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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,S),. Gray circles indicate the C-terminal
6xHis-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 mMRNA used for intracellular scFv translation. The 5' cap (M’GmAmMG) 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, mMRNA encoding scFv-FI6-SP, 1219 nt; lane 3, mRNA encoding scFv-FIB-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

in DPBS (50 pL per well) for 30 minutes at 4 °C. After washing
with PBST, wells were incubated with blocking reagent (200 pL 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 pug/mL in blocking
reagent (100 pL 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 pL 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-
Sidak 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,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
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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. Al
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 mMRNA.

mMRNA technology was used to translate intracellular
scFv antibodies in non-immune eukaryotic cells. The mRBNAs
was generated by in vitro transcription and consisted of five
standard elements: an optimized cap analogue at the 5' terminus
(CleanCap m7GmAmMG; 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 (PTP) and 5-methylcytidine (m5CTP).

The resulting purified preparations included four mRNAs
encoding scFv antibody fragments FI6 and 2/3 against IAV
and 1BV, each produced with or without a signal peptide,
as well as a control mMRNA 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 mMRNA 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 mMRNAs 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 mMRNAs encoding: (1) scFv-FIB-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 cellimaging system (40x objective); individual channels were pseudocolored in RGB during image processing. Enlarged views of the processed images are shown

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
6xHis 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 6xHis 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-Sidak multiple comparison test. Asterisks indicate significant differences compared with the negative control
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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-FIB-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-FIB-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
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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-FIB-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 mMRNAs.

Of the two constructs encoding scFv-FIB, which specifically
binds IAV hemagglutinin, only the mRNA encoding the secreted
form (scFv-FI6-SP) showed antiviral activity. The therapeutic
application of this mMRNA 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 mMRNAs.

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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intracellular distribution, whereas the secreted forms localized
predominantly within the endoplasmic reticulum; and (5) the
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HMGB1 AND ANTI-HMGB1 ANTIBODIES IN SYSTEMIC LUPUS ERYTHEMATOSUS
AND OTHER RHEUMATIC DISEASES
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The high-mobility group protein B1 (HMGB1) belongs to alarmins — a group of molecules involved in inflammatory responses. HMGBH1 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 HMIGB1 was significantly increased in SLE (p < 0.01), RA (p < 0.01), and AS
(o = 0.017), while a statistically non-significant increase in HMGB1 was observed in PsA (o = 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.
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HMGB1 U AHTU-HMGB1 AHTUTENA NMPN CUCTEMHOW KPACHOW BOJTHAHKE
" APYTMX PEBMATUHECKUX 3ABOJIEBAHUAX

M. M. Menamya', E. A. Epmaxos’?, A. C. Tonvadesa’, A. 3. Cuaunkos'?, H. A. Knayc?, T. A. HesuHckuin', B. H. ByHesa' 22

T VIHCTUTYT XUMUHECKON Bronorm n dpyHaameHTanbHo meauumHbl CMeMpCKoro otaeneHust Poccuiickon akagemmn Hayk, HoBocnbupcek, Poccus
2 HoBOCHOUPCKIUIA HaLMOHASbHBIA MCCReaoBaTeNbCKMA roCyAapCTBEHHbIN YHBEPCUTET, HoBoCMGMpCK, Poccust

3 Hay4Ho-1ccnepgoBaTenbCknii UHCTUTYT (DyHOAMEHTasIbHOW 1 KIIMHUYECKON MMyHonorim, Hosocnbnpcek, Poccuns

4 HaumoHanbHbI MEAVLMHCKIMIA CCReaoBaTenbCkii LeHTP nmenn B. A. AnvasoBa, CankT-lNeTepbypr, Poccust

Benok B1 rpynnbl BbICOKON NoasmxHOCTK (aHrn. high-mobility group protein B1, HMGB1) oTHoCKTCS K anapMyvHam — rpynne Monekys, y4acTBYOLYX B
BOCMaMTENbHbIX peakumsax. HMGB1 akTUBHO M3y4atoT B KOHTEKCTE HEKOTOPbIX PEBMATUHECKMX 3aboneBaHuin (P3), BKIHOHAs CUCTEMHYIO KDACHYIO BOMHaHKY
(CKB), pesmaTougHbii apTpuT (PA), aHkmunoaupytowwmin cnoHamnut (AC) 1 ncopuatndeckmin apTpuT (INcA), ogHako HaKoMMeHHbIX 3HaHWn HepocTaTto4Ho. HMGB1
MOXET TaKXKe BbICTyNaTb aHTUreHOM, HO ypoBeHb aHTU-HMGB1 aHTuten nnoxo ndyyeH npu P3. Lienbto paboTsl 66110 n3y4nTb KOHLEeHTpaumm HMGB1 1 aHtu-
HMGB1 aHTuTen npu Yetbipex P3. MeTogom MMMYHOMEPMEHTHOrO aHanM3a NpoaHanavpoBaHbl 06pasLipl Nna3mMel naumeHTos ¢ PA (n = 60), AC (n = 60), CKB
(n = 24), MNcA (n = 30) n 3gopoBbIx AoHopoB (3M) (1 = 60). MNocne nonpaeku Ha BO3pacT 1 AIMTENBHOCTL 3aboneBaHnst NokadaHo, YTo KoHUeHTpaums HMGB1
nocToBepHO nosbiwanack npu CKB (o < 0,01), PA (p < 0,01) n AC (p = 0,017), a npu INCA BbISIBNEHO CTaTUCTUHECKN He3Ha4MMoe nosblweHre HMIGB1 (p = 0,07)
o cpaBHeHvto ¢ 3[0. Cpenn YeTbipex 3abonesaHnii HanbonbLniA yposeHs HMGB1 BbisisneH npu CKB (o < 0,01). KoHueHTpauwst aHTv-HMGB1 aHTvTen okasanace
Takke Bbllwe npn CKB (o < 0,01), PA (o = 0,026) 1 AC (p = 0,028). MeTogamu KoppensLmoHHOro 1 PErPECCUOHHOIO aHaIM3a yCTaHOBEeHa BbipaykeHHas npsimast
accouvaumna mexay yposHem HMGB1 1 nHgekcom DAS28 npu PA (p < 0,01 ans o6omnx aHanm3os). Pesynstatel paboTbl ONMCLIBAIOT XapakTepHble N3MEHEHNS
ypoBHst HMGB1 1 aHTv-HMGB1 aHtuTen npu P3 1 ykasbiBaioT Ha BoBnedeHHoCTs HMGB1 B natoreHes aTux 3aboneBaHuil.

KntoueBble crnoBa: peBMaTOVAHbIA aPTPUT, aHKVOIVPYHOLLIAYA CIIOHAVITAT, MCOPUATUHECKII apTPWT, CUCTEMHaS KpacHast BondaHka, HMGB1, aHtn-HMGB1 aHtutena
®duHaHcupoBaHue: paboTa BbinonHeHa Npw hrHaHCOoBOM noaaepKke Poccuiickoro Hay4Horo dhoHaa (rpaHT Ne 23-15-00357).

