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Fig. 1. Basic structure of the developed scFv antibody fragments against influenza A and B viruses and the exogenous mRNAs encoding them. A. Structure of scFvs 
composed of variable domains of the light (green) and heavy (orange) chains. The black line indicates the linker peptide (G

4
S)

4
. Gray circles indicate the C-terminal 

6×His-tag sequence. B. Structure of the coding regions of secreted and cytosolic scFv antibodies. The key difference is the presence of a signal peptide (SP) at the N 
terminus in the secreted variant. VL and VH denote the variable domains of the light and heavy chains, respectively; L, the linker peptide; HIS, the 6'His tag sequence. 
C. Structure of the exogenous mRNA used for intracellular scFv translation. The 5' cap (m7GmAmG) is shown at the 5' terminus; the 5' UTR and 3'UTR regulatory 
regions are shown in lilac; green and yellow blocks represent the scFv coding region; the extended gray line with notches represents the poly(A) tail. D. Agarose gel 
electrophoretic analysis of purified exogenous mRNA preparations: lane 1, negative control mRNA encoding the heavy chain of an immunoglobulin against an irrelevant 
antigen (NC-RNA), estimated length 1792 nt; lane 2, mRNA encoding scFv-FI6-SP, 1219 nt; lane 3, mRNA encoding scFv-FI6-WO, 1162 nt; lane 4, mRNA encoding 
scFv-2/3-SP, 1201 nt; lane 5, mRNA encoding scFv-2/3-WO, 1138 nt. L, RNA molecular weight marker (RiboRuler High Range RNA Ladder; Thermo Fisher Scientific, 
USA). Marker sizes (nt) are indicated on the lane
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in DPBS (50 µL per well) for 30 minutes at 4 °C. After washing 
with PBST, wells were incubated with blocking reagent (200 µL per 
well) for 1 hour at 37 °C and then washed. Mouse monoclonal 
antibodies against the nucleoprotein of influenza A and B viruses 
[15] were added at a final concentration of 0.5 µg/mL in blocking 
reagent (100 µL per well) and incubated for 1 hour at 37 °C. 
Plates were washed, and bound antibodies were detected 
using horseradish peroxidase-conjugated goat anti-mouse 
secondary antibodies (GAM-HRP; Bio-Rad, USA), diluted 
1 : 2000 in blocking reagent (100 µL per well) and incubated 
for 1 hour at 37 °C. After washing, signal development and 
data acquisition were performed as described for the ELISA 
protocol above.

Statistical data analysis

Statistical analyses were performed using GraphPad Prism 
8 (GraphPad Software, USA). Differences between groups 
were evaluated using one-way ANOVA followed by Holm-
Šídák multiple comparison test. Differences were considered 
statistically significant at p < 0.05.

RESULTS

Design and production of exogenous mRNAs 
encoding scFv antibodies 

This study further explored antigen-binding regions of antibodies 
in the scFv format that we had developed previously [13]. 
One of these fragments, scFv-FI6, specifically recognized 
the stem region of hemagglutinin (HA), which is conserved 
among influenza A viruses (IAV) of both major phylogenetic 
groups [16]. The second fragment,  scFv-2/3, specifically binds 
the nucleoprotein (NP) of influenza B viruses (IBV) from both 
genetic lineages [17].

Each scFv consisted of variable domains derived from 
the corresponding full-length recombinant antibody, with the 
variable regions of the heavy and light chains connected by a 
linker composed of four tandem repeats of the G

4
S motif. To 

enable secretion into the extracellular space, the N terminus 
of each scFv contained a signal peptide (SP) derived from 
the light chain of the original antibody; these constructs are 

referred to as scFv-SP. The following signal peptide sequences 
were used: MKSQTQVLVFLLCVSGAHG for scFv-FI6-SP and 
MDFQVQIFSFLLISASVIISRG for scFv-2/3-SP. To promote 
intracellular accumulation, we also generated versions of each 
scFv without the signal peptide (scFv-WO). In these constructs, 
the ORF begins with an ATG codon encoding methionine, 
immediately followed by the sequence of the light-chain 
variable domain. 

The scFv-SP and scFv-WO constructs differed only in 
the presence or absence of the N-terminal signal peptide. All 
recombinant scFv antibodies were engineered with C-terminal 
hexahistidine tags to facilitate detection (Fig. 1A, B). On the 
basis of this sequence design, plasmid constructs containing a 
T7 promoter were generated for in vitro transcription of mRNA.

mRNA technology was used to translate intracellular 
scFv antibodies in non-immune eukaryotic cells. The mRNAs 
was generated by in vitro transcription and consisted of five 
standard elements: an optimized cap analogue at the 5' terminus 
(CleanCap m7GmAmG; TriLink BioTechnologies, USA), followed 
by a 5' untranslated region (UTR), the scFv ORF, a 3' UTR, and 
a poly(A) tail encoded by a poly(dA/dT) sequence embedded in 
the plasmid (Fig. 1B). To reduce immunogenicity and increase 
stability, the mRNAs incorporated modified nucleotides: 
pseudouridine (ΨTP) and 5‐methylcytidine (m5CTP).

The resulting purified preparations included four mRNAs 
encoding scFv antibody fragments FI6 and 2/3 against IAV 
and IBV, each produced with or without a signal peptide, 
as well as a control mRNA encoding the heavy chain of an 
immunoglobulin specific to an irrelevant antigen. All mRNAs 
were characterized by spectrophotometry and agarose gel 
electrophoresis (Fig. 1G). The observed transcript lengths 
matched the predicted sizes, and the purity and integrity of 
the mRNA preparations were sufficient to support intracellular 
translation of the target proteins.

Functional properties of scFv antibodies encoded 
by exogenous mRNAs

We evaluated the translational activity of exogenous mRNAs 
encoding scFv fragments of antibodies in the eukaryotic cell 
lines MDCK and A549. The mRNA-containing culture medium 
was removed 24 hours after transfection, and the cells were 
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Fig. 2. Translational activity of exogenous mRNAs encoding cytosolic (WO) and secreted (SP) forms of scFv antibody fragments against influenza A and B viruses. 
A. Western blot analysis of scFv-2/3 antibody fragments in culture medium and MDCK cell lysates using antibodies specific to the 6'His tag sequence. Similar results 
were obtained for scFv-FI6 but are not shown. Lanes 1 and 2 show culture medium from MDCK cells transfected with mRNAs encoding scFv-2/3-SP and scFv-2/3-
WO, respectively; lanes 3 and 4 show cell lysates from MDCK cells transfected with mRNAs encoding scFv-2/3-SP and scFv-2/3-WO, respectively. M, molecular 
weight marker (Precision Plus Protein Kaleidoscope Preferred Protein Standards; Bio-Rad, USA); corresponding molecular weights (kDa) are indicated to the right. 
All samples were collected 24 h after mRNA cell transfection. B. Western blot analysis of scFv-2/3 antibody fragments in MDCK cell lysates at different time points 
using anti–6'His-tag antibodies. The upper panel shows intracellular production of scFv-2/3-SP, and the lower panel shows scFv-2/3-WO. Sampling times after mRNA 
transfection are indicated at the top (hours). C. ELISA analysis of scFv concentrations in culture medium after transfection of A549 cells with mRNAs encoding scFv-
FI6-SP (red) and scFv-2/3-SP (blue). Data points represent mean values from two biological replicates ± SD. D. Representative fluorescence microscopy images of fixed 
A549 cells transfected with exogenous mRNAs encoding: (1) scFv-FI6-SP, (2) scFv-FI6-WO, (3) scFv-2/3-SP, (4) scFv-2/3-WO, and (5) NC-RNA. The actin cytoskeleton 
(yellow) was visualized using rhodamine-conjugated phalloidin, and nuclei (blue) were stained with DAPI. scFv fragments (green) were detected using primary mouse 
monoclonal anti-6'His-tag antibodies followed by Alexa Fluor 488-conjugated goat anti-mouse secondary antibodies. Images were acquired and processed using a 
Cytell cell imaging system (40× objective); individual channels were pseudocolored in RGB during image processing. Enlarged views of the processed images are shown
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then lysed, and the levels of histidine-tagged proteins in the 
lysates were analyzed by Western blotting.

At 24 hours after transfection of MDCK cells with mRNAs 
encoding scFv-SP, proteins of the expected molecular weight 
(~28 kDa), corresponding to monomeric scFv antibody 
fragments, were readily detected using antibodies against the 
6×His tag (Fig. 2A). By contrast, detection of scFv products 
in cell lysates proved challenging. For both scFv-SP and scFv-WO 
constructs, nonspecific high-molecular-weight bands (~55 kDa)
were observed, which were also present in the negative control. 
Enzymatic signal amplification combined with extended 
exposure time allowed us to identify intracellular scFv-SP (Fig. 2A, 
lane 3), whereas scFv-WO remained undetectable (Fig. 2A, 
lane 4). Thus, transfection with mRNA encoding scFv-SP 
resulted in the secretion of mature monomeric scFv fragments 
within 24 hours, which were detected both in the culture 
medium and in cell lysates.

Assuming that intracellular scFvs may be unstable and have 
short half-lives of only a few hours, we next examined their 
expression kinetics in cell lysates at 2, 4, 6, 8, and 12 hours 
after transfection with exogenous mRNAs. For both SP and WO 
variants, maximal translation was observed at 6 hours post-
transfection (Fig. 2B). Notably, intracellular stability of scFvs 
varied significantly depending on the presence or absence of 
the signal peptide. scFv-SP antibodies were detectable as early 
as 2 hours after transfection, and their production increased by 

6 hours and then dropped by 12 hours. In contrast, scFv-WO 
was first detected in cells at near-threshold levels at 4 hours 
after transfection, reached peak abundance at 6 hours, and 
decreased to the detection limit by 8 hours.

Next, we evaluated the kinetics of scFv-SP accumulation in the 
culture medium of A549 cells transfected with the corresponding 
exogenous mRNAs (Fig. 2B). To this end, we performed an ELISA 
using purified inactivated influenza A and B virus concentrates 
as capture ligands and horseradish peroxidase–conjugated 
antibodies to detect the 6×His tags. scFv fragment concentrations 
were quantified using a calibration curve generated with purified 
recombinant scFv preparations [13].

Functional scFv fragments of antibodies were detected 
in the culture medium as early as 2 hours after transfection 
of A549 cells with scFv-SP mRNA, at analytically detectable 
levels. scFv levels increased steadily over the subsequent 24 
hours, reaching approximately 200 ng/mL for both scFv-FI6-SP 
and scFv-2/3-SP. Saturation of protein accumulation occurred 
at around 24 hours post-transfection, after which scFv levels 
reached a plateau maintained throughout the rest of the 48-hour 
observation period.

To assess the intracellular localization of proteins encoded 
by scFv-SP and scFv-WO constructs, we performed 
immunofluorescence staining of A549 cells transfected with 
the corresponding mRNAs (Fig. 2D). Immunocytochemical 
analysis showed that scFv-FI6-WO and scFv-2/3-WO were diffusely 
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Fig. 3. In-cell ELISA analysis of the antiviral activity of exogenous mRNAs encoding cytosolic (WO) and secreted (SP) forms of scFv antibody fragments against 
influenza A and B viruses. A. Intracellular levels of influenza A virus (IAV) after infection with A/California/07/09 (H1N1pdm) (left) and A/Cambodia/e0826360/2020 
(H3N2) (right) strains. B. Intracellular levels of influenza B virus (IBV) after infection with B/Phuket/3073/13 (Yamagata) (left) and B/Malaysia/2506/2004 (Victoria) (right) 
strains. Data points represent mean values for four samples ± SD. Red bars indicate therapeutic administration of exogenous mRNAs encoding scFv fragments against 
IAV hemagglutinin; blue bars indicate administration of exogenous mRNAs encoding scFv fragments against IBV nucleoprotein. Gray bars show mean values for cells 
transfected with exogenous mRNA encoding the heavy chain of an immunoglobulin specific to an irrelevant antigen (negative control). Statistical significance was 
determined using one-way ANOVA followed by Holm-Šídák multiple comparison test. Asterisks indicate significant differences compared with the negative control 
(NC-RNA): * — p

value
 <  0.0332; ** — p

value
 < 0.0021; *** — p

value
 < 0.0002; **** — p

value
 < 0.0001
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distributed throughout the cytoplasm, with no distinct subcellular 
localization. scFv-FI6-SP and scFv-2/3-SP, on the contrary, 
were distinctly localized in the perinuclear region, consistent 
with their accumulation primarily in the ER (not labeled directly).

In the final stage of the study, we evaluated the antiviral 
activity of the exogenous mRNAs against influenza A and B 
viruses. As a negative control, we used an mRNA encoding 
the heavy chain of an immunoglobulin specific to an irrelevant 
antigen (NC-RNA).

Experiments were conducted using the combined prophylactic–
therapeutic protocol involving mRNA transfection both before 
and after a 1-hour exposure to the virus. Three mRNAs — 
encoding scFv-FI6-SP, scFv-2/3-SP, and scFv-2/3-WO — 
were found to have antiviral activity against IAV (Fig. 3A). For the 
H1N1pdm strain, scFv-FI6-SP mRNA produced the strongest 
antiviral effect, decreasing viral load by approximately tenfold 
relative to the control. No such enhancement was observed in 
the case of the H3N2: all three mRNAs showed comparable 
antiviral effects, reducing viral load to 60–70% of control levels. 
It is noteworthy that scFv-FI6-WO mRNA, which specifically 
binds IAV hemagglutinin, did not affect IAV replication.

For IBV, both mRNAs encoding scFv-2/3 (SP and WO) 
demonstrated antiviral activity. Prophylactic transfection 

decreased viral load to 50–70% of that observed in control 
samples, with similar effects against IBV strains of the 
Yamagata and Victoria lineages. Importantly, neither the original 
full-length monoclonal antibody 2/3 [17] nor the derived scFv-2/3 
fragment was previously shown to neutralize IBV [13].

DISCUSSION

Modern passive immunotherapy based on neutralizing 
monoclonal antibodies can provide broad protection against 
infections caused by influenza viruses [16, 18, 19]. Most 
currently available therapeutic immunoglobulins target 
hemagglutinin or neuraminidase, the major surface antigens 
of influenza virus. Yet, reliance on antibodies directed against 
these highly variable proteins has inherent limitations and risks 
[20, 21], underscoring the value of strategies that target more 
conserved viral antigens.

This study aimed to evaluate the potential of intracellular 
therapeutic antibodies directed against two distinct influenza 
virus targets: surface hemagglutinin, which is accessible to 
neutralizing antibodies, and the internal nucleoprotein, which is 
shielded from antibody recognition in mature virions. Efforts to 
introduce monoclonal antibodies into the cytosol of living cells 
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and to study their functional activity date back to the 1970s 
[22–24]. However, the practical therapeutic application of 
intracellular antibodies has only become feasible in the past 
decade, supported by advances in mRNA technologies that 
enable direct intracellular expression of antibody constructs.

Full-length immunoglobulins comprise not only antigen-
binding regions but also an Fc domain that mediates effector 
functions through interactions with immune cells [25, 26]. Such 
functions are unnecessary for specific antigen recognition 
within the intracellular environment. Accordingly, to evaluate 
intracellular antibody activity, we chose the scFv antibody 
format [27, 28] that comprises only the variable domains. 

For each antibody — scFv-FI6 targeting IAV hemagglutinin and 
scFv-2/3 targeting IBV nucleoprotein, we designed two types of 
constructs. One included a signal peptide (SP) sequence to direct 
nascent polypeptide into the ER, followed by transport through 
the Golgi apparatus and secretion into the extracellular space. 
The second construct lacked the signal peptide or any additional 
targeting sequences, such as nuclear localization signals or ER 
retention motifs (for example, KDEL) [8, 9]. We reasoned that the 
protein product translated from such exogenous mRNA would 
remain in the cytosol, where it could interact effectively with target 
proteins, thus suppressing viral replication.

Consistent with the design principles, observed distinct 
intracellular distribution patterns for the two scFv variants. 
scFv-SP fragments were mainly concentrated in regions 
with highly curved smooth membranes characteristic of the 
ER-Golgi interface. In contrast, scFv-WO fragments had no 
distinct subcellular localization and were distributed diffusely 
throughout the cytoplasm. This likely reflects cytosolic retention 
of this variant and a lack of involvement in vesicular transport.

Notably, Western blot analysis of cell lysates 24 hours after 
transfection with mRNA encoding scFv-WO failed to detect 
monomeric scFv antibody fragments (~28 kDa), in contrast 
to scFv-SP. At the same time, after transfection with either 
scFv-FI6-SP or scFv-2/3-SP mRNAs, proteins of the expected 
molecular weight were readily detected in the culture medium.

We further established that intracellular scFv antibodies 
have a short half-life. Products encoded by mRNA lacking a 
signal peptide (scFv-WO) remained detectable for only 4 hours, 
which indicates their rapid degradation, likely mediated by the 
ubiquitin-proteasome system. Numerous studies have shown 
that cytosolic scFv fragments often have low stability and are 
prone to dimerization and degradation [29]. This instability can 
be attributed to suboptimal conditions for antibody folding in 
the cytosol, including a lack of chaperones, low pH, and a 
reducing environment that prevents the formation of stabilizing 
disulfide bonds [11, 12, 30]. As a result, the effectiveness of 
scFvs operating in the cytosol can be substantially limited by 
impaired folding and the inability to adopt a stable, functional 
conformation [31]. Importantly, scFv antibodies containing 
a secretion signal showed an earlier and more sustained 
intracellular production, suggesting that routing through the 
secretory pathway can enhance both folding efficiency and 
protein stability.

We next assessed the antiviral activity of the exogenous 
mRNAs encoding scFv antibody fragments in a cellular model 
of influenza infection. It is known that exogenous mRNAs can 
suppress viral replication due to their intrinsic immunogenicity 
and activation of cellular nucleic-acid-sensing pathways [32, 
33]. To control for these non-specific effects, we used an mRNA 
encoding the heavy chain of an immunoglobulin targeting an 
irrelevant antigen and containing a signal peptide sequence, 
which was produced and purified using the same protocol as 
the experimental mRNAs.

Of the two constructs encoding scFv-FI6, which specifically 
binds IAV hemagglutinin, only the mRNA encoding the secreted 
form (scFv-FI6-SP) showed antiviral activity. The therapeutic 
application of this mRNA reduced viral load after infection with 
the H1N1pdm strain by nearly tenfold compared to the control 
treatment. We detected no antiviral activity of the cytosolic 
form, scFv-FI6-WO. These findings suggest that intracellular 
antibodies are more effective when their intracellular trafficking 
mirrors that of their viral targets. Indeed, an intracellular human 
scFv antibody against hemagglutinin, expressed from plasmid 
DNA, has been shown to suppress H5N1 influenza virus 
replication in vitro. Moreover, its in vivo efficacy significantly 
increased when combined with an extracellular IgG1 containing 
identical variable domains [34].

In contrast, the results obtained with scFv-2/3, which targets 
IBV nucleoprotein and lacks neutralizing activity [13], were 
unexpected. Both the cytosolic and secreted variants showed 
antiviral activity, reducing IBV viral load by approximately twofold 
relative to the control. In addition, transfection of exogenous 
mRNAs encoding scFv-2/3 also suppressed IAV replication. As 
the original full-length monoclonal 2/3 antibody does not exhibit 
neutralizing activity [17], it is challenging to identify its epitope 
on the IBV nucleoprotein. It is therefore plausible that this 
epitope is highly conserved between influenza A and B viruses. 
Overall, expression of exogenous mRNAs encoding scFv-2/3 
reduced replication of both IAV and IBV by an average of ~50% 
relative to the control.

The use of intracellular antibodies targeting IAV nucleoprotein 
has been described previously. Such antibodies inhibit viral 
replication by blocking interactions between nucleoprotein 
and the viral polymerase subunits PB1 and PB2, which are 
essential for viral transcription and replication [35]. In another 
study, single-domain llama antibodies directed against various 
IAV nucleoprotein epitopes were shown to suppress viral 
replication by inhibiting nuclear import of ribonucleoprotein 
complexes responsible for nuclear transport, transcription, 
replication, and packaging of the viral genome into newly 
formed virions [36]. It is important to emphasize that, in both 
cases, intracellular antibodies were expressed via transfection 
with plasmid constructs rather than through the delivery of 
exogenous mRNAs.

Our findings indicate that the antiviral efficacy of structurally 
distinct intracellular scFv antibody fragments depends on 
the intracellular trafficking of their viral target proteins. The 
data suggest that effective inhibition of certain viral functions 
requires antibody-antigen interactions to occur within specific 
cellular compartments.

Thus, the use of exogenous mRNAs encoding high-
affinity scFv antibody fragments to conserved intracellular viral 
proteins, particularly influenza virus nucleoprotein, is a promising 
strategy for suppressing viral replication. The main advantage 
of this approach is its ability to target internal viral components, 
including intracellular viral replication-transcription complexes, 
which are substantially more conserved and less susceptible to 
antigenic drift than viral surface glycoproteins [37].

CONCLUSIONS

In this work: (1) single-chain variable fragments (scFv) of 
antibodies targeting influenza A hemagglutinin and influenza 
B nucleoprotein were constructed; (2) exogenous mRNAs 
encoding these scFvs in both cytosolic and secreted forms 
were generated; (3) efficient translation of scFv proteins 
was confirmed following transfection of exogenous mRNAs 
into eukaryotic cells; (4) the cytosolic forms showed diffuse 
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HMGB1 AND ANTI-HMGB1 ANTIBODIES IN SYSTEMIC LUPUS ERYTHEMATOSUS 
AND OTHER RHEUMATIC DISEASES

The high-mobility group protein B1 (HMGB1) belongs to alarmins — a group of molecules involved in inflammatory responses. HMGB1 is actively studied in the 

context of certain rheumatic diseases (RDs), including systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), ankylosing spondylitis (AS), and psoriatic 

arthritis (PsA), but the accumulated knowledge remains insufficient. HMGB1 can also act as an antigen, yet the level of anti-HMGB1 antibodies is poorly understood 

in RDs. The aim of this study was to investigate the concentrations of HMGB1 and anti-HMGB1 antibodies in four RDs. Using enzyme-linked immunosorbent 

assay (ELISA), plasma samples from patients with RA (n = 60), AS (n = 60), SLE (n = 24), PsA (n = 30), and healthy donors (HD) (n = 60) were analyzed. After 

adjustment for age and disease duration, it was shown that the concentration of HMGB1 was significantly increased in SLE (p < 0.01), RA (p < 0.01), and AS 

(p = 0.017), while a statistically non-significant increase in HMGB1 was observed in PsA (p = 0.07) compared to HD. Among the four diseases, the highest level 

of HMGB1 was found in SLE (p < 0.01). The concentration of anti-HMGB1 antibodies was also elevated in SLE (p < 0.01), RA (p = 0.026), and AS (p = 0.028). 

Using correlation and regression analysis, a strong direct association was established between the level of HMGB1 and the DAS28 index in RA (p < 0.01 for both 

analyses). The results of the study describe characteristic changes in HMGB1 and anti-HMGB1 antibody levels in RDs and indicate the involvement of HMGB1 in 

the pathogenesis of these diseases.

Keywords: rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, systemic lupus erythematosus, HMGB1, anti-HMGB1 antibodies
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М. М. Меламуд1, Е. А. Ермаков1,2, А. С. Толмачева1, А. Э. Сизиков1,3, Н. А. Кляус4, Г. А. Невинский1, В. Н. Бунева1,2

Белок B1 группы высокой подвижности (англ. high-mobility group protein B1, HMGB1) относится к аларминам — группе молекул, участвующих в 

воспалительных реакциях. HMGB1 активно изучают в контексте некоторых ревматических заболеваний (РЗ), включая системную красную волчанку 

(СКВ), ревматоидный артрит (РА), анкилозирующий спондилит (АС) и псориатический артрит (ПсА), однако накопленных знаний недостаточно. HMGB1 

может также выступать антигеном, но уровень анти-HMGB1 антител плохо изучен при РЗ. Целью работы было изучить концентрации HMGB1 и анти-

HMGB1 антител при четырех РЗ. Методом иммуноферментного анализа проанализированы образцы плазмы пациентов с РА (n = 60), АС (n = 60), СКВ 

(n = 24), ПсА (n = 30) и здоровых доноров (ЗД) (n = 60). После поправки на возраст и длительность заболевания показано, что концентрация HMGB1 

достоверно повышалась при СКВ (p < 0,01), РА (p < 0,01) и АС (p = 0,017), а при ПсА выявлено статистически незначимое повышение HMGB1 (p = 0,07) 

по сравнению с ЗД. Среди четырех заболеваний наибольший уровень HMGB1 выявлен при СКВ (p < 0,01). Концентрация анти-HMGB1 антител оказалась 

также выше при СКВ (p < 0,01), РА (p = 0,026) и АС (p = 0,028). Методами корреляционного и регрессионного анализа установлена выраженная прямая 

ассоциация между уровнем HMGB1 и индексом DAS28 при РА (p < 0,01 для обоих анализов). Результаты работы описывают характерные изменения 

уровня HMGB1 и анти-HMGB1 антител при РЗ и указывают на вовлеченность HMGB1 в патогенез этих заболеваний.

