples with low and high values of studied parameters.

The control group included healthy volunteers, from whom 
serum samples were obtained.

Statistical analysis was carried out by means of the SPSS 
Statistics v23 software. We performed the biomarker levels 
intergroup comparisons using the Mann–Whitney U-test. We 
tested differences between boimarkers’ levels before and after 
the rTMS course using the Wilcoxon signed-rank test (the 
differences between groups were accepted when р < 0.05). 
Quantitative data were reported as median, lower and upper 
quartiles (Me [LQ, UQ]).

 
RESULTS

We enrolled 26 patients and 21 healthy volunteers. The 
surveyed patients’ demographics and structure of diagnosis 
are listed in Table 1. The sex ratio in the group of healthy 
volunteers (M/F) was 8/13, and the average age was 30 [27; 
36] years. We didn’t find significant gender and age differences 
between healthy volunteers and the patients.

The blood and CSF analysis results are listed in Tables 2 and 3. 
The levels of BDNF, NSE, PDGF, GDNF, and NT3 in serum were 
significantly higher in patients with chronic DOC, than in healthy 
volunteers, but there were no differences in NGF levels.

 We didn’t find any differences in serum BDNF, NSE, NGF, 
PDGF, GDNF, NT3 both between groups of patients with VS/
UVS and MCS, and due to DOC etiology.
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Table 1. Baseline characteristics of patients included in the study of biochemical markers in chronic DOC

Note: VS — vegetative state; non-traum. — non-traumatic; MCS — minimally conscious state; DOC — chronic disorder of consciousness; TBI — traumatic brain injury.

Table 2. Serum biomarkers levels in patients with chronic DOC and healthy volunteers 

Table 3. Cerebrospinal fluid biomarkers levels in patients with chronic DOC

Note: VS — vegetative state; non-traum. — non-traumatic; MCS — minimally conscious state; DOC — chronic disorder of consciousness; TBI — traumatic brain injury.

Note: VS — vegetative state; non-traum. — non-traumatic; MCS — minimally conscious state; DOC — chronic disorder of consciousness; TBI — traumatic brain injury.

We detected significantly higher level of CSF BDNF in 
patients after TBI compared to patients with non-traumatic 
DOC. There were no differences in other studied markers CSF 
levels between groups.

We analysed the biomarker levels in blood and CSF before 
and after the rTMS course. It was possible to obtain CSF 
samples before and after rTMS only in 21 people. Withdrawal 
of the informed consent by relatives, the refusal of the second 
lumbar puncture, or inability to complete the rTMS protocol 
were the reasons to get less samples. There were 11 VS/UVS 
patients and 10 MCS patients in rTMS group. Eight patients 
had traumatic etiology of DOC, and in 13 ones had the non-
traumatic etiology. Comparison of CRS-R scores before TMS 
course in the groups due to the chronic DOC type (VS/UWS or 
MCS) and etiology didn’t show any differences. The patients 
after TBI were significantly younger than ones with non-
traumatic etiology. There were no other significant differences 
between the groups. 

We didn’t find any significant changes of biomarker levels 
in serum and CSF after rTMS application in the whole group, 
in VS/UWS and MCS patients distinctly, traumatic and non-
traumatic DOC. The only difference was in BDNF level: we saw 
the significant increase of CSF BDNF level after rTMS course in 
patients with TBI (see Figure).

The level of consciousness in MCS patients improved after 
the rTMS course: their CRS-R score increased by 2.1 points 

on average regardless of etiology, at the same time, the VS/
UWS patients didn’t show any changes (the clinical results are 
reported in the paper [18]). We didn’t find any correlations in 
biomarker levels before rTMS course and patients’ improvement 
via CRS-R score after the course.

Thus, we found that the CSF BDNF level is significantly 
higher in patients with posttraumatic chronic DOC compared 
to non-traumatic chronic DOC, and it was increasing after 
the rTMS course in that group. There were no differences in 
concentrations of other studied biomarkers (NSE, NGF, PDGF, 
GDNF и NT3) in CSF and serum, both between groups of 
patients and after the rTMS course.

 
DISCUSSION

The study of biochemical markers injury and repair of the central 
nervous system may contribute to a deeper understanding of 
appropriate patterns. 

In our study we measured the levels of BDNF, NSE, NGF, 
PDGF, GDNF, and NT3. In patients with traumatic chronic 
DOC the concentration of BDNF in CSF was significantly 
higher compared to patients with non-traumatic DOC, and 
the concentration increased after the rTMS course in the 
discussed group. When comparing the factors’ blood levels in 
patients and healthy volunteers, it turned out that the levels of 
all factors except NGF were significantly higher in the patients, 

Parameter Total DOC
Type of DOC DOC Etiology

VS/UWS MCS p TBI Non-traum. p

Type of DOC (VS/ MCS) 26 14 12 10 16 0.02

Age, yr. 27 [23; 41] 25 [23; 33] 29 [24; 44] 0.86 24 [21; 25] 33 [25; 47] 0.01

Sex (M/F) 16/10 7/7 9/3 0.05 7/3 7/7 0.18

Etiology (TBI/non-traum.) 10/16 3/11 7/5 0.06 10 16

Time postinjury, months 12 [8; 22] 12 [8; 19] 14 [9; 23] 0.63 14 [12; 21] 12 [7; 22] 0.7

CRS-R score before rTMS 7 [6; 11.75] 6 [6. 6] 13 [10; 17] <0.01 12 [7; 15] 6 [6. 9] 0.03

Biomarker
Total group Type of DOC DOC Etiology

DOC, n = 26 Healthy, n = 21 р VS/UWS, n = 14 MCS, n = 12 р TBI, n = 10 Non-traum., n = 16 р

BDNF, pg/ml 770 [640; 950] 54 [40; 62] < 0.01 800 [510; 1010] 770 [675; 915] 1 750 [645; 875] 820 [560; 980] 0.9

NSE, ng/ml 53 [30; 64] 10 [9; 13] < 0.01 40 [28; 54] 61 [51; 71] 0.13 55 [30; 63] 52 [30; 62] 0.86

NGF, pg/ml 222 [145; 267] 128 [103; 211] 0.54 219 [103; 261] 229 [184; 282] 0.35 229 [186; 260] 219 [144; 313] 1

PDGF, pg/ml 223 [200; 267] 72 [64; 90] < 0.01 243 [191; 282] 213 [200; 246] 0.86 205 [200; 239] 235 [198; 289] 0.45

GDNF, pg/ml 5.3 [3.7; 6.4] 1.1 [1; 1.5] < 0.01 4.6 [3.6; 5.7] 5.8 [4.1; 6.5] 0.3 5.8 [4.5; 6.4] 4.6 [3.6; 5.9] 0.39

NT 3, pg/ml 365 [329; 504] 89 [69; 103] < 0.01 360 [322; 472] 388 [356; 518] 0.43 388 [332; 524] 362 [339; 491] 0.78

Biomarker
Total DOC group, 

n = 26

Type of DOC DOC Etiology

VS/UWS, n = 14 MCS, n = 12 р TBI, n = 10 Non-traum., n = 16 р

BDNF, ng/ml 18 [11; 30] 14 [11; 31] 21 [12; 27] 0.49 28 [21; 38] 13 [11; 20] 0.04

NSE, ng/ml 96 [81; 131] 95 [78; 104] 98 [90; 156] 0.27 110 [94; 154] 95 [79; 101] 0.2

NGF, ng/ml 178 [137; 233] 178 [120; 210] 189 [143; 242] 0.53 177 [137; 233] 178 [144; 219] 0.82

GDNF, pg/ml 170 [135; 250] 160 [135; 240] 193 [140; 258] 0.56 235 [158; 261] 145 [123; 215] 0.17

NT 3, ng/ml 163 [111; 215] 145 [110; 199] 195 [145; 240] 0.19 195 [128; 219] 153 [110; 211] 0.34
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Figure. Change of BDNF levels in the cerebrospinal fluid of patients with chronic DOC after the course of rTMS by groups according to DOC type and etiology. VS — 
vegetative state; MCS — minimally conscious state; DOC — disorder of consciousness; TBI — traumatic brain injury
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which indicated the long-existing nervous tissue damage and 
ongoing repair processes. 

In this context it should be understood that the synthesis 
and level of neurotrophins in patients with severe CNS injury is 
likely to be affected by the cause of the disorder, its duration, 
and the patient’s age. Thus, it is difficult enough to obtain 
homogeneous results in the heterogenous group of patients 
with chronic DOC. It can be assumed however that the overall 
brain injury and nervous tissue repair process are similar in all 
patients with chronic DOC.

It is well known that in the nervous system neurotrophins 
are involved in the neurons survival and regeneration process 
[6], therefore, in patients with severe nervous system injury 
the elevated levels of neurotrophins are observed. This may 
be due to damaged blood-brain barrier, and suggests that 
neurotrophins may have a neuroprotective role [19–21]. During 
the analysis of patients by groups we detected significant 
differences in the CSF BDNF concentration. There were no 
significant differences in the other factors concentrations 
between patients with VS/UWS and MCS, traumatic and non-
traumatic etiology, before and after rTMS course. 

The role of BDNF as a neuroprotective factor promoting the 
nervous tissue repair is widely discussed in literature. Thus, its 
role in the spinal cord injury recovery is being actively studied, 
the elevated BDNF level after traumatic injury is reported [22, 
23]. During the experiments on rats the researchers tried to 
repair the spinal cord by delivery of BDNF to the affected area 
[7]. The BDNF level increased proportional to severity of paresis 
after stroke [21]; the other study reported elevated BDNF after 
moderate TBI proportional to neurologic deficit [19]. Interesting 
data were reported on critically ill patients  without brain injury: 
there were no correlations between elevated BDNF and other 
neurotrophins, as in our study [24]. The authors concluded that 
the discussed marker correlated with the patients’ mortality. 
In another study with patients after TBI, the autors made the 
opposite conclusion: they didn’t detect any correlation between 
the injury severity and the level of BDNF [25]. 

Thus, literature contains contradictory information on the 
role of BDNF and the changes of its concentration in various 

disorders. Unlike any other authors, we revealed the changes 
in the concentration of this factor in the CSF, but not in the 
blood serum. This fact may indicate that our chronic patients 
have already recovered the blood-brain barrier, but the neural 
plasticity processes still go on. The interesting fact is that the 
most active changes are seen in patients with TBI. This may be 
due to various factors. Firstly, the trauma patients have longer 
recovery period, therefore, the disorder of consciousness is 
considered persistent after 12 months in patients with TBI 
and after 3 months in patients with non-traumatic DOC [3]. 
Secondly, it is known that such patients have more favourable 
prognosis compared to patients with hypoxia [26]. Therefore, 
we can assume that recovery process is more active and 
lasts longer, that is what our results may indirectly indicate. 
It should be noted that among patients with TBI there were 
three people with VS/UWS and eight people with MCS. At first 
glance, it is reasonable to assume that elevated BDNF and the 
associated recovery processes were detected in the group with 
TBI due to higher proportion of patients with MCS. However, 
the comparison of groups with VS/UWS and MCS revealed 
no differences in the BDNF concentration. It can therefore be 
concluded that elevated CSF BDNF results not from type of 
DOC, but from etiology. 

The changed BDNF level after the rTMS course is of 
particular interest. Literature contains contradictory information: 
elevated BDNF in serum after rTMS [27, 28], and elevated 
BDNF mRNA in the hippocampus and parietal cortex after the 
long-term rTMS [29] have been reported. It is concidered that 
magnetic field during the high-frequency rTMS can stimulate 
activity of glutamatergic receptors and trigger the synthesis of 
BDNF, and the low-frequency rTMS, on the contrary, inhibits the 
BDNF synthesis [30]. Nevertheless, the results of meta-analysis 
across studies of BDNF level during rTMS are contradictory 
[30]. The authors note that BDNF level may be also related 
to etiology of the disorder and patient’s age. Therefore, the 
described biomarker requires further research.

In our study, we found elevated CSF BDNF after rTMS in 
patients with posttraumatic chronic DOC. Taking into account 
the protein’s neuroprotective properties, this may be due to 
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process underlying more favorable recovery that is known for 
DOC patients after TBI.

The study limitations include the small number of patients, 
as well as the lack of control group of healthy volunteers for 
assessment of neurotrophic factor levels in CSF. For more 
accurate results, especially for group comparison, further study of 
neurotrophins is required with the inclusion of more participants.

 
CONCLUSION
 
The study of neurotrophic factors in patients with severe brain 
injury revealed significantly higher serum BDNF, NSE, PDGF, 
GDNF and NT3 levels in patients with chronic DOC compared 
to healthy volunteers. The level of BDNF in CSF in patients 

with chronic DOC was higher in posttraumatic patients, and 
it significantly increased after the course of high-frequency 
rTMS. Generally, our results confirm the previous findings 
about better recovery and more favorable prognosis in patients 
with TBI compared to patients with non-traumatic DOC. The 
data obtained on the neurotrophic factors concentration in 
the CSF in chronic DOC patients can indirectly indicate that 
the neuronal plasticity process remains active even in chronic 
terms of severe brain injuries. This could be considered one 
of the arguments in favour of recommendations to perform 
long-term rehabilitation of patients after severe TBI even in the 
chronic disorder of consciousness setting, since the potential 
for improvement in this group may persist beyond the first year 
after trauma.
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Gait disturbances are among the most debilitating sequelae 
of stroke [1, 2]. According to a study, over 30% of stroke 
survivors were totally unable or required assistance to walk 
after completing a standard rehabilitation program which 

did not include robot-assisted gait training [3]. Recent 
research has shown that exercising with electromechanical 
gait trainers significantly increases the chance of regaining 
independent walking [4]. Many authors hold the opinion that 

А. С. Клочков    , А. А. Зимин, А. Е. Хижникова, Н. А. Супонева, М. А. Пирадов 

ВЛИЯНИЕ РОБОТИЗИРОВАННЫХ ТРЕНИРОВОК НА БИОМЕХАНИКУ ГОЛЕНОСТОПНОГО 
СУСТАВА У ПАЦИЕНТОВ С ПОСТИНСУЛЬТНЫМ ПАРЕЗОМ

Ключевым фактором нарушений походки после острых нарушений мозгового кровообращения (ОНМК) является нарушение движений в голеностопном 

суставе (ГС), приводящее к формированию патологической синергии. В настоящее время при роботизированных тренировках ходьбы используют 

приводы тазобедренного и коленного суставов. Однако по данным литературы нет единого мнения об их влиянии на движения в ГС. Целью исследования 

было изучить влияние роботизированных тренировок ходьбы на движения ГС у пациентов с постинсультным парезом. В исследовании приняло участие 

22 пациента с ОНМК полушарной локализации. Для оценки двигательной функции применяли клинические шкалы и видеоанализ ходьбы. Всем пациентам 

проводили курс из 11 роботизированных тренировок ходьбы. На фоне тренировок выявлено увеличение общего балла по шкале Фугл-Майера со 

146,5 до 152 баллов (p < 0,05) и отдельно для нижней конечности с 18 до 20,5 баллов (p < 0,05), а также снижение мышечного тонуса разгибателей 

ГС с 2,5 до 2,0 баллов по модифицированной шкале Эшворта (p < 0,05). На фоне роботизированных тренировок отмечено увеличение длительности 

фазы опоры пациентов с 28,0 до 33,5% от цикла шага (ЦШ). Кроме того, основным различием структуры ЦШ до и после курса тренировок стало 

наличие трех частей шага вместо пяти, что подтверждает консолидацию гониограмм пациентов в периоде от 1 до 61% ЦШ. Сравнение значений углов до 

и после показало достоверные различия только по межквартильному интервалу (р < 0,05). Авторы пришли к выводу, что роботизированные тренировки 

с применением активных приводов для тазобедренного и коленного суставов опосредованно способствуют изменениям кинематических параметров 

ГС за счет приближения показателей паттерна к некоему усредненному шаблону движений. 

Ключевые слова: инсульт, нейрореабилитация, нарушения ходьбы, роботизированная терапия, биомеханика движений, видеоанализ движений
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Klochkov AS    , Zimin AA, Khizhnikova AE, Suponeva NA, Piradov MA 

EFFECT OF ROBOT-ASSISTED GAIT TRAINING ON BIOMECHANICS OF ANKLE JOINT IN PATIENTS 
WITH POST-STROKE HEMIPARESIS 

The key factor promoting post-stroke gait disturbances is motor impairment of the ankle joint (AJ) which results in pathological synergies. Robotic devices used 

for gait training are equipped with hip and knee joint actuators. However, there is no consensus in the literature on their effect on AJ movements. The aim of this 

study was to investigate the effect of robot-assisted gait training on AJ movements in patients with post-stroke paresis. The study recruited 22 hemispheric stroke 

survivors. They motor function was assessed using clinical scales and motion capture analysis. All patients received 11 robot-assisted gait training session. After 

rehabilitation, the total score on the Fugl-Meyer Assessment scale increased from 146.5 to 152 points (p < 0.05); for the lower limb, the score increased from 18 

to 20.5 points (p < 0.05). The muscle tone of ankle extensors decreased from 2.5 to 2.0 points on the modified Ashworth scale (p < 0.05). The duration of the stance 

phase increased from 28.0 to 33.5% relative to the total gait cycle (GC). The main difference in the GC structure before and after rehabilitation is the presence of 

3 GC parts instead of 5, suggesting consolidation of patients’ goniograms at 1-61% of GC. Comparison of joint angles before and after rehabilitation revealed that 

only the interquartile ranges (IR) were different (р < 0.05). The authors conclude that robot-assisted training with knee and hip joint actuators indirectly affects the 

kinematic parameters of AJ by promoting a shift towards the average gait kinematics.
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Table 1. Patients characteristics

Sex Stroke type Hemisphere Lesion site

Male 18 (82%) Ischemic 16 (72.7%) Right 13 (59.1%) Corticosubcortical 8 (36.4%)

Female 4 (18%) Hemorrhagic 6 (27.3%) Left 9 (40.9%) Deeper brain structures 14 (63.6%)

the altered biomechanics of the ankle joint are the key factor 
in gait disturbances, causing the pelvis, the trunk and the 
hip joint to move in an abnormal, energy-inefficient pattern, 
which negatively affects the quality and speed of walking and 
results in compensatory synergies [5–8]. Gait rehabilitation 
is a stepwise process; compensatory strategies used by the 
patient at the early stages of rehabilitation are perpetuated over 
time, becoming pathological due to weakness and spasticity in 
some muscle groups [9]. 

Currently, robot-assisted gait training is recognized as the 
gold standard of locomotor poststroke rehabilitation. Meta-
analyses confirm the efficacy of electromechanical devices in 
restoring the impaired walking function, especially  in patients 
who are unable to ambulate independently [4, 10]. Today, two 
major types of robotic devices are used in neurorehabilitation: 
exoskeletons and end-effectors, in which a patient’s feet are 
fixed to footplates that simulate walking. Exoskeletons can 
be divided into 2 categories: mobile and stationary. The list 
of mobile exoskeletons includes but is not limited to ExoAtlet, 
HAL and Bionic leg, which have proved to be effective in clinical 
rehabilitation [11, 12]. Our literature analysis did not include 
publications on mobile exoskeletons because the gait pattern 
simulated by this technology differs from physiological gait; 
mobile exoskeletons exploit the zero-moment point concept, 
i.e. a locomotion model in which the net force is directed towards 
the surface to ensure safe locomotion; consequently, the ankle 
joint torque is limited [13–16 ]. Despite the growing variety of 
mobile exoskeletons, stationary exoskeletons like Lokomat 
and ReoAmbulator are more common in clinical practice. So 
far, both exoskeletons and end-effectors have proved to be 
clinically effective in helping stroke patients regain their walking 
function; there is no convincing evidence that one is more 
beneficial for such patients than the other [17, 18]. Research 
shows that end-effector-based training increases ankle joint 
power and kinetics, expands the range of motion of the knee 
joint, and improves mobility, walking speed and gait symmetry 
[19, 20]. In turn, stationary exoskeletons ensure precise control 
over the biomechanics of the assisted movement, reproducing 
the natural motor pattern and thus allowing the patient to 
correct the pathological gait pattern [21]. 

There is ongoing debate about the mechanism underlying 
the effect of robotic devices for the active training of the hip 
and knee joints on the changes in the biomechanics of the 
ankle joint, which is not normally actively involved in the training 
process. Early works looking into the effect of feedback-
enhanced robot-assisted training with an exoskeleton on 
the biomechanics of voluntary movements during walking 
demonstrated that the natural kinematic patterns of the hip and 
knee joints were almost identical to the kinematics prescribed 
by the robot, whereas torque patterns in the joint remained 
abnormal, indirectly suggesting that the gait pattern prescribed 
by the robot could not  replace the pattern developed by the 
patient [22].  

The need to involve all joints, including the ankle joint, into 
training and the hypotheses about the beneficial effects of 
robotic therapy on the proximal/distal leg joints are a common 
subject of debate. At present, there are a few commercial 
robotic exoskeletons with ankle joint drives available on the 

market. However, they are less popular than exoskeletons with 
hip and knee joints actuators and have some drawbacks. On 
the whole, there is no unanimous opinion on whether to equip 
a gait trainer with an ankle joint actuator and on whether it is 
enough to stimulate only the proximal paretic leg in order to 
“overwrite” the pathological gait pattern.

At the same time, it is known that locomotor movements 
are highly automatized and synergistic. So, it would be 
logical to hypothesize that gait training that provides active 
robotic assistance and performance feedback for only some 
movements generated by muscle synergy also produces an 
indirect effect on the components that do not participate in 
performing the trained movement.

The aim of our study was to investigate the possibility of 
improving ankle joint movements by means of gait training 
with prescribed knee and hip joints patterns in patients with 
poststroke paresis.

 
METHODS

The study conducted in 2010–2017 recruited 22 hemispheric 
stroke survivors (18 men and 4 women). The median age was 
50.5 years (41; 56.5), the median time elapsed after stroke was 
6.0 months (2.8; 12.9). Details are provided in Table 1. 

The following inclusion criteria were applied: first-time 
hemispheric stroke, hemiparesis; gait disturbances.

 Exclusion criteria (contraindications to training with the 
Lokomat) were as follows: weight under 50 kg or over 135 kg; 
height below 160 cm or above 185 cm; lower limb contractures; 
persistent skin lesions of lower limbs and the trunk; orthostatic 
hypotension; severe cardiac pathology; severe cognitive 
impairment; mechanical ventilation; comorbidities and disorders 
of the locomotory system, including leg length discrepancy 
> 3 cm; deep vein thrombosis of lower limbs; hip, knee or ankle 
arthrodesis; osteoporosis; ununited fractures of lower limbs; 
prescribed bedrest. 

The patients were offered a series of robot-assisted 
gait training sessions with partial body weight support 
on the Lokomat (Hocoma; Switzerland) equipped with 
electromechanical drives in the hip and knee joints for 
flexion and extension and elastic foot lifters for toe clearance 
support. A total of 11 sessions were conducted; exoskeleton 
setup and adjustment took 15 min of the first session; 
the rest of the session (30 min) was spent on reduced-
intensity gait training to allow each patient to adapt to the 
prescribed gait pattern. The remaining 10 sessions were 
45 min long and consisted of only active gait training with 
sensory feedback. All sessions were one-on-one personal 
Lokomat trainings sessions conducted by a therapist, with 
comfortable walking speed and biofeedback based on the 
hip and knee potentiometers data. Body weight support 
was adjusted during each session at the minimal amount 
of support in order to prevent patients from stumbling. Foot 
support was ensured by tension springs attached distally 
to the metatarsal. The degree of spring tension was set up 
by the therapist during each session to assist the patient’s 
voluntary effort during dorsiflexion and to ensure safe foot 
clearance. 
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Fig. 1. Distribution of patients on the FAC scale before and after gait rehabilitation 

Fig. 2. Distribution of patients on the modified Ashworth scale (represented as percentage) 
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For performance feedback, the patients were shown graphs 
illustrating the level of activity and synchronization of their hip 
and knee joints with the movements of the exoskeleton. The 
patients were tasked to perform active movements in the hip 
and knee joints in synch with the exoskeleton. The graphs 
reflected active movements of the patient; in the absence of 
active or synchronized movements, the curve dipped. Apart 
from robotic therapy, all patients received massages for paretic 
limbs and ten 30-minute long physical therapy sessions to 
regain their arm function, balance and walking. Within one 
hour before and after each Lokomat training session, no other 
therapeutic procedures were carried out. 

The clinical efficacy of robot-assisted rehabilitation was 
assessed using the validated Russian versions of the Fugl-
Meyer Assessment (FMA) scale, the modified Ashworth (MAS) 
scale for spasticity in the gastrocnemius and soleus muscles, 
the modified Rankin (MR) scale, and the Functional Ambulation 
Categories (FAC) scale [23, 24]. Measurements were performed 
before the beginning of the rehabilitation program and on the 
day following its completion.

The biomechanics of walking were evaluated using the 
motion analysis system (Biosoft-3D; Russia) [25, 26]. 

For motion capture, we used reflective markers and 2 
synchronized infrared digital cameras. The patients were video-
recorded for 30 seconds during a 2-minute walking trial on the 
treadmill at a comfortable speed before and after rehabilitation. 
The reflective markers were 2 cm in diameter; they were 

attached to the anatomic landmarks (projections of joint 
centers) on the lateral side of the body, including the coracoid 
process, the most prominent part of the greater trochanter, 
above the tip of the lateral malleolus, at the heel, and the distal 
aspect of the foot at the site of the fifth metatarsal head. The 
kinematic parameters of locomotion were calculated in the 
XYZ coordinates (Z — vertical axis; Y — sagittal axis, running 
from right to left; X — frontal axis). The following kinematic 
parameters were calculated:

– marker coordinates on the  X, Y, Z axes and their 
movement trajectories; 

– angles between body segments and the X, Y, Z axes;
– joint angles.
The second-order low-pass Butterworth filter was applied 

to the obtained raw data. Kinematic parameters were 
calculated based on the 3-D coordinates of the reflective 
markers and the constructed kinetogram of the human body. 
Temporal characteristics of gait (duration of the stance and 
swing phases) were used as basic parameters for primary 
gait analysis; they were calculated based on the local vertical 
acceleration maximum for the markers attached to the lateral 
malleolus and the heel plus the local horizontal acceleration 
maximum for the markers attached to the fifth metatarsal head. 
Other primary kinematic parameters included maximums and 
ranges of torque and joint angles in the sagittal plane of the 
ankle joint. For secondary data analysis, cluster analysis and 
nonparametric analysis of ten- percentile intervals were used. 
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Fig. 3. Goniograms of ankle joint flexion/extension in the ten-percentile intervals of the gait cycle before (A) and after (B) rehabilitation; comparison of median values 
before and after rehabilitation (C)
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for each patient before rehabilitation

Median values for ankle joint angles in the ten-percentile intervals of the gait cycle shown
 for each patient after rehabilitation

Medians of median ankle joint torques in the ten-percentile intervals of the gait cycle before 
and after rehabilitation
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Cluster analysis is widely used to study gait in general and the 
gait cycle in particular in healthy and diseased individuals [27–
35]. In this work, cluster analysis was applied to identify the 
structure of the gait cycle and to compare its characteristics 
before and after rehabilitation. Nonparametric analysis of ten-
percentile intervals of the gait cycle was conducted to study the 
characteristics of the cycle in greater detail and compare them 
before and after gait rehabilitation. 