Bknap aBtopoB: M. M. Menamyn — o6paboTka pe3ynsraTtoB, HanmcaHue ctateu; E. A. EpMakoB — nnaHvpoBaHmue NccneaoBaHns, HanncaHne 1 peaakTmposa-
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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.
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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
KBEDTA (VACUETTE, Greiner Bio-One GmbH, Austria).
Blood plasma was separated by centrifugation at 2000 x 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)

Parameter* RA (n=60) (1) AS (n=60) (2) PsA (n=30) (3) SLE (n=24) (4) (anZg;])(,s) 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) H.3.
g_uranon of the 9(5;17.5) 12 (7.8 22.3) 12.5(3; 21.3) 6 (3; 14) - 2vs. 4:<0.01

isease, years
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/I 14.5 (6.8; 28) 10 (4; 18) 16 (10; 26) 15 (8.5; 38) - IS
ASDAS-CRP: 1.7 (1.3; 2.5); . . . ~ i
Clinical index DAS28: 3.4 (2.6; 4.6) | ASDAS-ESR: 1.8 (1.31; 2.6); Dl?p\slngsi(:ngg; SELEZ‘?‘Q%‘)EDAI' - -
BASDAI: 1.9 (1.0; 3.2) ) ’ ’

Note: *— the data are given as Me (Q,; Q,). ™ — 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

Statistical analysis

Statistical analysis and data visualization were performed using
OriginPro 2021 and the Google Colab environment with Python
3.18.0, 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,—Q,). 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,-Q_]: 22.6 [12.8-33.5] ng/m),
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 HMGBH1
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 (o = 0.33), same as in ACCP-
positive (17.5 [9-25.4]) and ACCP-negative (9.7 [6.9-22.1]) RA
patients (o = 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,-Q,): 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. 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

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%Cl: 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]) (o = 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 (o = 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).
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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 HMIGB1
concentration is associated with a 0.49% increase in DAS28
(o < 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. 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
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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
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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

Table 2. Multiple regression analysis for DAS28 as a dependent variable, and HMGB1 and anti-HMGB1 antibodies as predictors

Variable B St. error t P Model
Constant -1.6808 0.468 -3.588 < 0.001 Re,,, = 0311;
HMGB1 0.4878 0.108 4.51 < 0.001 F=11.13;
Anti-HMGB1 antibodies 0.0646 0.043 1.495 0.145 p<0.001
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the data reported in the literature. For example, HMGB1 has
been shown to correlate with ESR and CRP in AS [19]. In our
work, no such association was found for SLE, although it was
recorded earlier [22]. The possible reasons for this is the small
sample size or the effects of anti-inflammatory therapy.

The appearance of HMGB1 in the bloodstream may be
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
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FOLLICULAR T CELLS IN PERIPHERAL BLOOD: INCREASING COMPLEXITY AND KEY QUESTIONS
Grigorova LB
Pirogov Russian National Research Medical University, Moscow, Russia

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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SONNMNKYNAPHBIE T-KIETKU NEPUGEPUYECKOW KPOBW: HAPACTAIOLLIASI C/TOXKHOCTb
M NMEPBOOYEPEHbLIE BOIMPOCbI

V. 1. Npuroposa =
Poccuiickunii HaumoHanbHbI MCCReaoBaTeNbCKNA MeANLUMHCKUIA YHUBepcuTeT umenHn H. W. Muporosa, Poccus, Mocksa

DonnukynsapHble T-xenneps! (Tth) n honavkynapHbie perynstopHble T-kneTku (Tfr) nrpatoT KIKOHEBYO POb B MHAYKLMM U KOHTPOMNE B-KNeTo4HbIx OTBETOB,
BKJIt0Has (hOpMUPOBaHME BbICOKOAPUHHOMO ryMOPaNibHOO MMMYHUTETA, NEPEKIIOYEHME KNACCOB aHTUTEN U NPEOTBPALLEHME ayTOPEaKTUBHOCTU. YCNELLHbI
otBeT Tfh accoummpoBaH ¢ apeKTVBHON BbIPabOTKOM HENTPaANM3YIOLLMX aHTUTESN NMOCne BakUMHaUmn 1 aPMEKTUBHOM aNMMUHALME Pa3NYHbIX MaToreHoB.
B 10 »xe Bpemst ansperynsaums (ponmKynspHbix T-KNETOK 4acTo CBA3aHa C ayTOMMMYHHbIMY 3a001eBaHNAMN 1 anfieprm4eckMy peakumsmm. HapylueHve rx
HOpPMabHOro YHKLMOHMPOBAHWNSI CBSA3AHO TaKXKe C (DOPMMPOBAHNEM IKTOMUYECKMX M onaHbix cTpykTyp (DJ1C), cnocobCTBYeT pasBUTUIO HEKOTOPbIX
COCYANCTbIX MATONOM 1 MMEET NMPOrHOCTUHECKOE 3HAYEHME NP PSAE OHKOSIOMMYECKIX 3ab60neBaHnii. B cBA3M C aTM aHanma cyononynaumin honinmKynspHbIX
T-KNeToK B NepndepnHecKkor KpoBK YenoBeka BCe Hallle MCMOomb3yloT MNPy U3yHYeHN MEXaHU3MOB pasinyHbiX 3abonesaHnii. B gaHHOM cTatbe obcy»xaatoTcs
COBPEMEHHbIE iaHHble O Pa3HbIX TUMax PONMKYASPHBIX T-KNETOK, UX YHKLMSX 1 MeTodax aHanm3a cyononynsaumin honnmkynspHbiX T-KNeTOK, LMPKYIMPYIOLLX
B KPOBW Yenoseka. CornacHO MHEHWIO aBToPa, LIEHTPasIbHbIMU HEPELLEHHbIMM BOMPOCaMM OCTAIOTCS TOHHOE (PEHOTUNMHECKOE OnpeaeneHve LMPKYIMPYIOLLMX
cybrnonynsumnii Tfr-kneTok, BIACHEHWE nepapXum UX pasBUTUS OT KNETOK-NPEALLIECTBEHHNKOB A0 3PeSibIX PEryNsTOPHbIX POPM 1 YCTAHOBNEHWE X aHATOMUHECKIX
HULW andbcbepeHUmMpoBKN. HakonneHne HeobXxoayMbIX CBEAEHWI 1 X NpeobpadoBaHmne B HafAeXKHbIe CUrHATYPbl A1 KNETOK nepudeprHecKon KpoB HEOOXOANMbI
[N Pa3BUTUS MOAXOLOB MPOrHO3MPOBaHNS 1Cxoaa 3aboseBaHNs y OTAENbHbIX MALWMEHTOB 1 Pa3paboTKX NePCOHAIM3NPOBaHHbIX TEPANEBTUHECKNX MOAXOA0B.

KntoueBble cnoBa: ponankynspHele xennepHble T-knetku, Tfh, donnmkynsapHble perynatopHble T-knetku, Tfr, umpkyanpyrowme honnnkynspHble T-KneTku,
VHEKLWOHHbIe 3ab0NeBaHNS, BaKLMHbI, ainepriisi, ayToMMMYHHble 3a001eBaH1st, OHKONOrMyeckne 3abonesaHmns
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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

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.

Tth 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 Tth 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 Tth 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,
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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, Tth 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* cTth 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~ PD1han
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.