Ключевые слова: ревматоидный артрит, анкилозирующий спондилит, псориатический артрит, системная красная волчанка, HMGB1, анти-HMGB1 антитела
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Rheumatic diseases (RD) are an important medical and 
social problem due to their prevalence, impact on quality of 
life, and high economic costs of treatment. Systemic lupus 
erythematosus (SLE) is one of the most common autoimmune 
diseases, predominantly affecting young women aged 15–45 years,
thereby indirectly worsening the demographic situation in 
addition to its direct effect on patients’ lives. The global 
prevalence of SLE varies from 3 to 517 cases per 100,000 
people; in recent decades, the incidence has been growing 
[1]. Another common RD is rheumatoid arthritis (RA): 
approximately 200 cases per 100,000 persons, and the 
incidence is steadily increasing and is projected to almost 
double by 2050 [2]. Ankylosing spondylitis (AS) occurs in 9–30 
people per 100,000 persons [3]. Unlike most RDs, AS affects 
men more often than women (the approximate ratio is 2–3 to 1), 
typically — men of working age; 92% of patients experience 
the first symptoms of the disease before the age of 45 [4]. 
Compared to other diseases, psoriatic arthritis (PsA) has been 
studied much less, even though it is fairly common (more than 
100 cases per 100,000 population) and significantly affects 
patients’ quality of life [5]. Treatment of RDs increases the 
financial burden on the healthcare system each year [6]. The 
high prevalence and social significance of RDs necessitate the 
search for new biomarkers that would enable early diagnosis 
and timely therapy. In addition, a comparison of biomarkers 
among RDs can reveal the characteristic pathophysiological 
mechanisms of each RD and potential markers for differential 
diagnosis.

The pathogenesis of RDs is associated with the activation 
of inflammatory pathways of both innate and acquired 
immunity. Damage-associated molecular patterns (DAMPs), 
also known as alarmins, greatly contribute to the development 
of inflammatory responses [7]. Alarmins of nuclear origin play 
an important role in the pathogenesis of RDs [8–10]. One 
of them is high-mobility group protein B1 (HMGB1), which 
consists of box A, considered anti-inflammatory, box B, 
exhibiting pro-inflammatory functions, and an acid tail limiting 
the activity of this protein within the nucleus [11]. HMGB1 acts 
as a chemoattractant, bringing immune cells to the lesion site. 
The protein acts synergistically with DNA, triggering a powerful 
proinflammatory response that enables autoimmunity, including 
in cases of RDs [12]. The changes in HMGB1 concentrations 
associated with SLE and RA have been well studied [12, 13], 
but there is relatively little information in the literature regarding 
such changes in AS and PsA. Moreover, both the relationship 
between HMGB1 level and disease manifestations and the 
comparison of these parameters across various RDs remain 
largely uninvestigated.

The pathogenesis of RDs involves not only innate, but 
also adaptive immunity. Autoantibodies, especially antinuclear 
antibodies, are considered biomarkers of SLE. Antibodies 
to cyclic citrullinated polypeptide (ACCP) and rheumatoid 
factor (RF) are often found in RA patients. Some of these 
autoantibodies are included in the criteria for diagnosis [14, 15].
HMGB1 is known to also induce production of antibodies that 
can participate in the pathogenetic processes of RDs [16, 17]. 
However, very few studies have focused on anti-HMGB1 
antibodies in RD cases, even though this protein plays an 
active role in the inflammatory response and the development 
of autoimmune reactions.

This study aimed to analyze blood concentrations of 
HMGB1 and anti-HMGB1 antibodies in patients with SLE, RA, 
PsA, and AS, as well as in healthy donors (controls), and to 
assess the relationship between these markers and the clinical 
characteristics of the diseases.

METHODS

Patients and healthy donors

The study was conducted from July 2023 to July 2025 in two 
establishments: Institute of Chemical Biology and Fundamental 
Medicine, Siberian Branch of the Russian Academy of Sciences, 
Novosibirsk; Research Institute of Fundamental and Clinical 
Immunology, Siberian Branch of the Russian Academy of 
Sciences, Novosibirsk.

The study included 60 patients with rheumatoid arthritis 
(RA) diagnosed according to the 2010 ACR/EULAR 
criteria; 60 patients with ankylosing spondylitis (AS) or axial 
spondyloarthritis diagnosed according to the modified New 
York and ASAS criteria; 30 patients with psoriatic arthritis 
(PsA) diagnosed according to the CASPAR criteria; 24 
patients with systemic lupus erythematosus (SLE) diagnosed 
according to the 2019 ACR/EULAR criteria; and 60 healthy 
controls without active somatic pathology. The diagnoses and 
medical histories were established and collected by qualified 
rheumatologists at the Research Institute of Fundamental and 
Clinical Immunology, where the participating patients donated 
blood samples. Healthy controls gave their blood for the 
study at the Institute of Chemical Biology and Fundamental 
Medicine. The indices used to evaluate the clinical condition 
of the patients were as follows: for RA — the DAS28 index; 
for AS — the ASDAS-CRP/ASDAS-ESR and BASDAI indices; 
for PsA — the DAPSA index; and for SLE — the SELENA-
SLEDAI index.

To participate in the study, patients had to sign a voluntary 
informed consent form, be 18 years or older, have an established 
diagnosis of RA, PsA, SLE or AS. The exclusion criteria 
included the presence of other autoimmune diseases, a history 
of cancer, severe liver or kidney damage, acute inflammatory 
diseases within two weeks before blood sampling, surgical 
operations within the last two months, HIV infection, and 
pregnancy. Healthy donors had to sign an informed consent 
form, be over the age of 18, and not meet any of the exclusion 
criteria.

The blood samples were collected in vacuum tubes with 
K3EDTA (VACUETTE, Greiner Bio-One GmbH, Austria). 
Blood plasma was separated by centrifugation at 2000 × g 
for 30 minutes at 4 °C, then aliquoted and stored at −20 °C 
until analysis.

Determination of the concentration of HMGB1 
and anti-HMGB1 antibodies

The concentration of HMGB1 was determined by enzyme 
immunoassay (ELISA) using the Human HMGB1 ELISA Kit 
(Cat. No.: E-EL-H1554, Elabscience, USA). The sensitivity 
of this kit was 18.75 pg/ml, the measuring range — 31.25–
2000 pg/ml. The blood plasma was preliminarily diluted 
10 times for analysis. The concentration of anti-HMGB1 
antibodies was determined using the ELISA Kit for anti-
HMGB1 antibody (Cat. No.: AEA399Hu, Cloud-Clone 
Corp., China). The sensitivity of this kit was 1.17 ng/ml,
the measuring range — 3.12–200 ng/ml. Participants 
with concentrations below the sensitivity threshold were 
considered to have no anti-HMGB1 antibodies. The blood 
plasma used for anti-HMGB1 antibody analysis was diluted 
1 : 100. Optical density was measured on a Multiskan™ FC 
Microplate Photometer (Thermo Fisher Scientific Inc., USA) 
at a wavelength of 450 nm according to the instructions of 
the manufacturer.  
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Table 1. Clinical and medical history data of the participants (patients with RDs and healthy individuals)

Note: * — the data are given as Me (Q
1
; Q

3
). ** — Yates‑corrected chi‑square test, or the Kruskal–Wallis test with Dunn’s post‑hoc test. BMI — body mass index, ESR — 

erythrocyte sedimentation rate, CRP — C-reactive protein, IS — insignificant

Parameter* RA (n = 60) (1) AS (n = 60) (2) PsA (n = 30) (3) SLE (n = 24) (4)
Healthy

(n = 60) (5)
p**

Sex (m/w), % 22/78 69/31 30/70 0/100 30/70 < 0.01

Age, years 52 (38; 61) 46 (38; 52) 44 (34; 56) 44 (31; 54) 45 (29; 51) Н.З.

Duration of the 
disease, years

9 (5; 17.5) 12 (7.8; 22.3) 12.5 (3; 21.3) 6 (3; 14) – 2 vs. 4: < 0.01

BMI 26 (23; 29) 25.8 (21.5; 28.1) 25.9 (21.2; 30) 25.2 (21; 28) 23.5 (20.2; 26.3) IS

ESR, mm/h 2.6 (0.8; 11.5) 2.8 (1.1; 6.2) 4.3 (2.4; 9.8) 2.2 (0.8; 8.9) – IS

CRP, mg/l 14.5 (6.8; 28) 10 (4; 18) 16 (10; 26) 15 (8.5; 38) – IS

Clinical index DAS28: 3.4 (2.6; 4.6)
ASDAS-CRP: 1.7 (1.3; 2.5); 
ASDAS-ESR: 1.8 (1.31; 2.6); 

BASDAI: 1.9 (1.0; 3.2)

DAS28: 3.5 (1; 9.4); 
DAPSA: 14 (6; 22)

SELENA-SLEDAI: 
4 (2; 8)

– –

Statistical analysis

Statistical analysis and data visualization were performed using 
OriginPro 2021 and the Google Colab environment with Python 
3.13.0, employing the NumPy (v2.3.3), SciPy (v1.16.2), and 
Matplotlib (v3.10.6) libraries. The type of distribution of data in 
individual samples was determined with the Shapiro–Wilk test. 
Since the data mostly did not distribute normally, the results 
are presented as a median (Q

1
–Q

3
). The values between the 

samples were compared using a rank ANCOVA followed by 
a post-hoc Dunn’s test, with the covariates (age and duration 
of the disease) factored in. Categorical variables (frequency of 
occurrence of the trait) were evaluated using the chi-square test. 
The difference in the frequency of occurrence of the trait was 
estimated by calculating the odds ratio (OR). Spearman's rank 
correlation coefficient enabled the assessment of correlation. 
Multiple linear regression was used to evaluate the relationship 
between the dependent variable (DAS28) and the predictors. 
Before performing multiple regression, all data were normalized 
by logarithmization (log10).

RESULTS

Sample characteristics

A total of 234 people participated in the study: 60 patients with 
RA, 60 with AS, 30 with PsA, 24 with SLE, and 60 healthy 
individuals. Table 1 gives the clinical and medical history data 
of the participants. According to DAS28, most RA patients 
exhibited moderate disease activity. Eighty percent of them 
had a positive RF value, and 82% were found to have ACCP.  
Patients with AS mostly had low disease activity according 
to the ASDAS-CRP and ASDAS-ESR indices, but moderate 
activity according to the BASDAI index. Seventy-six percent of 
them carried the HLA-B27 allele. The majority of PsA patients 
had moderate disease activity according to the DAS28 and 
DAPSA indices. Among patients with SLE, more than half had 
low disease activity. The sex distribution of participants varied 
across disease subgroups, and patients with RA tended to be 
older, reflecting the typical age and sex characteristics of each 
disease. In addition, AS patients had a longer duration of the 
disease than SLE patients (Table 1).

All patients were undergoing therapy. In particular, 56% of 
patients with RA, 90% with AS, and 50% with PsA were taking 
biologic disease-modifying antirheumatic drugs (bDMARDs). 
Patients with SLE did not take bDMARDs. As for other drugs, 

43% of patients with RA, 32% with AS, 40% with PsA, and 
8% with SLE were taking methotrexate. For SLE, the most 
common drug was hydroxychloroquine (71%).

Concentration of HMGB1 and anti-HMGB1 antibodies

Analyzing the concentrations of HMGB1 and anti-HMGB1 
antibodies, we included age and disease duration as covariates 
to account for the respective trends observed in the sample, 
particularly within the RA and AS subgroups. The analysis was 
performed using the ANCOVA rank method followed by a post-
hoc Dunn’s test. For the control group, only the age covariate 
was factored in. The analysis showed that after adjusting for 
age and duration of the disease, the plasma concentration of 
HMGB1 in patients with SLE (Me [Q

1
–Q

3
]: 22.6 [12.8–33.5] ng/ml),

RA (15 [9–23]), and AS (12.5 [7.6–18.9]) was significantly higher 
than in healthy controls (8.6 [5.7–12.2]) (Fig. 1A). The HMGB1 
level in PsA cases (11.6 [5.9–20.1]) did not significantly differ 
from that in the controls. In SLE cases, the concentration of 
this protein was higher than in patients with AS and PsA. In 
the ANCOVA model, age and duration of the disease did not 
significantly affect the indicators. Thus, the highest level of 
HMGB1 was found in patients with SLE.

The levels of HMGB1 among subgroups did not differ 
significantly depending on the clinical features of the diseases. 
In particular, the difference in concentrations of the protein in 
RF-positive (17.5 [9–25.2]) and RF-negative (13.6 [6.1–23.4]) 
RA patients was insignificant (p = 0.33), same as in ACCP-
positive (17.5 [9–25.4]) and ACCP-negative (9.7 [6.9–22.1]) RA 
patients (p = 0.26). In AS, there was a statistically insignificant 
trend towards an increase in HMGB1 levels in HLA-B27-
positive patients (12.8 [9.6–18.9]) compared with HLA-B27-
negative (9 [6.2–13.7]) patients (p = 0.07).

Analysis of the concentration of anti-HMGB1 antibodies 
adjusted for age and duration of the disease showed a 
significant increase in the level of these antibodies in SLE (Me 
[Q

1
–Q

3
]: 1121 [691–2859] ng/ml), RA (737 [104–1219]) and 

AS (543 [55–1546]) cases compared with healthy individuals 
(167 [0–602]) (Fig. 1B). In PsA patients, the concentration of 
anti-HMGB1 antibodies (550 [0–1158]) did not differ from that 
in the control group. The highest median level of anti-HMGB1 
antibodies was observed in patients with SLE, but no significant 
differences were found for the four diseases considered. Age 
and duration of the disease were insignificant in the ANCOVA model.

The level of anti-HMGB1 antibodies varied among the 
participants. Based on the sensitivity of the ELISA kit (1.17 ng/ml), 
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Fig. 2. The frequency of occurrence of anti-HMGB1 antibodies in patients with 
RA, AS, PsA, SLE, and healthy donors (HD). Statistical significance was assessed 
using the chi-square test

p = 0.02

p < 0.01

p = 0.01

p < 0.01

p < 0.01 p < 0.01

200

120

160

80

40

180

100

140

60

20

0

%

RA (n = 60) AS (n = 60)

Anti-HMGB1 positive

Anti-HMGB1 negative

PsA (n = 30) SLE (n = 24) HD (n = 60)

the participants were divided into anti-HMGB1-negative (below 
the threshold) and anti-HMGB1-positive (above the threshold) 
(Fig. 2). We identified the smallest number of anti-HMGB1–
positive participants in the control group. Among patients with 
RDs, the frequency of this status decreased progressively 
from SLE to RA, AS, and PsA. Anti-HMGB1 antibodies were 
detected in SLE cases 40.2 times more often (95%CI: 2.3–692, 
p = 0.0003) than in healthy individuals. In RA and AS, such 
antibodies were also detected 2.7 (1.23–5.9, p = 0.02) and 
2.45 (1.13–5.33, p = 0.04) times more often, respectively, than 
in the controls. Among the group of participants with RDs, 
anti-HMGB1 antibodies were detected in patients with SLE 
15.3 (0.87–267, p = 0.04) times more often than in RA cases, 
16.6 (0.96–291, p = 0.03) times more often than in AS patients, 
and 25.1 (1.38–455, p = 0.008) times more often than in 
participants with PsA. Thus, the incidence of anti-HMGB1 
antibodies in SLE is higher than in other RDs.

No significant differences were found among the clinical 
subgroups. In particular, the levels of anti-HMGB1 antibodies 
in RF-positive RA patients (784 [23–1219]) and in RF-negative 
patients (717 [502–1051]) did not differ (p = 0.69), same as 
between ACCP-positive (679 [32–1117]) and ACCP-negative 
patients (1117 [542–1431]) (p = 0.12). In AS, the levels of anti-
HMGB1 antibodies in HLA-B27-positive (584 [32–1388]) and 
HLA-B27-negative (369 [13–1383]) participants also did not 
differ significantly (p = 0.62).

Correlations

Correlation analysis revealed a direct link between HMGB1 
levels and CRP and ESR parameters in RA, AS, and PsA 
(Fig. 3). Antibodies to HMGB1 positively correlated only with 
CRP in patients with RA and with ESR in patients with AS. 
Unexpectedly, in patients with SLE, neither HMGB1 nor anti-
HMGB1 antibodies correlated with ESR and CRP (Fig. 3A), 
which is probably due to the small sample size. These findings 
highlight the pro-inflammatory role of HMGB1 in RA, AS, and PsA.

An analysis of the correlation between HMGB1 levels and 
the DAS28 index in patients with RA showed a strong positive 
association (Rs = 0.56, p = 8.4e–6) (Fig. 3B). In patients with 
PsA, HMGB1 levels positively correlated with the DAPSA index 
(Rs = 0.38, p = 0.04), but not with the DAS28 index (Fig. 3C). 
In the same subgroup of participants, the level of antibodies 
to HMGB1 positively correlated with both the DAS28 index 
(Rs = 0.52, p = 0.005) and the DAPSA index (Rs = 0.52, p = 0.005). 

Fig. 1. The blood plasma concentration of HMGB1 (A) and anti-HMGB1 antibodies (B) in patients with systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), 
ankylosing spondylitis (AS), psoriatic arthritis (PsA) and healthy donors (HD). The analysis was performed using the ANCOVA rank method followed by a post-hoc 
Dunn’s test, adjusted for age and duration of the disease. The median values are shown to the right of the boxes
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No statistically significant correlations with the studied markers 
and clinical indices were found in patients with AS and SLE 
(Fig. 3).

Regression analysis

In this study, multiple regression analysis was used to assess 
the relationship between the concentrations of HMGB1 and 
anti-HMGB1 antibodies (as independent predictors) and clinical 
indices (as dependent variables). For RA, the DAS28 score 
was used; for AS, the ASDAS-CRP, ASDAS-ESR, and BASDAI 
scores; for PsA, the DAS28 and DAPSA scores; and for SLE, 
the SELENA-SLEDAI score. Of the seven regression models 
built, only the model for RA turned out to be significant (Table 2). 
This model explains the 31.1% variation of the logarithmic 
DAS28 index. It has been shown that a 1% increase in HMGB1 
concentration is associated with a 0.49% increase in DAS28 
(p < 0.001). As for anti-HMGB1 antibodies, there were no 
significant associations established (p = 0.145) (Table 2).

Since ESR is one of the variables used to calculate the 
DAS28 index, a regression model was also built in which ESR 
and CRP served as predictors of DAS28. The model turned 
out to be significant (R2adj. = 0.351; F = 15.31; p < 0.001). 
As expected, ESR, unlike CRP, was a significant predictor 
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Fig. 3. Correlation of the concentration of HMGB1 and anti-HMGB1 antibodies with the clinical characteristics of SLE (A), RA (B), PsA (C) and AS (D). Spearman's 
rank correlation coefficients (Rs) are color-coded. * — p < 0.05, ** — p < 0.01, *** — p < 0.001
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Table 2. Multiple regression analysis for DAS28 as a dependent variable, and HMGB1 and anti-HMGB1 antibodies as predictors

Variable β St. error t p Model

Constant –1.6808 0.468 –3.588 < 0.001 R2
корр.

 = 0.311; 

F = 11.13; 

p < 0.001

HMGB1 0.4878 0.108 4.51 < 0.001

Anti-HMGB1 antibodies 0.0646 0.043 1.495 0.145

of DAS28. In the regression model, a 1% increase in ESR is 
associated with a 0.265% increase in DAS28. Thus, HMGB1, 
along with ESR, was a predictor of DAS28.

DISCUSSION

Previous studies have shown that blood HMGB1 concentrations 
are elevated in patients with RA [18], AS [19], PsA [20] and SLE 
[21, 22] compared with healthy individuals. In this work, the 
recorded increase in HMGB1 levels in SLE, RA, and AS (Fig. 1A) 
is consistent with the data reported in the literature [18–20]. 
However, we observed only an upward trend — a 1.39-fold 
increase in HMGB1 concentration — in PsA, which may be 
attributable to the small sample size and treatment effects. 
Therefore, it is necessary to continue investigation of HMGB1 
levels and its role in PsA.

Previous studies have focused on the analysis of HMGB1 
concentrations in certain RDs [18–21]. In this work, we 
compare four RDs. The highest level of HMGB1 was detected 
in SLE (Fig. 1A), which may indicate that the inflammation is 
most pronounced in SLE compared with other considered 
diseases, since HMGB1 is an inflammatory mediator [12]. 
Nevertheless, given the detected increase in HMGB1 levels 

and the association with DAS28 (Fig. 1A, Fig. 3B, Table 2), it can 
be assumed that HMGB1 is also involved in the pathogenesis 
of RA. Therefore, existing therapeutic strategies targeting 
HMGB1, including monoclonal antibodies [12], may be effective 
for treating patients with SLE and RA; however, further studies 
are needed to evaluate the effects of HMGB1 suppression in 
these diseases.

The regression (Table 2) and correlation (Fig. 3B) analyses 
revealed association of HMGB1 level with DAS28 in RA, which 
seemed intriguing. We have shown that a 1% increase in 
HMGB1 concentration is associated with a 0.49% increase in 
DAS28 (Table 2). Moreover, in a regression model using ESR as 
a predictor of DAS28, we found that a 1% increase in ESR was 
associated with a 0.265% increase in DAS28. Thus, the level 
of HMGB1 turned out to be a comparable predictor of DAS28 
in RA, same as ESR, which is used to calculate this index. 
Therefore, HMGB1 may serve as a potential biomarker for RA 
disease activity. However, HMGB1 is a non-specific marker of 
inflammation, which reduces its diagnostic and predictive value 
in the context of RA.

The positive correlation of HMGB1 with ESR and CRP 
in RA, AS, and PsA (Fig. 3) highlights the pro-inflammatory 
role of this protein in these diseases. This is consistent with 
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associated with both active secretion and cell death [11]. In 
various variants of the latter, the protein can be released with 
other nuclear components, including DNA [11]. Evidence 
suggests an increase in circulating extracellular DNA levels in 
SLE [9, 23], RA [24], and AS [25, 26]. These data are consistent 
with our findings showing elevated HMGB1 levels in SLE, RA, 
and AS (Fig. 1A), as circulating extracellular DNA can be isolated 
in complex with this protein. It is feasible to further investigate 
the mechanisms of HMGB1 release in RDs.

The elevated level of HMGB1 may be associated with the 
formation of antibodies to HMGB1 [16]. In this study, high 
concentration of anti-HMGB1 antibodies were detected in 
SLE, RA, and AS (Fig. 1B). Such antibodies were most often 
found in patients with SLE (Fig. 2), who also had the highest 
level of HMGB1 (Fig. 1A). Interestingly, in PsA, the antibody 
level did not differ from the control, which is consistent with 
the low concentration of HMGB1 in these cases. However, 
these patients unexpectedly showed a positive correlation 
of anti-HMGB1 antibodies with DAS28 and DAPSA (Fig. 3C), 
which requires further study. The elevated level of anti-HMGB1 
antibodies in SLE we have registered is consistent with the 
literature data [16]. However, there is no previously reported 

findings about the antibodies in RA, AS, and PsA, so this study 
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size, a trend towards a higher age of RA patients, differences 
in the duration of the disease, and an unbalanced sex ratio due 
to the characteristics of the analyzed RDs. We adjusted for age 
and duration of the disease, but further studies should find out 
the influence of sex on the considered indicators.

CONCLUSIONS

This study revealed an increase in the blood plasma concentration 
of HMGB1 in SLE, RA and AS, while in PsA there was only 
an increase trend compared with healthy donors. Among the 
four rheumatic diseases, the greatest increase in HMGB1 was 
found in patients with SLE. The level of anti-HMGB1 antibodies 
was also significantly increased in patients with SLE, and to a 
lesser extent in RA and AS. However, there were no pronounced 
associations with the clinical parameters of SLE. On the contrary, 
in RA, the level of these markers was associated with the clinical 
characteristics of patients, which was confirmed both by the 
correlation analysis and the regression model. These data 
indicate that HMGB1 may be involved in complex pathogenetic 
mechanisms primarily in RA, which confirms the relevance of 
this molecule as a therapeutic target. Anti-HMGB1 antibodies 
were associated with clinical indices in patients with PsA, which 
necessitates further investigation of the contribution of these 
antibodies to the pathogenesis of PsA.
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Grigorova IL

FOLLICULAR T CELLS IN PERIPHERAL BLOOD: INCREASING COMPLEXITY AND KEY QUESTIONS

Follicular helper (Tfh) and follicular regulatory (Tfr) T cells play critical roles in inducing and controlling B cell responses, including the generation of high-affinity 

humoral immunity, the antibody class-switching, and the prevention of autoreactivity. Successful Tfh responses are linked to robust vaccine-induced neutralizing 

antibody production and efficient clearance of various pathogens. Conversely, dysregulation of follicular T cells is often linked to autoimmune diseases and allergic 

reactions. Furthermore, these cells are implicated in the formation of ectopic lymphoid structures (ELS), contribute to certain vascular pathologies, and hold 

prognostic value in several cancers. Consequently, the analysis of follicular T cell subpopulations in human peripheral blood is increasingly utilized to investigate the 

mechanisms underlying various diseases. In this opinion article, the current understanding of follicular T cell subsets, their functions, and the evolving methods for 

analyzing their circulating counterparts in human blood are discussed. In the author's opinion, the central unresolved questions remaining in the field are the precise 

phenotypic definition of circulating Tfr cell subpopulations, the elucidation of their developmental trajectory from precursors cells to mature regulatory forms, and 

the identification of their anatomical differentiation niches. The collection and translation of these essential data into reliable cellular signatures for peripheral blood 

analysis are critical for advancing personalized patient prognosis and developing tailored therapies.
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И. Л. Григорова

ФОЛЛИКУЛЯРНЫЕ T-КЛЕТКИ ПЕРИФЕРИЧЕСКОЙ КРОВИ: НАРАСТАЮЩАЯ СЛОЖНОСТЬ 
И ПЕРВООЧЕРЕДНЫЕ ВОПРОСЫ

Фолликулярные T-хелперы (Tfh) и фолликулярные регуляторные T-клетки (Tfr) играют ключевую роль в индукции и контроле B-клеточных ответов, 

включая формирование высокоаффинного гуморального иммунитета, переключение классов антител и предотвращение аутореактивности. Успешный 

ответ Tfh ассоциирован с эффективной выработкой нейтрализующих антител после вакцинации и эффективной элиминацией различных патогенов. 

