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Acylcholines are endogenous modulators of the cholinergic system that show 
promise for nucleic acid delivery. Oleoylcholine and two synthetic cationic lipids, 
containing a quaternary ammonium group and two oleic acid residues, dem-
onstrated inhibitory properties against muscle-type and neuronal α7 nicotinic 
acetylcholine receptors (nAChRs). The acylcholine counterion was found to exert 
a significant influence. Increasing the complexity of the acylcholine molecule by 
introducing two oleic acid residues impaired its inhibitory properties, while en-
hancing its cytotoxic effect through a nAChR-independent mechanism.

The structures of the acyl-
cholines under study

The Microbiomic Metaproteome of the Taiga 
Tick Ixodes persulcatus from the Tyumen Region
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The aim of this study was to characterize the biological processes within the tai-
ga tick microbiome using metaproteomic methods. The metaproteomes of unfed 
females and males were analyzed, identifying protein products encoded by 2,100 
microbial genes from 203 bacterial and fungal species. An increased abundance 
of proteins associated with Ascomycota fungi was detected, particularly promi-
nent in females. Proteins from pathogenic Rickettsia and Borrelia species were 
identified. These findings facilitate a functional analysis of the microbiome’s role 
in tick physiology in relation to the host’s sex.
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R-loops – molecular structures containing a 
DNA:RNA hybrid and unpaired single-stranded 
DNA – are important for normal cell physiology and 
the pathogenesis of numerous diseases. Current stud-
ies often proceed from the postulate of a high degree 
of similarity between R-loop genomic distributions 
across different cell types. In the present work, the 
authors show that cell type is one of the major factors 
determining the genomic distribution of R-loops, and 
only a systematic comparison of a large array of var-
ious R-loop datasets derived from different cell/tissue 
types can address the inconsistencies between differ-
ent mapping techniques for these structures.

Cellular type is a major determinant of the R-loop genomic 
distribution
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ABSTRACT Immune-mediated inflammatory diseases affect a substantial proportion of the global population, 
and tumor necrosis factor (TNF) plays a central role in their pathogenesis. The most common diseases in-
clude rheumatoid arthritis (RA), Crohn’s disease, psoriasis, multiple sclerosis, and septic shock. All of these 
conditions are characterized by excessive production of TNF, which activates downstream signaling pathways 
contributing to disease development and progression. To improve the quality of life in patients with TNF 
overproduction, anti-TNF agents such as TNF receptors and monoclonal antibodies are used. However, the 
availability of these therapies is limited. Therefore, the development of novel, more affordable TNF inhibi-
tors with comparable efficacy and improved safety remains a pressing issue. This review summarizes recent 
advances in the development of promising TNF inhibitors, including those derived from orthopoxvirus im-
munomodulatory proteins.
KEYWORDS TNF, orthopoxviruses, rheumatoid arthritis, CrmB, smallpox.
ABBREVIATIONS TNF – tumor necrosis factor; RA – rheumatoid arthritis; TNFR – tumor necrosis factor re-
ceptor; ER – endoplasmic reticulum; PsA – psoriatic arthritis; DC – dendritic cell; p55 – TNF receptor type I; 
p57 – TNF receptor type II, CRD – cysteine-rich domain; PLAD – pre-ligand binding assembly domain; 
IL – interleukin; GM–CSF – granulocyte-macrophage colony-stimulating factor; Th1 – T-helper cell type 1; 
LPS – lipopolysaccharide; CIA – collagen-induced arthritis; CPXV – cowpox virus, MPXV – monkeypox vi-
rus; VARV – variola virus.

INTRODUCTION
Tumor necrosis factor (TNF) exerts pleiotropic effects 
on cells and plays a central role in the regulation of 
host defense responses. It recruits leukocytes to in-
flammation sites by upregulating adhesion molecule 
expression, stimulates macrophages, increases vas-
cular permeability, and activates antigen-presenting 
cells [1, 2]. However, TNF overproduction contributes 
to the development of pathological conditions associ-
ated with chronic inflammation and/or autoimmune 
reactions, such as rheumatoid arthritis (RA), Crohn’s 
disease, septic shock, and cachexia [3].

Among TNF-induced diseases, RA has a major so-
cial impact, affecting as it does approximately 0.5–2% 
of the adult population, particularly individuals of 
working age (35–55 years) [4]. The condition is char-

acterized by both synovial and systemic inflammation; 
if not adequately treated, it leads to disability, degrad-
ed quality of life, work impairment, and a substantial 
economic burden [5]. Until the beginning of the 21st 
century, a third of RA patients had had to stop work-
ing within two years of the disease onset due to se-
vere degradation [6]. Moreover, the life expectancy of 
patients with severe RA drops by an average of 10 
years [7]. In this context, the development of effective 
therapeutic strategies becomes a priority.

RA management has changed substantially over 
the past 20–25 years: it has shifted from symptom-
atic treatment to attempts to arrest disease progres-
sion. This progress has been largely driven by the 
introduction of disease-modifying drugs, which have 
significantly improved outcomes for patients. TNF in-
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hibitors represent a major class of such agents; they 
account for 75% of the total drug market. The most 
often used TNF inhibitors are the following recombi-
nant proteins: Remicade (infliximab; Centocor Ortho 
Biotech/Schering-Plough), Enbrel (etanercept; Amgen/
Wyeth), and Humira (adalimumab; Abbott). These an-
tirheumatic agents have a number of drawbacks, in-
cluding adverse effects that limit drug tolerability, the 
requirement of long-term treatment, and an increased 
risk of tumor development. In addition, patients often 
lose responsiveness to the anti-TNF therapy due to 
the development of an immune response, which usu-
ally requires drug replacement [3].

Therefore, there is a need for novel anti-RA 
agents that maintain efficacy while improving safety 
and cost-effectiveness. Viral TNF-binding proteins 
represent a promising research area. Poxviruses, the 
largest DNA viruses infecting mammals, encode nu-
merous proteins that target key components of the 
host immune system. Orthopoxviruses, which in-
clude the variola (smallpox), monkeypox, and cow-
pox viruses, are of particular interest due to their 
ability to produce immunomodulatory proteins that 
bind various ligands, such as TNF, chemokines, in-
terferons, and complement system components. As 
a result of virus co-evolution with humans, viral 
proteins can interact with the host target proteins 
with high affinity and specificity. This makes viral 
proteins attractive as candidates for the develop-
ment of next-generation agents. A detailed study 
of a broad range of poxvirus protein homologues is 
required to fully illuminate their therapeutic poten-
tial. Immunomodulatory proteins of the variola virus, 
which are evolutionarily the most adapted to the hu-
man immune system, seem to be the most promising 
candidates in that regard [8].

TUMOR NECROSIS FACTOR AND ITS ROLE IN DISEASE
TNF is a pro-inflammatory pleiotropic cytokine in-
volved in the complex regulation of inflammatory and 
immune processes. TNF was first described in the 
middle 1970s [9].

TNF-producing cells are activated in response to 
external stimuli (e.g., inflammation), resulting in the 
synthesis of a 26-kDa polypeptide. This polypeptide is 
expressed on the cell surface as the transmembrane 
form of TNF (tmTNF). The soluble form of TNF 
(sTNF) is generated by proteolytic cleavage between 
Ala76 and Val77 in TNF with involvement of the me-
talloproteinase TNF-α–converting enzyme (TACE). 
This process yields a 17-kDa sTNF and a residual cy-
tosolic domain [10].

TNF exerts its biological function in both trans-
membrane and soluble forms. Transmembrane TNF 

initiates a cascade of biochemical reactions through 
direct contact between a TNF-producing cell and a 
receptor-exposing cell, whereas sTNF acts at sites 
distant from TNF-expressing cells [11].

Trimerization of both forms is required for the de-
ployment of TNF biological activity and induction of 
intracellular signaling cascades. Following trimeriza-
tion, TNF binds to a corresponding receptor, either 
TNFR1 (p55/CD120a; 55 kDa) or TNFR2 (p75/CD120b; 
75kDa) [12–15].

The p55 and p75 belong to the TNF receptor 
(TNFR) superfamily, which comprises at least 29 
structurally related type I transmembrane proteins 
with an extracellular N-terminal and an intracellu-
lar C-terminal domains; each protein has its distinct 
structural features [16]. Among these characteristics, 
cysteine-rich domains (CRDs) are critical for TNFR 
activity. Each CRD presents a pseudo-repeat of ap-
proximately 40 amino acid residues containing six 
Cys residues that form three disulfide bonds with-
in a single polypeptide chain. The number of CRDs 
among TNFR family members ranges from one to 
six. The pseudo-repeats are involved in ligand bind-
ing [17]. However, not all CRDs participate directly 
in ligand binding, since TNF interacts primarily with 
the second and third CRDs from the N-terminus of 
p55 [18], whereas the first CRD is involved in recep-
tor oligomerization. This domain is termed the pre-
ligand assembly domain (PLAD), since it mediates 
receptor oligomerization at the cell surface prior to li-
gand binding (Fig. 1). PLAD binding is highly specific, 
which allows for selective receptor recognition within 
the TNFR superfamily [19–21].

Signal transduction following ligand binding de-
pends on the type of cytosolic domain present in the 
receptor. The cytosolic domains of TNFRs are rela-
tively short and function as docking sites for signaling 
molecules [18]. Receptors can be divided into three 
groups based on the cytosolic domain structure: death 
domain-containing receptors (p55), receptors lacking 
a death domain (p75), and soluble receptors (both p55 
and p75 can exist in membrane-bound and soluble 
forms) [21].

Current evidence indicates the existence of sev-
eral major signaling pathways. One of the classifi-
cations is based on the type of receptor the ligand 
interacts with: there are p55- and p57-mediated path-
ways (Fig. 2) [22]. It has been previously considered 
that cytotoxic effects are primarily mediated by p55, 
while proliferative responses are induced by p75 [23]. 
However, both p55 and p57 are now known to mediate 
a broad range of biological functions.

TNF binding to p55 initiates intracellular signal-
ing through recruitment of adaptor molecules to the 
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Fig. 2. Intracellular signaling pathways activated by TNF binding to p55 and p75. TNF binding to p55 induces cell death 
and inflammatory signaling through activation of the canonical NF-κB pathway. TNF binding to p75 activates both canon-
ical and non-canonical NF-κB pathways. Solid green and blue lines represent activating signals; and dashed lines indicate 
inhibitory interactions. sTNF – soluble TNF; tmTNF – transmembrane TNF; sp55 – soluble p55; tmp55 – transmembrane 
p55; sp75 – soluble p75; tmp75 – transmembrane p75 [22]
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death domain of the cytosolic region of the recep-
tor. As a result, the membrane-associated complex 
I is formed, which includes TRADD (p55-associated 
death domain protein), RIPK1 (receptor-interacting 
protein kinase 1), and TRAF2 (TNFR-associated fac-
tor 2) [24]. TRAF2 can be recruited to complex I in 
association with cIAP1 and cIAP2 (E3 ubiquitin ligas-
es) [25]. These ligases further modify various compo-
nents of the p55 signaling cascade, including RIPK1, 
via Lys63-linked ubiquitin chains, thus creating bind-
ing sites for the linear ubiquitin chain assembly com-
plex (LUBAC) [26]. LUBAC further modifies RIPK1 
with linear ubiquitin chains, facilitating recruitment 
of the transforming growth factor β-activated kinase 
1 (TAK1) via TAB2 (TAK1-associated binding pro-
tein 2) and IKK (inhibitor of nuclear factor kappa B 
(κB) kinase complex) [25]. This cascade activates the 
canonical NF-κB pathway, thus initiating the tran-
scription of various NF-κB-regulated targets (cyto-
kine and anti-apoptotic genes). Thus, membrane-asso-
ciated complex I promotes cell survival mechanisms. 
If dissociated from the membrane, complex I can 
form cytosolic complex II through association with 
FADD (Fas-associated death domain protein) and cas-
pase-8. Depending on caspase-8 activity, the resulting 
complex can induce either apoptosis or necroptosis 
[24, 27].

Similar molecular cascades can be triggered in cells 
upon TNF binding to p75. However, a central role 
in p57-mediated signaling is attributed to the c-Jun 
N-terminal kinase, which, once activated via TRAF2 
and ASK1 (apoptosis signal-regulating kinase 1), me-
diates NF-κB activation [28]. In addition, the p57 sig-
naling pathway is closely linked to endoplasmic re-
ticulum (ER) stress. The ER is sensitive to disruptions 
in cellular homeostasis that lead to the accumulation 
of misfolded proteins, thereby inducing ER stress and 
contributing to apoptotic cell death. Under ER stress 
conditions, TRAF2 associates with ER stress sensors 
and interacts with pro-caspase-12, promoting activa-
tion of the latter. It has also been hypothesized that 
ER stress induces TNF production. This suppresses 
the c-Jun transcription factor activation and affects 
cellular susceptibility to apoptosis. These findings con-
firm the role of the ER as an additional regulatory 
node in p57-mediated apoptosis [22].

Thus, the data above indicate that p55- and p75-
mediated signaling pathways are closely intercon-
nected. TNF and its receptors form a complex signal-
ing network, as indicated by additive, synergistic, and 
even antagonistic interactions between the two recep-
tor types [29].

As a key homeostasis regulator, TNF plays an im-
portant role in conditions of disrupted homeostasis 

by exerting its pathogenic function. Under normal 
conditions, TNF contributes to bone tissue regenera-
tion by maintaining the balance between osteoblasts 
and osteoclasts; under pathological conditions, it pro-
motes osteoclastogenesis [2]. TNF suppresses tumor 
formation under normal conditions and contributes 
to immune evasion by tumor cells in pathology [1]. 
Despite numerous examined examples, the mecha-
nisms underlying the transition to pathological TNF 
signaling remain unclear. The majority of studies of 
TNF describe the existing pathologies and only make 
attempts to establish the underlying causes.

Considering the ubiquitous nature of TNF effects, 
the spectrum of associated diseases is broad. Major 
TNF-associated pathologies include rheumatoid ar-
thritis (RA), Crohn’s disease, septic shock, psoriasis, 
sarcoidosis, cachexia, Sjogren’s syndrome, polymyo-
sitis, vasculitis, Behçet’s disease, atherosclerosis, and 
multiple sclerosis. These conditions are associated 
with TNF overproduction, although the etiology of 
the majority of them remains not fully understood [3]. 
In this review, we focus on three well-characterized 
TNF-driven diseases.

Among such pathologies, rheumatoid arthritis (RA) 
is the one that has most extensively been studied. 
RA is a chronic autoimmune disease that is primar-
ily accompanied by synovitis, cartilage degradation, 
and erosive bone damage [30, 31]. RA has a signifi-
cant social impact, because it is detected in approx-
imately 0.5–2% of the adult population of working 
age (35–55 years) [4, 32]. The condition is character-
ized by both synovial and systemic inflammation and 
leads to disability, deteriorated quality of life, work 
impairment, and substantial economic burden, if not 
adequately treated [5]. Until the beginning of the 21st 
century, one third of RA patients had to stop working 
within two years of disease onset [6]. Moreover, the 
life expectancy of patients with severe RA is lower 
by an average of 10 years [7]. The RA pathogenesis 
involves a set of complex interactions of genetic, epi-
genetic, environmental, metabolic, immune, and mi-
crobial factors [33, 34]. TNF is a key pro-inflammatory 
cytokine involved in RA pathogenesis.

In early stages of disease development, initiation of 
the inflammatory process is accompanied by accumu-
lation of T helper 1 (Th1) cells, macrophages, B cells, 
plasma cells, and dendritic cells (DCs). Macrophages 
and T cells represent major TNF sources at inflam-
mation sites [35]. Together with interleukin-1 (IL-1), 
TNF promotes fibroblast proliferation and induces 
the synthesis of the pro-inflammatory mediators IL-6 
and IL-8, the granulocyte–macrophage colony-stim-
ulating factor (GM–CSF), as well as adhesion mole-
cules and proteases (e.g., collagenases). Proteolytic en-
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zymes degrade collagen and proteoglycans, resulting 
in cartilage and bone destruction, with further joint 
erosion. GM–CSF interacts with TNF through a posi-
tive feedback pathway and enhances the expression 
of human leukocyte antigen–DR isotype on antigen-
presenting cells, thereby promoting T cell activation. 
TNF stimulates the proliferation of synovial and cir-
culating T and B cells and upregulates adhesion mol-
ecule expression on endothelial cells, contributing to T 
cell adhesion and tissue migration. TNF is also as-
sociated with osteoporosis in RA; it promotes osteo-
clast differentiation and stimulates estrogen depletion. 
Altogether, these processes lead to bone tissue loss. 
Thus, TNF exerts pleiotropic effects on all the key 
cell types involved in RA pathogenesis: fibroblasts, 
endothelial cells, T cells, etc., which proves its central 
role in disease development. The crucial role of TNF 
is also confirmed by the clinically effective therapeu-
tic inhibition of both tmTNF and sTNF in RA patients 
[36, 37].

Psoriatic arthritis (PsA) shares similar pathogenet-
ic mechanisms. PsA typically develops in individuals 
with cutaneous psoriasis and commonly manifests as 
swelling of the fingers and toes [38]. The condition 
is characterized by activation of immune cells in in-
flamed tissues. Activated DCs and macrophages over-
express TNF and interleukin-23 (IL-23), which pro-
mote T cell priming. In PsA, activated T cells further 
differentiate into effector immune cells, particularly 
Th17 cells, which overproduce interleukin-17 (IL-17). 
Together with macrophages, IL-17 plays a key role 
in joint inflammation and destruction. Macrophages 
trigger molecular processes similar to those observed 
in RA [35, 39, 40]. IL-17 and TNF also activate kera-
tinocytes, promoting epidermal hyperplasia and re-
cruitment of inflammatory cells, including DCs. TNF 
induces keratinocyte proliferation and inhibits cell 
apoptosis via the NF-κB signaling pathway, contribut-
ing to microabscess formation due to the recruitment 
of inflammatory cells [35]. Thus, PsA is characterized 
by changes in the ratio of pro- and anti-inflammatory 
immune cells and cytokines, thus leading to inflam-
mation and tissue damage. Numerous studies con-
firmed that TNF, IL-23, and IL-17 play a key role in 
PsA pathogenesis, since their therapeutic inhibitors 
exert significant therapeutic effects [38, 41].

Sepsis and septic shock represent another socially 
significant TNF-driven pathology and are responsible 
for more than 1,000,000 deaths worldwide annually. 
The mortality rate in septic shock is approximately 
one out of four cases [42]. Sepsis is a severe clini-
cal syndrome associated with a dysregulated host re-
sponse to infection. Its severity is driven by the acti-
vation of intracellular molecular cascades that lead to 

amplified cytokine production: the so-called “cytokine 
storm”, characterized by overexpression of TNF, IL-1, 
IL-6, IL-8, IL-12, and others. In this condition, patho-
genic microorganisms are recognized by the innate 
immune system, which includes leykocytes, the com-
plement system, cytokines, chemokines, and the an-
timicrobial peptides secreted by innate immune cells 
[43].

The innate immune response is activated through 
the recognition of pathogen-associated molecular 
patterns (PAMP), including highly conserved anti-
gens, such as lipopolysaccharides and peptidogly-

Gram-negative 
bacteria

Gram-positive  
bacteria

soluble  
CD14

plasma  
membrane

endosome

sepsis

multiple organ 
failure

death
nucleus

synthesis and release of pro-inflammatory  
cytokines (IL-1, IL-6, IL-12, IL-8, and TNF)

Fig. 3. Schematic representation of the activation of vari-
ous TLR-mediated signaling pathways leading to cytokine 
storm and sepsis. Activation of these signaling cascades 
induces the synthesis of pro-inflammatory cytokines (IL-1, 
IL-6, IL-12, IL-8, and TNF), anti-inflammatory cytokines 
(IL-10), and type 1 interferons. Elevated levels of these in-
flammatory mediators lead to cytokine storm in sepsis [44]
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Table 1. Pathogenic role of TNF in a series of autoimmune diseases

Disease TNF role Reference

Rheumatoid 
arthritis

Promotes inflammation by stimulating the recruitment of neutrophils, monocytes, and lympho-
cytes into the synovial tissue; enhances the secretion of pro-inflammatory cytokines; increases 

protease production, contributing to joint destruction; stimulates osteoclasts, leading to increased 
bone resorption and erosive joint damage; contributes to systemic manifestations such as fatigue, 

anemia, etc.; amplifies disease progression through interaction with other cytokines

[35, 37, 
47]

Crohn’s 
disease

Promotes inflammatory cell infiltration and activation of macrophages and lymphocytes, leading 
to mucosal injury, erosions, and ulceration; stimulates the production of other pro-inflammatory 
cytokines, chemokines, and enzymes, thereby enhancing intestinal inflammation; contributes to 

the formation of granulomatous inflammatory lesions

[48, 49]

Psoriasis
Induces keratinocyte hyperproliferation; promotes the recruitment of immune cells to the skin, 
thereby enhancing inflammatory cascades and maintaining chronic inflammation; stimulates the 

synthesis of other cytokines, promoting hyperkeratosis, vascularization, and inflammation
[50–52]

Psoriatic 
arthritis

Activates synovial cells, macrophages, T cells, and other immune cells, thereby enhancing syno-
vial inflammation; promotes activation of enzymes degrading cartilage and bone tissue, leading 
to joint destruction; increases vascular permeability and stimulates angiogenesis, contributing 

to inflammatory response and cell infiltration; promotes synthesis and secretion of other pro-in-
flammatory cytokines, sustaining a chronic inflammatory cycle; stimulates osteoclasts, resulting 

in bone destruction and joint erosion

[53, 54]

Sepsis Promotes the development and progression of systemic inflammatory responses, vascular 
disorders, hypotension, and organ dysfunction [43–45]

Cachexia

Activates the destruction of muscle and other tissues, thus contributing to muscle atrophy; 
enhances basal metabolic rate and insulin resistance and triggers lipid metabolism disorders, 

contributing to fat loss and energy imbalance; suppresses appetite centers in the hypothalamus, 
resulting in anorexia; sustains a chronic inflammatory state

[55, 56]

cans, by pattern recognition receptors (PRR). PRR 
recognize molecules released from injured tissues 
(damage-associated molecular patters, DAMP). Four 
types of PRR are identified in vertebrates: Toll-like 
receptors (TLR), Nod-like receptors (NLR), RIG-like 
receptors (RLR), and C-type lectin receptors (CLR). 
Among these, TLR signaling pathways are the ones 
that have been most extensively studied. Activation 
of these signaling cascades induces the NF-κB-
mediated expression of the pro-inflammatory cyto-
kines TNF and IL-1β, interferon regulatory factors 
3 (IRF3) and 7 (IRF7), as well as adaptor protein 1 
(AP-1) (Fig. 3) [43, 44]. Excessive cytokine produc-
tion results in generalized endothelial activation, in-
creased expression of adhesion molecules, activa-
tion of coagulation pathways, and further production 
of pro-inflammatory cytokines, together ultimately 
leading to septic shock [45]. Current treatment strat-
egies in sepsis involve immunomodulatory agents 
and antibiotics. The potential use of cytokine inhibi-

tors such as TNF-targeting antibodies are being ac-
tively explored for disease treatment [46].

These three diseases present overlapping molecu-
lar pathways and involve TNF overproduction. Hence, 
similar therapeutic approaches can be used for their 
treatment. Novel TNF inhibitors can be utilized to 
treat not only RA, PsA, and septic shock, but also oth-
er TNF-driven diseases (Table 1).

DRUGS INHIBITING THE BIOLOGICAL FUNCTION OF TNF
The rapid development of molecular biology tech-
niques, together with the establishment and investi-
gation of experimental models of immune-mediated 
inflammatory diseases in the second half of the 20th 
century, enabled the establishment of the crucial role 
of TNF in the pathogenesis of a series of conditions, 
including RA, Crohn’s disease, ulcerative colitis, and 
septic shock.

Some of the earliest evidence for the TNF role 
in inflammatory arthritis was obtained in transgen-
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ic mice overexpressing human TNF (hTNF). These 
mice spontaneously develop chronic inflammatory 
polyarthritis, which was stopped by administration 
of hTNF-specific monoclonal antibodies [57]. It is now 
well established that TNF is a key effector molecule 
in the inflammatory cascades underlying many auto-
immune diseases [58]. Advances in genetic engineer-
ing have enabled the generation of mouse models for 
studying the pathogenesis of such diseases as colla-
gen-induced arthritis, autoimmune encephalomyelitis, 
colitis, bacterial infections, etc. The use of these mod-
els confirmed the role of TNF in disease development 
[59].

The results of this work served as the basis for nu-
merous studies into the development of TNF inhibi-
tors for the treatment of immune-mediated diseases 
such as RA and Crohn’s disease.

The primary objective of an anti-TNF therapy is to 
inhibit TNF-mediated signaling pathways and, there-
by, suppress the inflammatory response. In this re-
gard, therapeutic strategies targeting various mol-
ecules involved in TNF synthesis and processing have 
been developed. Potential pharmacological targets 
include intracellular signaling molecules such as ki-
nases, transcription factors, and molecules involved 
in mRNA splicing, translation, and protein maturation 
[60]. However, many of these targets are pleiotropic, 

which limits the design of selective inhibitors [61]. 
Therefore, the most effective strategy seems to be to 
suppress the interaction between TNF and its recep-
tors, thereby rendering the downstream signal trans-
duction impossible [60]. To date, the strategy based on 
the use of TNF inhibitors remains the predominant 
approach.

In the late 1990s, TNF inhibitors emerged as 
a revolutionary therapy against immune-mediated 
inflammatory diseases affecting joints, the gastroin-
testinal tract, and skin. Numerous clinical trials dem-
onstrated the efficacy and safety of these drugs in 
large cohorts of patients. In 1998, the Food and Drug 
Administration (FDA, USA) approved the first TNF-
targeted drugs based on TNFR and a monoclonal an-
ti-TNF antibody for the treatment of RA and Crohn’s 
disease, respectively [62].

There are currently five major anti-TNF drugs in 
clinical use: the monoclonal anti-TNF antibodies in-
fliximab, adalimumab, golimumab, and certolizumab 
pegol; and a TNFR-based drug, etanercept (Fig. 4) 
[63, 64]. Other anti-TNF agents present analogues of 
the above-listed drugs. The analogues have been de-
veloped primarily to improve therapeutic accessibility 
and reduce production costs [65, 66].

Etanercept (Enbrel) was the first anti-TNF drug 
approved for RA treatment in 1998. It consists 

Infliximab Etanercept Adalimumab

Certolizumab pegol Golimumab

murine  
Fv

human  
Fcγ1

human  
Fcγ1

human  
Fcγ1

human  
Fcγ1

human  
Fcγ1

human  
p57

human  
Fv

humanized Fv  
(murine CDR)

polietilenglicol

PEG

PEG

Fig. 4. Simplified representation of the molecular structures of TNF antagonists. Infliximab is a chimeric mouse/human 
IgG1 monoclonal anti-TNF antibody. Adalimumab and golimumab are fully human IgG1 monoclonal anti-TNF antibodies. 
Etanercept is a fusion protein consisting of two extracellular domains of human p75 and the Fc region of human IgG1. 
Certolizumab pegol is a PEGylated Fab fragment of humanized IgG1 monoclonal anti-TNF antibody [64]
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of a recombinant protein consisting of two extracellu-
lar domains of human p75 linked to the Fc fragment 
of human IgG1 (Fig. 4). The recombinant protein is 
produced in Chinese hamster ovary (CHO) cells [3]. 
The presence of the Fc region in the drug prolongs 
the circulating half-life of the molecule, contributing 
to its long-term therapeutic effect [67]. Etanercept 
has a broad range of clinical applications: RA, PsA, 
and non-radiographic axial spondyloarthritis (Table 2) 
[65, 68].

Infliximab was approved by the FDA in 1998 for 
the treatment of Crohn’s disease. The drug repre-
sents a chimeric monoclonal antibody and consists of 
a human IgG1 light chain constant region and a vari-
able region of a murine anti-TNF antibody (Fig. 4). 
The antibody is obtained using hybridoma technology 
and produced in recombinant cell systems cultured 
by continuous perfusion [69]. Although infliximab is 
highly specific and exhibits minimal adverse effects 
on nontarget biological pathways, the presence of a 
murine antibody fragment in its structure may trig-
ger an immune response [70]. The drug is used for 
the treatment of Crohn’s disease, RA, PsA, ulcerative 
colitis, and other pathologies (Table 2) [71].

Adalimumab is a human IgG1-based monoclonal 
anti-TNF antibody produced in CHO cells (Fig. 4). 
It was approved by the FDA in 2002 for the treatment 
of RA and became one of the top ten most widely 
used monoclonal antibodies in 2018 and, subsequently, 
the most profitable drug worldwide [72]. Later, adali-
mumab was also approved to treat other immune-me-
diated inflammatory diseases such as Crohn’s disease, 
plaque psoriasis, and ulcerative colitis (Table 2).

Golimumab is another human IgG1-based monoclo-
nal anti-TNF antibody. Unlike adalimumab, which is 
obtained using phage display technology, golimumab 
was produced using transgenic mice expressing hu-
man immunoglobulin genes. These mice were immu-
nized with human TNF; clones producing high-affinity 
anti-hTNF antibodies were generated using the hy-
bridoma technology [73, 74]. Golimumab has now been 
approved for the treatment of RA, PsA, and other in-
flammatory conditions (Table 2) [75].

Certolizumab pegol is a monovalent Fab frag-
ment of a humanized anti-TNF IgG antibody lacking 
the Fc region [76]. It is the absence of the Fc region 
that distinguishes the drug from other TNF inhibi-
tors. This structural feature would normally result 
in a more rapid drug clearance, since the interaction 
between the Fc region and the neonatal Fc receptor 
in the endosome is important in the regulation of an-
tibody homeostasis by protecting IgG from degrada-
tion, thereby prolonging its plasma half-life. However, 
the plasma half-life of certolizumab pegol is already 

extended through the conjugation of the hinge region 
of the Fab fragment to two interlinked 20-kDa poly-
ethylene glycol (PEG) moieties. Such a modification 
increases the drug half-life and solubility, while re-
ducing its immunogenicity and sensitivity to proteo-
lytic degradation [77]. The drug was first approved in 
2008 for Crohn’s disease and later for such conditions 
as RA, PsA, and others (Table 2).

Although all TNF inhibitors neutralize the same 
molecular target, clinical data (summarized in Table 2) 
indicate that there are differences in their efficacy 
across diseases. For example, unlike monoclonal an-
tibody-based TNF inhibitors (adalimumab and inf-
liximab), etanercept has not shown any clinically sig-
nificant efficacy in the treatment of the inflammatory 
bowel disease or uveitis [78]. Moreover, a significant 
variability in the individual response to TNF inhibi-
tors has been observed. While some patients respond 
rapidly to the drug’s administration, others exhibit ei-
ther a delayed or no response. In addition, some indi-
viduals may experience a loss of response to anti-TNF 
therapy over time [64].

The described differences in therapy effectiveness 
may be an indication of the existence of individu-
al polimorphisms of immune-associated genes and 
highlight the need for further investigation into the 
molecular basis of disease pathogenesis to develop 
personalized therapeutic approaches. Disease-specific 
variations in the clinical efficacy of TNF inhibitors 
have also prompted discussion regarding potential dif-
ferences in the mechanisms of action [79].

Studies using surface plasmon resonance have 
shown that golimumab binds sTNF with affinity com-
parable to that of etanercept and higher than that 
of infliximab and adalimumab [74]. Furthermore, the 
binding avidity of etanercept to sTNF is 10–20-fold 
higher than that of infliximab or adalimumab [80].

In addition, infliximab, adalimumab, etanercept, go-
limumab, and certolizumab pegol bind tmTNF ex-
pressed on the cell surface with comparable affinity 
[81, 82], although their affinity is lower than that of 
sTNF [80]. Some studies have reported that etaner-
cept either binds tmTNF with lower affinity or does 
not bind it at all, compared to anti-TNF drugs based 
on monoclonal antibodies [83, 84]. These differenc-
es may be primarily due to the use of different cell 
lines with variable levels of tmTNF expression levels. 
Yet, another literature source indicates that etaner-
cept forms relatively unstable complexes with sTNF, 
resulting in faster TNF dissociation, while infliximab 
binds both tmTNF and sTNF to form more stable 
high-molecular-weight complexes [85]. Differences 
in the binding stoichiometry have also been report-
ed. Infliximab can bind both monomeric and trimeric 
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Table 2. Indications to the use of TNF inhibitors and dates of the first clinical approval (by the FDA and the European 
Medicines Agency (EMA)) [68]

Drug Disease Clinical approval year

Etanercept

Rheumatoid arthritis 1998

Juvenile idiopathic arthritis 1999

Psoriatic arthritis 2002

Axial spondyloarthritis 2003

Plaque psoriasis 2004

Pediatric plaque psoriasis 2008

Non-radiographic axial spondyloarthritis 2014

Infliximab

Crohn’s disease 1998

Rheumatoid arthritis 1999

Axial spondyloarthritis 2003

Psoriatic arthritis 2004

Plaque psoriasis 2005

Ulcerative colitis 2005

Pediatric Crohn’s disease 2006

Pediatric ulcerative colitis 2011

Adalimumab

Rheumatoid arthritis 2002

Psoriatic arthritis 2005

Axial spondyloarthritis 2006

Crohn’s disease 2007

Plaque psoriasis 2007

Juvenile idiopathic arthritis 2008

Ulcerative colitis 2012

Pediatric Crohn’s disease 2012

Non-radiographic axial spondyloarthritis 2012

Pediatric enthesitis-related arthritis 2014

Pediatric plaque psoriasis 2015

Hidradenitis suppurativa 2015

Adolescent hidradenitis suppurativa 2016

Non-infectious uveitis 2016

Pediatric non-infectious uveitis 2017

Pediatric ulcerative colitis 2020

Golimumab

Rheumatoid arthritis 2009

Psoriatic arthritis 2009

Axial spondyloarthritis 2009

Ulcerative colitis 2013

Non-radiographic axial spondyloarthritis 2015

Juvenile idiopathic arthritis 2016

Certolizumab pegol

Crohn’s disease 2008

Rheumatoid arthritis 2009

Psoriatic arthritis 2013

Axial spondyloarthritis 2013

Non-radiographic axial spondyloarthritis 2013

Plaque psoriasis 2018
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TNF forms, resulting in stable high-molecular-weight 
complexes. Each infliximab molecule binds to two 
TNF molecules, whereas etanercept binds TNF ho-
motrimers at a 1 : 1 ratio [86]. Taken together with 
the fact that infliximab forms more stable complexes 
with tmTNF, this may explain the drug’s clinical ef-
ficacy in the case of the inflammatory bowel disease 
and the absence of that for etanercept. Recent stud-
ies suggest that neutralization of tmTNF, rather than 
sTNF, is critical for therapeutic efficacy in the inflam-
matory bowel disease [87, 88].

Thus, having considered only one of the main 
mechanisms of action of TNF inhibitors, namely TNF 
neutralization, it seems obvious that differences in ki-
netic, stoichiometric, and other parameters of ligand-
receptor interactions contribute to the variability in 
the therapeutic efficacy of TNF inhibitors in different 
diseases.

Differences in the pharmacokinetic profiles may 
also contribute to the variations in the clinical effi-
cacy of TNF inhibitors. Of all these drugs, etanercept 
has the shortest half-life (4–5 days), whereas intact 
IgG1-based drugs exhibit longer half-lives: 8–10 days 
for infliximab, 10–20 days for adalimumab, 7–20 days 
for golimumab, and 14 days for certolizumab pegol. 
In addition, etanercept possesses the lowest steady-
state concentration: 1.1 µg/mL, compared to infliximab 
(118 µg/mL) and adalimumab (4.7 µg/mL). Taken to-
gether, these differences suggest that monoclonal an-
tibody-based drugs may provide a longer therapeutic 
effect than etanercept [64].

The pharmacokinetic properties of TNF inhibitors 
underpin the frequency of drug administration, which 
ultimately results in increased systemic exposure and 
production of specific anti-drug antibodies. For ex-
ample, production of anti-drug antibodies has been 
reported in approximately 1.2% of patients receiv-
ing etanercept and 3.8% in cases of golimumab use. 
Infliximab was shown to be the most immunogenic 
(25.3% of cases), followed by adalimumab (14.1%), and 
certolizumab pegol (6.9%) [89]. The immunogenicity of 
these agents may vary depending on the disease, dos-
age regimen, and therapy duration [90].

Despite the substantial success of anti-cytokine 
therapy in the treatment of TNF-driven diseases, 
this therapeutic approach allows only to affect dis-
ease symptoms, rather than eliminate the underly-
ing cause. In addition, the therapy may cause severe 
adverse effects due to the suppression of the cyto-
kine protective functions [91]. Reported adverse ef-
fects include infusion and injection-site reactions, 
infections (in particular, reactivation of tuberculosis), 
autoantibody formation and development of drug-
induced lupus, hepatic dysfunction, as well as hema-

tologic and solid malignancies [92–94]. In addition, 
allergic reactions may emerge due to the production 
of antibodies to anti-TNF drugs, thus reducing treat-
ment efficacy [95]. As noted above, immunogenicity 
varies depending on disease type, dosage, and ther-
apy duration [90].