Cell Precursor antigen Major TF Cytokines Surface Localization Peripheral
type cells markers Blood
foreign CXCR5+
Pre-Tfh Th anti %n Bcl6+ PD1+ SLO None
9 ICOS+
foreian IL21 CXCR5++
Tth GC Pre-Tfh anti %n Bcel6+ L4 PD1++ GC in SLO None
9 CXCL13 ICOS++
Tfh memo CXCRS+
ry Bcl6- CXCL13 PD1+ follicles in SLO/ELS cTfh
cells
ICOS+
CXCR3+
Tfh-1 foreign Thbet+ IFNy CCR6- cTfh-1
Tfth GC antigen
Tfh-2 Gata+ L4, IL5 CXCRS- cTfh-2
CCR6- SLO
CXCR3-
Tth-17 RoRyt+ IL17, 1L22 CCR6+ cTfth-17
Tfh-13 allergen IL4, IL13 cTfh-13
’ CXCR5-
Blimp1+ IL21 . '
Tph MAE CXCL13 PD1++ ELS/inflamed tissues cTph
CR2
CXCR5+
. Bcele+ PD1+
Pre-Tfr nTreg auto-antigen FoxP3+ ICOS+ SLO None
CD45RA+
CXCR5+
Pre-Tfr memory ” Bcl6- PD1+
cells Pre-Tfr? FoxP3+ ICOS+ SLO cPre-Tfr
CD45RA+
CXCR5+
Bcl6+ PD1+ . .
nTfr Pre-Tfr auto-antigen FoxP3+ IL10 ICOS+ follicles in S'éo' around None
Blimp1+ CD45RA-
CD25high
CXCR5+
PD1+
anrcrgﬁ;‘nory nTfr auto-antigen FS)(:}ES?:Jr ICOS+ SLO cTfr?
CD45RA-
CD25high
Bol6+ CXCR5++
iTfr Tth GC auto-antigen FoxP3+ PD1++ GC ?
CD38+

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

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/cTth 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-Tir," 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 Tir differentiation in SLO
could reveal their site of formation and predict their preferred
tissue destinations. Such insight would further clarify Tfr
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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

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
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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 (1 = 69) CV-A10 (n = 35)
. ) . . ) . OR (95% Cl) p-value
) Proportion of patients with the . Proportion of patients with the
Symptom Quantity symptom, % (95% CI) Quantity 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 7 10.1 (3.0-17.3) 5 143 (2.7-25.9) 0.7 (0.2-2.3) 0.53
infections
Upper respiratory tract 30 435 (31.8-55.2) 9 25.7 (11.2-40.2) 2.2 (0.9-5.4) 0.09
infections
Conjunctivitis 2 29 (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

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
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e
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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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Fig. 2. Identification of various concomitant infectious agents in patients with EV infection
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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

References

1. Alimov AV, Feldblyum IV, Akimkin VG, Zaharova Yu.A, Sergeev AG,
Piterskij MV. Epidemiologicheskij nadzor i kontrol' enterovirusnoj
(nepolio) infekcii: aktual'nye problemy i puti resheniya. Ekaterinburg:
YUnika, 2021; 181 s, ISBN 978-5-6045184-4-1. Russian.

2. Informacionnye byulleteni FBUN «Nizhegorodskij nauchno-
issledovatel'skij institut epidemiologii i mikrobiologii im. akademika
I. N. Blohinoj». Zabolevaemost' i etiologicheskaya struktura
enterovirusnoj (nepolio) infekcii. 2021-2025. Russian.

3. Khetsuriani N, Lamonte-Fowlkes A, Oberst S, Pallansch MA.
Centers for Disease Control and Prevention. Enterovirus
surveillance — United States, 1970-2005. MMWR Surveill Summ.
2006; 55 (8): 1-20. Available from: https://www.cdc.gov/mmwr/
preview/mmwrhtml/ss5508a1.htm.

4. Midgley CM, Watson JT, Nix WA, Cumns AT, Rogers SL, Brown BA,
et al. Severe respiratory illness associated with a nationwide
outbreak of enterovirus D68 in the USA (2014): a descriptive
epidemiological investigation. Lancet Respir Med. 2015; 3 (11):
879-87. DOI: 10.1016/52213-2600(15)00335-5.

5. O sostoyanii sanitarno-epidemiologicheskogo blagopoluchiya
naseleniya v Rossijskoj Federacii v 2024 godu: Gosudarstvenny;j
doklad. M.: Federal'naya sluzhba po nadzoru v sfere zashchity
prav potrebitelej i blagopoluchiya cheloveka, 2025; 2025. Russian.

6. Starikova PK, Bykov RO, Itani TM, CHalapa VI, Sergeev AG,
Olen'kova OM, i dr. V. Etiologicheskaya struktura
enterovirusnogo meningita v Ekaterinburge do i posle pandemii
COVID 19. Ural'skij medicinskij zhurnal. 2024; 23 (3): 26-35.
Dostupno po ssylke: https://doi.org/10.52420/um;j.23.3.26. Russian.

7. Butakova LV, Sapega EYu, Trocenko OE. Enterovirusy — vozbuditeli
gerpanginy u naseleniya Dal'nego Vostoka Rossii. Byulleten'
fiziologii i patologii dyhaniya. 2025; (97): 57-68. Dostupno po
ssylke: https://doi.org/10.36604/1998-5029-2025-97-57-68. Russian.

8. Sapega EYu, Butakova LV, Trocenko OE. Osobennosti
epidemicheskogo processa enterovirusnoj infekcii v Irkutskoj
oblasti v 2023 godu. Zdorov'e naseleniya i sreda obitaniya —
ZNiSO. 2024; 32 (8): 77-84. Dostupno po ssylke:
https://doi.org/10.35627/2219-5238/2024-32-8-77-84. Russian.

9. Nix WA, Oberste MS, Pallansch MA. Sensitive, seminested
PCR amplification of VP1 sequences for direct identification
of all enterovirus serotypes from original clinical specimens. J Clin
Microbiol. 2006; 44 (8): 2698-704. DOI: 10.1128/JCM.00542-06.

10. Kroneman A, Vennema H, Deforche K, Avoort H, Penaranda S,
Oberste MS, et al. An automated genotyping tool for enteroviruses
and noroviruses. J Clin Virol. 2011; 51 (2): 121-5. DOl
10.1016/j.jcv.2011.03.006.

11.  Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local
alignment search tool. J Mol Biol. 1990; 215 (3): 403-10. DOI:
10.1016/50022-2836(05)80360-2.

12. MedCalc Software Ltd. Fisher exact probability. Available from:
https://www.medcalc.org/en/calc/fisher.php (Version 23.4.5; accessed
December 12, 2025).

13. Gaunt E, Harvala H, Osterback R, Sreenu VB, Thomson E, Waris M,
Simmonds P. Genetic characterization of human coxsackievirus
AB variants associated with atypical hand, foot and mouth disease:
a potential role of recombination in emergence and pathogenicity. J

BULLETIN OF RSMU | 6, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.082

ORIGINAL RESEARCH | EPIDEMIOLOGY

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.

Gen Virol. 2015; 96 (5): 1067-79. DOI: 10.1099/vir.0.000062.

14. Puenpa J, Vongpunsawad S, Osterback R, Waris M, Eriksson E,
Albert J, et al. Molecular epidemiology and the evolution of human
coxsackievirus A6. J Gen Virol. 2016; 97 (12): 3225-31. DOI:
10.1099/jgv.0.000619.

15. Li X, Chen S, Chen Y, Han S, Dai B, Li T, et al. Epidemiological
and genetic characterizations of hand, foot, and mouth disease
and acute respiratory infections due to CV-A6 infection in Henan
Province, China between 2021 and 2022. BMC Pediatr. 2025; 25
(1): 264. DOI: 10.1186/s12887-025-05527-6.

16. Justino MCA, da S Mesquita D, Souza MF, Farias FP, Dos S
Alves JC, Ferreira JL, et al. Atypical hand-foot-mouth disease
in Belém, Amazon region, Northern Brazil, with detection
of coxsackievirus A6. J Clin Virol. 2020; 126: 104307. DOI:
10.1016/}.jcv.2020.104307.

17. Anh NT, Nhu LNT, Van HMT, Hong NTT, Thanh TT, Hang VTT, et
al. Emerging coxsackievirus A6 causing hand, foot and mouth
disease, Vietnam. Emerg Infect Dis. 2018; 24 (4): 654-62. DOI:
10.3201/€id2404.171298.

18. Mirand A, Cohen R, Bisseux M, Tomba S, Sellem FC, Gelbert N,
et al. A large-scale outbreak of hand, foot and mouth disease,
France, as at 28 September 2021. Euro Surveil. 2021; 26 (43):
2100978. DOI: 10.2807/1560-7917.ES.2021.26.43.2100978.