The obtained data were processed using nonparametric 
tests: the Mann–Whitney U test for independent variables and 
the Wilcoxon test for dependent variables. The Bonferroni correction 
was used to adjust for multiple comparisons. Categorical variables 
were analyzed using the Fisher exact test. To identify the hierarchy of 
the obtained data, cluster analysis was applied. Specifically, Ward’s 
method followed by the Mann–Whitney test and the Bonferroni 

correction procedure was used to identify the components of the 
gait cycle and subgroups of patients. The strength of associations 
was evaluated using Spearman’s correlation coefficient. Results 
are presented below as median values, upper and lower quartiles. 
Differences were considered significant at р < 0.05. The analysis 
was carried out in Statistica v. 7.0 (StatSoft Inc; Russia) and SPSS 
22 software (IBM; USA).

RESULTS

Clinical efficacy of gait training 

The analysis of clinical data showed that patients’ mobility 
had improved following the rehabilitation program; another 
finding was an insignificant yet reliable increase in the range of 
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Part of gait cycle Median, degrees Q1, degrees Q3, degrees IR, degrees

before after before after before after before after before after

1–7

1–61

25.1

16.1

22.2

12.7

27.4

19.6

5.2

6.9*8–19 21.0 16.1 24.6 8.5

20–55 15.6 10.9 19.7 8.8

56–74 62–75 16.9 16.6 14.2 13.1 22.5 20.8 8.3 7.7

75–97 76–97 22.1 20.1 18.8 18.7 27.4 24.7 8.6 6*

Table 2. Comparison of gait cycle parts before and after rehabilitation 

Note: the data were compared using the Mann–Whitney U and Tukey’s tests. * — р < 0.05.

Fig. 4. The ankle joint angle range correlation coefficient for each two consecutive GC parts on the goniograms
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active motion and function of the lower limb and a reduction 
in gastrocnemius and soleus spasticity in all the participants; 
the initial degree of disability on the Rankin scale remained 
unchanged. After gait rehabilitation, a higher proportion of 
patients could ambulate without assistance than before they 
joined the program (3, 4 and 5 points on the FAC scale; Fig. 1).  

We also observed an increase in active motion on the FM 
scale after rehabilitation. The total motor score increased from 
146.5 (128; 163.5) to 152 (134.3; 176.8) (p < 0.05), whereas 
for the lower extremity, the score increased from 18 (16; 21) to 
20.5 (18; 24.3) (p < 0.05).

The tone of the gastrocnemius and soleus muscles 
decreased significantly from 2.5 (1; 3) to 2.0 (0; 2) points on 
the MAS (p < 0.05). Details on the distribution of muscle tone 
parameters are provided in Fig.2.

Assessment of gait biomechanics

Temporal and spatial characteristics of gait changed following 
robot-assisted gait rehabilitation: the duration of the stance 
phase increased from 28.0% (25; 36) to 33.5% (30; 42) relative 
to the gait cycle (GC) (p = 0.0001).

The analysis of kinematic parameters did not reveal any 
significant differences in the maximum values for ankle joint 
flexion and extension during GC. Maximum angle ranges before 
and after rehabilitation were 59.12° and 45.30°, respectively, 
the difference being insignificant (р = 0.228). Minimum angle 
ranges were 3.33° and –1.79°, respectively (р = 0.072). The 
differences between the maximum and minimum values 
were 55.79° and 47.09°, respectively (р = 0.190). However, 
comparison of the median values of GC ten-percentile intervals 
before and after rehabilitation revealed that initially different 

patients’ goniograms looked more similar after rehabilitation 
(Fig. 3А–C).

Considering the absence of significant differences in the 
primary kinematic parameters, we conducted an in-depth 
analysis of goniogram variability and ankle joint torques (Table 2).

To determine the degree of data variability, we analyzed 
the correlation coefficients for the angles between each 
two consecutive GC parts. Based on the graph (Fig. 4), we 
concluded that differences between the patients were the most 
pronounced at 51%–58% and 65%–82% of the gait cycle.

For a more in-depth analysis of ankle joint goniograms 
constructed before and after rehabilitation, we broke down 
the gait cycle into parts using cluster analysis and correlation 
coefficients for each 2 consecutive angles. Using Ward’s 
clustering technique, the gait cycle before rehabilitation was 
divided into 5 parts corresponding to 1–7%, 8–19%, 20–55%, 
56–74%, and 75–100% of GC. The first part corresponded to 
the time of foot contact with the treadmill and the beginning of 
the stance phase; the second part corresponded to the middle 
of the stance phase; the third part, to the end of the stance 
phase and the beginning of the swing phase; the fourth part, 
to the middle of the swing phase; the fifth part, to the end of 
the swing phase. Cluster analysis was applied to each GC 
part. Descriptive statistics for GC parts before clustering are 
provided in Table 3.

After 5 parts were identified in the pre-rehabilitation gait 
cycle, the patients were clustered into subgroups for each 
of those parts. Two clusters were identified in the first part of 
the cycle (1–7%). The second part (8–19%) was represented 
by 3 clusters, differing in their medians. In the third (20–55%) 
and fourth (56–74%) parts, 3 and 4 clusters were identified, 
respectively, differing in medians. The fifth part (75–97%) was 
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Table 3. Statistical characteristics of GC parts

Part of gait cycle Median, degrees Q1, degrees Q3, degrees IR, degrees

1–7% 25.1 22.2 27.4 5.2

8–19% 21.0 16.1 24.6 8.5

20–55% 15.6 10.9 19.7 8.8

56–74% 16.9 14.2 22.5 8.3

75–100% 22.1 18.8 27.4 8.6

represented by 3 clusters. Based on the post-rehabilitation 
goniograms, Ward’s clustering identified 3 parts in the post-
rehabilitation gait cycle at 1–61%, 62–75% and 76–97% of the 
cycle. There were 3 clusters identified in the first part, 2 clusters 
in the second, and 3 clusters in the third. Thus, the main 
difference in the GC structure before and after rehabilitation 
was the presence of 3 parts instead of 5, suggesting 
consolidation of the goniograms at 1–61% of the gait cycle. 
Angle comparison before and after rehabilitation demonstrated 
significant differences in IR only (р < 0.05). 

The analysis of torque medians in the ten-percentile 
intervals of the gait cycle before and after rehabilitation also 
revealed consolidation of these parameters after completion of 
the rehabilitation program; the most pronounced differences in 
torques were observed during dorsiflexion in the swing phase 
(Fig. 5А–C).   

Comparison of torque medians in the ten-percentile 
GC intervals for each patient before and after rehabilitation 
revealed that torque patterns became more similar after 
rehabilitation. In almost all our patients, torque peaked during 
the 7th ten-percentile interval of the gait cycle (71–80%), which 
corresponds to the middle of the swing phase. The second, not 
so pronounced peak was observed in the 10th ten-percentile 
interval of the cycle (91–97%), which corresponds to the end of 
the swing phase. Statistical analysis showed that the observed 
changes were associated with Q3 changes and joint torque 
peaks. During the second half of pre-rehabilitation GC, 3 torque 
peaks were detected at 55%, 75% (the absolute maximum) and 
95% of the cycle. After rehabilitation, there were also 3 torque 
peaks; however, the first and second peaks almost “fused” into 
a single peak. After rehabilitation, the first and the second torque 
peaks were lower than before the program; the third peak was 
almost the same before and after rehabilitation (Fig. 6).

Summing up, there was an increase in voluntary activity of 
the lower limb on the FMA scale, a reduction in gastrocnemius 
and soleus muscles spasticity on the MAS and functional 
improvement on the FAC scale in patients with post-stroke 
hemiparesis after robot-assisted gait rehabilitation. 

Thorough analysis of movement biomechanics allowed 
us to identify changes in the GC structure (an increase in the 
duration of the stance phase) and ankle joint angles/torques (a 
reduction in the variability and fusion of torque peaks).

DISCUSSION

GC asymmetry is one of the most common gait disturbances 
beside reduced walking speed and shorter step length 
observed in stroke survivors. In GC asymmetry, the stance 
phase becomes shorter, whereas the swing phase of the 
paretic limb becomes longer, which is reflected in the temporal 
characteristics of the gait cycle before rehabilitation [2]. The 
increase in the duration of the stance phase from 28.0% (25; 
36) to 33.5% (30; 42) relative to the entire length of the GC 
following gait training might be the result of improved strength 

in the muscles supporting the paretic limb, improved weight 
shifting, reduced spasticity, and better coordination between 
the joints. It is known that high muscle tone of ankle flexors 
prevents the foot from dorsiflexion, forcing the body to stop its 
forward propulsion; the center of gravity is thus left behind the 
ankle joint line, the swing phase of the healthy leg becomes 
shorter, resulting in a shorter step. According to some 
authors [36], robot-assisted training can reduce spasticity in 
ankle extensor muscles and indirectly affect the recovery of 
gait symmetry. This hypothesis is supported by our findings 
concerning muscle tone reduction in the gastrocnemius and 
soleus muscles. Reduced muscle tone might promote ankle 
dorsiflexion during the stance phase. However, no significant 
differences in the range of motion during the stance phase were 
detected, which might be explained by the limited amplitude of 
the ankle dorsiflexion movement in the middle of the stance 
phase (the range of motion does not exceed 10°  at the moment 
when the center of mass passes the center of pressure) [37]. At 
the same time, consolidation of ankle joint goniograms before 
the time point corresponding to 61% of the gait cycle (this 
part includes the stance phase and the beginning of the swing 
phase) indirectly suggests a positive effect of the prescribed 
physiological pattern of the center of mass movement on the 
ankle joint kinematics during the stance phase. 

Apart from the stance and swing phases, some researchers 
identify 6 phases in the physiological gait biomechanics 
designated by the peak values of its dynamic parameters 
[38, 39]. Among these phases, the part at 60–73% of the GC 
corresponds to the acceleration phase, which begins when the 
foot leaves the ground and ends when the swing leg is adjacent 
to the stance leg. In this phase, the body gains up speed to 
advance the leg forward. In the next part of the cycle (73–87%) 
the foot passively advances further. This phase begins when the 
swing leg is  adjacent to the stance leg and ends when the swing 
leg is in front of the body and its tibia is vertical [2, 40].   

We found that in patients with poststroke paresis the 
biomechanics of the ankle joint were changed after gait 
rehabilitation: the joint was stable during the stance phase and 
the dorsiflexion movement was faster and smoother as the 
leg was advancing forward, ensuring sufficient foot clearance. 
Such changes might be promoted by the synergy of the hip 
and knee joints prescribed by the robotic trainer and the lack 
of opportunity to use compensatory strategies for better foot 
clearance. Perhaps, robot-assisted gait training has a certain 
universal tuning effect on the ankle joint movement resulting 
from the correction of the compensatory synergy of the hip and 
knee joints, reflected in the reduced data variability (р < 0.05; 
Mann–Whitney U), smaller number of the identified clusters 
and less differing medians after rehabilitation. However, 
patient clusters identified before and after rehabilitation were 
very different. This leads us to hypothesize that since patients 
move to other clusters as they continue gait training, the effect 
is achieved through different mechanisms, despite the overall 
“leveling” effect of rehabilitation on the gait pattern. 
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Fig. 5. Characteristics of the ten-percentile intervals of the gait cycle in the ankle joint of the paretic limb before (A) and after (B) rehabilitation; comparison of median 
values before and after rehabilitation (C)

Median values for ankle joint torques in the ankle joint in the ten-percentile intervals of the gait cycle 
shown for each patient before rehabilitation

Median values for ankle joint torques in the ten-percentile intervals of the gait cycle shown for each 
patient after rehabilitation

Medians of median ankle joint torques in the ten-percentile intervals of the gait cycle before and 
after rehabilitation
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Comparison of the total sum of angles in the gait cycle 
reveals that peak values leveled out as other patients showed 
a shift towards the median. Therefore, we conclude that 
there were no significant changes in the total sum of ankle 
joint angles after rehabilitation (р = 0.521; Mann–Whitney U). 
This suggests that structural changes in the gait pattern are 
not determined by quantitative parameters but are largely 
the result of the shift in the gait pattern towards the values 
characteristics of the average gait pattern. Some studies 
demonstrate that ankle joint angles change following gait 
rehabilitation, leading to improved dorsiflexion, but those 

changes were detected in patients with moderate motor 
deficit in the ankle joint [40]. 

Hypothetically, therapy can target not the compensatory 
muscle synergy as a whole, but some of its components. If its 
components are more or less equally important, it does not matter 
which one is directly targeted. However, if the compensatory 
muscle synergy is not completely formed, the best correctional 
effect can be achieved by targeting the movement that initiated the 
development of compensatory synergies. 

Our study has a few limitations. During motion capture, the 
patients were walking on the treadmill which was not equipped 
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with force plates, so we were unable to analyze support 
reaction forces. To better understand the biomechanics of 
the studied joints, further research should be focused on 
comparing patients and healthy individuals and analyzing the 
follow-up data and EMG results for muscle activity. 

CONCLUSIONS

Robot-assisted gait training of the hip and knee joints can 
cause changes in ankle goniograms and ankle joint torques 

in patients with pathological synergies, improving the 
biomechanics of the ankle joint. Further research should 
focus on the comprehensive analysis of the movements of 
the paretic and healthy leg, pelvis and trunk. Besides, in 
order to understand the mechanisms promoting changes 
in muscle synergies, the study protocol should include groups 
with different exposure to training. The analysis of the effect 
that robotic therapy has on complex movements will allow 
to design new training protocols accounting for the presence 
and severity of pathological compensatory gait patterns.
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Chernevskaya EA    , Meglei AYu, Buyakova IV, Kovaleva NYu, Gorshkov KM, ZakharchenkoVE, Beloborodova NV

TAXONOMIC DYSBIOSIS OF GUT MICROBIOTA AND SERUM BIOMARKERS REFLECT SEVERITY 
OF CENTRAL NERVOUS SYSTEM INJURY 

The term “chronic critical illness” (CCI) refers to patients with prolonged dependence on intensive care. In most patients, CCI is triggered by severe brain injury. 

Ever more studies researching the microbiota in pathologic conditions are published every year, but a lot is yet to be elucidated about the composition of the gut 

microbiota in CCI. The aim of this study was to investigate possible correlations between changes in the taxonomic abundance of the gut microbiota, levels of 

proinflammatory and neurological serum biomarkers and the severity of central nervous system injury in patients with CCI. Our prospective observational pilot study 

included 29 patients with CCI. Using real-time PCR allowed us to detected changes in the taxonomic abundance of the gut microbiota. The correlation analysis of 

serum biomarkers and the taxonomic composition of the gut microbiota revealed statistically significant correlations between cortisol levels and the abundance of 

F. prausnitzii (r = ‒0.62; p < 0.05) and B. thetaiotaomicron (r = ‒0.57; p < 0.05) in vegetative state patients; between the CRP/albumin ratio and the abundance of 

S. aureus (r = 0.72; p < 0.05); between the abundance of B. fragilis group/F. prausnitzii and S100 levels (r = 0.45; p <0.05) in conscious patients; between Glasgow 

coma scale scores and the abundance of Enterococcus spp. (r = ‒0.77; p <0.05) in both groups. Thus, the association between the changes in the taxonomic 

composition of the gut microbiota and the severity of neurologic deficit can be evaluated using PCR-based diagnostic techniques and blood serum biomarkers. 

This approach will help to optimize antibacterial treatment regimens and/or develop alternative strategies to minimize the aggressive effect of antibiotics on the 

gut microbiota.
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Е. А. Черневская     , А. Ю. Меглей, И. В. Буякова, Н. Ю. Ковалева, К. М. Горшков, В. Е. Захарченко, Н. В. Белобородова

ТАКСОНОМИЧЕСКИЙ ДИСБИОЗ МИКРОБИОТЫ И СЫВОРОТОЧНЫЕ БИОМАРКЕРЫ 
КАК ОТРАЖЕНИЕ ТЯЖЕСТИ ПОРАЖЕНИЯ ЦЕНТРАЛЬНОЙ НЕРВНОЙ СИСТЕМЫ

Синдром «хронического критического состояния» (ХКС) объединяет пациентов с длительной зависимостью от жизнеобеспечивающих методов терапии. 

У значительной доли пациентов пусковым фактором ХКС служат тяжелые повреждения головного мозга. Число исследований по изучению микробиоты 

при различных патологических состояниях растет с каждым годом, однако особенности микробиоты кишечника при ХКС все еще недостаточно изучены. 

Целью работы было выявить связь изменений таксономического состава микробиоты кишечника, воспалительных и неврологических сывороточных 

биомаркеров с тяжестью поражения центральной нервной системы у пациентов в ХКС. В сравнительном проспективном исследовании у 29 пациентов с 

поражением ЦНС в ХКС методом ПЦР в реальном времени (ПЦР-РВ) обнаружены изменения таксономического состава микробиоты. Корреляционный 

анализ уровней биомаркеров и представителей микробиоты кишечника выявил статистически значимые корреляции: кортизола с F. prausnitzii 

(r = –0,62; p < 0,05) и B. thetaiotaomicron (r = –0,57; p < 0,05) в группе пациентов в вегетативном состоянии; коэффициента СРБ/альбумин с S. aureus 

(r = 0,72; p < 0,05), B. fragilis group/F. prausnitzii с S100 (r = 0,45; p < 0,05) в группе пациентов с сохранным сознанием; результатов по шкале комы Глазго 

с уровнем Enterococcus spp. (r = –0,77; p < 0,05) в обеих группах. Таким образом, комплексная диагностика с применением метода ПЦР-РВ и современных 

биомаркеров позволяет оценить связь таксономических изменений состава микробиоты кишечника со степенью неврологического дефицита. Данный 

подход позволит оптимизировать использование антибактериальных препаратов и/или разработать альтернативные стратегии для менее агрессивного 

воздействия на микробиоту кишечника.
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Over the past decades, advances in intensive care have 
substantially improved survival in acutely critically ill patients 
but, at the same time, expanded the population of patients with 
prolonged dependence on intensive care. This engendered the 
concept of chronic critical illness (CCI) [1]. CCI criteria include 
at least 2 weeks in an intensive care unit (ICU); protracted 
(14–28 days) mechanical ventilation (MV); persistent inflammation; 
immunosuppression; hypermetabolism and hypercatabolism; 
increased susceptibility to infection [2–4].

Most survivors of severe brain injury meet CCI criteria. They 
are also at risk for CCI-attributed neurological deficit aggravated 
by their underlying condition and caused by functional or 
metabolic impairment mediated by pro- or noninflammatory 
factors, including microglia hyperactivation, blood brain barrier 
(BBB) disruption and altered neurotransmission [3]. These 
disturbances are detected based on the elevated markers of 
brain inflammation/injury [5]. Currently, there is no all-in-one 
biomarker for evaluating the complex pathophysiology of critical 
illness. Therefore, CCI patient monitoring relies on the whole 
array of different biomarkers. Of them, the most commonly 
used are S100 proteins and neuron-specific enolase (NSE) 
[6–8], which indicate neuronal injury, and non-specific markers 
of inflammation, like interleukin-6 (IL6) [9] and С-reactive protein 
(CRP) [10].

Changes in the gut microbiota might be an important 
contributor to CCI. Microbiota has the ability to affect CNS 
function in humans, which makes it an attractive object 
for research [11, 12]. The gastrointestinal (GI) tract may be 
involved in the development and progression of organ failures 
in critically ill patients [13, 14]. CCI patients have metabolic 
disorders leading to protein-energy malnutrition [15] and GI 
comorbidities caused, among other things, by nasogastric 
nutrition [16], which could be the underlying cause of dysbiosis 
observed in such patients [17]. Ever more studies researching 
the microbiota of critically ill patients are published every year; 
still, a lot is yet to be elucidated [18].

Human microbiota can be studied using a broad arsenal 
of methods, from classic culture-based analysis to state-of-
the-art next generation sequencing (NGS). Real-time PCR is 
a promising alternative to culture-based methods that allows 
creating both qualitive and quantitative profiles of the gut 
microbiota [19].

The aim of this study was to investigate possible correlations 
between changes in the taxonomic abundance of the gut 
microbiota, levels of proinflammatory and neurological serum 
biomarkers and the severity of CNS injury in patients with CCI. 

METHODS

Our prospective observational study included patients with 
CNS injury of various etiology (n = 29) receiving medical care at 
the ICU of the Federal Research and Clinical Center of Intensive 
Care Medicine and Rehabilitology from June 2019 to March 2020. 

The following inclusion criteria were applied: patients with 
CNS injury of various etiology meeting CCI criteria (at least 
2 weeks in ICU and/or 14–28 days of MV) aged 18–75 years 
and admitted to ICU for intensive neurological care. Exclusion 
criteria: age over 75 years; chemotherapy/hormonal therapy 
with steroids; neurological infection; therapy with antibiotics, 
pro-, pre- or metabiotics at the time of admission. 

The age range was from 20 to 75 years (median: 56 (32–63) 
years); 17 study participants were female (58.6%) and 12 were 
male (41.4%). Among the pathologies included in the study 
were an acute cerebrovascular event (ACVE) (15 patients), 
severe traumatic brain injury (TBI) (7 patients), neurosurgery 

complications in the postoperative period (4 patients), anoxic 
brain injury after a successful CPR effort to reverse clinical 
death (3 patients). Ten patients were on MV and 19 had a 
tracheostomy tube. All patients were on enteral feeding; 
over half of them (n = 15) were fed through a nasogastric or 
gastrostomy tube (GT). Antibacterial therapy was administered 
to 21 patients who had urinary or lower respiratory tract 
infection (Table 1). All patients received a metabiotic containing 
active metabolites of Bacillus subtilis, a sorbent and a prebiotic. 

The level of consciousness was assessed using the Glasgow 
coma scale (GCS): 15 points — fully awake and aware, 14–13 
points — clouding of consciousness, 12–9 points — sopor, 
8–6 points — coma); antibiotic prescriptions were done on the 
day of blood/stool collection. 

Sample collection

One stool sample and one venous blood sample were collected 
from each patient on the day of admission (prior to antimicrobial 
therapy) and then every 7 days until transfer from ICU. In 
total, 2 to 7 samples of biological specimens were obtained 
from each patient. Sample collection, transport and storage 
were performed following standard guidelines [20]. Stool 
samples were collected into a disposable sterile container. 
The containers were transported to the lab and stored at 
+2 – +8 °С until further use. Time from sample collection to 
sample analysis did not exceed 24 h. DNA was extracted from 
the supernatant: 0.1 g of the stool sample was mixed with 800 
µl of the isotonic solution and vortexed until homogeneity. The 
resultant mixture was centrifuged at 12,045 g for 30 s. Further 
analysis was carried out following the protocol provided by the 
assay manufacturer (Colonoflor-16 by AlphaLab, Russia). Blood 
was collected from a venous catheter into an anticoagulant-
free test tube.  Serum samples were obtained by centrifuging 
the blood at 1,500 g for 10 min. Serum aliquots (500 µl) were 
poured into disposable Eppendorf tubes, frozen and stored at 
–20 °С until further use.

Analysis of gut microbiota taxonomic 
abundance 

Composition of the gut microbiota was analyzed using 
Colonoflor-16 kits (AlphaLab; Russia), which include reagents 
for DNA extraction, PCR primers specific for all bacterial 
DNA (total bacterial mass) and species-specific primers. 
Measurements were performed using a CFX 96 Real-Time 
PCR Detection System (BioRad; USA).

Analysis of serum biomarkers

Concentrations of NSE, S100, procalcitonin (PCT), IL6, 
and cortisol were measured in 200 µl serum samples 
using reagent kits by Roche Diagnostics, Switzerland, and 
a Cobas e411 automated analyzer, which relies on the 
ElectroChemiLuminescence technology (Roche; Switzerland). 

Albumin and CRP levels were determined using an 
automated AU 480 chemistry analyzer (Beckman Coulter; USA) 
and reagent kits by the same manufacturer. 

Statistical analysis was carried out in Statistica 13.0 (Stat 
Soft Inc.; USA). The obtained data are presented below as 
median values and lower and upper quartiles. Intergroup 
comparisons were made using the Mann–Whitney U test. 
Correlation strength was measured using Spearman’s rank 
correlation coefficient. Differences were considered significant 
at p ≤ 0.05.  
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Table 1. Patient characteristics. MV — mechanical ventilation, TST — tracheostomy tube, ACVE — acute cerebrovascular event, TBI — traumatic brain injury

Vegetative state patients (n = 10)

Patient ID Age/sex Diagnosis Respiration Antibacterial therapy
GCS 
score

1 40 / f Anoxic brain injury MV Oxazolidinone (linezolid), cephalosporins, carbapenems 9

2 64 / f ACVE MV, TST Cephalosporins, carbapenems, aminoglycosides, glycopeptides (vancomycin) 10

3 32 / f Post-op complications MV, TST
Fosfomycins (monurol), carbapenems, aminoglycosides, glycopeptides 

(vancomycin)
12–15

4 61 / f ACVE TST Nitrofurans (macmiror), carbapenems, glycopeptides, rifampicin 13

5 38 / f ACVE MV Carbapenems 6

6 31 / f TBI TST – 13–15

7 69 / f ACVE MV, TST Carbapenems, aminoglycosides, tetracyclines 9–12

8 51 / m TBI TST Carbapenems, glycopeptides (vancomycin), tetracyclines 13

9 62 / m Post-op complications MV, TST
Glycopeptides (vancomycin), aminoglycosides, cephalosporins, fosfomycins 

(monurol)
9–14

10 26 / f TBI TST Carbapenems, tetracyclines, glycopeptides (vancomycin), sulfonamides 10–12

Conscious patients (n = 19)

1 26 / m ACVE TST Macrolides, glycopeptides 15

2 56 / m Anoxic brain injury TST – 15

3 58 / f ACVE TST – 15

4 60 / m ACVE TST Nitrofurans, enterol 15

5 22 / f TBI TST – 15

6 42 / f ACVE TST – –

7 20 / m TBI TST Cephalosporins –

8 63 / f ACVE TST Carbapenems, aminoglycosides 12–14

9 74 / m ACVE TST – 14

10 32 / m Post-op complications TST – 15

11 44 / m Anoxic brain injury TST Carbapenems, tetracyclines 15

12 69 / f TBI MV – 13

13 58 / m ACVE TST Fluoroquinolones, aminoglycosides 14–15

14 74 / m ACVE MV
Aminoglycosides, sulfonamides, nitrofurans, tetracyclines, cephalosporins, 

antimycotics
10

15 76 / m ACVE TST Cephalosporins, glycopeptides, fosfomycins 10–14

16 72 / f Post-op complications MV Carbapenems, glycopeptides, antimycotics 14

17 23 / f TBI TST Carbapenems, glycopeptides 15

18 51 / f ACVE MV, TST Cephalosporins, glycopeptides, aminoglycosides 11–15

19 57 / m ACVE TST Tetracyclines, carbapenems, glycopeptides 10

RESULTS

Our study included 29 patients (see Table 1). Patients with 
etiologically different severe CNS injury formed a single group 
due to similar CCI manifestations regardless of the underlying 
condition. No significant differences in the taxonomic abundance 
of the gut microbiota were observed between the subgroups of 
patients receiving or not receiving antimicrobial therapy (Table 2). 
Therefore, the subsequent intergroup comparisons were based 
on neurologic assessment scores. 

Based on the level of consciousness, the patients were 
divided into 2 subgroups [21] (see Table 1): vegetative state or 
minimally responsive patients (n = 10) and conscious patients 
with pronounced cognitive and mental impairment (n = 19). The 
latter is a clinical sign of CCI. The subgroups were comparable 
in terms of age (Table 3).