A comprehensive meta-analysis has been con-
ducted for each TNF inhibitor to explore associations 
between drug administration and adverse effects; 
indeed, the occurrence of such effects is well docu-
mented [96]. Novel therapeutic approaches are cur-
rently under development, including modification of 
existing agents to reduce the adverse effects. It has 
been confirmed that the main limitation to the use of 
TNF inhibitors is related to the pleiotropic roles of 
the cytokine. For example, TNF production and its 
involvement in the formation of granulomas, which 
contain the infection in its inactive form, determine 
the host defense profile against the tuberculosis in-
fection. In this regard, TNF inhibitors may lead to the 
activation of latent tuberculosis [93, 94]. Experimental 
studies in various disease models have demonstrated 
that TNF produced by myeloid cells exerts a patho-
genic effect, while TNF derived from T cells has a 
protective role. Findings in mouse models using tis-
sue-specific knockout suggest that, if a potential TNF 
inhibitor can selectively avoid inhibition of a T cell-
derived TNF, it may reduce the adverse effects of the 
therapy [91].

A practical implementation of this hypothesis is the 
development of bispecific antibodies, referred to as 
MYSTI. These antibodies are specific to both TNF 
and the surface markers of myeloid cells, which en-
ables selective neutralization of TNF produced by my-
eloid cells. The use of such a drug is expected to re-
duce the incidence of adverse effects, since earlier 
experimental studies in mice have demonstrated that 
it is the TNF derived from myeloid cells that often 
contributes to disease development, while T cell-de-
rived TNF exerts a protective function. This targeted 
inhibition of TNF depending on the origin cell type 
represents a potential advantage of MYSTI-based 
therapeutics [97, 98].

We can conclude that the findings of the past 20 
years of research on TNF-targeted therapies indi-
cate that suppression of TNF–receptor interactions 
remains the most effective therapeutic strategy. In 
this regard, the majority of current studies aim to 
modify existing drugs that inhibit the interaction be-
tween TNF and its receptors, p55 and p75.

TNF RECEPTORS OF ORTHOPOXVIRUSES
For the past 10 years, there has been accumu-
lating evidence of the potential of using viral pro-
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teins as therapeutic agents. In this context, patho-
genic orthopoxviruses (genus Orthopoxvirus, family 
Poxviridae) are of particular interest. These viruses 
are among the largest DNA viruses. Their replica-
tion cycle takes place entirely in the cytoplasm [99]. 
These viruses encode a wide spectrum of immuno-
modulatory proteins [8]. It is considered that, through 
co-evolution with the host, these viruses can acquire 
the encoding sequences of various host genes in their 
genome and modify them, thus adapting them to viral 
survival and resilience in the biosphere [99, 100].

Cowpox virus (CPXV) is of low pathogenicity in 
humans, while having a broad host range among an-
imals. Monkeypox virus (MPXV) is also character-
ized by a broad host range; in humans, it causes an 
infection clinically similar to smallpox and even fa-
tal in some cases. Variola virus (VARV), which rep-
resents a rare case of a strictly human-adapted vi-
rus, is of special interest. VARV is highly pathogenic 
to humans; it has evolutionarily adapted to efficiently 
evade the human immune defense [8, 99].

Having sequenced the complete genomes of VARV 
[101–105], MPXV [106, 107], and CPXV [108] and 
performed further genomic analyses, we managed 
to identify the viral genes encoding proteins of the 
TNFR superfamily. That was the first experimental 
evidence that the ST-2 protein of the Shope fibro-
ma virus and the MT-2 protein of the myxoma virus 
(poxviruses of the genus Leporipoxvirus), which com-
prise the TNFR superfamily, bind to TNF [109].

Four genes encoding TNFR proteins were identi-
fied in CPXV, while only one such gene was found in 

VARV and MPXV: CrmB. CrmB has been regarded as 
a novel, potential TNF inhibitor.

CrmB is an early viral protein (i.e. it is expressed 
in the host cell prior to viral DNA replication) with 
a molecular mass of approximately 47 kDa. The pro-
tein is composed of two domains. The N-terminal re-
gion contains the TNF-binding domain, comprising 
three CRDs, each containing six Cys residues [108, 

PLAD

TNF-binding do-
main

SECRET domain

Fig. 5. Domain organization of the CrmB protein. Ovals 
represent the three N-terminal CRDs

PLAD subdomain

Fig. 6. Comparison of the amino acid sequences of or-
thopoxvirus CrmB proteins belonging to the TNFR super-
family. Two strains of each virus were compared: CPXV 
(GRI and MUN-85), MPXV (ZAI and CNG), and VARV 
(IND and GAR). Amino acid residues identical to CPXV 
GRI are indicated by dots; deletions are represented by 
dashes. Species-specific differences between VARV and 
MPXV/CPXV in the TNFR region are highlighted by blue 
and green, respectively. The SECRET domain sequence 
is shown in blue italics. The PLAD subdomain sequence 
is marked by a red line. Red vertical bars and the cor-
responding numbers above them denote Cys residues 
forming the three CRDs



REVIEWS

VOL. 18 № 1 (68) 2026 | ACTA NATURAE | 15

110]. A PLAD is located within the first N-terminal 
CRD (Fig. 5) [111]. The TNF-binding domain shares 
approximately 37.5% to 40% sequence homology with 
human p55 and p75 [112]. In addition, CrmB contains 
a C-terminal chemokine-binding domain, referred 
to as the SECRET domain (Fig. 5) [113].

A comparative analysis of the CrmB amino acid se-
quences of CPXV, MPXV, and VARV has revealed the 
species-specific differences that may determine the 
variability of their functional properties (Fig. 6) [114].

We conducted extensive studies to determine the 
properties of the recombinant full-length CrmB pro-
teins of VARV, MPXV, and CPXV in order to estab-
lish the species-specific differences between them. 
Recombinant proteins were produced using a bacu-
lovirus expression system; the resulting proteins had 
a molecular mass of 45–47 kDa. Despite a high de-
gree of sequence homology (85–96%) between them, 
species-specific differences were identified in assays 
evaluating the ability of recombinant orthopoxviruses 
proteins to bind TNF from different animal species. 
VARV CrmB was shown to neutralize the cytotox-
ic activity of both human TNF (hTNF) and murine 
TF (mTNF) with similar effectiveness in vitro [115], 
whereas CPXV CrmB effectively neutralized only 
mTNF, not hTNF [114, 116]. MPXV CrmB did not ex-
hibit any significant inhibitory effect toward either 
ligand [114]. Thus, the TNF-neutralizing activity of 
these proteins varies substantially across animal spe-
cies, which is likely due to differences in their amino 
acid sequences.

A gel filtration analysis demonstrated elution of 
VARV CrmB in the fraction corresponding to a mo-
lecular mass of > 500 kDa, indicating protein oligo-
merization, while CPXV CrmB was primarily detected 
in the fraction corresponding to dimeric forms [112].

Viral immunomodulatory proteins, unlike their cel-
lular analogues, can form stable oligomers in the ab-
sence of a ligand, which may enhance efficiency in 
their binding to target proteins.

It was also shown that CrmB inhibits the binding 
of hTNF to polyclonal anti-TNF antibodies, with in-
hibitory effectiveness decreasing in the following or-
der: VARV CrmB > CPXV CrmB > MPXV CrmB 
[117]. The hTNF-neutralizing activity of these pro-
teins in vitro was comparable to that of human p55 
and p57, as well as the monoclonal antibody mAb 
MAK195. The TNF-neutralizing activity of Remicade 
was slightly higher than that of the two-domain 
VARV CrmB: at 50% cell viability, the ratio of hTNF 
to VARV CrmB and Remicade concentrations was 
2 : 4–8 and 2 : 0.5–1 ng/mL, respectively [112].

The therapeutic efficacy of recombinant CrmB 
proteins from VARV, MPXV, and CPXV was further 

evaluated in a mouse model of lipopolysaccharide 
(LPS)-induced endotoxic shock. In that experiment, 
chimeric variants of the VARV and CPXV CrmB pro-
teins fused to the heavy chain fragment of human 
IgG1 (hereafter referred to as VARV CrmB/IgG1 and 
CPXV CrmB/IgG1) were also tested, since such mod-
ifications increase protein avidity and the circulat-
ing half-life [118]. As a result, the VARV CrmB and 
VARV CrmB/IgG1 proteins demonstrated a significant 
therapeutic impact, unlike CPXV CrmB, CPXV CrmB/
IgG1, and MPXV CrmB. Of these, VARV CrmB/IgG1 
exhibited the strongest therapeutic effect [115, 116].

The obtained results indicate that even highly ho-
mologous CrmB proteins from different orthopoxvirus 
species can vary significantly in ligand specificity and, 
in particular, exhibit different biological activities to-
wards ligands from different species.

Administration of the recombinant VARV CrmB 
protein to intact mice did not lead to any changes 
in the animals’ behavior, appearance, or histological 
structure of internal organs compared to the control 
mice, suggesting an absence of a toxic effect of the 
drug under the experimental conditions used [115].

In a number of additional studies, VARV CrmB also 
demonstrated efficacy as an hTNF antagonist, which 
led researchers to consider it as a potential platform 
for the development of novel TNF inhibitors for the 
treatment of TNF-driven diseases [119].

Since therapeutic agents typically require repeated 
administration, it is important that the drug possess 
low immunogenicity. In this regard, we assessed the 
immunogenic properties of the VARV CrmB upon re-
peated administration in BALB/c mice. The high im-
munogenicity of recombinant VARV CrmB was noted, 
and we speculated that it may be partially associated 
with the previously described fact of protein multi-
merization [112, 120].

To reduce the immunogenicity and establish the 
functional significance of individual domains, we 
generated recombinant deletion and chimeric vari-
ants of VARV CrmB and CPXV CrmB (Fig. 7). The 
genes encoding recombinant proteins were expressed 
using a baculovirus system in Sf-21 insect cells. It 
was discovered that deletion of PLAD (located in the 
first CRD) from VARV CrmB removed the protein’s 
ability to neutralize the cytotoxic effect of hTNF in 
L-929 mouse fibroblasts. Replacement of PLAD in 
VARV CrmB with that of CPXV CrmB resulted in re-
duced inhibitory activity towards hTNF (compared to 
VARV CrmB), while the reverse substitution of PLAD 
in CPXV CrmB yielded the opposite effect [121].

We also demonstrated that deletion of the SECRET 
domain did not impair the ability of the truncated 
CrmB protein (hereafter referred to as the TNF-
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Table 4. Comparison of anti-TNF agents

Agent hTNF binding affinity,  
KD, M

Molecular mass,  
kDa

Expression system used  
for protein production

VARV TNF-BD 2.48 × 10-9 17  E. coli

Commercial drugs

Etanercept 4.01 × 10-8 148 mammalian cells

Adalimumab 8.6 × 10-9 148 mammalian cells

Infliximab 4.2 × 10-9 149 mammalian cells

Table 3. SPR analysis of the effectiveness of interaction between hTNF, mTNF, and viral receptors

TNF antagonist KD, M
hTNF

KD, M
mTNF

VARV CrmB (produced in Sf-21 cells) 2.48 × 10-9 3.62 × 10-10

VARV TNF-BD (produced in E. coli) 5.26 × 10-10 8.63 × 10-10

CPXV CrmB (produced in Sf-21 cells) 4.10 × 10-9 8.52 × 10-10

CPXV TNF-BD (produced in E. coli) 6.46 × 10-9 1.16 × 10-9

1.	 2.	 3.	 4.	 5.

Fig. 7. Schematic representation of chimeric and truncated 
variants of the CrmB protein produced using the baculovi-
rus expression system. Regions corresponding to VARV 
CrmB and CPXV CrmB are shown in blue and orange, 
respectively. 1 – VARV CrmB lacking the SECRET domain. 
2 – CPXV CrmB lacking the SECRET domain. 3 – VARV 
CrmB lacking the PLAD subdomain. 4 – VARV CrmB 
containing the PLAD subdomain of CPXV CrmB. 5 – CPXV 
CrmB containing the PLAD subdomain of VARV CrmB

Fig. 8. Predicted three-dimensional structure of the com-
plex of hTNF homotrimer with a CPXV TNF-BD molecule, 
shown in side (A) and top (B) views. CRDs are indicated 
by square brackets. Colors and labels correspond to 
different complex subunits (R – CPXV TNF-BD; A, B, and 
C – individual units of hTNF homotrimer). The structure is 
presented as a ribbon diagram [123]
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binding domain (TNF-BD)) from VARV to inhibit the 
cytotoxic activity of hTNF [121].

To evaluate VARV TNF-BD as a potential agent for 
TNF-targeted therapy we needed further study into 
its TNF-binding properties in both in vitro and in 
vivo experiments.

We compared the ability of the VARV TNF-BD and 
two-domain VARV CrmB proteins to inhibit the TNF 
interaction with specific cellular receptors. For this, 
we evaluated their capacity to neutralize the cytotoxic 
effect of hTNF and mTNF in L-929 cells. The experi-
ments demonstrated that both proteins inhibit the cy-
totoxic effect of hTNF and mTNF with comparable 
efficacy [121].

The biological activity of VARV TNF-BD in vivo 
was evaluated in a mouse model of LPS-induced 
endotoxic shock. In mice receiving LPS, mortality 
reached 90% within 72 h after injection. In contrast, 
administration of recombinant proteins (both VARV 
TNF-BD and VARV CrmB) resulted in a survival rate 
of 62.5% [121].

To minimize the potential cost of VARV TNF-BD 
production, a E. coli expression system was devel-
oped. The biological activity of the recombinant VARV 

TNF-BD protein was assessed based on its ability to 
neutralize the cytotoxic effects of hTNF and mTNF in 
L-929 mouse fibroblast cells. The protein produced in 
the prokaryotic system was shown to retain biological 
activity and effectively neutralize TNF-induced ef-
fects in vitro [121].

Furthermore, a comparative analysis of the effects 
of VARV CrmB and VARV TNF-BD on the TNF-
induced oxidative and metabolic activity of blood leu-
kocytes in intact mice showed that removal of the 
chemokine-binding domain in VARV CrmB does not 
impair the ability of the truncated, non-glycosylated 
VARV TNF-BD to neutralize the biological actions of 
TNF [122].

The obtained results support the potential of the 
non-glycosylated TNF-BD protein derived from 
VARV, produced in a bacterial expression system, as 
a candidate for anti-TNF therapy. In this regard, we 
further evaluated the immunogenic properties of the 
truncated TNF-binding protein. Deletion of the che-
mokine-binding domain in VARV CrmB resulted in a 
reduced humoral immune response compared to the 
full-length protein, which may favor the therapeutic 
application of the truncated protein TNF-BD [120].

Fig. 9. Schematic representation of the cellular response induced by the interaction of TNF and LT with their cellular re-
ceptors, and the molecular targets of clinically used TNF inhibitors [128], as well as orthopoxvirus TNF-binding proteins
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Since the truncated VARV TNF-BD protein ex-
hibits reduced immunogenicity, it can be considered 
a promising candidate for the development of novel 
anti-TNF therapeutics. Therefore, the affinity of its 
interaction with TNF was further investigated.

First, protein–protein interactions between truncat-
ed CrmB and TNF were analyzed using bioinformat-
ic modeling [123]. VARV TNF-BD and CPXV TNF-
BD proteins were chosen as receptors, and hTNF and 
mTNF were used as ligands. We selected truncat-
ed CrmB proteins for the experiments, because their 
full-length analogues, despite high, 87% sequence ho-
mology, exhibit species-specific differences in ligand 
binding [114].

The three-dimensional structures of VARV 
TNF-BD, CPXV TNF-BD, and TNF were predict-
ed using the Swiss-model (Fig. 8). The structure of 
the TNF-binding domain of the human p75 receptor 
(pdbid: 3ALQ) in a complex with mutant hTNF was 
used as a template for modeling the three-dimension-
al protein structures [123].

Next, the efficiency of protein–protein interac-
tions was evaluated using surface plasmon resonance 
(SPR) analysis. Dissociation constant (KD) values were 
determined for both the full-length proteins VARV 
CrmB and CPXV CrmB produced in Sf-21 cells and 
their truncated variants VARV TNF-BD and CPXV 
TNF-BD generated in E. coli.

The KD values obtained for the complexes CPXV 
TNF-BD/hTNF and VARV TNF-BD/hTNF aligned 
with the results of molecular dynamics simula-
tions using the MM-GBSA implicit solvation mod-
el: the free energy of complex formation was high-
er for VARV TNF-BD/hTNF compared to CPXV 
TNF-BD/hTNF (Table 3) [123].

In terms of immunogenicity and hTNF-binding ef-
ficiency, VARV TNF-BD demonstrates potential ad-
vantages relative to currently available anti-TNF 
drugs and may become a prospective candidate that 
can compete with foreign alternatives based on an-
tibodies and TNFR (Table 4). The binding affinity 
of VARV TNF-BD for hTNF is either comparable or 
even higher than that of available alternatives. The 
lower molecular weight of TNF-BD contributes to its 
reduced immunogenicity and may allow for usage of 
lower therapeutic doses. VARV TNF-BD production 
in E. coli also allows for significantly reduced manu-
facturing costs compared to protein expression in eu-
karyotic cells.

To further curb the immunogenicity, we used 
an alternative strategy for protein delivery. For 
this, we constructed a recombinant plasmid (VARV 
pcDNA/TNF-BD) encoding VARV TNF-BD to enable 
its expression in mammalian cells. The therapeutic 

potential of this construct was evaluated in a rat mod-
el of collagen-induced arthritis (CIA). Injection of the 
recombinant plasmid in CIA rats resulted in impeded 
histopathological joint damage compared to the con-
trol animals receiving the pcDNA vector [124]. These 
findings suggest the potential of using gene therapy 
approaches to treat RA based on local injection of 
a recombinant plasmid to ensure VARV TNF-BD ex-
pression.

Repeated administration of a therapeutic dose of 
VARV pcDNA/TNF-BD induced a specific immune 
response against the expressed protein in mice; how-
ever, the response was significantly more muted than 
that observed upon repeated injection of the recom-
binant protein [125]. This observation further sup-
ports the potential advantages of this anti-TNF ap-
proach.

The collected experimental data indicate that VARV 
TNF-BD represents a promising platform for the de-
velopment of novel TNF inhibitors.

Further study of viral TNFR homologues may sig-
nificantly contribute to the improvement of existing 
anti-TNF therapies, primarily through expanding our 
knowledge of the mechanisms of ligand-receptor in-
teractions.

One such study was performed in 2019. In it, modi-
fication of the primary structure of etanercept, in par-
ticular the introduction of a Glu–Phe–Glu amino acid 
motif into one of the structural loops, resulted in a 3- 
and 60-fold reduction in its biological activity against 
lymphotoxin (LT) and TNF, respectively. Modulating 
the ability of this potential TNF inhibitor to bind to 
LT should reduce the incidence of infectious diseases 
during therapy, since LT is involved in inducing im-
mune responses in conditions of suppressed TNF sig-
naling. In addition, the role of LT in inflammatory dis-
eases remains uncertain; for instance, studies of RA 
patients have revealed no therapeutic effect from LT-
targeted antibodies [126, 127].

At the same time, the reduced anti-TNF activity 
in the modified etanercept variant may adversely af-
fect its therapeutic efficacy. Such limitation can be 
mitigated in clinical settings through increasing the 
dose. Thus, the modified protein may serve as a basis 
for the development of safer etanercept-like thera-
peutics. 

A distinctive aspect of the work by Pontejo et al. 
[127] is that the authors originally investigated vi-
ral TNFRs. The proposed modification of etanercept 
represents an application of fundamental knowl-
edge about viral proteins. In particular, it has been 
shown that the poxvirus protein CrmD can inhibit 
hTNF, mTNF, and murine LT, but not human LT. 
The study of the molecular basis of the differing 
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inhibitory activity of the protein in relation to spe-
cies-specific ligands demonstrated that its inabil-
ity to inhibit human LT is due to the presence of 
a Glu–Phe–Glu motif in one of its structural loops. 
The importance of this motif in determining the 
receptor’s ability to bind to human LT was fur-

ther confirmed in studies of etanercept modifica-
tion [127].

Thus, anti-TNF agents engineered on the basis of 
orthopoxvirus proteins may become a promising al-
ternative to existing TNF inhibitors with a similar 
mechanism of action (Fig. 9). 
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ABSTRACT A significant portion of the fatal outcomes during COVID-19 have been traced mainly to cytokine 
storm, the uncontrolled hyperactivation of the immune system. During a SARS-CoV-2 infection, the blood 
plasma levels of microRNAs (miRNAs), a class of short regulatory RNAs, get significantly changed. However, 
it still remains unknown how the levels and characteristics of these molecules are altered in various blood 
cells during severe COVID-19. The aim of this research was to compare the microRNA levels in erythro-
cytes, monocytes, and lymphocytes in normal blood cells and those in patients with severe COVID-19-induced 
by cytokine storm. Erythrocytes and monocytes (five healthy donors and five patients with severe COVID-19) 
and lymphocytes (four healthy donors and four patients with severe COVID-19) were obtained by fluores-
cence-activated cell sorting. RNA was isolated from the obtained cells, and next-generation short RNA se-
quencing was performed. Both the known miRNAs and the novel miRNAs whose expression had changed 
in severe COVID-19 were analyzed and identified. In the erythrocytes, seven miRNAs had changed expres-
sions (five downregulated; two upregulated); all 13 miRNAs were upregulated in lymphocytes; in monocytes, 
11 miRNAs were downregulated and three miRNAs were upregulated. An analysis of the novel miRNAs 
showed that three, previously unknown miRNAs, were downregulated in lymphocytes and one was upregu-
lated. In monocytes and erythrocytes, no novel, differentially expressed miRNAs were detected. Additionally, 
we analyzed the signaling pathways altered by miRNAs by performing a miRNA enrichment analysis 
(MIEAA) using the Gene Ontology miRNA target database (miRTarBase). We observed that in lymphocytes, 
four pathways were significantly (Q-value < 0.05) enriched and 339 were depleted; in monocytes, 118 path-
ways were enriched and six were depleted. No significantly altered signaling pathways were detected in 
erythrocytes.
KEYWORDS miRNA, severe COVID-19, erythrocytes, monocytes, lymphocytes, sRNA, NGS.
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INTRODUCTION
COVID-19 is a complex disease that alters the expres-
sion profiles of many molecules in blood cells [1]. The 
vast majority of studies in this field compare the ex-
pression profiles of protein-synthesizing genes. Non-
coding RNAs – long non-coding RNAs, piRNAs [2], 
and especially miRNAs – have previously been shown 
to play a key regulatory role. In particular, miRNAs 
are key immune response regulators, influencing the 
maturation, proliferation, differentiation, and activa-
tion of immune cells, antibody production, as well as 

the release of inflammatory mediators [3]. The defin-
ing observations about changes in miRNA levels are 
typically made in blood plasma and serum. A whole 
spectrum of these molecules has been acknowledged 
as markers of severe COVID-19 [4]. However, it re-
mains unclear from which cells the miRNAs are re-
leased into plasma. Of particular importance is also 
the changes in the intracellular signaling processes 
that occur under the influence of noncoding RNAs. 
Changes in long non-coding RNAs in monocytes and 
lymphocytes during COVID-19 have been demon-
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strated earlier [5, 6]. Nevertheless, the influence of 
actively synthesizing cells is not the only factor that 
impacts the plasma miRNA levels. The miRNA pro-
files in erythrocytes were shown to undergo chang-
es during sickle cell anemia [7], paroxysmal noctur-
nal hemoglobinuria [8], as well as Parkinson’s disease 
[9]. Additionally, it has been established that these 
cells secrete extracellular vesicles that carry numer-
ous miRNAs modulating the immune response [10]. 
The aim of this research was to compare the miRNA 
expression profiles in erythrocytes, lymphocytes, and 
monocytes from control donors and patients with se-
vere COVID-19, as well as evaluate how the signaling 
pathways in these cells are altered.

EXPERIMENTAL

Patients, blood collection and 
fluorescence cell sorting
Blood from five control donors (four males and one 
female aged 29–73 years) and five patients with se-
vere COVID-19 (four males and one female aged 53–
76 years) was collected from the median cubital vein 
via venipuncture. The clinical data of the patients 
with severe COVID-19 are presented in Table 1 and 
the Supplementary Materials. Informed consent was 
secured from all involved in the study. This study 
was conducted in compliance with the guidelines 
of the Declaration of Helsinki and approved by the 
Ethics Committee of City Hospital No. 40 (Sestroretsk, 
St. Petersburg, Russia) on May 18, 2020 (protocol 
No. 171).

All the cell types were sorted on a MoFlo Astrios 
EQ cell sorter (Beckman Coulter, USA). For eryth-
rocyte sorting, 2 µL of whole blood was dissolved in 
100 µL of PBS and stained with antibodies specific 
to CD235, CD45, and CD41. After staining, 5 × 106 
CD235+ events were sorted. The precipitate was fro-
zen in dry ice. To sort lymphocytes and monocytes, 
100 µL of whole blood was treated with 1 mL of a 
VersaLyse solution and stained with antibodies. A de-
tailed description of the sorting and gating procedure 

is available in Ref. [2]. After sorting, the suspension 
was centrifuged for 10 min at 2,000 g. 

RNA separation and next-generation sequencing
ExtractRNA reagent (900 μL) was added to the cells 
frozen in dry ice, and RNA isolation was performed 
according to the protocol. The RNA concentration 
was measured using the QuantiFluor® RNA System 
(Promega, USA). The quality of leukocyte RNA was 
determined on a TapeStation instrument (Agilent, 
USA). Only samples with an RNA Integrity Number 
(RIN) > 7 were used in the study. Small RNA li-
braries were constructed using the MGIEasy Small 
RNA Library Prep Kit V2.0 (BGI-940-000196-00). 
The prepared libraries were purified by electro-
phoresis in 6% polyacrylamide gel (PAGE) by cut-
ting a 100–130 bp band corresponding to a transcript 
of 17–47 nt in length. Sequencing was performed 
on a DNBSEQ-G400 instrument (BGI) using the 
DNBSEQ-G400RS High-throughput Sequencing Set 
(Small RNA FCL SE50) (BGI-1000016998).

Bioinformatics and statistics
A file 700–1,200 MB in size (11–20 million reads per 
file, with a Q30 score of 93–97) was obtained from 
each sample. Adapter trimming, miRNA annotation, 
and the search for novel miRNAs were performed 
using the Mirmaster 2.0 web service [11]. Annotation 
of known miRNAs was performed using MirBase 
[12] version 22.1. Raw data are presented in the 
Supplementary Materials. Nomenclature of the new 
miRNAs was performed using the built-in algorithm 
of the Mirmaster 2.0 web service. Graphs were plot-
ted in RStudio version 2023.09.1 + 494.pro2. The reli-
ability of the differences in the levels of both known 
and newly predicted miRNAs was analyzed using the 
Wilcoxon–Mann–Whitney test. The miRNA profiles 
were analyzed using the miRNA Enrichment Analysis 
and Annotation Tool (miEAA 2.1) [13]. To subject our 
data to miEAA, we used the Fold change-p-value ra-
tio with the following formula: –log10(p) · sign(log2(fold 
change)). Signaling pathways were annotated using 

Table 1. Clinical data of severe COVID-19 patients

Patient Sex Age, years Interleukin-6, pg/mL CRP (C-reactive 
protein), mg/L

The patient’s condition  
at the time of blood sampling

1 male 53 34 106.7 Severe

2 male 57 204 45.1 Severe

3 male 73 62 105.7 Severe

4 female 75 24 58.9 Moderate

5 male 76 2398 10.2 Moderate
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miRTarBase (Release 9.0 beta) [14]. Only signaling 
pathways and targets with a Q-value < 0.05 were se-
lected for analysis. Prediction of novel miRNAs tar-
gets was executed using the miRDB service [15].

RESULTS
We performed a NGS analysis for each sorted blood 
cell type separately: erythrocytes, lymphocytes, and 
monocytes. Analysis of the differential miRNA ex-
pression in erythrocytes revealed two upregulated 
and five downregulated miRNAs (Fig. 1, Table 2). All 
the statistically significant 13 miRNAs in lymphocytes 
appeared as upregulated (Fig. 1, Table 2). Monocytes 
had a more diverse pattern in terms of upregulation 
and downregulation: three upregulated and 11 down-
regulated (Fig. 1, Table 2).

Evaluation of the signaling pathways 
altered by miRNAs in erythrocytes, 
lymphocytes, and monocytes
To investigate the potential of changes (statistical en-
richment or depletion) in signaling pathways dur-
ing severe COVID-19, we performed a miRNA en-
richment analysis using the miEAA and miRTarBase 
(Gene Ontology) tools. The pathways with the small-
est Q-values are shown in Fig. 2. The complete list 
of pathways (Q-value < 0.05) is provided in the 
Supplementary Materials. These algorithms did not 
identify any signaling pathways whose profile had 
been significantly altered in erythrocytes during 
COVID-19. However, microRNAs were found to in-
fluence various signaling pathways in monocytes and 
lymphocytes.

Identification of novel miRNAs with altered 
expression during severe COVID-19
The evaluation of novel miRNAs in the three cell pop-
ulations studied revealed that only four such miRNAs 
were present in monocytes. No significant changes 
in such miRNAs were detected in other cell types 
(Fig. 3). Table 3 summarizes the sequences of these 
microRNAs and their precursors.

In order to assess how these miRNAs may af-
fect signaling in cells, we attempted to locate pos-
sible target genes using the miRDB service [15]. 
The most confident targets (score > 95) are pre-
sented in Table 4. A complete list of possible tar-
gets (score > 50) is provided in the Supplementary 
Materials. No high-confidence targets (score > 95) 
were identified for hsa-miR-3-3p.

DISCUSSION
A few important remarks are in order prior to dis-
cussing the result’s validity. Most of the changes in 

Fig. 1. Differential expression of miRNAs in erythrocytes, 
lymphocytes, and monocytes. Lists of miRNAs with signifi-
cantly altered normalized expression levels compiled from 
the obtained data. These lists are presented in Table 2
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the expression profiles are most likely unrelated to 
the effects of hypoxia, due to the fact that the O2 
saturation was above 93% in all the patients with se-
vere COVID-19, which is not significant enough to 
have any effect on blood cells. These changes are not 
associated with serious comorbidities in COVID-19 
patients, since no such patients were added to the 
sample. Furthermore, follow-up sequencing was 
performed to assess the validity of the changes in 
miRNA concentrations. As a result, expression levels 
of less than ten reads were shown to be poorly re-
producible by such sequencing. Hence, we considered 
significant changes in levels only for those miRNAs 
where at least one group (control or COVID-19) had 
median levels of a particular miRNA above ten reads. 
All the miRNAs reported in this study as having sig-
nificant differences met our stated criterion.

The mechanism of miRNA profile changes in 
erythrocytes is not fully understood. Mature eryth-
rocytes lack nuclei [16] and are therefore unable to 
synthesize pre-miRNA. Therefore, expression reg-
ulation should be carried out at the stage of either 
pre-miRNA or miRNA excision. The expression pro-
file can also be regulated at the stage of an immature 
erythrocyte possessing a nucleus. However, the latter 
mechanism is unlikely, since the COVID-19-induced 
cytokine storm develops rapidly, before any substan-
tial renewal of peripheral blood erythrocytes. Given 
the fact that the average lifetime of an erythrocyte is 
120 days [17], during severe COVID-19 it is likely that 
their lifespan will be shortened by rapid hemolysis 
and erythrocyte renewal. It is still not exactly clear 
how quickly these cells are renewed during a SARS-
CoV-2 infection. There are few examples of condi-
tions under which the miRNA profile in erythrocytes 
is altered, something that is typically due to chronic 
diseases or other long-term adverse influences on the 
organism. It has been demonstrated that the miRNA 
expression pattern changes during sickle cell anemia 
[7], paroxysmal nocturnal hemoglobinuria [8], as well 
as Parkinson’s disease [9]. Additionally, people living 
in high-altitude mountain regions also exhibit chang-
es in miRNA expression [18]. miRNAs contained in 
erythrocytes cannot influence the synthetic ability 
of these cells, since erythrocytes lack ribosomes and, 
therefore, lack translation and miRNA-mediated si-
lencing. However, it has been shown that erythrocytes 
can release vesicles that circulate in the blood. The 
contents of these vesicles can enter another cell, and 
miRNA will change the gene expression in that cell.

When observing the significant hits in erythrocyte 
miRNAs, we found only two miRNAs to be upreg-
ulated: miR-1228-5p and hsa-miR-12136. Both have 
been identified as differentially expressed miRNAs 

Table 2. Differential expression of miRNAs in erythrocytes, 
lymphocytes, and monocytes during severe COVID-19

miRNA Fold 
change P-value Expression

Erythrocytes

hsa-miR-550a-5p 2.25 0.016 downregulated

hsa-miR-12136 2.60 0.016 upregulated

hsa-miR-449a 3.18 0.02 downregulated

hsa-miR-619-5p 3.18 0.021 downregulated

hsa-miR-1277-5p 2.36 0.032 downregulated

hsa-miR-1228-5p 2.11 0.032 upregulated

hsa-miR-3187-3p 2.30 0.036 downregulated

Lymphocytes

hsa-miR-21-3p 6.99 0.029 upregulated

hsa-miR-23a-5p 3.62 0.029 upregulated

hsa-miR-27a-5p 2.18 0.029 upregulated

hsa-miR-24-2-5p 2.16 0.029 upregulated

hsa-miR-25-5p 3.11 0.029 upregulated

hsa-miR-484 3.17 0.029 upregulated

hsa-miR-34a-5p 7.58 0.029 upregulated

hsa-miR-185-3p 2.69 0.029 upregulated

hsa-miR-503-5p 2.72 0.029 upregulated

hsa-miR-3614-5p 3.08 0.029 upregulated

hsa-miR-130b-5p 2.47 0.029 upregulated

hsa-miR-10398-3p 2.80 0.029 upregulated

hsa-miR-7705 2.42 0.029 upregulated

Monocytes

hsa-miR-4732-5p 6.89 0.008 downregulated

hsa-miR-12136 3.98 0.008 downregulated

hsa-miR-450a-2-3p 2.67 0.008 upregulated

hsa-miR-708-5p 11.62 0.008 downregulated

hsa-miR-34a-5p 3.21 0.008 upregulated

hsa-miR-6734-5p 2.34 0.008 downregulated

hsa-miR-8485 2.43 0.008 downregulated

hsa-miR-6125 2.07 0.012 downregulated

hsa-miR-33b-5p 3.52 0.016 upregulated

hsa-miR-151b 2.07 0.016 downregulated

hsa-miR-4484 3.42 0.032 downregulated

hsa-miR-31-5p 2.12 0.032 downregulated

hsa-miR-151a-5p 2.01 0.032 downregulated

hsa-miR-5187-5p 2.39 0.036 downregulated
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in various studies related to COVID-19. In particu-
lar, miR-1228-5p was found among 246 differential-
ly expressed miRNAs in plasma exosomes from pa-
tients, an indication of its potential involvement in 
the disease process and response to the infection [19]. 
hsa-miR-12136 was among the top ten differentially 
expressed and upregulated miRNAs in patients with 
COVID-19. Additionally, a ROC analysis demonstrat-
ed that the levels of hsa-miR-12136, along with other 
miRNAs, can help differentiate hospitalized COVID-19 
patients from healthy uninfected controls with high 

efficiency [20]. This fact aligns with our observations 
of hsa-miR-12136 demonstrating the second-highest 
upregulated fold change state among seven other dif-
ferentially expressed miRNAs. On the other hand, the 
downregulated hsa-miR-449a demonstrated signifi-
cant differential expression and statistical significance. 
hsa-miR-449a has been identified as a tumor suppres-
sor in various cancers, including neuroblastoma and 
endometrial cancer [21]. It is known to inhibit cancer 
cell proliferation by inducing cell differentiation and 
causing cell cycle arrest. For instance, in neuroblas-

Fig. 2. Evaluation of the major signaling pathways significantly (Q-value < 0.05) altered by miRNAs in monocytes and 
lymphocytes
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toma, hsa-miR-449a overexpression leads to the dif-
ferentiation of cancer cells and downregulation of key 
cell cycle regulators such as CDK6 and LEF1 [22].