719. Hu L, Maimaiti H, Zhou L, Gao J, Lu Y. Changing serotypes
of hand, foot and mouth disease in Shanghai, 2017-2019. Gut
Pathog. 2022; 14 (1): 12. DOI: 10.1186/s13099-022-00485-1.

20. Xu S, LiH, Qiao P, Xu G, Zhao D, Lin X, et al. Neonatal hand, foot,
and mouth disease due to coxsackievirus A6 in Shanghai. BMC
Pediatr. 2020; 20 (1): 364.

21. ZhuPB JiW, LiD, Li Z, ChenY, Dai B, et al. Current status of hand-
foot-and-mouth disease. J Biomed Sci. 2023; 30 (1): 15. DOI:
10.1186/512929-023-00908-4.

22. ChenlL, YaoXJ, YangH, Zhang HL, Shi XL, Peng B, et al. Molecular
Epidemiology of Coxsackievirus A10 Associated With Hand, Foot
and Mouth Disease From 2021 to 2024 in Shenzhen, China. J
Med Virol. 2025; 97 (8): €70552. DOI: 10.1002/jmv.70552.

23. Lv S, Zhou Y, Ji J, Yan Y, Zhu G. Epidemiological and genetic
characteristics of enteroviruses associated with hand, foot, and
mouth disease in Jiaxing, China from 2019 to 2022. Sci Rep.
2025; 15 (1): 14546. DOI: 10.1038/s41598-025-99251-x.

24. Kokoreva SP, Kazarceva NV. Izmeneniya mochevoj sistemy
u detej pri enterovirusnoj infekcii. Rossijskij pediatricheskij
zhurnal. 2021; 24 (3): 193-6. Dostupno po ssylke:
https://doi.org/10.46563/1560-9561-2021-24-3-193-196. Russian.

25. Tapparel C, Siegrist F, Petty TJ, Kaiser L. Picornavirus and
enterovirus diversity with associated human diseases. Infect Genet
Evol. 2013; 14: 282-93. DOI: 10.1016/j.meegid.2012.10.016.

26. Apostol LN, Suzuki A, Bautista A, Galang H, Paladin FJ, Fuiji N,
et al. Detection of non-polio enteroviruses from 17 years of
virological surveillance of acute flaccid paralysis in the Philippines.
J Med Virol. 2012; 84 (4): 624-31. DOI: 10.1002/jmv.23242.

27. Holm-Hansen CC, Midgley SE, Fischer TK. Global emergence of
enterovirus D68: a systematic review. Lancet Infect Dis. 2016; 16
(5): e64-75. DOI: 10.1016/S1473-3099(15)00543-5.

177




28.

29.

30.

OPUTMHAJIbBHOE NCCJIEOOBAHUE | SNMOEMNONOIMINA

Coramusi C, Rizzoli A, Alegiani C, Bonafoni S, Auriti C, Parisi P, et
al. Neonatal Meningitis Due to Herpes Simplex Virus Type 1
and Enterovirus Coinfection: Case Report and Review of the
Literature. Viruses. 2025; 17 (6): 790. DOI: 10.3390/v17060790.
Nakata K, Kashiwagi M, Masuda M, Shigehara S, Oba C,
Murata S, et al. A child with acute encephalopathy associated
with quadruple viral infection. Front Pediatr. 2015; 3: 26. DOI:
10.3389/fped.2015.00026.

Aguado |, Calvo C, Wilhelmi |, Pablo-Hernando ME, Medina MJ,
Saez-Nieto JA, et al. Sepsis and meningitis caused by Pasteurella
multocida and echovirus 9 in a neonate. Pediatr Infect Dis J.

Jlutepatypa

1.

10.

11.

12.

13.

178

Anvmos A. B., ®enbabmtom V.B., Akumvknn B.IN, Saxaposa HO.A.,
Ceprees A.l., Mutepckni M.B. 9nmaemmonornieckimii Hagsop v
KOHTPOSIb 9HTEPOBUPYCHOW (HEMONMO) NHIEKLMN: aKTyallbHble
npobnembl 1 My pellenns. Exkatepunbypr: KOHrka, 2021; 181
c, ISBN 978-5-6045184-4-1.

VHopmaLwmonHbie BonneteHn GBYH «Hmkeropoackmin Hay4Ho-
NCCNefoBaTeNbCKUN MHCTUTYT 3MMAEMUONOMN 1 MUKPOBMONOrn
nMm. akagemunka W. H. BnoxuHon». 3aboneBaemMocTb W
STVONOMNHECKAs CTPYKTYPA SHTEPOBVPYCHOW (HEMOSNO) MHAEKLN.
2021-2025.

Khetsuriani N, Lamonte-Fowlkes A, Oberst S, Pallansch MA.
Centers for Disease Control and Prevention. Enterovirus
surveillance — United States, 1970-2005. MMWR Surveill Summ.
2006; 55 (8): 1-20. Available from: https://www.cdc.gov/mmwr/
preview/mmwrhtml/ss5508a1.htm.

Midgley CM, Watson JT, Nix WA, Curns AT, Rogers SL, Brown BA,
et al. Severe respiratory illness associated with a nationwide
outbreak of enterovirus D68 in the USA (2014): a descriptive
epidemiological investigation. Lancet Respir Med. 2015; 3 (11):
879-87. DOI: 10.1016/52213-2600(15)00335-5.

O COCTOSAHUM CaHUTapPHO-3MUAEMIMONOMNHECKOro 6naronony4ms
Hacenervs B Poccuiickon ®@epepaLiim B 2024 rogy: [ocyOapCTBeHHbIA
poknag. M.: ®efepansHas cnyxba no Haa3opy B cdhepe 3aLmThl
npas noTpebduTenen 1 baarononyyns Yenoseka, 2025; 2025.
Ctapukosa . K., Beikos P. O., Ntann T. M., HYanana B. V.,
Ceprees A. I, OneHbkoBa O. M., n gp. B. 9Tnonornyeckas
CTPYKTypa 3SHTEPOBMPYCHOMO MeHWHMMTa B EkaTtepuHbypre
0o v nocne nanHgemun COVID-19. YpanbCkuii MeauLMHCKINA
xXypHan. 2024; 23 (3): 26-35. [HoCTynHO MO CCbInKe:
https://doi.org/10.52420/um;j.23.3.26.

Byrakosa J1. B., Canera E. tO., TpoueHko O. E. SHTepoBmpycsl —
BO3OyAUTENM  repnaHrvHbl Yy Hacenenwns  [danbHero
Boctoka Poccuun. BronneteHb dusmnonornv v naTonorum
obixaHns.  2025; (97): 57-68. [ocTymHO MO  CCbinKe:
https://doi.org/10.36604/1998-5029-2025-97-57-68.

Canera E. 0., bytakosa J1. B., Tpouerko O. E. OcobeHHOCTH
ANMAEMMNYECKOrO MpoLecca 3HTEPOBUPYCHOM WHMEKLMN B
VpkyTcko obnacti B 2023 rogy. 340pOBbe HaCeneHrs 1 cpega
obuTanmna — 3HMCO. 2024; 32 (8): 77-84. [JOCTYMHO MO CCbIIKE:
https://doi.org/10.35627/2219-5238/2024-32-8-77-84.

Nix WA, Oberste MS, Pallansch MA. Sensitive, seminested
PCR amplification of VP1 sequences for direct identification
of all enterovirus serotypes from original clinical specimens. J Clin
Microbiol. 2006; 44 (8): 2698-704. DOI: 10.1128/JCM.00542-06.
Kroneman A, Vennema H, Deforche K, Avoort H, Penaranda S,
Oberste MS, et al. An automated genotyping tool for enteroviruses
and noroviruses. J Clin Virol. 2011; 51 (2): 121-5. DOL:
10.1016/j.jcv.2011.03.006.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local
alignment search tool. J Mol Biol. 1990; 215 (3): 403-10. DOI:
10.1016/50022-2836(05)80360-2.