The following features of the gut microbiota taxonomy were 
identified during the analysis aided by real-time PCR (Fig. 1):

– total bacterial mass was comparable to the reference 
ranges provided by the manufacturer of the assay;

– gut microbiota of CCI patients contains Clostridium spp., 
Fusobacterium nucleatum, and Parvimonas micra, which are 
not detected in healthy individuals;

– for 6 microorganisms (Klebsiella spp., Candida spp., 
Staphylococcus aureus, Proteus spp., Enterobacter spp./
Citrobacter spp.), base 10 logarithms of CFU concentrations 
(lg CFU/G) were 1.5–2 times above the upper reference limit;

– Bacteroides thetaiotimicron were low in comparison with 
the reference values; 

– significant differences were observed in F. prausnitzii 
concentrations between the subgroups of patients with 
different level of consciousness (p = 0.015);

Levels of serum biomarkers (cortisol, albumin, CRP, CRP 
to albumin ratio) differed significantly between the groups (see 
Table 3). PCT was within the reference range in both conscious 
and vegetative state patients, but the differences between 
these two groups were significant (p = 0.009) (see Table 3).

Based on their GCS scores, our patients were divided into 
3 subgroups: 15 points — fully awake and aware patients (n = 37), 
14–13 points — clouding of consciousness (n = 33), 12–6 
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Table 2. Taxonomic abundance of the gut microbiota in patients receiving or not receiving antibacterial therapy

Parameter Reference range
Patients, median (Q1; Q3)

Received antibiotics (n = 19) Did not receive antibiotics (n = 21)

Total bacterial mass < 1012 2×1012 (3×1011–8×1012) 2.5×1012 (2×1011–1013)

Lactobacillus spp. 107–108 4×107 (2×106–108) 3×107 (7×106–6.5×108)

Bifidobacterium spp. 109–1010 4×109 (3×108–3×1010) 9×108 (9.5×107–8.5×109)

Escherichia coli 107–108 5×108 (7×107–3×109) 3×108 (4.5×107–3.5×109)

Bacteroides fragilis group 109–1012 1.5×1012 (2×1011–8×1012) 4×1012 (3×1011–1013)

Faecalibacterium prausnitzii 108–1011 5×107 (9.5×106–6×108) 108 (107–3×1010)

Klebsiella pneumoniae < 104 3×106 (2×105–108) 6×105 (2×105–106)

Klebsiella oxytoca < 104 1.5×1011 (2×106–1013) 2×1014 (1.1×106–4.5×1014)

Candida spp. < 104 2×107 (6×106–5×107) 2×107 (7×106–2×107)

Staphylococcus aureus  < 104 4×108 (3×107–6×1011) 2×108 (3×107–109)

Enterococcus spp. < 108 8×105 (7×105–9×106) 1.2×106 (2×105–2×106)

Bacteroides thetaiotaomicron 109–1012 6×108 (2×107–4×109) 2.5×108 (2.5×107–2×109)

Akkermansia muciniphila < 1011 8×108 (107–3×109) 5.1×108 (5.1×107–5.5×109)

Clostridium difficile  – 2×108 (107–2×109) 4×107 (2×105–109)

Clostridium perfringens – – 6×105 (6×105–2×106)

Proteus spp. < 104 109 (2.5×108–2×1010) 6.5×108 (108–1010)

Enterobacter spp. / Citrobacter spp. < 104 4.5×107 (6.5×106–6.5×108) 5×108 (2×107–4×109)

Fusobacterium nucleatum – 2×107 (5×106–2×108) 1.95×106 (3×105–4.5×107)

Parvimonas micra – 2.55×108 (7.5×106–1014) 107 (2×105–2×1012)

Bacteroides fragilis group to 
Faecalibacterium prausnitzii ratio

0.1–100 5000 (100–100 000) 667 (100–15 000)

points — sopor/coma (n = 40). Differences in the CRP/albumin 
ratio (Fig. 2), cortisol and IL6 (Fig. 3) observed between these 
groups were statistically significant. 

To test correlations in the gut-brain axis system, we applied 
the correlation analysis to the levels of serum biomarkers and 
gut microbiota representatives. In vegetative state patients, 
significant negative correlations were discovered for cortisol and 
F. prausnitzii (r = –0.62) and cortisol and B. thetaiotaomicron 
(r = –0.57). In conscious patients, the CRP/albumin ratio 
value was directly correlated with the abundance of S. aureus 
(r = 0.72); S100 levels were directly correlated with B. fragilis 
group/F.  prausnitzii (r = 0.45).

A strong negative correlation was discovered between the 
abundance of Enterococcus spp.  and GCS scores (r = –0.77; 
р ≤ 0.05).

DISCUSSION

Based on our findings, we conclude that the taxonomic 
abundance of the gut microbiota in CCI patients differs 
significantly from the reference values, regardless of their 
neurological status. Pronounced dysbiosis in patients with 
CCI is characterized by increased levels of Proteobacteria, 
Candida spp., opportunistic Firmicutes and Bacteroides, and 
reduced abundance of commensal microorganisms (see Fig. 1)
producing low molecular weight metabolites (F. prausnitzii). 
These data are consistent with the findings of previous gut 
microbiota studies that employed 16S RNA sequencing and 
were conducted in patients undergoing intensive care [22] 
and critically ill patients with brain injury [23]. It is reported 
that pronounced dysbiosis developed by stroke survivors and 

Table 3. Blood serum parameters in patients with CCI 

Note: * — differences are statistically significant. 

Parameter, unit Reference range
Patients, median (Q1; Q3)

p
Conscious (n = 19) Vegetative state (n = 10)

Age, years – 57 (32–69) 51 (38–62) 0.82

PCT, ng/ml* <0.25 0.058 (0.039–0.095) 0.107 (0.08–0.177) 0.009

Cortisol, nmol/L* 166–507 367 (244–623) 682 (492–816) 0.001

IL6, pg/ml <7 31 (15–47) 35 (14–67) 0.293

S100, µg/ml <0.1 0.097 (0.05–0.16) 0.105 (0.06–0.19) 0.423

NSE, ng/ml 15.7–17 17.8 (12.8–23) 15.2 (9.7–22) 0.248

CRP, mg/L* <5 35 (18–78) 76 (33–147) 0.004

Albumin, g/L* 35–55 33 (28–35) 28 (25–35) 0.038

CRP/albumin, rel.un. <1 1.2 (0.5–2.2) 2.5 (0.9–5.8) 0.003
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Fig. 1. The taxonomic composition of the gut microbiota in conscious patients (n = 19) and vegetative state patients (n = 10) compared to the reference ranges (shown 
in blue) provided by the manufacturer. Twenty parameters were compared

1,00E+13

1,00E+09

1,00E+04

1,00E+11

1,00E+07

1,00E+02

1,00E+12

1,00E+08

1,00E+03

1,00E+10

1,00E+05

1,00E+06

1,00E+01

1,00E+00

Conscious patients

To
ta

l b
ac

te
ria

l m
as

s  

Esc
he

ric
hia

 c
oli

La
ct

ob
ac

illu
s s

pp.

Bac
te

ro
id

es
 fr

ag
ilis

gr
ou

p

Bifid
ob

ac
te

riu
m

 sp
p.

Fa
ec

ali
bac

te
riu

m
 p

ra
us

nit
zii

Kleb
sie

lla
 p

ne
um

on
iae

Kleb
sie

lla
 o

xy
to

ca

Can
did

a 
sp

p.

Sta
phy

loc
oc

cu
s a

ur
eu

s

Ent
er

oc
oc

cu
s s

pp.

Bac
te

ro
id

es
 th

et
aio

ta
om

icr
on

Akk
er

m
an

sia
 m

uc
ini

phil
a

Clos
tri

dium
 d

iffi
cil

e

Clos
tri

dium
 p

er
fri

ng
en

s

Pro
te

us
 sp

p.

Fu
so

bac
te

riu
m

 n
uc

lea
tu

m

Par
vim

on
as

 m
icr

a

Bac
te

ro
id

es
 fr

ag
ilis

 g
ro

up
 to

 

Fa
ec

ali
bac

te
riu

m
 

pra
us

nii
tzi

i r
at

io

Ent
er

ob
ac

te
r s

pp.| 

Citr
ob

ac
te

r s
pp.

Vegetative state

lg
 C

F
 U

/g

manifested as the dominance of short-chain fatty acids 
producers, including Odoribacter and Akkermansia, was 
correlated with their clinical outcomes [24]. However, the cited 
study evaluated the composition of the gut microbiota in the first 
48h after stroke, and we were unable to find any publications 
describing microbiota composition in chronically ill neurological 
patients; these facts underscores the novelty of our findings. 

Biomarker analysis uncovered significant differences in 
the levels of cortisol, CRP, albumin and the CRP/albumin ratio 
between conscious and vegetative state patients (see Table 3). 
The studied biomarkers were significantly correlated with the 
abundance of some gut microbiota representatives (see Table 3), 
supporting the gut-brain axis concept. The established negative 
correlations between cortisol levels and the abundance of 
F. prausnitzii and В. thetaiotaomicron in vegetative state 
patients are consistent with earlier reports demonstrating that 
a decline in the abundance of the foregoing taxa compromises 

the neuroprotective function of the gut microbiota and therefore 
leads to nervous tissue injury [25], an immune response shift 
towards inflammation and autoimmunity [26]. In turn, elevated 
cortisol exerts a negative effect on the metabolism of critically ill 
patients, shifting the balance towards catabolism and promoting 
the hypermetabolism-hypercatabolism syndrome [27, 28]. 

In our study, CRP and cortisol levels, as well as the 
CRP/albumin ratio value, were twice as high in vegetative 
state patients, whereas their albumin levels were lower 
than in conscious participants, indicating more pronounced 
inflammation and catabolism in vegetative state. РСТ levels 
were within the reference range in both groups, although the 
difference between the groups was significant, suggesting 
aseptic inflammation unrelated to systemic bacterial infection 
(see Table 3). 

The CRP/albumin ratio is widely studied as a combined 
marker of systemic inflammation and nutritional status and also 

Fig. 2. Association between the CRP/albumin ratio and GCS scores (p < 0.05 for comparison of the groups that scored 15 and 12–6 points)
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Fig. 3. Blood serums concentrations of IL6 and cortisol in patients with different GCS scores (p < 0.05 for comparison between groups scoring 15 and 14–13 points 
and between groups scoring 15 and 12–6 points)
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GCS scores

as an independent prognostic marker in patients with infection, 
malignancies or undergoing intensive care [10, 29, 30]. We 
have demonstrated that the CRP/albumin ratio indicates the 
severity of consciousness impairment on GCS in critically 
ill patients (see Fig. 2) and correlates with the abundance of 
opportunistic S. aureus in the gut microbiota of such patients. 
S100 and NSE are traditionally used as markers of acute 
nervous tissue injury [31]. In our CCI patients, their only slightly 
changed levels were within the reference range, which might be 
reflective of the perpetuation of brain tissue injury. The observed 
direct correlation between S100 levels and the Bacteroides 
fragilis to Faecalibacterium prausnitzii ratio (a potential marker 
of proinflammatory type dysbiosis) and the strong negative 
correlation between GCS scores and Enterococcus spp. 
abundance confirm the association between dysbiosis and 
brain dysfunction. However, the link between the taxonomic 
abundance of the gut microbiota, the levels of neurologic 
biomarkers and the degree of neurologic deficit is not fully clear 
and needs to be further elucidated. We found no data on the 
correlation between the studied taxa and the levels of serum 
biomarkers in patients with CCI in the available literature. 

To sum up, the gut microbiota of chronically critically ill patients 
with brain dysfunction undergoes certain transformations and can 
be deemed a “damaged organ”. The small study sample size 
and different therapeutic regimens did not allow us to assess the 
contribution of antibiotics to the changes in the gut microbiota. 
However, a complex approach based on the use of state-of-the-art 
technologies might help to optimize antibiotic therapies in the future. 

CONCLUSIONS

1. Regardless of CNS injury severity, patients with CCI have 
pronounced imbalances in the taxonomic composition of their 
gut microbiota. 2. The established significant correlations 
between the studied serum biomarkers, GCS scores and 
certain gut microbiota representatives support the gut-brain axis 
concept. 3. Complex PCR-based diagnostics allows performing 
rapid dynamic assessment of the taxonomic composition of 
the gut microbiota. 4. Further research is needed to confirm the 
role of the gut microbiota in the pathogenesis of neurological 
deficit. Microbiota-targeted therapies might improve the efficacy 
of neurorehabilitation even in patients with severe brain damage. 
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SEMEN MICROBIOTA: CLUSTER ANALYSIS OF REAL-TIME PCR DATA

To this day semen microbiota is still poorly understood, and clinical significance of detecting specific microorganism groups has not been clearly determined. The 

aim of this work was to conduct cluster analysis of semen microbiota detected using real-time PCR. 634 semen samples of reproductive age men were analyzed 

using the Androflor kit. Microbial DNA in the quantity of no less than 103 GE/ml was detected in 460 samples (72.5%). From 1 to 14 microorganism groups were 

detected in 350 samples (55.2%) in the quantities that exceeded the threshold values (the detection rate of specific groups: 3.3–21.0%). In these 350 samples 

4 stable microbiota clusters were determined. Each of the clusters was characterized by the prevalence of a specific microorganism group: obligate anaerobes 

(cluster 1; n = 172; detection rate — 49.1%), Lactobacillus spp. (cluster 2; n = 78; detection rate — 22.3%), gram-positive facultative anaerobes (cluster 3; n = 62; 

detection rate — 17.7%), Enterobacteriaceae / Enterococcus (cluster 4; n = 62; detection rate — 10.9%). Cluster 1 was less stable and was characterized by the 

larger species diversity compared to other clusters.
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Е. С. Ворошилина1,2      , Д. Л. Зорников1, А. В. Иванов3,4, Д. Г. Почерников5, Е. А. Паначева1,2

МИКРОБИОТА ЭЯКУЛЯТА: КЛАСТЕРНЫЙ АНАЛИЗ РЕЗУЛЬТАТОВ, ПОЛУЧЕННЫХ ПРИ 
ИССЛЕДОВАНИИ МЕТОДОМ ПЦР-РВ

Микробиота эякулята до сих пор недостаточно изучена, а клиническая значимость выявления отдельных групп микроорганизмов окончательно не 

установлена. Целью работы было провести кластерный анализ микробиоты эякулята, выявленной методом ПЦР-РВ. С помощью теста «Андрофлор» 

(«ДНК-Технология») исследовали 634 образца эякулята мужчин репродуктивного возраста. Микробную ДНК в количестве не менее 103 ГЭ/мл 

обнаружили в 460 (72,5%) образцов. В 350 (55,2%) пробах выявили от 1 до 14 групп микроорганизмов в надпороговых значениях (частота выявления 

отдельных групп составила 3,3–21,0%). Среди 350 образцов выделили четыре устойчивых кластера микробиоты, в каждом из которых преобладала 

определенная группа микроорганизмов: облигатных анаэробов (кластер 1, n = 172; частота выявления — 49,1%), Lactobacillus spp. (кластер 2, 

n = 78; частота выявления — 22,3%) грамположительных факультативных анаэробов (кластер 3, n = 62; частота выявления — 17,7%), Enterobacteriaceae/

Enterococcus (кластер 4, n = 38; частота выявления — 10,9%). Кластер 1 характеризовался меньшей устойчивостью и большим видовым разнообразием 

в сравнении с другими кластерами. 
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Male genital tract microbiota and semen microbiota in particular 
are still poorly understood compared to the microbiota of other 
human body biotopes [1]. For a long time, semen in healthy 
men was considered to be sterile, and any microorganisms 
(MO) detected there were associated with pathologies. 
Nevertheless, recent studies indicate that microbiota can 
be present in the semen of healthy or asymptomatic men 
with normal semen parameters [1–7]. It has been shown that 
polymicrobial communities of various bacteria genera and even 
phyla constitute semen microbiota [1, 2, 5, 7]. Some authors 
even cautiously conclude that certain MO groups could be 
associated with norm and pathology [1, 2, 5]. There are also 
researchers who believe that it is the presence of certain 
microbial associations, not species, that is associated with 
genital tract inflammatory diseases [4].

These results became possible due to the implementation 
of molecular-based techniques since many of the microbes 
detected in semen are difficult to culture or non-culturable 
(including obligate anaerobic bacteria which are rarely found 
in a routine culture-based test) [4, 7, 8]. However, clinical 
significance of the detection of these MO in semen samples 
has not been clearly established. 

Most of the research dedicated to analyzing semen 
microbiota are based on 16S rRNA gene specific Next 
generation sequencing [1–5, 7]. While it is highly informative, 
this approach has a number of disadvantages such as: 
complicated sample preparation, difficult sample intake control, 
complicated result interpretation, long analysis process, high 
cost of equipment and reagents. These disadvantages make 
using NGS-sequencing in routine medical practice virtually 
impossible. Quantitative real-time PCR (qPCR) is far more 
suitable for this. In several previous studies, the potential 
of  the Androflor commercial kit (qPCR kit for the detection 
of 24 MO groups) for semen microbiota analysis was shown 
[9–11]. Among other things, Androflor kit is more informative 
compared to culture-based tests [10]. While analyzing semen 
microbiota using qPCR has many benefits compared to other 
microbiological techniques, practical interpretation of the results 
remains difficult, which prevents this method from becoming 
part of the routine practice.

Semen culture colony count of 103 CFU/1 ml or higher is 
considered to be the above the threshold value for detecting 
opportunistic microbiota in culture-based testing [12]. The high 
sensitivity of molecular-based techniques and their capability 
to detect non-culturable and non-viable MO makes it difficult 
to use threshold values similar to those used in culture-based 
techniques when interpreting qPCR results. It is necessary 
to establish whether the presence of non-culturable MOs in 
quantities exceeding the threshold value is typical for normal 
and pathological conditions. We also need to determine the 
persistent types of microbial groups associated with infertility in 
men when identifying certain MO groups.

To answer these questions, semen analysis results (clinical 
and molecular-based), both from patients with infertility and 
healthy males, need to be comprehensively studied. Aim of 
the study: to conduct cluster analysis of semen microbiota 
detected by means of real-time PCR (Androflor kit)

METHODS

Patient groups

From January 2019 to March 2020, semen samples from 634 
men were examined (mean age 34 ± 6.7 years). During this 
period, the patients came to the “Garmonia” Medical Center 

(Yekaterinburg, n = 429) and to the urological clinic of the Ivanovo 
State Medical Academy of the Ministry of Health of Russian 
Federation (Ivanovo, n = 205) either seeking preconception 
care or for infertility treatment. All patients gave their consent to 
participate in the study.

Inclusion criteria: reproductive-age men; infertility or 
undergoing preconception care; all examined patients during 
the last four weeks did not receive medications that could affect 
the semen microbiota, such as hormonal, antibacterial drugs; 
consumption of substances with alcohol content over 30 ml in 
terms of pure ethanol was excluded.

Exclusion criteria: hypogonadotropic and hypergonadotropic 
hypogonadism, type 1 and 2 diabetes, hypo- and 
hyperthyroidism; sexually transmitted infections (Chlamydia 
trachomatis, Neisseria gonorrhoeae, Mycoplasma genitalium, 
Trichomonas vaginalis); clinical manifestations of prostatitis 
such as pain and dysuria; karyotype abnormalities, mutations 
in the CFTR gene, microdeletions in the AZF locus of the Y 
chromosome.

Semen sampling

Preparation for semen sampling: sexual abstinence for a period 
of 2–5 days. Prior to semen collection, patients urinated. Semen 
was collected through masturbation into a sterile container. 
Patients were instructed to avoid contact with the walls and the 
lid of the container.

DNA extraction

PREP-NA-PLUS kit (DNA-Technology; Russia) was used for 
DNA-extraction. Semen samples were prepared using the 
following technique: 1.0 ml of semen was put into an Eppendorf 
tube with 1.0 ml of transport medium (“Transport media with 
mucolytic agent”, InterLabService Ltd.; Russia) which was then 
shaken in the vortex until the substances mixed completely. 
The tube was centrifuged at 13,000 rpm for 10 minutes (Mini-
Spin centrifuge, Eppendorf; Germany). After removing the 
supernatant, 50 µl of the precipitate was used for extraction 
of the DNA.

Semen microbiota evaluation 

The study was conducted using the Androflor reagent kit 
(DNA-Technology; Russia) and the DTprime detection thermal 
cycler (DNA-Technology; Russia) following the manufacturer’s 
instructions. Once the amplification is over, the special 
software (DNA-Technology; Russia) automatically calculates the 
quantities (expressed in genome equivalents per 1 ml (GE/ml)) of the 
total bacterial load (TBL), lactobacilli and each of the detected 
opportunistic microorganisms (OM) in a given sample. 

The Androflor kit allows detecting the following MO 
groups: Gram-positive facultative anaerobes (Streptococcus spp. 
Staphylococcus spp., Corynebacterium spp.); Gram-negative 
facultative anaerobes (Haemophilus spp., Pseudomonas 
aeruginosa / Ralstonia spp. / Burkholderia spp.); 
Enterobacteriaceae / Enterococcus spp. group; obligate 
anaerobes (Gardnerella vaginalis, Eubacterium spp., Sneathia 
spp. / Leptotrichia spp. / Fusobacterium spp., Megasphaera 
spp. / Veillonella spp. / Dialister spp., Bacteroides spp. / 
Porphyromonas spp. / Prevotella spp., Anaerococcus spp., 
Peptostreptococcus spp., Atopobium cluster), mycoplasmas 
(Mycoplasma hominis, Ureaplasma urealyticum, Ureaplasma 
parvum), transient microbiota (Lactobacillus spp.), yeast-like 
fungi (Candida spp.). 
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Table 1. Detection rate for individual MO groups present in quantities exceeding the threshold value (n = 634)* 

Note: * — for Ureaplasma urealyticum, Ureaplasma parvum, Mycoplasma hominis threshold is > 0, for the other MO groups threshold is ≥ 103 GE/ml.

MO Group n %

Corynebacterium spp. 133 21.0

Bacteroides spp. / Porphyromonas spp. / Prevotella spp. 131 20.7

Lactobacillus spp. 125 19.7

Eubacterium spp. 108 17.0

Peptostreptococcus spp. / Parvimonas spp. 107 16.9

Megasphaera spp. / Veillonella spp. / Dialister spp. 94 14.8

Streptococcus spp. 81 12.8

Enterobacteriaceae spp. / Enterococcus spp. 74 11.7

Anaerococcus spp. 68 10.7

Gardnerella vaginalis 67 10.6

Ureaplasma parvum 63 9.9

Atopobium cluster 57 9.0

Staphylococcus spp. 52 8.2

Sneathia spp. / Leptotrichia spp. / Fusobacterium spp. 41 6.5

Haemophilus spp. 36 5.7

Mycoplasma hominis 25 3.9

Ureaplasma urealyticum 24 3.8

Pseudomonas aeruginosa / Ralstonia spp. / Burkholderia spp. 21 3.3

Sterile deionized water was used as the negative control 
sample. Positive signals were detected in the negative control 
sample for some MO groups no earlier than in the 35th 

amplification cycle. In these cases, the bacterial load was less 
than 103 GE/ml. Thus, the quantity of MOs needed to be at 
least 103 GE/ml for it to be considered above threshold, which 
meant that a positive signal was received in qPCR before the 
35th cycle. The exceptions were U. urealyticum, U. parvum, 
M. hominis since there was no positive signal for these MOs in 
the negative control sample. If the signal was detected at any 
amplification cycle for these MO groups, qPCR result for them 
was regarded as positive. Yeast-like fungi of the Candida spp. 
were not included in this study.

Statistical methods

The analysis of the structural characteristics of semen 
microbiota was carried out using the MSSC clustering model, 
which minimizes the sum over all clusters of intra-cluster sums 
of squared distances from cluster elements to their centroids 
[13]. The clustering problem was solved using the k-means++ 
algorithm [14], implemented in the scikit-learn machine learning 
library. The optimal clustering was selected on the basis of 
internal assessments of the clustering quality: the Silhouette 
index [15] and the Davies–Bouldin index (DBI) [16]. For optimal 
clustering, the stability of clusters to changes in the sample size 
was analyzed.

RESULTS 

Detection rate for specific MO groups

TBL was detected in quantities exceeding the threshold value (at 
least 103 GE/ml) in 460 (72.5%) out of 634; samples the quantities 
of specific MO groups were below the threshold value in 110 
(17.4%) of these 460 samples. Bacterial DNA was present in the 
quantities lower than 103 GE/ml in 174 (27.5%) samples.

From 1 to 14 MO groups were detected in quantities, 
exceeding the threshold value, simultaneously in 350 (55.2%) 
samples. Detection rate for specific MO groups is given in Table 1.

Different MO groups were found in a variety of associations 
with each other. Thus, we have decided to carry out cluster 
analysis in order to identify the microbial communities typical of 
semen microbiota.

Cluster analysis of semen microbiota

For cluster analysis, 350 samples were selected in accordance 
with the following criteria: TBL in the quantity of at least 103 
GE / ml, at least one group of MO in the quantity of at least 
103 GE / ml.

To run the k-means++ clustering algorithm, each examined 
sample was represented as a vector (p, s) ∊ R50, consisting 
of a vector of primary characteristics p ∊ R19, (taken from the 
data on the semen microbiota analyses by means of qPCR) 
and secondary characteristics vector s ∊ R31, calculated on the 
basis of primary characteristics.

The absolute values of the parameters determined by the 
Androflor kit (TBL and 18 MO groups) were regarded as primary 
characteristics.

The following secondary characteristics were calculated on 
the basis of the primary ones: corrected TBL (CTBL), equal to 
the total mass of the 18 MO groups detected by the kit; mass 
percentages of the MOs in relation to the CTBL; masses of the 
MO groups consolidated in accordance with the Androflor kit’s 
configuration: lactobacilli, gram-positive facultative anaerobes 
(GPFA), obligate anaerobes (OA), gram-negative facultative 
anaerobes (GNFA), Enterobacteriaceae / Enterococcus (EE), 
and mycoplasmas; mass percentages of the consolidated MO 
groups in relation to the CTBL.

The optimal number of clusters in the examined dataset 
was determined on the basis of the values of the Silhouette 
and Davies-Bouldin indices (Table 2). The best clustering quality 
corresponds to the highest Silhouette Index and the lowest 
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Davies-Bouldin Index. In accordance with the obtained values 
of the indices, it was optimal to select 4 main clusters of the 
semen microbiota.

One consolidated MO group was predominant in each of 
the obtained clusters. The diagrams in Fig. 1 show the range of 
characteristics of the objects in their respective clusters.

Cluster 1 — the OA-dominated variant. The absolute 
quantity of all OA was comparable to the TBL and amounted 
to 104.3 GE / ml in the centroid (Fig. 1A). The proportion of OA 
in the centroid reached 82.8% in relation to the CTBL. This 
microbiota variant was identified in 172 (49.1%) out of 350 
samples.

Cluster 2 — the lactobacilli-dominated variant. The 
absolute quantity of all lactobacilli was comparable to the 
CTBL and amounted to 104.0 GE / ml in the centroid (Fig. 1B). 
The proportion of lactobacilli in the centroid reached 80.9% in 
relation to the CTBL. This microbiota variant was identified in 78 
(22.3%) out of 350 samples.

Cluster 3, characterized by the predominance of GPFA, 
was identified in 62 (17.7%) out of 350 samples. The absolute 
quantity of all GPFA was comparable to the CTBL and amounted 
to 103.6 GE / ml in the centroid (Fig. 1C). The proportion of GPFA in 
the centroid reached 89.4% in relation to the CTBL.

Cluster 4 — the EE-dominated variant. The absolute 
quantity of all EE was less than the CTBL and amounted to 
103.5 GE / ml in the centroid (Fig. 1D). The proportion of EE in the 
centroid reached 64.5% in relation to the CTBL. This microbiota 
variant was identified in 38 (10.9%) out of 350 samples.