In lymphocytes, we observed the upregulation of 
several miRNAs. One of these was hsa-miR-21-3p. It 
has previously been shown that six miRNAs, includ-
ing miR-21-3p, can directly bind to the RNA of all 
human coronavirus genomes, including SARS-CoV-2, 
and regulate viral gene expression. Among these, 
miR-21-3p exhibited the highest binding affinity to 
the human coronavirus genome [23]. Our data align 
with those of previously published research indicating 
that hsa-miR-21-3p is significantly upregulated during 
the SARS-CoV-2 infection. This upregulation is asso-
ciated with a delayed immune response, which may 
foster viral survival and replication. Specifically, hsa-
miR-21-3p has been shown to interact with the viral 
polyprotein 1a mRNA, a conserved feature across hu-
man coronaviruses [24, 25]. Another significantly up-
regulated miRNA was hsa-miR-9-5p, which has been 
identified as a miRNA that can target the 3’-untrans-
lated region (3’UTR) of the ACE2 gene. The ACE2 
protein (angiotensin-converting enzyme 2) is essential 
for SARS-CoV-2 entry into host cells. By targeting 
ACE2, hsa-miR-9-5p may potentially influence suscep-
tibility to the infection and the severity of COVID-19 
symptoms [26]. Furthermore, Haldar et al. reported 
hsa-miR-23a-5p to be associated with the host pro-
tein genes involved in the SARS-CoV-2 infection; 
SERPING1 in particular [27]. The SERPING1 gene 
encodes the C1 inhibitor (C1-INH) protein, a crucial 
member of the serpin superfamily of serine prote-
ase inhibitors [28]. C1-INH helps control inflammation 
by inhibiting plasma kallikrein and factor XIIa, both 
of which are involved in the production of bradyki-
nin, a peptide that increases blood vessel permeability 
and promotes inflammatory responses [29]. By bind-
ing to these proteins, C1-INH prevents excessive bra-
dykinin production, thereby regulating fluid transport 
into tissues during inflammatory responses [30]. The 
bradykinin activation theory is one of the most cred-
ible hypotheses seeking to explain the cardiovascular 
complications that occur during severe COVID-19 [31]. 
Our data on the involvement of hsa-miR-23a-5p in 
the pathogenesis of severe COVID-19 agree with the 
aforementioned studies [27].

Among the three upregulated miRNAs, 
hsa-miR-33b-5p is worthy of note. miR-33b is known 
to influence various cellular functions that are re-
lated to the immune response and inflammation. It 
is involved in the regulation of pro-inflammatory cy-
tokine production and macrophage polarization. For 
example, miR-33b was shown to modulate expres-
sion of the genes involved in inflammatory pathways, 

Fig. 3. Predicted novel miRNA differential expression in 
erythrocytes, lymphocytes, and monocytes
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thereby affecting monocyte survival and functioning 
during inflammatory responses [32, 33]. Furthermore, 
another microRNA identified in our study of mono-
cytes, hsa-miR-151a-5p, was shown to bind directly to 
SARS-CoV-2 RNA transcripts [26], specifically target-
ing the spike protein gene [34]. hsa-miR-151a-5p was 
implicated in the modulation of the inflammatory re-
sponse during the SARS-CoV-2 infection [35]. As stat-
ed by various researchers, the typical dysregulation 
of the immune response observed during COVID-19 
tends to be associated with changes in the expres-
sion levels of several miRNAs, hsa-miR-151a-5p being 
among them [35, 36].

In addition to studying the differential expres-
sion of miRNA in erythrocytes, lymphocytes, and 
monocytes, we subjected our sets of miRNA to a 
miRNA Enrichment Analysis (miEAA), which al-
lowed us to analyze the various pathways in which 
the miRNAs are involved (Fig. 2). The miEAA oper-
ates in GeneOntology (GO) terms [37]. Erythrocytes 
demonstrated no statistically significantly enriched or 
depleted pathways. This result derives from the fact 
that a mature erythrocyte has neither a strong signal 
transduction system nor serious transcriptional activ-
ity. A 2020 study of miRNA pathways showed that 
miR-4732-3p targets components of the TGF-β sig-
naling pathway (SMAD2 and SMAD4) [38], which are 
involved in erythropoiesis and promote cell prolifera-
tion during erythroid differentiation. A 2024 study of 
hematopoiesis regulation demonstrated how miR-7145 
enhances erythropoiesis, while inhibiting myeloid pro-
genitor cell differentiation through the JAK1/STAT3 
signaling pathway [39]. Its expression correlates with 

that of GATA1, a key transcription factor in erythro-
cyte development. Nevertheless, the aforementioned 
miRNAs are involved in the erythrocyte progenitor 
stages, which allows us to suggest that the discov-
ery of these miRNAs in mature erythrocytes is more 
likely to be evidence of processes occurring during 
erythropoiesis. Hence, the observed absence of signal-
ing pathways in mature erythrocytes can be regarded 
as confirmation of low or absent synthetic activity. 
Regarding statistically significantly enriched pathways 
in monocytes, one of the most credible pathways ap-
peared to be the positive regulation of metanephric 
mesenchymal cell migration. Certain miRNAs have 
been identified as positive regulators of cell migration. 
For example, miR-200 family members are known to 
influence epithelial-to-mesenchymal transition (EMT), 
a process relevant to mesenchymal cell migration [40]. 
Given that severe COVID-19 leads to immune hy-
peractivation and immunological dysfunction [41], it 
is reasonable to posit that the observed enrichment 
in this pathway is a consequence of these process-
es. Positive regulation of vascular-associated smooth 
muscle cell (VSMC) differentiation is important for 
vascular development and remodeling. The miRNAs 
involved in VSMC are miR-143/145. This miRNA clus-
ter is crucial for VSMC differentiation. It promotes 
the expression of contractile proteins, while inhibiting 
pathways that lead to dedifferentiation and prolifera-
tion. The loss of miR-143/145 leads to impaired VSMC 
differentiation and contributes to vascular pathologies. 
Additionally, these miRNAs are positively regulated 
by the serum response factor (SRF) and myocardin, 
which are critical in promoting VSMC differentiation 

Table 3. Predicted four novel miRNAs that alter their expression in monocytes during severe COVID-19

miRNA Fold 
change P-value Expression miRNA, nucleotide

sequence
Pre-miRNA, nucleotide 

sequence

hsa-miR-3-3p 2.67 0.032 upregulated GGGUGCGGGCCG
GCGGGGUCCU

GACCUCGCCGUCCCGCCC
GCCGCCUUCUGCGUCGC

GGGUGCGGGCCGGCGGGG
UCCU

hsa-miR-120-5p 2.29 0.01 downregulated UGGGGGAGGAG
GAAGAGGAGA

UGGGGGAGGAGGAAGAG
GAGAUGGGGAGGCAGGU
GAGCCUGACCAAGCAGCC
UGCUCCCUUUCUCCCUCC

CCUUCCCCCUC

hsa-miR-593-3p 2.37 0.032 downregulated UUUGGGGAUUC
UAAGAGGAAG

AACUCUUAGAAUCCCCA
AAGCAUUCUGUGAAGUG
GUUUGGGGAUUCUAAG

AGGAAG

hsa-miR-388-5p 2.67 0.008 downregulated GUCCCAGCAACUC
AGGAGGCUAAGG

GUCCCAGCAACUCAGGA
GGCUAAGGUGGGAGGA
UCACUUGAGCCCAGGAG

UUCUGGGCUG
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Table 4. The potentially important target genes of the predicted miRNAs

Predicted 
miRNA 

Target gene, 
conditional 
prediction 
confidence, 

a.u.

Target 
gene, 

symbol
Target gene-encoded protein

hsa-miR-120-5p 

100 MECP2 methyl-CpG binding protein 2

100 PPP1R9B Protein phosphatase 1 regulatory subunit 9B

99 SLC6A17 Solute carrier family 6 member 17

99 WIZ WIZ zinc finger

98 NFIX Nuclear factor I X

98 CASTOR2 Cytosolic arginine sensor for mTORC1 subunit 2

98 NR1D1 Nuclear receptor subfamily 1 group D member 1

97 NLGN2 Neuroligin 2

97 ELK1 ELK1, ETS transcription factor

97 SHISAL1 Shisa like 1

96 CAMK1D Calcium/calmodulin dependent protein kinase ID

96 ACTB Actin beta

96 HEYL Hes related family bHLH transcription factor with YRPW motif-like

96 SRF Serum response factor

96 EPB41L1 Erythrocyte membrane protein band 4.1 like 1

hsa-miR-593-3p 

98 CEP135 Centrosomal protein 135

98 ELK1 ELK1, ETS transcription factor

98 ZNF629 Zinc finger protein 629

97 SUSD2 Sushi domain containing 2

97 ARGFX Arginine-fifty homeobox

97 IGF2 Insulin-like growth factor 2

97 ZDHHC8 Zinc finger DHHC-type containing 8

97 BCAM Basal cell adhesion molecule (Lutheran blood group)

96 GDF11 Growth differentiation factor 11

96 TAB3 TGF-beta activated kinase 1 (MAP3K7) binding protein 3

96 PKNOX2 PBX/knotted 1 homeobox 2

96 ZBTB39 Zinc finger and BTB domain containing 39

hsa-miR-388-5p 

99 STK4 Serine/threonine kinase 4

98 FOXK1 Forkhead box K1

98 PCBP1 poly(rC) binding protein 1

97 BSDC1 BSD domain containing 1

97 LRTOMT Leucine rich transmembrane and O-methyltransferase domain containing

96 KIAA0930 KIAA0930

96 TUB Tubby bipartite transcription factor

96 NRP1 Neuropilin 1

96 CRP C-reactive protein
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by suppressing the factors that inhibit the process 
[42]. Regulation of astrocyte differentiation (another 
pathway that we have identified) is important for the 
development of the central nervous system (CNS). 
Key regulatory factors include RNF20 [43] – an E3 
ubiquitin ligase; TAZ (WW domain-containing tran-
scription regulator 1) and YAP (Yes-associated pro-
tein) – transcriptional co-activators involved in the 
Hippo signaling pathway [44]; and the transcription 
factor PITX1 [45], which controls astrocyte differen-
tiation by regulating SOX9 expression. The involve-
ment of miRNAs in this process had not previously 
been demonstrated. Recent studies have also high-
lighted the regulatory role of miRNAs in modulating 
ribonucleoside-diphosphate reductase (RNR) activ-
ity, particularly through the regulation of its RRM2 
subunit. hsa-miR-125b-5p and hsa-miR-30a-5p have 
been shown to negatively correlate with the RRM2 
expression in various cancer types. Their regulation 
suggests that these miRNAs may play a role in the 
maintenance of appropriate dNTP levels by modulat-
ing RNR activity [46]. DH domain binding emerged as 
another enriched pathway. MicroRNAs interact with 
RNA-binding proteins (RBPs) that contain specific do-
mains, such as DH. By modulating miRNA levels and 
activity, RBPs can influence target gene expression, 
impacting cellular functions such as proliferation, dif-
ferentiation, and response to stress. The movement 
of miRNAs into extracellular vesicles is mediated by 
specific RBPs, and, consequently, this process plays 
an important role in intercellular signaling and tis-
sue interactions [47]. Corticospinal tract (CST) mor-
phogenesis is another process shown to be regulated 
by miRNAs. miRNAs often work in conjunction with 
RNA-binding proteins, which facilitate their loading 
into the RNA-induced silencing complex (RISC). The 
miR-34/449 family has been shown to fine-tune the 
expression of the genes critical for spinal interneuron 
development. Studies involving mutant mice lacking 
miR-34/449 revealed a notable disruption in the ge-
netic profiles of spinal cord neurons, indicating that 
these miRNAs are essential for the proper circuit for-
mation necessary for motor control [48]. Furthermore, 
miRNAs are key regulatory molecules in motor neu-
ron axon fasciculation [49]. In motor neurons, miRNAs 
are involved in several developmental processes. For 
example, modifying the miR-9 expression has been 
shown to affect motor neuron subtype specification 
and spinal cord development. Additionally, miR-17-3p 
regulates the stability of Olig2 transcription factor 
mRNA, which is critical for spinal motor neuron dif-
ferentiation [50]. miRNAs also play crucial roles in the 
early stages of kidney development, particularly in 
the differentiation of nephron progenitor cells, which 

give rise to glomerular structures. Specific miRNAs, 
such as members of the miR-30 family, have been 
shown to target key transcription factors like Lhx1, 
which is vital for nephrogenesis [51, 52]. Furthermore, 
neuron fasciculation is significantly influenced by 
miRNAs. Several specific miRNAs have been impli-
cated in the fasciculation process. In particular, miR-8 
has been shown to regulate the expression of the cell 
adhesion molecules critical for synapse formation and 
may also play a role in axon guidance during synap-
togenesis in Drosophila [53].

The positive regulation of RhoGEFs by miRNAs 
is particularly relevant in cancer biology. Aberrant 
expression of specific miRNAs can lead to enhanced 
RhoGEF activity, promoting cancer cell migration and 
invasion. This has been observed in various cancer 
types where dysregulated miRNA profiles correlate 
with increased metastatic potential due to modified 
Rho GTPase signaling pathways [54].

The inner ear development pathway is one of the 
most prominent signaling pathways in monocytes. 
The miR-183/96/182 cluster is one of the groups 
of miRNAs whose functions and expression are 
best-studied in inner ear development. Studies us-
ing animal models have shown that knockout of these 
miRNAs causes severe damage to hair cell develop-
ment and hearing loss [55, 56]. Additionally, several 
miRNAs that regulate the MAPK signaling pathway 
were identified in monocytes. In particular, miR-203 
regulates BCR-ABL levels and inhibits cell prolifera-
tion in chronic myeloid leukemia (CML) by silenc-
ing the mRNA of MAPK pathway components [57]. 
It is also known that miR-155 is involved in the reg-
ulation of the SOS and KRAS proteins, influencing 
MAPK/ERK pathway activity. Furthermore, miR-19a 
regulates RAF1 and other components of the MAPK 
cascade, affecting the overall signaling dynam-
ics of this pathway. Meanwhile, miR-128 affects c-
Met/PI3K/AKT signaling, which is linked to MAPK 
pathways, particularly in lung cancer [58].

It is known that some miRNAs can directly target 
mRNAs encoding cyclases, leading to their degrada-
tion or translational repression. For instance, miR-282 
has been identified as a regulator of adenylate cy-
clase in the nervous system, suggesting modulation of 
pathways associated with cAMP signals important for 
neuronal function [59].

The miRNA sets in lymphocytes demonstrated less 
involvement in GO terms pathways; however, they 
seem to be more specific. Among the enriched GO 
terms, Phospholipase A1 (PLA1) is an enzyme that 
hydrolyzes phospholipids, playing a crucial role in 
lipid metabolism and cell signaling within lympho-
cytes. The regulation of the PLA1 activity is linked 
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to the function of some miRNAs. For instance, the 
miR-17~92 cluster regulates B-cell survival by tar-
geting the mRNAs of pro-apoptotic factors such as 
BIM [60]. miRNAs are crucial for the maturation of 
T and B cells, ensuring that autoreactive cells are 
eliminated during development to prevent autoim-
munity [60]. During T cell activation, specific miRNAs 
such as miR-155 are upregulated, enhancing effector 
functions like cytokine production. Conversely, oth-
er miRNAs can suppress activation to maintain ho-
meostasis [61, 62]. These miRNAs are likely to serve 
as mediators in the immunological misfiring that oc-
curs during the cytokine storm induced by severe 
COVID-19 [41]. Cellular response to dithiothreitol 
(DTT) is another signaling cascade associated with 
the miRNAs identified in our study. It has previous-
ly been shown that miR-101 regulates SEL1L ex-
pression, which is involved in endoplasmic reticulum 
(ER) stress response. Under conditions of ER stress, 
for example induced by DTT, regulation of SEL1L 
by miR-101 may influence neuronal cell death path-
ways [63, 64].

Possible target genes controlled by the newly pre-
dicted miRNAs in monocytes are also of peculiar in-
terest. Thus, hsa-miR-388-5p presumably controls 

the synthesis of C-reactive protein, one of the pro-
teins of acute inflammation (Table 4). This protein is 
synthesized by liver cells. However, it is possible that 
monocytes secrete this miRNA in extracellular ves-
icles with the purpose of signaling to the liver cells. 
In the investigated system, the hsa-miR-388-5p level 
in monocytes during severe COVID-19 is decreased 
compared to that in healthy donors. This may be an 
additional  factor increasing the CRP blood level in 
patients with severe COVID-19.

Summarizing our work, we would like to emphasize 
that its main result is that the spectrum of miRNAs 
being altered in monocytes, erythrocytes, and lym-
phocytes during severe COVID-19 has been identified. 
This can be used to search for potential predictors of 
severe COVID-19. Additionally, our work would help 
elucidate the changes in the molecular mechanisms 
in blood cells not only during COVID-19-induced cy-
tokine storm, but also during other viral infections. 
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ABSTRACT Fatty acid-acylated cholines, a recently identified class of endogenous compounds, have been de-
tected in both human and animal organisms. Our prior work established that oleoylcholine (Ol-Chol), and 
other acylcholines, at micromolar levels, modulate the cholinergic system and are suitable as cationic lipids 
for introducing nucleic acids into human and animal cells. The present research examines the interaction 
with the nicotinic acetylcholine receptors (nAChR) of two ionic forms of Ol-Chol and two synthesized cat-
ionic lipids, each featuring a quaternary ammonium moiety and two oleic acid chains. A radioligand bind-
ing assay revealed that the affinity of acylcholines and synthetic cationic lipids for the muscle-type nAChR 
surpasses that for the human neuronal α7 nAChR by a factor of 2–5.5. Oleoylcholine iodide demonstrated a 
two-fold higher efficacy of mesylate in binding to the orthosteric site of muscle and α7 nAChR. In a func-
tional calcium imaging assay, both compounds exhibited superior inhibition of α7 nAChR by several orders 
of magnitude, suggesting potential interaction with allosteric binding sites. Compared to oleoylcholine, syn-
thetic cationic lipids demonstrated markedly reduced efficacy in binding to α7 nAChRs and, in contrast to 
oleoylcholine, induced a substantial cytotoxic impact on SH-SY5Y neuroblastoma cells, a phenomenon unaf-
fected by specific nAChR ligands. As a result, the nAChR-inhibitory properties are attributed to the quater-
nary ammonium group present in all studied compounds. However, the modification of the lipophilic moiety 
with two oleic acid residues curbs these properties but enhances cytotoxic activity through an alternative 
mechanism independent of nAChR.
KEYWORDS acylated cholines, nicotinic acetylcholine receptor, inhibitor, DOTAP, SH-SY5Y, cytotoxicity.
ABBREVIATIONS nAChR – nicotinic acetylcholine receptor; αBgt – α-bungarotoxin from the venom of 
Bungarus multicinctus; [125I]-αBgt – α-bungarotoxin, labeled with the iodine-125 isotope; CTX – α-co-
bratoxin from Naja kaouthia venom; LDH – lactate dehydrogenase; Ol-Chol+I- – oleoylcholine iodide; 
Ol-Chol+Mes- – oleoylcholine mesylate; DOTAP+Mes- – (1,2-Bis-(9Z-octadecenoyloxy)-3-trimethylammonium 
propane mesylate; DOGG-Chol+I- – choline ester iodide of 4-((((1,3-bis(oleoyloxy)propan-2-yl)oxy)carbonyl)
amino)butanoic acid; Nic – nicotine; Mec – mecamylamine; dTC – d-tubocurarine; MLA – methyllycaconitine; 
GABA – gamma-aminobutyric acid.

INTRODUCTION
Acetylcholine analogs, defined as choline esters of un-
saturated fatty acids, have been detected in human 
plasma and urine [1]. Furthermore, elevated levels 
of long-chain unsaturated acylcholines are observed 
in specific pathological conditions. For instance, cho-
line esters of oleic, linoleic, and arachidonic acids have 
been detected within the vascular tissues of individu-
als with cardiovascular conditions, specifically abdom-

inal aortic aneurysms, atherosclerotic plaques in the 
carotid arteries, atherosclerotic plaques in the femoral 
arteries, and intimal thickening [2, 3]. Acylcholines, 
specifically their unsaturated forms, are present 
in elevated concentrations in the blood of individu-
als at a heightened risk for pulmonary embolism (PE) 
when contrasted with those at a moderate risk for the 
condition [4]. Accordingly, it is plausible that excessive 
accumulation of acylcholines is linked to the etiology 
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of a range of human diseases. However, the precise 
mechanism by which acylcholines operate is not yet 
well-established.

Our prior research indicated that specific endog-
enous acylcholines, including arachidonoylcholine, 
oleoylcholine (Ol-Chol), linolenoylcholine, and docosa-
hexaenoylcholine, exhibit inhibitory effects on mus-
cle and α7 neuronal nicotinic acetylcholine receptors 
(nAChRs), as well as on acetylcholine-hydrolyzing en-
zymes, at micromolar concentrations [5]. This finding 
substantiates the hypothesis that the biological action 
of endogenous acylcholines is associated with their 
regulatory influence on acetylcholine-mediated sig-
naling pathways. Endogenous acylcholines may poten-
tially function as inhibitors of the oncogenic process 
in cancer cells that exhibit sensitivity to α7-nAChR 
inhibition, such as in lung cancer [6].

Due to their cationic lipid nature and the presence 
of a quaternary ammonium group, acylcholines can be 
used to deliver nucleic acids into mammalian cells [7]. 
DOTAP (1,2-bis-(9Z-octadecenoyl)oxy)-3-trimethyl-
ammoniumpropane) is a cationic lipid that has gained 
widespread popularity in the field of transfection re-
search due to its ability to facilitate the transfer of 
genetic material into cells, as evidenced by numer-
ous studies [8, 9]. This compound contains a charged 
quaternary ammonium group, a structural element 
that is analogous to choline esters. Despite the struc-
tural parallels between DOTAP and choline esters, 
the potential for this cationic lipid to engage with ace-
tylcholine receptors has not yet been investigated. 
Furthermore, our findings suggest that the efficiency 
of cellular transfection is dictated by the counterion 
present in the cationic lipid [7]. However, the impact 
of counterion properties on the inhibitory action of 
acylcholine on nAChRs remains to be elucidated. 

In this study, we investigated the interaction of 
two ionic forms of Ol-Chol and two synthetic cat-
ionic lipids containing a quaternary ammonium group 
and two oleic acid residues with muscle and neu-
ronal α7 nAChRs. To this end we synthesized two 
forms of oleoylcholine: iodide and mesylate. In addi-
tion, two other compounds were prepared: DOTAP 
mesylate and a new DOTAP analog containing a cho-
line group at a certain distance from the lipophil-
ic dioleoylglycerol residue: the choline ester iodide 
4-((((1,3-bis(oleoyloxy)propan-2-yl)oxy)carbonyl)ami-
no)butanoic acid (Fig. 1). In contrast to oleoylcholine, 
both compounds contain two unsaturated fatty (oleic) 
acid residues.

nAChRs are ligand-gated membrane cation chan-
nels [10]. Muscle-type nAChRs are located on muscle 
fibers at neuromuscular junctions and are responsible 
for transmitting nerve impulses to effector cells, while 

α7 nAChRs are widely distributed throughout the 
body and are present on both nerve cells and other 
cell types, such as immune cells, glial cells, epithelial 
cells, and others [11–13]. α7 nAChRs modulate a wide 
range of cellular processes, including the release of 
neurotransmitters, cytokines, and neurotrophic fac-
tors, as well as subsequent signal transduction, gene 
expression, and other processes [11, 14]. Dysfunction 
of muscle nicotinic acetylcholine receptors has been 
associated with the development of myasthenia gra-
vis. In contrast, α7 nicotinic acetylcholine receptors 
have been linked to a variety of conditions, including 
neurodegenerative and psychiatric disorders, chronic 
pain, sepsis, rheumatoid arthritis, and cancer [6, 12, 
15]. Consequently, α7 nAChR is regarded as a molec-
ular target for drug development and targeted drug 
delivery [16, 17].

EXPERIMENTAL

Materials
The following materials were used: dioleoyl glyceride 
(courtesy of E.L. Vodovozova, Shemyakin-Ovchinnikov 
Institute of Bioorganic Chemistry, Russian Academy 
of Sciences), N,N’-disuccinimidyl carbonate (DSC, 
Sigma-Aldrich, USA), gamma-aminobutyric acid 
(Acros Organics, Germany, > 99%), bis(trimethylsilyl)
trifluoroacetamide (BSTFA, Acros Organics), Kieselgel 
60 (Merck, USA), triethylamine, iodomethane (Acros 
Organics, > 99%), 1,1’-carbonyldiimidazole (1,1’-CDI, 
Fluka, Switzerland), dimethylaminopyridine (DMAP) 
(Fluka, Switzerland), dimethylaminoethanol (DMAE) 
(Sigma-Aldrich), sodium bisulfate (Fluka), anhydrous 
Na2SO4, ethyl acetate, benzene, dichloromethane, ace-
tonitrile, acetone, HCl, NaCl (Himmed, Russia).

The following reagents were used: the Fluo-4 
Direct Calcium Assay Kit (ThermoFisher Scientific, 
USA), along with resazurin (Macklin Inc., Shanghai, 
China) and a variety of nAChR ligands, including 
nicotine (Sigma-Aldrich), mecamylamine, d-tubocu-
rarine, d-TC, methyllycaconitine, MLA, PNU120596, 
and PNU282987 (Tocris, UK). Additionally, the human 
neuroblastoma cell line SH-SY5Y (Sigma-Aldrich) 
was employed. The preparation of electric organ 
membranes from Torpedo californica was provided by 
F. Hucho (Free University of Berlin, Germany). The 
GH4C1 cell suspension was supplied by Eli Lilly, UK.

Synthesis of the iodide of the choline ester 
of 4-((((1,3-bis(oleoyloxy)propan-2-yl)oxy)
carbonyl)amino)butanoic acid (DOGG-Chol+I-) 
A solution was prepared by dissolving dioleoyl 
glycerol (100 mg, 0.16 mmol) in 1 mL of chloro-
form, followed by the addition of N,N’-DSC (45 mg, 
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0.18 mmol) and triethylamine (48 μL, 0.48 mmol). 
The mixture was stirred at 25°C for 20 minutes 
until the components were completely dissolved 
(Solution 1). Bis(trimethylsilyl)trifluoroacetamide 
(0.5 mL, 1.94 mmol) was added to a suspension of 
gamma-aminobutyric acid (50 mg, 0.5 mmol) in ace-
tonitrile (500 μL), followed by stirring at 25°C until 
complete dissolution of the gamma-aminobutyric acid. 
Subsequently, the resultant solution was incorporat-
ed into Solution 1. The reaction mixture was stirred 
for 18 h at +4°C. Extraction of the mixture was ac-
complished using ethyl acetate, followed by washing 
the extract with a 2 N sodium bisulfate solution, wa-
ter, and a saturated NaCl solution. The extract was 
then dried with anhydrous Na2SO4, filtered, and con-
centrated through evaporation. The substance was 
obtained in the amount of 118 mg, presenting as a 
pale-yellow oil. The target product was purified via 
column chromatography utilizing a Kieselgel 60 sil-
ica gel, employing a benzene–ethyl acetate gradient 
from 0 to 15% ethyl acetate. An amount of 47 mg of 
4-((((1,3-bis(oleoyloxy)propan-2-yl)oxy)carbonyl)ami-
no)butanoic acid (DOGG) was isolated in 39% yield as 
a colorless oil. ¹H NMR (CDCl3; m, J, 300 MHz) 0.90 
(6H, s, 2H18), 1.28–1.32 (40H, m, 2H4; 2H5; 2H6; 2H7; 
2H12; 2H13; 2H14; 2H15; 2H16; 2H17), 1.63 (4H, m, 
2H3), 1.88 (2H, H3’ (GABA)), 2.03 (8H, m, 2H8; 2H11), 
2.34 (4H, 2H2), 2.43 (2H, H2’ (GABA)), 3.27 (2H, m, 
H4’), 4.20–4.28 (4H, dm, 2H2’ (glycerol)), 4.89 (1H, H1’’ 
(glycerol)), 5.36 (4H, m, 2H9; 2H10).

The next reaction involved dissolving 36 mg 
(0.05 mmol) of DOGG in 500 μL of methylene chlo-
ride, followed by the addition of 10 mg (0.06 mmol) 
of 1,1’-CDI and 8 μL (0.06 mmol) of triethylamine. 
This mixture was then stirred at 22°C using a mag-
netic stirrer for a duration of 60 minutes. A total of 
1.8 mg (0.015 mmol) of DMAP and 10 μL (0.1 mmol) 
of DMAE were added to the prepared imidazolide 
of 4-((((1,3-bis(oleoyloxy)propan-2-yl)oxy)carbonyl)
amino)butanoic acid, and the resultant mixture was 
stirred for 18 h at 22°C under an argon atmosphere. 
Following dilution of the reaction mixture with chlo-
roform, it underwent sequential washes with 0.1 N 
HCl and H2O. The organic phase was then treated 
with a saturated NaCl solution and dried using an 
anhydrous Na2SO4. The organic layer underwent fil-
tration and subsequent evaporation. The product 
was purified by column chromatography (Kieselgel 
60) with step-wise gradient elution using hexane–EA 
(9 : 1), hexane–EA (30 : 10), and chloroform–metha-
nol (10 : 1). A total of 19.7 mg, representing 48.6% of 
the target substance, was recovered as a colorless oil. 
The resulting product was dissolved in dry acetone 
for quaternization and treated with a 6-fold excess 

of iodomethane. The synthesis yielded 22.4 mg (96%) 
of DOGG-Chol+I-, which appeared as white crystals. 
¹H NMR (CDCl3; m, J, 300 MHz) 0.90 (6H, s, 2H18), 
1.28–1.32 (40H, m, 2H4–7; 2H12–17], 1.63 (4H, m, 2H3), 
1.88 (2H, H3’ (GABA)), 2.03 (8H, m, 2H8; 2H11), 2.34 
(4H, 2H2), 2.43 (2H, H2’ (GABA)), 3.27 (2H, m, H4’), 
3.34 (2H, H1’ DMAE), 4.20–4.28 (6H, dm, 2H2’ (glyc-
erol), H2’ DMAE), 4.89 (1H, H1’’ (glycerol)), 5.36 (4H, 
m, 2H9; 2H10).

Competitive radioligand binding assay
Membranes derived from the electric organ of the 
Torpedo californica electric ray, which contain mus-
cle-type α1β1γδ nAChRs (with a terminal concen-
tration of toxin-binding sites at 0.52 nM), or cells 
from the GH4C1 cell line engineered to express hu-
man neuronal α7 nAChRs (with a final concentration 
of toxin-binding sites at 0.4 nM), underwent incuba-
tion with diverse concentrations of acylcholines. These 
were introduced as a solution in DMSO, maintained 
at room temperature within a binding buffer (com-
posed of 20 mM Tris-HCl, 1 mg/mL BSA, and adjust-
ed to pH 8.0) for 2 h 50 min or 3 h 30 min, respective-
ly. For each specific experimental data point, including 
the control conditions representing 100% and 0% bind-
ing, the final buffer was modified to match the peak 
DMSO concentration, ranging from 0.15 to 1.5% across 
different experimental sets, within the reaction me-
dium containing the acylcholines under examina-
tion. Subsequently, [125I]-αBgt was introduced in the 
samples at a final concentration of 0.2 nM, followed 
by an additional 5-min incubation period. Unbound 
[125I]-αBgt was eliminated from the reaction mixture 
via rapid filtration using GF/C filters (Whatman, UK), 
followed by three washes with the binding buffer 
(3 mL per wash). The filters used were pretreated 
with 0.25% polyethyleneimine. Binding was quanti-
fied as 100% under conditions where the radioligand 
bound without any competitors. Nonspecific binding 
(0%) was quantified through a comparable experiment 
involving the incubation of muscle and α7 nAChR 
preparations with 9 μM α-cobratoxin (CTX) for a du-
ration of 2 h and 50 min or 3 h and 30 min, respec-
tively. The quantification of bound [125I]-αBgt was con-
ducted employing a Wallac Wizard 1470 γ-counter 
(GMI Inc., USA). The efficacy of the test compounds 
in interacting with their respective targets was quan-
tified through IC50 value analysis, utilizing OriginPro 
2015 (Microcal, USA).

Calcium imaging
Human neuroblastoma SH-SY5Y cells were cultured 
in a growth medium consisting of a DMEM medium 
(“PanEco,” Russia), 10% fetal bovine serum (FBS, ne-
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oFroxx GmbH, Germany), penicillin (50 IU/mL), and 
streptomycin (50 μg/mL, PanEco) at 37°C in a CO2 in-
cubator (5% CO2). In preparation for calcium imaging, 
the cells were seeded into a black 96-well plate (SPL 
Life Sciences, South Korea) at a density of 5,000–
10,000 cells per well, and cultivation proceeded un-
til an 80–90% confluent monolayer formed. Following 
this, the growth medium was substituted with a buff-
er solution containing 140 mM NaCl, 2 mM CaCl2, 
2.8 mM KCl, 4 mM MgCl2, 20 mM HEPES, and 10 mM 
glucose, adjusted to pH 7.4. The cells underwent in-
cubation with the Fluo-4 Direct Calcium Assay Kit 
(ThermoFisher Scientific, USA) for 30 min in the dark 
at 37°C, and then for another 30 min at room tem-
perature. Prior to the introduction of the specific α7 
nAChR agonist (200 nM PNU 282987 (Tocris, UK)), 
the SH-SY5Y cells were incubated for 20 min with 
solutions comprising the test compounds and a specif-
ic α7 nAChR positive modulator (10 μM PNU 120596 
(Tocris)). Complete inhibition of the observed calcium 
responses was achieved by incubating the cells with 
a 1 μM solution of α-cobratoxin (CTX), a specific an-
tagonist of α7 nAChR, for 20 min.

A Hidex Sense Microplate Reader (Hidex, Finland) 
was employed to record changes in the fluores-
cence of the Fluo-4 dye (λex/em = 485/535 ± 10 nm). 
OriginPro 2017 (OriginLab Corporation, USA) was 
employed for the analysis of fluorescence intensity 
variations.

Rezazurin test for assessing 
cellular metabolic activity 
SH-SY5Y cells were introduced into a transparent 
96-well plate (SPL Life Sciences, Korea) at a seed-
ing density of 3,000 cells per well. Following a 24-h 
incubation period, the test compounds Ol-Chol+I-, 
Ol-Chol+Mes-, DOGG-Chol+I-, and DOTAP+Mes- were 
introduced into the cellular cultures. These compounds 
were administered at concentrations ranging from 
6.25 to 100 μM. Concurrently, nAChR ligands, specifi-
cally 100 μM nicotine (Nic, Sigma-Aldrich, Germany), 
mecamylamine (Mec), d-tubocurarine (d-TC), and 
methyllycaconitine (MLA); 10 μM PNU 120596, PNU 
282987 (Tocris, UK); and 1 μM α-cobratoxin (CTX) 
were also added. The cells were cultured for 72 h, 
followed by a determination of cellular metabolic ac-
tivity using resazurin as previously described [18]. 
Following the removal of the culture medium, the cells 
were subjected to incubation for a duration of 4 h 
in the presence of a resazurin solution (Macklin Inc., 
China) prepared in a buffer formulated with 140 mM 
NaCl, 2 mM CaCl2, 2.8 mM KCl, 4 mM MgCl2, 20 mM 
HEPES, 10 mM glucose, and a pH of 7.4. Thereafter, 
the fluorescence intensity (λex/em = 550/590 ± 10 nm) of 

the resazurin reduction product (resorufin) was meas-
ured using a microplate fluorometer (Hidex, Finland). 
Wells without cells served as negative controls, while 
intact SH-SY5Y cells served as positive controls.

Determination of extracellular lactate 
dehydrogenase (LDH) activity to assess 
the cytotoxicity of the compounds 
SH-SY5Y cells were seeded into a transparent 
96-well plate (SPL Life Sciences, Korea) at a den-
sity of 3,000 cells per well. Following a 24-h incu-
bation period, the cells were subjected to treatment 
with Ol-Chol+I- and DOTAP+Mes- at concentrations 
of 6.25–100 μM. After an additional 72 h of culture, 
extracellular lactate dehydrogenase activity was as-
sessed via the LDH Cytotoxicity Assay kit (Wuhan 
Servicebio Technology Co., Ltd., China), following the 
manufacturer’s protocol. Following a 30-min incuba-
tion period of an 80-μL aliquot of the selected cul-
ture medium with 80 μL of a working solution for 
lactate dehydrogenase detection, the optical density 
of the solution was assessed. This measurement was 
taken at λ = 490 nm using a Hidex Sense Microplate 
Reader (Hidex, Finland). Wells without cells served as 
negative controls, and lysed SH-SY5Y cells (Cell lysis 
buffer, LDH Cytotoxicity Assay kit) served as positive 
controls.

RESULTS AND DISCUSSION

Synthesis of acylcholines and their 
cationic dioleoyl analogs 
The compounds synthesized via chemical means and 
utilized in this study are shown in Fig. 1. The synthe-
sis of oleoylcholine in the form of iodide (Ol-Chol+I-) 
and mesylate (Ol-Chol+Mes-) was conducted as de-
scribed previously [19]. DOTAP mesylate was syn-
thesized from 1,2-dimethylaminopropanediol-1,2 and 
oleic acid [20], followed by quaternization with dime-
thyl sulfate. DOGG-Chol+I- was obtained from 1,2-di-
oleoylglycerol by the sequential introduction of GABA 
and DMAE into its structure followed by quaterniza-
tion with iodometane. 