В то же время дизрегуляция фолликулярных T-клеток часто связана с аутоиммунными заболеваниями и аллергическими реакциями. Нарушение их 

нормального функционирования связано также с формированием эктопических лимфоидных структур (ЭЛС), способствует развитию некоторых 

сосудистых патологий и имеет прогностическое значение при ряде онкологических заболеваний. В связи с этим анализ субпопуляций фолликулярных 

T-клеток в периферической крови человека все чаще используют при изучении механизмов различных заболеваний. В данной статье обсуждаются 

современные данные о разных типах фолликулярных T-клеток, их функциях и методах анализа субпопуляций фолликулярных T-клеток, циркулирующих 

в крови человека. Согласно мнению автора, центральными нерешенными вопросами остаются точное фенотипическое определение циркулирующих 

субпопуляций Tfr-клеток, выяснение иерархии их развития от клеток-предшественников до зрелых регуляторных форм и установление их анатомических 

ниш дифференцировки. Накопление необходимых сведений и их преобразование в надежные сигнатуры для клеток периферической крови необходимы 

для развития подходов прогнозирования исхода заболевания у отдельных пациентов и разработки персонализированных терапевтических подходов. 

Ключевые слова: фолликулярные хелперные Т-клетки, Тfh, фолликулярные регуляторные Т-клетки, Тfr, циркулирующие фолликулярные Т-клетки, 
инфекционные заболевания, вакцины, аллергия, аутоиммунные заболевания, онкологические заболевания 
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Follicular T cells, which localize in B cell follicles and specifically 
assist in regulating B cell and antibody responses, were first 
reported in 1999 [1]. Since that time, they have attracted 
considerable scientific interest, gradually evolving into a field 
integrated with the understanding of various diseases and 
pathologies. Association analysis of the risk of development 
and progression of various diseases with impaired function 
and imbalance of follicular T cell subpopulations circulating in 

peripheral blood is increasingly becoming an important tool for 
prognosis and for establishing potential treatment targets for 
multiple diseases [2, 3].

The central feature of follicular T cells is that they are driven 
by the master transcription factor Bcl6 and have elevated 
levels of the G-protein coupled receptor CXCR5 (Figure, Table). 
The CXCR5 receptor enables T cells to migrate into B cell 
follicles of secondary lymphoid organs (SLOs), where stromal 
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Fig. Major follicular and follicular-like T cells in humans. A schematic describing the generation in secondary lymphoid organs (SLOs) and possible recirculation into 
peripheral blood of the main follicular T cell subpopulations: helper (Tfh) and regulatory (Tfr). GC — germinal centers. ELS — ectopic lymphoid structures. Memory 
follicular T cells that acquire the ability to enter the circulation downregulate Bcl6 expression and surface levels of CXCR5 and PD1 compared to T cells in GCs. 
Peripheral helper T cells (Tph) and, to some extent, Tfh accumulate in ELS, where they produce the chemokine CXCL13, which can recruit B cells
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cells express the CXCR5 chemokine ligand CXCL13. Two 
major types of follicular T cells that differentiate in response to 
antigenic challenge from CD4⁺ helper T cells (Th) and regulatory 
T cells (Tregs) are called follicular helper T cells (Tfh) and follicular 
regulatory T cells (Tfr) correspondingly. 

Tfh cells are critical for supporting long-term, high-affinity B 
cell and antibody responses, as they are essential for germinal 
center (GC) reactions in SLOs. Tfh cells selectively help GC B 
cells that present the highest density of cognate peptide–MHCII 
complexes via T cell receptor recognition, delivering essential 
signals (CD40L, cytokines IL-21, and IL-4). These interactions 
ensure the survival and proliferation of high-affinity B cell clones 
and therefore drives GC B cells affinity maturation. Furthermore, 
Tfh support immunoglobulin class-switching, memory B-cell 
formation, and differentiation of B cells into plasma cells [4]. 

In contrast to Tfh, Tfr cells are involved in the tolerance 
control of B cell responses. In addition, Tfr cells suppress B cell 
isotype switching to IgA and IgE as well as differentiation into 
plasma cells. They also play an important role in fine-tuning B 
cell affinity maturation [5]. 

While the majority of Tfh cells are known to differentiate 
from foreign antigen-specific Th cells, the precursors of 
Tfr cells have long been suggested to be thymically-derived 
Tregs that express transcription factor FoxP3 and are specific 
to autoantigens or in some cases peripheral Tregs (pTregs, Th 
cells that upregulate FoxP3 in the periphery). However, more 
recent studies have also demonstrated the upregulation of 
FoxP3 and the formation of Tfr cells from Tfh cells in mice and 
human tonsils. These cells are now called induced Tfr (iTfr) [6, 7] 
(Figure, Table).

Given the critical role of Tfh and Tfr cells in regulating 
B cell responses, forming memory B cells, and generating 
high-affinity humoral immunity, their contribution is extensively 
studied in both animal models and in human diseases. The 
functions of Tfh cells have been studied in detail using animal 
models of various chronic and acute infections [2, 3]. In 
parallel, human studies have examined their roles in infections 
including Streptococcus pyogenes, malaria, HIV, flaviviruses, 

COVID-19, and other infections [2, 3, 8]. Vaccination studies in 
humans, particularly following seasonal influenza and SARS-
CoV-2 mRNA immunization, have further assessed Tfh cell 
responses in relation to neutralizing antibody outcomes [2, 3, 9]. 
Dysregulation of follicular T cells is also a major focus 
of investigation in autoimmune diseases, spanning both 
autoantibody-mediated and T cell-dependent pathologies, as 
well as in allergies. Furthermore, Tfh cells have been linked to 
the development of a number of cardiovascular pathologies, as 
well as to a positive prognosis in certain cancers when present 
within the tumor [2, 3, 9, 10]. 

The analysis of follicular T cell dynamics in humans during 
the normal or pathological immune responses has been carried 
out predominantly on the subpopulations that circulate in 
peripheral blood. Since GC Tfh cells are confined to SLOs, 
the majority of blood-circulating CXCR5⁺ T cells represent Bcl6- 
memory Tfh cells that have partially downregulated expression 
of CXCR5 (Figure, Table). These circulating Tfh (cTfh) can be 
further classified into functional subsets Th1-, Th2-, and Th17-
associated, based on chemokine receptor expression (CCR6, 
CXCR3) and their underlying transcription factor profiles (Table) 
[11]. Additionally, cytokine profiling has identified IL-13⁺ cTfh cells, 
a subset associated with IgE with high-affinity to allergens [12].

Notably, human cTfh cells themselves express high levels 
of CXCL13. This has led to the hypothesis that cTfh cells that 
access peripheral tissues may help initiate ectopic lymphoid 
structures (ELS) by creating a chemokine gradient, which 
attracts B cells and promotes further lymphoid organization. 
However, recent studies have also revealed enrichment of a 
distinct CXCL13⁺ T-cell subpopulation with a CXCR5⁻ PD1high 

IL-21⁺ phenotype in ELS. These cells, named peripheral helper 
T cells (Tph), are phenotypically similar to Tfh and can also 
support B-cell responses despite lacking the CXCR5 receptor. 
Furthermore, a strong association has been established 
between the circulating Tph and diseases such as rheumatoid 
arthritis and systemic lupus erythematosus. Current evidence 
does not clarify the cellular origin of Tph [2, 3]. Nevertheless, 
Tph have now become a standard component in the analysis 
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Table 1. Major types of follicular and follicular-like T cells that regulate B cell responses.

Note: GC — germinal centers, TF — transcription factors, SLO — secondary lymphoid organs, ELS — ectopic lymphoid structures.

Cell 
type

Precursor 
cells

antigen Major TF Cytokines
Surface 
markers

Localization
Peripheral 

Blood

Pre-Tfh Th
foreign 
antigen

Bcl6+
CXCR5+ 

PD1+ 
ICOS+

SLO None

Tfh GC Pre-Tfh
foreign 
antigen

Bcl6+
IL21 
IL4 

CXCL13

CXCR5++ 
PD1++ 
ICOS++

GC in SLO None

Tfh memory 
cells

Tfh GC

foreign 
antigen

Bcl6- CXCL13
CXCR5+ 

PD1+ 
ICOS+

follicles in SLO/ELS cTfh

Tfh-1 Tbet+ IFNγ CXCR3+ 
CCR6-

SLO

cTfh-1

Tfh-2 Gata+ IL4, IL5
CXCR3- 
CCR6-

cTfh-2

Tfh-17 RoRγt+ IL17, IL22
CXCR3- 
CCR6+

cTfh-17

Tfh-13 allergen IL4, IL13 cTfh-13

Tph
Blimp1+ 

MAF
IL21 

CXCL13

CXCR5- 
PD1++ 

CR2
ELS/inflamed tissues cTph

Pre-Tfr nTreg auto-antigen
Bcl6+ 

FoxP3+

CXCR5+ 
PD1+ 
ICOS+ 

CD45RA+

SLO None

Pre-Tfr memory 
cells

Pre-Tfr?
Bcl6- 

FoxP3+

CXCR5+ 
PD1+ 
ICOS+ 

CD45RA+

SLO сPre-Tfr

nTfr Pre-Tfr auto-antigen
Bcl6+ 

FoxP3+ 
Blimp1+

IL10

CXCR5+ 
PD1+ 
ICOS+ 

CD45RA- 
CD25high

follicles in SLO, around 
GC

None

nTfr memory 
cells

nTfr auto-antigen
Bcl6- 

FoxP3+

CXCR5+ 
PD1+ 
ICOS+ 

CD45RA- 
CD25high

SLO cTfr?

iTfr Tfh GC auto-antigen
Bcl6+ 

FoxP3+

CXCR5++ 
PD1++ 
CD38+

GC ?

of peripheral blood follicular T lymphocytes in various 
conditions [11].

The somewhat delayed discovery of FoxP3⁺ Tfr cells 
necessitated reassessment of the earlier analysis of circulating 
follicular T cells, in which all CXCR5⁺ T cells were presumed 
to be of Tfh origin. CD4⁺ CXCR5⁺ FoxP3⁺ circulating Tfr cells 
were first identified in murine blood shortly after immunization  
[13]. Similarly, human studies have demonstrated a significant 
increase in circulating Tfr frequency following vaccination [9]. 
These cells are now understood to represent a circulating 
memory Tfr population (cTfr), capable of long-term persistence 
in vivo and potential recruitment into SLO upon rechallenge. The 
important role of Tfr in immune response regulation warrants 
significant attention to their abundance in peripheral blood. A 
key predictive parameter is believed to be the cTfr/cTfh ratio, 
which has been shown in some studies to be more predictive of 
dysregulated antibody responses than either subset alone [14].

More in-depth analysis of circulating Tfr has now revealed 
that a significant fraction of CD4⁺CXCR5⁺FoxP3⁺ cells in the 
blood are CD45RA+ cells that formed in SLOs in response to 
immunological challenge but represent an intermediate, not 
fully differentiated form of Tfr. Referred to as "pre-Tfr," these 
long-lived, recirculating cells can, upon stimulation, mature into 

potent regulators of B cell responses and also acquire some 
capacity for wound repair [9]. In addition to these pre-Tfr, more 
mature “effector-like” CD45RA⁻CD4⁺CXCR5⁺FoxP3⁺ cTfr cells 
are found in peripheral blood (Figure, Table).

One of the recent studies has separately assessed these 
Tfr subpopulations in the peripheral blood of COVID-19 
patients. This was achieved using high-dimensional mass 
cytometry (CyTOF), which enabled the simultaneous analysis 
of multiple immune cell types in patient samples. The approach 
revealed extensive correlative networks between various 
cellular parameters, including the negative associations 
between cTfr levels and populations such as plasma cells or 
Tph cells [10]. Collectively, accumulating evidence supports 
the establishment of multiparametric signatures describing the 
diversity of follicular T cells in the blood, which have prognostic 
value and are indicative of specific dysfunctions in B cell and 
antibody responses. Initially, generating such signatures will 
require data from single-cell transcriptomics/proteomics, 
potentially combined with CyTOF. This could later be adapted 
into a reduced panel for flow cytometry analysis.

While increasing resolution of analysis of follicular T cells 
in peripheral blood deepens our understanding of ongoing 
disease processes, the portrait of circulating Tfr cells remains 
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incomplete. The recent identification of iTfr cells, which arise 
in SLOs from Tfh cells and help contract GC responses, 
raises important questions. Does this foreign antigen-specific 
Tfr subset enter the circulation? If this is the case, how can 
we differentiate between iTfr, which suppress foreign antigen/
pathogen-driven B-cell responses, and nTfr (of nTreg origin), 
which are biased toward autoantigen recognition and control of 
autoreactive B-cell responses? We propose that future studies 
should explicitly investigate the presence of iTfr in human blood 
and define a molecular signature to distinguish circulating iTfr 
from their nTfr counterparts. Furthermore, research is needed 
to determine the stability of the Treg phenotype in iTfr cells.

Another key question is whether circulating Tfr cells retain 
a molecular imprint of their tissue of origin or a homing bias 
toward specific organs. Tissue-resident Tregs have been 
shown to acquire specialized receptor profiles that guide their 
localization [15]. Profiling the chemokine receptor and adhesion 
molecule signatures imprinted during Tfr differentiation in SLO 
could reveal their site of formation and predict their preferred 
tissue destinations. Such insight would further clarify Tfr 

specialization and function across different physiological and 
pathological contexts.

CONCLUSION

To summarize, within the past decade, significant progress has 
been made in dissecting various types of follicular T cells, their 
development, function, and association with humoral responses 
to pathogens, allergies, and various autoimmune diseases. 
However, despite accumulated knowledge, it is evident that 
intensive research is required to develop a phenotypic and 
functional profile of human peripheral blood follicular T cells and 
their interactions with other immune cell types. In particular, 
two key questions remain unresolved: defining the molecular 
signatures of various Tfr cell subpopulations in blood that 
originate from different precursor cells, and elucidating their 
tissue of origin. It is anticipated that the development of such 
cellular biomarker signatures could improve the prediction of 
immune status and enable personalized therapy selection for 
each patient.
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Fig. 1. The relationship of clinical symptoms with the type of enterovirus. CNS infection — infection of the central nervous system (meningitis); CNS reaction — reaction 
of the central nervous system (encephalopathy, meningism, seizures, impaired consciousness, apnea); fever (subfebrile, febrile, pyretic fever); HFMD — hand, foot 
and mouth disease — enterovirus vesicular stomatitis with exanthema; herpangina — enterovirus vesicular pharyngitis; lower respiratory tract infections — bronchitis, 
pneumonia; upper respiratory tract infections — rhinitis, pharyngitis, tonsillitis, tracheitis; gastrointestinal infection — infectious gastritis, enteritis, colitis; UTI — urinary 
tract infection
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however, the mother of this child had it as enterovirus meningitis. 
This example does not agree with the typical clinical model of 
EV infection, in which adults carry the infection in a milder or 
asymptomatic form, because in the described case the parent 
experienced a more severe course of the disease.

In other cases of EV-B infections, the symptoms involved 
intestinal (gastroenteritis, enterocolitis) and respiratory (rhinitis, 
bronchitis) disorders without affecting the central nervous 
system. In some cases, we also observed herpangina (CV-B3, 
ECHO 6) and HFMD (ECHO 6, ECHO 9). ECHO 11, which is 
associated with neonatal sepsis in infants, was detected only in 
a three-year-old patient with symptoms of respiratory infection. 
The ECHO 30 virus, which has been the predominant causative 
agent of enteroviral meningitis in the Russian Federation for many 
years, was not detected in this study. This finding is consistent 
with the enterovirus monitoring data from the Reference Center: 
since the onset of the COVID-19 pandemic, ECHO 30 has been 
rarely detected in the Russian Federation during 2021–2022. 
However, ECHO 30 showed an upward trend later; in 2024, it 
accounted for 8% of all  EV infection cases [2]. 

Two cases of EV-C CV-A19 virus infection have also been 
identified. According to the literature, CV-A19 is a fairly rare 
infection agent; it can cause various respiratory and intestinal 

disorders, herpangina, as well as meningitis and acute flaccid 
myelitis [25–26]. In the first case, the patient developed a 
herpangina with infectious enterocolitis. In the second case, 
against the background of norovirus and astrovirus coinfection, 
the child had acute infectious gastroenteritis, toxicosis, exicosis 
and acidosis, along with speech disorder and logoneurosis. 
Electroencephalography has also detected epileptiform activity. 
The effects affecting the central nervous system are probably 
associated with severe intestinal coinfection. 

Epidemiologically significant enteroviruses include EV-D68, 
which was also identified in this study. This type commonly brings 
respiratory symptoms, but since 2014, it has been associated with 
acute flaccid myelitis, the symptoms of which include damage 
to the lower motor neurons in the gray matter of the spinal 
cord, impaired reflexes, respiratory failure, and sudden muscle 
weakness [27]. Outbreaks of EV-D68 infection, accompanied by 
acute flaccid paralysis, myelitis, myocarditis, pericarditis, neonatal 
sepsis, and pneumonia, have been recorded in the United States 
and Europe. In the Russian Federation, isolated cases of EV-D68 
have been registered since 2018. The cases of EV-D68 infection 
identified in this study in children aged 5–12 years were associated 
with respiratory tract diseases, including rhinopharyngitis, 
obstructive bronchitis, and pneumonia.  
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Table 2. Comparison of clinical symptoms, CV-A6 and CV-A10 types

CV-A6 (n = 69) CV-A10 (n = 35)

OR (95% CI) p-value
Symptom Quantity

Proportion of patients with the 
symptom, % (95% CI)

Quantity
Proportion of patients with the 

symptom, % (95% CI)

CNS reaction 4 5.8 (0.3–11.3) 6 17 (4.7–29.6) 0.3 (0.1–1.1) 0.08

Fever 51 73.9 (63.5–84.3) 28 80 (66.7–93.2) 0.7 (0.3–1.9) 0.63

HFMD 25 36.2 (24.9–47.6) 7 20 (6.7–33.2) 2.3 (0.9–5.9) 0.12

Herpangina 16 23.2 (13.2–33.1) 22 62.9 (46.8–78.8) 0.2 (0.1–0.4) < 0.001

Exanthema 45 65.2 (53.9–76.4) 9 25.7 (11.2–40.2) 5.4 (2.2–13.4) < 0.001

Lower respiratory tract 
infections

7 10.1 (3.0–17.3) 5 14.3 (2.7–25.9) 0.7 (0.2–2.3) 0.53

Upper respiratory tract
infections

30 43.5 (31.8–55.2) 9 25.7 (11.2–40.2) 2.2 (0.9–5.4) 0.09

Conjunctivitis 2 2.9 (0–6.9) 1 2.9 (0–8.4) 1.0 (0.1–11.6) 1

Gastrointestinal infection 14 20.3 (10.8–29.8) 5 14.3 (2.7–25.9) 1.5 (0.5–4.6) 0.59

Fig. 2. Identification of various concomitant infectious agents in patients with EV infection
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Our data show a high proportion of cases of EV infection 
accompanied by other infectious agents (up to 30% of all 
cases), which confirms previously published data on cases 
of coinfections in various forms of EV infection. The literature 
describes cases of coinfections such as EV/HSV-1 in neonatal 
meningitis; CV-A6/EV-D68/HPeV/HHV-6/parvovirus in acute 
encephalopathy; EV/Pasteurella multocida in meningitis 

and sepsis; EV/HSV-1, CV-A6/HHV-7, and CV-A6 / CMV in 
hand, foot, and mouth disease (HFMD) syndrome; and EV / 
Escherichia coli in urinary tract infections [33].  

According to our data, in most cases, coinfection with EV 
was associated with pathogens that can remain latent in the 
body and become active under conditions of weakened 
immunity — such as herpes simplex virus types 1 and 2, 
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cytomegalovirus, Epstein–Barr virus, and human herpesvirus 
6 — accounting for up to 74% of all cases in which additional 
infectious agents were detected. 

CONCLUSIONS

It was determined that among the enteroviruses detected 
in children in the Moscow region in 2021–2022, CV-A6 
was dominant, primarily causing skin lesions in patients. 
In 2022, there was an increase in the number of CV-A10 
cases, for which there was a large proportion of cases with 

a severe course of the disease compared to CV-A6. Among 
EV-B viruses, the largest proportion belonged to ECHO 6; 
several patients were diagnosed with meningitis. A large 
number of EV infectious cases showed the presence of 
other viral and bacterial pathogens in patients' biomaterials, 
which may be due to immune suppression during the 
course of EV infectious. The nucleotide sequences of all 
characterized enteroviruses are publicly available in the 
NCBI database, which makes it possible to use them for 
future epidemiological analyses of enterovirus circulation in the 
Russian Federation.
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Ivanova AV1,2      , Chmelyuk NS1,2, Kuzmichev IA1, Shilyaeva MI1, Abakumov MA1,2

COMPARATIVE IMAGING OF THE HAEE-CY5 AND ЕЕАН-СУ5 TETRAPEPTIDE BINDING 
TO THE Aβ AGGREGATES ON THE SH-SY5Y CELLS

Due to high diagnostic value of β-amyloid aggregates, the target ligands capable of specific binding to abnormal Aβ aggregates are of special interest. The study 

aimed to perform comparative characterization of the HAEE-Сy5 (Ac-His-Ala-Glu-Glu-Gly-Gly-Gly-Gly-Lys(ε-Cy5)-NH2) and EEAH-Cy5 (Ac-Glu-Glu-Ala-His-Gly-

Gly-Gly-Gly-Lys(ε-Cy5)-NH2) tetrapeptide capability of binding to the Aβ aggregates in the SH-SY5Y human neuroblastoma cell line by confocal microscopy. It 

has been shown that the HAEE-Cy5 tetrapeptide demonstrates specific binding yielding typical cytoplasmic clusters and clear co-localization with the amyloid 

aggregates, while the EEAH-Cy5 peptide with the inverted sequence totally loses the binding capability. Quantification has confirmed high specificity of the HAEE-

Cy5 binding to the Aβ aggregates (Manders' colocalization coefficient 0.58 ± 0.03). It has been found that the histidine N-terminal position is a critical determinant 

of the interaction specificity. The findings offer the prospects of using the HAEE peptide as a platform for the development of targeted disgnostic systems for 

amyloid disorder imaging.
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СРАВНИТЕЛЬНАЯ ВИЗУАЛИЗАЦИЯ СВЯЗЫВАНИЯ ТЕТРАПЕПТИДОВ HAEE-CY5 И ЕЕАН-СУ5 
C АГРЕГАТАМИ Aβ НА КЛЕТКАХ SH-SY5Y

В связи с высокой диагностической значимостью β-амилоидных агрегатов при болезни Альцгеймера особый интерес представляют целевые лиганды, 

способные к специфическому связыванию с патологическими агрегатами Aβ. Целью исследования было провести методом конфокальной микроскопии 

сравнительную характеристику связывающей способности тетрапептидов HAEE-Сy5 (Ac-His-Ala-Glu-Glu-Gly-Gly-Gly-Gly-Lys(ε-Cy5)-NH2) и EEAH-Cy5 

(Ac-Glu-Glu-Ala-His-Gly-Gly-Gly-Gly-Lys(ε-Cy5)-NH2) с агрегатами Aβ на клеточной линии нейробластомы человека SH-SY5Y. Показано, что тетрапептид HAEE-

Cy5 демонстрирует специфическое связывание с образованием характерных цитоплазматических скоплений и четкой колокализации с амилоидными 

агрегатами, в то время как пептид EEAH-Cy5 с обращенной последовательностью полностью утрачивает способность к связыванию. Количественный 

анализ подтвердил высокую специфичность связывания HAEE-Cy5 с агрегатами Aβ (коэффициент колокализации Мандерса 0.58 ± 0.03). Установлено, 

что N-концевое положение гистидина является критическим детерминантом специфичности взаимодействия. Результаты работы открывают перспективы 

применения пептида HAEE в качестве платформы для разработки целевых диагностических систем визуализации амилоидной патологии.
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Alzheimer's disease (AD) is the most globally prevalent 
neurodegenerative disorder that usually results in the neuronal 
death and brain atrophy. It is accompanied by accumulation of 
abnormal deposits: senile plaques consisting of the aggregated 
β-amyloid (Aβ) and neurofibrillary tangles formed by the 
hyperphosphorylated tau protein [1, 2]. Despite decades of 
research, the amyloid hypothesis remains one of the central to 
explain the AD pathogenesis. Accumulation of the oligomeric 
Aβ forms and their subsequent aggregation into mature, 
stable fibrils is considered to be the key event triggering the 
neurotoxicity and neuroinflammation cascade [3–5]. Since Aβ 
aggregates represent the main structural component of senile 
plaques, these are a priority target for the development of the 
diagnosis and treatment methods. One promising approach 
is the search for compounds capable of inhibiting the Aβ 
aggregation. Currently, various classes of such compounds are 
being developed, including small molecules [6, 7], monoclonal 
antibodies (aducanumab, lecanemab) [8, 9], peptides [10], 
natural ligands [11], multifunctional hybrid molecules [12], 
however, many of these face the problems of low bioavailability 
and limited efficacy in late-stage AD, or serious adverse effects, 
such as ARIA (amyloid-related imaging abnormalities), in 
cases of antibody therapy [13, 14]. In this context, of special 
interest are the short peptides conbining targeted effects 
and the fundamentally better penetration capacity. The НАЕЕ 
tetrapeptide is a candidate compound. According to some 
data [15], HAEE acts as a specific molecular tool selectively 
binding to the metal-binding domain of the Aβ peptide 
(11EVHH14) to form a stable complex in the presence of Zn²+. 
Such interaction confirmed by the surface plasmon resonance, 
nuclear magnetic resonance, and molecular modeling methods 
significantly disturbes the Zn²+-dependent Aβ monomer 
dimerization, thereby preventing production of toxic oligomers. 
The in vivo experiments on the blood-brain barrier (BBB) 
provided important evidence of the HAEE efficacy: the peptide 
not only inhibited the Zn²+-induced amyloid accumulation, but 
completely prevented the associated abnormal phenotypes, 
including paralysis and shortened lifespan of transgenic 
nematodes [15]. No signs of the peptide toxicity were reported 
in these experiments, which suggested the peptide beneficial 
safety profile in this model system. Furthermore, one more key 
property was reported for HAEE: pharmacokinetic studies and 
molecular modeling suggest that it was capable of crossing the 
BBB [15]. It should be noted that НАЕЕ is a peptide derived from 

the sequence of the nicotinic acetylcholine receptor α4-subunit 
(nAChRα4) [16]. Thus, НАЕЕ has properties of the unique 
candidate for AD therapy: it has a determined mechanism of 
action targeting the key pathogenesis link and demonstrates 
its efficacy at the whole-body level. The direct detection of 
the HAEE binding to the Aβ aggregates under the cell culture 
conditions can be a simple and clear method to further confirm 
this mechanism. Fluorescence microscopy, specifically when 
combined with immunocytochemistry analysis, is among the 
most popular and accessible methods to complete the task.