Analysis of the microbial clusters’ stability

To analyze the stability of the identified clusters, subsamples 
of samples of ƒ = 1,100 volume of the original sample were 
generated (1000 random subsamples without return for each 
value of the volume). The generated subsamples were divided 
into 4 clusters. For each (m = 1,1000) generated subsample 
of volume ƒ samples (let us denote this subsample by X  ) 
stability index of the k cluster was calculated using the following 
formula:

where n is the number of samples in the subsample X    ;
1

{true}
:{true, flase} → {0,1}; is the indicator function of the logical 

argument; x ∊ X    is the sample from the subsample X   , 
A (x); A'm (x) is the label of the cluster where the  sample is 
contained as a result of clustering of the original sample set and 
the subsample X   , respectively; k = {1, 2, 3, 4},  l = {1, 2, 3, 4},  
are the cluster labels. 

In addition, the stability index of the k cluster, common for the 
subsamples of the f volume, was calculated. The calculations 
were carried out using the following formula:

Fig. 2 shows the graphs depicting cluster stability indices 
calculated according to formulas (1) and (2). The obtained 4 
clusters are stable: on sufficiently small volumes of subsamples, 
the probability of assigning two arbitrary observations to the 
same cluster with 4-clustering of the initial sample and an 
arbitrary subsample tends to 1. As follows from the graphs in 
Fig. 2, the most stable are the clusters with the predominance 
of lactobacilli (cluster 2, Fig. 2B), the predominance of GPFA 
(cluster 3, Fig. 2C) and with the predominance of EE (cluster 
4, Fig. 2D). The least stable cluster is cluster 1 with the 
predominance of OA (Fig. 2A).

DISCUSSION

The presence of bacterial DNA both in the environment and in 
the reagents used for conducting the test (KITome) and high 
sensitivity of the PCR method limit our capability for interpreting 
results when analyzing the samples with low bacterial load 
[17]. Since positive signals were received for most MO groups 
after the 35th cycle in qPCR when analyzing negative control 
samples (which corresponded to the bacterial load of less 
than 103 GE/ml), the value of 103 GE/ml was regarded as 
the threshold value. All the other results were regarded as 
negative. The exceptions were U. urealyticum, U. parvum, 
M. hominis since there was no positive signal for these MOs in 
the negative control sample. If the signal was detected at any 
amplification cycle for these MO groups, qPCR result for them 
was regarded as positive. 

The bacterial load in quantities exceeding the threshold 
value was identified only in 460 (72.5%) samples. The quantities 
of all the MO groups were below the threshold value in 110 
of these 460 samples. Almost half of all the semen samples 
(44.8%) had bacterial DNA in the quantities below the threshold 
value (less than 103 GE/ml) which is regarded as a variant of the 
norm [12].

From 1 to 14 MO groups were detected simultaneously 
in quantities exceeding the threshold value in 350 (55.2%) 
samples, which corresponds with the results obtained by other 
researchers, who note that semen microbiota is heterogenous  
[1, 2, 5, 7]. The following MO groups were detected more often 
than others: Corynebacterium spp. (21,0%), Bacteroides spp. /
Porphyromonas spp. / Prevotella spp. (20,7%), Lactobacillus 
spp. (19,7%), Eubacterium spp. (17,0%), Peptostreptococcus spp. / 

ƒ
m

ƒ
m

ƒ
m

m
ƒ

Table 2. Clustering quality values

Number of Clusters Silhouette Index Davies–Bouldin Index

2 0.21606 1.88844

3 0.29118 1.55122

4 0.32952 1.27021

5 0.29094 1.642083

6 0.30307 1.51617

7 0.29392 1.58818

8 0.29052 1.51856

9 0.28759 1.43542

10 0.29666 1.48578

ƒ
m
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Fig. 1. Results of cluster analysis of semen microbiota analyzed by means of qPCR (n = 350). The ordinate shows the values of the features in the centroid. Diagrams of 
the predominant groups of microorganisms are highlighted using red rectangles. Cluster 1 (n = 172; Fig. A) is characterized by the predominance of obligate anaerobes, 
cluster 2 (n = 78; Fig. B) is characterized by the predominance of lactobacilli, cluster 3 (n = 62; Fig. C) is characterized by the predominance of gram-positive facultative 
anaerobes, cluster 4 (n = 38; Fig. D) is characterized by the predominance of enterobacteria / enterococci

А

B

Quantity х10, lg (GE/ml)
Proportion (%)

Quantity х10, lg (GE/ml)
Proportion (%)

Parvimonas spp. (16,9%). Other MO groups were detected 
less often, with the rate of 3.3–14.8%. Previous studies have 
also shown that Lactobacillus spp. and obligate anaerobes 
along with facultative anaerobes and are often detected in the 
semen when using molecular-based methods [1, 2, 5, 7, 18]. 

Cluster analysis of semen microbiota in samples, containing 
TBL and at least one of the MO groups in quantities exceeding 
the threshold value, showed that division into 4 clusters was 
optimal. Each cluster was characterized by the predominance of 
one of the consolidated MO groups: cluster 1 — OA, cluster 2 — 
lactobacilli, cluster 3 — GPFA, cluster 4 — EE. Similar data were 
obtained in earlier studies using the NGS sequencing method 

to evaluate the semen microbiota composition [1, 2]. Having 
studied the seminal fluid of healthy men and men with infertility, 
Hou D. et al. also identified several clusters of MOs, including 
those with predominance of GPFA, OA, and Lactobacillus spp. [2].

Clusters 2 (with the predominance of lactobacilli), 3 (with 
the predominance of GPFA), and 4 (with the predominance of 
EE) were characterized by high stability. Moreover, for clusters 
2 and 3, the presence of other MO groups in the quantities 
comparable to those of the ones forming the cluster was 
atypical. At the same time, cluster 4 was characterized by the 
presence of other groups of bacteria, along with EE: GPFA, OA, 
and gram-negative facultative anaerobes.
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Fig. 1. Results of cluster analysis of semen microbiota analyzed by means of qPCR (n = 350). The ordinate shows the values of the features in the centroid. Diagrams of 
the predominant groups of microorganisms are highlighted using red rectangles. Cluster 1 (n = 172; Fig. A) is characterized by the predominance of obligate anaerobes, 
cluster 2 (n = 78; Fig. B) is characterized by the predominance of lactobacilli, cluster 3 (n = 62; Fig. C) is characterized by the predominance of gram-positive facultative 
anaerobes, cluster 4 (n = 38; Fig. D) is characterized by the predominance of enterobacteria / enterococci

Quantity х10, lg (GE/ml)
Proportion (%)

Quantity х10, lg (GE/ml)
Proportion (%)

C
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Cluster 1 (with the predominance of obligate anaerobes) 
was less stable. This may be due to the greater species diversity 
of the microbiota in these semen samples. 

The results of this study confirm observations of other 
authors on the heterogeneous composition of the semen 
microbiota which can be grouped into a number of clusters. Our 
approach has confirmed the stability of the 4 clusters selected 
on randomly generated samples of different sizes. 

Further research is necessary to determine the detection 
rate of the described bacterial clusters in semen with 
normospermia and various types of pathospermia. We need 

to establish the relationship between the characteristics of 
the semen microbiota and infertility in men. This will allow 
the development of new algorithms for treating patients with 
reproductive disorders, depending on the composition of the 
semen microbiota.

Conclusion

1. Bacterial DNA was detected in the quantity of at least 103 GE/ml 
in 72.5% of the semen samples by means of qPCR; in 55.2% 
semen samples, from 1 to 14 MO groups were detected in 
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Sample proportion (%)

Fig. 2. Results of the cluster stability analysis 1 (A), 2 (B), 3 (C), 4 (D). The grey marker on the graphs shows cluster stability index on a random subsample, the red 
marker shows the median of the stability indices, calculated for 1000 random subsamples of the ƒ volume, the blue marker shows the cluster stability index on a set 
of the ƒ volume
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quantities exceeding the threshold value. 2. We identified 
4 stable clusters of semen microbiota. A certain consolidated 
MO group was predominant in each of these clusters: obligate 
anaerobes, lactobacilli, gram-positive facultative anaerobes, 

Enterobacteriaceae / Enterococcus group. 3. In half of the samples 
microbiota was represented by cluster 1 (with obligate anaerobes 
being the predominant group), which was the least stable one and 
was characterized by the greatest species diversity.
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Autism spectrum disorders (ASD) are a group of complex 
developmental disorders heterogeneous in their symptoms 
and signs. The distinctive manifestations of such disorders are 
hampered social interactions, difficulties with language learning, 
limited repetitive behavior. ASD also manifest in increased 
nervousness, embarrassment, eye contact avoidance [1]. The 

prevalence of autism in the world varies depending on the 
diagnostic criteria, country, region [2]. On average, according 
to the World Health Organization, 1 in 160 children worldwide 
has ASD.

It should be noted that deficient social skills is one of the 
main and lifelong signs of this disorder. Numerous research 

А. И. Кайда    , Е. В. Эйсмонт, А. А. Михайлова, В. Б. Павленко

СЕНСОМОТОРНЫЕ РИТМЫ ЭЭГ У ДЕТЕЙ С РАССТРОЙСТВАМИ АУТИСТИЧЕСКОГО СПЕКТРА

В настоящее время одной из причин нарушения социального взаимодействия у детей с расстройствами аутистического спектра (РАС) считают 

дисфункцию системы зеркальных нейронов (СЗН), ответственной за подражание, понимание намерений и эмоций других людей. Индикаторами 

активации СЗН принято считать десинхронизацию сенсомоторных ритмов. Целью работы было проанализировать особенности реактивности 

µ-ритма в индивидуально определенном частотном диапазоне и β-ритма ЭЭГ у детей с РАС, по сравнению с нормально развивающимися детьми, при 

осуществлении самостоятельных движений, наблюдении, имитации и слуховом восприятии аналогичных движений, выполняемых другим человеком. 

В исследовании приняли участие дети-правши 5–10 лет с РАС (n = 10) и нормально развивающиеся (n = 10). При наблюдении движений у детей с РАС 

десинхронизация β-ритма была более выражена, различия достигали уровня статистической значимости в локусе Р4 (p = 0,03). В ситуации имитации 

движений значимые различия в индексах реактивности µ-ритма ЭЭГ выявлены в отведении С3 (p = 0,03). При слуховом восприятии движений значимые 

различия зарегистрированы в диапазоне как µ-ритма (локусы F3 и Fz (p = 0,02), F4 (p = 0,04), Cz (p = 0,009)), так и β-ритма (локусы Fz (p = 0,01), F4 

(p = 0,02)). В данных ситуациях у детей с РАС происходила синхронизация сенсомоторных ритмов, в отличие от нормально развивающихся детей, 

демонстрировавших десинхронизацию. Предполагается, что обнаруженные особенности являются следствием нарушения функционирования СЗН и 

антизеркальной системы мозга. Полученные данные могут быть использованы при разработке протоколов тренингов биологической обратной связи 

по ЭЭГ для детей с РАС.
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EEG SENSORIMOTOR RHYTHMS IN CHILDREN WITH AUTISM SPECTRUM DISORDERS

One of the currently assumed causes of impaired social interaction exhibited by children with autism spectrum disorders (ASD) is dysfunction of the mirror 

neuron system (MNS), which is responsible for imitation, understanding the intentions and emotions of other people. Desynchronization of sensorimotor rhythms 

is considered to be the indicator of MNS activation. This study aimed to analyze the specific patterns of reactivity of the µ-rhythm in an individually determined 

frequency range and β-rhythm on the EEG in children with ASD during independent movements, observation, imitation and auditory perception of similar movements 

performed by another person. The data collected were compared to those describing normally developing children. The study involved right-handed children with 

ASD aged 5–10 (n = 10) and normally developing children (n = 10). In the independent movements exercise, β-rhythm desynchronization was more pronounced in 

children with ASD, with difference becoming significant in the P4 locus (p = 0.03). In the movements imitation exercise, the groups showed significant differences 

in the EEG µ-rhythm in the locus C3 (p = 0.03). Auditory perception of movements revealed significant differences in the ranges of both µ-rhythm (loci F3 and Fz 

(p = 0.02), F4 (p = 0.04), Cz (p = 0.009)) and β-rhythm (loci Fz (p = 0.01), F4 (p = 0.02)). In these situations, children with ASD exhibited synchronization of 

sensorimotor rhythms, while normally developing children showed desynchronization. The assumption is that the specific patterns revealed are the consequences of 

disruption of functions of MNS and anti-mirror system. The data obtained can be used in development of EEG biofeedback training protocols for children with ASD.
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efforts report connection between social interaction difficulties 
experienced by autistic children and dysfunction of brain regions 
that are part of the mirror neuron system (MNS) [3]. Mirror 
neurons were originally thought to be involved in perception and 
understanding of actions, but they also play an important role 
in higher-order cognitive processes such as imitation, empathy, 
language and speech acquisition. This system also determines 
understanding of someone else's consciousness (theory of 
mind), that is, a person's ability to draw conclusions about 
intentions, desires and emotions that direct actions of another 
person [4]. It was established that impairment of this ability in 
children with ASD leads to difficulties in social interaction [5]. 

EEG study of MNS makes use of such parameters 
as reactivity of sensorimotor µ- and β-rhythms [6]. It was 
established that the amplitude of sensorimotor rhythms (SMR) 
decreases during performance, observation, imitation, mental 
representation and auditory perception of movements [7].

It is known that children with ASD exhibit µ-rhythm 
suppression when performing independent movements, but it 
is absent or weak when they observe similar actions performed 
by another person [8, 9]. Adult volunteers with high scores 
on the Autism Spectrum Quotient (AQ) scale also showed 
weaker µ-rhythm desynchronization when observing actions, 
compared to people scoring low on this scale [10]. In another 
study, adults with high scores on the Autism Spectrum Quotient 
scale did not show desynchronization in either µ- or β-ranges 
when observing actions [11]. Thus, low level of MNS activation 
indicated by the weak desynchronization of SMR can be the 
main reason behind the observed deficiency of empathy and 
imitation in people with ASD [8], which is further confirmed by a 
research effort that revealed a connection between impairment 
of the main MNS regions in the left hemisphere and imitation 
disorders [12]. However, a number of studies reported no 
significant differences in the µ-rhythm reactivity in children 
and adults with ASD compared to their healthy peers [13]. 
The results of a recent study indicate that, although µ-rhythm 
suppression in children with ASD differs from that shown by the 
control group children when observing specific types of actions, 
the difference was not significant overall. Nevertheless, authors 
note that children with ASD spent more time recognizing actions, 
i.e. their reaction was slower [14]. Thus, current experimental 
evidence of µ-rhythm reactivity specificity in children with ASD 
is mixed, and only a few researchers have studied sensorimotor 
β-rhythm in such children. Besides, SMR reactivity in children 
with ASD is mostly studied with the focus on movement 
observation and execution. Therefore, it is of particular interest 
to study such rhythms in connection with other activities, such 
as imitation and auditory recognition of actions.

EEG biofeedback training for children with ASD focuses on 
developing the µ-rhythm modulation capability [15]. Biofeedback 
therapy yielded better µ-rhythm desynchronization in autistic 
children when observing and executing actions. Moreover, this 
therapy improved social behavior of such children: they were 
able to better recognize emotions and actions of other people 
[16, 17]. 

However, previous research efforts did not consider individual 
ranges of µ-rhythm reactivity in the context of examining EEG 
of children with ASD and giving them biofeedback therapy. It is 
known that the degree of desynchronization of µ-rhythm can 
be assessed incorrectly because of the overlapping occipital 
α-rhythm, which has a close frequency range [13]. In this 
connection, the recommendation is to determine the individual 
µ-rhythm band when the child makes independent movements. 

In view of the aforesaid, this study aimed to analyze the 
specific patterns of µ-rhythm reactivity in an individually 

determined frequency range and β-rhythm on the EEG in 
children with ASD during independent movements (of computer 
mouse), observation, imitation and auditory perception of similar 
movements performed by another person.

METHODS 

Sample characteristics

The study was carried out at the Scientific Equipment Shared 
Use Center "Experimental Physiology and Biophysics" of 
Vernandsky Crimean Federal University.

The study involved 20 right-handed children aged 5 to 10 
(mean age 7.4 ± 0.5 years), of which 10 children have ASD 
(9 boys and 1 girl) and 10 are normally developing children 
of matching age and gender (control group). The ASD group 
included children diagnosed with "childhood autism" (F84.0 in 
ICD-10) or "autism spectrum disorder with intellectual disability 
and functional language impairment" (6A02.3 in ICD-11). The 
criteria for inclusion in control group were a sufficient level of 
cognitive development (IQ 90 to 120 scored in WPPSI and WISC 
variants of the Wechsler scale) and absence of chronic diseases 
of the nervous system. Inclusion criteria for both groups: normal 
(or corrected to normal) levels of vision and hearing; preference 
for the right hand in computer mouse operation.

EEG registration

We used a Neuron-Spectrum-3 (Neurosoft; Russia) 19 channel 
electroencephalograph to register EEG. EEG potentials were 
leaded monopolarly, following the 10–20 system. The areas of 
interest in this study were the frontal, central and parietal regions 
of the neocortex (loci F3, F4, Fz, C3, C4, Cz, P3, P4, Pz). Joint 
contacts fixed to the earlobes served as a reference electrode. 
The cutoff frequencies of the high- and low-frequency filters 
were 1.5 and 35 Hz, respectively, and the frequency of EEG 
signals digitization was 250 Hz.

We recorded EEG when children were performing a series 
of tasks lasting 30 seconds each. All children participating in 
the study understood the instructions and performed the tasks 
correctly. The sequence of tasks was as follows: 

1) gaze fixation on the image of a computer mouse situated 
on the table in front of the experimenter (BACKGROUND 1);

2) independent movements with computer mouse at 
arbitrary speed (MOV.1);

3) gaze fixation on the image of a computer mouse situated 
on the table in front of the experimenter (BACKGROUND 2);

4) observation of movement of the experimenter's hand 
with a computer mouse (OBS);

5) gaze fixation on the image of a computer mouse situated 
on the table in front of the experimenter (BACKGROUND 3);

6) independent movements with computer mouse at 
arbitrary speed (MOV.2);

7) imitation of movements experimenter performs with 
computer mouse (IMIT);

8) the participant sits motionless with eyes closed (EC);
9) the participant hears (without prior instruction) 

characteristic sounds of a mouse rubbing against table surface 
when the experimenter moves the mouse (HEARING). 

The data were processed using WinEEG software (Mitsar; 
Russia). The independent components method built into the 
application (with additional visual recording quality control 
interface) enabled removal of artifacts. EEG segments were 
subjected to fast Fourier transformation with 4 second epochs 
and 50% epoch overlap.
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Table 1. Results of analysis of variance of differences in the µ-rhythm reactivity, children developing normally children with ASD

Reactivity indices
GROUP LOCUS GROUP × LOCUS

F
1.18 

p F
8.144 

p F
8.144

 p

RI MOV.1 0.04 0.84 4.64 < 0.001 1.85 0.07

RI OBS 0.1 0.75 0.28 0.97 0.59 0.79

RI IMIT 3.37 0.08 1.1 0.37 0.58 0.80

RI HEARING 5.35 0.03 1.48 0.17 0.74 0.66

Fig.  1. EEG µ-rhythm reactivity indices (RI), children with ASD (red bars) and normally developing children (green bars), imitation of the experimenter's movements. 
* — p < 0.05 (significant differences in the µ-rhythm reactivity indices) 
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For each stage, we calculated the mean EEG amplitude 
value in the range of µ- and β-rhythms (15–25 Hz). The µ-rhythm 
range for each participant was determined individually, in lead 
C3, during independent movements of the right hand. The full 
frequency range of the µ-rhythm (6–13 Hz) was divided into 
segments of 1 Hz. Two adjacent segments with maximum 
desynchronization relative to the background were further 
considered as an individual frequency range [18]. We selected 
the β-rhythm range within the 15–25 Hz span, since this is 
where the sensorimotor areas' amplitude is suppressed during 
actions [19]. To normalize the distribution, the amplitude values 
were log transformed.

We used the generally accepted approach to sensorimotor 
rhythm reactivity index (RI) calculation. The formula is as follows: 
RI = ln (B/A), where B is the amplitude of the sensorimotor 
rhythm in the main situation and A is the amplitude of the 
sensorimotor rhythm in the initial situation of comparison. 
For independent movement (MOV.1) and observation (OBS) 
situations, the sensorimotor rhythm RI calculation factored in the 
gaze fixation situation (BACKGROUND 1 and BACKGROUND 
2, respectively). For the movements imitation situation (IMIT), RI 
was calculated against the preceding independent movements 
(MOV.2). HEARING situation had the RI determined against 
EC, calm wakefulness with closed eyes (GL). Positive RI 
corresponded to synchronization of the sensorimotor rhythm, 
while its negative values corresponded to desynchronization.

Statistical data processing

We used STATISTICA 12.0 software (StatSoft Inc.; USA) to 
perform statistical analysis of the data obtained. The inter-group 
differences in frequency of the individually defined µ-rhythm 
were assessed using the Mann–Whitney U test. Repeated 
measures ANOVA enabled assessment of differences in the 
amplitude and reactivity indices of sensorimotor rhythms. We 

also assessed the influence of GROUP, an external participant-
related factor (two levels: children with ASD and the control 
group) and LOCUS, and internal participant-related factor 
(nine EEG leads) relying on the 2 × 9 pattern. F-distribution 
estimation, or the method of a priori contrasts, was used to 
calculate significance of differences in the analyzed parameters 
of sensorimotor rhythms relative to each of the nine EEG leads. 
Median and interquartile range allowed preparing description 
of distributions differing from the norm (extreme values of the 
individual µ-rhythm range). For the normal data distribution 
cases (logarithmic values of amplitudes and reactivity indices), 
we used mean and standard error of the mean. The differences 
were considered statistically significant at p < 0.05, but 
because of the small sample size we also included "unshaped" 
differences, i.e. those already visible but not yet fully formed 
(p < 0.10).

RESULTS

Amplitude-frequency indicators of sensorimotor rhythms

In the group of normally developing children, the lower limit 
median values for the individual µ-rhythm range were 9.3 Hz 
(8.5; 10). In the group of children with ASD, the lower limit 
median values for the individual µ-rhythm range were 8.6 Hz
(7; 9.5). Despite the fact that the lower and upper limit medians 
of the individual µ-rhythm in children with ASD are reduced, 
these differences between the groups, assessed with the 
Mann–Whitney U test, did not reach the level of statistical 
significance (p = 0.57).

Analysis of variance of the sensorimotor rhythms amplitude 
peculiar to the independent movements situation did not reveal 
significant influences of the studied factors: µ-rhythm — GROUP 
(F

1, 18
 = 0.15; p = 0.7) and LOCUS × GROUP (F

8, 144
 = 0.75; 

p = 0.7), β-rhythm — GROUP (F
1, 18

 = 0.35; p = 0.6) and LOCUS 



73

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ФИЗИОЛОГИЯ

ВЕСТНИК РГМУ   5, 2020   VESTNIKRGMU.RU| |

Reactivity indices
GROUP LOCUS GROUP × LOCUS

F
1.18

 p F
8.144 

p F
8.144

 p

RI MOV.1 0.39 0.54 1.79 0.08 1.92 0.06

RI OBS 1.81 0.2 0.68 0.71 2.73 0.01

RI IMIT 2.93 0.1 1.01 0.43 0.4 0.92

RI HEARING 4.09 0.06 0.77 0.63 0.73 0.66

Table 2. Results of analysis of variance of differences in the β-rhythm reactivity, children developing normally children with ASD 

Fig.  2. EEG µ-rhythm reactivity indices (RI), children with ASD (red bars) and normally developing children (green bars), auditory perception of movements.  
—  p < 0.05; ** — р ≤ 0.01 (significant differences in the µ-rhythm reactivity indices)

RI
0.35

0.15

0.25

0.05

–0.05

–0.15

–0.25 F3 Fz F4

*
*

*
**

C3 Cz C4 P3 Pz P4

× GROUP (F
8, 144

 = 0.72; p = 0.7). In this experimental situation, 
only the LOCUS factor was found to have a significant effect 
on µ-rhythms (F

8, 144
 = 6.11; p < 0.001) and β-rhythms (F

8, 144
 = 

14.09; p < 0.001). Thus, the sensorimotor rhythms amplitude 
did not differ significantly in children of the two groups when 
they performed independent movements.

Specific patterns of EEG µ-rhythm reactivity

Table 1 shows the results of analysis of variance applied to the 
differences in the µ-rhythm reactivity in children with and without 
ASD. For independent movements, we discovered a tendency 
of influence of the LOCUS × GROUP factors interaction. 
Further analysis by the method of a priori contrasts yielded no 
significant differences. No significant differences were found in 
the µ-rhythm RI in the movements observation situation, too. 

In the experimenter movements imitation situation we have 
discovered influence exerted by the GROUP factor, although this 
influence was just a tendency. The method of a priori contrasts, 
applied, showed that the differences in EEG µ-rhythm reactivity 
indices in two groups of children reached statistical significance 
in the central locus of the left hemisphere (C3: p = 0.03; mean 
value and standard error of the mean for the control group: 
–0.08 ± 0.06; for the RAS group: 0.18 ± 0.1) (Fig. 1). According 
to the diagrams presented below, µ-rhythm synchronizes in all 
leads in children with ASD when they imitate movements of the 
experimenter, whereas their normally developing peers show 
µ-rhythm desynchronization exclusively.

GROUP factor was also found to significantly influence 
auditory perception of familiar movements of a computer 
mouse. The EEG µ-rhythm RI differences between the two 
groups of children reached statistical significance at the frontal 
loci and the central median lead (loci F3 (p = 0.02; control group: 
–0.06 ± 0.06; ASD: 0.19 ± 0.08) and Fz (p = 0.02; control group: 
–0.1 ± 0.06; ASD: 0.16 ± 0.08), F4 (p = 0.04; control group: 

–0.11 ± 0.04; ASD: 0.16 ± 0.11), Cz (p = 0.009; control group: 
–0.02 ± 0.05; ASD: 0.23 ± 0.06)) (Fig. 2). In this experimental 
situation, we have registered growth of the µ-rhythm amplitude 
in all leads in children with ASD, whereas in the control group 
children it was mostly going down.

Specific patterns of EEG β-rhythm reactivity

Table 2 shows the results of analysis of variance applied to 
the differences in the β-rhythm reactivity in children of the 
two groups. Jointly, the LOCUS × GROUP factors tended to 
exert influence in the independent movements situation. The 
sensorimotor β-rhythm RI in children with and without ASD did 
not differ significantly in this situation. 

The GROUP × LOCUS factors were found to exert significant 
influence in the observation situation, when the experimenter 
moved the mouse. The differences in β-rhythm reactivity 
between the groups of reached the statistical significance in 
the parietal locus of the right hemisphere (P4: p = 0.03; control 
group: 0.03 ± 0.03; ASD: 0.16 ± 0.08) (Fig. 3). Children with 
ASD showed β-rhythm desynchronization, while most of the 
normally developing children exhibited synchronization, with the 
exception of the frontal regions where we registered a decrease 
in the amplitude of the studied rhythm.

The experimenter movements imitation situation did not 
reveal any significant β-rhythm RI differences between the 
studied groups. 

GROUP factor was discovered to have influence (tendency 
level) in the HEARING situation, with the participants perceiving 
sounds of movements of a computer mouse. The differences 
in EEG β-rhythm RI between the groups reached statistical 
significance in the median frontal lead and in the frontal locus 
of the right hemisphere (Fz loci (p = 0.01; control group: 
–0.05 ± 0.03; RAS: 0.08 ± 0.04), F4 (p = 0.02; control group: 
–0.09 ± 0.03; RAS: 0.08 ± 0.06) (Fig. 4). In the HEARING 
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Fig. 3. EEG µ-rhythm reactivity indices (RI), children with ASD (red bars) and normally developing children (green bars), observation of movements. Other symbols 
are same as those on Fig. 1

Fig. 4. EEG β-rhythm reactivity indices (RI), children with ASD (red bars) and normally developing children (green bars), auditory perception of movements. Other 
symbols are same as those on Fig. 2
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situation children, with ASD exhibited synchronization of the 
β-rhythm in all leads, while the normally developing children 
had desynchronization of the studied rhythm.