Interaction of the synthesized compounds 
with nicotinic acetylcholine receptors 
The capacity of the synthesized compounds to inter-
act with the orthosteric binding site of nAChR was 
evaluated using a radioligand binding assay, and the 
functional activity of nAChR was determined by cal-
cium imaging. 

To elucidate the interaction of iodide and me-
sylate oleoylcholine, alongside the cationic lipids 
DOGG-Chol+I- and DOTAP+Mes-, with the orthosteric 
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binding site of nAChR, we examined their competitive 
binding with [125I]-α-bungarotoxin ([125I]-αBgt) to the 
muscle nAChR from the electric organ of T. califor-
nica ray and to a human neuronal α7 nAChR via a 
radioligand binding assay (Fig. 2).

All the compounds were found to bind to the or-
thosteric sites of both receptors (Fig. 2). The affin-
ity of Ol-Chol+I- and Ol-Chol+Mes- and that of the 
dioleoyl analogs DOGG-Chol+I- and DOTAP+Mes- to 
the muscle-type receptors (IC50 range = 32.5–56 μM) 
was found to be 2.0–5.5 times higher than that to hu-
man α7 nAChRs (IC50 range = 62–178 μM) (Table 1). 
Concurrently, oleoylcholine iodide demonstrated a 
twofold efficacy in interacting with the orthosteric 
binding site of muscle and α7 nAChRs (IC50 = 37 and 
62 μM, respectively) compared to the mesylate form 
(IC50 = 56 and 129 μM, respectively) (Table 1). 

The binding affinity of the novel acylcholine ana-
logs (Ol-Chol+Mes-, DOGG-Chol+I-, DOTAP+Mes-) for 
the muscle-type nicotinic acetylcholine receptor from 
the electric organ of T. californica was established via 
a radioligand binding assay, yielding IC50 values from 
32.5 to 56 μM (Fig. 2 and Table 1). This affinity was 
found to be comparable to that of previously investi-
gated endogenous acylcholines (arachidonoylcholine, 
oleoylcholine, linolenoylcholine, and docosahexaenoyl-
choline), which exhibited IC50 values ranging from 
18.7 to 93 μM [5]. It is of interest that the novel com-
pounds displayed lesser affinity (129–178 μM) for the 
human neuronal α7 subtype of nAChR compared to 
prior studies (14.2–80 μM) [5]. Our study is the first 
to demonstrate the effect of the nature of the coun-

Fig. 1. The structures of the acylcholines under study: 
(1) oleoylcholine iodide (Ol-Chol+I-), (2) oleoylcholine 
mesylate (Ol-Chol+Mes-), (3) 4-((((1,3-bis(oleoyloxy)pro-
pan-2-yl)oxy)carbonyl)amino)butanoic acid choline ester 
iodide (DOGG-Chol+I-), (4) 1,2-Bis-(9Z-octadecenoyl)-
3-trimethylammonium 1,2-dihydroxypropane mesylate 
(DOTAP+Mes-)

Fig. 2. The dependence of the specific binding of radioactive [125I]-αBgt to the muscle nAChR of the ray Torpedo cali-
fornica (A) and human α7 nAChR (B) on the concentration of the acylcholines under study and their dioleoyl analogs. 
Each data point on the graphs represents the mean ± standard error of the mean, n = 2–3
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terion of a given acylcholine on the efficiency of its 
interaction with the receptor: oleoylcholine iodide ex-
hibited approximately a twofold affinity for its mesyl-
ate (Table 1).

Radioligand binding assays demonstrated that all 
the acetylcholine analogs under study bind to the α7 
nAChR. Subsequently, calcium imaging was employed 
to examine their capacity to suppress the functional 
reactivity of this specific receptor subtype. For this 
purpose, SH-SY5Y neuroblastoma cells were used, 
which endogenously express α7 and several oth-
er nAChR subtypes [21]. All tested compounds were 
found to inhibit cellular responses induced by α7 
nAChR activation with PNU282987, a specific agonist 
of this receptor, in the presence of the positive alloste-
ric modulator PNU120596 (Fig. 3). Oleoylcholine me-
sylate was identified as the most potent inhibitor, with 
an IC50 value of 0.79 μM. Its effectiveness dropped 
fivefold when administered as iodide (Fig. 3, Table 1). 
DOGG-Chol+I- and DOTAP+Mes- were 9- and 19-fold 
less effective than Ol-Chol+Mes-, respectively (Fig. 3, 
Table 1). 

This study provides the initial evidence of a sub-
stantial discrepancy in how the salt form of oleoyl-
choline modulates its inhibitory effect on nAChR. 
Oleoylcholine mesylate demonstrated the highest 
affinity for α7 nAChR and presented a significant-
ly flatter calcium response curve (Fig. 3, Table 1). 
Consequently, this compound demonstrated efficacy 
even at submicromolar concentrations (IC20 ~ 0.1 μM, 
IC50 = 0.8 μM). At the same time, the other com-
pounds investigated in the present study (Ol-Chol+I-, 
DOGG-Chol+I-, DOTAP+Mes-) and in our previously 
published work (iodides of arachidonoylcholine, linole-
noylcholine, and docosahexaenoylcholine) were active 
only in the micromolar concentration range (2–15 μM) 
(Table 1) [5].

Assessing the interaction of substances with the 
orthosteric ligand-binding site via a radioligand bind-
ing assay demonstrated that the affinity of all eval-

uated compounds for α7 nAChR was considerably 
lower than that determined by functional inhibition, 
as observed in calcium imaging (Table 1). This find-
ing suggests the potential involvement of alterna-
tive molecular mechanisms in the inhibitory action 
of acylcholine analogs, possibly through interaction 
with allosteric binding sites on the receptor. It is note-
worthy that increasing the complexity of the lipo-
philic moiety of oleoylcholine analogs (DOGG-Chol+I- 
and DOTAP+Mes-) by introducing an additional oleic 
acid residue resulted in a decrease in the affinity of 
these compounds for the receptor. This reduction was 
evident in both radioligand binding assays (Fig. 2, 
Table 1) and calcium imaging experiments (Fig. 3, 
Table 1). The structural complexity of the receptor 
could potentially impede ligand interaction. 
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Fig. 3. Inhibition by acylcholine analogs of the calcium 
responses induced by the activation of α7 nAChR with the 
specific agonist PNU282987 (200 nM) in SH-SY5Y neuro-
blastoma cells. The calculated inhibition parameters (IC

50
) 

are shown in Table 1. The data are presented as mean ± 
standard deviation, n = 4–6

Table 1. The affinity of acylcholine analogs for two nAChR subtypes, presented as IC
50

 values (μM), calculated basing on 
a radioligand binding assay and Ca2+ imaging data

Acylcholines
nAChR T. californica α7 nAChR

Radioligand binding assay, IC50 (µM) Radioligand binding assay, IC50 (μM) Ca2+ imaging, IC50 (μM)

Ol-Chol+I- 37 ± 1 62 ± 4 3.95 ± 0.18

Ol-Chol+Mes- 56 ± 2 129 ± 8 0.79 ± 2.24

DOGG-Chol+I- 50 ± 3 151 ± 4 7.32 ± 2.97

DOTAP+Mes- 32.5 ± 3.5 178 ± 8 14.99 ± 9.10
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The effect of oleoylcholine and its dioleoyl 
analogs on the viability and proliferative 
activity of SH-SY5Y neuroblastoma cells
Several minutes are sufficient to assess the functional 
activity of oleoylcholine and its dioleoyl analogs with 
respect to α7 nAChR. However, the targeted intracellu-
lar delivery of nucleic acids and similar compounds re-
quires the incubation time of cationic lipids with cells 
to be extended to several hours or even days. In this 
regard, we conducted a comprehensive evaluation of 
the long-term effects (over 72 h) of oleoylcholine and 
its analogs DOGG-Chol+I- and DOTAP+Mes- on the vi-
ability and proliferation of SH-SY5Y neuroblastoma 
cells. This investigation included a thorough examina-
tion of the dependence of the observed effects on the 
activation or inhibition of nAChR using known ago-
nists, a positive allosteric modulator, and antagonists. 
For this purpose, the cellular metabolic activity was 
examined through the resazurin assay, and extracel-
lular lactate dehydrogenase activity was measured to 
assess the compound-induced cytotoxicity. Our find-
ings demonstrated that oleoylcholine (6.25–100 μM) 
did not elicit a significant alteration in cell viabil-
ity (as depicted in Fig. 4A,B). Conversely, the com-
pound DOGG-Chol+I- demonstrated cytotoxic effects 
at all the concentrations tested (13–28% cell death, 
IC50 > 100 μM (Fig. 4A)). The cytotoxic effect of the 
cationic lipid DOTAP+Mes- exhibited a pronounced 

concentration-dependence (IC50 = 26.18 ± 0.16 μM in 
the resazurin assay (Fig. 4A) and 19.28 ± 5.64 μM in 
the LDH assay (Fig. 4B)). 

Our prior findings [5] indicated that A549 lung ad-
enocarcinoma cells treated with oleoylcholine iodide 
(100 μM, 24 h) exhibited a concentration-dependent 
decrease in viability as a consequence of induced 
apoptosis, achieving a 45% rate. Although these cells 
demonstrate the presence of α7 nicotinic acetylcholine 
receptors [22], it is unlikely that this receptor subtype 
is responsible for the observed effect. This conclusion 
is supported by the finding that methyllycaconitine 
(10 μM), a specific inhibitor, did not alter the cytotoxic 
action of oleoylcholine [5].

This investigation sought to determine if the en-
during impact of the examined cationic lipids on 
SH-SY5Y neuroblastoma cell viability is attributable 
to their interaction with nAChRs. With this objective 
in mind, SH-SY5Y cells were subjected to incubation 
for 72 h with the lipids under investigation at two 
distinct concentrations below their IC50 for cytotoxic 
activity (10 and 50 μM for Ol-Chol+I-, Ol-Chol+Mes-, 
DOGG-Chol+I-; 5 and 25 μM for DOTAP+Mes-), ac-
companied by the introduction of specific nAChR li-
gands (Fig. 5). SH-SY5Y cells have been observed to 
express homopentameric α7 nAChR, as well as vari-
ous heteropentameric nAChRs formed by combina-
tions of α3-, α5-, β2-, and β4-subunits [21]. The ex-

Fig. 4. The effect of Ol-Chol+I-, Ol-Chol+Mes-, DOGG-Chol+I- and DOTAP+Mes- on the viability and proliferative activity 
of SH-SY5Y cells. The cells were incubated with various concentrations of the substances for 72 h. (A) the cellular met-
abolic activity was determined using the resazurin test; (B) the cytotoxicity of DOTAP+Mes- and Ol-Chol+I- was deter-
mined by quantifying extracellular LDH activity. The data are presented as mean ± standard deviation, n = 3. *p < 0.05 
compared with control values, Mann–Whitney U-test
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Fig. 5. The effect of nAChR ligands on the long-term effects on the metabolic activity of SH-SY5Y cells over 72 h  
(A) Ol-Chol+I-, (B) Ol-Chol+Mes-, (C) DOGG-Chol+I-, and (D) DOTAP+Mes-. The nAChR ligands employed were:  
nicotine (Nic), mecamylamine (Mec), d-tubocurarine (d-TC), and methyllycaconitine (MLA) at a concentration  
of 100 μM; PNU120596 and PNU282987 at a concentration of 10 μM; and α-cobratoxin (CTX) at a concentration  
of 1 μM. The data are presented in relation to the metabolic activity values of intact SH-SY5Y cells. Cntrl is the relative 
metabolic activity of cells in the presence of the indicated concentration of (A) Ol-Chol+I-, (B) Ol-Chol+Mes-,  
(C) DOGG-Chol+I,- and (D) DOTAP+Mes-. The data are presented as the mean ± standard deviation, n = 3.  
*p < 0.05, Mann–Whitney U test, compared with control values
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perimental findings demonstrate that non-selective 
agonists (nicotine), antagonists (mecamylamine and d-
tubocurarine), and specific α7 nAChR ligands (e.g., the 
agonist PNU282987, the positive allosteric modulator 
PNU120596, and antagonists such as methyllycaconi-
tine and α-cobratoxin) did not alter the effects of the 
examined compounds on SH-SY5Y cells (Fig. 5).

CONCLUSION
Acylated cholines represent a recently discovered 
class of endogenous fatty acid analogs of acetyl-
choline which remain poorly studied. Our previ-
ous research demonstrated that choline esters of 
unsaturated fatty acids function as modulators of 
the acetylcholine system. The present work utilizes 
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oleoylcholine, which earlier demonstrated the most 
significant activity in inhibiting α7 nAChR, to pro-
vide the first evidence that the counterion of the 
quaternary ammonium group substantially impacts 
the compound’s capacity to interact with nAChR. 
According to radioligand analysis of [125I]-αBgt bind-
ing to the orthosteric binding site of nAChR, oleoyl-
choline iodide interacted with muscle and neuronal 
α7 nAChR twice as effectively as mesylate. These 
results suggest that, under biological experimental 
conditions in the working buffer solution, the coun-
terion is not replaced by chloride despite its excess. 
Furthermore, the size of the counterion appears to 
significantly influence the interaction of acylcho-
line with the orthosteric acetylcholine binding site 
on the receptor. Utilizing calcium imaging, a meth-
od that captures the functional response of cells to 
nAChR activation, it was demonstrated that both salt 
forms of oleoylcholine (iodide and mesylate) were 
significantly more potent inhibitors of α7 nAChR 
(IC50 = 3.95 and 0.79 μM, respectively) than was ob-
served in experiments involving competition with 
[125I]-αBgt. In this case, the enhanced inhibitory ac-
tivity of oleoylcholine derivatives can be postulat-
ed to be associated with their additional interaction 
with allosteric binding sites on the receptor mole-
cule, which is not detected by a radioligand-based 
analysis.

A significant finding of this study is the discov-
ery that DOTAP, a cationic lipid widely used in lip-
id nanoparticles for the delivery of nucleic acids in-
side mammalian cells, possesses the capacity to inhibit 
both muscle-type and neuronal-type nAChRs. The 
potential of DOTAP, a cationic lipid, to modify acetyl-
choline receptor activity, though less pronounced than 
that of oleoylcholine, should be considered in the de-
sign of medications incorporating this compound. In 
contrast to oleoylcholine, the lipophilic component of 
DOTAP features two oleic acid residues. In the pres-
ent study, an oleoylcholine analog was synthesized in 

which the lipophilic moiety also contained two oleic 
acid residues within the 1,2-diacylglycerol backbone. 
The choline group was separated from the lipophil-
ic moiety by a GABA-based linker (DOGG-Chol+I-). 
Similar to DOTAP, this analog demonstrated affin-
ity for α7 nAChR, as substantiated by radioligand 
binding assays and functional responses in calcium 
imaging experiments. Nevertheless, its activity was 
considerably less pronounced than that of oleoylcho-
line. Whereas oleoylcholine fosters the proliferation 
of SH-SY5Y neuroblastoma cells, DOGG-Chol+I- and 
DOTAP+Mes- induced a significant cytotoxic effect on 
these cells. This effect, however, was not mediated 
by interaction with nAChRs, since specific nAChR li-
gands were unable to block it.

In summary, the choline group common to all the 
acylcholines under study makes them act as nAChR 
inhibitors. Conversely, the modification of the lipo-
philic domain of the molecule with an additional oleic 
acid group has been shown to attenuate its inhibitory 
function while amplifying its cytotoxic action, a pro-
cess that occurs through a mechanism independent of 
nAChRs. 
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ABSTRACT Finding the optimal combination of drugs for the effective inhibition of cancer cell growth is an 
extremely important task today, as the number of such drugs continues to grow. There are several approaches 
to determining the nature of drug interactions, allowing one to establish whether they are additive, synergis-
tic, or antagonistic. One such approach is described here, and it is demonstrated how to quantitatively meas-
ure the degree of interaction between two drugs. It is shown that human peripheral blood serum and EGF 
modulate the activity of HER2-targeted drugs in inhibiting the proliferation of HER2-positive BT474 and 
SK-BR-3 cells. We compared the effect of blood serum samples from breast cancer (BC) patients and healthy 
donors on the action of trastuzumab. Using the proposed method, it is possible to calculate the Combination 
Index (CI). For 17 serum samples from healthy donors, the mean CI was 0.396, while for 19 serum samples 
from patients with BC, the mean CI was 0.214. These results indicate a synergistic interaction between tras-
tuzumab and blood serum in both groups. We also found significant differences in CI values between healthy 
donors and breast cancer patients: blood serum samples from patients enhance the effect of trastuzumab to 
a greater extent.
KEYWORDS targeted therapy, HER2, breast cancer, human blood serum, trastuzumab, lapatinib.
ABBREVIATIONS BC – breast cancer; EGF – epidermal growth factor; CI – Combination Index; CS – cell sur-
vival.

INTRODUCTION

Theoretical foundations and mathematical 
approaches to describing experimental results

1. Hill equation. Back in the 19th century, the law 
of mass action was proposed. It found wide applica-
tion in enzymology, pharmacology, toxicology, epide-
miology, sociophysics, and other fields [1, 2]. Based on 
this law, in his study of the oxygen transport function 
of blood, G. Hüfner (1890) proposed the first equa-
tion for hemoglobin oxygenation [3]. In enzymology, 
L. Michaelis and M. Menten (1913) formulated the 
basic equation of enzyme kinetics [4] and in physics, 
I. Langmuir (1916) presented a similar equation for 

monomolecular adsorption [5]. These equations can be 
reduced to the following general form:

                           y
y

kx
1−

= ,� (1)

or alternatively:

                             y x
k x

=
+−1

,� (2)

where k is the equilibrium constant of the reaction. 
It should be noted that k−1 is a constant that has 

different letter designations in the corresponding 
equations in different fields of research; k−1 is the 
value of the argument x at which y takes the value ½ 
(y = 1 − y, y = 0.5, when x = k−1).
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Analysis of the oxygen hemoglobin dissociation 
curves showed that G. Hüfner’s equation cannot satis-
factorily describe the experimental data. A. Hill (1910) 
then proposed an empirical equation of the following 
form [6]:

                       y
y

x
k

m

1 1−
= ⎛

⎝⎜
⎞
⎠⎟−

.� (3)

This equation can also be rewritten as:

                       m
y y
x k

=
− −( )

− −

log log
log log

1
1 .� (4)

As follows from Eqs. (1) and (2), the Hill equation 
is related to the law of mass action, where the ex-
ponent m formally indicates the order of the reac-
tion. However, in the description of the experimental 
data, this parameter takes non-integer values [6–8]. 
Subsequently, this discrepancy was explained by in-
troducing the concept of a cooperation coefficient, 
which links the number of interacting subunits and 
the degree of their coordination during the interaction 
of ligands with a protein macromolecule [9].

An important advantage of the Hill equation is the 
simplicity of calculating its parameters from experi-
mental data. This has allowed researchers to apply 
the equation to a wide range of problems: from de-
scribing the process of oxygenation and enzyme ki-
netics (by refining the Michaelis–Menten equation) to 
studying dose–effect relationships in pharmacology 
[10–13].

2. The Chou median-effect equation. The Hill equation 
is successfully used in pharmacokinetics and phar-
macodynamics [14, 15]. The dose–response curve is 
described accurately by this equation. In this case, x 
is the concentration or dose of the active substance D 
(drug, substrate, agonist, inhibitor, toxin, poison, me-
dicinal substance, etc.); and k−1 is the half-maximal 
(median) effective concentration (EC50), half-maximal 
inhibitory concentration (IC50), or effective (half-effec-
tive) dose (ED50) [16, 17].

Later, Chou and Talalay systematized the relation-
ships based on the law of mass action (Henderson–
Hasselbach, Hill, Michaelis–Menten, Scatchard), ob-
taining a unified form of recording relationships 
known as the median-effect equation [18–20]. In this 
equation, x = D, k−1 is denoted as Dm (median-effect 
dose), or the dose (concentration) that causes the me-
dian effect; y = fa (fraction affected) is the proportion 
(of targets) exposed to the drug; 1 – y = fu (fraction 
unaffected) is the proportion not affected by the drug, 
and m is a parameter characterizing the shape of the 

dose–response curve. The Hill equations (3) and (4) 
can be reduced to the median-effect equation by ex-
pressing it as the ratio of fa to fu (Eq. (5)) and calculat-
ing D (Eq. (6)) and fa (Eq. (7)):
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and then logarithmize to equality:
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3. The additive model in the analysis of combined 
drug action. The concept of studying the synergis-
tic or antagonistic interactions between two drugs 
is based on the idea of comparing the effect of their 
combined action f (x)1,2 and the sum of the effects of 
these drugs acting separately f (x)1 and f (x)2; i.e., on 
an additive model of the following form:

                    f x f x f x( ) = ( ) + ( )1 2 1 2, .� (10)

Equation (10) can be represented for the additive 
model as the following relationship:
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Considering that the chemical reaction has the cor-
responding order m (Eqs. (5) and (6)), then
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The deviation from additivity under the combined 
action of chemical agents can be estimated both in 
terms of their concentration (dose) and the effect they 
engender, which is reflected in the recommendations 
of the so-called “Saariselkä Agreement” [21]. In the 
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first case, the change in the severity of the effect (ad-
ditivity of effects, Bliss independence) relative to the 
additive model is estimated [22] and, in the second 
case, the change in dose (additivity of doses, Loewe 
additivity) is estimated [23]. The latter option is more 
practical in pharmacology and toxicology, as it allows 
one, in the event of synergism, to calculate the coef-
ficient of reduction in the concentration of active sub-
stances while maintaining the initial effect. It is espe-
cially relevant for pharmaceuticals with pronounced 
side effects.

A quantitative measure of drugs interactions is the 
Combination Index (CI) [14]:

                    CI
D
D

D
D

= ( ) + ( )
1

1

2

2y y

,� (13)

where D1 and D2 are the concentrations of the drugs 
1 and 2 that are used in combination at which the de-
gree of effect y = fa is achieved; (Dy)1 and (Dy)2 are 
the concentrations of each of the drugs 1 and 2, which 
individually lead to the same degree of effect y = fa.

The CI value equal to 1 indicates additivity; CI < 1 
indicates synergism; and CI > 1 indicates antagonism, 
respectively.

The (Dy)1, (Dy)2 values for the corresponding y = fa 
can be obtained either directly from the experiment 
or theoretically by approximation using Eq. (6) based 
on sets of experimental dose–response data.

DRI1 = (Dy)1 ∕ D1 is the Dose Reduction Index: the 
index of reduction in the dose of drug 1 in the pres-
ence of drug 2, an important measure of the influence 
of drug 2 on the action of drug 1.

In these terms [14]:

                  CI
DRI DRI

= +1 1
1 2

.� (14)

We applied these basic principles to study the ef-
fect of a targeted anticancer drug on the growth of 
HER2-positive cells of tumor origin, as well as to eval-
uate the influence of growth factors and human blood 
serum on drug efficacy. We investigated this effect on 
drug action for 17 serum samples from healthy do-
nors and 19 serum samples from patients with breast 
cancer and calculated the CI for each sample. These 
measurements indicate a synergistic interaction be-
tween the drug and blood serum.

EXPERIMENTAL
BT474 cells were cultured at 37°C and 5% CO2 
in RPMI-1640 medium (PanEco, Russia) supple-
mented with 10–15% FBS (Biosera, France), 2 mM 
L-glutamine, 4.5 g/L glucose, 1% penicillin–strepto-
mycin, and 10 ng/mL insulin. SK-BR-3 cells were 

cultured at 37°C and 5% CO2 in RPMI-1640 medi-
um (PanEco) supplemented with 10% FBS (Biosera), 
2 mM L-glutamine, 4.5 g/L glucose, and 1% penicil-
lin–streptomycin. The following reagents were used 
in the experiments: trastuzumab (Roche, Switzerland), 
lapatinib (Sigma-Aldrich, USA), and EGF (SciStore, 
Russia).

In the SK-BR-3 cells counting experiment, cells 
were seeded at a concentration of 11,000 cells/mL, 
500 µL per well, in 24-well plates (1.86 cm²), resulting 
in a cell density of 3,000 cells/cm2 [24].

In the BT474 clonogenicity assay, cells were seed-
ed at 800 cells/mL, 2 mL per well, in 6-well plates 
(9.026 cm2), with a cell density of 174 cells/cm2 [25].

Drugs were added to the cells 16–24 h after seed-
ing. 

Plates with equal numbers of seeded cells were in-
cubated for 24 h before treatment with EGF, HER2-
targeted drugs, or human blood serum samples. After 
21 days of incubation, BT474 cells formed colonies. 
The medium was removed; the cells were fixed with 
4% formaldehyde for 10 min, stained with 0.5% crystal 
violet in 60% methanol and 0.2 × PBS for 15 min, and 
rinsed with water. Colonies containing more than 50 
cells were detected and counted using the openCFU 
software [26]. Cell survival (CS) was calculated as the 
ratio between the number of colonies in a drug-con-
taining well and the number of colonies in the control 
well without the drug. All the experiments were per-
formed in at least three independent replicates.

RESULTS AND DISCUSSION
In clinical practice, antitumor drugs are typically not 
used as monotherapy but are combined as multi-drug 
regimens. Therefore, an important exercise is to de-
termine whether a given drug combination is more 
effective than using the drugs individually. The pro-
cess can be tested in vitro using cancer cell lines.

Part 1. Measuring the interaction between two 
drugs in the inhibition of cell proliferation

The Algorithm. To evaluate the interaction between 
two drugs, the individual drug action parameters 
(namely, IC50 and m for each drug) need to be meas-
ured, followed by measuring the effect of the drug 
combination on the cell growth rate and, finally, calcu-
lation of  the Combination Index (CI).

Thus, the algorithm for calculating CI is as follows:
1.1 Estimation of IC50 and m for each drug:
1) Incubate cells in the presence of the drug at two 

or more concentrations and without the drug for sev-
eral days; count the number of cells (colonies); calcu-
late the cell survival:
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CS = (number of cells after growth  
with the drug − bkg) ∕ (number of cells  
after growth without the drug − bkg),

where bkg is the number of cells at the time of add-
ing the drug. 

This measures the cell survival (CS) at drug con-
centration D.

2) Calculate log(1/CS−1) and the logarithm of the 
drug concentration logD.

3) Substitute these values into linearized equation 
(8), from which m and IC50 can be calculated:

          log log log1 1 50CS
m D m IC−⎛

⎝⎜
⎞
⎠⎟

= − ,� (15)

where IC50 is the median drug concentration at which 
cell survival (or clonogenicity) is 50%, and m is a coef-
ficient indicating the characteristic dependence of cell 
growth on drug concentration.

Calculate m using the formula:

          m
CS CS

D D
=

−( ) − −( )
−

log log
log log

1 1 1 12 1

2 1

,� (16)

where CS1 and CS2 are cell survival at drug concen-
trations D1 and D2, respectively.

Calculate IC50 using the formula:

                   IC D
CS m50 11 1

=
−( )

.� (17)

Note: The formula yields the same result with ei-
ther pair D1, CS1 or D2, CS2.

For calculations involving multiple drug concentra-
tions, we developed an Excel file (see Supplementary 
materials “Hill Drug Analyzer” sheet “Chou–Talalay”). 
If the number of measurements is small (2–4), the 
m and Dm values can also be computed using linear 
regression (the SLOPE function in Excel, sheet “IC”).

Knowing the IC50 and m parameters, the “dose–ef-
fect” curve can be calculated:

                  CS
D IC m=

+ ( )
1

1 50

.� (18)

1.2 Evaluation of the degree of interaction between 
two drugs.

The quantitative assessment of drugs interaction, 
which determines whether their combined effect is 
additive, synergistic, or antagonistic, is given by the 
Combination Index (CI).

To calculate CI:
1) Measure cell survival in the presence of the 

two drugs together. In this experiment, the control is 

the action of the drugs separately. Let drug A con-
centration = D_Areal, drug B concentration = D_Breal. 
Measure cell survival CS, defined as the ratio between 
the number of cells (colonies) grown with drugs and 
the number of cells (colonies) grown without drugs.

2) Using formula (18), calculate the theoretical con-
centrations of drugs A and B, D_Atheor and D_Btheor, 
corresponding to the observed survival CS: i.e., the 
survival achieved by the combination treatment:

              D
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IC
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IC50_A and IC50_B are calculated as in section 1.1 from 
the control drug-alone experiments. It is important 
that the IC50 values come from this particular exper-
iment, while the parameters m_A and m_B can be 
used from preliminary experiments. 

Calculate the degree of interaction (CI) by substi-
tuting the obtained values into the formula

                  CI
D
D

D
D

= +_A
_A

_B
_B

real

theor

real

theor

.� (21)

where D_Areal and D_Breal are the concentrations of 
drugs A and B in combination.

Since manual calculation is complex, we prepared 
an Excel spreadsheet where you only need to input 
D_Areal and D_Breal and the measured CS values.

Note that if one drug (A) has a weak effect on cell 
survival (D_Atheor >> IC50_A), then

CI = IC50 (of drug B alone) ∕ IC50  
(of drug B with drug A).

This explains the physical meaning of CI: how 
manyfold more drug B is required if drug A inter-
feres with its action. 

Interpretation:
If CI = 1, the interaction is additive: the drugs act 

independently.
If CI > 1, the interaction is antagonistic: the drugs 

interfere with each other.
If CI < 1, the interaction is synergistic: the drugs 

enhance each other’s action.

Part 2. Lapatinib and EGF interaction in the 
inhibition of SK-BR-3 cells proliferation
The HER receptor family consists of four members: 
EGFR (epidermal growth factor receptor), HER2, 
HER3, and HER4 [27]. It is well established that small 
(7–8 kDa) proteins, growth factors, can bind to these 
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receptors and thus activate them, triggering cell pro-
liferation [28]. The most abundant growth factor is the 
epidermal growth factor (EGF).

Breast cancer (BC) is characterized by HER2 over-
expression in 15–20% of cases [29]; monoclonal hu-
manized antibody trastuzumab has been approved for 
its treatment [30, 31]. Lapatinib, a targeted drug that 
blocks the activation of both HER2 and EGFR, is  also 
widely used in breast cancer therapy.

We measured the effect of HER-targeted drugs, 
trastuzumab and lapatinib, on the growth rate 
of HER2-overexpressing (HER2+) cell lines. The 
BT474 line (derived from ductal carcinoma) and the 
SK-BR-3 line (derived from squamous cell carcinoma) 
were used. We further assessed the interactions of 
these drugs with EGF and human blood serum.

We investigated the influence of EGF or human 
blood serum on targeted drugs, because they were 
previously shown to modulate the effects of targeted 
drugs on A431 cells [32]. For the HER2+ SK-BR-3 
and BT474 cells, it was noted earlier that trastuzumab 
inhibits proliferation both in the absence and presence 
of EGF, although no quantitation of drug interaction 
parameters was performed [33].

First, we studied the efficacy of lapatinib as a 
monotherapy. Before adding the drug, the number of 
cells in a control well was counted to determine the 
background value. The drug was added to a standard 
medium, and after six days of incubation, cell counts 
were conducted at several drug concentrations. The 
incubation time was chosen empirically. It was found 
that when SK-BR-3 cells are incubated for more than 
six days, the control well reaches confluence and the 
cell number no longer increases; thus, it can no lon-
ger be used as a reliable control. When incubated for 
less than six days, the ratio between the cell number 
and the initial cell number (on the day the drug was 
added) decreases. This decrease occurs, because many 
drugs cause growth arrest without immediate cell de-
tachment or death; therefore, the ratio between the 
measured cell number and the cell number before 
drug addition increases over time.

After counting the cells, we defined the following:

CS = (number of cells after grown  
in the presence of drug(s),  

serum, etc. − bkg) ∕ (number of cells after  
growth without drug − bkg),

Fig. 1. Cell survival (CS) of SK-BR-3 cells at growing lapati-
nib concentrations (0–150 nM). The dependence of cell 
growth on drug concentration was calculated from three 
independent replicates, normalized to conditions without 
drugs. The graph shows the average values (± standard 
deviations). Three curves represent the dependence of 
CS on drug concentration calculated using formula (18) 
for m = 1, m = 3, and m = 2.2. The value m = 2.2 was 
calculated using formula (16) and more accurately fits the 
dependence of cell survival on drug concentration. The 
calculated IC

50
 = 28 nM (formula (17))

С
S

Lapatinib, nM
0	 20	 40	 60	 80	 100	 120

m = 2.2

m = 1

m = 3

1

0.8

0.6

0.4

0.2

0

Fig. 2. Cell survival (CS) of SK-BR-3 cells with growing 
EGF concentrations without lapatinib (thick black line) and 
in the presence of the indicated concentrations of lapatin-
ib (75, 98, 150, and 220 nM, thin lines). The dependence 
of cell growth on drug concentration was calculated from 
three independent replicates, normalized to conditions 
without drugs. The graph shows the average values 
(± standard deviations). For EGF, the calculated param-
eters are IC

50
 = 1.2 nM, m = 0.6. The parameters were 

calculated using script 1 from the supplementary materials 
according to formulas (16) and (17). For the EGF–lapat-
inib interaction, CI was calculated using script 2 from the 
Supplementary materials, according to formula (21). The 
indicated value CI = 26.6 is indicative of a strong antago-
nism between the two compounds
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where bkg is the number of cells at the time of ad-
dition of the drug. If CS < 0, it should be considered 
that CS = 0, indicating that the drug causes cells de-
tachment from the substrate. 

Figure 1 shows the dependence of SK-BR-3 cell 
survival on the lapatinib concentration, as well as the 
dose–effect curves calculated using Eq. (18). One can 
see that the parameter m is indicative of the steep-
ness of the decline in the dose–effect curve with a 
growing lapatinib concentration. When m = 1, the 
dose–effect curve describes a first-order system; 
when m < 1, the curve declines more gradually; and 
when m > 1, cell survival depends more abruptly on 
the drug concentration.

The point where D = 0, CS = 1, is not included in 
the plot of CS(D). The measurement at D = 0 is re-
quired for normalization (to calculate CS based on 
the measured cell numbers). Therefore, this point 
(log(0), 1) should be removed from the logarithmic 
scale graph to avoid a discontinuity.

Next, we conducted experiments where SK-BR-3 
cells were treated simultaneously with EGF and lapa-
tinib and the parameters of the drug interaction were 
calculated (Fig. 2). In the absence of EGF, lapatinib ef-
fectively inhibits cell growth, which is demonstrated 
on the graph at the point where the EGF concentra-
tion is zero.

Part 3. The influence of Cell Growth Rate 
Measurement Errors on the Estimation 
of the Inhibition Parameters IC50 and m 
When counting cells or colonies, the measurement er-
ror is at least 1/√N, where N is the number of cells 
counted. For instance, to achieve a 10% error, at least 
100 cells should be counted. Note that the IC50 error 
cannot be less than the experimental error.

From Eq. (6), we derived the formulas for IC50 and 
m errors:

   
Δ( ) =

−( ) + −( )Δ( ) −( ) −( )
IC

Δ CS( )
CS m CS CS m CS CS D50 21 1 1 1 1 1 1log log_ _ DD_2( )( )

Δ ( ) =
−( ) + −( )Δ( ) −( ) −( )

IC
Δ CS( )

CS m CS CS m CS CS D50 21 1 1 1 1 1 1log log_ _ DD_2( )( )
.� (22)

Figure 3 shows the dependence of IC50 determina-
tion accuracy on CS. For m = 2, the accuracy of IC50 
determination equals the measurement error of CS at 
CS = 0.5.

When CS is between 0.25 and 0.75, the accura-
cy of IC50 determination is 10–20% given a CS mea-
surement error of 10%. At low drug concentrations, 
when CS is greater than 0.75, the error in measuring 
CS already exceeds the measurement error twofold. 
Therefore, measurements at such low drug concentra-
tions are not useful for determining IC50. 

Fig. 3. Dependence of the error in calculating the drug 
IC

50
 on the measured ratio of the number of cells (col-

onies) in the presence and absence of the drug (CS). 
CS error is 0.1
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Fig. 4. Cell survival (CS) of BT474 cells at growing tras-
tuzumab concentrations (0–110 nM). The dependence 
of the number of colonies on the drug concentration was 
calculated from three independent replicates, normalized 
to conditions without the drug. The graph shows the 
average values (± standard deviations). Three curves 
represent the calculated dependence of cell survival (CS) 
on drug concentration using formula (18) for m = 0.5, 
m = 2, and m = 0.98. The value m = 0.98 was calculated 
using formula (16) and more accurately fits the depend-
ence of cell growth on drug concentration. The calculated 
IC

50
 = 3.5 nM (formula (17))
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At high drug concentrations, when CS is less than 
0.25, the measurement error of CS can become large 
because it is greater than > 1/√N ; hence, the number 
of cells in the control must be sufficiently large. If CS 
is below 0.25, then counting 100 cells at this CS level 
(for a 10% error) corresponds to having 400 cells in 
the control.

The accuracy in determining m  is usually about 
half of the measurement error of CS.