MedCalc Software Ltd. Fisher exact probability. Available from:
https://www.medcalc.org/en/calc/fisher.php (Version 23.4.5; accessed
December 12, 2025).

Gaunt E, Harvala H, Osterback R, Sreenu VB, Thomson E, Waris M,
Simmonds P. Genetic characterization of human coxsackievirus
AB variants associated with atypical hand, foot and mouth disease:

31.

32.

33.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

2014; 33 (12): 1308-9. DOI: 10.1097/INF.0000000000000504.
Ndiaye N, Teixeira DD, Dia N, Da Silva Leite CC, Fall G, Furtado UD,
et al. An outbreak of atypical hand, foot and mouth disease
associated Coxsackievirus A6 in children from Cape Verde, 2023.
Virol J. 2025; 22 (1): 48. DOI: 10.1186/s12985-025-02621-0.
Hooi PS, Chua BH, Lee CS, Lam SK, Chua KB. Hand, foot and
mouth disease: University Malaya Medical Centre experience.
Med J Malaysia. 2002; 57 (1): 88-91. PMID: 14569726.

Calvo C, Gallardo P, Torija P, et al. Enterovirus neurological disease
and bacterial coinfection in very young infants with fever. J Clin
Virol. 2016; 85: 37-39. DOI: 10.1016/j.jcv.2016.10.020.

a potential role of recombination in emergence and pathogenicity. J
Gen Virol. 2015; 96 (5): 1067-79. DOI: 10.1099/vir.0.000062.
Puenpa J, Vongpunsawad S, Osterback R, Waris M, Eriksson E,
Albert J, et al. Molecular epidemiology and the evolution of human
coxsackievirus A6. J Gen Virol. 2016; 97 (12): 3225-31. DOI:
10.1099/jgv.0.000619.

Li X, Chen S, Chen Y, Han S, Dai B, Li T, et al. Epidemiological
and genetic characterizations of hand, foot, and mouth disease
and acute respiratory infections due to CV-A6 infection in Henan
Province, China between 2021 and 2022. BMC Pediatr. 2025; 25
(1): 264. DOI: 10.1186/512887-025-05527-6.

Justino MCA, da S Mesquita D, Souza MF, Farias FP, Dos S
Alves JC, Ferreira JL, et al. Atypical hand-foot-mouth disease
in Belém, Amazon region, Northern Brazil, with detection
of coxsackievirus A6. J Clin Virol. 2020; 126: 104307. DOI:
10.1016/j.jcv.2020.104307.

Anh NT, Nhu LNT, Van HMT, Hong NTT, Thanh TT, Hang VTT, et
al. Emerging coxsackievirus A6 causing hand, foot and mouth
disease, Vietnam. Emerg Infect Dis. 2018; 24 (4): 654-62. DOI:
10.3201/eid2404.171298.

Mirand A, Cohen R, Bisseux M, Tomba S, Sellem FC, Gelbert N,
et al. A large-scale outbreak of hand, foot and mouth disease,
France, as at 28 September 2021. Euro Surveill. 2021; 26 (43):
2100978. DOI: 10.2807/1560-7917.ES.2021.26.43.2100978.
Hu L, Maimaiti H, Zhou L, Gao J, Lu Y. Changing serotypes
of hand, foot and mouth disease in Shanghai, 2017-2019. Gut
Pathog. 2022; 14 (1): 12. DOI: 10.1186/s13099-022-00485-1.
Xu S, LiH, Qiao P, Xu G, Zhao D, Lin X, et al. Neonatal hand, foot,
and mouth disease due to coxsackievirus A6 in Shanghai. BMC
Pediatr. 2020; 20 (1): 364.

Zhu P, JiW, LiD, LiZ, Chen, Dai B, et al. Current status of hand-
foot-and-mouth disease. J Biomed Sci. 2023; 30 (1): 15. DOI:
10.1186/512929-023-00908-4.

ChenL, Yao XJ, Yang H, Zhang HL, Shi XL, Peng B, et al. Molecular
Epidemiology of Coxsackievirus A10 Associated With Hand, Foot
and Mouth Disease From 2021 to 2024 in Shenzhen, China. J
Med Virol. 2025; 97 (8): 70552. DOI: 10.1002/jmv.70552.

Lv S, Zhou VY, Ji J, Yan Y, Zhu G. Epidemiological and genetic
characteristics of enteroviruses associated with hand, foot, and
mouth disease in Jiaxing, China from 2019 to 2022. Sci Rep.
2025; 15 (1): 14546. DOI: 10.1038/541598-025-99251-x.
Kokopesa C. IN., Kagapuera H. B. V13MeHeHns Mo4eBO CUCTEMbI Y
[ETeN Mpy SHTEPOBMPYCHON HEKLM. POCCCKIN NeamarprHecKkmin
xXypHan. 2021; 24 (3): 193-6. [LOCTynHO MO CCbUIKe:
https://doi.org/10.46563/1560-9561-2021-24-3-193-196.
Tapparel C, Siegrist F, Petty TJ, Kaiser L. Picornavirus and
enterovirus diversity with associated human diseases. Infect Genet
Evol. 2013; 14: 282-93. DOI: 10.1016/j.meegid.2012.10.016.
Apostol LN, Suzuki A, Bautista A, Galang H, Paladin FJ, Fuji N,
et al. Detection of non-polio enteroviruses from 17 years of
virological surveillance of acute flaccid paralysis in the Philippines.
J Med Virol. 2012; 84 (4): 624-31. DOI: 10.1002/jmv.23242.
Holm-Hansen CC, Midgley SE, Fischer TK. Global emergence of
enterovirus D68: a systematic review. Lancet Infect Dis. 2016; 16
(5): e64-75. DOI: 10.1016/S1473-3099(15)00543-5.

Coramusi C, Rizzoli A, Alegiani C, Bonafoni S, Auriti C, Parisi P, et
al. Neonatal Meningitis Due to Herpes Simplex Virus Type 1

BECTHVIK PIMY | 6, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.082



ORIGINAL RESEARCH | EPIDEMIOLOGY

29.

30.

BULLETIN OF RSMU | 6, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.082

and Enterovirus Coinfection: Case Report and Review of the
Literature. Viruses. 2025; 17 (6): 790. DOI: 10.3390/v17060790.
Nakata K, Kashiwagi M, Masuda M, Shigehara S, Oba C,
Murata S, et al. A child with acute encephalopathy associated
with quadruple viral infection. Front Pediatr. 2015; 3: 26. DOI:
10.3389/fped.2015.00026.

Aguado |, Calvo C, Wilhelmi |, Pablo-Hernando ME, Medina MJ,
Saez-Nieto JA, et al. Sepsis and meningitis caused by Pasteurella
multocida and echovirus 9 in a neonate. Pediatr Infect Dis J.
2014; 33 (12): 1308-9. DOI: 10.1097/INF.0000000000000504.

31.

32.

33.

Ndiaye N, Teixeira DD, Dia N, Da Silva Leite CC, Fall G, Furtado UD,
et al. An outbreak of atypical hand, foot and mouth disease
associated Coxsackievirus A6 in children from Cape Verde, 2023.
Virol J. 2025; 22 (1): 48. DOI: 10.1186/s12985-025-02621-0.
Hooi PS, Chua BH, Lee CS, Lam SK, Chua KB. Hand, foot and
mouth disease: University Malaya Medical Centre experience.
Med J Malaysia. 2002; 57 (1): 88-91. PMID: 14569726.