DISCUSSION

The results of the present study indicate that the frequency of 
the µ-rhythm in an individually determined range does not differ 
significantly in children with and without ASD. Previously, we 
have shown that the individually determined frequency of the 
µ-rhythm does not depend on the age of children [21] on a 
sample of healthy 4–15 year-olds. However, both in the previous 
and in the present study, we revealed a wide variability of the 
lower and upper limits of the µ-rhythm individual frequency 
range. In this connection, we recommend determining the 
child's individual frequency range before investigating specific 
patterns of his/her µ-rhythm.

The independent movements exercise has shown that 
children with ASD have the same µ- and β-rhythm sensorimotor 
amplitudes as children that develop normally. Moreover, the 
analysis of SMR reactivity registered during performance of 
movements against motor rest condition has also uncovered 
no significant differences between the children of the studied 
groups. The data obtained confirm the results reported by 

other authors that revealed a normal reaction of µ-rhythm 
desynchronization in children with ASD in the independent 
movements situation [8]. Thus, we can say that in children with 
this disorder, the somatosensory areas of the cortex that enable 
independent movements function normally.

Comparison of the SMR reactivity in children with ASD 
and the control group revealed differences in situations of 
observation, imitation and auditory perception of movements. 
In the movements imitation situation, children with autism had 
the µ-rhythm synchronizing, while their normally developing 
peers have shown desynchronization. Earlier, it was established 
that people with autism have impaired imitative abilities [22]. 
A connection was also found between impairment of MNS 
of the left hemisphere and impairment of a person's ability to 
imitate actions [12]. Thus, the lack of desynchronization of the 
µ-rhythm in children with ASD when imitating movements of 
another person may be associated with impaired MNS. Auditory 
perception with closed eyes (familiar movements of a computer 
mouse) was also not accompanied by desynchronization of 
sensorimotor µ- and β-rhythms in children with ASD. MNS 
is known to activate to sounds of familiar actions, which is 
accompanied with the SMR amplitude drop [23]. The results 
obtained once again confirm that children with ASD have MNS 
functions impaired.
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In the movements observation situation, children with ASD 
exhibited greater desynchronization of the β-rhythm in parietal 
EEG leads than the control group children. Studies have shown 
that autistic people lack desynchronization when observing 
actions per se [8, 9]. However, these research efforts focused 
on µ-rhythm. The greater β-rhythm amplitude drop we have 
discovered in the movements observation situation may result 
from impaired functioning of the brain's anti-mirror system. It 
has been established that anti-mirror neurons detected during 
microelectrode examination of brain of epilepsy patients are 
triggered with movements and inhibited when such a patient 
observes movements of other people [24]. EEG shows 
inhibition of cortical neurons as β-rhythm synchronization [25]. 
A study involving adults registered β-rhythm synchronization 
when the participants observed emotionally neutral movements 
in a group of people with a low score on the Autism Coefficient 
scale, which the authors associate with the suppression of 
automatic copying of actions [10]. It was suggested that 
the anti-mirror system of the brain plays an important role in 
distinguishing between self and others' actions, as well as in 
preventing involuntary imitation [26]. Children with ASD have 
these functions impaired, which was reflected in our study 
as desynchronization of the β-rhythm registered when such 
children were observing actions. It can also be assumed that 
children with ASD spent more cognitive resources on incoming 
information processing, which was accompanied by a greater 
decrease in the β-range amplitude.

The results of the present study indicate that in children with 
ASD, there is no desynchronization of SMR during imitation 
and auditory recognition of actions, and there is also no greater 
decrease in the amplitude of the β-rhythm when observing 
movements. The specific patterns revealed may point to 
disruptions in the functioning of the nervous system, MNS and 
the anti-mirror system of the brain in particular. The research 
results can be used to improve the effectiveness of EEG-BFB 
trainings with children with ASD.

CONCLUSIONS

The study revealed specific patterns of SMR reactivity in 
children with ASD. Compared to the control group, children 
with ASD had EEG µ- and β-rhythms syncronizing when in 
the imitation and auditory recognition situations, which may 
indicate a dysfunction of the MNS that enables imitation 
and normal social interaction. When observing movements 
of children with ASD, we registered a greater decrease in 
the amplitude of the sensorimotor β-rhythm, which may 
be associated with a dysfunction of the activity of the anti-
mirror system of the brain. The results obtained highlight the 
need to study reactivity of both the sensorimotor µ-rhythm 
and β-rhythm in children with ASD. The revealed patterns 
can be used to help children with ASD, for example, using 
biofeedback trainings to improve EEG sensorimotor rhythms 
characteristics.
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Every year, over 100 million people worldwide develop skin 
scars after surgical interventions, injuries or burns. Wounds heal 
differently depending on their location, depth, healing conditions, 
and clinical characteristics of the affected patients; wound repair 
can culminate in the formation of a normal (normotrophic) or 
pathological scar. Stimulated by a variety of factors, abnormal 

fibrous tissue growth leads to hypertrophic and keloid scarring. 
Both types of scarring are a cutaneous fibroproliferative disorder 
characterized by the hyperactivation of fibroblasts in the wound 
and excessive proliferation of extracellular matrix [1].

The absence of simple and cost-effective in vitro cell models 
replicating profibrogenic pathways makes it difficult to explore 
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TELOMERIZED FIBROBLASTS AS A CANDIDATE 3D IN VITRO MODEL OF PATHOLOGICAL 
HYPERTROPHIC SCARS

The search for the optimal cell model for studying the pathogenesis of pathological scars is a pressing challenge. This study aimed at evaluating the feasibility of 

using telomerized fibroblasts for the in vitro 3D modeling of pathological hypertrophic scars. NF and Fb-hTERT cells were cultured as monolayers and spheroids in 

the absence and in the presence of TGFβ1. The metabolic activity of the cultured cells was assessed using the MTT assay. Cell migration was estimated using the 

scratch assay.  The expression of genes associated with fibrous scar tissue growth was measured by qRT-PCR. Fb-hTERT cells were more metabolically active 

than NF cells in the presence of TGFβ1 (for 1 ng/ml: 179 ± 12% vs. 135 ± 13% respectively; p < 0,05). Spheroids grown from Fb-hTERT cells were significantly 

larger than those derived from NF cells. In the presence of TGFβ1, the expression of proteins associated with extracellular matrix production (COL1A1, COL3A1, 

FN1) was lower in Fb-hTERT cells than in NF cells (more than 25, 20 and 2-fold, respectively; p < 0.05). Intact NF cells were more active in closing the scratch than 

Fb-hTERT cells: on day 2, the gap closure rate was 2.28 times higher in NF cells (p < 0.05). Exposure to TGFβ1 stimulated Fb-hTERT, unlike NF cells, to close the 

gap 2 times faster on day 2 (p < 0.05). Thus, telomerized fibroblasts have a few phenotypic traits observed in keloid fibroblasts; still there are some limitations that 

should be accounted for when using Fb-hTERT cells for the modeling of pathological hypertrophic scars.
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В. С. Шадрин    , П. М. Кожин, О. О. Шошина, Н. Г. Лузгина, А. Л. Русанов

ТЕЛОМЕРИЗОВАННЫЕ ФИБРОБЛАСТЫ КАК ПОТЕНЦИАЛЬНЫЙ ОБЪЕКТ ДЛЯ 3D-МОДЕЛИРОВАНИЯ 
ПАТОЛОГИЧЕСКИХ ГИПЕРТРОФИЧЕСКИХ РУБЦОВ IN VITRO

Поиск оптимальных клеточных моделей для изучения патогенеза гиперпластических рубцов является актуальной задачей. Целью исследования было 

оценить перспективу использования теломеризованных фибробластов в качестве объекта при 3D-моделировании патологических гипертрофических 

рубцов in vitro. Клетки НФ и Фб-hTERT культивировали в виде монослоя и сфероидов, в интактном состоянии и при воздействии TGFβ1. Метаболическую 

активность клеток оценивали методом МТТ. Скорость зарастания дефекта монослоя клеток вычисляли с помощью scratch-теста. Уровень экспрессии 

генов, ассоциированных с гиперпластическими процессами, определяли методом qRT-PCR. Для Фб-hTERT характерно более выраженное по сравнению 

с НФ усиление метаболической активности клеток при воздействии TGFβ1 (для 1 нг/мл 179 ± 12% и 135 ± 13% соответственно; p < 0,05). Сфероиды, 

сформированные из Фб-hTERT, были значительно крупнее сфероидов, полученных из НФ. Продукция основных специфичных для фибробластов 

белков, ассоциированных с продукцией внеклеточного матрикса (COL1A1, COL3A1, FN1), при стимуляции TGFβ1 была ниже в Фб-hTERT по сравнению 

с НФ (более чем в 25, 20 и 2 раза соответственно; p < 0,05). Интактные НФ более активно, по сравнению с Фб-hTERT, восстанавливали дефект монослоя 

(в 2,28 раза на вторые сутки; p < 0,05). При этом воздействие TGFβ1 приводило к увеличению скорости заполнения дефекта клетками Фб-hTERT (в 2 

раза на вторые сутки; p < 0,05), но не НФ. Таким образом, теломеризованные фибробласты имеют ряд фенотипических признаков, характерных 

для келоидных фибробластов, но в то же время есть ограничения, которые следует учитывать при использовании Фб-hTERT для моделирования 

патологических гипертрофических рубцов.
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the pathogenesis of hypertrophic and keloid scarring and to 
develop effective preventive and curative treatments. Fibroblasts 
isolated from keloid tissue vary in phenotype between donors; 
besides obtaining the sufficient amount of clinical keloid tissue 
specimens is a real challenge. Therefore, the search for the 
optimal cell model for reproducing the phenotype of keloid 
fibroblasts is a pressing concern. It seems promising to use 
immortalized cell lines that can proliferate indefinitely and retain 
a stable phenotype at high passage numbers.

It is known that keloid fibroblasts are characterized by high 
proliferative activity, rapid growth, increased expression of 
collagen I, fibronectin, elastin, periostin (regulates production 
of collagen I), and tenascin (participates in cell adhesion) 
[2, 3], resulting in extensive connective tissue growth beyond 
the borders of the injury. Some aspects of keloid fibroblast 
metabolism are similar to those of tumor cells [4, 5].

It is hypothesized that the fibroblast phenotype observed in 
pathological scars is determined by high telomerase activity [6]. 
A research team was able to suppress proliferation and growth 
of keloid fibroblasts and normalize some of their phenotypic 
traits by decreasing telomerase activity in these cells; the 
authors concluded that telomerase inhibition might be a 
promising strategy for keloid therapy [5]. Therefore, it would be 
interesting to evaluate the potential of telomerized fibroblasts 
for the in vitro modeling of pathological scarring.

Optimization of cell culture techniques is crucial for designing 
an adequate scarring model. It is known that the center of 
keloid tissue is often hypoxic due to capillary occlusion resulting 
from excess collagen and endothelial cells [7]. Fibroblasts at the 
margins are more metabolically active, invasive, and capable 
of activating angiogenesis, presumably for maintaining their 
invasiveness [8]. Therefore, models utilizing spheroid cell culture 
systems look very attractive.

Transforming growth factor β1 (TGFβ1) is often used to 
induce the profibrogenic fibroblast phenotype in vitro [9]. This 
multifunctional protein regulates cellular growth, differentiation, 
motility, and production of extracellular matrix during normal 
tissue healing; importantly, increased expression of TGFβ1 can 
trigger fibrotic skin disorders [10]. TGFβ1 stimulates collagen 
growth and secretion and induces fibronectin synthesis in 
keloid fibroblasts [11]. It would be interesting to evaluate the 
functional response of model cell candidates to TGFβ1. 

The aim of this study was to evaluate the feasibility of 
using telomerized fibroblasts for the in vitro 3D modeling 
of hypertrophic scars.

METHODS

Cell lines

The study was carried out using normal (NF) and telomerized 
(Fb-hTERT) human skin fibroblasts. Primary third-passage 
NF isolated from the foreskin of 35–38-year-old donors were 
purchased from a cryobank (Perspective; Russia). In order to 
account for different phenotypic traits of cells obtained from 
different donors, three cell lines were used.

Fb-hTERT cells were a gift from Prof. Egorov EE. (Engelhardt 
Institute of Molecular Biology, RAS). They are a HAF-1608 cell 
culture with the telomerase catalytic subunit gene. Fb-hTERT 
cells maintain a stable phenotype over up to 200 passages [12].

Culture

The cells were cultured in a complete DMEM/F-12 (Gibco; 
USA) medium supplemented with 10% FBS (Dia-M; Russia), 

1% antibiotic-antimycotic solution by Gibco, USA (final 
concentrations: 100 un/ml penicillin, 0.25 µg/ml amphotericin B, 
100 un/ml streptomycin) and 1% GlutaMAX solution by Gibco, 
USA (the final concentration of L-alanyl-L-glutamine was 2 mM). 

MMT-based analysis of TGFβ1 effect on cells

For the МТТ assay [13], 2,500 NF cells at passage 4 and Fb-
hTERT cells harvested at 70% confluency from the culture 
flask were plated in each well of a flat-bottom 96-well plate 
and incubated for 24 h in a complete DMEM/F-12 medium 
at 37 °С and 5% СО

2
. Then, the medium was replaced with 

a fresh medium containing TGFβ1 (ProSpec; Israel), and the 
cells were incubated for another 48 h, the medium being 
changed every 24 h. After that, the medium was collected 
and the wells were washed in DPBS (Gibco; USA); 100 µl of 
1 mg/ml МТТ solution (Dia-M; Russia) was added to each well, 
and the cells were incubated for 2.5 h at 37 °С and 5% СО

2
. 

After 2.5 h of incubation, the MTT solution was replaced with 
DMSO (Biolot; Russia) and the mixture was further incubated 
at room temperature until formazan crystals were completely 
solubilized. Absorbance was measured in each well at 490 nm; 
background absorbance at 655 nm was subtracted. The МТТ 
assay was run in 3 replicates (5 wells per replicate) using the 
following TGFβ1 concentrations: 0 ng/ml; 0.1 ng/ml; 1 ng/ml; 
5 ng/ml; 10 ng/ml.

Cell metabolic activity was calculated using the formula: 
100% * (AB

490
 (experimental wells) — AB

490
 (medium))/(AB

655
 

(control wells) — AB
655

 (medium)). AB stands for absorbance.

Spheroid cell culture

Spheroids were grown in ultra-low attachment 96-well plates 
(Corning; USA); 5, 10 or 20 thousand NF or Fb-hTERT cells at 
70% confluency were dispensed into the wells and incubated 
for 9 days in a complete DMEM/F-12 medium at 37 °С and 5% 
СО

2
. The medium was replaced every 24 h.
To study the effect exerted by TGFβ1 on spheroids, 20,000 

NF cells and 10,000 Fb-hTERT cells (sufficient for growing 
spheroids of comparable sizes) harvested at 70% confluency 
from culture flasks were dispensed into each well and incubated 
for 3 days in a complete DMEM/F-12 medium supplemented 
with 1 ng/ml TGFβ1 at 37 °С and 5% СО

2
. The medium was 

replaced every 24 h to maintain stable concentrations of the 
growth factor.

Spheroids were photographed every day using a Primovert 
microscope (Carl Zeiss; Germany). Their diameters were 
measured using ImageJ software and a Fiji extension (National 
Institutes of Health; USA) [14].

Estimating wound closure rate in cell monolayer 
using scratch assay

Harvested at 70% confluency from a culture flask, 50,000 NF 
or Fb-hTERT cells were added to each well of a 24-well plate 
and incubated for 24 h in a complete DMEM/F-12 medium 
at 37 °С and 5% СО

2
 until the monolayer was formed. Then 

the medium was replaced, and a scratch was made on the 
cell monolayer with a 1 ml-pipet tip. The cells were washed in 
DPBS; then, DMEM/F-12 (control) or DMEM/F-12 containing 
1 ng/ml TGFβ1 (experiment) was added to the cells. The cells 
were incubated for 2 days. In each well, the entire length of the 
scratch was photographed daily. The photos were processed 
in CellProfiler (Broad Institute of Harvard and MIT; USA) [15]. 
The closed area of the gap was calculated at 24 and 48 h; 
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the ratio of the closing gap area to the initial scratch area was 
calculated. The experiment was conducted in 3 replicates in 3 
wells per replicate.

Measuring expression of genes associated with abnormal 
fibrous growth using qRT-PCR

After analyzing the literature, we chose the PAI-1 gene and 
the genes encoding synthesis of collagen I, collagen III and 
fibronectin as target genes. Obviously, this list is not exhaustive 
but the increased expression of these genes suggests 
modulation of profibrogenic cell potential.

Briefly, qRT-PCR was performed as described below. The 
suspension of 200,000 cells in 5 ml of the culture medium was 
transferred to a flask and preincubated for 48 h in a complete 
DMEM/F-12 medium at 37 °С and 5% СО

2
. Then, the medium 

was replaced with a fresh medium containing 1 ng/ml TGFβ1 
and the cells were incubated for another 48. The medium was 
replaced every 24 h. After that, RNA was isolated from the 
cells using an RNeasy Mini Kit (Qiagen; Germany) according 
to the standard protocol. The obtained RNA was quantified 
on a NanoDrop 2000c spectrophotometer (Thermo Scientific; 
USA). Reverse transcription was performed following the 
standard protocol using an MMLV RT kit (Evrogen; Russia) 
and 1 µg of RNA. qPCR was performed using a qPCRmix-HS 
SYBR+LowROX reaction mix (Evrogen; Russia). For each gene 
and each sample, the reaction was run in 3 replicates. GAPDH 
was chosen as a reference gene.

Primers are listed below:
GAPDH Forward Primer F: 5'-TCGACAGTCAGCCGCATCTTC
TTT-3' Reverse Primer R: 5'-ACCAAATCCGTTGACTCCGACCTT-3'; 
COL1A1 F: 5'-CCAAGAGGAAGGCCAAGTC-3' R: 5'-ACAC
GTCTCGGTCATGGTA-3'; COL3A1 F: 5'-CTGGTGCTAAG
GGTGAAGTT-3' R: 5'-GTCCAGGTTCTCCTCTTTGTC-3';
FN1 F: 5'-GAATAAGCTGTACCATCGCAAAC-3' R: 5'-ACCAAG
ACACACACACTCTAAC-3'; PAI-1 F: 5'-GGCTGACTTC
ACGAGTCTTT-3' R: 5'-CGTTCACCTCGATCTTCACTT-3'; 

Measuring collagen I production by spheroid culture 

Spheroids were grown as described above. After 3 days of 
incubation, spheroids grown from 10,000 cells were fixed in 
4% formalin and embedded in paraffin following the standard 

protocol. Paraffin sections were stained with goat anti-human 
collagen I primary antibodies (IMTEK; Russia) and donkey anti-
goat IgG FITC secondary antibodies (ab6881, Abcam; USA). 
Three spheroid samples per each cell line were chosen for the 
analysis; for further staining, we used 5 paraffin sections per 
sample. All sections were stained simultaneously using the 
same reagent kit (antibody solutions and buffers). 

The stained paraffin sections were examined under a laser 
confocal LSM 710 microscope (Carl Zeiss; Germany); in all 
cases, the settings were identical. Photographs were processed 
in CellProfiler [15]. For each sample, the mean fluorescence 
intensity was calculated as the total fluorescence intensity 
divided by the spheroid area. Mean fluorescence intensity 
values were normalized to the mean fluorescence intensity of 
NF cells that had not been exposed to TGFβ1.

Statistical analysis

The obtained data were processed using the programming 
language R. Differences between the groups were tested using 
Student’s t test with the Benjamini–Hochberg procedure for 
multiple comparisons. Differences were considered significant 
at p < 0.05. Statistical data are presented below as M ± m 
unless specified otherwise.  

RESULTS

Normal and immortalized skin fibroblasts differed in their size 
and proliferative activity.  The surface area of NF cells cultured 
at low density (> 50% confluency) was 723 ± 54 µm2 (Fig. 1А).

Doubling time was calculated by the formula DT = T * ln2 / 
ln (X

1
/X

0
), where Т is incubation time, Х

1
 is the number of cells 

after culture, Х
0
 is the initial number of cells. For NF cells, 

doubling time was 3.1 ± 0.6 days. Cultured as a monolayer, NF cells 
reached 100% confluence at a density of 16.5 ± 3.1 * 103 cells/cm2.

The surface area of Fb-hTERT cells was smaller: 675 ± 29 µm2 
(Fig. 1А). Doubling time was 1.8 ± 0.4 days. Fb-hTERT cells 
reached 100% confluence at 41.9 ± 7.2 * 103 cells/cm2. 

The МТТ assay revealed a dose-dependent effect of 
TGFβ1 on NF and Fb-hTERT cultures (Fig. 1B). The metabolic 
activity of Fb-hTERT and NF increased significantly after 
the cells were treated with 0.1 ng/ml and 1 ng/ml of TGFβ1, 
respectively. For both cell lines, a peak in the metabolic activity 

Fig. 1. Characteristics of NF and Fb-hTERT cells in a 2D-culture. A. The appearance of NF and Fb-hTERT cells. Light microscopy, ×100 magnification. B. The metabolic 
activity of NF and Fb-hTERT cells at different concentrations of TGFβ1 (the МТТ-assay). * — differences are significant relative to the previous TGFβ1 concentration (p < 
0.05); # — differences are significant relative to NF cells at the same TGFβ1 concentration (p < 0.05). Note: hereinafter, NF stands for normal human foreskin fibroblast 
cells, Fb-hTERT stands for human skin telomerized postnatal fibroblasts
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was observed following exposure to 1 ng/ml of TGFβ1 and was 
significantly higher for Fb-hTERT cells (179 ± 12% vs. 135 ± 13%, 
respectively; p < 0.05). A further increase in TGFβ1 concentrations 
added to the culture medium caused a decline in the metabolic 
activity of the cells relative to the effect exerted by 1 ng/ml TGFβ1. 
Therefore, we decided to use 1 ng/ml TGFβ1 to boost cell 
profibrogenic activity in the subsequent experiments. 

The scratch assay demonstrated that the gap closure rate 
was different for the NF and Fb-hTERT cells and in the presence 
of TGFβ1 (Fig. 2).

The gap closure rate at 24 h and 48 h after creating the 
scratch was significantly higher in the monolayer of the 
control NF cells (in the absence of TGFβ1) than in the control 
Fb-hTERT cells. At the same time, the gap closure rate did not 
differ significantly between the NF cells cultured in the presence 
of TGFβ1 and the control cells. Stimulated by TGFβ1, the 
Fb-hTERT monolayer closed the scratch two times faster than 
the control cells at both time checkpoints: 24 h (33 ± 8% and 13 ± 7% 
respectively) and 48 h (61 ± 10% and 30 ± 7%, respectively). 
Thus, in the absence of TGFβ1, NF cells closed the scratch 
in the monolayer faster than Fb-hTERT cells, whereas in the 

presence of TGFβ1, the Fb-hTERT monolayer recovered faster 
than the NF monolayer.

Spheroids were grown from 5,10 and 20 thousand fibroblast 
cells. In all cases, spheroids were shrinking in size during the 
first 5 days of culture. After that, their size remained relatively 
stable (Fig. 3А). The more cells were used to grow a spheroid, 
the more pronounced was the rate of shrinking, for both NF and 
Fb-hTERT cells.

Fb-hTERT spheroids were approximately two times larger 
than NF spheroids although Fb-hTERT cells themselves were 
smaller than NF.

TGFβ1 effects on NF and Fb-hTERT spheroids were 
studied using cellular aggregates formed by 20,000 (NF) and 
10,000 cells (Fb-hTERT) (Fig. 3B). The sizes of the grown 
spheroids were comparable. The size is a crucial parameter for 
cell aggregates since it determines nutrient availability at the 
margin and in the center and affects the intensity of hypoxia in 
the center of the spheroid. 

Spheroids grown from NF significantly increased in size 
24 h after the culture medium was supplemented with 1 ng/ml 
TGFβ1, as compared with the control NF spheroids (Fig. 4). 

Fig. 2. Basal (control) and TGFβ1-stimulated gap closure rate in the monolayer of NF and Fb-hTERT cells (the scratch assay, TGFβ1 concentration in the culture 
medium is 1 ng/ml). * — differences are significant relative to the basal gap closure rate (p < 0.05); # — differences are significant relative to Fb-hTERT cells under the 
same culture conditions (p < 0.05)
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After that, the differences started to level out and disappeared 
by day 3 of culture.

Spheroids grown from Fb-hTERT cells displayed a different 
behavior. In the presence of TGFβ1, they significantly diminished 
in size on days 1 and 2 of culture, in comparison with the 
control. By day 3, these differences smoothed out.

Slight differences in the size dynamics of spheroids formed 
from NF and Fb-hTERT cells at the early stages of the culture 
exposed to TGFβ1 might be explained by the phenotypic traits 
of the used cell lines and differences in their initial number. 
However, by day 3, as the spheroids grew and the cell density 
increased, there were almost no differences. 

NF and Fb-hTERT cells differed in the expression of genes 
associated with fibrous tissue growth both in the absence or 
presence of TGFβ1 (Fig. 5).

In the absence of TGFβ1, NF cells tended to increasingly 
express the genes coding for collagen I and III, unlike Fb-
hTERT cells, which expressed PAI-1 slightly more actively. The 
expression of the gene coding for fibronectin synthesis was 
comparable between NF and Fb-hTERT.

NF cells incubated for 2 days in the presence of 1 ng/ml 
TGFβ1 exhibited a tendency for increased expression of all studied 

Fig. 4. The mean diameter of spheroids grown from NF and Fb-hTERT at different incubation times in the presence of 1 ng/ml TGFβ1 in the culture medium and in 
the absence of this growth factor (control). In order to obtain spheroids comparable in their size, we used 20,000 NF and 10,000 Fb-hTERT cells, respectively. * —
differences are significant relative to the control group at the same time point (p < 0.05)
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genes, in comparison with the control. Significant differences were 
observed for the gene coding for fibronectin synthesis. 

At the same time, no significant changes were observed 
in the expression of COL1A1, COL3A1, FN1, and PAI-1 in 
Fb-hTERT cells incubated with TGFβ1.

Those differences between the basal and TGFβ1-stimulated 
expression of collagen I by NF and Fb-hTERT cells were also 
present in spheroid cultures (Fig. 6А). According to microscopy 
findings, the level of collagen expression in the spheroids 
derived from NF was significantly higher than in the spheroids 
formed from Fb-hTERT cells (Fig. 6B). When NF-spheroids were 
incubated with TGFβ1, there was a 1.7-fold increase in collagen 
I production, whereas for Fb-hTERT-derived spheroids cultured 
under the same conditions the increase in the production of 
collagen I was moderate (1.4-fold). 