Thus, the study aimed to perform direct imaging and 
confirm binding of the НАЕЕ-Су5 fluorescent conjugate to the 
Aβ aggregates in the SH-SY5Y human neuroblastoma cell line 
by fluorescence microscopy in order to assess its specificity 
and the prospects of using the HAEE peptide as a target ligand 
for the AD diagnosis and treatment.

METHODS

All the experiments were conducted at the laboratory of the 
Deparment of Medical Nanobiotechnology of the Research 
Institute of Translational Medicine, Pirogov Russian National 
Research Medical University. Confocal microscopy was 
performed at the Biomedical Nanomaterials laboratory of 
the Bioengineering Institute, MISIS University of Science and 
Technology.

The following compounds were tested in the experiment: 
HAEE-Cy5 (Ac-His-Ala-Glu-Glu-Gly-Gly-Gly-Gly-Lys(ε-Cy5)-
NH

2
, ЕЕАН-Cy5 (Ac-Glu-Glu-Ala-His-Gly-Gly-Gly-Gly-Lys(ε-

Cy5)-NH
2
, Су5-NH2. The test peptides HAEE-Cy5 and EEAH-

Cy5 (purity > 95% based on the HPLC data) were synthesized 
and provided by the laboratory of the Department of Medical 
Nanobiotechnology, Research Institute of Translational 
Medicine, Pirogov Russian National Research Medical 
University. The peptides cosist of the tetrapeptide “head” 
(HAEE or EEAH) connected to the Cy5 fluorescent dye via a 
linker of four glycine residues (GGGG). 

The L-lysine residue (K) in the linker provides a conjugation 
site for the dye. The chemical structure of the test compounds 
is provided in Fig. 1.

The lyophilized peptides were dissolved in the sterile 
deionized water to the concentration of 5–10 mМ, and aliquots 
of solutions were stored at –20 °C for no longer than 3 months. 
Before applying the peptides to the cells the solutions were 

Fig. 1. Chemical structure of the test conjugated peptides 

1 2
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Fig. 2. Control of immunofluorescence staining specificity in the SH-SY5Y cells. Alignment of channels demonstrates localization of the alexa 488-stained target 
antigens (green) on the Aβ aggregates. The nuclei are DAPI stained (blue). Scale bar 20 µm
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diluted in the DMEM/F12 cell culture medium containing no 
fetal bovine serum (FBS) to the concentration of 5 µМ. 

SH-SY5Y cell culturing 

The SH-SY5Y human neuroblastoma cells (ATCC, USA) were 
grown in the cell culture flasks with the growth medium comprising 
DMEM/F12 (ServiceBio, China) supplemented with the 10% FBS 
(Cytiva (GE Healthcare Life Sciences HyClone), USA), antibiotic 
mixture (penicillin — 100 µg/mL, streptomycin — 100 µg/mL) 
(ServiceBio, China), and L-glutamine (100 mМ) (ServiceBio, China) 
at 37 °C in the 5% CO

2
 atmosphere.

Beta-amyloid preparations 

The lyophilized Аβ (Amyloid β-Protein (1–42) (E-PP-0428), 
Elabscience, China) was dissolved in the 1% NH

4
OH to the 

concentration of 1 mg/mL in the ultrasonic bath without 
heating for 10 min. Then the solution was aliquoted (10 µL) 
and stored at –80 °C. Before applying to the cells, the solution 
was ultrasound-treated again for 30 min at 37 °C in the final 
concentration (20 µg/mL).

Immunofluorescence analysis

To assess localization of the compounds, the SH-SY5Y cells 
were sown in the wells of the 24-well plate, 200 × 103 cells per 
well. After 24 h the cells were treated with the Aβ preparations 
(20 µg/mL) in the medium containing no FBS and incubated for 

4 h. Then the cells were twice washed with the Hanks' solution, 
added the test compounds (HAEE-Cy5, EEAH-Cy5, NH2-Cy5) 
in a concentration of 5 µМ, and incubated for 2 h. Then the 
cells were fixed for 15 min in the 4% paraformaldehyde at 
+4 °C. Permeabilization was performed in the blocking buffer 
of 0.2% Twin-20, 0.2% Triton Х-100, and 2% goat serum for 
30 min at room temperature. Then incubation with the primary 
antibody (mouse IgG1 antibody against himan beta-amyloid 
protein, abI, clone 6E10 BioLegend) diluted 1:100 000 (0.01 µg/mL)
in the buffer (0.2% Twin-20, 0.2% Triton Х-100, 0.2% goat 
serum, FBS) was performed for 60 min. After that the cells 
were triple washed with the solutions of 0.2% Twin-20, 0.2% 
Triton Х-100 for 5 min. Then the cells were incubated with 
the secondary antibody (abII, goat antibody against IgG(H+L) 
conjugated with alexa 488 (E-AB-1056, Elabscience, China). 
Incubation with the secondary antibody was also conducted 
for 60 min; then the cells were triple washed with the solutions 
of 0.2% Twin-20, 0.2% Triton Х-100 for 5 min and stained with 
the DAPI nuclear dye.

Confocal microscopy

Cell imaging was accomplished with the Nikon Eclipse Ti2 
microscope (Nikon, Tokyo, Japan) equipped with the laser 
scanning system (ThorLabs, Newton, New Jersey, USA) and 
the Apo 60×/0.5–1.25 oil immersion lens. Scanning was 
performed using the ThorImageLS software (version 2.4) 
(Thorlabs, Newton, New Jersey, USA); images were processed 
using the Fiji 2.9.0 software tool.
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Fig. 3. Localization of the EEАН-Cy5 and НАЕЕ-Cy5 compounds in the SH-SY5Y cells. Signal of the Cy5-labeled compounds (red). The nuclei are DAPI stained (blue). 
Scale bar 20 µm
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Statistical analysis

Colocalization of images in the alexa488 and Cy5 channels was 
calculated using the Fiji software tool and Manders' coefficient; 
images (n = 6) were used for analysis.

RESULTS

To confirm immunofleorescence staining specificity in the SH-
SY5Y cells, a number of control experiments was conducted 
(Fig. 2). When using only secondary antibodies conjugated with 
the alexa 488 (abII) fluorescent label, no significant fluorescent 
signal was detected. Likewise, incubation of cells with Aβ in the 
absence of primary antibody (abI) did not result in specific staining. 
Treatment of cells with abI or abII without Aβ yielded no significant 
fluorescent signal. Intense fluorescent staining was observed only 
when there were Aβ, abI, and abII at once; this corresponded to 
the expected localization of target antigens. The results obtained 
confirm that specific staining requires the presence of all system 
components and indicate specificity of the antibodies used. 

Then the НАЕЕ-Cy5 and ЕЕАН-Сy5 localization of the cells 
was assessed. In the control experiment involving the use of 

the free Cy5-NH2 dye, the nonspecific internalization of the dye 
manifested by a diffuse signal on the cell membrane and in 
the cytoplasm was reported. The fact that such a hydrophobic 
compound is localized partially in the cytoplasm can be 
explained by permeabilization of the cells during the analysis. 
In contrast, the intense and structurally organized signal that 
was qualitatively different from the control was reported for the 
ЕЕАН-Сy5 and НАЕЕ-Cy5 compounds: this was characterized 
by the prominent membrane-bound component and formation 
of discrete clusters in the cytoplasm (Fig. 3). This suggests 
specific interaction of the test substances with the cell 
structures, which is not limited to non-specific accumulation 
of the dye.

Due to the detected specific EEАН-Cy5 and НАЕЕ-Cy5 
localization, direct verification of their capability of binding to 
the Aβ aggregates was performed. The analysis of confocal 
microscopy images showed the clear and intense colocalization 
of the НАЕЕ-Cy5 signal (red) with the signal of Aβ deposits 
(alexa 488, green) visualized as large yellow regions in the 
combined image (Fig. 4), which unambiguously indicated 
the НАЕЕ-Cy5 tetrapeptide high-affinity binding to amyloid 
aggregates. In contrast to НАЕЕ-Cy5, no significant signal in 
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Fig. 4. Visualization of the НАЕЕ-Cy5 and ЕЕАН-Cy5 binding to the Aβ aggregates in the SH-SY5Y cells. Signal of the Cy5-labeled tetrapeptides (red). The alexa 
488-labeled antibodies on Aβ (green). Yellow on the combined image indicates colocalization of peptides with Aβ aggregates. The nuclei are DAPI stained (blue). Scale 
bar 20 µm
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the Cy5 channel was reported for the ЕЕАН-Cy5 peptide, 
which suggested that it was unable to specifically interact 
with the studied target. Despite the fact that the source Cy5 
dye showed some capability of binding to amyloid deposits,
it was to the greater extent nonspecifically localized, which 
also confirmed high HAEE-Cy5 affinity for Aβ aggregates. To 
further confirm colocalization of the channels, the Manders' 
coefficient was calculated (between the channels of the 
Aβ aggregate images and test compounds for the images 
acquired): the highest coefficient value was reported for the 
HAEE-Сy5 compound and Aβ aggregates (0.58 ± 0.03), 
while the values between the Aβ and Cy5 channels and Aβ 
and ЕЕАН-Cy5 channels were 0.22 ± 0.05 and 0.19 ± 0.02,
respectively, which suggested no Cy5 and ЕЕАН-Cy5 
colocalization and higher extent of the HAEE-Cy5 binding 
to Aβ. The extremely low ЕЕАН-Cy5 fluorescence signal 
can be associated with with its low capability of staying 
on the Aβ aggregates and in other cell compartments. At 
the same time, the Cy5 signal is significant, it is enhanced 
in the areas of Aβ aggregates, however, a large amount 
of fluorescence is distributed across the membrane and 
cytoplasm, which suggests low specificity of the Cy5 
binding to Aβ.

DISCUSSION

The study conducted has made it possible to identify 
fundamental differences in the НАЕЕ-Cy5 and ЕЕАН-Cy5 
capability of binding to the Aβ aggregates in the SH-SY5Y cells, 
which are likely to result from their structural features. Despite 
identical amino acid composition, the reversed ЕЕАН-Cy5 
sequence led to the complete functional activity loss, while 
НАЕЕ-Cy5 showed high specificity for the studied target. The 
data obtained suggest that the histidine N-terminal position in 
the HAEE-Cy5 sequence is critically important for formation 
of specific interaction with Aβ. Our data clearly demonstrate 
that the histidine (His, H) shift from the first to fourth position 
in the tetrapeptide “head” of the ligand results in the rapidly 
decreased capability of binding to Aβ. It is well known that 
the Aβ peptide N-terminal domain comprises the main binding 
centers, specifically the His6, His13, His14 residues being 
the good σ-donors that are involved in coordination with 
metals [17], as well as the aromatic Phe4 and Tyr10 residues 
responsible for the π π interaction [17, 18]. It can be assumed 
that histidine being part of НАЕЕ is involved in similar interaction 
with these sites. As for the inactive ЕЕАН peptide, the presence 
of two negatively charged glutamic acid residues (Glu, E) in 
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the N-terminal position, as well as the presence of the Су5 
fluorescent dye in the ε-end of lysine (Lys, K), can cause the 
peptide chain folding or create steric hindrances disrupting 
spatial orientation and the key histidine residue availability. In 
such a configuration, histidine can be sterically unavailable for 
interaction with the Aβ binding sites.

The quantitative evidence to substantiate high specificity of 
the НАЕЕ-Cy5 binding to amyloid aggregates is calculation of 
the Manders' colocalization coefficient. The coefficient value of 
0.58 ± 0.03 for the НАЕЕ-Cy5/Aβ pair is considerably higher 
compared to the values of control compounds (Cy5-NH2/Aβ 
and ЕЕАН-Cy5/Aβ), which are close to zero. Quantification 
clearly demonstrates that the intense colocalization signal is 
not random, it confirms high HAEE peptide affinity specifically 
for the target Aβ aggregates, which is fully consistent with 
visual observation and demonstrates critical importance of the 
correct amino acid sequence for effective interaction.

The lack of the ЕЕАН-Cy5 fluorescence signal upon clear 
detection of HAEE-Cy5 to extracellular Aβ aggregates suggests 
that it is not capable of specific interaction with the target. This 
difference resulting from suboptimal primary structure of the 
control peptide can be due to several factors: impaired binding 
to Aβ, increased susceptibility to proteolytic degradation, 
worse cellular permeability or accelerated removal from the cell. 
Thus, in contrast to HAEE-Cy5, the ЕЕАН-Cy5 peptide fails to 
fulfill the target function, which confirms critical importance of 
certain amino acid sequence for effective binding. It is worth 
noting that in the absence of Aβ both peptides demonstrate 
similar intracellular localization, which suggests their stability 
and capability of entering the cell. However, the НАЕЕ-Cy5 
peptide intense and structurally organized signal manuifested 
by discrete cytoplasmic clusters suggests that it is capable of 
entering the cell and interacting with intracellular structures. 
Furthermore, according to the literature data [19], the reported 
colocalization with Aβ (Fig. 4) occurs in the extracellular space, 
which confirms the binding specificity. It is important to note that 
the НАЕЕ-Cy5 distribution observed was qualitatively different 
from the diffuse signal of the free Cy5-NH2 dye, which precludes 
explanation by simple dye accumulation and emphasizes the 
role of peptide sequence in the targeted binding.

The findings are of high practical importance. The НАЕЕ-Cy5 
specificity for Aβ aggregates detected allows one to consider it is 
a promising ligand for the development of diagnostic means. In 
particular, it can be used as a foundation for the development of 
the following: MRI contrast agents for in vivo imaging of amyloid 
plaques, fluorescent probes for intraoperative detection of amyloid 
deposits, theranostic platforms for targeted delivery of drugs. In 
contrast to НАЕЕ-Cy5, the ЕЕАН-Cy5 peptide shows the total 
lack of binding activity. This clearly demonstrates that biological 
function is determined by not only amino acid composition, 
but also strict amino acid order. Further development of this 
research area requires the following: 1) thorough investigation 
of the НАЕЕ interaction with Aβ by molecular docking and 
spectroscopy methods; 2) in vitro assessment of the НАЕЕ 
capability of inhibiting the Aβ aggregation; 3) in vivo study of the 
НАЕЕ distribution and bioavailability in transgenic AD models. 
Thus, the study results have not only identified the highly specific 
Aβ ligand, but also demonstrated that minimal changes in the 
peptide structure can have a dramatic effect on its functional 
properties, which is of fundamental importance for the design of 
peptide drugs.

CONCLUSIONS

In the study, we successfully validated the method to detect 
Aβ aggregates and visualized specific binding of the Cy5-
conjugated НАЕЕ tetrapeptide to amyloid aggregates in the 
SH-SY5Y cells, which was quantitatively confirmed by high 
Manders' colocalization coefficient (0.58 ± 0.03). The amino 
acid sequence critical importance for such interaction was 
determined based on the fact that the ЕЕАН-Cy5 peptide with 
the reversed sequence showed the total lack of binding activity. 
Thus, it has been found that it is N-terminal position of histidine 
that is critical for formation of specific interaction with Aβ 
aggregates. The findings confirm the prospects of using НАЕЕ as 
a target ligand for the development of diagnostic and theranostic 
agents for AD and emphasize the importance of stereochemical 
factors for construction of peptide drugs. To further develop the 
research area it is necessary to study molecular mechanisms of 
interaction and assess the peptide distribution in vivo.
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Poydasheva AG    , Sinitsyn DO, Bakulin IS, Zabirova AH, Lagoda DYu, Suponeva NA, Piradov MA

DETERMINING TARGETS FOR PERSONALIZED MULTITARGET NONINVASIVE STIMULATION 
OF THE FRONTOPARIETAL CONTROL NETWORK

Personalization of selecting a target for rTMS is a problem, solving which can significantly increase the method efficacy. Stimulation of the key hubs of individual-level 

resting-state networks represents an approach to personalization. The study aimed to develop an rTMS personalization method based on the selection of individual 

frontoparietal control network (FPCN) hubs and assessment of their localization variability. To determine the FPCN hubs, individual maps were built using the FPCN 

group mask as a seed. The searchlight algorithm with the sphere radius of 5 mm was used to select targets within the dorsolateral prefrontal cortex (DLPFC) and 

posterior parietal cortex (PPC). The target spatial localization variability and correctness of using the routine “5 cm rule” for the DLPFC localization were analyzed. 

In 24 healthy volunteers (9 males, average age 29±7 years), high interindividual variability of targets was demonstrated. In no area is there a universal position of 

the stimulation coil that would effectively stimulate targets in all volunteers. Spatial dispersion of points is higher in the DLPFC (volumes of the polyhedra containing 

the point sets are 2095 mm3 in the DLPFC and 739 mm3 in the PPC). All individual targets in the DLPFC are located within the FPCN mask, while in the PPC some 

targets are outside this mask. The average distance between the М1 zones and DLPFC is 64±13 mm. In 75% of the subjects, this exceeds 5 cm, which confirms 

that it was incorrect to use the routine “5 cm rule” for coil positioning in the majority of subjects. An algorithm to select personalized targets for rTMS based on the 

resting-state fMRI data in the DLPFC and PPC being the key FPCN hubs has been developed.

Keywords: multitarget transcranial magnetic stimulation, personalization, resting-state networks, frontoparietal control network
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А. Г. Пойдашева    , Д. О. Синицын, И. С. Бакулин, А. Х. Забирова, Д. Ю. Лагода, Н. А. Супонева, М. А. Пирадов

ОПРЕДЕЛЕНИЕ МИШЕНЕЙ ДЛЯ ПЕРСОНАЛИЗИРОВАННОЙ МУЛЬТИТАРГЕТНОЙ НЕИНВАЗИВНОЙ 
СТИМУЛЯЦИИ ЛОБНО-ТЕМЕННОЙ СЕТИ КОНТРОЛЯ

Персонализация выбора мишени для рТМС — актуальная задача, решение которой может значительно увеличить эффективность метода. Один 

из подходов к персонализации — стимуляция ключевых хабов индивидуальных сетей покоя. Цель исследования — разработка методологии 

персонализации рТМС на основе выделения индивидуальных хабов фронто-париетальной контрольной сети (FPCN) с оценкой вариабельности 

их локализации. Для определения хабов FPCN были построены индивидуальные карты с использованием в качестве seed групповой маски сети 

FPCN. С помощью алгоритма прожектора с радиусом сферы 5 мм были выбраны мишени в пределах дорсолатеральной префронтальной коры 

(ДЛПФК) и задней теменной коры (ЗТК). Анализировали вариабельность пространственной локализации мишеней и корректность применения 

рутинного «правила 5 см» для локализации ДЛПФК. У 24 здоровых добровольцев (9 мужчин, средний возраст 29±7 лет) продемонстрирована 

высокая межиндивидуальная вариабельность мишеней. Ни в одной из областей не существует универсального положения стимулирующей 

катушки, позволившего бы эффективно стимулировать мишени у всех добровольцев. Пространственный разброс точек выше в ДЛПФК (объемы 

многогранников, содержащих множества точек равны 2095 мм3 в ДЛПФК и 739 мм3 в ЗТК). Все индивидуальные мишени в ДЛПФК лежат в пределах 

маски FPCN, а для ЗТК ряд мишеней находится вне этой маски. Среднее расстояние между зоной кисти первичной моторной коры (М1) и ДЛПКК 

составило 64±13 мм. У 75% участников это расстояние превышало 5 см, что подтверждает некорректность применения рутинного «правила 5 см» 

позиционирования катушки для большинства испытуемых. Разработан алгоритм выбора персонализированных мишеней для рТМС по данным фМРТ 

покоя в ДЛПФК и ЗТК, которые являются ключевыми хабами FPCN.
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Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive 
neuromodulation method widely used in research and clinical 
practice [1]. The rTMS protocols have long-term effects 
similar to the synaptic plasticity mechanisms: high-frequency 
protocols and intermittent theta-burst stimulation have an 
effect similar to the long-term potentiation (LTP-like), increasing 
the stimulated cortex area excitability, while low-frequency 
protocols and continuous theta-burst stimulation have an effect 
similar to the long-term depression (LTD-like), decreasing the 
stimulated area excitability [2]. In recent years, the rTMS neural 
network effects represented by the possibility of modulating 
activity of not only the stimulated zone, but also distant brain 
areas structurally or functionally connected to this zone, are 
extensively discussed [3, 4].

The high effect variability, one of the possible reasons for 
which is considered to be suboptimal selection of a target for 
stimulation, is an important issue of using rTMS in both clinical 
and research practice. The size of most stimulated anatomical 
regions is larger than the size of the focus of the magnetic 
field generated by the stimulation coil, which results in a large 
number of possible variants of coil positioning within the region. 
Furthermore, various zones located within these anatomical 
regions can have different cytoarchitecture, as well as structural 
and functional connectivity, which is especially important in the 
context of the rTMS neural network effects [5, 6].

The emergence of TMS neuronavigation systems and 
algorithms to calculate the TMS-induced electric field maximum 
made it possible to control the stimulation coil position relative 
to individual structural data of the patient’s MRI in real time, as 
well as to considerably increase the coil positioning accuracy 
[7]. Moreover, neuronavigation systems allowed one to use 
functional MRI data (both group and individual) for targeting, 
thereby opening up new opportunities for the personalized 
identification and influence on the selected targets [8]. Various 
approaches to personalized target identification based on 
functional MRI in the resting state and with different paradigms 
are being explored. The personalized determination of the 
localization of "hubs" of a particular resting-state network 
represents one such approach. In this case the main hypothesis 
is that there is a possibility of providing the TMS neural network 
effects and modulating the activity of a certain network when 
stimulating one or more network “hubs”.

There are a number of methodological issues related to 
both individual allocation of the resting-state networks and 
determination of the target itself based on the activation maps 
identified. For example, several algorithms for allocation of 
individual resting-state networks were proposed: iterative (see 
[9] for details), Infomap algorithm [10], multi-session hierarchical 
Bayesian model (MS-HBM) [11], independent component 
analysis (ICA), etc. A point, the signal of which reaches the 
maximum of the functional connectivity characteristic of interest, 
can be specified as a target within the selected connectivity 
map [12], or a number of approaches can be used considering 
connectivity of the zones surrounding this point. For example, 
the searchlight algorithm selects the point with the maximum 
average value of the functional connectivity characteristic of 
interest over the sphere with the specified radius having the 
center in this point [13], while the cluster algorithm uses the 
specified threshold to cut off the cluster with the maximum 
signal and use the coordinates of the center of mass of this 
cluster [14].

The fronto-parietal control network (FPCN) is one of the 
networks most consistently identified in resting-state fMRI, the 
activity of which is associated with cognitive activity [15, 16]. 
The major FPCN hubs located superficially and accessible 

for rTMS are the dorsolateral prefrontal cortex (DLPFC) and 
posterior parietal cortex (PPC). The studies have shown the 
possibility of modulating cognitive functions in the population of 
healthy subjects and patients when conducting rTMS of these 
regions without using a personalized approach, however, the 
results of these studies are heterogeneous due to high effect 
variability [17–19]. 

The objective of this study was to develop a method 
for personalized identification of the targets for transcranial 
magnetic stimulation based on the identification of individual 
FPCN hubs within the DLPFC and PPC with assessment of 
variability of localization of such targets in healthy volunteers.

METHODS

The study was conducted at the Russian Сenter of Neurology 
and Neurosciences in 2025. Medical history and demographic 
data were collected for all healthy volunteers.

Subjects

Inclusion criteria: the informed consent availability; age 
20–50 years. Exclusion criteria: refusal to participate in the 
study; contraindications for MRI; a neurological disorder 
affecting cognitive functions or a mental disorder at the time 
of enrollment or a history of such disorders; a chronic severe 
somatic disorder, decompensated chronic disorder or acute 
phase of the disease (for example, ARVI).

A total of 24 healthy volunteers aged 21–48 years (9 males, 
average age 29 years, standard deviation 7 years) were included 
in the study.

All volunteers underwent neuroimaging assessment on a 
3 T Siemens MAGNETOM Prisma scanner (Germany).

MRI data acquisition and pre-processing

The neuroimaging assessment protocol included the T1-weighted 
imaging mode with the Multi-Planar Reconstruction (MPR) 
option for structural data acquisition (TR 2300 ms, voxel 
1 × 1 × 1 mm3) and the Multiplanar Gradient Echo mode 
(TR 1500 ms, voxel 2 × 2 × 2.2 mm3) to record the resting-state 
fMRI signal for analysis of functional connectivity.

The MRI data were analyzed using the CONN  (Functional 
Connectivity SPM Toolbox 2017, McGovern Institute for Brain 
Research, Massachusetts Institute of Technology (http://
www.nitrc.org/projects/conn), Cambridge, USA) version 
22.v2407, and SPM12 (Functional Imaging Laboratory, 
Wellcome Department of Imaging Neuroscience, Institute of 
Neurology (http://www.fil.ion.ucl.ac.uk/spm/software), London, 
UK) software packages. Functional images were subjected 
to realignment with susceptibility distortion correction using 
field maps, slice timing correction, outlier identification. The 
structural data were segmented into tissues and normalized 
into the MNI (Montreal Neurological Institute) space, while 
functional data were normalized using the deformation field 
calculated for structural data (indirect normalization). Spatial 
smoothing was applied to functional data with a Gaussian 
filter with the full width at half maximum (FWHM) kernel size 
of 8 mm. Furthermore, the average signal for the region, the 
connectivity with which was calculated (in the seed-to-voxel 
procedure described below), was determined based on the 
unsmoothed data in order to avoid mixing with the signal from 
adjacent regions.