Part 4. The influence of human blood 
serum on the effect of trastuzumab on 
the clonogenicity of BT474 cells
We investigated the influence of human blood serum 
on the effect of the HER2-targeted monoclonal anti-
body trastuzumab on the clonogenicity of BT474 cells. 
First, the parameters of trastuzumab’s effect on clo-
nogenicity were measured in a standard growth me-
dium (Fig. 4), and the IC50 and m parameters were 
calculated. In this semi-logarithmic scale graph, the 
point (log(0), 1) was removed.

Next, the parameters of the influence of human 
blood serum samples on clonogenicity without trastu-
zumab were measured (Fig. 5); the IC50 and m param-
eters were also determined for each serum sample.

Knowing the IC50 and m parameters for human 
blood serum samples and trastuzumab, we can deter-
mine whether the effect of human blood serum on the 
inhibition of cell growth by trastuzumab is additive, 
synergistic, or antagonistic. Previously, we measured 
the influence of human blood serum on the action of 
trastuzumab on BT474 cells from healthy donors and 
breast cancer (BC) patients [34]. Based on these data, 
we calculated the combination index (CI) value for 
each sample using script 2 from the Supplementary 
materials according to formula (21) (Fig. 6).

We found that out of 17 samples from healthy do-
nors, 15 demonstrated a synergistic effect on the ac-
tion of trastuzumab on BT474 cells (CI < 0.65); while 
all 19 samples from BC patients showed a syner-
gistic effect on trastuzumab action on BT474 cells 
(CI < 0.55).

CONCLUSIONS
Here, we have described an algorithm for a quantita-
tive measurement of the mutual influence of drugs, 
specifically calculation of the combination index (CI), 
and also proposed tools for the calculation of the in-
dex.

Analysis of experimental data using this algorithm 
showed that lapatinib inhibits the growth of SK-BR-3 
cells with IC50 = 28 nM, m = 2.2, and EGF inhibits the 
growth of SK-BR-3 cells with IC50 = 1.2 nM, m = 0.6. 
The interaction between lapatinib and EGF is antago-
nistic (CI = 26.6), indicating that the presence of EGF 
hinders the effect of lapatinib on cancer cell growth.

Trastuzumab inhibits the growth of BT474 cells 
with IC50 = 3.5 nM, m = 0.98, and samples of human 
blood serum inhibit the growth of BT474 cells with 
IC50 ranging from 1 to 6 vol. %, m ranging from 0.1 to 
5 depending on the sample. Human blood serum en-
hances the inhibitory effect of trastuzumab on the 
clonogenicity of BT474 cells compared to calf blood 
serum.

Fig. 5. The influence of human blood serum samples on 
the growth of BT474 cells. (A) Clonogenicity of cells in a 
medium containing human blood serum samples (labeled 
1–7) at concentrations of 1.28 and 2.53 vol. %. The bars 
represent the average clonogenicity for each sample, 
normalized to control conditions (with 1.28% and 2.53% 
FBS added). (B) The parameter m, calculated using script 
1 from the Supplementary materials according to Eq. (16) 
for each serum sample. (C) The parameter IC

50
, calculated 

using script 1 from the Supplementary materials accord-
ing to Eq. (17). The errors in parameter calculations are 
due to deviations of the experimental data from the mean 
values and are shown as error bars
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Fig. 6. The influence 
of human blood 
serum samples on 
the effect of trastu-
zumab (3.83 nM) on 
BT474 cells clono-
genicity. The CI 
value was calculat-
ed using formula 
(21) (script 2 from 
Supplementary 
materials). The bars 
represent the CI 
values for each 
blood serum sample 
of healthy donors 
(A) and breast 
cancer patients (B). 
The errors in param-
eters calculations 
are due to devia-
tions of experimen-
tal data from the 
mean values and are 
shown as error bars

For 17 donor serum samples, the average CI = 0.40, 
and for 19 serum samples from breast cancer pa-
tients, the average CI = 0.21. That is, the CI values 
differ by a factor of 1.9 between the groups. We ob-
served significant variation in the effects of human 
blood serum samples both among patients and among 
healthy donors. 
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INTRODUCTION
Global climate change causes an expansion of the 
habitats of many animals, in particular arthropods, 
and the distribution of related pathogens through-
out these newly conquered areas [1]. The fauna of 
ixodid ticks of the world (Acari: Ixodida) involves 
approximately 900 species belonging to the families 
Argasidae, Ixodidae, and Nuttalliellidae [2]. Currently, 
these ticks are found in various natural zones (from 
steppes to arctic deserts) and on various animals, 
from reptiles and birds to mammals [3].

Ixodid ticks (Ixodidae) are key reservoirs and vec-
tors (organism vectors) of human and animal patho-
gens (tick-borne encephalitis, Crimean hemorrhagic 
fever, borreliosis, piroplasmosis, etc.) [4]. Pathogenic 
tick-borne viruses, bacteria, and fungi have been 
identified using modern sequencing methods. New 
pathogenic viruses have been discovered in Europe 
using metagenomic sequencing [5]. New bacteria of 
the genus Rickettsia have been identified by extensive 
studies of the tick microbiome [6, 7].

Metaproteomics complements genetic profil-
ing (metagenomic analysis), with the characteriza-
tion of metabolically active microbial taxa. Rickettsia 
(Rickettsia sp.) and Borrelia (Borrelia sp.) have been 
identified as key human pathogens transmitted by 
ticks inhabiting New York City parks [8]. Differences 
have been found between the metagenomic and meta-
proteomic profiles of Ixodes ticks in North America 
and Western Europe [8]. Previously, no metaproteomic 
studies of the taiga tick I. persulcatus – widespread 
in Russia and Asia – had been conducted.

In this study, we attempted to characterize the bio-
logical processes taking place in the taiga tick micro-
biome using metaproteomics.

EXPERIMENTAL

Ixodes persulcatus tick samples
Taiga I. persulcatus ticks were collected at the 
Tyumen State University Biological Station near Lake 
Kuchak in spring 2024 (April–May) along frequently 
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visited nature trails. A 1 m² white flag (a thick white 
fabric attached to a pole) was used. Ticks caught on 
the flag were collected with tweezers and transferred 
to test tubes. After species identification based on 
morphological criteria, three unfed males and three 
unfed females were selected. The weight of the three 
males (15 mg) differed slightly from that of the fe-
males (13 mg). For proteomic analysis, samples were 
stored and transported in liquid nitrogen.

Sample preparation for proteomic profiling
Two pooled samples were used: sample (1) and sam-
ple (2) included three male and three female taiga 
ticks, respectively. Tick bodies (without limbs), frozen 
at –80°C, were ground with a porcelain pestle in a 
porcelain mortar, followed by sonication (BANDELIN 
Sonopuls HD 2070, Berlin, Germany) in an ice bath 
for two cycles of 50 s each, with a 25 s interval to re-
duce overheating, and solubilization in the presence of 
a 2% sodium dodecyl sulfate (SDS) buffer.

The effects of SDS on the inhibition of trypsin en-
zymatic activity were mitigated by removing the de-
tergent using the 1DE gel concentration procedure 
(SDS-PAGE without fractionating in resolving gel [9]). 
The scheme of sample loading on gel is presented in 
Fig. 1A. Figure 1B shows the resulting electrophero-
grams.

The three most intense bands, each containing ap-
proximately 50 μg of protein, were excised from each 
gel. In-gel digestion was performed using the stan-
dard procedure [10]. A tryptic peptide mixture was 
used for mass spectrometric analysis. Mass spectra of 
each of the three bands excised from the gels were 
acquired in three technical replicates. Each of the two 
samples (males and females) corresponded to nine as-
says.

Mass spectrometry
Peptides were separated using high-performance 
liquid chromatography (HPLC, Ultimate 3000 Nano 
LC System, Thermo Scientific, USA) on a 15 cm 
C18 column with an internal diameter of 75 μm 
(Acclaim PepMap RSLC, Thermo Fisher Scientific). 
The peptides were eluted with a gradient of buff-
er B (80% acetonitrile, 0.1% formic acid) at a flow 
rate of 0.3 μL/min. The total chromatography time 
was 90 min. Measurements were performed on a Q 
Exactive HF-X Hybrid Quadrupole-Orbitrap mass 
spectrometer (Thermo Fisher Scientific).

Protein identification
Amino acid sequences of proteins characteristic of 
the microbial classes most abundant in the micro-
bial communities of ixodid ticks were selected from 
the UniProtKB database. Four databases were com-
piled for Alphaproteobacteria, Gammaproteobacteria, 
Bacillii, and Ascomycota classes containing 36,000, 
125,000, 56,000, and 35,000 verified protein-coding 
genes, respectively.

Peptide/protein identification was performed us-
ing the IdentiPROT software (v. 3.2) and the IdentiPy 
search algorithm [11]. The main identification param-
eters were as follows: the cleavage enzyme was tryp-
sin; the accuracy of the match between theoretical 
and experimental peptide weights was ±5 parts per 
million, and that of fragment ions was ±0.01; the pep-
tide ion charge state was 2+, 3+, and 4+; the number 
of possible missed trypsin cleavage sites was no more 
than one.

Sample preparation details, HPLC‒MS/MS modes, 
and protein identification parameters are provid-
ed in the Figshare archive description at https://doi.
org/10.6084/m9.figshare.29469527. The tsv files con-

Fig. 1. Loading of protein 
extracts from Ixodes 
persulcatus tick sam-
ples on 1DE gel. (A) SB, 
electrophoresis buffer, 
bromophenol blue. (B) 
Electropherograms of 
tick protein extracts. 
MS assay – numbering 
of technical replicates. 
BSA – bovine serum 
albumin, standard
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taining the metaproteome identification results are 
available in the [Downloads] tab at the same link.

RESULTS AND DISCUSSION

Identification of proteins from the 
taiga tick metaproteome
The total number of unique proteins (protein groups) 
in microorganisms, over all classes, was 1,843, based 
on data for both female and male samples. If we take 
more than 276,000 records in UniProtKB as a nor-
malization factor, which means the total number of 
known bacteria and fungi in potentially expected 
representatives, then metagenome coverage at the 
metaproteomic level is approximately 0.01% [8, 12].

On average, the number of identified microbial pro-
teins in the I. persulcatus tick in sample groups did 
not exceed 1,100 (the number of processed mass spec-
tra n = 9). For a trypsin  : protein ratio of ≈ 1 : 40, 
sample 1 (males) contained 482 ± 97 protein identifi-
cations and sample 2 (females) contained 1,019 ± 47 
protein identifications. For a trypsin : protein ratio of 
≈ 1 : 100, sample 1 and sample 2 contained 782 ± 88 
and 1,002 ± 55 protein identifications, respectively. 
For a trypsin : protein ratio of ≈ 1  : 40, the num-
ber of identified proteins in the samples of female 
I. persulcatus ticks was 2-fold higher than that in 
the protein extracts of male ticks. At the same time, 
at a trypsin : protein ratio of ≈ 1 : 100, the number 
of identifications in females and males did not differ 
significantly and the amount of bacterial and fun-
gal proteins in SDS extracts of male ticks was only 
1.3-fold lower than that in the SDS extracts of fe-
males. In samples of I. persulcatus males, upon addi-
tion of a smaller amount of trypsin to a gel fragment 
containing approximately 50–60 μg of the protein 
(a trypsin  : protein ratio ≈ 1  : 100), the number of 
identified microbiome proteins was 1.6-fold higher 
than that at a trypsin  : protein ratio of ≈ 1  : 40. In 
samples of I. persulcatus females, no similar differ-
ence in the number of identified microbiome proteins 
was found upon varying the trypsin : protein ratio.

Let us consider the results of protein identifica-
tion of the taiga tick microbiome for nine assays rep-
resenting three mass spectrometric replicates from 
each of three gel sections per sample. According to 
Table 1, the number of identifications is distributed 
depending on the sex of I. persulcatus ticks and the 
trypsin : protein ratio. The highest number of iden-
tifications was found for female samples at a lower 
trypsin concentration (1  : 100). Interpretation of the 
fragment spectra of 7,008 peptides revealed a total of 
1,504 microbial proteins; i.e., 4.65 peptides per protein, 
on average. This indicator is in good agreement with 

the recommendations for assessing the quality of pro-
tein identification by mass spectrometric analysis of 
peptide hydrolysis products [13]. In Table 1, the lowest 
number of identifications (772) corresponds to a pro-
tein : trypsin ratio of 1 : 40 in sample 1 for the protein 
fraction isolated from males. Despite the lower num-
ber of identifications, the data quality is comparable 
to that of the assay described above (females, 1 : 100), 
because the peptide‒to‒protein ratio was 4.31.

Figure 2 shows diagrams of the number of identi-
fied microbial proteins from I. persulcatus ticks, de-
pending on sex and the trypsin  : protein ratio. The 
fraction of proteins common to both trypsin : protein 
ratio variants in the metaproteomes was 52% and 69% 
of the total number of identifications in males and fe-
males, respectively. It should be noted that the num-
ber of metaproteome proteins common to both males 
and females at the same trypsin : protein ratio was 
less than 50%. That is, the use of two trypsin concen-
trations expanded the profile of identified proteins of 
taiga tick microorganisms.

The heat map in Fig. 2B illustrates the quantita-
tive distribution of unique proteins identified in the 
metaproteomes of female (F) and male (M) I. per-
sulcatus ticks under different enzymatic hydroly-
sis conditions using trypsin at the ratios of 1  : 100 
and 1  : 40. Proteins characteristic of five taxonom-
ic classes of microorganisms (Alphaproteobacteria, 
ArchActBactSpir – a combined category of Archaea, 
Actinobacteria, Bacteroidia, and Spirochaeta, as well 
as Ascomycota, Bacilli, and Gammaproteobacteria) 
are shown. The highest number of class-specific pro-

Table 1. Number of microbial proteins identified using 
the IdentiPROT proteomic search engine based on nine 
mass spectra of peptide fragments (3 replicates for each 
of three gel sections) in a protein extract of the taiga tick 
I. persulcatus

Sample Trypsin : protein 
ratio

Number of identifications

PSM* peptides proteins

No. 1, 
males

1 : 40 27,709 1,855 1,272

1 : 100 37,892 2,225 1,427

No. 2, 
females

1 : 40 46,753 2,509 1,634

1 : 100 48,896 2,603 1,597

*PSM is the Peptide Spectrum Match that is the number 
of experimental MS/MS mass spectra statistically signif-
icantly matching the theoretical peptide fragmentation 
spectrum.
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teins was encountered in members of Ascomycota 
using two proteolysis protocols, especially in females. 
Despite the small number of detected actinomycete 
proteins, those identified by mass spectrometry were 
present in significant concentrations. This is confirmed 
by a higher number of identified peptides per protein 
and high values of the semi-quantitative NSAF esti-
mate.

Microorganisms in the taiga tick metaproteome
Analysis of the taiga tick metaproteome revealed the 
dominance of fungal proteins: ascomycetes account-
ed for 61% of all the identified microbial proteins 
(Fig. 3A–D). Notably, fungal proteins demonstrated 
exceptionally high identification reliability (more than 
8 peptides per protein), whereas bacterial proteins 
were identified with significantly fewer peptides (less 
than 7; Fig. 3E,F). This contrast is particularly inter-
esting in light of data [12] showing that pathogenic 
bacteria predominate in the metaproteome of other 
ixodid tick species.

We found that trypsin concentration changes did 
not affect the abundance of fungal proteins, which 
may be indication of their particular resistance to pro-
teolysis or their high initial levels. The most abun-
dant proteins originated from the single-celled fun-
gi Neurospora crassa, Schizosaccharomyces pombe, 
and Yarrowia lipolytica. Notably, the semiquantitative 

NSAF indicator showed no significant differences be-
tween bacteria and fungi, despite the difference in 
the number of identified peptides.

Interestingly, the bacterial profile appears to be as-
sociated with sexual dimorphism: the bacterial spec-
trum in males is significantly broader and includes 
representatives of the Rhizobium, Agrobacterium, and 
Brucella genera (Fig. 3). Rickettsiae were detected 
in individuals of both sexes, which is consistent with 
data [12]. It may be suggested that the fungal compo-
nent of the microbiome may play a more significant 
role in the physiology of the taiga tick than previ-
ously thought. The prevalence of ascomycete proteins 
may be considered a factor in adaptation to life on the 
tick’s body surface, whereas bacteria are represented 
primarily by endosymbionts.

Semi-quantitative composition of 
the taiga tick metaproteome
Figure 4 shows histograms of the distribution of the 
NSAF index, which is a relative estimate of the pro-
tein content in samples (Fig. 4A,B). Index values de-
crease exponentially in the range from 0.01 to the 
maximum protein content. The distribution became 
more uniform after the exclusion of proteins of 
the Ascomycota class: the pronounced peak seen in 
Fig. 4A,B in the region of low intensity values of the 
semi-quantitative index disappeared (Fig. 4C,D).

Fig. 2. General information on the metaproteome of unfed males (M) and females (F) of the taiga tick I. persulcatus. 
Identification was performed with the IdentiProt software through databases of the main classes of bacteria and fungi 
using one or more peptides per protein as a criterion, with two variants of the protein : trypsin concentration ratio: 
1 : 100 and 1 : 40. (A) The overlap of sets of identified proteins depending on the tick sex and trypsin concentration. 
(B) The heat map of the distribution of the number of identified proteins by classes of microorganisms. ArchActBactSpir* 
is a combination of the classes Archaea, Actinobacteria, Bacteroidia, and Spirochaeta
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F 1 : 100
F 1 : 40
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The insets (Fig. 4A,B) demonstrate the distribu-
tion of the number of peptides per identified pro-
tein. It should be noted that the mass spectromet-
ric identification standards developed in the Human 
Proteome Project require the presence of at least two 
peptides [13]. However, the largest number of proteins 
was identified by a single peptide; these peptides un-
ambiguously defined the sequences of the identified 
proteins.

The repeatability of the results in methodical rep-
licates upon separation by one-dimensional gel elec-
trophoresis and in technical replicates of chromato-
graphic-mass spectrometric measurements is shown 
in Fig. 4E,F for a protein : trypsin ratio of 1 : 40 and 
1 : 100, respectively. It is evident that approximately 
500 proteins were identified in both males and fe-
males in all nine experimental replicates. The esti-
mated number of identifications in male and female 

Fig. 3. Microorganism species 
represented in the taiga tick 
metaproteome. (A, B, E, F) 
Protein : trypsin ratio = 1 : 40. 
(C, D, G, H) Protein : trypsin 
ratio = 1 : 100. (A–D) With 
representatives of the Asco-
mycete class. (D–H) Without 
the Ascomycete class. M is 
sample 1, males; F is sample 2, 
females. Σ NSAF is the sum of 
semiquantitative mass spec-
trometric estimates for pro-
teins belonging to a particular 
microorganism according to 
annotations of the UniProtKB 
database
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ticks at different amounts of the hydrolytic agent is 
>1,800 protein products. About a quarter of these are 
characterized by high identification repeatability in an 
experiment involving 9 × 2 = 18 technical replicates. 
Information on these reliably identified proteins is 
shown in Table 2.

Table 2 presents the proteins identified in nine 
technical replicates (three HPLC-MS runs for each 
of the three gel fragments) in males and females. 
Metaproteome analysis identified seven housekeep-
ing proteins in each of the nine instrument runs. The 
core was constituted by energy metabolism enzymes 
(ATP synthase, malate dehydrogenase, isocitrate de-

hydrogenase) and stress-inducible chaperones (DnaK, 
HtpG, GroEL).

Interestingly, the synthesis levels of malate dehy-
drogenase and chaperone GroEL were persistently 
higher in females. Of particular note was the role 
of ATP synthase found in 39 bacterial species; ATP 
synthase subunits accounted for over 60% of the re-
producible mass spectrometric identifications. A 
semi-quantitative assessment (NSAF) confirmed the 
abundance of ATP synthase (NSAF > 0.20), with min-
imal values for the chaperone GroEL (NSAF = 0.08). 
The increased abundance of chaperones in females 
may reflect an adaptive strategy of the microbiome to 

Fig. 4. Protein composition of the taiga tick metaproteome. +/– asc denotes ascomycetes included/excluded 
from the analysis. Protein : trypsin ratio of 1 : 40 (A, C) and 1 : 100 (B, D). (A, B) Distribution of the semi-quantitative 
protein content estimate in samples by the NSAF index. (C, D) Number of the mass-spectrometry-detected peptides 
used to confirm protein identification. (E, F) “Duty cycle” means how often the identification of a protein by one or more 
peptides was repeated in a series of technical replicates (representatives of the Ascomycota class were excluded from 
analysis; designated as -asc)
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maintain protein homeostasis and ensure the survival 
of both commensal and pathogenic microorganisms 
under physiological stress [14]. The ability to main-
tain viability during host switching, that is, during 
the transition from a tick to a warm-blooded host, is 
particularly important for pathogens such as Borrelia 
spp.

Figure 5 presents the results of the functional clas-
sification of the proteins in the microbiome meta-
proteome of male and female I. persulcatus ticks. 
Doughnut charts reflect the relative abundance of 
proteins involved in biological processes (Gene 
Ontology : Biological Process, GO : BP) in the meta-
proteome profile (Fig. 5A, males; Fig. 5B, females). 
The analysis revealed significant sex differences in 
the functional profile of the I. persulcatus microbi-
ome. In males, the processes of cell division (15.0%) 
and ATP synthesis (12.1%) dominate, which indicates 
the orientation of the microbiota towards maintaining 
energy-dependent functions and proliferative activity. 
In females, proteins associated with refolding (22.9%) 
and cell division (18.6%) predominate, which is related 
to enhanced protein quality control and proliferative 
activity. Our data are consistent with the results of 
[12] emphasizing an increased level of biosynthesis of 
housekeeping proteins in the metaproteome of the fe-
male ticks of another species, I. ricinus.

The dendrogram (Fig. 5C) reveals functional simi-
larities between biological processes. The dendrogram 
structure includes clusters combining energy metab-

Table 2. Highly abundant bacterial proteins in the metaproteomes of male and female taiga ticks*

No. Protein Microorganism
Average NSAF**±SD Mol. 

weight, 
kDaFemales Males

1. ATP synthase, 
alpha subunit

Saccharophagus degradans, Teredinibacter turnerae, 
Dichelobacter nodosus, Francisella tularensis,  

Pseudomonas putida, etc.
0.22 ± 0.04 0.18 ± 0.05 ~55

2. ATP synthase, beta 
subunit

Phocaeicola vulgatus, Bacillus cytotoxicus,  
B. cereus, B. thuringiensis, B. anthracis, etc. 0.21 ± 0.06 0.24 ± 0.04 ~52

3. ATP synthase, beta 
subunit Glaesserella parasuis n/a 0.21 ± 0.05 ~55

4. Chaperone DnaK Thermosipho africanus, Bartonella henselae,  
Bartonella tribocorum, Azorhizobium caulinodans 0.18 ± 0.03 0.15 ± 0.05 ~65

5. Chaperone HtpG Buchnera aphidicola, Rickettsia felis,  
R. bellii, Rickettsia typhi 0.12 ± 0.04 0.12 ± 0.08 51–72

6.
NADP-dependent 

isocitrate 
dehydrogenase

Sphingobium yanoikuyae 0.07 ± 0.01 0.04 ± 0.01 ~45

7. Chaperone GroEL R. rickettsii, R. prowazekii, R. bellii, R. typhi n/a 0.08 ± 0.02 ~52

*A total protein content to a hydrolytic enzyme (trypsin) ratio of 1 : 100 (millimolar concentrations).
**NSAF is an index showing the amount of protein analyte determined by summing mass spectrometric signals in the ab-
sence of an isotope-labeled peptide standard (Normalized Spectral Abundance Factor). n/a – no data, SD – deviation 
from the mean NSAF index value.

olism and regulatory mechanisms (glycolysis, one-
carbon metabolism, regulation of gene expression), 
as well as processes maintaining protein homeostasis 
(protein refolding and translation). An individual clus-
ter summarizes catabolic pathways and cell division, 
which are coupled with the tricarboxylic acid cycle, 
apparently reflecting the coordination of energy me-
tabolism and proliferative processes.

CONCLUSION
We studied the metaproteome of I. persulcatus, a 
vector of tick-borne encephalitis and borreliosis in 
Eurasia, using a metaproteomic approach. Analysis 
of metaproteomes of the taiga tick I. persulcatus re-
quired an optimization of the sample preparation pro-
cedure, which resulted in a 19% increase in the num-
ber of identified proteins using a combined detergent 
removal approach. We functionally characterized the 
proteomic composition of the tick microbiome. We 
moved from taxonomic lists, known from metagenom-
ic data, to the assessment of the biochemical activity 
of the microbial consortium. In the metaproteome, we 
found elevated contents of proteins associated with 
Ascomycota fungi, which was particularly pronounced 
in females. The identified metaproteome profile, dom-
inated by fungal proteins, differs from data previous-
ly reported for other tick species (e.g., I. scapularis 
[8]). Proteins from pathogenic bacteria, rickettsia and 
borrelia, were observed in the metaproteome. A total 
of 2,100 microbe-specific proteins were identified, in-
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Fig. 5. Protein distribution 
in the microbiome metapro-
teome of unfed male (A) and 
female (B) Ixodes persulcatus 
ticks by biological process 
categories (Gene Ontology : 
Biological Process). (C) Clus-
tering of metabolic processes. 
The * symbol denotes protein 
groups whose content differs 
significantly in the microbiome 
metaproteomes of males and 
females
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dicating the high diversity of the blood-sucking tick 
microbiota.

It should be considered that low microbial pro-
teome coverage in the setting of a dominant pool of 
tick host proteins is characteristic of the survey meta-
proteomics approach for complex samples. This inevi-
tably leads to an underestimation of the fraction of 
low-abundant, but possibly critically important, patho-
gens. Their detection requires pre-separation of mi-
crobial cells using microfluidics, in combination with 
targeted proteomic approaches [15].

Therefore, we have been able to identify biochemi-
cal processes in the microbiota of the taiga tick I. per-
sulcatus (Fig. 5). The obtained data include both bac-
terial and fungal gene products. The obtained data on 
the tick microbiota metaproteome are important for 
developing a multi-omics understanding of I. persul-
catus activity. 
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time points. At the same time, 20 and 30% of the ani-
mals receiving the antibodies CR9114 and MEDI8852, 
respectively, died. The body weight in these groups 
decreased by 15 and 20%, respectively, which was 
an indication of incomplete protection (Fig. 3).
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The potential use of broadly neutralizing antibodies 
for influenza treatment and prevention has been un-
der active investigation in recent years [5, 29]. Since 
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A/Aichi/2/1968 (H3N2). By day 11, mortality had 
reached 90.8% in the control group and 75% in the 
COV2-2196 group (Fig. 2, Supplementary Table S2).

A statistically significant (p-value < 0.05) increase 
in animal survival results was noted in all groups un-
dergoing passive immunization with rAAV vectors en-
coding anti-influenza antibodies. No deaths were re-
corded in mice immunized with rAAV-MHAA4549A, 
rAAV-C585, and rAAV-1G01, although an insignifi-
cant decrease in the body weight was noted at several 



RESEARCH ARTICLES

VOL. 18 № 1 (68) 2026 | ACTA NATURAE | 69

the influenza virus is highly mutable, its preven-
tion requires antibodies that act against the broadest 
possible range of influenza strains. In this work, we 
conducted the first simultaneous comparison of the 
effectiveness of rAAV vectors designed to express 
five previously characterized anti-influenza antibod-
ies. We evaluated the neutralizing activity of the con-
structed antibodies against two viral strains, name-
ly A/California/04/2009 (H1N1) and A/Aichi/2/1968 
(H3N2), which represent the most distant subgroups 
(groups 1 and 2) within influenza A viruses [30].

The rAAV-mediated expression of the HA stem-
specific antibodies MHAA4549A and MEDI8852 en-
sured virus-neutralizing activity of mouse serum 
against both the H1N1 and H3N2 strains, which is 
consistent with the previously reported results [20, 
21]. The rAAV-CR9114 vector provided antibody pro-
duction in serum sufficient to neutralize only the H1 
virus at a virus dose of 25 TCID50 (Table 1). Serum 
samples from mice receiving rAAV-CR9114 neutral-
ized both the H1 and H3 strains at a reduced virus 
dose of 8 TCID50. The obtained data are consistent 
with the previously reported findings that CR9114 
is significantly more effective against group 1 than 
group 2 influenza A viruses [31]. Despite the relative-
ly weak neutralizing activity of CR9114-containing 
serum samples against A/Aichi/2/1968 (H3N2), the 
rAAV-CR9114 vector protected 80% of lethally infect-
ed mice from death. A similar observation was re-
ported by Dreyfus et al. [19], who showed that the 
CR9114 antibody protected challenged animals from 
death even despite its weak neutralizing activity 
against H3N2 and the inability to neutralize influenza 
B viruses. However, this protection was accompanied 
by a 10% loss in body weight. In cases of weak neu-
tralization, the protective effect of CR9114 was shown 
to be mediated by Fc-dependent mechanisms [32].

Determining the relative contributions of the neu-
tralizing activity and Fc-mediated effector functions 
to the protective effect of antibodies cannot always be 
done in a straightforward fashion. For instance, serum 
samples from mice injected with rAAV-MHAA4549A 
and rAAV-MEDI8852 exhibited a similar neutralizing 
effect against A/Aichi/2/1968 (H3N2), whereas only 
rAAV-MHAA4549A conferred 100% protection to mice 
without a noticeable decrease in body weight. This 
phenomenon may be due to differences in either anti-
body expression levels in mice or the efficiency of the 

Fc-mediated effector functions, namely ADCC and 
ADCP [21, 33].

Among the antibodies studied, particular atten-
tion should be paid to rAAV-1G01, which encodes a 
neuraminidase (NA)-specific antibody with activity 
against all influenza virus subtypes (N1–N9, NB) [23]. 
Furthermore, the 1G01 antibody exhibits neutralizing 
activity, which distinguishes it from other NA-specific 
antibodies that primarily inhibit NA enzymatic ac-
tivity, rather than neutralize the virus. In our ex-
perimental study, we confirmed both the neutraliz-
ing activity of serum from mice passively immunized 
with rAAV-1G01 against A/California/04/2009 (H1N1) 
and A/Aichi/2/1968 (H3N2) and its protective activity 
against H3N2 infection in vivo.

Thus, all the studied vectors demonstrated the 
ability to statistically significantly protect mice from 
a H3N2 influenza virus infection and may be used 
for further development of rAAV-based agents for 
passive immunization. Further studies are required 
to evaluate the protective efficacy of these vectors 
against a broader panel of influenza viruses. If nec-
essary, combinations of individual vectors may be in 
order to increase the drug breadth and effectiveness. 
For example, the CR9114 antibody, which primarily 
targets H1 viruses, could be combined with the H3-
specific antibody C585.

The potential side effects associated with the im-
munogenic properties of rAAV vectors should be also 
considered [34]. There exist data on negative effects 
primarily reported during the therapy of hereditary 
diseases requiring systemic rAAV administration [35]. 
Intranasal administration of rAAV represents a prom-
ising strategy for influenza prevention [17], as it may 
promote local antibody expression at the primary site 
of infection. This approach may be a safer alternative 
to systemic vector administration and could potential-
ly enable the development of an effective long-acting 
prophylactic agent suitable for immunocompromised 
patients and other vulnerable groups. 

This work was completed as part  
of a state assignment of the Federal Medical  

and Biological Agency.

Supplementary materials are available  
at https://doi.org/10.32607/actanaturae.27774
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ABSTRACT BALB/C mice were subjected to vestibular loading (rotation in individual containers at a speed 
of 80 rpm) for 8 h. As a result of this loading, the animals exhibited a decrease in horizontal and vertical 
locomotor activity, which returned to the control levels after 5 days. An immunohistochemical study of mi-
croglia and astrocytes in the lateral vestibular nuclei (LVN) revealed elevated levels of protein markers for 
astrocytes (GFAP) and microglia (Aif1) one hour and 5 days after the stimulation. These changes were indic-
ative of a gradual development of neuroinflammation in the LVN, which lasted for at least 5 days. Microglia, 
which appeared in branched shape in control animals, acquired an amoeboid reactive shape after vestibu-
lar loading. Moreover, expression of the genes coding for these proteins remained at the control level one 
hour after the stimulation and showed a reduction after 5 days. It is assumed that such a decrease helps re-
solve the neuroinflammation, preventing it from becoming chronic. Neuroinflammation in the acute phase is 
known to play a protective role and is required for plastic rearrangements of neuronal and glial networks. 
Transition to the chronic phase results in neuronal damage. The results of this study would allow one to de-
termine the period when it is reasonable to use anti-inflammatory therapy to mitigate damage. The applied 
model of vestibular stimulation allows one to solve problems when studying plastic rearrangements in the 
brain structures of the vestibular system under high-intensity sensory load.
KEYWORDS vestibular stimulation, lateral vestibular nuclei, Deiters’ neurons, microglia, astrocytes, gene ex-
pression, GFAP, Aif1.

INTRODUCTION
The vestibular system consists of a peripheral and a 
central component. The peripheral vestibular system, 
located within the inner ear, comprises three semicir-
cular canals that detect rotational movements of the 
head, and otolith saccules that sense gravity and lin-
ear acceleration. The input from the peripheral ves-
tibular apparatus is transmitted to the brain via the 
vestibular nerve. The central vestibular system, pre-
dominantly located in the brainstem and cerebellum, 
processes this information and interacts with the oc-
ulomotor nucleus, ensuring gaze stability during head 
motion. As a whole, the vestibular system helps main-
tain postural equilibrium and stabilize vision by mon-
itoring head and body movements, as well as spatial 
orientation. Dysfunction of the vestibular system may 
cause sensory disturbances, including balance disor-
ders, vertigo, and blurred vision [1].

The lateral vestibular nucleus (LVN), also known 
as Deiters’ nucleus, is one of the four principal ves-
tibular nuclei located within the medulla oblongata 
and pons. Deiters’ nucleus plays a pivotal role in the 
maintenance of posture and equilibrium, as it re-
ceives input from the vestibular apparatus, the cer-
ebellum, the spinal cord, and the reticular formation 
[2–5]. The efferent connections of the LVN include 
the lateral vestibulospinal tract, which is the most 
significant pathway, as well as connections with the 
cerebellum (providing feedback for movement coor-
dination), oculomotor nuclei, thalamus, and neocor-
tex. Functionally, the LVN acts as the primary source 
of vestibulospinal influences, contributing to postural 
maintenance, coordination of movement upon changes 
in body position, and stabilization of the oculomotor 
response during head motion. Hence, the LVN inte-
grates vestibular, proprioceptive, and cerebellar sig-
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nals to ensure postural stability and motor coordina-
tion [2]. Lesions in the LVN can be accompanied by 
ataxia (impaired postural balance), loss of extensor 
muscle tone, and nystagmus (involuntary eye move-
ments). Vestibular system dysfunction often derives 
from stroke, neurodegenerative disorders, tumors, 
or intoxication. Animal experiments indicate that the 
vestibular system undergoes structural and functional 
changes after labyrinthectomy (as a model of acute 
neurodegeneration), upon spinocerebellar ataxia (neu-
ronal degeneration) or multiple sclerosis (axonal de-
myelination) [6–8].

Neuroinflammation is one of the results observed 
upon various types of brain injury, including unilater-
al vestibular hypofunction. It has been demonstrated 
that neuroinflammation contributes to the functional 
recovery of neural tissue [9]. Reactive microglia, the 
key mediators of neuroinflammation, may perform a 
critical function in the vestibular nucleus by protect-
ing the affected area against injury. Expression of 
the inflammatory marker (tumor necrosis factor-al-
pha (TNF-α)), as well as the neuroprotective markers 
(nuclear factor kappa B (NF-κB) and manganese su-
peroxide dismutase (MnSOD)), has been shown to be 
upregulated during acute inflammation in the vestib-
ular nuclei after unilateral vestibular deafferentation 
[10]. Upon activation, microglial cells are recruited 
to the site of the infection or CNS injury; they un-
dergo phenotypic transformation and release several 
pro-inflammatory mediators that facilitate the clear-
ance of cell debris and dead cells. Microglial activa-
tion is observed in patients with Parkinson’s disease, 
Alzheimer’s disease, multiple sclerosis, and other neu-
rodegenerative disorders [11].

In general, microglia are essential for maintain-
ing brain homeostasis: they eliminate damaged cells 
upon inflammation, are involved in neurotransmitter 
metabolism, and control the extracellular ion balance. 
Iba1 (ionized calcium-binding adapter molecule 1), 
a 17 kDa calcium-binding protein encoded by the 
AIF1 (allograft inflammatory factor 1) gene, is a ubiq-
uitous marker for microglia [12]. This protein plays a 
crucial role in cytoskeletal reorganization and immune 
responses; its expression is upregulated upon neuroin-
flammation (e.g., in patients with Alzheimer’s disease 
and multiple sclerosis) [12, 13].