Calvo C, Gallardo P, Torija P, et al. Enterovirus neurological disease
and bacterial coinfection in very young infants with fever. J Clin
Virol. 2016; 85: 37-39. DOI: 10.1016/j.jcv.2016.10.020.

179




ORIGINAL RESEARCH | NEUROLOGY

COMPARATIVE IMAGING OF THE HAEE-CY5 AND EEAH-CY5 TETRAPEPTIDE BINDING
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Due to high diagnostic value of 3-amyloid aggregates, the target ligands capable of specific binding to abnormal AB aggregates are of special interest. The study
aimed to perform comparative characterization of the HAEE-Cy5 (Ac-His-Ala-Glu-Glu-Gly-Gly-Gly-Gly-Lys(e-Cy5)-NH2) and EEAH-Cy5 (Ac-Glu-Glu-Ala-His-Gly-
Gly-Gly-Gly-Lys(e-Cy5)-NH2) tetrapeptide capability of binding to the Ap 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-
Cyb binding to the AB 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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CPABHUTEJIbHAA BU3YANTM3ALINA CBA3bIBAHUA TETPANENTUAOB HAEE-CY5 1 EEAH-CY5
C ArPErATAMU A HA KIIETKAX SH-SY5Y

A. B. ViBaHoBa'?®=, H. C. Ymeniok'?, M. A. Kyabmudes', M. W. LLnnsiesa’, M. A. Abakymos'?

" Hay4Ho-vcenenoBarensCKin UHCTUTYT TRAHCTISILMIOHHON MeaULMHBI, POCCUMCKIIA HALMOHAITbHBIA MCCIIEA0BATENBCKUA MEAVLIMHCKUA yHBEpCUTET Mern H. . Miuporosa,
Mocksa, Poccusi

2 VIHCTUTYT BUOMEAVLIMHCKON NHXXeHepUKW, YHUBEPCUTET Haykum 1 TexHonoruin MACKIC, Mockaa, Poccuist

B cBA3K C BbICOKOW ANarHOCTNHECKOM 3HAYMMOCTBIO B-aMUNONAHbIX arperaTos nNpu 60n1e3HM AnbLireiimepa 0cobbi MHTEPEC NPEACTaBNSIOT LeneBble MraHpl,
CMOCOGHbIE K CNELMPUHECKOMY CBA3bIBAHMIO C NaTonorndeckumy arperatammn AB. Lienbto nccnenosaHms 66110 NPOBECTU METOAOM KOH(YOKaBHOM MUKPOCKOMNN
CpaBHUTENBHYIO XapaKTepUCTUKY CBsidbiBaroLLe cnocobHocTv TeTpanentuaos HAEE-Cy5 (Ac-His-Ala-Glu-Glu-Gly-Gly-Gly-Gly-Lys(e-Cy5)-NH2) n EEAH-Cy5
(Ac-Glu-Glu-Ala-His-Gly-Gly-Gly-Gly-Lys(e-Cy5)-NH2) ¢ arperatamun AR Ha KNETOYHON NMHUM HelpobnacToMbl Yenoeka SH-SY5Y. NokasaHo, 4to Tetpanentug HAEE-
Cy5 0EMOHCTPUPYET creLmduyeckoe CBA3bIBaHVE C 06Pa30BaHNEM XapPaKTEPHbIX LIUTOMNA3MaTUHECKMX CKOMIEHWI N YETKOW KOIOKaIM3aLm C aMUIoMaHbIMM
arperatamu, B To Bpemsi kak nentug EEAH-Cy5 ¢ o6pallieHHo nocneaoBaTeibHOCThO MONHOCTLIO yTpaYmnBaeT CrioCOBGHOCTL K CBS3bIBaHNIO. KONMYeCTBEHHbI
aHamM3 NOATBEPAVS BbICOKYIO crieumdmdHoCTb ceasbiBaHust HAEE-Cy5 ¢ arperatamut AR (koahduLmeHT konokanmdaun Marpepca 0.58 + 0.03). YcTaHoBneHo,
410 N-KOHLIEBOE MONIOKEHVE MMCTUIAVHA SBMSETCS KPUTUHECKM AETEPMUHAHTOM CNELMUHHOCTV B3aMOAENCTBISA. Pe3ynstaTsl paboTbl OTKPBIBAIOT MEPCMEKTVBbI
npvmMeHeHus nentuaa HAEE B kadecTse nnatdopMbl A paspaboTki LIENeBbIX AMarHOCTUHECKMX CUCTEM B3yan3aumin aMuionaHOn naTonorm.

KnioueBble cnosa: nentug HAEE, nentug EEAH, arperatsl AR, SH-SY5Y, 60one3Hb AnbLireiimepa

®duHaHcupoBaHue: paboThbl BbINOMHEHbI B paMkax [ocyfapcTeeHHoro 3afaHns «CospaHne paavodapmMalleBTMHECKOro NeKapCTBEHHOrO npenapaTa s
avarHoCTVK 6onesHn Anblreimepa ¢ ncnonb3oBaHnem Tetpanentuaa HAEE B ka4ecTBe BEKTOPHOWM MOMEKyY bl», PErMCTpaumoHHbIn Homep EMACY HOKTP
1024110600012-8-3.2.25;3.2.26;3.2.12.
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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
B-amyloid (AB) 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
AB 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 AB
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 AB
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 HAEE
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 AB peptide
(11EVHH14) to form a stable complex in the presence of Zn?
Such interaction confirmed by the surface plasmon resonance,
nuclear magnetic resonance, and molecular modeling methods
significantly disturbes the Zn?*-dependent AB 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 Zn%*-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 HAEE is a peptide derived from

Fig. 1. Chemical structure of the test conjugated peptides
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the sequence of the nicotinic acetylcholine receptor a4-subunit
(NAChRa4) [16]. Thus, HAEE 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 AB 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 HAEE-Cy5 fluorescent conjugate to the
AB 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(e-Cy5)-
NH,, EEAH-Cy5 (Ac-Glu-Glu-Ala-His-Gly-Gly-Gly-Gly-Lys(e-
Cy5)-NH,, Cy5-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 mM, 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
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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 AB aggregates. The nuclei are DAPI stained (blue). Scale bar 20 um

diluted in the DMEM/F12 cell culture medium containing no
fetal bovine serum (FBS) to the concentration of 5 M.

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 pg/mL, streptomycin — 100 pg/mL)
(ServiceBio, China), and L-glutamine (100 mM) (ServiceBio, China)
at 37 °C in the 5% CO, atmosphere.

Beta-amyloid preparations

The lyophilized AB (Amyloid B-Protein (1-42) (E-PP-0428),
Elabscience, China) was dissolved in the 1% NH,OH to the
concentration of 1 mg/mL in the ultrasonic bath without
heating for 10 min. Then the solution was aliquoted (10 pL)
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 pg/mL).

Immunofluorescence analysis

To assess localization of the compounds, the SH-SY5Y cells
were sown in the wells of the 24-well plate, 200 x 10° cells per
well. After 24 h the cells were treated with the AB preparations
(20 pg/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 UM, 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 X-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, abl, clone 6E10 BiolLegend) diluted 1:100 000 (0.01 pg/mL)
in the buffer (0.2% Twin-20, 0.2% Triton X-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 X-100 for 5 min. Then the cells were incubated with
the secondary antibody (abll, 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 X-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 60x/0.5-1.25 oil immersion lens. Scanning was
performed using the Thorlmagel S 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 EEAH-Cy5 and HAEE-Cy5 compounds in the SH-SY5Y cells. Signal of the Cy5-labeled compounds (red). The nuclei are DAPI stained (blue).