DISCUSSION

We have been exploring the possibility of stimulating the 
profibrogenic potential of normal and telomerized human skin 
fibroblasts (NF and Fb-hTERT, respectively) in vitro. It is known 
that telomerase is active in fibroblasts isolated from keloid scars 
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Fig. 6. Collagen I production in the spheroids grown from NF and Fb-hTERT cells in the presence of 1 ng/ml TGFβ1. А. Immunofluorescence assay, laser 
confocal microscopy, ×100 magnification; cell nuclei are stained blue (Dapi), collagen I is stained green. B. Relative fluorescence intensity of collagen I in the 
spheroids formed by NF and Fb-hTERT cells in the presence of 1 ng/ml TGFβ1. * — indicates statistically significant differences in collagen I fluorescence 
intensity in spheroids cultured in the presence or absence of TGFβ1 (p < 0.05); # — indicates statistically significant differences in collagen I fluorescence 
intensity between Fb-hTERT spheroids and NF spheroids in the presence of TGFβ1 (p < 0.05)
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[6]. In terms of telomerase activity, keloid fibroblasts resemble 
immortalized cells; therefore, Fb-hTERT make a promising in vitro 
candidate model for pathological keloid and hypertrophic scars. At 
the same time, according to the literature, the phenotype of normal 
fibroblasts can be modified to approximate the phenotype of cells 
isolated from pathological scars by using growth factors that play 
a key role in the pathogenesis of pathologic fibrous growth; one 
of such growth factors is TGFβ1 [16]. TGFβ1 activates a variety 
of signal cascades triggering increased cell proliferation, adhesion 
and migration, as well as extracellular matrix production [17]. 

Importantly, in vitro models of any tissue type, including 
normal and fibrous connective tissue of scars, must reproduce 
its 3D structure ensuring natural cell-cell interactions and 
mutual influences. Therefore, the phenotypic traits of NF and 
Fb-hTERT cells were investigated in spheroid cultures. This 
model is actively used in carcinogenesis research and in the 
studies evaluating the efficacy of anticancer therapies as 
tumor microenvironments, nutrient supply, gas exchange 
and physiology is best reproduced in cellular spheroids [18].  
However, prior to our experiment, spheroids had not been used 
for creating a cell model of a pathologic hypertrophic or keloid 
scar, which indicates the novelty of our findings.

On the whole, intact Fb-hTERT cells, as compared with NF, 
had a number of phenotypic traits typical to immortalized cells: a 
smaller size, a higher doubling rate and a higher rate of confluent 
monolayer formation, which was, perhaps, determined by their 
high proliferative activity. This feature of Fb-hTERT cells might 
underlie their higher (as compared to NF cells) metabolic activity 
both in the absence or presence of TGFβ1 (according to the 
МТТ assay results).

An MTT assay allows assessing the metabolic and — 
arguably — proliferative activity of cells [19]. In this study, we 
have demonstrated a dose-dependent effect exerted by TGFβ1 
on the metabolic activity of NF and Fb-hTERT, which was more 
pronounced for Fb-hTERT cells. This finding is consistent with 
other reports of TGFβ1 effects on the proliferative and metabolic 
activity of fibroblasts [20, 21]. In our study, the peak increase of 
cell metabolic activity was observed following exposure to 1 ng/ml 
TGFβ1 and was more pronounced in Fb-hTERT cells. 

The size dynamics of growing spheroids was consistent 
with other reports [22, 23] of spheroids shrinking in size on 
the first day of culture and then plateauing gradually (spheroid 
maturation). Unsurprisingly, our spheroids derived from the 

initially greater number of cells (especially those grown from 
20,000 cells) showed a sharper reduction in size, because the 
optimal diameter of a cellular spheroid is determined by nutrient 
supply and adequate gas exchange and ranges from 200 to 
500 µm [24]. 

Spheroids formed from Fb-hTERT cells were significantly 
larger than NF-derived spheroids, although NF cells are bigger 
than Fb-hTERT cells. This was probably the result of higher 
proliferative activity normally observed in telomerized cells. At 
the same time, we cannot rule out that Fb-hTERT spheroids 
were less capable of retraction due to weak cell-cell contacts. 

Exposure to TGFβ1 decreased the size of Fb-hTERT 
spheroids and also increased the rate of gap closure (in the 
scratch test), which was lower in intact Fb-hTERT cells than in 
NF. Perhaps, TGFβ1 not only stimulated Fb-hTERT proliferation 
but also promoted their adhesion capacity and facilitated cell 
cooperation. However, this question requires further investigation. 

Importantly, Fb-hTERT cells had other phenotypic traits 
distinguishing them from normally differentiated fibroblasts. For 
example, production of basic proteins specific to fibroblasts 
that are building blocks for connective tissue fibers (collagen 
I and III, fibronectin) was lower in Fb-hTERT cells than in NF 
(both intact or exposed to TGFβ1); this was also true for 
spheroid cultures, as demonstrated by PCR-based assays and 
fluorescent staining. Because Fb-hTERT are an immortalized 
cell line, their proliferation programs seem to be far more active 
than differentiation programs. Consequently, the expression of 
collagen genes (characteristic of differentiated connective tissue 
cells) was low in both intact and TGFβ1-stimulated cells. At the 
same time, when exposed to TGFβ1, NF cells demonstrated 
the phenotype of differentiated cells with increased expression 
of extracellular matrix-related genes.

It is known that the expression of genes involved in the 
synthesis of connective tissue components is increased in 
keloid scars. There are reports of increased transcription and 
translation of collagens I and III and fibronectin in fibrous growths 
[2]. The abundance of collagen in keloid tissue is explained by 
the increased expression of PAI-1 not typically seen in normal 
fibroblasts [25]. Of note, PAI-1 expression in intact Fb-hTERT 
cells observed in our experiment was higher than in NF. 

Besides, the scratch in the monolayer of intact NF cells 
closed faster than in Fb-hTERT cells.  The scratch test is used for 
the indirect assessment of cell regeneration potential (the ability 
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to close a wound). The gap closure rate depends on the levels 
of cell proliferation and/or migration. It is known that TGFβ1 
promotes wound healing [17]. In our experiments, exposure 
to TGFβ1 allowed the Fb-hTERT monolayer (but not the NF 
monolayer) to recover more rapidly. This finding needs to be 
further analyzed in Fb-hTERT and NF cultures by evaluating the 
effects of TGFβ1 on cell adhesion and cooperation programs 
involved in the implementation of cell capacity to migrate. 

CONCLUSION

Telomerized fibroblasts have a few phenotypic traits observed 
in keloid fibroblasts: high proliferative and metabolic activity; 
the ability to close a gap in the monolayer (the scratch assay) 

in the presence of TGFβ1; increased, as compared to NF, 
levels of PAI-1 expression (trending, statistically insignificant). 
Other important features include their ability to divide infinitely, 
maintain phenotypic homogeneity at high passage numbers 
and form cell spheroids. This makes temolerized fibroblasts a 
promising candidate for the 3D modeling of pathologic scars. 
However, the expression of proteins associated with extracellular 
matrix production (COL1A1, COL3A1, FN1) is low in telomerized 
fibroblasts, including in the presence of TGFβ1, whereas keloid 
fibroblasts are characterized by overproduction of these proteins. 
This fact should be accounted for when exploiting Fb-hTERT 
cells for modeling hypertrophic scars. Further research is needed 
to study the possibility of activating the expression of extracellular 
matrix proteins in these cells. 
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Total hip arthroplasty (THA) is a surgical treatment of choice for 
a damaged hip joint. According to most estimates, its success 
rate ranges from 92 to 95%. However, low as it is, the rate of 
THA complications remains stable over the years, showing no 
significant improvement [1].

Postoperative dislocation of the acetabular hip 
component is a serious complication of THA and is largely 

associated with the use of a posterior approach to the hip. 
However, dislocation is also reported for patients who had the 
lateral or anterolateral Hardinge or Watson-Jones approach 
traditionally viewed as safer. In some cases, the underlying 
cause of dislocation is implant malposition and a movement 
beyond the recommended range that forces the joint out of 
the socket [2–4]. 
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CLINICAL SIGNIFICANCE OF THE MUSCULUS GLUTEUS MINIMUS IN TOTAL HIP ARTHROPLASTY

Dislocation of the acetabular component is one of the most frequent complications of total hip arthroplasty. It is commonly attributed to implant malpositioning. 

However, not all dislocations can be explained by this hypothesis. The aim of our study was to elucidate the role of intraoperative injury to hip abductors (m. gluteus 

minimus in the first place, since it is reportedly an important hip stabilizer) in the development of postoperative hip dislocation. The experiment was conducted in 4 

male and 3 female cadavers. A total of 12 THA were performed. The Hardinge and Watson-Jones approaches were used in equal proportion. On plain radiography, 

acetabular inclination was 40–47°, anteversion was 10–22°; technically and biomechanically, these values were within the normal range and did not depend on 

the type of surgical approach (for inclination, p = 0.94; for anteversion, p = 0.63), ruling out implant malpositioning as a risk factor for hip dislocation. Nevertheless, 

implant stability was significantly disrupted following transection of the anterior or posterior fascicle of m. gluteus minimus, leading to the dislocation of the acetabular 

component in standard rotation and flexion tests. Thus, our study shows the significant role of m. gluteus minimus in stabilizing the hip joint. Preservation or adequate 

repair of this muscle during surgery will reduce the risk or dislocation and help to restore the anatomy and biomechanics of the operated joint. 
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КЛИНИЧЕСКОЕ ЗНАЧЕНИЕ МАЛОЙ ЯГОДИЧНОЙ МЫШЦЫ ПРИ ЭНДОПРОТЕЗИРОВАНИИ 
ТАЗОБЕДРЕННОГО СУСТАВА

Возникновение вывихов бедренного компонента эндопротеза — одно из частых осложнений эндопротезирования тазобедренного сустава. Наиболее 

популярным объяснением возникновения данного осложнения является мальпозиция компонентов эндопротеза. Однако не все вывихи удается 

объяснить исходя из данной гипотезы. Целью работы было уточнить значение в генезе данного осложнения повреждения мышц абдукторов бедра 

и в первую очередь m. gluteus minimus, описываемой в ряде источников как важный стабилизатор тазобедренного сустава. Для изучения данного 

тезиса был поставлен эксперимент с использованием четырех мужских и трех женских биоманекенов. Было произведено 12 установок эндопротеза 

тазобедренного сустава. В равных долях применяли доступы по Hardinge и Watson–Jones. По данным рентгенконтроля, наклон вертлужного компонента 

составил 40–47°, антеверсия — 10–22°, что технически и биомеханически соответствует допустимым значениям, зависимость данных показателей от 

типа доступа статистически не значима (для наклона вертлужного компонента p = 0,94; для антеверсии вертлужного компонента p = 0,63), что исключало  

мальпозицию компонентов как фактор риска вывиха. Тем не менее при пересечении переднего или заднего пучка m. gluteus minimus стабильность 

эндопротеза существенно нарушалась, что приводило к вывиху бедренного компонента при выполнении стандартных тестов ротации и сгибания. Таким 

образом, показана значимость m. gluteus minimus в стабилизации тазобедренного сустава. Сохранение или тщательное восстановление ее структуры 

в ходе выполнения операции позволит не только провести профилактику возникновения вывиха, но и восстановить более правильную анатомию и 

биомеханику оперированного сустава.

Ключевые слова: вывих эндопротеза тазобедренного сустава, малая ягодичная мышца, абдукторы бедра, артропластика тазобедренного сустава, 
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Table. Characteristics of surgeries, including age and sex of the cadavers, the operated body side, surgical approaches, acetabular inclination and anteversion 

Note: m — male; f — female.

Sex Age Side Access Acetabular inclination Acetabular anteversion

f 82 left Hardinge 40 12

f 82 right Watson-Jones 42 18

f 84 left Watson-Jones 45 20

f 84 right Hardinge 46 22

f 87 left Hardinge 47 15

f 87 right Watson-Jones 45 17

m 78 left Watson-Jones 42 20

m 78 right Hardinge 43 15

m 83 left Hardinge 41 21

m 83 right Watson-Jones 45 20

m 86 left Watson-Jones 46 12

m 86 right Hardinge 45 10

Deficiency of hip abductors, including m. gluteus medius 
and m. gluteus minimus, is another factor predisposing 
to dislocation after THA. Abductor deficiency can be very 
pronounced following a fracture of trochanter major, the main 
attachment site for these muscles. In some cases, the true 
cause of postoperative dislocation remains unknown. Some 
authors point out that apart from abduction itself, hip abductors 
(m. gluteus minimus in particular) are responsible for stabilizing 
or “centering” the femoral head in the socket and rotating 
the hip externally and internally [5, 6]. M. gluteus medius and 
m. gluteus minimus are broad, thick, short muscles with a 
broad tendon that originate proximally on the outer surface 
of the ilium and insert distally into trochanter major et fossa 
piriformis. Some studies of human anatomy and abductor 
tendinopathy refer to this group of muscles as the hip rotator 
cuff, similar to the rotator cuff of the shoulder joint.

Magnetic resonance imaging made it possible to more 
precisely identify the sites of m. gluteus medius and m. gluteus 
minimus insertion on the greater trochanter and to describe their 
functions. M. gluteus medius attaches to the posterosuperior 
and lateral facets of the greater trochanter; 3 fascicles of this 
muscle stabilize the pelvis during gait initiation and are also 
involved in pelvic rotation. The fibers of m. gluteus minimus 
course toward the internal surface of the anterosuperior facet 
of the greater trochanter; its fibers are oriented horizontally 
and play the role of key stabilizers in the mid and terminal gait 
phases [7].

In-depth studies of muscle anatomy provide an insight 
into how functions are distributed among separate bundles of 
fibers constituting these muscles. The anterior and posterior 
fascicles can be clearly distinguished in the structure of 
m. gluteus medius; they are responsible for external and 
internal hip rotation, respectively [8]. Although there is only 
a limited number of studies addressing the anatomy of 
m. gluteus minimus, some of them report the functional division 
of its fascicles, similarly to m. gluteus medius [8]. 

Previously, it was hypothesized that m. gluteus minimus 
might promote stabilization of both the native hip joint and the 
implant [5]. Due to intimate bonding with the fibers of the joint 
capsule, this muscle might not only “drive” hip movements but 
also stabilize the joint, similarly to pes anserinus in the knee 
joint. This hypothesis, however, did not take off. 

The aim of this work was to test the hypothesis that 
m. gluteus minimus can play a significant role in hip dislocation 
following THA.

METHODS

The experiment was conducted in cadavers after the resolution 
of rigor mortis; the cadavers did not have visible signs of damage 
to the gluteal and hip regions. For hip replacement, we used 
instrumentation by DePuy, USA, and a CORAIL-PINNACLE hip 
construct by the same manufacturer. At our disposal, we had 
28-mm trial femoral heads with +1.5 to +12 mm offset. The 
Hardinge and Watson-Jones approaches to the hip were used 
in all cases. All surgeries were performed by an experienced 
surgeon who had done over 500 hip replacements over the 
past 3 years using these traditional approaches. 

For the experiment, 4 male and 3 female cadavers 
(78–86 years) were selected, comparable in terms of their 
anthropometric characteristics; THA was performed on 3 male 
(mean age 82.33 years) and 3 female (mean age 84.33 years) 
cadavers with the normosthenic body type and no visible 
damage to the pelvis and lower limbs (see Table). 

The remaining cadaver was exploited for primary 
visualization of m. gluteus minimus; THA was not performed 
on this cadaver. 

In total, 12 hip replacements were performed, one on each 
body side. The Hardinge and Watson-Jones approaches were 
used in equal proportion. Implant positioning was assessed on 
plain radiographs using the Lewinnek method [9] (Fig. 1).

Differences in inclination and anteversion of the acetabular 
hip component between the applied surgical approaches were 
compared using the Mann–Whitney U test. Statistical analysis 
was carried out using open Python libraries. 

RESULTS

Firstly, we indirectly assessed the role of m. gluteus minimus 
in hip rotation. For better muscle visualization, the portion of 
m. gluteus medius overlying m. gluteus minimus was removed. 
The anterior and posterior sections of the muscle belly were 
clearly distinguishable, meaning that there were 2 fiber bundles 
sharing a broad tendonous part (Fig. 2).

We found that fibers and tendons constituting the anterior 
fascicle of m. gluteus minimus stretched during external hip 
rotation, whereas the posterior fascicle stretched on hip flexion 
and internal rotation, limiting the possible range of motion. This 
observation inspired a hypothesis that m. gluteus minimus 
might have a significant role in the stabilization of a native 
hip joint.
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Fig. 1. Measuring acetabular inclination and anteversion (cup inclination is 
calculated as the angle between the horizontal line A and the continuation of 
the long axis B of the ellipsis; anteversion is calculated as arcsin (short axis C/
long axis B)

In the second step, we performed THA using the traditional 
Hardinge and Watson-Jones approaches. After the implant was 
installed, a section of m. gluteus medius just above m. gluteus 
minimus was removed for better visualization. Both surgical 
approaches resulted in the injury to the anterior portion of 
m. gluteus minimus; the damage was slightly more pronounced 
for the Hardinge approach. The joint capsule was not dissected 
but closed with sutures. Measured on plain radiographs, 
acetabular inclination was 40–47°, anteversion was 10–22°; 
technically and biomechanically, these values were within the 
normal range. Then, the hip was rotated inward and outward 
with the maximum amplitude possible for the cadaver under 
examination and flexed to 90°. These movements did not 
provoke dislocation of the acetabular component. However, 
with the Hardinge approach, a femoral head with a bigger offset 
was used to ensure joint stability. Traction of the acetabular 
component with a surgical instrument along the axis of the 
prosthetic neck (after the joint capsule was dissected) did not 
cause the escape of the prosthetic femoral head from the cup. 

After the implant was installed and the joint capsule was 
repaired, the anterior fascicle of m. gluteus minimus was 
transversely transected and the posterior fascicle was left 
intact. Then, the hip was rotated outward with the maximum 
possible amplitude. This resulted in the dislocation of the initially 
stable implant but did not damage the joint capsule. Attempts 
to compensate for the instability of the implant by using femoral 
heads with more offset were unsuccessful. Traction of the 
acetabular component with a surgical instrument along the axis 
of the prosthetic neck (after the joint capsule was dissected) 
caused the escape of the prosthetic femoral head from the cup 
during hip flexion. 

In the fourth step, we transversely transected the posterior 
fascicle of m. gluteus minimus, leaving its anterior fascicle 
intact. Then, the hip was rotated inward and flexed or just 
flexed without rotation, using the maximum possible amplitude. 
The combination of hip flexion and inward rotation resulted in 
the dislocation of the initially stable implant but did not damage 
the joint capsule. Attempts to compensate for the instability 
of the implant by using femoral heads with more offset were 
unsuccessful. Traction of the acetabular component with a 
surgical instrument along the axis of the prosthetic neck (with 
the opened joint capsule) caused the escape of the prosthetic 
femoral head during hip flexion.

On plain radiography, inclination of the acetabular 
component was 40–47°, anteversion was 10–22°; technically 
and biomechanically, these values were within the normal range 
(see Table).  No statistical differences were detected in mean 
acetabular inclination and anteversion values for the Watson-
Jones and Hardinge approaches (for inclination, p = 0.94; for 
anteversion, p = 0.63), suggesting that implant malposition was 
not the case in our study and could not be a risk factor for 
postoperative hip dislocation.

DISCUSSION

The modern literature looks at hip abductors from 2 different 
perspectives. Firstly, degenerative or traumatic injury of hip 
abductors causes pronounced pain and gait disturbance [10]. 
Secondly, abductor rupture (due to trochanter major fracture) 
or weakness (caused by an injury to nervus gluteus superior) 
precipitates the instability of the artificial joint [11].

It was shown that the physiological cross-sectional area of 
m. gluteus minimus is smaller than that of m. gluteus medius, 
suggesting that the force of m. gluteus minimus contraction is 
proportionally weaker [12]. Perhaps, the architecture of separate 

bundles of m. gluteus minimus determines the stabilizing 
function of this muscle. In a series of dissections, some of 
m. gluteus minimus fascicles were found to be attached to 
the joint capsule, but the functional role of such bonding, its 
prevalence and force are still a matter of debate [6, 13].   

Fig. 2. The region of the greater trochanter featuring the site of m. gluteus 
minimus attachment and parts of external hip rotators (see the article)
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Ultrasonography and functional tests conducted in vivo 
revealed that the thickness of hip abductors does not correlate 
with their strength or function; the authors of the study 
hypothesized that this was due to the inability of applying the 
tests to separate muscle bundles in vivo [14].

There is a paucity of studies exploring the functions of hip 
abductors in general and m. gluteus minimus in particular. 
This can be partially explained by the fact that hip abductor 
pathology unrelated to conditions requiring hip replacement is 
relatively rare and usually responds well to traditional therapy; 
in such cases, no detailed investigation of abductor anatomy 
is needed. 

Being an effective orthopedic surgery, THA is not free of 
complications, although their rate is low. Better understanding 
of causes underlying THA complications will help to reduce 
their risks, contribute to the knowledge of biomechanics of both 
native and artificial hip joints, improve the quality of treatment, 
and develop effective regimens for such complications.

Our study looked at the possibility of injuring m. gluteus 
minimus during hip replacement with lateral approaches to the 
hip. Our findings and results of some other studies [15] also 

suggest a significant role of intraoperative injury to the posterior 
fascicle of m. gluteus minimus in postoperative complications 
following the use of posterior approaches to the hip. Although 
repair of the tendinous section of m. piriformis is crucial for 
maintaining stability of the hip joint in hip replacement with 
posterior approaches, injury to this region remains a probable 
cause of posterior acetabular dislocations in patients with 
repaired m. piriformis. 

CONCLUSION

We have demonstrated a significant role of m. gluteus minimus 
in stabilizing the hip joint, especially in artificial hips following 
THA. Preservation or adequate repair of m. gluteus minimus 
when performing surgical access or closing soft tissue is a 
good prophylaxis for postoperative dislocation and helps to 
restore the anatomy and biomechanics of the hip joint. Further 
research is needed to better understand the functions of 
m. gluteus minimus and other muscles and ligaments surrounding 
the hip joint in the context of their contribution to implant stability 
and the range of motion, similarly to the knee joint.  
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Eales’ disease is an idiopathic occlusive inflammatory 
vasculopathy, which results in peripheral retinal ischemia, 
neovascularization, recurrent hemophthalmos and proliferative 
tissue formation [1, 2].

The literature indicates that the disorder is most common in 
healthy young males in their second decade of life, and in 90% 
of patients both eyes are affected [3].

The disorder was first described by British ophthalmologist 
Henry Eales in 1880 [4]. Etiopathogenesis of the Eales’ disease 
is not completely understood. In recent years, as a result of 
immunological, molecular biological and biochemical studies, 
the role of human leukocyte antigen, autoimmune mechanisms, 
Mycobacterium tuberculosis and free radicals in the disease 
pathogenesis has been shown [5, 6]. The natural course of the 
disease is quite variable, with alternating periods of remission 
and exacerbation [7, 3].

According to the literary sources, the disorder usually 
presents with involvement of peripheral retina and is 

characterized by a number of manifestations of varying intensity: 
inflamed veins, ischemia and retinal neovascularization. 
The listed above manifestations often result in the following 
complications: recurrent retinal and vitreous hemorrhages, 
traction/rhegmatogenous retinal detachment, rubeosis iridis 
and secondary glaucoma [8]. In some cases, central retina is 
affected, which results in macular edema [9]. 

The “gold standard” in the Eales’ disease detection is 
fluorescein angiography (FA) allowing one to assess blood flow 
and damage to retinal blood vessels: dye transudation, retinal 
vascular tortuosity and telangiectasia, vascular shunt, venous 
stasis, ischemia, retinal neovascularization [10–12]. 

In 2007, the new Eales’ disease classification was proposed 
based on the ophtalmoscopy and FA data [13].

Stage 1
(1a) Periphlebitis of small caliber vessels
(1b) Periphlebitis of large caliber vessels with superficial 

retinal hemorrhages
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RETINAL LASER PHOTOCOAGULATION IN MANAGEMENT OF EALES' DISEASE 

Eales’ disease is an idiopathic occlusive inflammatory vasculopathy resulting in peripheral retinal ischemia, neovascularization, recurrent hemophthalmos, and 

proliferative tissue formation. It is often complicated by tractional retinal detachment, secondary glaucoma, and central retinal vein occlusion. The management of 

patients with Eales’ disease includes mainly glucocorticosteroid therapy, the use of angiogenesis inhibitors, vitreoretinal surgery and laser photocoagulation. The 

clinical case reported demonstrates the potential of retinal laser photocoagulation for treatment of the Eales’ disease in the ischemic and proliferative stages. The 

results of retinal laser photocoagulation used as monotherapy demonstrate the clinical and functional indices improvement: enhanced visual acuity, stabilized central 

retinal sensitivity value, restored clarity to the ocular media, regression of neovascularization and macular edema in the patient’s eye being in the proliferative (3b) 

stage, and the process stabilization in the eye being in the ischemic (2a) stage of the disease.
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ПРИМЕНЕНИЕ ЛАЗЕРНОЙ КОАГУЛЯЦИИ СЕТЧАТКИ ПРИ БОЛЕЗНИ ИЛЗА

Болезнь Илза — идиопатическая окклюзионная воспалительная васкулопатия, которая приводит к периферической ишемии сетчатки, 

неоваскуляризации, рецидивирующим гемофтальмам, развитию пролиферативной ткани и нередко осложняется тракционной отслойкой 

сетчатки, вторичной глаукомой, окклюзией центральной вены сетчатки. В основном при ведении пациентов с данной патологией используют 

глюкокортикостероидную терапию, ингибиторы ангиогенеза, витреоретинальную хирургию и лазерную коагуляцию. Представленный клинический 

случай демонстрирует возможность использования лазерной коагуляции сетчатки при лечении болезни Илза на ишемической и пролиферативной 

стадиях. Полученные результаты применения лазерной коагуляции сетчатки в качестве монотерапии свидетельствуют об улучшении клинико-

функциональных показателей: увеличении остроты зрения, стабилизации показателя центральной светочувствительности сетчатки, восстановлении 

прозрачности оптических сред, регрессе неоваскуляризации и макулярного отека на глазу с пролиферативной стадией (3b), а также стабилизации 

процесса на глазу в стадии ишемии (2а).
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Fig. 2. А. IR reflectance image of fundus, right eye. Optic disc with sharp margins, normal macular area. B. OCT scan of the right eye. Cross-section image with normal 
optic disc and macular area 

А B

Fig. 1. FA, right eye. А. Optic disc with sharp margins, vascular calibers not altered, A/V ratio 2/3, normal macular area. B. Dye extravasation and aneurisms are 
visualized in the area of altered blood vessels in the peripheral fundus (yellow arrow)

А B

Stage 2
(2а): Capillary nonperfusion
(2b): Neovascularization of the disc and/or retina
Stage 3
(3а): Fibrovascular proliferation
(3b): Hemophthalmos
Stage 4
(4а): Traction and/or rhegmatogenous retinal detachment 
(4b): Rubeosis iridis, neovascular glaucoma, complicated 

cataract, optic atrophy 
The current diagnosis procedures together with wide range 

of treatment options significantly improve the Eales’ disease 
prognosis and outcome [3, 7]. The management tactics 
depends on the stage of the disease [14–20] and includes 
the following: taking glucocorticosteroids (systemic and/or 
periocular) in the stage of inflammation [7]; intravitreal injection 
of angiogenesis inhibitor [16]; vitreoretinal surgery (in patients 
with recurrent hemophthalmos, vitreoretinal traction and/or 
retinal detachment) [21].

Laser photocoagulation is one of the first-line therapeutic 
options for Eales’ disease in the ischemic and proliferative 
stages [3, 15, 16, 19–22]. According to the foreign authors, 

regression of retinal neovascularization and vitreoretinal traction 
after laser photocoagulation is detected in 80–90% of patients 
[16, 23–25]. Moreover, bilateral photocoagulation in the 
ischemic areas of asymptomatic eyes is an effective measure 
for prevention of the Eales’ disease complications [16, 26]. In 
this case study we attempted to assess the effectiveness and 
safety of retinal laser photocoagulation for management of 
Eales’ disease in the ischemic (2a) and proliferative (3b) stages.