Furthermore, regression was used to delete contributions of 
artifacts proportional to the signal of white matter (five principal 
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Table. Individual coordinates of targets in the left dorsolateral prefrontal cortex and posterior parietal cortex 

Note: DLPFC — dorsolateral prefrontal cortex, PPC — posterior parietal cortex, М1 — primary motor cortex.

No

Cortical area 

Distance between 
М1 and the target 
in the DLPFC, mm

DLPFC PPC

X-axis coordinate Y-axis coordinate Z-axis coordinate X-axis coordinate Y-axis coordinate Z-axis coordinate

1 –41 51 14 –27 –69 59 75

2 –45 48 6 –46 –57 52 76

3 –47 28 36 –39 –60 57 44

4 –41 47 21 –46 –48 58 68

5 –41 34 36 –54 –40 52 50

6 –43 48 14 –51 –53 50 72

7 –44 47 14 –51 –48 52 71

8 –49 28 32 –51 –47 52 46

9 –43 47 13 –55 –42 51 72

10 –51 21 34 –38 –72 46 39

11 –50 25 30 –39 –64 54 44

12 –46 46 9 –50 –52 52 72

13 –44 39 28 –56 –42 50 57

14 –47 43 8 –50 –51 53 71

15 –45 24 42 –45 –61 51 39

16 –42 52 6 –52 –48 51 80

17 –48 43 9 –51 –51 51 70

18 –41 40 30 –46 –57 54 59

19 –45 46 11 –60 –29 44 72

20 –40 35 37 –58 –42 46 51

21 –44 47 12 –57 –49 43 72

22 –40 51 17 –43 –54 57 73

23 –46 47 6 –46 –49 58 75

24 –45 48 6 –45 –54 56 76

components), cerebrospinal fluid (five principal components), 
motion parameters and their first order derivatives (12 regressors), 
outlier scans, session effect and its first-order derivative (two 
regressors), as well as the linear trend (two regressors) from 
functional data, with subsequent band-pass filtering in the 0.008–
0.09 Hz range.

Resting-state fMRI data analysis aimed at selecting 
targets for stimulation 

The literature dedicated to solving the problem of finding an 
invidual parcellation of the cortical surface into functional 
resting-state networks and selecting an optimal point in the 
zones available within this network fragment was reviewed. 
An optimal set of approaches was identified at each stage of 
data analysis, which was later combined into an algorithm for 
selecting personalized targets for rTMS. The main steps of this 
algorithm are provided below. 

Algorithm to select personalized targets for rTMS 
belonging to the fronto-parietal control network (FPCN)

Step 1. Construction of the map of the degree to which points 
in the brain belong to the FPCN.

The seed-to-voxel method is used: calculation of connectivity 
of the given region (referred to as seed region) with other voxels 

of the brain. The method is applied to individual resting-state 
fMRI data. The FPCN mask generated in the study [20] based 
on the average connectivity of the group of 1000 healthy 
volunteers is used as the seed region. The resulting seed 
connectivity map is used as a map of the degree to which 
points in the brain belong to the FPCN.

Step 2. Creating a set of candidate voxels for selection of 
targets located on the brain surface.

Voxels located on the brain surface are selected. For that 
the function spm_erode is applied to the intracranial volume 
mask from the SPM package transformed into the specific 
subject’s individual space. This function calculates the region 
obtained from the specified region by removing one layer of 
voxels from its surface. Voxels removed by this function are 
calculated by subtraction of intracranial volume masks before 
and after the spm_erode application. The set of these voxels 
is taken as the intracranial volume margin; targets are further 
selected among these voxels.

Step 3. Selection of the candidate voxels located within the 
specified target regions.

The ones located within the target regions, DLPFC and PPC, 
are selected among the voxels obtained in the previous 
step. The left DLPFC was defined as the portion of the left 
middle frontal gyrus, excluding the premotor cortex. The mask 
of the left middle frontal gyrus was taken from the atlas created 
by A. Hammers and colleagues [21]. The mask of the premotor 
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Fig. 1. Projections of targets in 24 subjects on coordinate planes. Red are targets in the DLPFC, blue are targets in the posterior parietal cortex

Fig. 2. Convex hulls of sets of points with the coordinates of targets in the PPC (Fig. А) and DLPFC (Fig. В)

А B

cortex was obtained by merging areas of the left dorsal and 
ventral premotor cortex from the HMAT (Human Motor Area 
Template, [22]). The left posterior parietal cortex was defined 
as the union of the left supramarginal and angular gyri and the 
superior parietal lobule from the atlas by A. Hammers.

Step 4. Selection of targets by the searchlight method 
[13, 14].

The quality measure equal to the mean of the values of the 
above seed connectivity map within the sphere with the center 
in a given voxel and the 5 mm radius is calculated for each 
voxel selected in the previous steps (to consider the effect of 
stimulation on a certain cortical region surrounding the target 
point). Voxels with the maximum quality measure values within 
each target region are selected as targets.

Analysis of the target spatial localization

Individual targets for each subject were transformed into 
the MNI space using the deformation field transforming the 
structural image into this space that was generated during 
MRI data pre-processing. Group mean values and standard 
deviations of the coordinates of these targets were calculated 
to describe the distribution of their localization in different 
subjects. Distances between the targets in the DLPFC and 
the motor cortex in the hand muscle cortical representation 
area were calculated. For that the group map of activation 

(for 486 subjects) upon moving the right fingers based on the 
Human Connectome Project data [21] was used, downloaded 
from the Neurovault database (dataset ID https://identifiers.
org/neurovault.image:3162). This map was binarized with 
the threshold Z > 22 selected in such a way as to highlight 
the cluster in the precentral gyrus region, without including 
other nearby clusters. The distance to the closest voxel in 
the resulting binarized activation map was calculated for each 
target in the DLPFC.

RESULTS

An algorithm for determining the coordinates of points within 
individual FPCN hubs in the DLPFC and PPC that could be 
used as targets for rTMS was developed based on the literature 
review.

Coordinates of targets in two cortical regions were determined 
for each volunteer (Table).

After transforming each target to the MNI space the 
group-mean coordinates of targets in the DLPFC are –44.6, 
41.1, 19.7 mm, standard deviations are 3.1, 9.5, 12.0 mm. 
The mean coordinates of targets in the PPC are –48.2, –51.7, 
52.0 mm, standard deviations are 7.6, 9.6, 4.2 mm. For the 
DLPFC, the mean distance between the target and its midpoint 
is 14.3 mm, the maximum distance is 28.3 mm, for PPC these 
are 10.4 mm and 28 mm, respectively. The maximum distance 
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Fig. 3. Positions of targets for all subjects in the MNI space. Shown in yellow is 
the group-derived mask of the frontoparietal control network (FPCN) from [20] 
used as a seed region in the calculations of individual connectivity. Shown in red 
are the individual targets in DLPFC (defined as the part of the middle frontal gyrus 
excluding the premotor cortex), shown in blue are the targets in the posterior 
parietal cortex (defined as the union of the supramarginal and angular gyri and 
the superior parietal lobule). The data is shown on the mni152 template from the 
MRIcroGL software

Fig. 4. Comparison of the mean target locations in the DLPFC in MNI space 
from this study (red) and the paper [24] (green). In the study [24], the point was 
calculated as the mean of targets defined as peaks of independent components 
of the individual resting-state fMRI signal visually identified as the FPCN.

between pairs of targets is 45.9 mm in the DLPFC, 54.1 mm in 
the PPC (Fig. 1).

Despite comparable linear measures of target dispersion, 
the volumes of polyhedra calculated by the convex hull method 
and containing sets of points for each of the assessed regions 
reported for the DLPFC turned out to be almost 3 times 
higher than that reported for the PPC (2095 and 739 mm3, 
respectively) (Fig. 2).

When superimposing targets on the FPCN mask used as 
a seed region for individual connectivity calculations, in the 
DLPFC all targets were within the mask, while in the PPC some 
targets were beyond the mask (Fig. 3).

When estimating distances from individual targets in the 
DLPFC to the primary motor cortex (М1), the mean value was 
64 mm, standard deviation was 13 mm (Table 1). Furthermore, 
only 6 volunteers had distances (25%) not exceeding 50 mm.

DISCUSSION

In the study, we proposed a personalized target selection 
algorithm based on selection of individual FPCN hubs within 
the DLPFC and PPC. High interindividual variability of targets 
was demonstrated. Furthermore, spatial dispersion of points 
was higher in the DLPFC, but all individual targets in the DLPFC 
were within the applied FPCN mask, while in PPC some 
targets turned out to be beyond this mask. The analysis of the 
determined target localization variability allows us to state that 
in none of the specified areas there is a single universal position 
of the stimulating coil that would allow for effective stimulation 
of the targets in all volunteers. Moreover, according to the 
data obtained, the distance between the M1 zones and the 
DLPFC did not exceed 5 cm only in 25% of subjects, which 
confirmed that it was incorrect to use the routine “5 cm rule” for 
coil positioning, at least in the population of healthy individuals.

The personalized target selection algorithm developed 
allows one to determine individual localization of targets in two 
key FPCN hubs. The resulting target localization in volunteers 
was variable in both DLPFC and PPC. Moreover, the size 
of the stimulated area for most figure-of-eight coils most 
frequently used for rTMS (for the details of calculations see 
[22]) is smaller, than the size of the individual target dispersion 
area in both DLPFC and PPC. Thus, it is clear that there is 
no single universal stimulation coil position that would allow for 
effective stimulation of targets in all volunteers in any specified 
region. These data challenge the “one-fits-all” concept widely 
used in both scientific research and clinical practice, implying 
the use of the universal approach (the same for all subjects/
patients) to determine the target in the region of interest based 
on the structural (for example, specified coordinates in the MNI 
space) or surface (for example, the “5 cm rule”) landmarks. 
The data showing that in the highly heterogeneous regions, 
such as DLPFC, the same anatomical zone can be part of 
different networks, so the neural network effects resulting from 
stimulation of this zone would be different, suggest that the 
concept is incorrect [23].

Comparison with the available literature data showed 
similarity of localization of targets in the DLPFC as a FPCN hub. 
Thus, the average of the targets corresponding to the peaks 
of the left FPCN independent component, identified visually 
among the independent component analysis (ICA) results, 
obtained in the study [24], was located at coordinates (–38, 
–39, 17) in the MNI space. This point is located at a distance of 
7.4 mm from the midpoint obtained in our study in the direction 
into the depth of the brain (Fig. 4). The more superficial location 
of targets reported in our study is explained by methodological 

features. Considering the limited depth of the magnetic field 
effect in rTMS, we limited the depth at which the targets were 
located by the intracranial volume margin found using the spm_
erode function of the SPM package.

We have found that the mean distance between the 
hand zone of primary motor cortex (М1) and targets in the 
DLPFC exceeds 6 cm. The data obtained are important in the 
context of assessing the “5 cm rule” validity as an approach to 
localization of the rTMS target in the DLPFC. Such an approach 
was originally proposed in the studies focused on therapy for 
treatment-resistant depression [25]. However, later it became 
widely used for localization of targets in the DLPFC and for other 
disorders, as well as in the studies involving healthy volunteers 
due to simplicity and convenience. According to our data, the 
distance between the target in the DLPFC and the hand zone in 
М1 did not exceed 5 cm only in 25% of subjects. Furthermore, 
it’s important to note that we assessed the shortest distance 
between two points, while the “5 cm rule” implies estimation of 
the distance between the projections of those on the convex 
scalp surface. These data confirm the results of multiple studies 
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DIFFERENTIATION OF iPSCs INTO CORNEAL EPITHELIAL PRECURSORS IN THREE-DIMENSIONAL
IN VITRO CULTURE

Diseases associated with limbal stem cell deficiency, such as chronic epithelial erosion and corneal scarring, require new therapeutic approaches rooted in 

regenerative medicine. This study aimed to develop a protocol for obtaining progenitor cells of the epithelium of the limb and cornea from induced pluripotent stem 

cells (iPSCs). We differentiated iPSCs toward eye organoids to obtain three-dimensional heterogeneous structures within three weeks. The resulting organoids 

contain corneal epithelial progenitor cells expressing keratin 3 and collagen 7, which confirms the possibility of generating functional epithelium in vitro. The protocol 

enables the generation of isogenic, patient-specific cell lines for treating limbal insufficiency and dystrophic epidermolysis bullosa, including applications following 

preliminary genome editing of iPSCs.
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Е. Б. Жигмитова1, А. В. Косых1, Н. Г. Гурская1,2

ДИФФЕРЕНЦИРОВКА иПСК В ПРЕДШЕСТВЕННИКИ ЭПИТЕЛИЯ РОГОВИЦЫ В ТРЕХМЕРНЫХ 
УСЛОВИЯХ IN VITRO

Заболевания, связанные с дефицитом лимбальных стволовых клеток (хронические эрозии, рубцевание роговицы), требуют новых подходов регенеративной 

медицины. Цель исследования — разработать протокол получения клеток-предшественников эпителия лимба и роговицы из индуцированных 

плюрипотентных стволовых клеток (иПСК). Использовали метод дифференцировки иПСК в направлении органоида глаза для получения трехмерных 

гетерогенных структур за три недели. Полученные органоиды содержат клетки-предшественники эпителия роговицы, экспрессирующие кератин 3 и 

коллаген 7, что подтверждает возможность генерации функционального эпителия in vitro. Протокол позволяет создавать изогенные пациент-

специфичные линии для терапии лимбальной недостаточности и дистрофического буллезного эпидермолиза, в том числе после предварительного 

редактирования генома иПСК.
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Blindness and eyesight disorders are a global health problem 
affecting at least 2.2 billion people worldwide (according to 
WHO), of whom 6.17 million have severe visual impairments 
caused by corneal pathologies [1]. Corneal transplantation 
(keratoplasty) restores vision in such cases by replacing the 
damaged area with a donor transplant. This is one of the 
most common and successful transplantation surgeries in the 
world: over 180,000 such operations are performed annually 
[2]. However, the demand for donor corneas far exceeds their 

availability, particularly in countries with limited resources. 
Therefore, the scientific community looks for alternative corneal 
allotransplantation solutions, from the use of decellularized 
corneal xenografts to the introduction of tissue engineering 
and regenerative medicine methods using differentiated stem 
cells [3, 4]. 

The eye is a complex organ consisting of highly specialized 
tissues originating from different rudiments [5]. The retina 
develops from the neuroectoderm through the optic vesicle, the 
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corneal epithelium originates from the superficial ectoderm, and 
the iris and corneal stroma originate from the neural crest. The 
development of methods that enable the differentiation of stem 
cells into specialized eye cells provides a promising resource 
for new studies of morphogenesis and eye development. 

Induced pluripotent human stem cells (iPSCs) are a unique 
model that allows using the advantages of regenerative 
medicine. iPSCs are similar in properties to embryonic stem 
cells; they can differentiate into a wide variety of cell types. 
There are various methods for obtaining iPSCs, and there 
are many sources of somatic cells for their reprogramming to 
ultimately produce an autologous material, from keratinocytes 
and dermal fibroblasts obtained during skin biopsy to peripheral 
blood mononuclear cells or donor urine cells.  

iPSCs differentiation protocols can be conditionally divided 
into two groups: those stemming from standard protocols 
for suspended cell culture management and those based on 
three-dimensional models [6, 7]. 

According to a report [8], the number of clinical studies 
on retinal pigment epithelium (RPE) transplants derived from 
iPSC differentiation has increased significantly in recent years. 
The mammalian retina is devoid of significant regenerative 
potential in adulthood, it does not restore its function when 
degenerative processes begin. Congenital and acquired 
degenerative diseases of the retina are accompanied by 
the loss of photoreceptors in it, which leads to severe and 
irreversible vision loss. Against the background of significant 
progress in understanding the pathogenesis of degenerative 
retinal diseases, the task becoming especially important is 
that of the development of methods of cell generation (RPE) 
from progenitor cells. Promising sources are allogeneic cells 
and autologous cells obtained from patient-specific progenitor 
cells of RPE, which can potentially compensate for functional 
defects [6].

Unlike the retina, the anterior corneal epithelium of the 
adult body is capable of reparative regeneration, although the 
rate and type of replacement tissue depend on the severity of 
traumatic injuries. With deep defects, not only the epithelium 
is affected, but also the Bowman's membrane, which consists 
of collagen fibers, as well as the underlying part of the corneal 
stroma. During the repair of lesions, the epithelium covering 
the wound multiplies, and the resulting epithelial layer is often 
thicker than normal. The defects of the underlying layers are 
replaced by coarse fibrous (scar) tissue [9]. In addition to injury, 
various diseases and genetic disorders can lead to damage 
and degenerative changes in the cornea. Among the diseases 
affecting the functioning of the limb and cornea, those deserving 
a special mention are the limbal insufficiency syndrome (LIS), 
bullous keratopathy (endothelial-epithelial dystrophy of the 
cornea), and symblepharon, in which the fusion of the bulbar 
conjunctiva (from the eye) with the palpebral conjunctiva (from 
the inner surface of the eyelid) leads to scarring of the cornea. 
For example, ophthalmological complications are common in 
patients with epidermolysis bullosa (EB) in general, but their 
frequency varies significantly depending on the subtype of 
the disease. The most severe manifestations are observed in 
recessive dystrophic epidermolysis bullosa (RDEB) and borderline 
subtypes. As a result of impaired synthesis of type VII collagen, 
patients with RDEB experience, inter alia, recurrent corneal 
erosions, blisters, and scarring, which may lead to complications 
such as exposure keratitis and symblepharon [10].

This study aimed to develop a protocol that combines 
the advantages of various approaches for generating eye 
organoids and corneal epithelium, particularly through the 
three-dimensional culture of differentiable cells.

METHODS

Culturing

iPSCs (KYOU-DXR0109B) were cultured at 37 °C (5% CO
2
) in 

mTESR medium (85850, STEMCELL Technologies Inc., Canada) 
on plastic Petri dishes coated with matrigel (356234, Corning, 
USA). For individual iPSC colonies, we seeded 3,800 cells per 
cm2. After 5 days, the iPSC colonies were collected following 
treatment with 0.4 mg/ml dispase (17105041, Gibco, Thermo 
Fisher Scientific, USA), which detaches the colonies from the 
culture surface without dissociating them into single cells.

For the subsequent cultivation of non-adhesive cultures, we 
used the ultra low attachment Petri dishes (3261, Corning, USA).

The transition between different types of culture media was 
always done in stages over 4–5 days, as follows:

– 1st day: –1 ml/+1 ml; 
– 2nd day: –1.5 ml/+1.5 ml; 
– 3rd day: –2 ml/+2 ml, etc. 
where "‒" indicates the removed volume of the current 

culture medium, and "+" indicates the added volume of the 
differentiation medium of the next stage.

The medium for embryoid body (EB) formation consisted 
of DMEM/F12 (C470p, PanEco, Russia) supplemented with 
20% fetal bovine serum (F800820, GlobeKang, China), 100 µM 
β-mercaptoethanol (21985023, Thermo Fisher Scientific, USA), 
100 µM MEM non-essential amino acids (F115/100, PanEco, 
Russia), 1 mM sodium pyruvate (11360070, Thermo Fisher 
Scientific, USA), 50 U/mL penicillin-streptomycin (15140122, 
Thermo Fisher Scientific, USA), and 2 mM GlutaMAX 
(35050061, Thermo Fisher Scientific, USA) [11].

XF-KO-SR (xeno-free KnockOut serum medium) consisted 
of DMEM (C455p, PanEco, Russia) supplemented with 15% 
KnockOut SR XenoFree CTS (12618012, Thermo Fisher 
Scientific, USA), 100 µM β-mercaptoethanol (21985023, 
Thermo Fisher Scientific, USA), 100 µM MEM non-essential 
amino acids (F115/100, PanEco, Russia), 2 mM GlutaMAX 
(35050061, Thermo Fisher Scientific, USA), 50 U/mL penicillin-
streptomycin (15140122, Thermo Fisher Scientific, USA), and 
10 µM ROCK inhibitor (ab120129, Abcam, USA) [12].

At subsequent stages of the differentiation protocol, 50 ng/
mL Noggin4 (PSG100-10, SciStore, Russia), 50 ng/mL bFGF 
(PSG060-10, SciStore, Russia), and then 25 ng/mL BMP4 
(PCH9534, Thermo Fisher Scientific, USA) were added to the 
XF-KO-SR medium. 

Human corneal epithelial cells (hCEpCs) were cultured in 
DMEM/F12 medium (C470p, PanEco, Russia) supplemented 
with 10% KnockOut SR XenoFree CTS (12618012, Thermo 
Fisher Scientific, USA), 2 mM GlutaMAX (35050061, Thermo 
Fisher Scientific, USA), 10 µM ROCK inhibitor (ab120129, 
Abcam, USA), 0.4 µg/mL hydrocortisone (H0888, Sigma-
Aldrich, USA), 5 µg/mL insulin (F062, PanEco, Russia), 1.4 ng/mL
3,3′,5-triiodo-L-thyronine (100-0548, STEMCELL Technologies 
Inc., Canada), 24 µg/mL adenine sulfate (A0013500100, 
SUVCHEM, India), 10 µM forskolin (F6886, Sigma-Aldrich, 
USA), 10 ng/mL EGF (PSG130, SciStore, Russia), 10 ng/mL 
KGF (PSG230-10, SciStore, Russia), and 50 U/mL penicillin-
streptomycin (15140122, Thermo Fisher Scientific, USA) [13].

The composition of these media was developed based on 
the referenced literature sources with partial modifications due 
to the unavailability of some components. The replacement 
substances, according to the literature, had similar mechanisms 
of action.

Photographs of whole organoids were taken with a Leica 
M205 stereomicroscope.
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Fig. 1. Protocol for generating EBs and their subsequent differentiation into corneal epithelial cells. D(–12) — the beginning of the experiment. D(1) — the first day of 
the differentiation protocol. D(22) — the last day of differentiation; collection of organoids for subsequent analysis

iPSC

D(–12) D(1)D(–7) D(8) D(9) D(13) D(17) D(22)
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Development of 
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Fig. 2. Darkfield photo of organoids on the 22nd day of differentiation. There are both translucent spheres and pigmented areas. * — translucent zones at the periphery 
of the organoid, presumably corresponding to corneal regions; ** — pigmented areas of the organoid, presumably corresponding to retinal pigment epithelium (RPE) 
regions. Each scale division is 1 mm

А B C

 Histological examination

The organoids were fixed in 10% neutral buffered formalin 
(00020709, Histoline, Russia) for 30 minutes, washed with 
DPBS (P060p-1, PanEco, Russia) to remove the fixative, and 
then incubated for 1 hour in DPBS containing sucrose solutions 
(170764, Lenreactive, Russia) of increasing concentrations 
(10%, 20%, and 30%) to prevent deformation of the organoids. 
The organoids were collected, drained of excess solution, 
embedded in Tissue-Tek O.C.T. Compound (4583, Electron 
Microscopy Sciences, USA), and snap-frozen in liquid nitrogen.

We prepared 10 µm-thick sections using a Thermo Scientific 
Microm HM 525 cryostat, dried them, and further fixed them 
in 10% neutral buffered formalin (00020709, Histoline, Russia) 
for 15 minutes at room temperature. The sections were then 
washed three times in DPBS (5 minutes each), followed by 
incubation in DPBS containing 1% hydrogen peroxide (153142, 
Lenreactive, Russia) for 30 minutes, and subsequently in DPBS 
containing 2.5% BSA (A7906, Sigma-Aldrich, USA).

Immunohistochemistry

For subsequent immunohistochemical staining, the sections 
were incubated overnight at +4 °C with primary antibodies 
against keratin 3 (PAA490Hu01, Cloud-Clone, USA) and 
collagen VII (pA5-18390, Invitrogen, Thermo Fisher Scientific, 
USA), diluted 1:100 and 1:300, respectively, in DPBS blocking 
solution containing 2% BSA (A7906, Sigma-Aldrich, USA), 
1% Triton X-100 (1001776062, Sigma-Aldrich, USA), and 
1% Tween 20 (P7949, Sigma-Aldrich, USA). The next day, 
the sections were washed in DPBS and incubated overnight at 
+4 °C with secondary antibodies: Alexa 594–conjugated anti–
rabbit IgG (A11012, Invitrogen, Thermo Fisher Scientific, USA) 
and Alexa 488–conjugated anti–goat IgG (A32814, Invitrogen, 
Thermo Fisher Scientific, USA), both diluted 1 : 1000 in blocking 
solution. The next day, the sections were washed with DPBS 

and mounted in VectaSHIELD Antifade medium containing 
DAPI (H-1200-10, Vector Laboratories, USA). 

Using a Nikon Eclipse Ni upright microscope equipped 
with a DS-Ri2 camera (Nikon Corporation, Japan), we 
analyzed the sections and acquired a series of images using 
the microscope’s set of optical filters, which enabled detection 
of fluorescence emission. The images were processed using 
the ImageJ software package (NIH, USA) and converted into 
microphotographs.

RESULTS

There were two stages to the formation of the initial EB (Fig. 1). 
At the first stage, which began on D(–12), iPSC colonies 
were cultured under adhesive conditions; on D(–7), they were 
transitioned to a non-adhesive form. After 7 days of cultivation 
under non-adhesive conditions, the EBs matured, and the 
colonies acquired a more rounded shape with smooth edges. 
Subsequently, we switched to the differentiation protocol for 
corneal epithelial cells (D(1)).