Another type of glial cells, astrocytes, likewise 
play a substantial role in maintaining brain homeo-
stasis. Astrocytes supply neurons with metabolites 
and growth factors, support synaptogenesis, and 
regulate the extracellular concentration of ions and 
neurotransmitters. They are key players in neuro-
inflammation, having both protective and detrimen-
tal effects. Furthermore, they are implicated in the 

pathogenesis of neurodegenerative disorders, includ-
ing Alzheimer’s disease and amyotrophic lateral scle-
rosis [14, 15]. Astrocytes are among the first cells (or 
even the first ones) to respond to a CNS injury. The 
morphological transformation of reactive astrocytes 
involves hypertrophy of their cell bodies and process-
es [16]. GFAP (glial fibrillary acidic protein), a key 
structural protein in astrocytes, is a glial cell damage 
marker [17, 18].

In this study, we investigated the changes in the 
astrocytic and microglial states within Deiters’ nuclei 
following increased vestibular load over time. Our 
findings may help identify conditions in which thera-
peutic interventions following damage to the vestibu-
lar nuclei can be used.

EXPERIMENTAL

Animals
Experiments were conducted using adult male 
BALB/c mice aged 19–20 weeks and weighing 30 g. 
The animals were housed under standard vivarium 
conditions with ad libitum access to food and wa-
ter. All the experiments were approved by the 
Ethics Committee for Animal Experiments and the 
Biological Safety and Bioethics Commission of the 
Institute of Theoretical and Experimental Biophysics, 
Russian Academy of Sciences (Protocol No. 8/2024 
dated March 18, 2024), and were carried out in com-
pliance with Directive 2010/63/EU of the European 
Parliament and the Council on the protection of ani-
mals used for scientific purposes.

Vestibular stimulation
Once the animals were obtained from the vivari-
um, they were habituated to handling by the exper-
imenter for three days. Next, they were divided into 
three groups: the control group (Group C) and two 
experimental groups, S0 and S5 (12 mice per group; 
n = 12). Each animal in the experimental groups was 
placed into a container (7 × 12 cm) and subjected to 
vestibular stimulation (rotation in the vertical plane 
at 80 rpm for 8 h). Control animals were kept in iden-
tical containers next to the apparatus without stimu-
lation for 8 h.

Behavioral tests
Open-field behavioral tests were conducted immedi-
ately after the stimulation. Each mouse was placed in 
the center of an open 50 × 30 cm arena divided into 
10 × 10 cm squares. The number of rearing events 
(vertical activity) and the number of square crossings 
(horizontal locomotor activity) over a 10-min period 
were recorded.
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Real-time RT-PCR
After the behavioral tests (1 h after the cessation of 
vestibular stimulation for eight animals from groups 
C and S0; 5 days for the animals from group S5), 
the mice were euthanized by cervical dislocation. 
The brain area containing vestibular nuclei was re-
moved. The resulting tissue samples were homoge-
nized in a denaturing buffer containing guanidine iso-
thiocyanate (Sigma, USA). Total RNA was extracted 
from the homogenized brain tissue by phenol–chloro-
form extraction. RNA was purified using a DNaseI kit 
(RNase-free, New England Biolabs, USA), according 
to the manufacturer’s protocol. Concentration of the 
isolated RNA was determined spectrophotometrically; 
sample quality was assessed by 1% agarose gel elec-
trophoresis. Reverse transcription was performed in 
compliance with the standard protocol provided by 
the reverse transcriptase manufacturer (Fermentas, 
USA). Real-time quantitative PCR was performed 
on a DT-322 amplifier (DNA-Technology, Russia) us-
ing the SYBR Green intercalating dye (Invitrogen, 
USA) and the β-actin gene as a reference gene. The 
mRNA levels in the mouse vestibular nuclei were 
quantified based on the threshold cycle (Ct) detect-
ed by the amplifier, followed by calculations using the 
2^(-ΔΔCt) method. The quality and molecular weight 
of the PCR products were confirmed by 3% agarose 
gel electrophoresis. Amplification was conducted using 
gene-specific primers for glial cell marker proteins: 
GFAP for astroglia and AIF1 for microglia (Table 1).

Immunohistochemistry
Four animals from each group (groups C, S0, and S5) 
were anesthetized with a xylazine–Zoletil mixture (ti-
letamine–zolazepam) at a dose of 50 mg/kg and tran-
scardially perfused with cold phosphate-buffered sa-
line (PBS) and then 4% paraformaldehyde (PFA). The 
brains were removed and placed into paraformalde-
hyde for 24 h. Floating fixed brain sections, 50 µm 
thick, were prepared using a vibratome (VIBRATOME 
100; IMEB). The sections were then stained with pri-
mary antibodies specific to the microglia marker Iba1, 
the astrocyte marker GFAP, and the neuronal nuclear 
marker (NeuN) (1  : 1,000). The following secondary 
antibodies were used: goat anti-rabbit (Alexa Fluor 
594) a11007 for Iba1; goat anti-chicken (Alexa Fluor® 
647) ab150171 for GFAP; and goat anti-guinea pig 
(Alexa Fluor® 405) ab175678 for NeuN (1 : 500).

The specimens were mounted under coverslips on 
ProLong Glass Antifade Mountant (Invitrogen, USA).

Quantitation of the histological changes
Microscopy examination was conducted using a TCS 
SP5 confocal microscope (Leica, Germany) equipped 

with a 40× oil immersion lens (numerical aperture, 
1.25) to acquire Z-stacks (8–18 optical sections with 
a step size of 3 µm). All the images were captured at 
identical acquisition parameters as 16-bit images sized 
1024 × 1024 pixels. The Fiji ImageJ v.1.54p software 
(https://doi.org/10.1038/nmeth.2019) was used for im-
age processing. The maximum intensity projections 
were generated using the Extended Depth of Field 
plugin (https://bigwww.epfl.ch/demo/edf/).

Only the areas containing Deiters’ neurons were 
analyzed. Regions sized 200 × 200 µm were selected 
for each image, and at least 25 such regions were 
analyzed per group. The “threshold” function was ap-
plied in order to efficiently distinguish between the 
GFAP- or Iba1-positive areas and background stain-
ing. The percentage of the image area with a flu-
orescence intensity above the threshold was cal-
culated using the built-in “measure” function. The 
data are reported as a mean ± standard deviation. 
Statistical analysis was performed using the two-sam-
ple Student’s t-test.

Statistical analysis
The statistical analysis was performed using the 
GraphPad Prism software (version 8.0.2.263). Mouse 
behavior was evaluated using the non-parametric 
Mann–Whitney U test. Statistical significance was set 
at p ≤ 0.05. Data are presented as the mean ± SEM. 
For immunohistochemical and RT-PCR data, the nor-
mality of sample distributions was verified using the 
Shapiro–Wilk test. The significance of intergroup dif-
ferences was assessed using the one-way analysis 
of variance (ANOVA), followed by Tukey’s multiple 
comparison test. The Kruskal–Wallis test, followed by 
Dunn’s post-hoc multiple comparison test, was applied 
for non-normal distributions.

Table 1. The nucleotide sequence of the primers used in 
our study

Gene Primers, nucleotide sequence
Length  

of the product, 
bp

Actb
F CTTCTTGGGTATGGAATCCTG

190
R CTTGATCTTCATGGTGCTAGG

AIF1
F TGGAGGGGATCAACAAGCAAT

71
R AAGTTTGGACGGCAGATCCTC

GFAP
F TGGTATCGGTCTAAGTTTGCAG

88
R GTCGTTAGCTTCGTGCTTGG
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RESULTS AND DISCUSSION

Behavior
The animals experienced significant stress during 
vestibular stimulation. After removal from the con-
tainers, they showed signs of physical fatigue caused 
by prolonged exposure to an unusual environment. 
The open-field test revealed a substantial decline in 
locomotor activity 1 h following vestibular stimulation: 
the number of square crossings dropped almost two-
fold, while the number of rearing events decreased 
severalfold. Five days after stimulation, both the hori-
zontal and vertical activity levels remained not differ-
ent from the control values (Table 2).

The reduction in locomotor activity expected imme-
diately after vestibular loading had normalized within 
several days, as demonstrated by the tests conducted 
5 days post-stimulation. The intensified grooming be-
havior observed during this period can be attributed 
to a vigilance reaction upon contact with the experi-
menter due to memories of a stressor. BALB/c mice 
are known to exhibit high levels of anxiety; they are 
very emotional and vulnerable, and they experience 
difficulty coping with stress [19, 20].

The changes in animal behavior after vestibular 
stimulation, including a reduced locomotor activity 
level and intensified grooming, can be attributed not 
only to acute stress, but also to long-term changes 
in the LVN. To test this hypothesis, we performed a 
immunohistochemical analysis to assess the state of 
microglia and astrocytes, which are the key cells in-
volved in the neuroinflammatory response.

Immunohistochemistry
Immunohistochemical staining revealed that in the 
control animals, microglial cells remained uniform-
ly distributed in the lateral vestibular nucleus and 
kept a well-defined cell body with branched process-
es (Fig. 1A). In the animals in group S0, the increased 
vestibular load altered the morphology of microglia: 
their cell bodies now presented either a rounded 
spherical shape and reduced processes, or a rod-like 
morphology (Fig. 1D). These morphological changes 
contribute to increased motility and are indicative of 
the activated state of microglia [21, 22].

Rod-like microglia are typically a feature of the 
early stages of neurodegenerative disorders and in-
juries [23]. The astrocytes in the lateral vestibular 
nuclei of the animals after stimulation also under-
went characteristic changes. Activated cells were ob-
served in group S0 (Fig. 1E); as demonstrated pre-
viously [24–26], they had a hypertrophied cell body 
and thickened primary branches with reduced pe-
ripheral processes. Since astrocyte activation leads to 
the formation of denser intermediate filaments that 
contribute to structural rigidity [27], we detected an 
elevated GFAP content in the animal groups S0 and 
S5 (Fig. 2B).

Real-time RT-PCR
The Iba1 and GFAP mRNA levels in the lateral ves-
tibular nuclei were assessed 1 h and 5 days after 
the stimulation. Similar patterns in the expression 
of marker proteins for both microglia and astrocytes 
were observed: the mRNA levels in the animals in 
group S0 did not deviate from their control values, 
while they dropped 5 days after stimulation in the an-
imals in group S5 (Fig. 3).

Although the GFAP mRNA level 1 h after the 
stimulation had remained unchanged, the content 
of this protein in the lateral vestibular nuclei was el-
evated (Fig. 1E, Fig. 2B). Five days after the stimula-
tion, the GFAP levels within the nuclei remained ele-
vated (Fig. 1H, Fig. 2B), while the mRNA level of this 
protein was substantially reduced. Expression of the 
GFAP gene is regulated by numerous transcription 
factors, including various protein kinases and oth-
er signaling molecules [28]. However, the regulation 
of the synthesis of this protein is also exceptionally 
complex and versatile [15]. Therefore, there is often 
a misalignment between the dynamics of GFAP gene 
transcription and protein levels under various impacts 
(in particular, upon different types of neuroinflamma-
tion) [29]. It can be assumed that neuroinflammation 
does develop in the lateral vestibular nuclei under our 
experimental conditions, as was further evidenced 
by microglial activation. The level of the Iba1 protein 

Table 2. Animal behavior in the open-field test after ves-
tibular stimulation

Animal 
group

Number  
of square 
crossings  

in the open-
field test

Number  
of rearings

Total duration 
spent  

grooming

Control (C) 
(n = 12) 146.3 ± 3.7 44.4 ± 2.4 60.8 ± 5.0

С0
(n = 12)

76.1 ± 7.6*
(р < 0.0001)

0.6 ± 0.3* 
(р < 0.0001)

356.6 ± 15.7*
(р < 0.0001)

С5
(n = 12)

142.4 ± 15.0#  
(р = 0.0031)

38.4 ± 4.8#

(р < 0.0001)

131.5 ± 22.2*,#

(р = 0.0014,  
р < 0.0001)

* – relative to group C;
 # – relative to group S0. 
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Fig. 1. The effect of vestibular 
stimulation on the morphology 
of microglia and astrocytes. 
The green channel was used 
to identify microglia (Iba1-pos-
itive cells); the red channel, 
for astroglia (GFAP-positive 
cells); and the blue channel, 
for neurons (NeuN-positive 
neuronal nuclei). Represent-
ative micrographs of sections 
of the lateral vestibular nuclei 
in the animals in Group С 
(A–C), Group S0 (D–F), and 
Group S5 (G–I). Scale bar, 
50 μm

C

S0

S5

A B C

D E F

G H I

Iba1 GFAРGroups NeuN   Iba1   GFAР

50 μm 50 μm 50 μm

50 μm50 μm50 μm

50 μm 50 μm 50 μm

Fig. 2. Immunohistochemical staining of the (A) Iba1 (green) and (B) GFAP (red) proteins in lateral vestibular nuclei. 
The relative area of immunohistochemical staining in the lateral vestibular nuclei in the animals of Group C, one hour 
(Group S0) and 5 days (Group S5) after vestibular loading
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marker for microglia was elevated in the animals in 
groups S0 and S5 compared to the controls (Fig. 2A), 
although expression of both the AIF1 and GFAP genes 
was reduced in mice in group S5 (Fig. 3A). This mis-
alignment between the AIF1 and Iba1 RNA levels 
is also attributable to the complex regulation of the 
transcription and translation of this protein in the 
brain. Findings demonstrating the regulatory role of 
HIF-1α (hypoxia-inducible factor-1α) in the mecha-
nisms of innate immune memory and MPTP-induced 
Parkinsonian pathology are an example of such dis-
cordance [30]. This factor was found to stabilize the 
Iba1 protein under hypoxic conditions without alter-
ing the AIF1 expression level.

CONCLUSIONS
Our study suggests that vestibular stimulation elicits 
a complex response in the LVN, encompassing both 
behavioral and cellular changes. The observed signs 
of neuroinflammation – such as microglia and astro-
cyte activation, as well as misalignment between the 
protein and mRNA expression levels — are consist-

ent with the neuroplasticity mechanisms and patho-
logical processes that have been described previously. 
Neuroinflammation in the lateral vestibular nucle-
us progresses through phases such as acute micro-
glial activation, a peak cytokine response, all fol-
lowed by resolution or progression to a chronic state. 
It had been demonstrated recently that a transient 
inflammatory response occurring in the deafferent-
ed vestibular system is essential for the formation 
of intrinsic plasticity, which facilitates functional re-
covery. Reactive microglia in the vestibular nucleus 
may play a critical role by protecting the affected 
area against chronic inflammation and contributing to 
the long-term survival of afferent vestibular neurons 
[9]. However, it is well-known that chronic activation 
of microglia and astrocytes may result in excessive 
inflammation, neuronal damage, and exacerbation 
of neurodegeneration [31].

Hence, it is clear that anti-inflammatory neuropro-
tection therapy must be administered within specific 
temporal windows to prevent the escalation of neu-
roinflammation into a chronic state. The observed re-
duction in the GFAP and AIF1 gene expressions in 
the vestibular nuclei of the animals 5 days after ves-
tibular stimulation was likely to do with a protective 
mechanism facilitating the resolution of neuroinflam-
mation and blocking its progression to a chronic form. 
The model of vestibular stimulation suggested in this 
study allows one to investigate plastic rearrangements 
in the vestibular structures of the brain upon high-
intensity sensory load. 
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ABSTRACT R-loops that contain a DNA:RNA hybrid and unpaired single-stranded DNA are important deter-
minants of normal cell physiology and of the pathogenesis of numerous diseases. Although several different 
approaches to R-loop mapping in the genome have been developed, these techniques can produce conflict-
ing results. In order to assess their robustness, a recent study by Chedin et al. compared the R-loop genom-
ic distribution assessed using different methods in normal and cancer cell lines. Importantly, that study as-
sumed a high degree of similarity between R-loop genomic distributions across different cellular types. Here, 
we compared DRIP datasets produced using the same protocol in different cell lines to show that only 26% 
of R-loop peaks are shared between chronic myeloid leukemia-derived HAP1 cells and human pluripotent 
stem cells. Meanwhile, HAP1-derived double knockout cell lines are characterized by much higher fractions 
of R-loop peaks that are identical both to each other (most of them) and to the R-loop peaks of their parental 
line (71 and 55%). We conclude that cellular type represents a major determinant of R-loop genomic distri-
bution and, therefore, that only a systematic comparison of a large array of various cell/tissue type-derived 
R-loop datasets may address the inconsistencies between different R-loop mapping techniques.
KEYWORDS R-loops, DNA:RNA hybrids, DNA-RNA Immunoprecipitation (DRIP), cellular differentiation, 
hPSCs, HAP1 cells.
ABBREVIATIONS DRIP – DNA–RNA immunoprecipitation; HNRNPA2B1 – heterogeneous nuclear ribonucleo-
protein A2/B1; hPSC – human pluripotent stem cells.
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INTRODUCTION
R-loops that contain a DNA:RNA hybrid and un-
paired single-stranded DNA are abundant in the 
genome and can be involved in the regulation of a 
broad range of biological processes, such as transcrip-
tion termination, DNA repair, telomere homeostasis, 
and immunoglobulin class-switch recombination [1]. 
Meanwhile, irregular or pathological R-loops can dis-
rupt transcription and replication, causing accumula-
tion of DNA double-strand breaks and thus becom-
ing a major source of genetic stress and instability in 
mammalian cells [1]. Taking into account the associa-
tion between genomic instability and oncogenic trans-
formation, the interest in the regulation of the R-loop 
distribution across various systems has led to the de-
velopment of experimental methods for genome-wide 
R-loop mapping [2]. Some of these methods are based 

on antibodies specific to RNA:DNA hybrids (the S9.6 
antibodies) [3]. These techniques include DNA:RNA 
immunoprecipitation (DRIP), with its numerous vari-
ants (DRIPc-seq; ssDRIP-seq, etc.), and R-loop cleav-
age under targets & tagmentation [4, 5]. Other meth-
ods are based on either mapping single-stranded 
DNA within R-loops using bisulfite [6] or the appli-
cation of RNase H1, an enzyme responsible for the 
recognition and cleavage of RNA:DNA hybrids [7]. 
Importantly, R-loop sets obtained using different (and 
sometimes similar) methods on different cell lines can 
often be substantially different [8].

In order to resolve these contradictions, Chedin et 
al. compared the datasets on R-loop genomic distri-
bution obtained for various cell lines using differ-
ent methods and assessed their degree of similarity 
[8]. That study does not fully consider the cellular 
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types used to obtain the datasets. The implicit as-
sumption was that there exists a fundamental simi-
larity in R-loop distribution in housekeeping genes 
across different cellular types. Nonetheless, the valid-
ity of this assumption is unclear. Chedin et al. neither 
evaluated nor discussed the potential extent of differ-
ences in the R-loop genomic distribution in various 
cellular systems such as human pluripotent stem cells 
(hPSCs) and tumor cell lines (U2OS or HeLa). Instead, 
they compared the signal coverage profiles from cor-
responding DRIP experiments performed using dif-
ferent cellular types to identify the datasets consid-
ered “discordant” [8]. We believe that this approach, 
which implicitly presumes similarity in the R-loop 
genomic distribution across cell lines of different ori-
gins, has the potential to distort the interpretation of 
experimental data.

EXPERIMENTAL

Cell lines and cell culture, DRIP,  
and high-throughput sequencing library preparation
HNRNPA2B1 KO and YTHDF2 KO cells, as well 
as isogenic parental wild-type HAP1 cells (Horizon 
Discovery, # HZGHC007378c010, # HZGHC006678c001, 
and # C631), were cultured in the DMEM/F12 me-
dium (Gibco Life Technologies, USA # 11320033). 
DNA–RNA immunoprecipitation (DRIP) was conduct-
ed in compliance with the previously published pro-
cedure, including control over DRIP signal specificity 
by treating samples with RNase H [9]. The genomic 
libraries were constructed using a NEBNext Ultra 
II DNA Library Prep Kit for Illumina (NEB, USA 
# E7645) according to the manufacturer’s protocol.

Bioinformatics analysis of the DRIP-seq data
Datasets on HAP1 (WT, HNRNPA2B1 KO and 
YTHDF2 KO) and the previously published data-
set on hPSC (PRJNA474076) were analyzed simul-
taneously. The peaks were identified using a MACS2 
peak caller. Broad peaks were detected using the 
following parameters: −format BAM -g hs −keep-
dup all. The consensus peaks were identified using 
the bedtools intersect tool with the standard pa-
rameters to ensure minimal input peak intersection 
(-f 1E-9 -F 1E-9). A detailed description of bioinfor-
matics analysis is available online at https://github.
com/katerinaoleynikova/human_samples_paper_25.

RESULTS AND DISCUSSION
In order to assess the degree of similarity in the 
R-loop genomic distribution across cells of different 
origin, we compared DRIP datasets generated us-
ing our previously published protocol [9] in three dif-

ferent cellular models: human pluripotent stem cells 
(hPSCs), wild-type HAP1 (HAP1 WT) cells derived 
from the KBM-7 chronic myeloid leukemia cell line 
[10], and two isogenic HAP1 cell lines with YTHDF2 
or HNRNPA2B1 gene knockout generated via gene 
editing (HAP1 YTHDF2 KO and HAP1 2B1 KO cell 
lines, respectively). The genomic regions enriched in 
R-loops in these cell lines were identified by DRIP-
sequencing; the reads were mapped to the human 
genome and R-loop peaks were identified. Next, con-
sensus peaks for each sample were identified by com-
paring two corresponding replicates. We demonstrated 
that, although a similar number of consensus peaks 
were identified for hPSCs and wild-type HAP1 cells 
(4,482 and 4,458, respectively), only 1,187 (~26%) peaks 
were common to both cell lines (Fig. 1A). Interestingly, 
while YTHDF2 and HNRNPA2B1 gene knockout sub-
stantially reduced the total number of peaks (1,496 
and 950, respectively) compared to wild-type HAP1 
cells, the HAP1 YTHDF2 KO and HAP1 2B1 KO da-
tasets were similar to each other. The vast majority 
of peaks in HAP1 2B1 KO cells (873 out of 950) over-
lapped with those identified in HAP1 YTHDF2 KO 
cells (Fig. 1B). Furthermore, 71% (681) of the peaks 
identified in HAP1 2B1 KO cells and 55% (864) of the 
peaks in HAP1 YTHDF2 KO cells were identical to 
the peaks of R-loops detected in their parental HAP1 
WT cell line (Fig. 1B). The genomic region surround-
ing the RPL13A housekeeping gene, which was used 
by Chedin et al. for dataset comparison and called 
“the gold-standard region,” contained only peaks from 
wild-type HAP1 cells, but not the peaks from R-loops 
derived from hPSCs or the two other knockout cell 
lines tested in our study (Fig. 1C). We also identified 
other loci where R-loop peaks were present across all 
four tested cell lines (Fig. 1D, left panel). However, 
we believe that in order to refer to any genomic re-
gions as “gold-standard” ones, datasets from addition-
al cell lines of diverse origins need to be obtained, 
since the R-loop genomic distribution appears to be 
highly cellular-type specific. Hence, we demonstrat-
ed that R-loop sets obtained in cell lines of different 
origins using the same method differ substantially 
and that only 25% of R-loop peaks coincide between 
hPSCs and the HAP1 line derived from chronic my-
eloid leukemia cells. Meanwhile, the R-loop distribu-
tion in YTHDF2 and HNRNPA2B1 knockout HAP1 
cells and in wild-type HAP1 cells is apparently more 
similar for these two cellular types compared to their 
distribution in hPSCs. Since the recently identified 
factors involved in R-loop regulation include the chro-
matin structure [10], nucleosome positioning [11], and 
RNA modifications [9], all varying significantly across 
cellular types, these findings are not particularly un-
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Fig. 1. Cellular type is a major determinant of the R-loop genomic distribution. (A) Venn diagrams showing the overlaps 
between the R-loop peak datasets obtained using DRIP experiments in hPSC and wild-type HAP1 (HAP1 WT) cells, as 
well as (B) wild-type HAP1cells and HAP1 cells with genetic knockouts of the YTHDF2 (HAP1 YTHDF2 KO)  
and HNRNPA2B1 (HAP1 2B1 KO) genes. The numbers of R-loop peaks in each category are indicated on the diagrams.  
(C) Genome browser view of the distribution of R-loop peaks (shown as blue vertical dashes) in the datasets generated 
in our DRIP experiments on the aforementioned cell lines over the region centered around the RPL13A housekeeping 
gene used by Chedin et al. as the “gold standard” for dataset comparison. (D) Genome browser views of the signal 
profiles of our R-loop DRIP datasets alongside the control input samples at two representative genomic loci. The loca-
tions of the R-loop peaks are shown with blue rectangles
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expected [12]. Importantly, the interpretation of our 
results and the conclusions derived from them are 
confined to the selected models. Therefore, datasets 
from additional differentiated and tumor cell lines of 
different histogeneses need to be analyzed to ensure 
a more robust generalization.

CONCLUSIONS
Hence, we infer that the R-loop genomic distribution 
is cellular-type specific. Therefore, only the systemat-
ic and standardized comparison of a substantial array 
of R-loop genomic distribution datasets derived from 

different cellular types can resolve the discrepancies 
between the experimental results obtained using dif-
ferent R-loop mapping techniques. 
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ABSTRACT Pyridoxal-5’-phosphate (PLP)-dependent transaminases are highly efficient biocatalysts for the 
stereoselective synthesis of chiral amines, which are key building blocks in pharmaceuticals and chemical 
manufacturing. Fundamental research on enzymatic transamination includes the classical works of Alexander 
Braunstein, who discovered the transamination reaction; David Metzler, who studied the spectral proper-
ties of PLP-dependent enzymes; Esmond Snell, who investigated the kinetics of PLP-dependent enzymes; as 
well as studies by other Russian and international researchers. Despite extensive studies on PLP-dependent 
transaminases, their practical application remains limited. In addition to the unfavorable equilibrium of the 
transamination reaction and the narrow substrate specificity of transaminases, their stability under manufac-
turing conditions is a major constraint. Transaminase stability encompasses not only the structural integrity 
of the protein globule, but also the enzyme’s ability to retain the PLP cofactor. PLP dissociation leads to en-
zyme inactivation and termination of the reaction. Modern biocatalytic processes are predominantly designed 
for aqueous–organic media to increase the solubility of hydrophobic substrates to hundreds of grams per 
liter. Under these conditions, the stability of transaminases, as with other enzymes, decreases. In the context 
of these challenges, this work investigates the efficiency of PLP binding as a factor in stabilizing the active 
holoenzyme of the transaminase from Desulfomonile tiedjei in various aqueous–organic media. The study 
analyzes the transaminase stability and catalytic activity in the presence of methanol, DMSO, and Cyrene 
(up to 20% v/v), both in incubation mode and under reaction conditions. Particular attention is paid to the 
analysis of the effect of the amino acid substitution T199Q in the cofactor-binding region on the enzyme’s 
resistance to organic solvents. The present study contributes to addressing the practical problem of stabilizing 
transaminases in aqueous–organic media. The results also deepen our understanding of the molecular basis 
of the stability of PLP-dependent enzymes.
KEYWORDS transaminases, enzyme catalysis, stability, organic solvents.
ABBREVIATIONS DMSO – dimethyl sulfoxide; PLP – pyridoxal-5’-phosphate; PMP – pyridoxamine-5’-phos-
phate; TA – transaminase; DestiTA – transaminase from Desulfomonile tiedjei; LDH – lactate dehydrogenase; 
WT – wild type.

INTRODUCTION
Pyridoxal-5′-phosphate (PLP)-dependent transami-
nases [EC 2.6.1.X] catalyze the stereoselective trans-
fer of an amino group from an amino acid/amine to 
an α-keto acid/ketone, yielding a new amino acid/
amine and a new α-keto acid/ketone [1–3]. Enzymatic 
transamination is a double-displacement reaction in-

volving transient transfer of the amino group to the 
PLP cofactor during deamination of the amino acid 
substrate, resulting in the formation of pyridoxam-
ine-5′-phosphate (PMP). PMP then serves as an ami-
no group donor in the second half-reaction: amination 
of the second keto acid substrate. Transaminases have 
been studied for more than 80 years. The fundamen-
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tal studies in this area were conducted by Alexander 
Braunstein, who discovered the transamination reac-
tion; David Metzler, who studied the spectral proper-
ties of pyridoxal enzymes and the equilibrium of in-
dividual steps of the transamination reaction; Esmond 
Snell, who investigated the kinetics of PLP-dependent 
enzymes; as well as other Russian and international 
researchers [3–6]. The use of transaminases for ste-
reoselective amination of keto compounds on an in-
dustrial scale was first proposed in 2010 [7]. To date, a 
number of biotechnological processes using transam-
inases have already been established for industrial 
application and new methods continue to be proposed 
[8–14]. To create biocatalysts based on transaminas-
es, it is important to address challenges such as in-
creasing their specificity towards the target substrate, 
shifting the equilibrium of the transamination reac-
tion towards product formation, and stabilizing the 
enzyme under reaction conditions [10, 14, 15]. The 
stability issue involves not only thermal stability, but 
also the maintenance of the active conformation of 
the biocatalyst under operational conditions [16, 17]. 
In the case of transaminases, this primarily involves 
stabilization of the holoenzyme in aqueous–organic 
media, since an organic solvent (up to 50% v/v) is add-
ed to increase the solubility of the keto substrate [7, 
10]. In addition, cofactor dissociation from the active 
site of the transaminase may occur, leading to en-
zyme inactivation [17–19]. The simplest and most ef-

fective way to enhance holoenzyme stability is to add 
an excess of the PLP cofactor into the reaction medi-
um [7, 10, 19]. However, this approach does not fully 
address the issue of cofactor release in the form of 
pyridoxamine-5′-phosphate (PMP), which is an inter-
mediate cofactor form generated after amino group 
transfer from the amino acid substrate [1]. Under re-
action conditions, stabilization can be achieved either 
by increasing the concentration of the second sub-
strate (keto compound, or the amino group acceptor) 
or by introducing amino acid substitutions in the co-
factor-binding region [17, 19].

We have previously characterized the transami-
nase DestiTA from the Gram-negative bacterium 
Desulfomonile tiedjei. DestiTA efficiently catalyzes the 
transfer of an amino group from both D-amino ac-
ids and (R)-phenylethylamine to α-ketoglutarate and 
other keto acids (Fig. 1) [20]. DestiTA also functions 
effectively in a three-enzyme system for the stereose-
lective amination of α-keto acids, producing D-amino 
acids with up to 99% yield and an enantiomeric excess 
exceeding 99% (Fig. 2) [20].

At the same time, instability of the DestiTA holo-
enzyme has been observed. In other words, the apo-
enzyme predominates in the reaction buffer and ef-
ficient enzyme functioning requires the addition of 
excess PLP into the reaction mixture. To stabilize the 
holoenzyme, we substituted individual amino acid res-
idues in the second coordination sphere of the PLP-
binding site in the DestiTA active site. The T199Q 
substitution was found to be the most effective, since 
it enabled the formation of a hydrogen bond between 
Gln199 and the conserved Glu194, which coordinates 
the N1 atom of the PLP molecule (Fig. 3). The T199Q 
substitution resulted in a five-fold decrease in the ho-
loenzyme dissociation constant (from 11 ± 1 μM for 
the wild-type (WT) enzyme to 2.2 ± 0.4 μM for the 
T199Q variant) and a slight increase in the Vmax of 
the transamination reaction between D-alanine and 
α-ketoglutarate [20]. The thermal denaturation mid-
point (T0.5) increased by 1°C for the T199Q holoen-

Fig. 1. Schemes of transamination reactions 
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zyme and decreased by 5°C for the apoenzyme. We 
further investigated the effect of the T199Q substitu-
tion on DestiTA functioning and analyzed the stabil-
ity and catalytic efficiency of the holoenzyme in aque-
ous–organic solutions.

EXPERIMENTAL 

Preparation of recombinant DestiTA 
and its T199Q variant
Purified, active recombinant WT DestiTA and the 
T199Q variant were obtained as previously described 
[20]. The purity and homogeneity of the enzymes 
were assessed by denaturing polyacrylamide gel elec-
trophoresis. Protein concentration was determined 
spectrophotometrically by measuring the absorbance 
at 280 nm.

Standard reaction
The standard transamination reaction between 
D-alanine and α-ketoglutarate was performed 
in 50 mM K-phosphate buffer (pH 8.0), at 40°C, 
D-alanine and α-ketoglutarate concentrations were 
25 and 10 mM, respectively, in the presence of 30 μM 
PLP, 330 μM NADH, and 2 U/mL rabbit lactate de-
hydrogenase (LDH) (Sigma, USA). The reaction was 
initiated by adding a DestiTA aliquot (0.004 mg/mL) 
after equilibrating the reaction mixture to 40°C. The 
reaction progress was monitored using a coupled en-
zymatic reaction catalyzed by LDH, in which pyruvate 
formed during the transamination reaction serves as 
a substrate. LDH catalyzes the conversion of pyruvate 
to lactate in the presence of NADH. NADH oxidation 
was monitored at 340 nm (εNADH = 6.22 mM-1cm-1). 

Measurements were performed in a quartz cuvette 
with a 0.5 cm optical pathlength using an Evolution 
300 UV–Vis spectrophotometer (Thermo Fisher 
Scientific, USA). DestiTA specific activity was ex-
pressed as U/mg of the enzyme, where 1 U corre-
sponds to the conversion of 1 μmol of the substrate 
per minute.

Determination of C50(PLP) for WT 
DestiTA and the T199Q variant
PLP binding was studied by kinetic analysis in a re-
action mixture with LDH similar to that described 
above, but with substrate concentrations of 100 mM 
D-alanine and 10 mM α-ketoglutarate. PLP concen-
trations ranged from 0 to 30 μM. The reaction was 
initiated by adding the apo form of DestiTA to a final 
concentration of 0.01 mg/mL (0.3 μM).

Determination of the kinetic parameters of the 
half-reaction between DestiTA and D-valine
The interaction of the DestiTA holoenzyme 
(PLP form) (0.72 mg/mL (20 μM)) with D-valine 
(0–50 mM) was analyzed spectrophotometrically us-
ing a SPECTROstar Omega microplate reader. The 
half-reaction was monitored at 410 nm in 50 mM 
K-phosphate buffer (pH 8.0) at 40°C.

Under substrate excess conditions, the half-reac-
tion was assumed to follow first-order kinetics. The 
observed half-reaction rate constant kobs was deter-
mined by fitting the absorbance data over time using 
equation (1):

       	Аt = А∞ + (А0 − А∞) × exp(−kobst),�  (1)

where At is the absorbance at time t, A0 is the initial 
absorbance, and A∞ is the final absorbance.

The kinetic parameters of the half-reaction were 
calculated using equation (2):

                    kobs = 
kmax [S]
Kd +[S] + kr , � (2)

where [S] is the substrate concentration, kmax is the 
maximum half-reaction rate constant, Kd is the en-
zyme-substrate complex dissociation constant, kr is 
the rate constant showing the reverse reaction contri-
bution, and kmax/Kd is the specificity constant.

Effect of organic solvents on enzyme specific 
activity in the transamination reaction
The effect of organic solvents on DestiTA activity 
was analyzed using the standard transamination reac-
tion between D-alanine and α-ketoglutarate. For this, 
10–20% (v/v) DMSO, methanol, or Cyrene was added 
into the reaction mixture.

Fig. 3. Cofactor binding in the DestiTA active site. The 
amino acid substitution T199Q that potentially leads to the 
formation of a hydrogen bond Q199/NE2–E194/OE2 is 
shown. Distances are presented in Angstroms.
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Due to the high optical density of Cyrene 
at 340 nm and the denaturation of LDH in the pres-
ence of 20% (v/v) methanol, aliquots were taken from 
the reaction mixture at set time intervals to assay en-
zymatic activity. The reaction was stopped by heat-
ing at 98°C for 5 min. The concentration of pyruvate 
formed in each aliquot was then determined using 
LDH at 25°C in 50 mM K-phosphate buffer (pH 8.0) 
from a linear calibration curve of LDH activity as 
a function of pyruvate concentration.