Clinical case

Patient А., aged 20, complaining of floaters and decreased 
visual acuity in his left eye contacted the Scientific Research 
Center for Ophthalmology of Pirogov Russian National Medical 
Research University. It was also known from his case history 
that the described manifestations emerged spontaneously 
and persisted for six months. The patient seeked medical 
assistance from ophthalmologist at his place of residence, 
and was diagnosed with uveitis of unknown etiology in both 
eyes. He received conservative management, which included 
administration of glucocorticosteroids. No response to 
treatment was observed. 
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Fig. 3. FA, left eye. А. Optic disc with blurry margins; altered vascular caliber, petaloid (flower-like) pattern of hyperfluorescence is visible through hemophtalmos in 
central retina (yellow arrow). B. Periphlebitis with dye extravasation across the visible periphery (blue arrows). C. Protruding proliferative lesion with blurry margins 
visualized as a dense hyperfluorescent focus in the clock hour sector 5 (red arrow); hypofluorescent areas corresponding to hemorrhagic foci 

А B C

Fig. 4. А. IR reflectance image of fundus, left eye: partial hemophthalmos, fibrous cord over the optic disc extending to the inferior outer quadrant of the retina (yellow 
arrow). B. IR reflectance image of fundus, left eye: retinal veins dilated and tortuous (blue arrows). C. Macula OCT scan, left eye: cystoid edema 600 µm

А B C

The patient underwent complex assessment by the following 
methods: visometry aimed at determining the best corrected 
visual acuity (BCVA), ophthalmoscopy using the MaxField 
78D lens (Ocular Inc.; USA), fluorescein angiography (FA) 
and spectral domain optical coherence tomography (SDOCT) 
imaging using the Spectralis HRA+OCT, OCT2 platform with 
a scanning speed of 85,000 Hz (Heidelberg Engineering; 
Germany), computer perimetry using the Humphrey Field 
Analyzer II (Carl Zeiss Meditec Inc.; USA) and the 30-2 SITA-
Standard test, computer microperimetry and assessment of 
central light sensitivity using the МAIA system (CenterVue Inc.; 
Italy). The patient had normal chest x-ray and negative Mantoux 
test. Serology testing revealed no changes. The patient did not 
associate the onset of the disease with anything, and he had 
no hereditary taint. Laser photocoagulation was performed 
using the VISULAS Trion laser workstation working in the 532 
nm mode (Carl Zeiss; Germany). 

At initial examination, the BCVA in the right eye (OD) was 
1.0, and in the left eye (OS) it was 0.1. Biomicroscopy OU 
revealed no pathological changes in the anterior segment of 
both eyes.

Ophthalmoscopy OD revealed pale-pink optic disc with 
sharp margins, normal macular reflex. Pathological reflex was 

detected in the paravasal area, the artery to vein (A/V) ratio 
was 2/3. Aneurysmal dilations and ischemic lesions were 
observed in peripheral retina. The venous phase FA detected 
contrast media extravazation and ischemic lesions in the area 
of altered vasculature involving the full circumference of the 
peripheral retina (Fig. 1). SDOCT revealed normal macular 
profile, structured retinal layers, and retinal thickness of 
310 µm (Fig. 2). 

Vizualization during ophthalmoscopic examination OS 
was hampered by partial hemophthalmos. The optic disc was 
hyperemic, blurry, and protruded into the vitreous chamber. 
There was a fibrous cord over the optic disc extending to the 
inferior outer quadrant of the retina, the macular area was 
blurry. The veins were dilated and tortuous. In peripheral retina, 
there was a protruding lesion with blurry margins, retinal and 
preretinal hemorrhages in the clock hour sector 5. The venous 
phase FA detected the hyperfluorescent optic disc. The petaloid 
(flower-like) pattern of hyperfluorescence (macular edema) was 
observed in the central retina. Hyperfluorescent focus with 
hypofluorescent areas was detected on the periphery in the 
lower sector (Fig. 3). SDOCT revealed the retinal thickness 
increase up to 600 µm in the macular area, and cystic cavities 
in the outer and inner nuclear layers (Fig. 4). 
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Fig. 5. Macula OCT scan, right eye: normal macular profile, structured retinal layers; no signs of clinical worsening have been revealed within the one month follow-up period 

Fig. 6. А. IR reflectance image of fundus, left eye: declined hemophtalmos detected during a one month follow-up visit. B. Macula OCT scan, left eye: macular edema 
reduced from 600 to 500 µm

А B

Taking into account the complaints, medical history and 
complex ophthalmological assessment data, the patient 
was diagnosed with Eales’disease, stage 2a (ischemic 
areas detected by FA), OD, and stage 3b (proliferation and 
hemophthalmos), OS. 

We agreed to perform laser photocoagulation. The extent of 
coagulation was determined by the amount of damage to retina. 
In OD (stage 2a) the extensive laser photocoagulation of the 
peripheral retina was performed (single session), in OS (stage 
3b) the panretinal photocoagulation (four sessions at monthly 
intervals) was carried out. The following energy parameters 
were used in OD: the power was 100 mW, the exposure time 
was 0.1 s, the spot size was 200 µm, the distance between the 
spots was 300 µm, and the total number of burns was 500. 
The following energy parameters were used in OS: the power 
was 100–120 mW, the exposure time was 0.1 s, the spot size 
was 200 µm, the distance between the spots was 300 µm, 
and the total number of burns was 3,000. The following energy 

parameters were used for central retina in OS: the power was 
50–100 mW, the exposure time was 0.05–0.1 s, the spot size 
was 100 µm, and the distance between the spots was 150 µm.

After a month of treatment BCVA OD was 1.0, and BCVA 
OS had increased to 0.7. Ophthalmoscopy OD revealed pale-
pink optic disc with sharp margins. The retinal A/V ratio was 
2/3. The macular anatomy was intact. Pigmented coagula 
were observed across the peripheral retina, aneurysms and 
ischemic lesions were sealed (Fig. 5). Examination OS revealed 
declined hemophtalmos; the optic disc was pale-pink with 
sharp margins; the fibrous cord became smaller. The A/V 
ratio was 2/3. Partial regression of macular edema and lightly 
pigmented coagula were detected in the central retina (except 
the avascular zone). Pigmented coagula were revealed in the 
peripheral retina, the protruding lesion was sealed (Fig. 6).  

After two years BCVA OU was 1.0. Biomicroscopy OU 
revealed no pathological changes in the anterior segment, the 
ocular media were clear.
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Fig. 7. Macula OCT scan, right eye: normal macular profile, structured retinal layers; no signs of clinical worsening have been revealed during the 2-year 
follow-up period 

SDOCT detected no signs of clinical worsening in OD (Fig. 7). 
Ophthalmoscopy revealed pigmented coagula with sharp 
margins in the peripheral retina, no new lesions were observed. 
The central retinal sensitivity was 25.7 dB.

Ophthalmoscopy OS revealed pale-pink optic disc with 
sharp margins, the fibrous cord over the optic disc became 
smaller. The retinal A/V ratio was 2/3. There were lightly 
pigmented coagula in the macular area (except the avascular 
zone). SDOCT detected restored macular profile, and regression 
of edema (Fig. 8). The fibrotic neovascularization focus with 
sharp margins was observed in the peripheral retina (Fig. 9). 
Pigmented coagula were detected in the paravasal area and 
across the peripheral retina. The central retinal sensitivity value 
was 25.4 dB. 

Computer perimetry OU revealed no visual field deficits.

Discussion 

Successful implementation of laser photocoagulation as 
monotherapy for patients not responsive to glucocorticosteroids 

was reported by many foreign [14, 27] and national authors [28, 
29]. However, the energy parameters of laser treatment play 
a vital part in the prognosis of the disease. The use of “rigid” 
retinal laser photocoagulation may result in complications, 
such as exudative retinal detachment, iatrogenic choroidal 
neovascularization, cystoid macular edema, epiretinal fibrosis, 
visual field deficits, deterioration in color vision and decline 
in contrast sensitivity [30–32]. According to literary sources, 
the most commonly used spot size is 400–500 µm, and the 
proposed pulse duration is 0.15–0.2 s with an interpulse 
interval of 0.15–0.3 s [3]. Similar energy parameters have been 
used in other studies: spot size of 400 µm, pulse duration of 
0.15 s, and the individually adopted average power value of 
160–200 mW [28, 29].

In this study, in contrast to the international experience, 
we performed laser photocoagulation using the smaller spot 
size (200 µm), lower power (100–120 mW) and exposure 
time of 0.1 s in order to improve the clinical and functional 
treatment results in patient with Eales’ disease. The retinal laser 
photocoagulation safety in patient with stage 2a (ischemic) and 

Fig. 8. А. Macula OCT scan, left eye: regression of cystoid macular edema, restored anatomic structure of retinal layers. B. Optic disc OCT, left eye: persisting fibrous 
cord over the optic disc (yellow arrow)

А B
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Fig. 9. IR — reflectance image of fundus, left eye: fibrotic neovascularization 
focus with sharp margins visualized in the clock hour sector 5 of peripheral retina 
(yellow arrow)

3b (proliferative) Eales’ disease and preserved retinal function 
were confirmed by advanced diagnosis methods: computer 
perimetry (no visual field deficits), computer microperimetry 
(preserved central retinal sensitivity), and optical coherence 
tomography imaging (regression of cystoid macular edema).

The proposed energy parameters made it possible to 
obtain good clinical and functional results within the long-term 
postoperative period, including the improved BCVA, stabilized 
central retinal sensitivity value, restored clarity to the ocular 
media, regression of neovascularization and macular edema in 
the eye being in the proliferative (3b) stage, and the process 
stabilization in the eye being in the ischemic (2a) stage of the 
disease.

CONCLUSION

The results obtained suggest that the use of retinal laser 
photocoagulation as monotherapy for patients with Eales’ 
disease in the ischemic (2a) and proliferative (3b) stages 
contributes to the improvement of clinical and functional 
treatment results, and the late fate of laser treatment shows 
long-term remission.
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Combined hamartoma of the retina and retinal pigment 
epithelium (RPE) is an uncommon benign lesion. This congenital 
lesion is most often found at an early age. The tumor was first 
described by Gass in 1973 [1].

Hamartoma is usually associated with tuberous sclerosis 
(Bourneville disease), and is less frequently detected in patients 
with neurofibromatosis type II (to a lesser extent in patients 
with neurofibromatosis type I), Gorlin syndrome, juvenile 
nasopharyngeal angiofibroma. However, solitary tumors of the 
described type may occur sporadically in healthy people [2–4].

The total disorganization of the inner retinal layers associated 
with glial cell and pigment epithelial cell proliferation is observed 
in histological sections [2]. Gass distinguished the following four 
types of combined hamartoma based on the tumor location and 
clinical manifestations: papillary and juxta-papillary (56–76%), 
macular (17–38%) and peripheral (5–7%) [1, 4].

Lesion is usually detected through routine fundus examination 
or when handling patients complaining of decreased visual 

acuity, strabismus, leukocoria. The loss of visual function directly 
depends on the degree of macular and optic nerve involvement. 
Combined hamartomas are usually unilateral, however, there are 
several documented cases of bilateral lesions [4].

Juxta-papillary, papillary or macular hamartomas are 
visualized by ophtalmoscopy as protruding lesions with 
blurred margins. The tumor with nonuniform pigmentation is 
light or dark grey, and covered with semi-translucent shiny 
membrane. The abnormally tortuous retinal blood vessels 
are frequently noted, and in a number of patients, exudative 
retinal detachment, microhemorrhages and hard exudates are 
detected [4]. Peripheral combined hamartomas are associated 
with significant preretinal blood vessels malformations 
and retinal thickening, and the tumor margins are poorly 
distinguishable. 

Currently, optical coherence tomography (OCT) makes 
it possible to image the morphometric features of combined 
hamartoma: epiretinal membrane, minor vertical vitreoretinal 
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Комбинированная гамартома пигментного эпителия и сетчатки — редкое врожденное доброкачественное новообразование. Наиболее часто ее 

выявляют у молодых людей и подростков. В большинстве случаев заболевание протекает бессимптомно, однако в 24% снижение зрительных функций 

обусловлено развитием осложнений: эпиретинального фиброза, сопровождающегося тракционным искажением фовеа, гемофтальмом, хориоидальной 
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существует единого мнения в лечении осложнений, вызванных комбинированной гамартомой. Данный клинический случай демонстрирует возможность 

поэтапного лечения комбинированной гамартомы сетчатки и ретинального пигментного эпителия, осложненного эпиретинальным фиброзом и 
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Combined hamartoma of the retina and retinal pigment epithelium (RPE) is a rare congenital benign lesion. It is most often detected in young adults and 

adolescents. The disorder is mostly asymptomatic, however, in 24% of patients the loss of visual function results from complications, such as epiretinal fibrosis 

associated with tractional distortion of the fovea, hemophthalmos, choroidal neovascularization, exudative retinal detachment, macular edema, and combined 

tractional/rhegmatogenous retinal detachment. Currently, there is no consensus on the combined hamartoma complications management. The reported clinical 

case demonstrates the feasibility of staged approach to treatment of combined hamartoma of the retina and RPE complicated by epiretinal fibrosis and partial 

hemophthalmos using the advanced diagnosis (optical coherence tomography) and treatment methods. 

Keywords: hamartoma, retinal pigment epithelium, retina, laser photocoagulation, angiogenesis inhibitor

Correspondence should be addressed: Ekaterina P. Tebina 
Volokolamskoe shosse, 30, str. 2, Moscow, 123182; ekaterinatebina@mail.ru

Pirogov Russian National Medical Research University, Moscow, Russia

Received: 07.09.2020 Accepted: 03.10.2020 Published online: 12.10.2020

DOI: 10.24075/brsmu.2020.060

Author contribution: Takhchidi KhP — study concept and design, manuscript editing; Takhchidi NKh — literature analysis; Tebina EP — data acquisition and 
processing, manuscript writing; Kasminina TA — laser treatment. 

Compliance with ethical standards: the patient submitted informed consent to staged surgery and personal data processing.



98

КЛИНИЧЕСКИЙ СЛУЧАЙ    ОФТАЛЬМОЛОГИЯ

BULLETIN OF RSMU   5, 2020   VESTNIKRGMU.RU| |

traction (mini peaks), major vertical vitreoretinal traction with 
folding of inner retinal layers (maxi peaks), distortion of the outer 
plexiform layer (saw tooth appearance or “omega” sign) [5–8]. 

In 24% of patients, the loss of visual function results from 
complications of the disease: epiretinal fibrosis associated with 
vitreomacular traction syndrome, hemophthalmos, choroidal 
neovascularization, exudative retinal detachment, macular 
edema, combined tractional and rhegmatogenous retinal 
detachment [2].

To date, there is no consensus on the combined hamartoma 
complications treatment. However, a number of authors 
reported cases of pars plana vitrectomy aimed at relieving 
vitreoretinal traction (epiretinal fibrosis removal) and improving 
visual acuity to 60% [9, 10]. Extravasation may be reduced 
by intravitreal injection of angiogenesis inhibitor or retinal laser 
photocoagulation [11, 12]. The aim of our study was to prove 
the effectiveness of staged treatment in patients with combined 
hamartoma of the retina and RPE.

Clinical case

The female patient, aged 38, complaining of decreased visual 
acuity in her left eye during the last six months, was admitted 
to the Scientific Research Center for Ophthalmology of Pirogov 
Russian National Medical Research University in September 
2019. Facts from medical history: in January 2019 the patient 
seeked medical assistance from ophthalmologist at her place 
of residence because of the complaints described above; 
she was diagnosed with thrombosis of superior-temporal 
branch of the central retinal vein OS and received conservative 
management; no response to treatment was observed. The 
systemic disease was ruled out.

On admission, the patient underwent complex assessment 
by standard methods, such as visometry aimed at determining 
the best corrected visual acuity (BCVA), indirect ophthalmoscopy 
using the MaxField non-contact lens (OcularInc.; USA), and 
specific examination methods, such as OCT imaging using the 
Spectralis HRA+OCT, Module OCT2 platform with a scanning 
speed of 85,000 Hz (Heidelberg Engineering Inc.; Germany).

At initial examination of the patient’s left eye, the BCVA 
was 0.6. Biomicroscopy demonstrated no pathological 

changes in the anterior segment. Partial hemophthalmos was 
identified. Ophthalmoscopy revealed pale-pink optic disk with 
sharp margins, cellophane macular reflex. Retinal vasculature: 
superior temporal arcade — arteries with narrowed lumen, 
veins greatly dilated and tortuous, artery to vein (A/V) ratio 1/3; 
inferior temporal arcade — uniform meshwork of blood vessels; 
no changes in vessel calibre, A/V ratio 2/3. The protruding grey 
lesion with multiple sites of vitreoretinal traction was identified 
in the area of the central retinal vein superior temporal branch, 
the lesion margins were undistinguishable. No peripheral retinal 
changes were detected. Disorganization of the inner retinal 
layers (maxi peaks) in the protruding lesion area was observed 
on spectral-domain OCT scans (Fig. 1А, B). Epiretinal fibrosis 
was identified on the surface of macular area (Fig. 2).

The patient was diagnosed with combined hamartoma 
of the retina and RPE complicated by epiretinal fibrosis and 
partial hemophthalmos in her left eye based on the clinical and 
instrumental assessment results.
Staged treatment was recommended: 

stage 1 — laser photocoagulation aimed at reducing 
extravasation; 

stage 2 — intravitreal administration of angiogenesis 
inhibitor aimed at reducing vascular permeability in the areas 
that cannot be subjected to laser photocoagulation, as well 
as at reducing the risk of intra- and postoperative vitreous 
haemorrhage;

stage 3 — microinvasive subtotal vitrectomy + 
schvartectomy + endolaser photocoagulation aimed at 
restoring of clarity to the ocular media and traction relieving. 

Laser photocoagulation (first stage of treatment) was 
performed using the VISULAS Trion laser workstation (532, 
561, 659 nm) (Carl Zeiss; Germany). The following energy 
parameters were used: power was 80 mW, exposure time was 
0.1 s, and wavelength was 532 nm. Paravasal irradiation was 
applied to restricted protruding lesion. One month after laser 
photocoagulation the BCVA was 0.6. Biomicroscopy detected 
no pathological changes in the anterior segment. Partial 
hemophthalmos was identified. Ophthalmoscopy revealed 
pale-pink optic disk with sharp margins, cellophane macular 
reflex. Retinal vasculature: superior temporal arcade — arteries 
with narrowed lumen, veins greatly dilated and tortuous, A/V 

Fig. 1. А. IR reflectance image of fundus: protruding grey lesion with multiple sites of vitreoretinal traction in the area of the central retinal vein superior temporal branch. 
Partial hemophthalmos. B. OCT scan of retina: disorganization of the inner retinal layers in the protruding lesion area (maxi peaks, yellow arrow) 

А B



99

CLINICAL CASE    OPHTHALMOLOGY

ВЕСТНИК РГМУ   5, 2020   VESTNIKRGMU.RU| |

ratio 1/3; inferior temporal arcade — uniform meshwork of 
blood vessels; no changes in vessel calibre, A/V ratio 2/3. The 
protruding grey lesion with multiple sites of vitreoretinal traction 
was identified in the area of the central retinal vein superior 
temporal branch, the lesion margins were undistinguishable. 
Pigmented coagula were visualized in the paravasal area, and 
the focal area was surrounded by pigmented coagula. OCT 
revealed no signs of clinical worsening.

One month after laser photocoagulation, during the second 
stage, the patient’s left eye received the intravitreal injection of 
angiogenesis inhibitor (Aflibercept, 0.1 mg/0.04 mL). During 
the check-up performed two weeks later the BCVA was 0.7. 
Biomicroscopy demonstrated no pathological changes in the 
anterior segment. Partial regression of hemophthalmos was 
detected. Ophthalmoscopy revealed no clinical worsening. No 
changes were observed on OCT scan.

Three weeks after the intravitreal injection of angiogenesis 
inhibitor, during the third stage, the patient underwent 
microinvasive subtotal vitrectomy + schvartectomy + endolaser 
photocoagulation. One week after surgery the BCVA became 
1.0. Biomicroscopy demonstrated no pathological changes in 
the anterior segment. Avitria was detected. Ophthalmoscopy 
revealed pale-pink optic disk with sharp margins. Persisting 
cellophane macular reflex was observed. Retinal vasculature: 

superior temporal arcade — restored uniformity of blood vessels 
meshwork, A/V ratio 2/3, pigmented coagula visualized in the 
paravasal area; inferior temporal arcade — uniform meshwork 
of blood vessels; no changes in vessel calibre, A/V ratio 2/3. 
The vitreoretinal traction along the superior temporal branch of 
central retinal vein was relieved, the shrunk protruding lesion 
(optic disk d = 0.5) was surrounded by pigmented coagula 
(Fig. 3А). Fig. 3B presents the OCT scan.

During the check-up performed three months later no 
clinical worsening was detected.

Discussion

To date, there is no generally accepted approach to 
management of patients with combined hamartoma of the 
retina and RPE. Literature analysis shows that the disorder may 
remain asymptomatic for a long period of time, and that the 
loss of visual function results from complications. 

Several treatment options for the disorder and its complications 
are reported in literature: the effectiveness of radiation therapy 
in combined hamartoma of the retina and RPE has not yet 
been proven since the tumor is benign and not radiosensitive 
[13]; photodynamic therapy, focal laser photocoagulation 
and intravitreal angiogenesis inhibitor injections are widely 

Fig. 2. OCT scan of retina: hyperreflective band in the central area of retinal surface, which is tightly attached to the internal limiting membrane, normal macular profile

Fig. 3. А. IR reflectance image of fundus a week after the subtotal vitrectomy: restored blood vessels calibre in the superior temporal branch, relieved vitreoretinal 
traction, shrunk protruding lesion (optic disk d = 0.5; red arrow) B. OCT scan of retina: single protruding lesion on the retinal surface (yellow arrow) with no vitreoretinal 
traction, restored anatomic structure of retinal layers 
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used in patients with choroidal neovascularization [11, 14]. 
Angiogenesis inhibitors are also used to reduce the vascular 
permeability and decrease the risk of vitreous haemorrhage [14]. 
Subtotal vitrectomy with internal limiting membrane (ILM) and 
epiretinal membrane (ERM) peeling remains the gold standard 
for treatment of patients with epiretinal fibrosis. However, 
this method has a number of limitations: first, the ILM peeling 
results in damage to Muller glial cells, leading to biomechanical 
dysfunction of the retina and incomplete recovery of visual 
function during the postoperative period [15–17]; second, the 
technical complexity of ILM peeling may result in complications, 
such as retina injured with instruments for endovitreal intervention, 
intraretinal hemorrhages in the areas of ILM gripping, high risk of 
intra- and postoperative vitreous haemorrhage; third, the visual 
function improvement during the postoperative period correlates 
with the degree of the retinal layers disorganization [18]. 

Unlike the international experience, in this study we 
used staged approach to improve the clinical and functional 
treatment outcome in patient with combined hamartoma 
of the retina and RPE, which included paravasal retinal 

photocoagulation aimed at reducing extravasation at the first 
stage, intravitreal angiogenesis inhibitor injection aimed at 
reducing the vascular permeability and the risk of intra- and 
postoperative haemorrhage at the second stage, and subtotal 
vitrectomy aimed at restoring of clarity to the ocular media and 
traction relieving in the area of lesion at the third stage. 

Our proposed staged approach to treatment of combined 
hamartoma of the retina and RPE complicated by partial 
hemophthalmos and epiretinal fibrosis made it possible to 
achieve good clinical and functional results: improved BCVA, 
restored clarity to the ocular media, relieved traction and 
decreased risk of eventual vitreous haemorrhage. 

CONCLUSION

Personalized staged approach to treatment of combined 
hamartoma of the retina and retinal pigment epithelium based 
on the use of advanced diagnosis and treatment methods 
allowed us to achieve good functional results in the long-term 
follow-up.
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The etiology of exanthems afflicting patients with the coronavirus 
infection (CVI) caused by SARS-CoV-2 (COVID-19) can pose a 
diagnostic challenge [1–3], especially during the ongoing epidemic, 
when clinicians are required to follow physical distance guidelines 
and wear personal protective equipment while examining the skin 
and the oral mucosa of patients with COVID-19 [2, 4].

It is vital that comorbid patients with severe CVI undergoing 
systemic combination therapy for the viral infection should 
continue receiving their usual medicines for preexisting 
conditions [5]. Effective pharmacotherapeutic strategies 
for CVI must account for such comorbidities and possible 
adverse reactions to anti-CVI therapy, the most common being 
cutaneous drug eruptions (DE). The diagnosis of DE can be 
difficult, especially at onset. Establishing a causal link between 

DE and a specific drug is even more challenging if the treatment 
regimen includes more than one medication [6–8].

Since the beginning of the pandemic, a variety of skin 
manifestations have been reported in patients with COVID-19; 
however, specific skin symptoms that would help in verifying 
the diagnosis of COVID-19 are yet to be identified [1, 9–11]. 
Skin manifestations observed in patients with CVI should be 
thoroughly studied, systematized and analyzed for the possible 
association with the severity of the infection. 

Clinical case

A female patient C. aged 92 years had acute-onset symptoms, 
including cough, weakness and increased body temperature 

Tairova RT1,2, Gaydina TA1,2      , Dvornikov AS2, Tazartukova AD1, Lyang OV1

DIFFICULTIES IN DIFFERENTIAL DIAGNOSIS OF CUTANEOUS MANIFESTATIONS IN PATIENTS WITH 
CORONAVIRUS INFECTION

Patients with severe SARS-CoV-2 infection (COVID-19) and multiple comorbidities should be monitored for possible adverse reactions to prescribed drugs, 

including drug eruptions (DE) at any stage of treatment. Below, we describe a clinical case of a 92-year-old female patient with severe PCR-confirmed COVID-19. 

The patient was treated with amoxicillin/clavulanic acid, moxifloxacin, acetylcysteine, and sodium enoxaparin. On day 9 into treatment, the patient developed 

moderately itching macular rashes showing a tendency to coalesce, but overall showed no signs of deterioration. On day 15, the rashes regressed, following a short 

course of dexamethasone and chloropyramine. This kind of skin reaction might have been provoked by β-lactams and fluoroquinolones included in the treatment 

regimen, a secondary bacterial infection, compromised immunity due to advanced age, and high viral load associated with dermatological symptoms. Delayed 

onset of skin symptoms might be regarded as a marker of COVID-19 severity.
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Р. Т. Таирова1,2, Т. А. Гайдина1,2      , А. С. Дворников2, А. Д. Тазартукова1, О. В. Лянг1

СЛОЖНОСТИ ДИФФЕРЕНЦИАЛЬНОЙ ДИАГНОСТИКИ КОЖНЫХ ПРОЯВЛЕНИЙ 
ПРИ КОРОНАВИРУСНОЙ ИНФЕКЦИИ

При лечении мультиморбидных пациентов с тяжелым течением новой коронавирусной инфекции, вызванной вирусом SARS-CoV-2 (COVID-19), необходимо 

проявлять внимание к возможному развитию лекарственной экзантемы (ЛЭ) в любой период времени лечения. Представлено клиническое наблюдение 

больной 92 лет с тяжелым течением подтвержденного ПЦР СOVID-19. На фоне лечения амоксициллином/клавулановой кислотой, моксифлоксацином, 

ацетилцистеином, омепразолом, эноксапарином натрия на 9-й день лечения появились умеренно зудящие макулезные высыпания с тенденцией 

к слиянию без отрицательной динамики соматического статуса. На 15-й день лечения на фоне приема дексаметазона и хлоропирамина кожные 

высыпания регрессировали. Появление сыпи может быть обусловлено применением β-лактамных антибактериальных препаратов и фторхинолонов, 

присоединением бактериальной инфекции и иммунносупрессивным статусом пациентки старческого возраста, а также высокой вирусной нагрузкой, 

ассоциированной с появлением дерматологических симптомов. Отсроченное появление кожных изменений на фоне COVID-19 возможно рассматривать 

как «маркер» тяжести заболевания.
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Fig. 1. Early exponential increase in fluorescence intensity in the Fam/Green channels (conserved region of the Е gene) in the sample collected on May 28, 2020 (day 1)

(37.8 °С), followed by sudden deterioration, shortness of 
breath and febrile chills two days later. The patient was taken 
to hospital by an EMS team. She denied any contact with 
individuals showing symptoms of acute respiratory infection 
suggestive of COVID-19 in the preceding 14 days. The patient 
shares a flat with her niece, who had no health complaints 
at the time of her aunt’s illness. The history of preexisting 
conditions included elevated blood pressure, coronary artery 
disease, long-standing persistent atrial fibrillation, and gallstone 
disease. The patient denied any allergies or drug intolerance.