From day 8 of the differentiation protocol, Noggin4 and bFGF 
factors were injected into the XF-KO-SR medium, blocking 
TGFß and Wnt signaling and activating FGF signaling to induce 
ectodermal differentiation. Additionally, we introduced BMP4, 
as it was shown that this factor promotes the differentiation of 
iPSCs into corneal epithelial cells [14]. 

On day 13, we began to gradually replace the XF-KO-SR 
medium with a medium for culturing human corneal epithelial 
cells (hCEpCs).

By day 22, both monospheres (Fig. 2A) and complex formations 
were observed among the organoids, likely resulting from the 
aggregation of several individual elements (Fig. 2B, C). Most of 
the organoids became optically translucent in transmitted light, 
but some objects had pigmented areas (Fig. 2).

To analyze the expression patterns of differentiation markers, 
we prepared cryosections of the organoids and examined them 
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Fig. 3. Immunohistochemical staining of cryopresections of organoids on the 22nd day of differentiation. Reaction with antibodies to keratin 3 (red) and reaction with 
antibodies to type VII collagen (green). The cores were additionally colored with DAPI. The scale segment is 50 µm
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by immunohistochemistry. In view of the corneal epithelium 
staining positive for the keratin markers K3, K7, and K19, we 
analyzed the expression levels of the corresponding corneal 
and conjunctival biomarkers [15].

The corneal epithelium is supported by a specialized 
basement membrane complex that anchors it to Bowman’s 
layer. This attachment is mediated by a network of anchoring 
fibrils composed of type VII collagen and associated anchoring 
plaques that interact with the dense collagen matrix of 
Bowman’s layer [16].

Figure 3 shows photographs of organoid sections that are 
a sphere with translucent contents bordered by cellular layers, 
with positive staining for markers of epithelial differentiation (K3) 
and basement membrane (type VII collagen). Cells positively 
stained for keratin 3 were observed on the periphery in the 
outer cell layer of the organoid. The expression of type VII 
collagen was seen in the underlying cell layers.

DISCUSSION

Corneal transplantation is one of the most successful organ 
transplantations in human beings. The orthotopic corneal 
allografts are used frequently (and  successfully) in both humans 
and experimental animals because of the so-called immune 
privilege of the eye: any inflammatory processes is suppressed 
in order to preserve visual function. In case of corneal 
transplantation, this privilege is believed to be supported by 
three factors: 1) anatomical, cellular, and molecular barriers 
in the cornea; 2) tolerance associated with the presence of 
regulatory T cells and immune abnormalities in the anterior 
chamber of the eye; 3) immunosuppressive intraocular 
microenvironment [17]. 

We describe a protocol for differentiating functional corneal 
epithelium from human iPSCs in vitro. Under this protocol, 
some cells spontaneously form round colonies, spheroids, 
or embryoid bodies, which, during successive stages of 
the differentiation process that involves gradual change the 
culture medium and addition of growth factors and inhibitors 
of the WNT cascade, produce structures with the properties 
of the organoid of the eye. Our protocol was based on the 
methodology described in the Isla-Magrané article [18]. In this 
work, we also used a three-dimensional model of differentiation 
with forced aggregation of EB during cultivation and prevention 
of cell adhesion to the plastic surface. The advantages of this 

protocol include the possibility of co-cultivation of cells of 
various types, and the production of single three-dimensional 
models of controllable size [19]. The cells aggregate and form 
spheroids due to intercellular adhesion and the lack of adhesion 
to the culture plastic [20]. The differentiation protocol published 
in this paper can potentially be useful to researchers interested 
in eye development and/or regeneration of the eye surface, 
as well as specialists in the field of translational regenerative 
medicine.

The development of methods for the directed differentiation 
of iPSCs in RPE enabled some approaches allowing generation 
of the epithelium of the limb and cornea. Small molecules, 
inhibitors of the WNT/β-catenin cascade, or recombinant proteins 
and factors are used to produce RPE cells from iPSCs [22, 23]. 

When iPSC colonies differentiate under adhesive conditions, 
concentric SEAM (self-earned autonomous multi-zone) 
zones gradually form, in which cells begin to acquire different 
morphologies and a specific set of markers. This protocol 
has a distinct advantage. During cultivation, homogeneous 
cell types can be mechanically isolated and then sorted 
by flow cytometry to yield a population of progenitor cells 
analogous to the epithelial cells of the limb. Cells of this type 
can be multiplied and differentiated to form an epithelial layer 
expressing keratin markers 3 and 12, PAX6. The researchers 
confirmed the functionality of the obtained cells in an animal 
model of corneal epithelial dysfunction through surgical 
xenotransplantation. In 2024, the results of the first successful 
clinical trials on allogeneic transplantation of corneal epithelial 
cells differentiated from iPSCs using the SEAM protocol in four 
patients were published. Two patients suffered from limbal 
insufficiency syndrome, one from ocular mucosal pemphigoid, 
and one from toxic epidermal necrosis [24]. In all cases, 
after 52 weeks of follow-up, the researchers notes improved 
eye condition, better visual acuity, and a decrease in corneal 
opacity. Corneal epithelial defects, subjective symptoms, 
quality of life indicators, and corneal neovascularization have 
mostly improved or remained unchanged. Through the follow-
up period, there were no serious adverse events observed, 
including tumor formation or clinical rejection. 

Obtaining an eye organoid from iPSCs using the developed 
protocol allowed the detection of type VII collagen expression 
in the area adjacent to the basal membrane. The attachment 
fibrils formed by type VII collagen are an important structural 
element that supports the integrity of the tissue. Patients 



ORIGINAL RESEARCH    REGENERATIVE MEDICINE

199BULLETIN OF RSMU   6, 2025   VESTNIK.RSMU.PRESS   DOI: 10.24075/BRSMU.2025.070| ||

affected by hereditary disorders involving defects in type VII 
collagen, such as recessive dystrophic epidermolysis bullosa, 
are classified as disabled from childhood due to chronic 
inflammation of the skin and epithelial linings of internal organs. 
Current clinical treatments for ophthalmological manifestations 
thereof, such as contact lenses, lubricants, and antibiotics, 
may reduce symptoms but fail to prevent corneal scarring [10].

In such cases, allogeneic transplants of the epithelium 
of the limb and cornea, differentiated from iPSCs of healthy 
donors, may be applicable for cell therapy. The creation of stem 
cell banks with homozygous human leukocyte antigen (HLA) 
cell lines can provide an effective and cost-effective resource 
for this type of therapy. 

Autologous iPSC-based treatments can be prohibitively 
expensive and time-consuming. However, patient-specific 
iPSCs (RDEB-iPSCs) can be differentiated into eye organoids 

to create disease models for testing new drugs and evaluating 
gene therapy approaches. 

CONCLUSIONS

This study describes a protocol for obtaining an organoid of an 
eye with a formed corneal epithelium by differentiating iPSCs. The 
development of various methods for the generation of corneal 
and limb epithelial tissues contributes to the development of 
regenerative medicine in ophthalmology. Although a single type 
of corneal transplant is unlikely to provide a universal solution, 
combining different approaches may help address the shortage 
of donor corneas, support the development of bioengineered 
matrices — implantable with or without cells — to stimulate 
tissue repair and regeneration, and enable new treatments for 
diseases that cannot be cured with currently available methods.
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ORIGINAL RESEARCH    TRANSPLANTOLOGY

Bilyalov AR    , Chugunov SS, Akhatov ISh, Tikhonov AA, Shangina OR, Pavlov VN, Danilko KV, Galautdinov MF, Akbashev VN

DEVELOPMENT AND ASSESSMENT OF THE BONE ALLOGRAFT-BASED MATERIAL 
FOR DLP 3D PRINTING

The use of allogenic bone material as a ceramic filler for DLP printing makes it possible to obtain personalized complex-shaped implants combining the matrix 

biomimetic nature with the additive technology benefits. The study aimed to assess the possibility of using the calcined cortical bone allograft powder as part of 

photopolymerizable suspension for DLP printing and producing bioceramics with the characteristics comparable to that of synthetic hydroxyapatite by sintering. 

The bone allograft was subjected to multi-stage specialized treatment involving complete removal of cells with preservation of the intercellular matrix and collagen 

fiber structure. The calcined medical allograft was crushed, introduced into a photopolymerizable matrix, and used for DLP printing of the samples that were further 

sintered and analyzed by X-ray diffraction and energy-dispersive spectroscopy methods before and after additive production. The sintered material specific gravity 

was 81.5%, compressive strength — 75.8 MPa, tensile strength — 12 MPa, Young's modulus — 3.08 GPa, and Vickers hardness — 0.55 GPa, which was within 

the range of values for porous hydroxyapatite. After DLP printing and sintering the sample phase and elemental composition did not change considerably compared 

to the source calcined material. The calcined bone allograft powder is suitable for preparing photopolymerizable suspensions and subsequent DLP printing of 

ceramic samples without deteriorating the material phase and chemical stability. The resulting mechanical properties make it possible to consider this allogenic 

bone material as a promising candidate for production of personalized implants with sophisticated geometry.
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РАЗРАБОТКА И ИССЛЕДОВАНИЕ МАТЕРИАЛА НА ОСНОВЕ КОСТНОГО АЛЛОТРАНСПЛАНТАТА 
ДЛЯ DLP-3D-ПЕЧАТИ

Использование аллогенного костного материала как керамического наполнителя для DLP-печати позволяет получать индивидуализированные 

имплантаты сложной формы, совмещающие биомиметичную природу матрицы с преимуществами аддитивных технологий. Целью работы было 

оценить возможность использования прокаленного порошка кортикального костного аллотрансплантата в составе фотополимеризуемой суспензии 

для DLP-печати и получения после спекания биокерамики с характеристиками, сопоставимыми с синтетическим гидроксиапатитом. Костный 

аллотрансплантат подвергали многоэтапной специализированной обработке с полным удалением клеток при сохранении структуры межклеточного 

матрикса и коллагеновых волокон. Прокаленный медицинский аллотрансплантат измельчали, вводили в фотополимеризуемую матрицу и использовали 

для DLP-печати образцов, которые затем спекали и анализировали методами рентгеновской дифракции и энергодисперсионной спектроскопии до 

и после аддитивного производства. Относительная плотность спеченного материала составила 81,5%, прочность на сжатие — 75,8 МПа, прочность 

на растяжение — 12 МПа, модуль Юнга — 3,08 ГПа и твердость по Виккерсу — 0,55 ГПа, что находится в диапазоне значений для пористого 

гидроксиапатита. Фазовый и элементный состав образцов после DLP-печати и спекания не претерпевал существенных изменений по сравнению с 

исходным прокаленным материалом. Прокаленный порошок костного аллотрансплантата пригоден для приготовления фотополимеризуемых суспензий 

и последующей DLP-печати керамических образцов без ухудшения фазовой и химической стабильности материала. Полученные механические свойства 

позволяют рассматривать данный аллогенный костный материал в качестве перспективного кандидата для изготовления индивидуализированных 

имплантатов сложной геометрии.
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The annual number of trauma and orthopedic surgical procedures 
in Russia exceeded 1.2 million by 2023. The most popular 
treatment methods include the use of orthopedic bone cement 
and plastic material for treatment of bone injuries. In the field of 
orthobiologic procedures, bone grafts and substitutes made up 
the largest share in 2022 [1]. 

Autografts are commonly used as effective implants for 
substitution of bone defects [2], especially in orthopedic and 
dental surgery. Autografts obtained from the patient, usually 
from his/her iliac crest, show high biocompatibility, low risk 
of rejection, and considerable osteogenic potential [3]. When 
assessing the autograft strengths and weaknesses, allografts 
turn out to be a promising alternative [4]. Allografts obtained 
from donors, usually cadaver ones, eliminate the need for 
additional surgical aggression, thereby reducing the risk of 
complications. Furthermore, the use of allografts can reduce 
both surgery and anesthesia time, since there is no need for 
additional surgical intervention. Moreover, the allograft size and 
shape can be modified for the implantation area long before the 
operation, in the preoperative planning phase.

However, allografts are not without drawbacks. Practically, 
the complexity of creating volumetric bone blocks to match the 
size of the bone defect is the problem associated with using 
allografts [5].

The importance of using the DLP ceramic printing 
technology for medical purposes results from the possibility 
of creating complex-shaped and functional biocompatible 
products for implants and reconstructive surgery. DLP provides 
high processing resolution and precision, which are critical for 
products made of bioinert or bioactive ceramic materials. This 
makes it possible to produce porous structures mimicking the 
bone tissue that contribute to osseointegration and biological 
function restoration [6]. 

Traditional ceramic production methods are hampered by 
the complexity of processing and shaping, while DLP printing 
allows one to obtain complex geometric shapes without 
significant expenditure of time and materials. Modern research 
also reports the importance of optimizing rheological properties 
of photopolymer suspensions for successful printing and achieving 
the required mechanical characteristics of products [7]. 

The ceramic materials used in DLP, such as hydroxyapatite, 
aluminum oxide, and zirconium oxide, show excellent 
biocompatibility and bioinertness, which reduce the risk 
of rejection and inflammatory responses in patients. The 
technology allows for control of the surface microstructure, 
which improves the implant adhesion to tissues [6].

The DLP printing works well with other additive production 
and post-processing methods, thereby expanding the 
possibilities for the creation of multifunctional and composite 
materials for medical use [8].

In this study we assess applicability of the digital light 
processing (DLP)-based additive production method to the 
hydroxyapatite material obtained from cortical bones of the 
cadaver bone allograft. As far as we know, no studies devoted 
specifically to additive production of ceramic products using 
human bone allografts have been presented in the literature 
to date.

The material used in this study represents the commercially 
available medical bone allograft in the form of blocks (Alloplant® 
allografts for surgery according to MS 9398-001-04537642-
2011; registration certificate for a medical product FSR 
2011/12012; manufacturer — Bashkir State Medical University, 
Russia). This commercially available material is widely used in 
medical practice; more than 2,000 orthopedic surgeries are 
performed in medical clinics every year.

The study was initiated in response to requests from practicing 
surgeons concerning the development of advanced technologies 
for production of allografts. The main purpose of using this 
allograft material in 3D printing is to achieve high precision of 
geometry parameters with deviations within hundreds microns, 
allowing for adaptation of products to the irregularly shaped 
bone defects while maintaining high biomedical properties.

The study aimed to assess applicability of the digital light 
processing (DLP)-based additive production technology for 
forming high-precision complex-shaped implants made of the 
bone allograft-derived material.

METHODS

Allograft material processing and photopolymerizable 
suspension preparation 

The cadaver bone material is through a number of chemical 
treatment and radiation sterilization procedures to remove 
immunogenic components and induce lysis of membrane 
tissues;   collagen and some elements of the amorphous bone 
matrix are preserved [9]. The study design is presented in Fig. 1.

The bone blocks sized 0.5–6 cm were calcined in the Kittec 
CLL15 laboratory kiln (Kittec, Germany) at a temperature of 
900 °C for 5 h in order to remove organic content. There were 
yellowish and grayish deposits on the surface of approximately 
15% of the calcined blocks. Both clean calcined blocks and 
blocks with deposits were analyzed using the Jeol JSM-6390LV 
scanning electron microscope (JEOL, Japan) equipped with 
the energy-dispersive X-ray analyzer (EX-230 BU).

After calcination the allograft material was through the two-
stage grinding procedure involving the zirconium grinding cups 
and zirconium balls in the Retsch PM400 planetary ball mill 
(Retsch, Germany). Stage 1 aimed to grind the allograft blocks 
into the millimeter-sized powder. Stage 2 aimed to grind into 
particles sized 1–5 µm. Such grinding included wet grinding 
in isopropanol (IPA). Then the ground material was dried in the 
Binder ED56 drying oven (Binder GmbH, Germany) at 115 °C 
for 2 h to eliminate the remaining IPA.

After stage 1 of grinding the powder fraction was obtained 
using the laboratory sieves with the mesh size of 400 µm and 
315 µm. Sample A consisted of the 315–400 µm powder 
fraction. Sample B was obtained from the resulting powder 
after stage 2 of grinding.

The micron-sized allograft powder was mixed with the 
Dysperbyk-180 dispersing additive (BYK GmbH, Germany) at 
a mass concentration of 2% in the Retsch PM400 planetary 
ball mill using the 8-mm zirconium balls with the speed of 
200 rpm for 1 h. To produce a photopolymerizable suspension, 
the CB2-DLP-GM/2 organic binder (Vundertech LLC, Russia) 
was mixed with the Е104 dye at a mass concentration of 0.24% 
and then added to the dispersed allograft powder to achieve 
the powder load with the mass concentration of 68.9%, which 
corresponded to the concentration of 42.6% v/v. The dye was 
included to minimize light scattering by ceramic particles during 
3D printing. Finally, the suspension was homogenized in the 
Retsch PM400 planetary ball mill using the 20-mm zirconium 
balls with the speed of 200 rpm for 5 h.

Tesing the photopolymerizable suspension 
and 3D printing operations

All the tests involving the photopolymerizable suspension were 
conducted using the Creality Mage Pro 8K DLP 3D printer 
(Creality, China).
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Fig 1. Study design
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First, the syspension polymerization effectiveness was 
assessed. The square objects sized 1 × 1 cm were polymerized 
at different light energy of 0.12, 0.2, 0.24, 0.8, and 16 J/cm2,
which corresponded to the exposure time of 15, 25, 30, 
100, and 2000 s, respectively. In each case, the 2 mm-thick 
suspension layer was placed in the printer bath, and the 
experiment was repeated four times. After polymerization the 
polymerized layer thickness was measured using the Interapid 
thickness gauge (Schut, Switzerland) with an accuracy 
of 0.001 mm. Such evaluation yielded two important results: 
a) confirmation that the allograft-based suspension was suitable 
for DLP printing; b) determination of the relationship between 
light energy and polymerization depth.

Optimal 3D printing parameters were determined based 
on this relationship: exposure time of 20 s and layer thickness 
of 30 µm. 3D printing was conducted in two series. The first 
series involved production of the cylinders sized 3–7.5 mm for 
mechanical compressive testing (ASTM C1424) [10] and X-ray 

diffraction analysis (ISO 10993-14) [11] and parallelepipeds 
sized 7 × 5 × 3 mm for measurement of the density, shrinkage 
during sintering, porosity, Vickers hardness (ISO 10993-14). 

The second series involved evaluation of the possibility 
of printing complex ceramic structures in the form of a mesh 
or scaffold. After 3D printing all the objects were subjected 
to thermal debounding in the Kittec CLL15 kiln through 
heating to 700 °C with the rate of 3 °C/h in air. The object 
size was measured using the Topex 31C628 caliper (Group 
Topex, Poland) with an accuracy of 0.02 mm, while mass 
measurement was performed using the AND HR250-AZG 
laboratory scales (AD Company, Japan) with an accuracy of 
0.001 g. This measurement allowed us to accurately estimate 
the samples’ density and porosity at the non-sintered product 
(raw material) stage.

After the bounder removal (debounding) the samples 
showed porosity of 58% and were characterized as loosely 
consolidated and mechanically weak. These were sintered in 
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Fig. 2. Results of the EDS analysis of colored deposits on the surface of calcined 
allografts: distribution of chemical elements across the yellowish deposit area, 
several colors of some compounds correspond to the same set of chemical 
components appearing in different orders in the EDS results, for example 
Ca/P/O/Na/Zn or Ca/P/O/Zn/Na

Fig. 3. Results of the EDS analysis of the surface of the calcined allograft with no 
identifiable deposits: distribution of chemical elements across the allograft area. 
Several colors of some compounds correspond to the same set of chemical 
components appearing in different orders in the EDS results, for example 
Ca/P/O/C or Ca/C/P/O
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Fig. 4. Allograft-derived 3D-printed complex-shaped sintered scaffold. Convex and 
concave areas of the object and the layered structure are visible; microcracks in the 
layered structure of the object emerged during heat treatment

the Kittec CLL15 kiln in air at a temperature of 1300 °C with the 
heating rate of 120 °C/h and subsequently conditioned for 1 h.

After the end of testing physical and mechanical characteristics 
of the sintered allograft material the previously fractioned 
samples, cylinders and parallelepipeds, were grinded in the 
agate mortar and sieved to obtain the 315–400 µm powdery 
fraction. Sample C was collected from the resulting powder.

Laboratory assessment of the material properties

Assessment of the non-sintered allograft material

The energy-dispersive spectroscopy was used to assess 
chemical composition of the calcined allograft blocks, 
specifically of the clean fragments and yellowish and grayish 
surface deposits. This method was also used for Sample B to 
assess chemical composition of the target powdery material 
for 3D printing. It was expected that the Sample B composition 
would reflect the effects of calcination and grinding, including 
potential chemical activation or degradation of chemical 
compounds. The powdery sample was evenly distributed 
over the area of 1 × 1 cm of the sample holder in the scanning 
electron microscope (SEM) and examined at two different sites 
using the voltage of 20 kV and the exposure time of 120 s.

The particle size distribution in Sample B was assessed 
using the Fritsch Analysette 22 NanoTec laser particle sizer 
(Fritsch GmbH, Idar-Oberstein, Germany) to make sure that 
most particles in the powder were smaller than 10 µm, in 
accordance with the requirements of the digital light processing 
(DLP) technique.

Assessment of physical and mechanical properties 
of the additively manufactured sintered allograft material

The density and porosity of green, calcined, and sintered 
objects were calculated based on the measured size and mass. 
Measurement was performed for each object individually. The 
size was measured using the Topex 31C628 caliper, while 
mass measurement was performed using the AND HR250-
AZG scales. The relative density was calculated based on the 
hydroxyapatite theoretical density (3.16 g/cm3).

The coefficients of shrinkage due to thermal sintering were 
calculated by assessing changes in size between the object’s 
green and sintered states. It is important to note that the 
shrinkage coefficients in the X, Y, and Z directions were different 
due to the 3D printing anisotropic nature.

Hardness of the parallelepiped objects was assessed 
using the Nanovea PB1000 mechanical tester (Nanovea, USA) 
equipped with the Vickers hardness tester. The compressive and 
tensile tests upon cleaving were performed using the Instron 5969 
dual column testing system (Instron, USA). Compressive tests 
were compliant with the ASTM C1424 standards, and the test 
samples were cylinders sized 3–7.5 mm. These samples were 
produced in accordance with the X2 chapter of the ASTM C1424 
test standard [10], but these were proportionally reduced in size 
by 40%. Evolution of the two-dimentional deformation field during 
loading was recorded using the Vic-3D Digital Image Correlation 
(DIC) measurement system (Correlated Solutions Inc., USA).

Parameters of the sintered allograft material tension were 
obtained from the tensile tests upon cleaving conducted in 
accordance with ASTM D3967. 

The additively manufactured sintered scaffold was 
tested for potential structural artifacts using the Helios G4 
PFIB ThermoFisher Scientific scanning electron microscope 
(ThermoFisher Scientific, USA). 

Assessment of evolution of the allograft phase in additive 
manufacturing processes 

Assessment of the material phase evolution at various stages 
of the production process was performed for samples A, B, 
and C using the Guinier camera coupled with the Huber G670 
X-ray diffractometer (Huber Diffraktionstechnik GmbH Co. KG, 
Germany). Powdery samples were applied on the Mylar film 
using acetone before transfer for testing. Measurement was 
performed using the Ge (111) curved monochromator and 
the image plate detector using CoKα1 (λ = 1.78892 Å). The 
assessed 2θ range was 4–100° with the 0.01° angular step.
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Fig. 5. Mechanical behavior of the 3D-printed allograft material sintered at 1300 — during the mechanical compressive test (6 samples) and tensile test upon cleaving
(6 samples)
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The analysis of the X-ray diffraction (XRD) testing results was 
conducted using the ICDD PDF-2 database (The International 
Centre for Diffraction Data Powder Diffraction File-2). The XRD 
testing results for samples A, B, and C were compared to 
assess the impact of the material grinding and heat treatment.

RESULTS

Assessment of the non-sintered allograft material

Calcination of the allograft bulk samples eliminates residual 
organic content and ethanol from the allograft material yielding 
the dry, brittle ceramic matrix. The mass loss during calcination 
was 41.9%.

In our analysis of the processed allograft bulk samples, 
about 15% of bone blocks showed visible surface deposits. 
These deposits included the zinc-rich yellowish substances 
and the grayish matter containing a considerable amount of 
carbon. Some yellowish deposits also showed traces of the 
grayish matter. Other samples looked clean and white, with no 
visible signs of deposits.

The analysis of the deposit chemical composition by EDS 
revealed high zinc concentrations, probably in the form of 
yellow-brown hopeite crystals, in the yellowish deposits (Fig. 2).
The analysis revealed the calcium, phosphorus, oxygen, 
sodium and zinc atoms, which together accounted for up to 
82% of the area examined. The remaining 18% included similar 
chemical components along with additional carbon atoms, 
possibly indicating a limited amount of soot formed from the 
decomposition of organic matter.

Significant amounts of carbon, probably in the form of 
soot, were found in the greyish deposits. The EDS results 
showed that there were no detectable calcium atoms in these 
grayish areas, and 84% of the area analyzed also contained no 
phosphorus.

The EDS analysis of visually clean calcined allograft samples 
revealed atoms of calcium, phosphorus, and oxygen in all the 
areas examined. Up to 93% of these areas were still covered 
with a thin layer of carbon deposits, while 27% contained 
sodium atoms (Fig. 3). It was impossible to accurately determine 
the Ca/P ratio based on the EDS data on the calcined sample 
surfaces, since during thermal decomposition the organic 

matter was likely to diffuse through the porous structure of 
the inorganic matrix causing uneven distribution of elements 
across the surface.

The scanning electron microscopy (SEM) has shown that 
the calcined allograft consists of the tightly packed grains of 
calcium phosphate ceramics sized 130 nm–2.2 µm. The grains 
have a rounded morphology typical for sintered ceramics. 