Determination of the observed rate constant 
of dissociation of the DestiTA holoenzyme 
during incubation in buffer and under reaction 
conditions in the presence of organic solvents
The rate constant of dissociation of the DestiTA ho-
loenzyme was determined spectrophotometrical-
ly by monitoring the absorbance decay at 430 nm, 
which corresponds to the loss of the holo form; the 
extinction coefficient was 0.2 mL×mg-1cm-1. For this, 
0.2–0.6 mg/mL DestiTA was incubated in 50 mM 
K-phosphate buffer, either without substrates or 
in the presence of 100 mM D-alanine and 10 mM 
α-ketoglutarate, at 40°C. To evaluate the effect of 
organic solvents, 10–20% (v/v) DMSO, methanol, or 
Cyrene was added into reaction mixtures. Precipitate 
formation was monitored at λ = 500–550 nm. The ob-
served rate constant of holoenzyme dissociation was 
calculated using equation (3):

               kapp
diss= – 1

[TA]×ε ×
dA
dT ,� (3)

where kapp
diss is the rate constant of holoenzyme dis-

sociation, [TA] is the transaminase concentration, 
ε is the extinction coefficient of the holoenzyme at 
430 nm, and dA/dT is the experimental curve slope. 
The Origin 8.0 software (OriginLab, USA) was used to 
process the experimental curves

Determination of the thermal denaturation 
midpoint for WT DestiTA and the T199Q variant
Differential scanning fluorimetry was used to deter-
mine the thermal denaturation midpoint (T0.5) of the 
apoenzyme and holoenzyme of DestiTA in 50 mM 
K-phosphate buffer, pH 8.0. The apoenzyme was ob-
tained by incubating the enzyme with 2 mM phe-
nylhydrazine for 20 min at room temperature, fol-
lowed by buffer exchange using a desalting column 
(Cytiva, USA). The holoenzyme was obtained by in-
cubating the enzyme with 300 μM PLP for 1 h at 
room temperature. The holoenzymes at a final con-
centration of 0.07 mg/mL (2 μM) were mixed with 

25×ProteOrange Protein Gel Stain (Lumiprobe, 
USA). The effect of organic solvents was analyzed 
by adding 10–20% (v/v) methanol, DMSO, or Cyrene 
into the samples. Measurements were conducted at 
515–530 nm excitation and 560–580 nm emission 
wavelengths using a CFX96 RT-PCR system (Bio-Rad, 
USA) with temperature increments of 0.2°C, followed 
by sample equilibration for 10 s over a temperature 
range of 25–90°C. Three experimental curves were 
obtained for each sample. Data were processed us-
ing the CFX Manager software (Bio-Rad) and further 
analyzed in OriginPro 8.0. The thermal denaturation 
midpoint (T0.5) was determined as the maximum of the 
first derivative of the fluorescence-temperature curve.

Analysis of the operational stability of WT DestiTA 
and T199Q in the presence of organic solvents
The operational stability of DestiTA was analyz-
ed by incubating the enzyme at a concentration 
of 0.2 mg/mL in 50 mM K-phosphate buffer, pH 8.0, 
supplemented with 50 mM D-glutamate, 50 mM 
3-methyl-2-oxobutyrate, 300 μM PLP, and either 
10–20% (v/v) DMSO or 10% (v/v) methanol at 40°C. 
To assess DestiTA activity, aliquots were collected im-
mediately after preparation and after 1, 2, and 5 days 
of incubation. Enzyme activity was measured using 
the standard transamination reaction with D-alanine 
and α-ketoglutarate.

RESULTS AND DISCUSSION

Stability of the DestiTA holoenzyme under reaction 
conditions: the effect of the T199Q substitution
We have previously compared the properties of WT 
DestiTA and the T199Q variant and observed a de-
crease in the dissociation constant of the DestiTA ho-
loenzyme upon introduction of the T199Q substitution; 
this, based on modeling results, is associated with the 
formation of an additional hydrogen bond between 
Gln199 and Glu194 in the cofactor-binding region [20]. 
In this work, we analyzed the stability of the WT and 
T199Q holoenzymes under reaction conditions. For 
this, we assessed the efficiency of holoenzyme forma-
tion from the DestiTA apoenzyme and free PLP un-
der reaction conditions using the C50(PLP) parameter 
(Fig. 4). The obtained C50 values were 0.29 ± 0.07 and 
0.8 ± 0.1 μM for WT DestiTA and T199Q, respective-
ly, indication that the T199Q substitution destabilizes 
the holoenzyme under reaction conditions. To fur-
ther clarify this observation, we analyzed substrate 
binding to the wild-type and variant enzymes in the 
first half-reaction of deamination [1] in the absence 
of the second substrate. The kinetic parameters of 
the half-reaction of the WT holoenzyme and T199Q 
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variant with D-valine were kmax = 0.068 ± 0.004 s-1 
and KD = 0.5 ± 0.1 mM, and kmax = 0.019 ± 0.001 s-1 
and KD = 10 ± 2 mM, respectively. Apparently, the 
substitution at the PLP cofactor-binding site reduced 
the substrate-binding affinity, which affected C50(PLP) 
and the kinetic stability of DestiTA.

DestiTA activity in aqueous-organic media
To study DestiTA stability in aqueous-organic me-
dia, DMSO and methanol were selected as solvents 
commonly used in biocatalytic processes involving 
transaminases [8–10]. This choice was based on the 
differences in the key physicochemical properties of 
DMSO and methanol: hydrophobicity (logP = −1.35 
and −0.74 for DMSO and methanol, respectively), the 
dipole moment (3.96 and 1.70 D for DMSO and meth-
anol, respectively), and the interaction with water 
molecules. Methanol acts as a hydrogen bond donor, 
whereas DMSO is a hydrogen bond acceptor. This al-
lows for a comprehensive assessment of the effects 
of different types of solvents on enzyme stability. We 
also tested the Cyrene solvent (logP = −1.52; 0.93 D; 
hydrogen bond acceptor), which is promoted as a bi-
odegradable, non-mutagenic, and non-toxic alterna-
tive to traditional dipolar aprotic solvents such as 
DMSO, N,N-dimethylformamide (DMF), dioxane, and 
tetrahydrofuran (THF) [21, 22]. The effect of organic 
solvents on enzyme activity was assessed by meas-
uring the specific activity of DestiTA in the transam-
ination reaction with D-alanine and α-ketoglutarate 
as substrates (Fig. 1) in 50 mM K-phosphate buff-
er (pH 8.0) at 40°C (Table 1). A positive effect of the 
T199Q substitution on DestiTA activity was observed 
in DMSO, whereas the variant exhibited lower activi-
ty in 10−20% (v/v) Cyrene.

Thermodynamic and kinetic stability of 
DestiTA in water-organic solvent media: 
effect of the T199Q substitution
The thermodynamic stability of the holoenzyme in-
creased upon introduction of the T199Q substitution 
not only in the buffer alone [20] but also in buff-
er supplemented with organic solvents (Table 2). 
To analyze the stability of DestiTA, the enzyme’s 
thermal denaturation midpoint (T0.5) was determined 
by differential scanning fluorimetry. Substitution 
T199Q appeared to stabilize the enzyme, whereas 
cyrene was the most destructive for DestiTA, de-
creasing T0.5 by more than 20°C. The effects of meth-
anol and DMSO were less pronounced. The observed 
effects were different than the solvent’s effects on 
activity (Table 1). Apparently, these effects are de-
termined by the ability of solvents to form hydrogen 
bonds, as well as the hydrophobicity, the dipole mo-

Fig. 4. Dependence of the specific activities of WT DestiTA 
and T199Q on the PLP concentration in the transamina-
tion reaction between 100 mM D-alanine and 10 mM 
α-ketoglutarate (saturating concentrations) in 50 mM 
K-phosphate buffer (pH 8.0) at 40°C
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Table 1. Specific activity of WT DestiTA and its variant 
T199Q in the transamination reaction between D-alanine 
and α-ketoglutarate (unsaturating concentrations) in a 
50 mM K-phosphate buffer (pH 8.0) at 40°C

Organic solvent, %
Specific activity, U/mg

WT T199Q

no solvent 3.4 ± 0.2 2.8 ± 0.3

Cyrene
10 3.7 ± 0.1 2.9 ± 0.2

20 2.3 ± 0.3 2.0 ± 0.2

DMSO
10 2.7 ± 0.1 2.8 ± 0.1

20 2.1 ± 0.2 3.0 ± 0.1

Cyrene
10 2.4 ± 0.3 1.8 ± 0.2

20 2.0 ± 0.2 No activity

Table 2. Effect of organic solvents on the thermal denatur-
ation midpoint (T

0.5
) of WT DestiTA and T199Q in 50 mM 

K-phosphate buffer (pH 8.0) with the addition of organic 
solvents

Organic solvent, %
T0.5, °C

WT T199Q

no solvent 64.4 ± 0.2 65.7 ± 0.1

Methanol, 10 59.9 ± 0.3 61.2 ± 0.4

Methanol, 20 49.5 ± 0.6 53.0 ± 0.2

DMSO, 20 57.7 ± 0.5 58.1 ± 0.2

Cyrene, 20 40.6 ± 0.8 42.7 ± 0.8
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ment (µ), etc., to varying degrees depending on the 
experimental conditions.

The kinetic stability of WT DestiTA and T199Q 
was evaluated via the rate of cofactor dissociation 
from the active site, leading to enzyme inactivation. 
The dissociation was assessed by monitoring chang-
es in the holoenzyme absorption spectrum (Fig. 5). 
The experiment was performed both in buffer and 
under reaction conditions; i.e., in the presence of 
the two substrates D-alanine and α-ketoglutarate, 
the latter implying the presence of the cofactor in 
both the PLP and intermediate PMP forms. The ob-
served holoenzyme dissociation rate constant (kapp

diss) 
in 50 mM K-phosphate buffer (pH 8.0) in the ab-
sence of substrates was comparable for WT DestiTA 
and T199Q and equal to (12.2  ±  0.4)  ×  10-3 and 
(20 ± 4) × 10-3 min-1 at 40°C, respectively. Under reac-
tion conditions, the observed T199Q rate constant of 
dissociation (kapp

diss) was almost an order of magnitude 
higher, indicating its lower kinetic stability compared 
to the WT enzyme (Table 3).

Whereas the thermal denaturation midpoint (T0.5) 
can be considered with caution as an indicator of pro-
tein thermodynamic stability (this is true only for re-
versible unfolding of the protein; DestiTA undergoes 
aggregation upon heating), the holoenzyme dissocia-
tion constant represents a more objective measure of 
holoenzyme thermodynamic stability [20]. Evidently, 
the holoenzyme variant is more stable than the WT 
holoenzyme. However, its kinetic stability, as reflected 
by kapp

diss, which determines the rate of inactivation, 
is lower for T199Q. It is possible that changes in ki-
netic parameters due to the substitution in the active 
holoenzyme (see section above) also affect the kinetic 
stability. In the case of DestiTA, the WT enzyme ap-
pears to be more stable than T199Q, particularly un-
der reaction conditions. This may be associated with 
the reduced stability of the T199Q apoenzyme, which 
accumulates during catalysis, especially in the absence 
of free PLP [19].

As for the solvent effects, DMSO stabilizes the WT 
holoenzyme but has little effect on the T199Q vari-
ant under reaction conditions in the presence of sub-
strates. The WT enzyme’s specific activity decreases 
in DMSO (Table 1). This observation suggests that the 
organic solvent may access the enzyme’s active site 
and interfere with the rates of individual reaction 
steps [23, 24].

Operational stability of DestiTA in aqueous-
organic solutions: effect of the T199Q substitution
The operational stability of a biocatalyst is an impor-
tant factor determining enzyme performance under 
specific reaction conditions. It is typically assessed by 

residual enzyme activity under reaction conditions; 
i.e., in the presence of substrates, excess PLP, and oth-
er additives [18]. The PLP excess fundamentally dis-
tinguishes this experiment from the kinetic stability 
analysis, which is typically conducted with the holo-
enzyme without excess PLP.

The operational stability of DestiTA is shown 
in Fig. 6. Notably, excess PLP effectively stabilizes 
the wild-type (WT) enzyme and, to a lesser extent, 
the T199Q variant. The effects of solvents on the ho-
loenzyme dissociation rate constant are consistent 
with those previously observed (Table 3). However, 
the addition of free PLP does not compensate for the 
kinetic instability of the variant. In addition, excess 
PLP significantly stabilizes the active holoenzyme 
form, maintaining catalytic activity for several days. 
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Fig. 5. Scheme of DestiTA inactivation in buffer and under 
reaction conditions (A). Absorption spectra of the PLP 
(black) and PMP (blue) forms of the holoenzyme and apo-
enzyme (red) (B). The spectra are normalized to absorb-
ance at 280 nm

Table 3. Holoenzyme dissociation under reaction con-
ditions (saturating substrate concentrations) with the 
addition of organic solvents in 50 mM K-phosphate buffer 
(pH 8.0) at 40°C

Organic solvent, %
kapp

diss × 103, min-1

WT T199Q

no solvent 12.8 ± 0.3 100 ± 20

Methanol
10 27 ± 1 280 ± 15

20 precipitate precipitate

DMSO
10 12.7 ± 0.4 110 ± 15

20 7.1 ± 0.4 120 ± 10

Cyrene 10 precipitate precipitate
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Fig. 6. Residual activity of WT DestiTA (0.25 mg/mL) and T199Q incubated in 50 mM K-phosphate buffer (pH 8.0), 
containing 50 mM D-glutamate, 50 mM 3-methyl-2-oxobutyrate, 300 μM PLP, and supplemented with 10% (v/v) 
DMSO (A), 20% (v/v) DMSO (B), 10% (v/v) methanol (C), and in the absence of organic solvents (D). A value of 100% 
specific activity corresponds to 3.4 ± 0.2 U/mg for WT DestiTA and 2.8 ± 0.2 U/mg for T199Q

Under comparable conditions, but without excess PLP, 
the inactivation half-lives for the WT holoenzyme and 
T199Q are approximately 50 min and 7 min, respec-
tively (Table 3).

Thus, the experimental results indicate that 
DestiTA stability decreases in the following solvent 
series: DMSO > methanol > Cyrene. Introduction of 
the T199Q substitution results in a slight increase in 
DestiTA thermal stability in both the buffer and wa-
ter-organic solvent media and promotes holoenzyme 
stabilization in buffer. However, this effect is not re-
tained under reaction conditions. Kinetic stability is 
a complex parameter that includes the stability of 
both the holoenzyme and apoenzyme, as well as the 
substrate-binding and cofactor-binding efficiencies. 
A relatively small (within one order of magnitude) 
increase in PLP-binding affinity is insufficient to reli-
ably predict a change in the transaminase kinetic and 
operational stability.

CONCLUSION
Despite the long history of studying PLP-dependent 
enzymes, the development of stable transami-
nase-based biocatalysts for industrial application re-
mains a elusive in modern enzymatic catalysis. PLP 
binding in the active site of transaminases, in par-
ticular DestiTA, determines not only the enzyme’s 
catalytic properties but also its stability. Altering the 
PLP-binding site has a complex effect on a wide 
range of enzyme parameters; namely, catalytic effi-
ciency, thermal stability, operational stability, and the 
stability in water-organic solvent solutions. In this 
context, DestiTA, as a moderately thermally stable 
enzyme, retains stability in buffers containing up 
to 20% of the organic solvent. The T199Q substitu-
tion enhances thermal stability and retention of en-
zyme activity in the reaction between D-alanine and 
α-ketoglutarate in water-organic solvent media, but 
it reduces its kinetic and operational stability. The 
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introduction of the T199Q substitution stabilizes the 
holoenzyme but destabilizes the DestiTA apoenzyme 
and reduces the catalytic efficiency of the half-reac-
tion of D-amino acid deamination. It can be conclud-
ed that increasing the stability of the protein globule 
(apoenzyme) is preferable for DestiTA stabilization in 
biotechnological processes, since holoenzyme stability 

can be achieved by increasing the PLP concentration 
in the reactor. The conducted studies further confirm 
the effectiveness of transaminase stabilization when 
there is an excess of free PLP. 

This work was supported by the Russian Science 
Foundation (project No. 23-74-30004).
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ABSTRACT Viral diseases represent an increasingly serious threat for potato production all around the world, 
including in the Russian Federation, which leads to a significant decrease in potato crop yield, quality, and 
shelf life. In this study, we carried out screening of potato leaf and tuber samples collected from commercial 
potato fields to determine the spread of potato viruses in 16 regions of the European part, and two regions 
in the Ural Federal District, of the Russian Federation. The samples were sequenced, and full-length viral 
genomes were subsequently assembled de novo. A phylogenetic analysis of the identified virus variants was 
performed to assess their genetic diversity and possible origin. It has been shown that the most dangerous 
and economically important potato virus Y (PVY) is widespread and is represented by recombinant variants, 
NTNa, NTNb, and N-Wi being the most common ones. The second most common virus was potato virus M 
(PVM), which was frequently encountered in conjunction with potato virus S (PVS). The presence of potato 
leafroll virus (PLRV), which is recognized as an economically detrimental potato pathogen, along with PVY, 
has been found in two Russian regions. Mixed infections were detected in at least half of the studied sam-
ples, many containing both PVY and PVM (about one-third of all the samples). The data on the evolutionary 
variability of virus populations lay the groundwork for developing innovative strategies meant to contain a 
broad range of viruses and their strains using specifically designed double-stranded RNA (dsRNA).
KEYWORDS potato, potato viruses, RNA sequencing, viral genome, de novo assembly, phylogeny, genetic diver-
sity, regions of the Russian Federation.
ABBREVIATIONS PVY – Potato virus Y; PVS – Potato virus S; PVM – Potato virus M; PVP – Potato virus 
Р; PLRV – Potato leafroll virus; dsRNA – double-stranded RNA; RF – Russian Federation; CFD – Central 
Federal District; NWFD – Northwestern Federal District; VFD – Volga Federal District; NCFD – North 
Caucasian Federal District; SFD – Southern Federal District; UFD – Ural Federal District; FEFD – Far 
Eastern Federal District.

INTRODUCTION
Potato (Solanum tuberosum ssp. tuberosum L.) is the 
fourth most important food crop in the world (af-
ter rice, wheat, and maize) and the most important 
non-cereal crop. Annual global potato production 
stands at over 390 million tons (FAOSTAT Database). 
In the Russian Federation, potato has traditionally 
been one of the main agricultural crops (the so-called 
“second bread”), its annual production being ~ 30 mil-
lion tons. Viral diseases affecting potato pose a serious 
threat to global agriculture, reducing the crop yield, 
quality, and shelf life of the product. During viral epi-

demics, crop yield loss can rise as high as 50% or even 
more [1–3], negatively impacting food security and 
economic stability. More than 40 viruses that naturally 
attack potato have been reported; however, only nine 
of those are of significant economic relevance to glob-
al potato production. These are Potato leafroll virus 
(PLRV); the Potato viruses A, M, S, V, X, and Y (PVA, 
PVM, PVS, PVV, PVX, and PVY, respectively); Potato 
mop-top virus (PMTV); and the Tobacco rattle virus 
(TRV). All these viruses share a single-stranded RNA 
(ssRNA) genome. The viruses are transmitted via in-
sect vectors (PVY, PLRV, PVM, and PVS), through 
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tubers, and by mechanical damage. PVY, PVS, PVM, 
PLRV, and PVX are the main pathogens responsible 
for crop yield loss and deteriorating potato quality 
[2, 4, 5]. Quarantine agents that are present in elite 
and high-reproduction seed potatoes in the Russian 
Federation include eight potato viruses: PLRV, PVA, 
PVM, PVS, PVX, PVY, PMTV, and TRV. The econom-
ic damage from the infection of potato plants by the 
aforementioned viruses varies depending on the virus 
strain, the presence of mixed infections, vector activi-
ty, region (geographical area), climatic conditions, and 
the overall level of agricultural technological develop-
ment [2, 4–6].

Monitoring the spread of plant viruses and their 
novel variants resulting from genetic evolution, trans-
mission from natural reservoir plants, mixed infec-
tions, changes in agricultural practices, and global 
warming is required in order to combat viral epidem-
ics and develop modern methods to protect agricul-
tural plants against viral infections [3, 5]. Certification 
schemes for seed material have been developed to 
address this problem, and they are implemented by 
specialized laboratories that perform diagnostics and 
sanitation of potato cultivars. Potato is also bred for 
resistance to viral infections. Pesticides are used to 
control insect vectors of viral infections. Generating 
potato lineages/cultivars resistant to viral infections 
using bioengineering technologies, the main one being 
CRISPR-Cas genome editing, has now become a con-
sequential undertaking in the development of highly 
efficient potato production. An alternative method for 
protecting plants against viruses is an intensely de-
veloping innovative strategy based on the RNA in-
terference mechanism. It utilizes exogenous dsRNAs 
specific to the nucleotide sequence of the viral ge-
nome [7].

Only a few studies describing strains/isolates 
of potato viruses, as well as their distribution across 
the Russian Federation, have been published so 
far [8–11]. Thus, a high incidence of potato infec-
tion with PVM, PVS, and PVY has been detect-
ed in the European part of the Russian Federation 
and the Irkutsk region. The potato viruses PVM, 
PVS, PVY, PVX, and PLRV have been detected in 
the leaves and tubers of potato samples collected in 
the Northwestern, Volga, and Far Eastern Federal 
Districts of the Russian Federation [11]. PVY, PVM, 
and PVS were found to be the viruses most fre-
quently infecting potato plants in the Novosibirsk 
region as well [12]. Molecular characterization of the 
Potato virus P detected in Primorsky Krai revealed 
that it is a distinct Russian isolate [10, 11].

Various ELISA techniques using virus-specific an-
tibodies and reverse transcription polymerase chain 

reaction (RT-PCR) are the key techniques used for 
analyzing potato viral infections and characterizing 
virus strains and isolates. Therefore, phylogenetic 
analysis of virus strains is generally based on nu-
cleotide sequences encoding individual virus-specific 
proteins, primarily coat proteins. Next-generation se-
quencing has recently appeared as a tool in the diag-
nosis and investigation of the composition of the virus 
population [13–15]. In the present study, we employed 
this method to perform RNA sequencing from potato 
leaves and tubers (RNA-Seq), followed by de novo as-
sembly of full-length viral genomes, in order to iden-
tify the major economically important potato virus-
es in 18 regions of the Russian Federation different 
in terms of climatic conditions, reservoir plants, and 
vector species. The results of the analysis of the data 
obtained for the material collected in 2021–2024 are 
reported. This study aimed to acquire both data on 
the distribution of potato viruses in individual regions 
of the Russian Federation and the whole-genome se-
quencing data for these RNA viruses, which are char-
acterized by a high level of recombination and point 
mutations. We analyzed RNA from randomly collected 
leaf samples of first-generation plants and high-re-
production seed potatoes (super-super-elite and su-
per-elite) grown on commercial fields, as well as from 
the leaves of tuber seedlings of these plants. PVY, 
PVM, and PVS were shown to be the main viruses 
infecting potato plants during the field season. The 
PVM and PVS were encountered only in some re-
gions, whereas various recombinant variants of PVY 
circulate ubiquitously, including the so-called rare and 
novel recombinants, including the ones described pre-
viously by us [16]. PLRV was also detected in certain 
regions. Importantly, the most prominent and eco-
nomically fraught viruses, such as PVY and PLRV, 
were detected in potato tubers. Not only are our find-
ings important for elaborating measures to contain 
the spread of potato viruses based on monitoring of 
their geographic distribution, but they are also used 
to develop methods based on dsRNA molecules spe-
cific to viral genome sequences to ensure bioprotec-
tion of potato against viruses by triggering the RNA 
interference mechanism in plants, which eliminates 
viral RNA.

EXPERIMENTAL

Plant sample selection
Potato (Solanum tuberosum L.) plants were used 
as the study objects. Leaf samples and tubers 
were collected on commercial agricultural fields 
in 2021–2024 in different regions of the Russian 
Federation. Samples of 14 potato cultivars different 
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in their susceptibility to viral infections were collect-
ed in 18 Russian regions: the Northwestern Federal 
District – Pskov and Novgorod regions; Central 
Federal District – Moscow, Bryansk, Oryol, Tver, 
Kostroma, Yaroslavl, Vladimir, and Tambov regions; 
Volga Federal District – Nizhny Novgorod, Penza re-
gions and the Republic of Tatarstan; North Caucasian 
Federal District – Stavropol Krai; Southern Federal 
District – Astrakhan region and Krasnodar Krai; and 
Ural Federal District – Sverdlovsk and Tyumen re-
gions.

Leaves were sampled 2 or 3 months after planting 
tubers in the field. Samples were collected random-
ly, evenly across the planting area, without any bias 
based on external plant characteristics. Material (sam-
ples) was collected from an average of 25–60 plants 
for each cultivar/genotype. In order to preserve plant 
tissue, leaf punches were collected into tubes contain-
ing RNA fixative (Eurogen, Russia). Tubers were har-
vested at the end of the growing season and stored 
for 3–5 months at +4°C (30–60 tubers per cultivar). 
After the dormancy period, an explant containing the 
apical meristem (the terminal bud) was excised from 
each tuber. The scheme “one tuber – one explant – 
one seedling” was employed. The explants were air-
dried for 24 h and then planted in boxes filled with 
peat. Seedlings were grown under controlled green-
house conditions (protected from insect access; tem-
perature, 21–22°C) for 3–4 weeks until the 5–8 leaf 
stage. The sample for analysis contained leaf punches 
from 30–60 seedlings.

RNA isolation and high-throughput sequencing
Plant tissue samples (leaf punches from field-grown 
plants and the leaves of tuber seedlings) were fro-
zen in liquid nitrogen and homogenized in a mor-
tar with a pestle to a powder consistency. Total RNA 
was extracted using the TRIzol reagent (InvitrogenTM 
TRIzolTM Reagent, ThermoFisher ScientificTM, USA) 
according to the manufacturer’s protocol. The result-
ing RNA samples were dissolved in nuclease-free 
water (NFW, Thermo Fisher ScientificTM, USA) and 
treated with DNase I (RNase-free DNase I, Thermo 
#EN0523, USA). Next, RNA was re-precipitated us-
ing TRIzol-chloroform. The quantity and quality of 
the extracted RNA were assessed using a NanoDrop 
ND-1000 spectrophotometer (Nanodrop Technologies, 
USA) and non-denaturing agarose gel (1.5%) electro-
phoresis.

The quality assessment of the RNA samples (de-
termining the RNA integrity number (RIN) for each 
sample), library preparation for sequencing, and se-
quencing were performed at the research facilities of 
CeGaT GmbH (Tübingen, Germany). RNA-seq librar-

ies, including rRNA depletion, were prepared using 
TruSeq Stranded Total RNA in combination with the 
Ribo-Zero kit (Illumina, USA). The prepared libraries 
were sequenced using an Illumina NovaSeq 6000 sys-
tem with PE100 parameters (2 × 100 bp paired-end 
reads). A total of 113 samples (49 leaf and 64 tuber 
samples) were analyzed.

The resulting 113 RNA-seq libraries contained 
from 2,701,505,437 to 12,600,931,349 paired-end reads 
(2 × 100 bp) at Q30 values ranging from 84.43% to 
95.88%. Demultiplexing was performed using bcl-
2fastq v2.20 (Illumina); adapter trimming was carried 
out with Skewer v0.2.2; and read quality control was 
performed using the FastQC v0.11.9 and SeqKit v2.3.0 
tools.

Processing and analysis of the RNA sequencing data
De novo assembly of the virus genomes was per-
formed using the Trinity v2.15.2 [17] and rnaviral-
SPAdes v3.15.4 [18] algorithms. For reference-guided 
assembly, the samples were analyzed for the pota-
to viruses PVY, PVX, PVS, PVM, PLRV, PVA, PVP, 
TMV, PVT, PVV, TNV, PRDV, PAMV, AMV, TRV, and 
PMTV using the HISAT2 v2.1.0 [19], samtools, and 
bcftools software. We identified contigs containing 
full-length genomic RNA sequences: PVY – 158 con-
tigs; PVS – 27 contigs; PVM – 127 contigs; PLRV – 
6 contigs; and one contig with the full-length PVP 
genome sequence. These contigs were selected for 
further analysis and separated from the remaining 
contigs in the assemblies. Translation of the assem-
bled nucleotide sequences was performed using the 
NCBI ORFfinder v0.4.3 tool [20]. All the full-length 
contigs contained open reading frames characteristic 
of these viruses. Taxonomic classification of nucle-
otide and translated amino acid (protein) sequences 
was performed using the BLAST algorithm (BLASTn 
v2.14.0+) and the NCBI database [21]. For assessing 
the assembly quality and correcting potential errors, 
raw reads were mapped to the resulting assembly. 
Mapping was performed using HISAT2 v2.1.0 [19]. 
The assemblies were checked for single-nucleotide er-
rors, short insertions, deletions, and gaps using Tablet 
v1.21.02.08 [22].

Multiple nucleotide sequence alignments were 
performed using the MAFFT software (v7.453) set 
on default parameters. Poorly aligned and hyperdi-
vergent regions were eliminated using the Gblocks 
software (v0.91b) set on default settings, followed by 
concatenation of the resulting fragments [23]. The 
5′ and 3′ terminal regions of the sequences were 
trimmed to generate alignment of full-length cod-
ing sequences. A maximum-likelihood phylogenetic 
analysis was conducted using the IQ-TREE software 
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(v1.6.12) employing 1,000 bootstrap replicates to as-
sess statistical significance and automatic model se-
lection. Most clusters demonstrate high support lev-
els (> 87.5), confirming the reliability of the topology 
obtained. Tree visualization was performed using the 
iTOL v7.2.1 tool [24].

The sequences of the selected contigs and the li-
braries have been deposited in the NCBI database un-
der access number PRJNA13227266. Supplementary 
Table 1 summarizes the data on the samples and 
RNA-seq libraries.

Statistical analysis
Statistical analysis was conducted using Pearson’s 
χ² test to probe for differences in the mixed infec-
tion rate depending on a certain year and region. 
At expected rates < 5 cases, the categories were 
merged and the statistical significance level was set 
at p < 0.05.

RESULTS AND DISCUSSION

The key potato viruses detected 
in the Russian regions
Monitoring of viral diseases affecting potato conduct-
ed in several regions of the Russian Federation re-
vealed significant differences in the incidence rates 
of various viruses. We identified a total of five pota-
to viruses: PVY, PVM, PVS, PLRV, and PVP (Fig. 1). 
Potato virus Y (PVY) was found to be the most ubiq-
uitous as it was present in all the studied regions, 
which is confirmation of its high epidemiological 
significance. Potato virus M (PVM) was the second 
most frequently detected virus, found in the Central 
Federal District (Moscow, Yaroslavl, and Bryansk 
regions), the Southern Federal District (Astrakhan 
region and Krasnodar Krai), and the Ural Federal 
District (Sverdlovsk and Tyumen regions). Potato 
virus S (PVS) was detected in the same regions as 
PVM, except for the Tyumen region. Potato leaf-
roll virus (PLRV) was revealed only in the Moscow 
region (Central Federal District) and the Novgorod 
region (Northwestern Federal District), attesting to 
the limited distribution of this virus. Potato virus P 
(PVP) was detected only in the Sverdlovsk region 
(Ural Federal District). Neither Potato virus X nor 
Potato spindle tuber viroid was detected in any of the 
analyzed samples. Hence, our findings on the highest 
incidence rates of PVY, PVM, and PVS are consist-
ent with the data obtained previously in the studied 
Russian regions [8–12] and are indicative of the broad 
geographic variability in the distribution of different 
potato viruses; PVY exhibited the best adaptability 
and resistance to climatic and geographical conditions.

Mixed infections (more than one virus per sample) 
were detected in 50% of the samples (56 samples out 
of 113). Individual viruses present within mixed infec-
tions were distributed as follows: PVM, in 51 out of 
56 samples (91%); PVY, in 47 out of 56 samples (84%); 
PVS, in 15 out of 56 samples (27%); PLRV, in 5 out of 
56 samples (9%); and PVP, in one out of 56 samples 
(2%). The following virus combinations were identi-
fied in mixed infections: PVM + PVY, in 33 samples; 
PVM + PVS, in seven samples; PVM + PVS + PVY, 
in six samples; PLRV + PVM + PVY, in four samples; 
PVS + PVY, in two samples; PVM + PVP + PVY and 
PLRV + PVY, in one sample each. Therefore, PVM + 
PVY appeared to be the most frequent combination in 
mixed infections (approximately 59% of all the mixed 
infection cases). One in five samples contained up to 
three viruses, most often involving PVM and PVY. 
PVS was detected rarely and predominantly with-
in triple combinations. The rates of mixed infections 
by year were as follows: 2021 – 44.2% (23 out of 52); 
2022 – 50.0% (7 out of 14); 2023 – 78.6% (11 out of 14); 
and 2024 – 45.5% (15 out of 33). The highest rate was 
observed in 2023; however, the sample size for that 
year was limited (n = 14).

Statistical analysis using Pearson’s χ2 test showed 
that the differences in the rate of mixed infections 
across years (2021–2024) were statistically non-signif-
icant (χ2 = 6.94; p = 0.074), although there tended to 
be fluctuations (the highest values observed in 2023: 
78.6%). For the PVM + PVY combination, significant 

Fig. 1. The geographic distribution of potato viruses in 
the Russian regions. The Russian regions are grouped by 
Federal Districts: NWFD – Northwestern, CFD – Central, 
VFD – Volga, NCFD – North Caucasian, SFD – Southern, 
and UFD – Ural Federal Districts. Colored lines indicate 
the viruses: PVY (Potato virus Y), PVM (Potato virus M), 
PVS (Potato virus S), PLRV (Potato leafroll virus), and PVP 
(Potato virus P). Dots represent the regions where the 
corresponding viruses were detected
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differences between years were revealed (χ2 = 10.06; 
p = 0.018), whereas no statistical significance was ob-
served for other combinations. Interregional com-
parison revealed significant differences (χ2 = 24.68; 
p < 0.001): the highest rate of mixed infections was 
observed in the Moscow (70%) and Sverdlovsk (76%) 
regions, while the lowest one was observed in the 
Astrakhan region (27%) and the “Other” category 
(24%). The “Other” category included regions with 
fewer than five samples, which were merged to meet 
the applicability requirements of the χ2 test. The rate 
of the PVM + PVY combination also differed signifi-
cantly between regions (χ2 = 26.71; p < 0.001), indica-
tive of prominent territorial heterogeneity in the dis-
tribution of this combination.

Mixed infections pose a serious threat, since the 
pathogenicity of individual viruses can increase sub-
stantially when a plant is simultaneously infected 
with two or more noncognate viruses [2]. Our findings 
underscore the high risk of coinfection in potato vi-
rus populations and the need to take that into account 
when performing epidemiological monitoring and de-
signing effective plant protection strategies.

The distribution and phylogenetic 
analysis of Potato virus Y (PVY)
The phylogenetic analysis conducted using 158 as-
sembled full-length PVY contigs, which included the 
complete PVY polyprotein sequence, together with 
165 representative PVY isolates from GenBank, was 
characterized by significant diversity of PVY (Potato 
virus Y, Potyvirus genus, family Potyviridae) variants 
across the studied Russian regions (Fig. 2).

Previously, we [25] analyzed the RNA-seq data for 
the potato samples collected in 2021–2022 from only 
two regions: the Astrakhan region (Southern Federal 
District) and the Moscow region (Central Federal 
District), which showed that the NTNa and NTNb 
PVY recombinants were dominant. A significantly 
higher diversity in the PVY population was observed 
in the Astrakhan region, involving the additional re-
combinants N:O, N-Wi, SYR-I, SYR-II, SYR-III, and 
261-4, whereas there were only five virus variants 
in the Moscow region: NTNa, NTNb, N:O, N-Wi, 
and SYR-I. These results allowed us to characterize 
the differences in the PVY population between the 
Southern and Central Federal Districts of the Russian 
Federation.

In this study, the geographic scope of sample 
collection was substantially expanded so that we 
could supplement our earlier findings with an anal-
ysis of new samples from various regions of the 
Russian Federation. The results for the two regions 
(Astrakhan and Moscow) obtained previously were 

integrated into a broader picture of PVY variant dis-
tribution across the Russian Federation.

The NTNa and NTNb recombinants were also 
shown to be dominant in almost all the studied re-
gions. Moreover, only NTNa/NTNb recombinants 
were identified in the Pskov and Novgorod regions 
(Northwestern Federal District), Oryol and Penza re-
gions (Central Federal District), Nizhny Novgorod re-
gion (Volga Federal District), Stavropol region (North 
Caucasus Federal District), and Tyumen region (Ural 
Federal District). In a 2021 study [11], an analysis of 
potato samples collected in different Russian regions 
revealed that NTNa was the main variant encoun-
tered. It is evident that over the past years, the NTNb 
variant has become as widespread across the Russian 
regions as the NTNa variant. Meanwhile, we identified 
only the N-Wi, N-Wi, and SYR-III variants, respec-
tively (all belonging to the parental N type) in tuber 
samples collected from the Kostroma and Yaroslavl 
regions (Central Federal District) and the Republic 
of Tatarstan (Volga Federal District). The distribution 
of the N-Wi recombinant has also expanded recent-
ly (Fig. 3): we have detected it in samples collected in 
seven Russian regions.

A sequence related to the so-called rare recom-
binant PVY-ND23 was detected among the vari-
ants identified in our study [26]. Nucleotide sequence 
analysis of the T24Ta10 PVY variant from the 
Tambov region (Central Federal District) revealed 
a high degree of similarity to the GenBank iso-
late KY847997.1, which was identified in the United 
States in 2017. The identity percentage was as high 
as 99.36% with 99% coverage, which is indicative of a 
close phylogenetic relationship. The reference isolate 
has a N:O genotype, albeit with a shifted recombina-
tion breakpoint at the 5’ end of viral RNA. The con-
structed phylogenetic tree confirms clustering of the 
T24Ta10 variant having this genotype, suggesting a 
close evolutionary relationship with the aforemen-
tioned reference strain [27].