Scale bar 20 ym

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 (abll) fluorescent label, no significant fluorescent
signal was detected. Likewise, incubation of cells with AB in the
absence of primary antibody (abl) did not result in specific staining.
Treatment of cells with abl or abll without A yielded no significant
fluorescent signal. Intense fluorescent staining was observed only
when there were AB, abl, and abll 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 HAEE-Cy5 and EEAH-Cy5 localization of the cells
was assessed. In the control experiment involving the use of
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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
EEAH-Cy5 and HAEE-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 EEAH-Cy5 and HAEE-Cy5
localization, direct verification of their capability of binding to
the AB aggregates was performed. The analysis of confocal
microscopy images showed the clear and intense colocalization
of the HAEE-Cy5 signal (red) with the signal of AB deposits
(alexa 488, green) visualized as large yellow regions in the
combined image (Fig. 4), which unambiguously indicated
the HAEE-Cy5 tetrapeptide high-affinity binding to amyloid
aggregates. In contrast to HAEE-Cy5, no significant signal in
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Fig. 4. Visualization of the HAEE-Cy5 and EEAH-Cy5 binding to the AB aggregates in the SH-SY5Y cells. Signal of the Cyb5-labeled tetrapeptides (red). The alexa
488-labeled antibodies on AB (green). Yellow on the combined image indicates colocalization of peptides with A aggregates. The nuclei are DAPI stained (blue). Scale

bar 20 pm

the Cy5 channel was reported for the EEAH-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 AR aggregates. To
further confirm colocalization of the channels, the Manders'
coefficient was calculated (between the channels of the
AB aggregate images and test compounds for the images
acquired): the highest coefficient value was reported for the
HAEE-Cy5 compound and AB aggregates (0.58 + 0.03),
while the values between the Ap and Cy5 channels and AB
and EEAH-Cy5 channels were 0.22 + 0.05 and 0.19 + 0.02,
respectively, which suggested no Cy5 and EEAH-Cy5
colocalization and higher extent of the HAEE-Cy5 binding
to AB. The extremely low EEAH-Cy5 fluorescence signal
can be associated with with its low capability of staying
on the AB aggregates and in other cell compartments. At
the same time, the Cy5 signal is significant, it is enhanced
in the areas of AB aggregates, however, a large amount
of fluorescence is distributed across the membrane and
cytoplasm, which suggests low specificity of the Cy5
binding to AB.

DISCUSSION

The study conducted has made it possible to identify
fundamental differences in the HAEE-Cy5 and EEAH-Cy5
capability of binding to the AB aggregates in the SH-SY5Y cells,
which are likely to result from their structural features. Despite
identical amino acid composition, the reversed EEAH-Cy5
sequence led to the complete functional activity loss, while
HAEE-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 AB. 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 AB. It is well known that
the AB peptide N-terminal domain comprises the main binding
centers, specifically the His6, His13, His14 residues being
the good o-donors that are involved in coordination with
metals [17], as well as the aromatic Phe4 and Tyr10 residues
responsible for the m m interaction [17, 18]. It can be assumed
that histidine being part of HAEE is involved in similar interaction
with these sites. As for the inactive EEAH 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 Cy5
fluorescent dye in the e-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 A binding sites.

The quantitative evidence to substantiate high specificity of
the HAEE-Cy5 binding to amyloid aggregates is calculation of
the Manders' colocalization coefficient. The coefficient value of
0.58 + 0.03 for the HAEE-Cy5/AB pair is considerably higher
compared to the values of control compounds (Cy5-NH2/AB
and EEAH-Cy5/AB), 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 AB 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 EEAH-Cy5 fluorescence signal upon clear
detection of HAEE-Cy5 to extracellular AR 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 AB, increased susceptibility to proteolytic degradation,
worse cellular permeability or accelerated removal from the cell.
Thus, in contrast to HAEE-Cy5, the EEAH-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 AB both peptides demonstrate
similar intracellular localization, which suggests their stability
and capability of entering the cell. However, the HAEE-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 AB (Fig. 4) occurs in the extracellular space,
which confirms the binding specificity. It is important to note that
the HAEE-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.
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DETERMINING TARGETS FOR PERSONALIZED MULTITARGET NONINVASIVE STIMULATION
OF THE FRONTOPARIETAL CONTROL NETWORK

Poydasheva AG=, Sinitsyn DO, Bakulin IS, Zabirova AH, Lagoda DYu, Suponeva NA, Piradov MA
Russian Center of Neurology and Neurosciences, Moscow, Russia

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 mm? in the DLPFC and 739 mm? 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 M1 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

Funding: the study was conducted as part of the project “Developing a Transcranial Magnetic Stimulation Method to Improve Cognitive Functions in Healthy
Individuals” implemented within the framework of the National Project “New Health Preservation Technologies” (registration number 1025020400006-8-3.2.25).

Author contribution: Poydasheva AG, Sinitsyn DO, Bakulin IS — study planning and design; Poydasheva AG, Zabirova AH — literature review; Bakulin IS, Zabirova AH,
Lagoda DYu — data acquisition; Sinitsyn DO, Poydasheva AG — data analysis; Poydasheva AG, Sinitsyn DO — manuscript writing; all authors — data interpretation,
manuscript editing.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Russian Center of Neurology and Neurosciences (protocol No.
5-1/25 dated 19 May 2025). All the volunteers signed the informed consent form.

><] Correspondence should be addressed: Alexandra G. Poydasheva
Volokolamskoye shosse, 80, Moscow, 125310, Russia; poydasheva@neurology.ru

Received: 14.11.2025 Accepted: 10.12.2025 Published online: 20.12.2025
DOI: 10.24075/brsmu.2025.081

ONMPEAENEHUE MULLEHEW 015 MEPCOHANU3UPOBAHHON MYJTIbTUTAPITETHON HEMHBA3UBHOW
CTUMYNALUUN NOBHO-TEMEHHOW CETU KOHTPOJSA

A. T. Monpawesa =, [. O. CuHnupiH, V. C. BakynunH, A. X. 3abuposa, . HO. laroga, H. A. CynoHesa, M. A. Mupanos
Poccuitcknin LieHTp HeBpOnorim 1 Heporayk, Mockea, Poccus