After calcination the allograft organic content decomposed, 
which increased fragility and made grinding easier. At the 
first stage the calcined bone was ground to powder with the 
particle size below 1.2 mm and sieved through the 1200 µm 
sieve. At the second stage powder with the particle size 0–5 µm 
was obtained. According to the laser diffractometry results, 
the particle size is 300 nm–5 µm, the average value is 2.57 µm. 
The secondary peak of the distribution (5–25 µm) is due to 
agglomerates of small particles, which is confirmed by SEM. 
Such agglomerates do not interfere with DLP processes, as 
these are destroyed during the suspension preparation.  

Assessment of physical and mechanical properties 
of the additively manufactured sintered allograft material

Based on polymerization tests of the photopolymerizable 
suspension we determined the relationship between light 
energy and polymerization depth. According to the method 
by Jacobs [12], the critical energy required for effective 
polymerization is Ec = 3.51 mJ/cm2, which is in line with the 
capabilities of the 3D printer used. The minimum exposure 
time ensuring polymerization was determined as 15 s (layer 
thickness 122 µm), but such samples were soft and unstable. 
With the 20 s exposure, solid and durable “green bodies” 
without defects were produced. Simple-shaped objects and 
scaffolds were successfully printed by the DLP method, cleared 
of binder, and sintered.

The scaffold was examined by SEM (Fig. 4). The layered 
structure was clearly visible. During heat treatment microcracks 
with the holes sized about 10–15 µm emerged in the contact 
zones of the protruding structures, which suggests the need to 
optimize sintering. Internal surfaces of the cracks contained the 
densely packed grains sized 5–10 µm, while the source powder 
had the 0.3–5 µm grains, which suggests rearrangement and 
growth of grains during sintering.
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The lack of nanoporous voids in the corners of conjugated 
grains, typical for high-temperature sintering, is noteworthy. The 
material contains intergranular microcracks, which can form a 
porous system in the absence of nanopores. With the relative 
density of 82%, the expected porosity of 19% is consistent 
with the observations. Porosity results from intergranular 
microcracks and large voids between clusters of grains, which 
is typical for low-density materials.  

The allograft compaction during sintering resulted in reduction of 
the linear dimensions and geometric features. The average linear 
shrinkage of the allograft was 24%. Such anisotropic shrinkage 
typical for 3D printing can be associated with uneven application of 
the source material both inside and outside the layer formation plane.

The EDS results obtained for Sample C give an idea about 
the ratio of calcium and phosphorus (Ca/P), since these cover 
the data on both surface and bulk of material. The EDS analysis 
shows that the main sintered allograft material components 
are calcium (Ca), phosphorus (P), and oxygen (O), as well as 
trace amounts of sodium (Na), magnesium (Mg), strontium (Sr), 
aluminum (Al), and potassium (K).

The Ca/P ratio varied between 1.6 and 1.7 in the eight 
samples tested. 

The results of compressive and tensile tests upon cleaving 
are provided in Fig. 5. The sintered allograft material compressive 
strength varied between 50 and 100 MPa, with the average value 
of 76 MPa. The tensile strength obtained from the tensile test 
upon cleaving varied between 4 and 23 MPa, with the average 
value of 12 MPa. Furthermore, the Young's modulus turned out 
to be between 2.9 and 3.3 GPa.

The sintered allograft material Vickers hardness varied 
between 0.3 and 0.8 GPa.

Such a high local hardness value can be associated with 
the ZrO

2
 incorporation resulting from grinding. Except for this 

outlier, the average Vickers hardness was approximately 0.6 GPa.

Assessment of the allograft phase evolution due to milling 
and additive production processes 

The X-ray diffraction (XRD) analysis results for samples A, B,
and C fit closely with the control peaks for the “[9–432] 
Hydroxyapatite” record of the ICDD PDF-2 database. All the 
test samples were calcined at 900 °C before XRD analysis, 
which reflects the effects of such treatment. Small amorphous 
phase amounts were found in Sample A and Sample B, which 
was indicated by wider peaks and small deviations from the 
baseline. Sample C, on the contrary, showed narrower and 
sharper peaks, which suggests the reduced amorphous phase 
content. Moreover, new peaks corresponding to CaO (2 𝜃 ≈ 43°) 
and ZrO

2
 (2 𝜃 ≈ 34°) were identified in Sample C. The presence 

of CaO inclusions can be explained by mechanical activation 
and potential degradation of hydroxyapatite and amorphous 
calcium phosphate compounds. The ZrO

2
 peaks are related to 

the zirconium dioxide inclusions that contaminated the allograft 
material at the second stage of milling.

DISCUSSION

The allograft material obtained from cadaver human cortical 
bones showed potential for successful use in the digital light 
processing (DLP)-based additive procedure. We have found 
no studies focused on using bone allografts for 3D printing in 
the scientific literature. We have shown that the bone allograft-
based material can be effectively used together with the 
additive production methods showing the behavior similar to 
that of synthetic hydroxyapatite during 3D printing.

The printing and heat treatment protocols optimized for 
synthetic calcium phosphate ceramics did not ensure the 
required properties of the bone-derived allograft. The sign 
of this were cracks in the sintered samples caused by low 
density of brown bodies and suboptimal sintering. The density 
can be increased by increasing the amount of powder in the 
photopolymerizable suspension. Optimization of sintering will 
require a series of parametric tests and laboratory analysis of 
material properties.

Despite the fact that the process of producing the samples 
manufactured by the additive method from the allograft was 
not optimized, it made it possible to obtain the relatively high 
sintering density on a microscale, which suggests the potential 
for further improvement. It is noteworthy that there were no 
voids in the corners of conjugated grains, and the natural 
chemical inclusions in the material structure, such as sodium 
(Na), magnesium (Mg), strontium (Sr), aluminum (Al), and 
potassium (K), were preserved in the amounts typical for human 
bones. These factors indicate that the allograft properties are 
superior to that of synthetic alternatives.

The milling operations contributed to effective homogenization 
of the allograft chemical composition. However, due to low 
powder filling coefficient of the source material, the “brown 
body” baseline density was not enough, which resulted in the 
unnecessary stress and insufficient compaction during thermal 
sintering. As a result, intergranular microcracks and large 
intergranular voids emerged, which contributed to the sintered 
material porosity in 15.8%. The calcium phosphate crystals in 
the intact bone represent the plate-shaped particles sized 
40 × 3 × 7.5 nm intertwined with the collagen fibers [12]. 
The lack of such nanoplates in the calcined sample indicates 
sintering and transformation of those into roundish grains 
during calcination.

No significant changes in the material phases or chemical 
composition were observed throughout the production process. 
The commercially available human bone allograft contains about 
60–70% minerals and 30–40% organic components (by mass) 
[13–15]. Thorough analysis confirmed the calcium-deficient nature 
of the bone-derived mineral with the average calcium to phosphorus 
ratio (Ca/P) of 1.65. The сalcium phosphate ceramics resorb 
faster as the Ca/P ratio decreases. That is why it is expected that 
bioresorption of allograft materials will proceed faster than that of 
synthetic hydroxyapatite. This ratio is consistent with expectations 
for the calcium-deficient hydroxyapatite phase, confirmed by the 
X-ray diffraction (XRD) results [16]. Some studies report that the 
human bone average Ca/P ratio is about 1.67 [17], while according 
to the results of other studies [18], the bone mineral usually has the 
Ca/P ratio below 1.67 due to calcium deficiency.

The sintered material mechanical properties are critical for 
determination of its overall strength and hardness, especially 
considering the non-oprimized material microstructure. Therefore, 
the material properties can be improved through optimization 
of processing and production technologies.

CONCLUSIONS

The allograft material used in this study was obtained from the 
cadaver human cortical bone tissue. This material was calcined 
and then ground into the micron-sized powder to produce 
a photopolymerizable suspension and to be later used for 
the DLP-based additive production. The results confirmed 
high compatibility of the allograft material with the additive 
production technologies. Polymerization tests and 3D printing 
operations demonstrated stability of the bone allograft-derived 
material at every stage of additive production. Further research 
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EXPRESSION OF microRNA MIR146A IN THE BLOOD PLASMA OF RATS WITH OBESITY 
AND KNEE ARTHROSIS AFTER ADMINISTRATION OF DEXAMETHASONE

MicroRNAs are resistant to RNases and are highly specific for various pathological conditions, particularly inflammation, allowing them to be considered inflammation 

biomarkers. They were detected in all body fluids, and miR146a plays a key role in the pathogenesis of inflammation. A total of 180 male white Wistar rats were 

selected for the study. All animals were 8–10 weeks old and weighed 200–250 grams. The animals were divided into five groups of 36 each. The first received 

saline solution intramuscularly, while the others underwent experimental modeling of obesity and knee arthrosis. The second group received 1.0 ml of saline solution 

intramuscularly, while the third, fourth, and fifth groups received dexamethasone at doses of 1 ng/ml, 10 ng/ml, and 100 ng/ml, respectively. Blood samples for the 

study were collected on days 3, 5, and 10. The obtained parameters were analyzed at the statistical significance level (p < 0.05). Increased miR146a levels were 

observed in animals in the second group compared to the others, due to the development of inflammation associated with obesity and concomitant gonarthrosis. 

In the third group, expression levels decreased slightly, remaining high. In the fourth group, with the use of 10 ng/ml dexamethasone, miR146a expression levels 

decreased most significantly on days 3 and 5. In the fifth group, virtually no changes were observed, with the parameter decreasing only slightly. The 10 ng/ml 

dexamethasone dose demonstrated the greatest efficacy during the experiment, possessing the greatest anti-inflammatory activity compared to the other doses.
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А. С. Иванов1,2    , Т. П. Тананакина1, С. А. Кащенко1, И. А. Погорелова1

ЭКСПРЕССИЯ микроРНК MIR146A В ПЛАЗМЕ КРОВИ КРЫС С ОЖИРЕНИЕМ 
И АРТРОЗОМ КОЛЕННОГО СУСТАВА НА ФОНЕ ВВЕДЕНИЯ ДЕКСАМЕТАЗОНА

МикроРНК не поддаются действию РНКаз и высокоспецифичны для различных патологических состояний, в частности воспаления, что позволило 

рассматривать их как биомаркеры данного патологического процесса. Обнаружить их удалось во всех жидкостях организма, в патогенезе воспаления 

ключевую роль играют микроРНК miR146а. Целью работы было определить уровень экспресии miR146а у крыс с гонартрозом, сочетанным ожирением 

и коррекцией дексаметазоном с целью разработки дальнейших патогенетических механизмов лечения остеоартроза. Для исследования отобрали 

180 самцов белых крыс линии Вистар в возрасте 8–10 недель массой 200–250 г. Животные были разделены на пять групп по 36 в каждой: в первой группе 

вводили физиологический раствор хлорида натрия внутримышечно, остальным экспериментально смоделировано ожирение и артроз коленного 

сустава. Особям второй группы вводили 1,0 мл раствора хлорида натрия внутримышечно, третьей, четвертой и пятой — дексаметазон в дозе 1 нг/мл, 

10 нг/мл и 100 нг/мл соответственно. Забор крови для проведения исследования проводили на 3, 5, 10 сутки. Полученные показатели исследовали при 

уровне статистической значимости (p < 0,05). Установлено повышение уровня miR146а у животных второй группы в сравнении с остальными, за счет 

развития воспаления на фоне ожирения и сопутствующего гонартроза. В третьей группе уровень экспрессии незначительно снижался, но оставался 

высоким. В четвертой группе на фоне применения 10 нг/мл дексаметазона уровень экспрессии miR-146а снижался максимально на 3 и 5 сутки. В пятой 

группе изменения практически отсутствовали, показатель снижался незначительно. Наибольшую эффективность в процессе эксперимента выявлена 

при дозе дексаметазона 10 нг/мл — она обладала набольшей противовоспалительной активностью по отношению к остальным. 

Ключевые слова: гонартроз, дексаметазон, микроРНК, воспаление, ожирение, экспрессия, miR146a
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In 2008, Tewari et al. experimentally discovered the presence 
of some forms of microRNA in blood plasma in a stable form 
that excludes the influence of RNases, which served as the 
beginning of their study as biomarkers of the inflammatory 
process [1–5]. Stability is ensured by dysregulation of cellular 
expression of microRNA, which can be observed during 
infection; the cell is also capable of releasing some forms into 
the extracellular space. Further studies showed the presence 
of biomarkers not only in blood plasma, but also in saliva, 
urine, bile, breast milk and other body fluids [6]. Currently, 
there is data on specific changes in the microRNA expression 
profile in various pathological conditions, for example, in 
oncology, cardiovascular diseases, inflammation, aging, etc. 
[7–8]. Advances in understanding the relationships between 
various genes, their products, and environmental factors have 
highlighted the role of epigenetic variation, which involves 
changes in gene expression that do not affect DNA structure but 
can be transmitted across generations. There are three levels 
of epigenetic regulation: genomic (DNA methylation), proteomic 
(responsible for histone modification), and transcriptomic (RNA 
regulation). MicroRNA is a large class of small, non-coding 
RNA molecules, 18–25 nucleotides in length, that regulate 
gene expression through complementary interactions with the 
3'-untranslated regions of mRNA, leading to RNA degradation 
or inhibition of translation processes [9].

Today, a large number of microRNAs are known that are 
specific to each pathological condition and enable early diagnosis 
for timely treatment. Recent data have shown that miR21 
and miR146a microRNAs are involved in the pathogenesis of 
inflammatory diseases [10]. The role of miR146a in the regulation 
of the cell cycle, apoptosis, proliferation, and cell differentiation, 
as well as in the pathogenesis of infectious diseases, has been 
elucidated [11–13].

Over the past 10 years, microRNA markers have been 
discovered as specific factors in osteoarthritis and rheumatic 
diseases [14–18]. Detection of miR146a in synovial fluid and 
plasma in osteoarthritis is a potential diagnostic and prognostic 
marker [19]. Increased miR146a levels in blood plasma indicate 
the development and progression of gonarthrosis, which in the 
vast majority of cases is associated with excess body weight 
[20]. MiR146a is considered a marker of obesity and can 
influence its development and progression when elevated in 
blood plasma. Physical activity promotes weight loss, which 
reduces miR146a expression [21].

The use of nonsteroidal and steroidal anti-inflammatory 
drugs (e.g., celecoxib, ibuprofen, dexamethasone, methotrexate, 
etc.) in the treatment of gonarthrosis helps suppress the 
synthesis of proinflammatory cytokines and miR146a by 
increasing the expression of miR149-5p and miR-let-7c-5p
[22, 23]. Among glucocorticosteroids for the treatment of 
inflammatory joint diseases, including osteoarthritis, one of 
the most frequently used drugs is dexamethasone [24]. A 
2018 meta-analysis found that miR146a expression levels are 
higher in patients with rheumatoid arthritis and osteoarthritis 
than in healthy controls, as it serves as a regulator of the 
primary immune response and is involved in the pathogenesis 
of osteoarthritis [22]. The question of miR146a expression 
levels in obesity associated with osteoarthritis treated with 
glucocorticosteroids remains open.

Investigating miR146a expression levels in rats with 
obesity and osteoarthritis provides insight into the pathogenetic 
mechanisms of disease development and the development 
of optimal treatment regimens. The aim of this study was to 
develop a pathogenetic treatment regimen for osteoarthritis 
associated with obesity using dexamethasone, taking into 

account the level of miR146a expression, and to evaluate the 
effect of different doses of dexamethasone (1 ng/ml, 10 ng/ml, 
and 100 ng/ml) on the level of miR146a expression in rats with 
an experimental model of obesity and gonarthrosis.

METHODS

The experiment was conducted at the Ask-Health Research 
Center, Bulgaria, and the Leningrad State Medical University 
named after St. Luki" of the Ministry of Health of the Russian 
Federation. 

For the experiment, 180 male Wistar albino laboratory 
rats, 8–10 weeks old, weighing 200–250 g, were selected. 
The animals were maintained in a vivarium at a temperature of 
22 ± 2 °C and a 12-hour day/night cycle and nights with free 
access to water and food. The animals were randomly divided 
into 5 groups (n = 36). The first served as a control and received 
1.0 ml of saline solution; the second (obese + gonarthrosis) 
received 1.0 ml of saline solution; the third, fourth, and fifth 
(obese + gonarthrosis) received 1.0 ng/ml, 10 ng/ml, and 
100 ng/ml of dexamethasone solution, respectively.

Dexamethasone doses were selected based on the 
following: 1 ng/ml is a low dose, reflecting the minimum effective 
concentration to simulate a minimal anti-inflammatory effect 
without significant immunosuppression; 10 ng/ml is a therapeutic 
dose used to suppress cytokine-induced inflammation in rats; 
100 ng/ml — a high dose was used to simulate a possible 
“paradoxical” effect with glucocorticoid overexposure. The 
dose range was selected to evaluate the dose-dependent 
responses of miR146a from minimal to supertherapeutic. 
Saline and dexamethasone were administered intramuscularly 
once daily for 10 days. On days 3, 5, and 10, blood was 
collected from the tail vein and centrifuged to obtain serum to 
determine the dynamics of miR146a expression. This scheme 
is fully consistent with previously published studies on modeling 
the anti-inflammatory effect of dexamethasone in laboratory 
rats [24]. Adverse effects of dexamethasone were assessed 
based on behavioral activity (open field test), body weight, the 
Lee index, coat and skin condition, and blood glucose levels 
(no significant dose-dependent adverse effects were observed 
with 1 and 10 ng/ml; signs of hyperglycemia and decreased 
activity were observed at 100 ng/ml, consistent with the known 
adverse effects of high doses of glucocorticosteroids).

Obesity in animals was modeled using a high-calorie diet 
supplemented with increased amounts of fat (45%), plant-based 
carbohydrates (35%), and animal-based carbohydrates (35%) for 
8 weeks. The Li index was used to evaluate the result (Li = 1000 — 
(body weight (g)) / (length from the tip of the nose to the anus 
(cm)). The presence of obesity was indicated by an index of more 
than 310 and an increase in body weight by 25–40% compared 
to the initial value, which indicates a moderate degree of obesity 
[25]. Gonarthrosis was modeled according to the author's method 
by repeated damage to the articular cartilage using a minimally 
invasive method, followed by immobilization for 2–4 weeks using 
the author's device until reliable radiographic signs of arthrosis 
were achieved using a high-frequency portable dental X-ray 
machine Posdion Rextar X, 70 kV, Posdion, South Korea.

Determination of microRNA (miR146a) was performed by 
quantitative reverse transcription followed by polymerase chain 
reaction in real time. Serum was obtained by centrifugation of 
1.0 ml of venous blood of rats obtained from the tail vein at 
12,000 rpm for 15 minutes at 4 °C. The resulting samples were 
immediately frozen at –80 °C until analysis.

Total RNA was isolated using the miRNeasy Serum/
Plasma Kit (Qiagen, Germany; No. 217184) according to the 
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Table 1. Dynamics of serum miR146a expression in rats in groups 1, 2, and 3 on days 3, 5, and 10

Note: р — the root mean square error at a value level of 0,05. 

Indicator miR146a р

Day 3 5 10 3 5 10

group 1, n = 36 0.97 0.97 1.03 0.07 0.03 0.07

group 2, n = 36 1.83 1.79 1.77 0.08 0.08 0.02

group 3, n = 36 1.47 1.52 1.51 0.05 0.05 0.05

Table 2. Dynamics of miR146a expression in rat serum in groups 1, 2, and 4 on Days 3, 5, and 10

Note: р — the root mean square error at a value level of 0,05. 

Indicator miR146a р

Day 3 5 10 3 5 10

group 1, n = 36 0.97 0.97 1.03 0.07 0.03 0.07

group 2, n = 36 1.83 1.79 1.77 0.08 0.08 0.02

group 3, n = 36 1.09 1.05 1.17 0.04 0.07 0.04

manufacturer's protocol. Extraction efficiency was monitored 
by adding an external synthetic controller (cel-miR-39, Qiagen, 
Germany). RNA was purified on silica gel columns and eluted 
with 14 μl of RNase-free water. For cDNA synthesis, TaqMan™ 
MicroRNA Reverse Transcription Kit reagents (Applied 
Biosystems, Thermo Fisher Scientific, USA; No. 4366596) were 
used together with strain-specific TaqMan™ MicroRNA Assays 
primers (USA) for miR146a (#000468).

Quantitative PCR was performed in 96-well plates on a 
QuantStudio™ 5 Real-Time PCR System (Applied Biosystems, 
USA) using TaqMan™ Universal PCR Master Mix reagents, 
No. AmpErase UNG, USA, #4324018. U6 snRNA, whose 
expression level remained stable across all study groups, was 
used as reference RNA.

Three technical replicates were used for each reaction, 
and the Livak method (2^-ΔΔCt) was used to estimate relative 
miRNA expression.

Statistical Analysis of Results

After digital data collection, the mean and standard deviation 
were calculated. Statistical analysis was performed using one-
way analysis of variance (ANOVA) in SPSS (v.16.0 for Windows, 
2007; SPSS, Inc., Chicago, IL). Significant differences are 
indicated as p < 0.05; when calculating percentages, the data 
from the first group were taken as 100%. Box-and-whisker plots 
were used to check the unidimensionality of the distribution 
of results [26]. Statistical processing and the construction of 
diagrams and graphs were performed using the Statistica10 
program.

RESULTS 

This study revealed a correlation between miR146a microRNA 
expression and obesity, gonarthrosis, and dexamethasone use. 
In the body, miR146a is involved in the regulation of the immune 
response and inflammation by suppressing the latter. MiR146a 
leads to a decrease in the production of proinflammatory 
cytokines (IL-6, IL-8, and TNFα) and is actively involved in 
the regulation of T-cell differentiation and neuroinflammatory 
processes.

The study found an increase in miR146a in group II, 
suggesting the development of inflammation in the body 
caused by cytokines produced by adipocytes and as a 
result of the inflammation that triggers gonarthrosis. The 

use of dexamethasone in the experiment resulted in decreased 
plasma miR146a levels in all study groups, despite its long-
term use as an anti-inflammatory agent for the treatment of 
gonarthrosis associated with excess body weight (Table 1).

The study found an increase in the miR146a index on day 3 
in group 2 by 188.6% (p < 0.05), on day 5 by 184.5% (p < 0.05), 
on day 10 by 146.6% (p < 0.05), compared to group 1, which 
may represent the body's response to inflammation caused by 
obesity combined with gonarthrosis. In group 3, a decrease 
in the miR146a index was observed compared to group 2, 
but the index remained high. On day 3, miR146a increased 
by 151.1% (p < 0.05), while on day 5 the index increased by 
156.7% (p < 0.05), after 10 days of the experiment, an increase 
of 146.6% (p < 0.05) was observed compared to group 1. When 
comparing the parameters of groups 1 and 3, an increase in 
miR146a levels by 151.5% (p < 0.05) was observed on day 3, 
on day 5 by 156.7% (p < 0.05), and on day 10 by 146.6% 
(p < 0.05).

Dynamic analysis of miR146a expression in group I revealed 
no increase on day 5, while on day 10 there was an increase of 
106.1% (p < 0.05). In group 2, a decrease in miR146a by 2.2% 
(p < 0.05) was observed on day 5, and on day 10 the indicator 
decreased by 3.3% (p < 0.05) compared to day 3, and by 1.2% 
(p < 0.05) compared to day 5 of the experiment. In group 3, 
there was a 103.4% increase (p < 0.05) on Day 5 compared 
to Day 3, a 102.7% increase (p < 0.05) on Day 10 compared 
to Day 3, and a 0.7% decrease (p < 0.05) compared to Day 5.

Administration of 10 ng/ml dexamethasone had a more 
pronounced anti-inflammatory effect in group 3 compared 
to the others. The miR146a microRNA level was significantly 
higher than in group 1, but decreased relative to group 2 (Table 2).

Experimentally, an increase in the miR146a expression level 
was found on day 3 of the experiment by 112.3% (p < 0.05), on 
day 5 by 108.2% (p < 0.05), and on day 10 by 113.5% (p < 0.05) 
compared to group 1, which was statistically less than in group 2. 
When comparing the miR146a expression level in group IV with 
group 2, a decrease of 40.5% (p < 0.05) was found on day 3, 
41.4% (p < 0.05) on day 5, and 39.9% (p < 0.05) on day 10.

Dynamic analysis of the indicator within group 4 reveals a 
clear trend toward a decrease in miR146a expression on Day 
5 by 3.7% (p < 0.05) compared to Day 3. On Day 10, the level 
increased by 107.3% (p < 0.05) compared to Day 3, and by 
111.4% (p < 0.05) compared to Day 5.

A different result was observed when the dexamethasone 
dose was increased to 100 ng/ml. The miR146a microRNA 



212

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    ОРТОПЕДИЯ

ВЕСТНИК РГМУ   6, 2025   VESTNIK.RSMU.PRESS   DOI: 10.24075/VRGMU.2025.056| | |

Table 3. Dynamics of miR146a expression indicators in rat serum in groups 1, 2, and 5 on Days 3, 5, and 10

Note: р — the root mean square error at a value level of 0,05. 

Indicator miR146a р

Day 3 5 10 3 5 10

group 1, n = 36 0.97 0.97 1.03 0.07 0.03 0.07

group 2, n = 36 1.83 1.79 1.77 0.08 0.08 0.02

group 3, n = 36 1.71 1.73 1.67 0.03 0.04 0.03

Fig. Dynamics of changes in the miR146a parameter in blood plasma of rats in groups 1, 2, 3, 4, and 5 on Days 3, 5 and 10

3 Day

5 Day

10 Day

group 1

0 0.4 0.8 1.2 1.60.2 0.6 1 1.4 1.8 2

group 3 group 5group 2 group 4

level was significantly higher than in group 1. Compared to 
group 2, the indicators differed slightly but were significantly 
lower (Table 3).