The highest diversity of recombinant PVY vari-
ants was revealed for the samples collected in the 
Astrakhan (Southern Federal District) and Moscow 
(Central Federal District) regions. Nearly all ma-
jor clades were identified in these regions, includ-
ing both the dominant recombinants NTNa, NTNb, 
N-Wi, and additional variants such as SYR-I, 
SYR-II, SYR-III, N:O, and 261-4 (according to our 
previous study [25] and the data obtained in 2023–
2024). However, the broad variability of the viral 
population observed in these regions may be par-
tially attributed to the fact that the number of sam-
ples from these regions was the largest compared to 
other territories.
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Fig. 2. Phylogenetic relationship between de novo and reference-guided assembly PVY contigs identified in the Russian 
Federation and previously characterized PVY isolates. The maximum-likelihood phylogenetic tree was generated for 
complete nucleotide sequences. Bootstrap values for 1,000 replicates are indicated by the size of circles on branch-
es (the smallest, 50–60%; the largest, 90–100%). Tip labels for the previously characterized PVY isolates show the 
GenBank accession number. Clusters with PVY variants belonging to the N-type are highlighted in blue (cluster 1), and 
variants belonging to the O-type are highlighted in pink (cluster 2). De novo contigs identified in this work are marked in 
bold

Bootstrap

Cluster 1

Cluster 2
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When analyzing the RNA-seq data for the samples 
collected in the Astrakhan region in 2021–2022, we 
first described two novel PVY recombinants: Ast-A-I 
and Ast-A-II [16]. Contigs corresponding to these re-
combinant PVY variants were also obtained by ana-
lyzing tuber samples collected in the Astrakhan re-
gion in 2023–2024. Interestingly, these variants were 
also detected in tuber samples from the Bryansk and 
Vladimir regions (Central Federal District) and the 
Krasnodar Krai (Southern Federal District) in 2024, 
attesting to the fact that they have become estab-
lished in the PVY population.

Hence, the phylogenetic analysis revealed that two 
stable phylogenetic PVY lineages circulate in the 
studied Russian regions. The first lineage is repre-
sented by dominant recombinant variants belonging 
to the parental type N, while the second, more di-
verse group includes recombinant variants belonging 
to the parental type O. No variants belonging to the 
types PVY-C, PVY-O5, and PVY-NA-N were detected 
in our study. The presence of rare variants (Ast-A-I, 
Ast-A-II, 261-4, and ND23) may be indicative of both 
a high level of evolutionary dynamics within the viral 
population (Fig. 3) and high likelihood that these PVY 
variants have been introduced via seed material.

Earlier studies focusing on PVY variants in differ-
ent Russian regions have also suggested the wide-
spread distribution of this virus [8–12]. While the 

samples collected from commercial fields in 2015–
2018 contained the parental non-recombinant strain 
PVYO along with NTN [9], in subsequent years, only 
PVY recombinant variants (NTNa, N:O, and N-Wi) 
were identified in the Northwestern, Volga, and Far 
Eastern Federal Districts; SYR-I, SYR-II, and 261-4 
recombinant variants, in the Volga Federal District 
[11]; and NTNa, SYR-III, and 261-4 recombinant var-
iant, in the Novosibirsk region [12].

Overall, the diversity of PVY recombinant variants 
has noticeably broadened in recent years. The recom-
binant variant 261-4 is a notable example. It was orig-
inally classified as rare [27] and was first detected in 
the Russian Federation in the Far Eastern Federal 
District [11]. More recently, this recombinant variant 
has been encountered in the Novosibirsk region [12], 
as well as in the Moscow and Astrakhan regions (by 
our research team).

Phylogenetic analysis and geographic 
distribution of Potato viruses M, S, and P
We conducted a phylogenetic analysis of the identi-
fied full-genome contigs of the potato viruses M and 
S by comparing them with the full-genome sequenc-
es of cognate viruses available in the NCBI GenBank 
database (Fig. 4, 5).

The phylogenetic tree constructed using the ana-
lyzed sequences of strains/isolates of Potato virus 
M (PVM, Carlavirus genus, family Betaflexiviridae) 
contains two clusters: Cluster 1 (highlighted in blue) 
and Cluster 2 (pink), indicating that there are two 
major phylogenetic lineages (Fig. 4). Cluster 1 com-
prises most of the sequences and is characterized 
by high intragroup variability, which may be in-
dicative of either a wide geographic distribution or 
long-term viral evolution within the population. This 
cluster includes our sequences detected in the sam-
ples from different Russian regions, including the 
Moscow, Yaroslavl, and Oryol regions (Central Federal 
District), the Astrakhan region and Krasnodar Krai 
(Southern Federal District), as well as the Sverdlovsk 
and Tyumen regions (Ural Federal District). Cluster 2 
includes only contigs from samples collected in the 
Moscow region (Central Federal District) and nucleo-
tide sequences of the genomes of PVM from Slovakia, 
Canada, and Germany. Within this cluster, the PVM 
sequences identified by us form a branch most closely 
related to sequences from Slovakia, which is indica-
tive of a common source or recent genetic exchange 
between populations. Of particular interest is the 
PVM contig sequence identified in a sample from the 
Bryansk region (Central Federal District), which oc-
cupies an intermediate position between the two clus-
ters. A similar position is occupied by the GenBank 
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Fig. 3. The geographic distribution of PVY recombinant 
variants identified in Russian regions. The regions are 
grouped by Federal Districts: NWFD – Northwestern, 
CFD – Central, VFD – Volga, NCFD – North Caucasian, 
SFD – Southern, and UFD – Ural Federal Districts. The 
names of the identified PVY recombinants are shown on 
the left. Dots indicate the presence of the corresponding 
PVY variant in the Russian region
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Bootstrap

Cluster 1

Cluster 2

Fig. 4. Phylogenetic relationship between de novo PVM contigs identified in the Russian Federation and previously 
characterized PVM isolates. The maximum-likelihood phylogenetic tree was generated for complete nucleotide se-
quences. Bootstrap values for 1,000 replicates are indicated by the size of circles on branches (the smallest, 50–60%; 
the largest, 90–100%). Tip labels for the previously characterized PVM isolates show the GenBank accession number. 
De novo contigs identified in this work are marked in bold
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sequence OL472244.1 from Slovenia, potentially in-
dicative of analogous recombination events or genetic 
exchange between populations that led to the forma-
tion of these intermediate genotypes.

The nomenclature of Potato virus S (PVS, 
Carlavirus genus, family Betaflexiviridae) involves 
three main phylogenetic groups: PVSI, PVSII, and 
PVSIII [28, 29]. Isolates of the phylogroup PVSI (for-
merly known as PVSO) are widely distributed world-
wide, whereas PVSII isolates (formerly known as 
PVSA) are more commonly found in Chile, Colombia, 
and Brazil [30, 31]. Furthermore, a third phylogroup, 
PVSIII, confined to the Andean region of South 
America (primarily Colombia), has been identified [28]. 
In our study, most of the PVS contigs identified in the 
Moscow, Bryansk, and Oryol regions (Central Federal 
District), the Astrakhan region and Krasnodar Krai 
(Southern Federal District), and the Sverdlovsk re-
gion (Ural Federal District) of the Russian Federation 
were assigned to the phylogenetic branch of the PVSI 
strain (Fig. 5, Cluster 1). Meanwhile, the phylogenet-
ic analysis showed that two contigs from tubers col-
lected in the Sverdlovsk (Ural Federal District) and 
Bryansk (Central Federal District) regions cluster to-
gether with isolates of the PVSII strain: that is the 
first confirmed detection of this strain in the Russian 
Federation (Fig. 5, Cluster 2). PVSO (PVSI) isolates 
generally do not induce any prominent symptoms in 
most commercial potato cultivars, and this fact facil-
itates their cryptic transmission via seed material. In 
contrast, PVSA (PVSII) isolates are more pathogen-
ic and can cause substantial crop yield loss, which 
increases their phytosanitary significance for potato 
production in the Russian Federation. Our findings 
indicate that there are two PVS variants belonging 
to two main phylogenetic lineages (PVSI and PVSII) 
in the samples. The PVSIII variant was not detected 
in Russian samples (Fig. 5, Cluster 3).

We detected Potato virus P (PVP, Carlavirus ge-
nus, family Betaflexiviridae) in a potato tuber sample 
from the Sverdlovsk region (Ural Federal District). 
This virus is rarely found in Russia and is not con-
sidered economically significant compared to PVY, 
PVS, and PVM. Nevertheless, its detection is of in-
terest for monitoring viral infections of potato and 
assessing the phytosanitary status of seed material. 
PVP was first detected in Brazil and Argentina [32]; 
for a long time, it was considered to be confined to 
the South American region. The symptoms of potato 
plants affected by PVP are mild and remain insuffi-
ciently characterized [32]. In the Russian Federation, 
PVP was first identified in 2018 [10]. Later, in 2021, 
cases of PVP infection in potato were primarily re-
ported in the Far Eastern Federal District and, to a 

lesser extent, in the Northwestern Federal District 
[11]. However, the impact of this virus on potato crop 
yield has not been assessed yet, since the symptoms 
induced by the Russian PVP isolate still remain to 
be characterized. The full-length genome of PVP as-
sembled by us is 8,394 nucleotides long. A compara-
tive analysis revealed a high degree of similarity with 
the Russian isolate published earlier: 97.89% nucleo-
tide sequence identity at 100% coverage (GenBank: 
LC480818.1) [10]. In contrast, the level of identity with 
a Brazilian isolate was 77.85% at 85% coverage. These 
data confirm that the sample belongs to the Russian 
population of PVP, allowing one to classify it as a re-
gional isolate.

The distribution and phylogenetic 
analysis of the Potato leafroll virus
The complete nucleotide sequence of the cod-
ing sequence (CDS) of Potato leafroll virus (PLRV, 
Polerovirus genus, family Solemoviridae) in potato 
plant samples was for the first time identified and 
characterized by high-throughput sequencing in the 
Russian Federation. The virus was detected in pota-
to plant samples from the Moscow (Central Federal 
District) and Novgorod regions (Northwestern Federal 
District). In the Moscow region, PLRV was detect-
ed in different categories of potato seed material. 
Specifically, PLRV was detected in the leaves and tu-
bers of first-generation plants, as well as in the leaves 
of plants classified as super-super-elite, indicating the 
potential presence of the virus even in high-reproduc-
tive categories of seed potatoes. Overall, five complete 
PLRV CDS sequences were obtained from the sam-
ples collected in the Moscow region. Additionally, one 
complete CDS sequence was obtained from a tuber 
sample from the Novgorod region.

Phylogenetic analysis and pairwise genetic dis-
tance computation revealed that the identified PLRV 
variants form two distinct phylogroups (Fig. 6). 
Cluster 1 involves variants T23_M_8_2, L23_M_26_1, 
and T24_NN_21_1, collected from the Moscow and 
Novgorod regions. These variants exhibit a high de-
gree of similarity to each other (0.0009–0.0239), form 
an independent minicluster, and may represent a local 
sublineage. Comparison of our contigs to the sequenc-
es from other databases showed that these variants 
are most closely related to Argentinian isolates (e.g., 
GenBank: KY856831) and Australian PLRV genomes 
(e.g., isolate D13953.1, GenBank). Cluster 2 involves 
all the variants from the Moscow region: T23_M_8_1, 
L24_M_11_1, and L24_M_13_1, which are complete-
ly identical to each other but differ significantly from 
the isolates in Cluster 1 (~ 0.0594). The genomes most 
closely related to our samples were those from the 



100 | ACTA NATURAE | VOL. 18 № 1 (68) 2026

RESEARCH ARTICLES

Bootstrap

Cluster 1

Cluster 2

Cluster 3

Fig. 5. Phylogenetic relationship between de novo PVS contigs identified in the Russian Federation and previously char-
acterized PVS isolates. The maximum-likelihood phylogenetic tree was generated for complete nucleotide sequences. 
Bootstrap values for 1,000 replicates are indicated by the size of circles on branches (the smallest, 50–60%; the largest, 
90–100%). Tip labels for the previously characterized PVS isolates show the GenBank accession number. De novo con-
tigs identified in this work are marked in bold
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Bootstrap

Cluster 1

Cluster 2

Fig. 6. Phylogenetic relationship between de novo PLRV contigs identified in the Russian Federation and previously 
characterized PLRV isolates. The maximum-likelihood phylogenetic tree was generated for complete nucleotide se-
quences. Bootstrap values for 1,000 replicates are indicated by the size of circles on branches (the smallest, 50–60%; 
the largest, 90–100%). Tip labels for the previously characterized PLRV isolates show the GenBank accession number. 
De novo contigs identified in this work are marked in bold
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MN68937x–MN68939x series (GenBank), deposited 
as isolates from Kenya. The second major branch of 
Cluster 2 includes individual genomes from Asia and 
Europe (e.g., the EF and HQ series from China, India, 
the Netherlands, etc., GenBank). This group is phy-
logenetically distant from our variants and forms an 
independent evolutionary lineage that is not directly 
related to the African branch. This distribution sug-
gests that some of our isolates belong to a phyloge-
netic lineage represented by isolates circulating in 
East Africa, while others are distinct and reside near 
the branches corresponding to PLRV isolates from 
Argentina and Australia, which, potentially, can be 
indication that there exist multiple independent path-
ways for virus introduction.

CONCLUSIONS
We have conducted a large-scale study focusing on 
the distribution and genetic composition of popula-
tions of major economically important potato viruses 
across 18 regions in six federal districts of the Russian 
Federation. The research was carried out using pota-
to samples of high-seed generations, originally de-
rived from sanitized (virus-free) seed potatoes grown 
on commercial fields under conditions of natural in-
fection by aphid vectors transmitting the main potato 
viruses. We have demonstrated widespread distribu-
tion only of the recombinant PVY variants, including 
NTNa, NTNb, N-Wi, N:O, SYR-I, SYR-II, SYR-III, 
and 261-4, most of which cause the potato tuber ne-
crotic ringspot disease. Sporadic cases of another dan-
gerous virus, PLRV, were also detected, along with 

PVY. PVM and PVS were identified in many regions; 
PVS was represented not only by weakly pathogenic 
variants belonging to the PVSI phylogroup, but also 
by PVSII variants exhibiting significant pathogenicity. 
Importantly, many viruses were detected in both po-
tato leaf samples and tubers, suggesting that they had 
been transmitted to the subsequent plant generations 
through seed material. The observed geographic var-
iations can be attributed to the seasonal and climatic 
characteristics of the regions, as well as to the varie-
tal composition of plantings, which needs a separate 
analysis. Of particular note, the molecular diversi-
ty of potato viruses and their distribution across the 
Russian Federation increase annually; variants exhib-
iting higher pathogenicity emerge. Our findings un-
derscore the importance of regular monitoring of the 
viral population and rigorous adherence to phytosan-
itary regulations, as well as the importance of devel-
oping new strategies for managing viral infections in 
potato. 
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ABSTRACT Parkinson’s disease (PD) is one of the most common chronic neurodegenerative diseases. PD 
is characterized by the dysfunction of multiple body functions caused by changes in the expression of a large 
number of genes. Current evidence suggests that changes in the innate immunity and neuroinflammation 
may play an important role in the pathogenesis of the disease. However, the exact mechanism through which 
immune dysfunction develops in the context of PD pathogenesis remains unclear. In this study, with the use 
of transcriptome sequencing (RNA-seq), followed by quantitative PCR, we managed to detect a differential 
expression of the genes involved in the immune activity in neural progenitors (NPs) and glial cells derived 
from induced pluripotent stem cells from healthy donors (HDs) and PD patients carrying mutations in the 
PARK2 gene. Expression of many of the genes involved in a number of innate immune signaling pathways 
(in particular, in the canonical NFκB, non-canonical NFκB, the TNFα/NFκB, IL6/STAT3, IL2/STAT5 pathways, 
as well as the IFNγ and IFNα response) in cells from PD patients was found to be reduced compared to that 
in the cells from healthy donors. A mechanism for regulating these signaling pathways in the neural precur-
sors of PD patients carrying mutations in the PARK2 gene is proposed.
KEYWORDS Parkinson’s disease, induced pluripotent stem cells, glia, neural precursors, differential gene tran-
scription.
ABBREVIATIONS PD – Parkinson’s disease; HD – healthy donors; DA neurons – dopaminergic neurons; DEG – 
differentially expressed gene; iPSCs – induced pluripotent stem cells; NP – neural precursors; PCR – pol-
ymerase chain reaction; ECM − extracellular matrix; IFN – interferon; IRF – interferon-regulated factors; 
RNA-seq – whole transcriptome sequencing; TPM – transcripts per million of mapped fragments.

INTRODUCTION
Parkinson’s disease (PD) is one of the most common 
neurodegenerative diseases in the world. It is esti-
mated to affect more than one in 100 people aged 65 
and over; its incidence is expected to double by 2030 
[1]. In PD patients, the functions of dopaminergic and 
other neurons, as well as motor functions, are per-
turbed and immune system processes are altered [2, 
3]. Although some of the risk factors and molecular 
mechanisms that lead to the development of PD have 
been identified, the pathology of this disease remains 
not well understood.

Neuroinflammation is a key process of innate im-
munity, which helps protect the brain from pathogens 
of various origins. However, disruption of inflamma-
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tory processes is often accompanied by the devel-
opment of neurodegenerative diseases [4–6]. In the 
central nervous system, microglia and astrocytes are 
responsible for innate immune protection, which plays 
a key role in neuroinflammation. A large body of data 
obtained from both in vitro and in vivo studies in-
dicates that neuroinflammation, mainly mediated by 
microglia and astrocytes, is associated with the patho-
genesis of PD [7–15]. There is data demonstrating 
that disruption of the neuron–glial interactions in PD 
leads to neuronal death [16–19]. Dopaminergic (DA) 
neurons express a wide range of cytokine and che-
mokine receptors; so, they can be sensitive to inflam-
matory mediators [20]. However, it remains unclear 
whether changes in the immune system are a conse-
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quence of disease onset or its cause. The changes in 
innate immunity, in particular inflammatory ones, in 
patients with PD associated with various mutations 
have not been sufficiently studied. Primarily, this is 
because of the limited availability of clinical material 
from patients with PD. There currently exists a wide 
range of experimental models employing animals and 
cultured cells in vitro, which helps obviate this limita-
tion and study various aspects of PD [21, 22].

Induced pluripotent stem cells (iPSCs), which are 
obtained by reprogramming of the fibroblasts from 
PD patients and their neural and glial derivatives, 
are some of the most commonly used models of PD. 
In the present study, neural progenitor cells (NPs) 
and glia derived from iPSCs from healthy donors 
(HDs) and PD patients carrying various mutations 
in the PARK2 gene were used as model systems to 
search for differentially expressed genes (DEGs) re-
lated to the functioning of innate immunity in PD. 
Mutations in the PARK2 gene are the second-most 
common causes of the monogenic form of PD, which 
is responsible for the early onset of the disease [23]. 
The PARK2 gene encodes Parkin E3 ubiquitin ligase, 
which is involved in the control of substrate protein 
folding, mitochondrial quality assessment, and degra-
dation of damaged mitochondria via mitophagy [8, 24].

Although there are some indications of an associa-
tion between PARK2 dysfunction and the innate im-
munity in the pathogenesis of PD [15], the issue for the 
most part remains an open one. Our study focuses on 
the expression of innate immunity genes in patients 
carrying PD-associated mutations in the PARK2 gene.

EXPERIMENTAL

Cell lines. RNA preparation for sequencing
The procedures used for obtaining NPs and glial cell 
lines, as well as preparing the RNA-seq, have been 
described previously [25–27]. Table 1S (Supplement 1) 
summarizes the characteristics of NPs and glial cell 
lines from healthy donors and PD patients. Figures 
1S and 2S (Supplement 1) present the results of im-
munocytochemical staining of glial cells with antibod-
ies against the astrocyte marker S100 and NPs, with 
antibodies against the marker SOX1, demonstrat-
ing a high representation level of the indicated cell 
types. RNA-seq of NPs was performed as described 
in ref. [25]. RNA-seq of glia was performed using the 
Illumina NovaSeq 6000 technology.

Real-time PCR analysis
Quantitative RT-qPCR was performed  using the pro-
cedure described in ref. [27]. The primers used in this 
study are listed in Table 2S (Supplement 1).

Bioinformatics analysis
Read mapping from the RNA-seq data was performed 
according to the procedure described in [25]. DEGs 
were identified according to the number of reads us-
ing the edgeR package as described in [27]; restric-
tions on DEGs with a significance of Pval < 0.05 
were used for further analysis. The significance of 
the gene series FDR (False Discovery Rate) and Pval 
was determined using the GSEA method [28]. The 
Hallmark50 (UC San Diego) signaling pathways and 
GO (gene ontology) categories (http://gsea-msigdb.org) 
[29] were analyzed by the GSEA method (Analysis of 
Gene Sets) [28] using the computing capabilities and 
resources (http://www.webgestalt.org). Signaling path-
ways with FDR < 0.05 and Pval < 0.05 were selected. 
The multiple t-test was used to assess the significance 
of DEGs by the number of TPM [30].

RESULTS AND DISCUSSION

Comparative analysis of the NP and glia cell 
transcriptomes of PD patients carrying mutations 
in the PARK2 gene against healthy donors
In this study, we performed a bioinformatics analy-
sis of the RNA-seq data of the NP transcriptome [25] 
and glial derivatives obtained from PD patients car-
rying mutations in the PARK2 gene compared to the 
cells in healthy donors. Gene enrichment analysis by 
functional affiliation was used to identify the gene 
series with significantly altered transcription levels 
of genes in both the NP and glial cells of PD pa-
tients compared to those of healthy donors, all related 
to the processes of innate and partially adaptive im-
munity. In particular, these include the canonical and 
non-canonical NFκB, TNFα/NFκB, IL6–STAT3, and 
IL2–STAT5 pathways, as well as the IFNγ and IFNα 
response pathways (Hallmark50) and Gene Ontology 
(GO) categories. These categories for the most part 
include genes with reduced expression in the NP 
and glial cells of PD patients compared to HD cells 
(Supplement 2, 3). For further analysis, DEGs related 
to the enriched immune system pathways identified 
by us – and with TPM > 10 at least in one position – 
were selected (Figs. 1, 2, and 3). The functions of a 
number of the identified DEGs are listed in Table 3S 
(Supplement 1).

Several DEGs are simultaneously involved in a 
number of the enriched pathways identified by us 
(Fig. 2).

A large set of genes encoding proteins of the ca-
nonical NFκB, noncanonical NFκB signaling path-
way, and the TNFα/NFκB proinflammatory signaling 
pathway is distinguishable among the DEGs (Figs. 1 
and 2), which includes, in particular, the genes en-
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Fig. 1. The expres-
sion profiles of the 
immune-related 
genes in the NPs 
and glia of healthy 
donors (blue) and 
PD patients (red) 
(average TPM 
values > 10). (A, C, 
E, and G) NPs; (B, 
D, F, and H) glia. 
*q < 0.05; **q < 
0.01; ***q < 0.001 
(multiple t-test)
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coding subunits of the NFκB transcription fac-
tor (NFKB1, NFKB2, and RELA), the NFKBIA gene 
(NFκB inhibitor), the SOCS3 gene of the negative reg-
ulator of NFκB signaling pathways, the inflamma-
tion suppression gene PIAS3, the CCL2, CXCL1, and 
ICAM1 chemokine genes responsible for cell adhe-
sion, the PLAU and PLK2 genes involved in protein 
processing, the PDGFC and VEGFA genes encoding 
growth factors, the PFKFB3 gene controlling gly-
cogenesis, and the TGFB2 gene of the transforming 
growth factor. Expression of only the PFKFB3 and 
PNRC1 genes in the NP cells of PD patients is up-
regulated compared to the case in the cells of healthy 
donors (Fig. 1).

Therefore, it is worth mentioning that current 
concepts of the immune system response to various 
factors include the involvement of the inflammato-
ry canonical, the non-canonical NFκB pathway, and 
the TNFα/NFκB signaling pathway [31–32]. These 
pathways mediate the immune response through the 
synthesis of cytokines (interferons, interleukins, and 
chemokines). Upon infection, pro-inflammatory pro-
teins of the NFκB family of the canonical pathway 
are activated via a disruption of the association be-
tween factors belonging to this family and the inhibi-
tory complex: the movement from the cell cytoplasm 
to the nucleus and transcription of target genes. 
The TNFα/NFκB, IL6–STAT3 signaling pathways can 
be activated during the non-canonical response of the 
immune system to the emergence of cytokines: TNFα 
in particular.

Downregulated expression of the inhibitory genes 
SOCS3, NFKBIA [33-34], and PIAS3 [35] suggests that 
a dynamic development of the immune system re-
sponse associated with NFKB signaling pathways over 
time is possible.

IL6 is known to be the target gene of the 
NFκB signaling pathway and an inducer of the 
IL6-JAK2-STAT3 pathway, whose activation leads 
to inflammation at the organismal level. The expres-
sion of most genes involved in the IL6-STAT3 signal-
ing pathway has been shown to be reduced both in 
NPs and glia of PD patients compared to HD cells 
(Fig. 1G,H). We observed a decrease in the expres-
sion of the IL2-STAT5 signaling pathway genes ITIH5, 
ALCAM, SLC2A3, and WLS and an increase in the 
expression of the STAT5B gene in NP cells of PD pa-
tients compared to the NPs of healthy donors; how-
ever, expression of the genes involved in this pathway 
in glial cells remained unchanged (Fig. 1G,H).

In PD patients, a large set of genes encoding pro-
teins of the cellular response to the interferons IFNα 
and IFNγ (Fig. 3C,D) in NP and glial cells is also 
characterized by reduced expression compared to 

healthy donors. It is known that the expression of 
interferon and immune-related genes is controlled 
by interferon regulatory factors (IRFs). The tar-
gets of the IRF3 factor include IFITM1-3 genes. The 
products of IFITM1-3 genes are capable of blocking 
viral infections by altering membrane properties. 
The product of the IFITM3 gene exerts an inhibitory 
effect on a wide range of viruses, while the prod-
ucts of IFITM1,2 genes are characterized by a nar-
row functional specificity [22, 36–39]. Activation of 
IFITM1-3 is associated with the signaling pathway 
connected to the membrane receptor OSMR [40]. 
Figures 2 and 3 present the data for the genes in-
volved in the OSMR signaling pathway (associat-
ed with PD [41]), SHC (the gene encoding the sig-
nal transduction adaptor protein), JAK1, MAP2K1, 
and MAP2K2 (phosphokinase genes), as well as other 
genes involved in the interferon response: IFITM2,3, 
MVP, PFKP, VCAM1, VAMP5, TNFRSF1A, TYK2, and 
PDGFC, which have significantly downregulated ex-
pression in the NP and glial cells of PD compared 
to  healthy donors. The uncovered reduced expres-
sion of the genes involved in the OSMR signaling 
pathway can cumulatively weaken the transduction 
of the extracellular signal into the cell.

The gene encoding the transmembrane protein 
CD47 is involved in neuroprotection by astrocytes and 
other immune cells from the environment of degen-
erated DA neurons [42]. Reduced expression of the 
CD47 gene in the NPs of PD patients as compared 
to healthy donors may be indicative of neuroprotec-
tion weakening during the development of PD.

Furthermore, there is a decrease in the expres-
sion of the chemokine genes CXCL5, CXCL6, and 
CXCL8, which are responsible for the chemotaxis 
of immune cells to the inflammation foci in the NP 
cells of PD patients when compared to healthy donors 
(Fig. 3A,B). Meanwhile, their receptor CXCR2 was not 
expressed in NPs. The CXCL5 gene is associated with 
PD [43], while the CXCL6 and CXCL8 genes are as-
sociated with PD via their effect on the differentia-
tion of DA neurons [44]. Expression of some genes 
involved in the functioning of the immune system 
(CXCL12, CXCR4, CXCR7) in the NP cells of PD pa-
tients is upregulated compared to that in healthy do-
nors (Fig. 3A). The altered expression of these genes 
is associated with the development of neurodegenera-
tive diseases, including PD [45].

Hence, both in the NP cells and glia of PD pa-
tients, expression of a large number of DEGs related 
to innate and adaptive immunity (in particular, to in-
flammation) is downregulated. While there is a gen-
eral similarity between NP cells and glia, their sets of 
DEGs do not completely match (Fig. 4).
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Fig. 3. The gene expression profiles of cytokines and receptors (A, B), and interferon immune response genes (C, D), 
in the NPs and glia of healthy donors (blue) and PD patients (red) (the average TPM values >10). (A and C) – NPs. 
(B and D) – glia. *q < 0.05; **q < 0.01; ***q < 0.001 (multiple t-test)
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The RNA-seq data in NP cells was confirmed by 
RT-qPCR for selected genes (Fig. 5A). Similar trends 
exist in DEGs when assessed through RNA-seq and 
a RT-qPCR analysis in glial cells as well, but with a 
lower significance (Fig. 5B).

Figure 3S  (Supplement 1) shows the data on the 
expression of gene series by Gene Ontology catego-
ries: inflammation and chronic inflammation (A,B), 
response to molecules of bacterial origin (C,D), bind-
ing to cytokines and cytokine receptors (E,F), and 
negative regulation of cytokine production (G,H). 
Figure 4S (Supplement 1) shows the data according 
to the Complement cascade category (A,B) of the 
HallMark50 resource. It is clear that in the PD lines, 
gene expression is predominantly reduced compared 
to that in healthy donors.

The hypothetical mechanisms leading 
to disturbances in innate immunity 
functioning in NP cells of PD patients 
carrying mutations in the PARK2 gene
Certain assumptions regarding the impact of muta-
tions in the PARK2 gene on how immunity functions 
in PD patients can be made based on earlier data, 
and our findings. As a ubiquitin ligase, the native 
Parkin protein is involved in the ubiquitination of the 
IKBKG/IKKg/NEMO subunit, which is a component 
of the NFκB inhibitory complex in the cytoplasm [46]. 
This promotes the activation of the NFκB1 and RELA 
proteins and upregulation of the expression of inflam-
matory factors [47], including the NFκB factors per se 
due to the autoregulation of the target factors RELA 
(Table 4S, Supplement 1). It is fair to assume that the 
ability to ubiquitinate is not tapped if there is a mu-
tation in the PARK2 gene, this resulting in a suppres-
sion of the NFκB factor activation in the lines of PD 
patients compared to healthy donors. 

Previously, we revealed a significant increase in the 
expression level of many HOX genes in the NP cells 
of PD patients carrying mutations in the PARK2 gene 
compared to healthy donors [27]. There is evidence 
that some HOX proteins can inhibit CREBBP/CBP 
acetyltransferase activity [48]. The CREB transcription 
factor and the associated signaling pathway (CREB – 
CREBBP/CBP and/or EP300) are known to play an im-
portant role in the immune system [49]. We analyzed 
the RNA-seq data on the expression of the genes in-
volved in the CREB signaling pathway in NP and glial 
cells, as well as a number of the target genes of this 
signaling pathway identified upon determination of the 
CREB regulon in the human genome using various 
methods [50, 51] and in relation to stress, transcrip-
tion, and immune system signaling pathways (Fig. 6). 
Expression of CREB pathway genes is virtually iden-
tical in the glia of PD patients and is slightly elevated 
in the NP cells of PD patients, whereas expression of 
the target genes is significantly downregulated in NPs 
of PD patients compared to healthy donors. It is pos-
sible that the upregulated expression of HOX genes in 
the NP lines of PD patients compared to healthy do-
nors could indirectly lead to a downregulation of the 
expression of the target genes in the CREB signal-
ing pathway (CREBBP–HOX genes), target genes [27], 
RELA, and NFKB1 in particular.

Activation of HOX genes can be triggered by in-
creased synthesis of retinoic acid (RA) [27]; according-
ly, the mechanism of suppression of inflammation and 
NFκB expression in PD patients can be linked to RA 
[52]. Our analysis of the expression of the RALDH1, 
RALDH2, and RALDH3 genes associated with RA 
synthesis, as well as the genes of the nuclear recep-
tors RARA and RXRA (Fig. 6B) and their activator 
PNRC1 (Fig. 1E), showed that the expression levels of 
these genes were higher in NPs.

Fig. 4. The Venn diagrams of DEGs in glia and NPs. (A) Proinflammatory TNFα/NFκB signaling pathway. (B) IL6-STAT3 
and IL2-STAT5 signaling pathways. (C) Cellular response to interferons IFNα and IFNγ. ↓ – downregulated expression, 
↑ – upregulated expression in the cells of PD patients compared to those of healthy donors
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It is also known that the Parkin protein normally 
has a stabilizing effect on the CTNNB1 factor (β1-
catenin), as a co-activator of the transcription factor 
LEF1 [53]. Mutations in the PARK2 gene in PD pa-
tients can destabilize β1-catenin, affecting the func-
tioning of the coupled complex, including the tran-
scriptional repressors HES1 and HEY1. The factors 
CTNNB1, TLE1, LEF1, HES1, and HEY1, as part of 
the transcriptional complex [54–57], can significantly 
suppress the expression of the target genes (Table 4S, 
Supplement 1). According to our findings, expres-
sion of the CTNNB1, LEF1, HES1, and HEY1 genes 
is upregulated in NP cells of PD patients compared 
to healthy donors (Fig. 6), which can presumably sup-
press the transcription of their target genes, includ-

ing the transcription factors BCL3, ATF3, JUN, and 
STAT3.

An analysis of the database of the target genes 
for transcription factors (http://maayanlab.cloud/har-
monizome3.0) leads one to suggest that the revealed 
downregulated expression of many genes is rooted in 
the decreased expression of their transcription factors 
(Table 4S, Supplement 1), which depends on the ratio 
between pro- and anti-inflammatory factors, upregu-
lated expression of the β-catenin-associated repressor 
group, and the lacking neuroprotection from the mu-
tant Parkin protein.

Figure 7 shows a hypothetical mechanism of the ef-
fect of PARK2 dysfunction on the functioning of the 
immune-related genes in the NP cells of PD patients, 
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which is a summary of the various possible signaling 
pathways. In the future, it will have to be determined 
which signaling pathway(s) are more important as re-
lates to the Parkinson disease.

The conducted analysis of DEGs in NP and glial 
cells obtained from the iPSCs of PD patients indicates 
that the expression of the genes of the innate immune 
system is downregulated compared to that of healthy 
donors. It is noteworthy that NP and glial cells ob-
tained as a result of directed differentiation of iPSCs 
in vitro are more likely to correspond to cells at the 
embryonic stage of development [58]. Hence, the ob-
served decrease in the transcription level of the genes 
of the innate immune system in the cells obtained 
from PD patients carrying mutations in the PARK2 
gene compared to HD cells is presumably indicative 
of initial prodromal stages of PD development.

In this regard, it is also worth noting the existing 
data according to which the Parkin protein is an acti-
vator of innate immunity [59]. This fact can serve as 
indication that the absence of synthesis of the Parkin 
protein as a result of a gene mutation would lead to 
innate immunity suppression. This is what is observed 
in the NPs and glia of PD patients carrying the mu-
tant PARK2 gene as uncovered in this study.

Fig.7. The schematic of the possible mechanisms of influence of the PARK2 mutant gene on the functioning of immune-re-
lated genes in NP cells from PD patients. Blue color in the rectangle denotes the downregulated expression of the 
proteins in the cells of PD patients compared to healthy donors; the orange color denotes the upregulated expression 
of the proteins in the cells of PD patients compared to healthy donors. White background – the absence of DEG. Blue 
color in the oval denotes suppression of the function at the level of protein modification. Merged rectangles correspond 
to the protein–protein interaction. Shades of color indicate the magnitude of the differential expression
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CONCLUSIONS
A large group of genes with decreased expression 
was identified in NP and glial cell lines from PD pa-
tients when compared to healthy donors. These genes 
are for the most part involved with the innate im-
mune system signaling pathways NFκB, IL6-STAT3, 
IL2-STAT5, IFNα, IFNγ and the cellular response to 
the stress signaling pathway CREB. Only a limited 
number of immune-related genes was found to be 
overexpressed in NP cells from PD patients. There 
are many common immune-related genes with de-
creased expression in both the NP and glial cells 
of PD patients compared to healthy donors. Among 
them are the genes encoding pro-inflammatory fac-
tors (NFKB1 and RELA), immune system suppressors 
(NFKBIA, SOCS3, and PIAS3), components of the IL6-
STAT3 signaling pathway (JAK1 and STAT3), as well 
as components of the OSMR signaling pathway. The 
genes of the anti-inflammatory complexes associated 
with retinoic acid production and characterized by in-
creased expression compared to healthy donors were 
identified in the NP cells of PD patients.

The expression of a number of the genes responsi-
ble for adhesion (CCL2, CXCL1, and ICAM1), lympho-
cyte migration to the sites of inflammation (CXCL2, 
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CXCL5, CXCL6, and CXCL8), maintenance of endo-
thelial and epithelial proliferation (PDGFC, VEGFA, 
and HBEGF), protein processing (PLAU and PLK2), 
as well as energy exchange between astrocytes and 
neurons (PFKFB3) and communication between them 
(CD47) is downregulated in the NP and glial cells of 
PD patients compared to those of healthy donors. 

This work was carried out under the State 
Assignment for the National Research Center 

“Kurchatov Institute”.
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