On admission, the patient’s condition was assessed 
as severe. Her skin color was normal, and visible mucous 
membranes showed no signs of dryness. No discoloration 
of the sclera was observed. Peripheral lymph nodes were 
unremarkable. The patient was not edematous. Her chest 
was symmetrical and cylinder-shaped. SpО

2
 was 70%, 

increasing to 95% after oxygen insufflation at 10 L/min. 
Cardiac and lung auscultation was not performed due to 
the risk of SARS-CoV-2 spread. BP was 160/80 mmHg; 
heart rate was 80 beats/min. The abdomen was soft 
without tenderness. The liver was not enlarged. There were 
no signs of peritoneal irritation. The patient described her 
bowel movement as regular. The kidney percussion test 
was negative on both sides. The patient denied dysuria. 
Neurological examination was unremarkable.

The subsequent CT scan was suggestive of community-
acquired polysegmental viral pneumonia and interstitial 
pulmonary edema, indicating the onset of hemodynamic 
compromise. Blood count: white blood cells 9.7 × 109/L; 
absolute and relative lymphocyte counts 0.7 × 109/L and 
7.2%, respectively, indicating lymphopenia; relative monocyte 
count 1.3% (relative monocytopenia); absolute and relative 
granulocyte counts 8.9 × 109/L and 91.5%, respectively 
(granulocytosis). Blood biochemistry: elevated C-reactive 
protein (67 mg/L), AST 56 un/L, ALT 41 un/L, D-dimer 1817 ng/ml.

The patient’s nasopharyngeal swab tested positive for 
SARS-CoV-2 RNA. The test was conducted using a reagent kit 

for RT-PCR-based detection of SARS-CoV-2/SARS-CoV RNA 
in human specimens (DNA-Technology TS; Russia).

Biological specimens for PCR analysis were collected from 
the patient’s nasopharynx.

Viral RNA was manually extracted from 400 µl of the 
biological specimens using a Proba-NK reagent kit (DNA-
Technology; Russia) and eluted in 50 µL of an RNA buffer. 

The SARS-CoV-2/SARS-CoV RT-PCR reagent kit (DNA-
Technology TS; Russia) is designed to target 3 viral genome 
regions: those specific to SARS-CoV-2 (the Cy5/Red detection 
channel), the E gene regions (the Rox/Orange detection channel), 
and the conserved region of the E gene (the Fam/Green detection 
channel) common to the group of SARS-CoV-like coronaviruses, 
including SARS-CoV and SARS-CoV-2.

The kit contains a heterologous amplification system 
(Internal Control, or IC, detectable in the Hex/Yellow channel) 
for monitoring RT-PCR inhibition and checking the integrity of 
the reagents. The kit includes a positive control. The assay was 
run in a DTprime thermocycler (DNA-Technology; Russia).

In total, 4 specimens were studied; the specimens were 
collected on May 28, 2020, June 3, June 9, and June 16.

For the sample collected on May 28, an early exponential 
increase in fluorescence was detected in the Fam/Green 
channels (the conserved region of the E gene; Fig. 1), with 
Ct = 24.6, indicating the presence of SARS-CoV RNA.

In the Rox/Orange detection channel (the E gene of SARS-
CoV-2; Fig. 2), the Ct value was 24.5. 

In the Cy5/Red detection channel (the N gene of SARS-
CoV-2; Fig. 3), the Ct value was 23.9, indicating the presence 
of SARS-CoV-2 RNA.

Given that valid negative and positive controls were used 
in the assay, the absence of fluorescence in the Hex/Yellow 
channel (Fig. 4) indirectly suggested high SARS-CoV-2 RNA 
levels in the studied sample.  For the sample collected on June 
3 (day 7), an increase in fluorescence intensity was observed 
in the Fam/Green channel (SARS-CoV RNA), with Ct = 37.4;  
the Hex/Yellow (IC) channel, with Ct = 31.0; the Rox/Orange 
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Fig. 2. Early exponential increase in fluorescence intensity in the Rox/Orange channel in the sample collected on May 28, 2020 (day 1)

Fig. 3. Early exponential increase in fluorescence intensity in the Cy5/Red channel in the sample collected on May 28, 2020 (day 1)

channel (the E gene of SARS-CoV-2), with Ct = 37.5, and the 
Cy5/Red channel (the N gene SARS-CoV-2), with Ct = 38.1, 
indicating the presence of SARS-CoV-2 RNA.

In the sample collected on June 9 (day 13), an increase in 
fluorescence intensity was detected in the Fam/Green channel 
(SARS-CoV RNA), with Ct = 31.9; the Hex/Yellow channel (IC), 

with Ct = 30.0; the Rox/Orange channel (the E gene of SARS-
CoV-2), with Ct = 32.1; the Cy5/Red channel (the N gene 
of SARS-CoV-2), with Ct = 31.8, indicating the presence of 
SARS-CoV-2 RNA.

In the sample collected on June 20 (day 20), an increase in 
fluorescence intensity was detected in the Fam/Green channel 



105

КЛИНИЧЕСКИЙ СЛУЧАЙ    ДЕРМАТОЛОГИЯ

ВЕСТНИК РГМУ   5, 2020   VESTNIKRGMU.RU| |

Fig. 4. The absence of the fluorescent signal in the Hex/Yellow channel (the assay included valid positive and negative controls)

(SARS-CoV RNA), with Ct = 34.6; the Hex/Yellow (IC) channel, 
with Ct = 31.0; the Rox/Orange channel (the E gene of SARS-
CoV-2), with Ct = 34.5; the Cy5/Red channel (the N gene 
of SARS-CoV-2), with Ct = 34.7, indicating the presence of 
SARS-CoV-2 RNA.

The Е and N genes of SARS-CoV-2 were detected in each 
of the 4 studied samples. 

Considering the patient’s medical history, clinical 
presentations and the results of laboratory and instrumental 
tests, the final diagnosis was COVID-19, severe course; 
community-acquired bilateral polysegmental pneumonia. Given 
the severity of the patient’s condition, she was admitted to the 
intensive care unit, where she received infusions of sodium 
chloride 0.9%, amoxicillin, clavulanic acid, moxifloxacin, 
paracetamol, ascorbic acid, acetylcysteine, omeprazole, 
bisoprolol, and sodium enoxaparin. After two days, her 
condition stabilized and she was transferred to the floor. On day 
9, the patient developed moderately itching macular rashes, 
which tended to coalesce (Fig. 5–7). The patient’s overall 
condition was stable, without deterioration. After completing 
the full course of the prescribed antibiotics, the patient received 
intramuscular injections of dexamethasone (16 mg per day) and 
intramuscular injections of chloropyramine (20 mg twice a day). 
On day 15, the rashes regressed. A chest CT scan showed 
improvement. On day 20 the patient was discharged home in 
satisfactory condition. 

Discussion

So far, there have been a variety of clinical case reports and 
propositions on the management of patients with CVI [12, 13].

Cutaneous manifestations differing in morphology and 
duration pose a particular interest for a clinician.  At the moment, 
their underlying causes are being investigated. Establishing an 

accurate etiological diagnosis is essential for working out the 
right treatment strategy [4].

A study conducted in 88 patients hospitalized for severe 
CVI reported cutaneous involvement in 18 (20.4%) participants. 
Skin manifestations were described by the authors as 
erythematous rash, widespread urticaria, and chickenpox-
like vesicles; 8 patients had rashes prior to hospitalization, 10 
developed them at hospital [14].

There are reports of petechial and purpuric rashes, 
transient livedo reticularis livedo and acroischemic lesions [15]. 
A question remains whether these manifestations should be 
associated with COVID-19 as exanthems are often caused by 
viral infections or are the adverse reaction to a prescribed drug. 

Our female patient was old and had severe CVI and 
preexisting conditions. On day 9, she developed itchy macular 
skin eruptions showing a tendency to coalesce. It is difficult 
to establish an association between cutaneous manifestations, 
which can be caused by infection or allergy, and COVID-19. 
According to the literature, cutaneous involvement is observed 
in patients with COVID-19 starting from day 2 and into the 
second week of the infection. 

Exanthems are an important criterion for differentiating a viral 
infection from an adverse drug reaction. Because of COVID-19 
safety precautions, the physical examination of patients with 
CVI symptoms does not follow the standard protocol which 
includes oral cavity examination. For example, of 21 patients 
with PCR-confirmed COVID-19 and skin rashes, 6 (29%) had 
exanthems [15], 4 of 6 (66%) were women, and none had an 
erythematovesicular exanthem. The mean time from the onset 
of COVID-19 symptoms to cutaneous/mucosal manifestations 
was 12.3 days (2 to 24 days). The authors of that study 
emphasized that rash morphology, other clinical symptoms 
and the presence of exanthems can help in differentiating 
between viral and drug-induced skin conditions. The presence 
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Fig. 6. Macular rashes on the patient’s back, with a tendency to coalesce. Day 
9 into treatment

Fig. 7. Macular rashes on the patient’s thighs, with a tendency to coalesce. Day 
9 into treatment

Fig. 5. Macular rashes on the patient’s trunk, with a tendency to coalesce. Day 
9 into treatment

of pustules and macular spots on the skin suggests an adverse 
reaction to a prescribed drug, whereas petechias and vesicles 
localized to the buttocks or the acral parts of the extremities 
in combination with exanthems are indicative of infection, 
including viral infection [15]. Some histopathological features 
of the lesions like parakeratosis, spongiosis, or extravasated 
erythrocytes, may suggest the viral nature of the condition [16].

The treatment regimen for our patient had to include a 
number of different drugs, which increased the risk of drug 
cross-reactivity. Another factor supporting the hypothesis of drug 
eruptions is that the patient developed rashes after she was put 
on the regimen that included β-lactams and fluoroquinolones. 

It is possible that cutaneous manifestations may have 
been associated with a secondary bacterial infection and the 
compromised immune status of the patient. This hypothesis 
is supported by the fact that the antigen was detected in the 
blood samples of the patient through day 20 of the disease, 
suggesting a weak immune response to the infection. In an 
aging individual, immunocompetent cells become less active 
due to involutional changes.

Since high viral load may also be associated with 
dermatological symptoms, delayed cutaneous manifestations 
(on day 9) could be regarded as markers of CVI severity, 
regressing as the patient improved.

CONCLUSIONS

This clinical case demonstrates the difficulty in the differential 
diagnosis of cutaneous manifestations in patients with CVI.  

Their etiology is especially hard to identify in patients with 
multiple comorbidities requiring complex treatment regimens, 
which can provoke skin eruptions. Involutional changes 
accompanied by a decline in the immune function should also 
be taken into account. Delayed onset of skin symptoms might 
be regarded as a marker of CVI severity.
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Skin neoplasms can be evaluated using portable smartphone-
compatible instruments and artificial intelligence (AI) algorithms. 
Such systems are a real time-saver for both the physician and 
the patient. They are also a good aid in monitoring melanocytic 
nevi (MN). To this day, progression of benign MN to malignant 
melanoma (MM) remains understudied; therefore, with most 
MN health professionals should be watchful for any worrying 
signs. Statistically, in 2018 skin cancer was the most incident 
type of malignancy in the Russian population, amounting to 
12.6 or 14.4% of cancers depending on whether malignant 
melanoma was excluded or included in the analysis. In Russia, 

MM-associated mortality increased by 11.19% between 2008 
and 2018 [1]. At the same time, according to the American 
Cancer Society, the number of deaths from MM in the USA 
was decreasing by 6.1% in men and 6.3% in women every 
year from 2013 to 2017, whereas the annual incidence of 
MM was growing by 2.2% in men and 1.9% in women [2]. 
Life expectancy of patients with MM largely depends on how 
advanced the disease is at the time of treatment initiation; 
grim figures suggest that early detection strategies existing in 
Russia need improving: in 2017, only one in 3 MM diagnoses 
was the result of active screening. In 2016–2017, stage IV 

Т. А. Гайдина     , Е. Г. Дворникова

ЭФФЕКТИВНОСТЬ ИСПОЛЬЗОВАНИЯ ОПТИЧЕСКОЙ СИСТЕМЫ СМАРТФОНА ДЛЯ ОЦЕНКИ 
ЗЛОКАЧЕСТВЕННОСТИ МЕЛАНОЦИТАРНЫХ НЕВУСОВ

Ранняя диагностика злокачественной трансформации меланоцитарных невусов в меланому кожи (МК) является актуальной проблемой современной 

медицины. Общепризнанная тактика ведения пациентов с множественными меланоцитарными невусами кожи (ММНК) представляет собой динамическое 

наблюдение с проведением эксцизионной биопсии отдельных онкологически подозрительных или меланомоопасных меланоцитарных невусов 

кожи (МНК). Данная тактика требует дорогостоящего оборудования и огромных временных затрат врача и пациента. Целью работы было оценить 

эффективность использования оптической системы смартфона для определения злокачественности меланоцитарных невусов. Семь пациентов в 

возрасте 43–65 лет с ММНК на коже туловища и конечностей находились под наблюдением в течение четырех лет. Получение дерматоскопических 

микроснимков и оценку злокачественности МНК проводили при помощи оптического устройства Handyscope с 20-кратным увеличением, сопряженного 

со смартфоном под управлением мобильного приложения Handyscope3. За период наблюдения пациентам было удалено 74 МНК, МК не было 

обнаружено ни в одном случае. Оценка злокачественности всех удаленных 74 МНК, проведенная сверточной нейронной сетью, совпала с результатами 

гистологических исследований. Оптический адаптер к смартфону показал эффективность в диагностике злокачественности МНК. Для скрининговой 

первичной диагностики дерматоскопических изображений ММНК возможно использовать искусственный интеллект (ИИ), однако необходимо 

гистологическое исследование для верификации диагноза.

Ключевые слова: меланоцитарный невус кожи, искусственный интеллект, мобильные приложения, биопсия кожи, ранняя диагностика меланомы
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EFFICACY OF SMARTPHONE-COMPATIBLE OPTICAL INSTRUMENT FOR ASSESSING MELANOCYTIC 
NEVI FOR MALIGNANCY

Early detection of melanocytic nevus progression to malignant melanoma is a pressing concern. Traditionally, patients with multiple melanocytic nevi (MMN) 

are monitored for extended periods of time and excisional biopsies are performed on individual suspicious melanocytic nevi (MN). This approach is costly and 

tremendously time-consuming for both doctors and patients. The aim of this study was to evaluate the efficacy of a smartphone-compatible optical instrument 

in the assessment of MN for malignancy. Seven patients aged 43 to 65 years with MMN on the trunk and upper/lower extremities were followed-up for 4 

years. Dermoscopy images of MN were taken and analyzed using a Handyscope smartphone-compatible optical system operated at 20x magnification and a 

Handyscope3 application. A total of 74 MN were surgically removed during the follow-up period. None of the patients had melanoma. The results of dermoscopy 

image analysis generated by the convolutional neural network coincided with histopathology findings in all cases. The optical Handyscope system demonstrated 

its efficacy in assessing MN for malignancy. AI can be used for primary screening of MMN dermoscopy images. However, histopathological verification of the 

diagnosis is still needed. 
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MM was initially diagnosed in 19.0% of melanoma patients. 
This is a disturbing figure given that such tumors are visible 
to the naked eye [3]. Early detection of skin neoplasms (SN) 
can be significantly improved by optical instruments that are 
compatible with a smartphone and can be operated using a 
mobile application.

Risk factors for MM include excessive exposure to UV 
radiation, sunburns during childhood, Fitzpatrick skin types I 
and II, DKN2A gene mutations, the presence of 10 or more 
dysplastic nevi or over 100 multiple melanocytic nevi (MMN), 
a past history of skin cancer, and familial melanoma [4–6]. 
A combination of these factors increases the risk for MM. 
Patients with increased risk for MM are advised to undergo 
total body photography and digital dermoscopy once every 
3–6 months; the obtained MN images should be analyzed with 
AI, and excisional biopsies should be performed on suspicious 
lesions [7–9]. Patients with MNS (one of risk factors for MM) are 
recommended to have regular skin checkups once or twice; 
examination should be performed using noninvasive diagnostic 
techniques. With digital dermoscopy, a dermatologist can 
track changes occurring in MN over time and analyze them 
using AI, thereby improving the quality of diagnosis [10–12]. All 
noninvasive methods for early MM detection can be arbitrarily 
classified into the following groups:

Group 1, total body photography for preliminary diagnosis 
that can be performed at a non-specialist clinic;

Group 2, evaluation of suspicious MN that can potentially 
progress to melanoma;

Group 3, evaluation of suspicious MN that can potentially 
progress to melanoma at a specialist clinic, including the extent 
of surgery for their removal [13].

Smartphone-compatible optical systems for dermoscopy 
imaging are a novel promising method of noninvasive MN 
diagnostics. Total body photography requires costly space-
consuming equipment, whereas smartphone optical adapters 
are portable and convenient. Smartphones are affordable 
gadgets that can be used for taking, storing and sharing 
dermoscopy images or other medical data in case a second 
opinion is needed [14].

Patients with MMN should be carefully examined for 
possible changes in the existing nevi and closely monitored 
for the development of de novo lesions. However, it may 
still be difficult to spot the first signs of malignization even 
when more than one noninvasive diagnostic technique is 
applied. Unexperienced dermatologists are not always able 
to accurately interpret dermoscopy findings. This might result 
in overdiagnosis and unnecessary surgical interventions, 
on the one hand, and delayed melanoma diagnosis, on the 
other. Telediagnostics can help with difficult cases and save 
time for both patients and doctors. The rapid evolution of high 
technology and the digitalization of the medical field create 
a new, efficient environment for public health workers and 
improve the quality of medical care. The vigorous development 
of portable diagnostic devices makes it possible to monitor the 
broad range of clinically significant parameters of the human 
body. The aim of this study was to evaluate the efficacy of a 
smartphone-compatible optical system in diagnosing malignant 
melanocytic nevi.

METHODS

We followed up 4 male and 3 female patients aged 43–65 years 
(mean age being 51.14 years) over the course of 4 years. The 
following inclusion criteria were applied: male/female sex; age 
of 18 years or older; MMN on the trunk and/or extremities. 

Exclusion criteria: age under 18 years; decompensated chronic 
conditions. MN were defined as multiple if a patient had over 
100 MN. A total of 875 MN were detected and examined during 
the entire follow-up period. Of them, 74 MN were surgically 
removed. To take dermoscopy images and evaluate MN for 
malignancy, a smartphone-compatible Handyscope optical 
instrument with 20x magnification (FotoFinder; Germany) and a 
mobile Handyscope3 application were used. Handyscope3 is 
essentially a convolutional neuronal network trained on a large 
dataset of images of histologically confirmed malignancies. 

Conveniently, high-quality dermoscopy images can be 
obtained with a digital smartphone camera, which is a great aid 
in practical clinical work. However, without an additional lens 
and adequate lighting, a smartphone camera cannot ensure 
the uniformity of shooting conditions and the sufficient amount 
of detail at high resolution. From a large selection of optical 
systems available on the market, we chose a Handyscope. 
The manufacturer has developed an AI-based application for 
evaluating and storing dermoscopy images. In difficult cases, 
the image can be uploaded to a second opinion service, where 
it can be evaluated by experienced dermoscopy experts.

RESULTS

In all patients, MMN were localized predominantly to the trunk 
(n = 699; 79.89%), upper (n = 117; 13.37%) and lower (n = 59; 
6.74%) extremities. The highest number of MN (n = 183, 
including 3 dysplastic nevi) was observed in a 65-year-old 
female patient; this woman received the maximum number of 
surgical excisions for her MN (n = 25) over the course of 4 
years. The smallest number of MN (n = 126) was observed 
in a 45-year-old man; in total, he had 5 MN removed. The 
highest number of suspicious nevi was detected during primary 
examinations in the first year of observation (47 MN; 63.5%). 
In the follow-up period, the patients visited a dermatologist 
twice a year; during each visit, the patients underwent digital 
dermoscopy with a smartphone and an optical attachment. 
The obtained images were analyzed by AI in the Handyscope3 
application; AI assessed the photographed moles for 
malignancy on the scale from 0 to 1. Values from 0.5 and 
1 were interpreted as suspicious for malignancy, whereas 
values from 0 to 0.2 suggested a benign lesion. The risk of 
developing MM was explained to the patients; they were also 
strongly advised to have a checkup with a dermatologist twice 
a year. All patients were recommended to avoid direct sunlight, 
always use a maximum protection sunscreen and to give up 
on tanning at tanning salons. Patients with suspicious lesions 
were referred to an oncologist for deciding on the treatment 
strategy and evaluating the need for biopsy. According to the 
protocol proposed by the International Agency for Research on 
Cancer (IARS), the following clinical features of dysplastic nevi 
suggest the risk of melanoma: diameter over 5 mm, irregular 
pigmentation patterns, asymmetry, irregular borders, peripheral 
hyperemia. According to the classic ABCD criteria, none of 
our patients had MM. However, 5 patients had dysplastic nevi 
(totaling to 10), and in another 2 patients an equivocal diagnosis 
could not be established based on dermoscopy findings. All 
MN were analyzed by the mobile application, and all patients 
were referred to an oncologist. 

Surgical excision of MN was performed by an oncologist 
at a specialist facility. In some cases, it was the patients 
who insisted on surgery because their nevi caused esthetic 
problems or were constantly subjected to mechanical irritation. 
Prior to surgery, the patients underwent dermoscopy, and the 
nevi were photographed. Either excisional or shave biopsies 
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Fig. 1. AI in the assessment of MN for malignancy. A. A plain image of a melanocytic 
nevus. B. A malignancy score calculated by AI. C. A dermoscopy image at ×20 
magnification: a reticular dysplastic nevus with hyperpigmentation at the center. 
D. A histological slide (hematoxilin-eosin stainin, ×100 magnification) showing 
the stratified squamous keratinized epithelium with areas of mild acanthosis. 
Multiple nevus cells adjacent to the epithelium are organized in a nesting pattern. 
Impression: D22. Borderline melanocytic nevus. ICD-O code: 8740/0. No nevoid 
cells are found at the margin of excision. D. Formation of a normotrophic scar. Е. 
A dermoscopy image of the normotrophic scar (at ×20 magnification)

E F
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AI score:

were performed under infiltration anesthesia; the biopsied 
specimens were subjected to a histopathological examination. 
Fig. 1 shows stages of the diagnostic procedure and the AI-
based assessment for malignancy. 

In total, 74 MN were removed. None of the patients 
was found to have MM. Results of the AI-based malignancy 
assessment coincided with histopathology findings in all cases. 
Ten (13.5%) nevi excised from 5 patients were histologically 
confirmed to be dysplastic. In 35 cases (47.3%) histopathology 
findings were suggestive of intradermal melanocytic nevi. Nine 
(12.2%) melanocytic nevi were found to be of combined type. 
Two lesions (2.7%) were Sutton’s nevi. One lesion (1.6%) was 
a simple lentigo. In 17 cases (22.97%) of benign nevi, patients 
insisted on their surgical removal. Most of the excised nevi 
were localized to the trunk (60 MN; 81.1%), followed by upper 
(8 MN; 10.8%) and lower (6 MN; 8.1%) extremities (Fig. 2).

Postoperatively, the patients complained of occasional 
itching and tenderness in the area of hypertrophic scar 
formation and some found scarring esthetically distressing. 
Such patients were prescribed topical medications for scar 
management. 

DISCUSSION

There are no robust data on the epidemiology of MN. The 
terminology used to define MN is conflicting, and only malignant 
SN are covered by statistical analysis. Retrospective studies 
of digitized biopsies can improve our understanding of MN 
prevalence but so far this type of analysis is limited to a few 
regions [15]. There are a lot of different terms to describe MN at 
risk for progressing to melanoma [16]. In 1978, Clark described 
2 families with MMN and high frequency of MN malignization. 
This condition was referred to as the B-K mole syndrome, 
where B and K are the initials of the affected families.

According to some estimates, MN progress to melanoma 
in 4 to 54.2% cases [17, 18]. There are MN with unknown 
potential for malignancy [19]. Patients with MMN are at risk for 
melanoma; the risk is the higher, the more lesions the patient 
has. It increases 7-fold for patients who have 100 or more 
borderline nevi, as compared to those who have only 15 simple 
nevi [4]. The risk of melanoma also increases in patients with 
MMN and dysplastic nevi [5]. Nevertheless, some authors argue 
that preventive MN excision is not rational [4, 16] and propose 
that noninvasive screening should be actively promoted instead, 
including manual dermoscopy, sequential digital dermoscopy, 
computer -aided diagnosis, total body photography, high-
frequency ultrasonography, reflectance confocal microscopy, 
multiphoton tomography, electrical impedance spectroscopy, 
Raman spectroscopy, and quantitative dynamic infrared 
imaging [13].

Zink et. al compared the results of the analysis of 
dermoscopy images with clinical data and histopathology 
findings. Dermoscopy images were taken in 26 patients 
using a mobile phone and a Handyscope optical instrument. 
Physical examinations and dermoscopy were performed 
by 5 dermatologists who worked independently of each 
other. The results were compared in terms of diagnostic 
accuracy, differential diagnosis and management strategies. 
The concordance of diagnoses was 92.3%, whereas the 
concordance of recommended management strategies was 
76.9%. Of 6 histologically confirmed diagnoses, 66.7% were 
established based on dermoscopy images and a clinical 
examination. The authors concluded that digital dermoscopy 
microimages of individual lesions, including MN, combined 
with macrophotographs could be assessed qualitatively and 

that mobile digital dermoscopy could be a good alternative 
to a traditional dermatologic examination [20]. In our study, 
the results of AI-based analysis of dermoscopy images 
coincided with histopathology findings in 74 (100%) cases. 
An optical adapter for a smartphone and an accompanying 
mobile application are very practical. AI can assess the mole for 
malignancy in a matter of seconds. Importantly, the system can be 
used in telediagnostics, saving time for patients and doctors [21]. 

The existing noninvasive techniques for skin diagnostics 
cannot replace a histopathological examination. It takes a 
doctor two years to be properly trained and build up sufficient 
experience. In difficult cases, there is a risk of misinterpretation. 
AI is a good aid in the primary screening of SN and establishing 
an accurate diagnosis [22].
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Fig. 2. A preoperative photo of MMN on the abdomen. B. Postoperative scars
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In Russia, MN screening strategies, including telescreening, 
are currently in development [23].

CONCLUSION

Patients with MMN must be closely monitored for possible 
malignization, which dictates the need for novel accurate 

noninvasive diagnostic techniques. In this study, malignant MN 
were reliably detected using a smartphone-compatible optical 
instrument with 20x magnification and an AI-based mobile 
application for the analysis of dermoscopy images. Digitalization 
of the medical field and development of portable diagnostic 
instruments opens up new opportunities for providing medical 
care at a new hi-tech level. 
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