A significant increase in miR146a was observed in group 5 
on day 3 by 176.2% (p < 0.05) compared to group 1. When 
studying microRNA in the blood plasma of group 5 on day 5, 
the indicator increased by 178.3% (p < 0.05) compared to 
group 1. On day 10 of the experiment, a significant increase 
in the miR146a concentration in group 5 by 159.2% (p < 0.05) 
was observed compared to group 1. When comparing the 
indicators of group 5 with group 3, a decrease in concentration 
was established against the background of dexamethasone 
administration: on day 3 by 6.6% (p < 0.05), on day 5 by 3.4% 
(p < 0.05), on day 10 by 5.7% (p < 0.05). 

The dynamics of the parameter within group 5 showed a 
change in miR146a expression levels following dexamethasone 
administration. On Day 5, the parameter increased by 101.1% 
(p < 0.05) compared to Day 3, on Day 10, it decreased by 
2.4% (p < 0.05) compared to Day 3, and by 3.5% (p < 0.05) 
compared to Day 5.

A visual representation of the dynamics of miR146a changes 
in blood plasma in all study groups can be presented using a 
graphical representation (Fig. 1).

DISCUSSION

The study revealed an increase in the miR146a microRNA 
concentration in the blood plasma of rats in all groups exposed 
to dexamethasone, compared to the control group. The 

highest level was observed in animals in group 2, indicating an 
inflammatory process caused by a group of cytokines secreted 
by adipocytes and the development and progression of 
gonarthrosis [27]. This is confirmed by an increase in miR146a 
expression in animals in group 3. Following administration of 
dexamethasone at a dose of 1 ng/ml, a decrease in miR146a 
expression was observed in animals in group 3 compared 
to group 2, indicating the anti-inflammatory properties of 
dexamethasone even at a low dose. The miR146a expression 
level in group 3 remained high compared to group 1, suggesting 
a low efficacy of 1 ng/ml dexamethasone on the studied 
parameter throughout the entire study period compared to a 
dose of 10 ng/ml [28].

In group 4, a more pronounced decrease in miR146a 
expression was observed with dexamethasone administration, 
which can also be explained by cytokine inhibition and 
suppression of inflammation caused by obesity and excess 
body weight [24]. The maximum result in this group was 
observed on day 5 of the experiment, which may indicate a 
cumulative effect of the drug due to its daily use or blockade 
of cellular receptors sensitive to cytokines [29]. On day 10, 
while the anti-inflammatory effect was maintained, miR146a 
expression levels increased slightly, which may be associated 
with decreased receptor sensitivity to the drug or its increased 
metabolism.

In group 5, no significant changes in miR146a levels were 
observed with dexamethasone administration compared 
to group 2, which supports the low efficacy of the 100 ng/ml
dexamethasone dose throughout the entire experimental 
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period. This may indicate the loss of dexamethasone receptors 
due to its high concentration or resistance to it at high doses, 
despite the drug's anti-inflammatory properties [30].

CONCLUSIONS

The study found that the maximum positive effect was achieved 
in group 4, as evidenced by a persistent and maximal reduction 
in miR146a expression. This circumstance allows us to 
recommend a dose of 10 ng/ml as a pathogenetically justified 
treatment for gonarthrosis associated with obesity over a long 
period of time. A minor positive effect from dexamethasone 
administration was observed in group III, as dexamethasone 
led to a decrease in miR146a expression; however, the level 
remained high compared to group 1. Dexamethasone at a 
dose of 1 ng/ml can be recommended as a pathogenetic 

therapy for pain syndrome or minor inflammation, as well as 
for the treatment of gonarthrosis not associated with obesity. 
It was found that a dose of 100 ng/ml dexamethasone was 
ineffective throughout the entire treatment period and did not 
significantly reduce miR146a expression in group V, which 
remained high, with minor fluctuations throughout the entire 
experimental period. Therefore, a dose-dependent effect of 
100 mg dexamethasone on miR146a cannot be concluded 
and requires further clinical study. Potential for further research 
includes examining other plasma microRNA variants in 
patients with gonarthrosis associated with obesity, as well 
as blood glucose levels during dexamethasone treatment, 
dexamethasone receptor function, proinflammatory cytokine 
concentrations, and adrenal cortex function. Further study and 
titration of dexamethasone dose based on miR146a expression 
levels in clinical practice are of interest.
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Today, acute poisoning with narcotic drugs occupy leading 
positions in the structure of the patients’ admission to toxicology 
units; there is no trend towards the decrease in the number of 
such patients, which determines high relevance of the issue.

Among the most numerous are cases of acute poisoning 
with synthetic cathinones (“designer drugs” in slang) showing 
strong psycho-stimulating activity and the high rate of life-

threatening conditions affecting the CNS, respiratory and 
cardiovascular system [1]. Thus, based on the epidemiological 
situation in Saint Petersburg, a total of 2596 patients poisoned 
with the synthetic cathinone α-pyrrolidinovalerophenone 
(α-PVP) were delivered to the Acute Poisoning Center of the 
Dzhanelidze Research Institute of Emergency Care in 2024, 
which far exceeded the number of cases of acute poisoning 

Makarovskaya NP1,2, Lodyagin AN1,2,3      , Batocyrenov ChB4, Razamasova SYu3, Antonova AM1, Narzikulov RA1, Sokolova ES1

SEVERE ACUTE α-PVP POISONING COMPLICATED BY SYSTEMIC RHABDOMYOLYSIS SYNDROME: 
CASE REPORT

Today, acute poisoning with modern psychoactive substances and narcotic drugs is among the major causes of emergency admissions to toxicology units. There 

is a clear upward trend in the number of life-threatening complications of poisoning with psychoactive substances, one of which is rhabdomyolysis. Here we report 

a clinical case of severe acute α-PVP poisoning complicated by systemic rhabdomyolysis, describe the features of the clinical course and  intensive care for this 

disorder. The early diagnosis, timely and effective treatment by conducting aggressive detoxification infusion therapy made it possible to prevent progression to 

the anuric phase of acute kidney injury, as well as to avoid invasive procedures of extracorporeal detoxification methods and probably avoid the adverse outcome 

of the acute α-PVP poisoning complicated by systemic rhabdomyolysis.
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В настоящее время острые отравления современными психоактивными веществами и наркотическими веществами входят в число основных причин 

экстренной госпитализации лиц в отделения токсикологии. Имеется четкая тенденция к росту числа жизнеугрожающих осложнений при отравлениях 

психоактивными веществами, одним из которых является рабдомиолиз. Представлен клинический случай острого тяжелого отравления альфа-PVP, 

осложненного развитием системного рабдомиолиза, описаны особенности клинического течения и интенсивной терапии при данной патологии. Ранняя 

диагностика, своевременное и эффективное лечение путем проведения агрессивной инфузионно-детоксикационной терапии позволили избежать 

развития анурической стадии острого повреждения почек, а также отказаться от проведения инвазивных процедур экстракорпоральных методов 

детоксикации и, вероятно, избежать неблагоприятного исхода острого отравления α-PVP, осложненного развитием системного рабдомиолиза.
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with other drugs, such as methadone (a total of 1422 patients 
were admitted in 2024), cocaine (a total of 68 patients were 
delivered within the same period). All the above emphasizes 
predominance of  acute α-PVP poisoning in the structure of 
acute poisoning at the moment.

The α-PVP properties were first reported in 1963 by 
researchers of the Boehringer Ingelheim pharma company 
(Germany) [2]. However, later successful therapeutic use 
of  α-PVP was not confirmed. Since early 2010s, the α-PVP 
chemical compound appeared on the illegal drug market in 
European countries, where it was distributed under the guise 
of “bath salts” (that is why it is referred to as “salt”), then it 
was noted to be distributed in Moscow, Saint Petersburg, and 
Russia [3]. Considering social dangerousness of this toxicant, 
the α-PVP turnover is currently controlled in 16 countries of the 
European Union and prohibited in the Russian Federation [4].

The recreation effects of synthetic cathinones, including 
α-PVP, are associated with the strong stimulating effect on 
the CNS and cardiovascular system. In individuals with the 
extremely severe poisoning, along with the toxic damage to 
the nervous and cardiovascular systems, the condition severity 
is aggravated by the early development of severe metabolic 
disorders in the form of decompensated metabolic acidosis, 
coagulopathy [5, 6]. Systemic rhabdomyolysis that is usually 
accompanied by acute kidney injury represents one of the most 
severe complications of severe acute α-PVP poisoning.

Rhabdomyolysis is a syndrome characterized by 
muscle necrosis and the release of the muscle intracellular 
components into bloodstream [1]. The development of systemic 
rhabdomyolysis being one of the most severe complications 
of acute poisoning, including poisoning with narcotic drugs, is 
currently poorly understood [3]. The study aimed to present 
a clinical case of acute α-PVP poisoning complicated by 
systemic rhabdomyolysis with identification of early diagnostic 
criteria and the efficacy of the conservative therapy applied.

Clinical case

Patient М., male, 23 years old, was admitted to the Acute 
Poisoning Center of the Dzhanelidze Research Institute 
of Emergency Care with the following referral diagnosis: 
“Moderate acute poisoning with the unknown neurotropic 
substance”. The patient examination revealed mental 
confusion, psychomotor agitation, disorientation in space, time 
and own personality. Conciousness scored +3 on the RASS 
scale. To jugulate psychomotor agitation, the patient was  
intramuscularly administered Elzepam 2.0 mg. Hemodynamics 
were stable, heart rate (HR) was 125 bpm, the rhythm was 
sinus tachycardia, blood pressure was 150 and 80 mmHg.

The clinical laboratory testing revealed leucocytosis up to 
26.58 × 1012/L with the neutrophil right shift in complete blood 
counts, along with the increase in creatinine levels to 227 µmol/L 
and urea levels to 19.7 mmol/L in the blood biochemistry panel. 
Urinalysis revealed proteinuria (with the increase in protein 
levels to 0.75 g/L), hematuria (with the increase in red blood 
cell counts to 2.5 × 102/µL). Chemical toxicology testing by 
gas chromatography–mass spectrometry (GC–MS) detected 
α-PVP in the urine.

Within 12 h after admission the patient was transferred 
to the intensive care unit (ICU) No. 11 due to deterioration in 
his condition. The patient’s overall condition was assessed as 
severe at admission to the ICU. Pupil size D = S, mydriasis. 
Lively papillary light response. Normal muscle tone. Normal 
reflexes. No abnormal reflexes. Respiratory rate 16 breaths per 
minute. Oxygen saturation 98%. Stable nemodynamics, HR 

was 89 bpm, blood pressure was 120 and 70 mmHg, central 
venous pressure was (+2) cm H

2
O. A total of 100 mL of urine 

were collected by bladder catheterization. The urine color 
was brown. The following diagnosis was established: “Severe 
acute α-PVP poisoning. Toxic encephalopathy. Complication: 
Systemic rhabdomyolysis. Acute kidney injury”.

On day 2 after admission the decrease in leucocyte counts 
to 14.9 × 1012/L was reported; as for blood biochemistry 
parameters, worsening in the form of the increase in creatinine 
levels to 235 µmol/L and urea levels to 25.1 mmol/L was 
noted, along with the increase in cytolytic enzyme levels (ALT to 
462.6 U/L, AST to 1782 U/L), creatine kinase levels to 
88,980 U/L and hyperkalemia to 5.4 mmol/L. Along with 
negative values of blood biochemistry parameters, the 
urine output decrease to 100 mL/day was reported, which 
corresponded to stage 2 acute kidney injury according to the 
KDIGO classification [5].

Furthermore, when assessing the patient’s mixed venous 
blood gas and acid-base state, we observed the development 
of subcompensated metabolic acidosis with the electrolyte 
balance disturbances: pH — 7.285, HCO

3
– — 16 mmol/L, 

BEb — (–9.3) mmol/L, BEect — (–10.6) mmol/L, Na+ — 
133 mmol/L, К+ — 4.49 mmol/L, Са2+ — 1.018 mmol/L, blood 
osmolality — 266 mOsm/L. 

Improvement of a number of parameters was reported 
within 6 h after the beginning of the intensive metabolic 
acidosis correction: pH — 7.523, HCO

3
– — 27.9 mmol/L, 

BEb — 5.1 mmol/L, BEect — 5.1 mmol/L, К+ — 2.87 mmol/L.
The infusion therapy prescribed included the use of 

infusion solutions to adjust metabolic acidosis (Sol. Natrii 
hydrocarbonatis 4% — 200.0 No. 3). Sodium hydrocarbonate 
was quantified using the Mellengaard-Astrup formula: the 
required amount of sodium hydrocarbonate (in mmol) is 
equal to the product of body weight in kilograms by 0.3 by 
BE (base excess) [7]. According to calculations, the required 
hydrocarbonate quantity was 297 mmol, which was 623.9 
when recalculated for the 4% sodium hydrocarbonate solution. 
Hyperkalemia was adjusted using the glucose-insulin solution 
(Sol. Glucosae 10% — 500.0 + Sol. Magnii sulf. 25% — 10.0 +
Insulini 2 ED No. 3/day). Lactic acidosis was adjusted via 
infusion of Sol. Reamberini 500.0 No. 2/day. Sol. Natrii chloridi 
0.9% — 500.0 No. 2/day was prescribed to adjust the volemic 
status. The infusion therapy volume was calculated based 
on the urine output, which was 1 mL/kg/h (the daily volume 
reached 2160 mL), perspiration losses calculated as 0.5 mL/kg/h 
and hyperthermia over 38 °С (0.5 mL/kg/h — 1580.0). After 
the first 24 h of hospital stay the daily urine output was 2900 mL/day. 
Furthermore, the urine color changed from black to straw-
yellow. In response to the infusion therapy applied, the daily 
urine output became 3900 mL with the central venous pressure 
of (+4) cm H

2
O on day 2 after the beginning of treatment.

On day 4 of intensive care, improvement was noted in the 
form of the decrease in creatine kinase levels to 35,000 U/L, 
cytolytic enzyme levels (ALT to 372.7 U/L, AST to 760 U/L). The 
complete blood count test revealed the decrease in leucocyte 
counts to 6.4 × 1012 L. The daily urine output was 5200 mL with 
the central venous pressure of (+8) cm H

2
O.

On day 5 of treatment, the blood biochemistry test showed 
improvement in the form of the decrease in creatinine levels 
to 183 µmol/L, urea levels to 10.9 mmol/L, creatine kinase 
levels to 14,220 U/L, K+ levels of 3.35 mmol/L. The daily urine 
output was 6200 mL, and the central venous pressure was 
(+8) cm H

2
O.

On day 8, the patient was transferred to the toxicology unit 
and discharged home in a satisfactory condition.
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Thus, the early diagnosis and timely, effective intensive care 
made it possible to avoid progression to the anuric phase of 
acute kidney injury and probably avoid the adverse outcome 
of the acute α-PVP poisoning complicated by systemic 
rhabdomyolysis.

Clinical case discussion

This case report demonstrates the development of systemic 
rhabdomyolysis in acute α-PVP poisoning, resulting from the 
combination of the direct and indirect factors causing the early 
development of this life-threatening condition. Myoglobin is 
the main endotoxin associated with systemic rhabdomyolysis 
[8–10]. Normally, myoglobin is filtered freely in the renal 
glomeruli, but under conditions of metabolic acidosis and 
hypovolemia it precipitates to form insoluble compartments 
that obturate the tubule lumen, thereby causing myoglobinuric 
acute kidney injury (AKI), as observed in the patient (urine color 
change to brown, oliguria, increase in creatinine and urea 
levels). The increase in creatine kinase levels is a diagnostic 
marker of damage to the skeletal muscles. In this case, these 
increased to 98,780 U/L, which was a diagnostic criterion of 
systemic rhabdomyolysis.

Given the above, in this clinical case, treatment was based 
on the aggressive detoxification infusion therapy aimed to 
ensure the rapid and effective metabolic acidosis adjustment 

by using sodium hydrocarbonate and then Reamberin, the 
infusion medication with the base reserve, massive infusion 
therapy with strict monitoring of the central venous pressure 
and urine output. The total infusion volume was calculated 
considering the volume deficit, perspiratory losses, and the 
need to maintain sufficient urine output (> 1 mL/kg/h) [11]. This 
made it possible to “cleanse” the renal tubules and prevent 
obstruction with the myoglobin cylinders. The urine output 
preservation and urine color change from brown to straw-
yellow represent a clinical criterion of the applied therapy 
efficacy. Rapid hyperkalemia adjustment by using the glucose-
insulin mixture was used to eliminate hyperkalemia resulting 
from massive cellular decay. Furthermore, vitamin therapy, 
gastroprotective therapy, anticoagulant therapy represented 
the important comprehensive treatment components [12–14].

CONCLUSION

Thus, this case report shows that acute α-PVP poisoning can 
lead to the early development of severe systemic rhabdomyolysis 
with the high risk of acute kidney injury, metabolic acidosis and 
toxic CNS damage. The key factors of the beneficial outcome 
are the early systemic rhabdomyolysis disgnosis and the rapid, 
effective intensive infusion therapy aimed at the early effective 
adjustment of metabolic disorders and maintenance of adequate 
renal blood flow for prevention of the irreversible kidney damage.
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Earthworms have long been used in traditional medicine for 
the treatment of various diseases. Extracts from various worm 
species were prescribed for allergic and asthmatic conditions, to 
lower blood pressure and detoxify the body, and more generally 
in cases requiring antithrombotic, antipyretic, diuretic, or 

antispasmodic treatment [1]. The development of biochemical 
and pharmacological analysis methods allowed to translate 
these empirical observations into systematic research and to 
purposefully isolate biologically active compounds of animal 
origin. For example, in 1992, glycoprotein G90, which has 
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ПОЧВЕННЫЕ ЧЕРВИ КАК ИСТОЧНИК НОВЫХ ПОДХОДОВ В БИОМЕДИЦИНСКИХ ИССЛЕДОВАНИЯХ

Применение почвенных червей в традиционной медицине имеет многовековую историю и охватывает широкий спектр патологических состояний. 

Современные исследования сосредоточены в основном на выделении и изучении биологически активных соединений. Среди значимых примеров 

можно выделить гликопротеин G90 с тромболитическими и противоопухолевыми свойствами, комплекс ферментов люмброкиназу, а также 

внеклеточный кислородтранспортный белок эритрокруорин, рассматриваемый как основа для разработки заменителей крови. Важную роль играют и 

модельные организмы, такие как Caenorhabditis elegans, используемые для изучения механизмов старения, нейродегенеративных заболеваний и оценки 

эффективности лекарственных средств. Особый интерес представляют биолюминесцентные системы кольчатых червей, продемонстрировавшие 

разнообразие химических механизмов свечения и наличие уникальных кофакторов, перспективные для развития практических приложений 

биомедицины. Совокупность этих направлений подчеркивает значимость червей как источника ферментов, белков, метаболитов и модельных систем, 

способных решать как фундаментальные, так и прикладные задачи в биомедицине.
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thrombolytic and antitumor properties, was isolated from the 
homogenate of earthworm tissues. Lumbrokinase, a complex 
of fibrinolytic enzymes also sourced from earthworms, is used 
as a dietary supplement supporting cardiovascular system — it 
can improve blood circulation and dissolve blood clots  [1]. In 
addition to enzyme complexes, there is erythrocruorin, an 
extracellular molecular complex that is a functional analog 
of hemoglobin; isolated from annelids, it is a promising base 
for the development of blood substitutes [2]. Erythrocruorin 
is considered as a potential next-generation oxygen carrier 
for the following reasons: it is an extracellular protein with 
high stability and low susceptibility to oxidative processes, it 
maintains stability across a wide temperature range, and it 
can bind and transfer nitrogen monoxide, reducing the risk of 
vasoconstriction [3]

Currently, worms are considered not only as a source of 
biologically active compounds and protein complexes but also 
as model organisms. One of the species fit for this purpose 
is a soil nematode Caenorhabditis elegans. Short life cycle, 
transparent body, fully sequenced genome, low cultivation 
requirements, and ability to produce numerous offspring in a 
short time through self-fertilization make this model a popular 
choice for studies on aging processes, the pathogenesis of 
neurodegenerative diseases such as Alzheimer’s disease, and 
the testing of antitumor and antimicrobial drugs [4].

Current biotechnology progress allowed to exploit another 
unique biological phenomenon characteristic of annelids — 
bioluminescence, the emission of light by living organisms — 
which is used in biomedical research. Most of the two dozen 
luminous annelids  live in tropical regions, but some are found in 
Siberia, where their glow can be observed at night with the naked 
eye. Practical significance of studying bioluminescent systems 
lies in the creation of new analytical tools and the improvement 
of molecular imaging methods. Bioluminescent bioimaging 

offers several advantages over fluorescent methods: it does 
not require an external excitation source, thereby preventing 
autofluorescence, produces a low background signal, provides 
high sensitivity and allows detection of emission at the level 
of individual cells [5]. Currently, only a few insect and marine 
luciferins are used, including D-luciferin, coelenterazine, and 
its synthetic analog furimazine [6]. However, the expansion of 
the set of luciferin-luciferase pairs for multicolor imaging, which 
allows simultaneous monitoring of various molecular processes, 
is an actively discussed subject [7].

For a long time, it was believed that there is only Diplocardia 
longa peroxide-dependent mechanism (λ

max
 = 490 nm) that is 

responsible for the bioluminescence of all earthworms (Fig. 1A) 
[8]. With D. longa, the luminescence is the result of oxidation 
of a low-molecular-weight luciferin substrate, N-isovaleryl-
3-aminopropanal, in the presence of the luciferase enzyme. 
However, the discovery of three new species in Siberia — 
Fridericia heliota, Henlea petushkovi, and Henlea rodionovae —
has shown that annelids have at least two other distinct 
luminescence systems [9]. F. heliota's luciferin (λ

max
 = 478 nm) 

is a tetrapeptide oxidized by oxygen in the presence of ATP, 
Mg2+, and luciferase (Fig. 1B). In Henlea sp. (λ

max
 = 464 nm), 

luciferin has tryptophan residue and is oxidized by oxygen in 
the presence of Ca2+ and a luciferase [8] (Fig. 1B). The additional 
luminescence enhancer in this system is a cofactor F0 
(ActH), a structural analog of riboflavin, which receives energy 
from excited oxyluciferin and re-emits it, the bioluminescence 
is amplified 33-fold and shifts from 410 to 464 nm, using the 
Förster Resonance Energy Transfer (FRET) mechanism [10, 11]. 
Due to the high stability of luciferin and the presence of an 
enhancer cofactor, it is the Henlea sp. bioluminescent system 
that is of particular interest as a base for the development of 
new platforms for bioluminescent bioimaging and multicolor 
monitoring of intracellular events.

Fig. 1. Bioluminescent reactions of D. longa (A), F. heliota (B), Henlea sp. (C)
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Additionally, analysis of Henlea sp. metabolites revealed a 
significant amount of α-C-Mannosyltryptophan (ManTrp), a 
new compound to bioluminescent systems. The absorption 
and fluorescence spectra of ManTrp coincided with those of 
Henlea's luciferin, therefore ManTrp was considered as its 
probable metabolic precursor. In nature mannosyltryptophan 
occurs either as a free ManTrp monomer or as part of a protein’s 
polypeptide chain, resulting from an unusual C-glycosylation 
at the C2 position of the indole ring. The mechanism of 
C-glycosylation in a polypeptide chain was discovered in 1994 
using human RNase. Monomeric ManTrp was found in blood 
and urine of humans and other mammals, including mice and 
rats, as well as some sea sponges [12]. The concentration of 
ManTrp in blood plasma increases in a number of pathologic 
conditions, including myelofibrosis, type 2 diabetes mellitus, 
chronic kidney disease, ovarian cancer, and platelet growth 
dysregulation. Thus, ManTrp can be considered as a promising 
biomarker for the diagnosis of oncological diseases.

One of possible options of practical application of the Henlea sp. 
luciferin-luciferase system is using it in a bioluminescent 
test system for the diagnosis of ovarian cancer based on 
specific recognition of ManTrp. The change in the BRET index 
associated with ManTrp binding can be exploited as a highly 
sensitive diagnostic signal with ActH/F0 cofactor acting as 
luminescence enhancer. Similar strategies found practical 
implementation in “luciferase-nanoparticle” systems in 
BRET-activated photodynamic therapy [13]. Moreover, stable 
hybrid constructs combining gold-based nanoparticles, 
the luciferase enzyme (including Phrixotrix hirtus) and a 
photosensitizer were created. These bioconjugates exhibit 
a stable bioluminescent signal and retain their functional 
activity in cellular conditions [14]. The results demonstrate 
that luciferase systems can be integrated into nanoplatforms 

and enable both visualization and activation of therapeutic 
processes [15]. This opens up the possibility of creating 
molecular theranostics systems that use ManTrp as a diagnostic 
marker and an activating trigger for the bioluminescent system 
in future.

Thus, sensors based on the Henlea sp. bioluminescent 
system and ManTrp specific recognition can serve as a basis 
of new platforms for early diagnosis and monitoring of ovarian 
cancer and other metabolic disorders.

CONCLUSION

The use of earthworms in medicine has evolved beyond 
traditional practices: once material for folk remedies, they are 
currently screened for biologically active compounds using 
modern scientific methods. Today, earthworms and nematodes are 
considered as sources of enzymes and protein complexes, as 
well as model systems for finding solutions to both fundamental 
and applied biomedical problems.

Bioluminescent systems of annelids are of particular 
interest: they exhibit a variety of chemical mechanisms of 
luminescence and have unique cofactors. Studying them 
not only deepens the understanding of the evolution and 
biochemistry of luminescence, but also opens the way to the 
creation of new molecular imaging tools [16]. In particular, the 
combination of luciferin-luciferase systems with energy transfer 
mechanisms (e.g., FRET) makes them potentially applicable 
in photodynamic therapy (PDT), especially in cases when it is 
necessary to generate light directly inside body cells. The study 
of bioluminescent worm systems remains a vital and promising 
field in modern biology, integrating evolutionary and biochemical 
perspectives with innovative applications in diagnostics, therapy, 
targeted drug delivery, and bioluminescent imaging.
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