MepcoHanusaums Boeibopa MueHn ans pTMC — akTyanbHas 3agada, PeLleHne KOTOPO MOXKET 3HA4YUTENBHO YBENNYUTL dddeKkTnBHOCTb MeToaa. OanH
13 MOAXOAOB K MepcoHanM3aumm — CTUMYNALMS KIIOHEBbIX XaboB MHAMBMAYaNbHbIX ceTeit nokos. Llenb nccneposaHus — paspabotka MeToaonorum
nepcoHanmaaummn pTMC Ha OCHOBE BblAeNeHVs UHaMBMOyanbHbIX XaboB (HPOHTO-NapueTanbHon KoHTponbHo cetu (FPCN) ¢ oueHkol BapuabensHOCTH
nx nokanusaunn. na onpenenenns xabos FPCN Obln NOCTPOEHbI MHAMBMAYabHbIE KapTbl C UCMOMb30BaHNEM B kadecTBe seed rpynmnoBON Macku cetu
FPCN. C nomoLupto anropytMa npoXekTopa ¢ pagnycom cepbl 5 MM Obinm BbIOpaHbl MULLEHN B Npegenax fopconarepabHoN npedpoHTanbHOM KOpbI
(ON®K) n 3agHein TemeHHol kopbl (3TK). AHannaupoBanu BapuabenbHOCTb NMPOCTPaHCTBEHHON NOKanM3aumn MULLEHEN U KOPPEKTHOCTb MPUMEHEHs!
PyTUHHOIO «npasuna 5 cM» ang nokanudaumm ONMNOK. Y 24 300posbix A06POBOMBLEB (9 My>K4WH, CPEAHWUI BO3pacT 29+7 NeT) MPOAEMOHCTPMPOBaHa
BbICOKas MeXVHAMBMAyanbHas BapuabenbHOCTb MuleHer. Hu B ogHOM 13 obnactel He CyLleCTBYEeT YHMBEPCAIbHOIrO MOMOXEHUA CTUMYANPYIOLLEN
KaTyLLKK1, No3BONMBLLErO Bbl 3PEKTUBHO CTUMYNIMPOBaTbL MULLEHN Y BCEX A0OPOBOMLLEB. [1poCTpaHCTBEHHbIN pa3bpoc ToYek Boile B AJTIPK (06bemb!
MHOFOrPaHHMKOB, COAEP KaLLMX MHOXeCTBa To4ek pasHbl 2095 mm® B [JTTOK 1 739 mv® B 3TK). Bee nHavemnayansHble myienn B JTMOK nexaT B npepenax
mackn FPCN, a gna 3TK pag MyuLLeHe HaxoamTcesa BHe aTon Macku. CpegHee paccTosHNe MexXy 30HOW KUCTW NEPBUHHON MOTOpHOM Kopbl (M1) n ANNKK
cocTaBwno 64+13 MM. Y 75% y4aCTHUKOB 3TO paccTosiHME MPEeBbILLAN0 5 CM, YTO NOATBEPKAAET HEKOPPEKTHOCTb MPUMEHEHNS PYTVHHOIO «Mpasiia 5 cMm»
MO3ULWIOHMPOBAHNSA KaTYLLKM AN 60MbLUMHCTBA UCMbITyeMbIX. PazpabotaH anropyt™ Bbibopa NepcoHanmanpoBaHHbix myeHer ansa pTMC no gaHHbiM pMPT
nokos B [JINOK n 3TK, koTopble ABnsioTea kntoveBbiMn xabamu 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 MRl 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 Center 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 x 1 x 1 mm3 and the Multiplanar Gradient Echo mode
(TR 1500 ms, voxel 2 x 2 x 2.2 mm?) 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

Cortical area
" gt
in the DLPFC, mm
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 -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

Note: DLPFC — dorsolateral prefrontal cortex, PPC — posterior parietal cortex, M1 — primary motor cortex.

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
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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

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

A B

(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

Fig. 2. Convex hulls of sets of points with the coordinates of targets in the PPC (Fig. A) and DLPFC (Fig. B)
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between pairs of targets is 45.9 mm in the DLPFC, 54.1 mmin
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 mm§,
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 (M1), 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
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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.

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 (M1) 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
M1 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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showing that when using the “5 cm rule” the resulting target
is displaced caudally relative to the targets obtained by using
neuronavigation systems based on the structural and functional
data, and the target is often located within the premotor cortex,
i.e. another anatomical zone having different functions and
connections [26-28].

When comparing the regions formed by sets of targets in
two specified regions with each other and with the FPCN mask
used as a seed region, it has been shown that with comparable
linear target dispersion metrics, the volume of the polyhedron,
at the vertices of which the obtained individual targets lie, is
significantly higher for the DLPFC than for the PPC. At the
same time, all individual targets in the DLPFC are within the
FPCN mask, while in the PPC some targets are beyond this
mask. The findings suggest high interindividual variability of the
topography of both FPCN hubs, which only emphasizes the
need for the personalized approach to target selection.

The proposed algorithm for determining targets needs to
be discussed separately. To find the cortical surface individual
parcellation into functional resting-state network, we used an
algorithm similar to the first step of the iterative method [9]:
the group mask of the fronto-parietal control network from
the paper [20] was used as a seed region when assessing
individual resting-state fMRI data. The initial literature review
showed that the MS-HBM method [11] allowing one to select
the most homogeneous signal in the regions obtained seemed
optimal for the task of individual determination of resting-state
networks. However, this method does not allow one to assess
the degree of confidence in the belonging of each point to
the specified network, which is required to select the optimal
point within a specified network fragment. We rejected the
approaches involving the independent component analysis due
to the need to match the components obtained from individual
data to the known networks previously obtained using group
data. Furthermore, such matching can be accomplished
by both visual topography comparison [24] and automated
methods [29, 30], but in both cases there can be situations
with high uncertainty in the assignment of networks making it
difficult to interpret the results.

The searchlight method allowing one to consider heterogeneity
of the signal from neighboring voxels within the areas of interest
was used to select the target based on this connectivity map.
However, in this case the target localization depended on the
sphere size specified by the researcher. We used a sphere
radius of 5 mm, taking into account the size of the area
stimulated during rTMS [22]. Thus, the algorithm developed
was designed to identify individual targets for rTMS based on
the FPCN hub identification.
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DIFFERENTIATION OF iPSCs INTO CORNEAL EPITHELIAL PRECURSORS IN THREE-DIMENSIONAL
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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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ONODPEPEHUNPOBKA vlNCK B NMPEALLUECTBEHHUKU SMNMUTENINA POIroBULUbl B TPEXMEPHbIX
YCNoBUAX IN VITRO

E. B. >Kurmutoga', A. B. Kocbix', H. T lypckasa'? &4
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3aboneBansl, CBsI3aHHble C AePULMTOM IMMOaNbHBIX CTBOMOBBIX KNETOK (XPOHMHYECKVIe 3p03un, pyBLiEeBaHIe POroBULIbl), TPEOYIOT HOBbIX MOAXOAO0B PereHepaTVBHON
MeaMUmMHbl. Llenb ncenenoBaHvs — pagdpaboTtaTtb NPOTOKON MOYHEHUS KNETOK-NPEALEeCTBEHHKOB aNUTeNns numba 1 poroBuLbl 13 UHAYLMPOBaHHbIX
NAOPUNOTEHTHBIX CTBONOBbLIX KNeTok (MIMCK). icnonssosann metog, anddeperumposkm UMNCK B HanpasneHuy opraHovaa rmasa o1 nony4eHms TPeXMepHbIX
reTeporeHHbIX CTPYKTYP 3a TpW Hefenn. ony4eHHble opraHoupl CoaepXKaT KNETKV-NPEALLECTBEHHUKN SMUTENNS POrOBULIbI, SKCTIPECCUPYIOLLVE KepaTyH 3 1
KonnareH 7, 4To NOATBEPXKAAET BO3MOXHOCTb reHepaumn (OyHKLMOHANBHOrO anuTennus in vitro. MNpOoTOKON NMO3BONSET CO3[aBaTb N30reHHble nauneHT-
cneumrYHblE MHAX AN Tepanin MMMOasnbHON HEAOCTATOYHOCTU 1 AUCTPO(NHECKOro OyNne3Horo annaepmMoniaa, B TOM YiCie Mocne NpeasapuTenisHoro
penaxkTnpoBaHus reHoma UMNCK.
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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
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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 cormneal
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 VIl 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,) in
mMTESR medium (85850, STEMCELL Technologies Inc., Canada)
on plastic Petri dishes coated with matrigel (366234, Coming,
USA). For individual iPSC colonies, we seeded 3,800 cells per
cm?. 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:

— 1stday: =1 ml/+1 ml;

— 2 day: =1.5 ml/+1.5 ml;

— 39 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 pM
B-mercaptoethanol (21985023, Thermo Fisher Scientific, USA),
100 uM 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 pM B-mercaptoethanol (21985023,
Thermo Fisher Scientific, USA), 100 pM MEM non-essential
amino acids (F115/100, PanEco, Russia), 2 mM GlutaMAX
(85050061, Thermo Fisher Scientific, USA), 50 U/mL penicillin-
streptomycin (15140122, Thermo Fisher Scientific, USA), and
10 pM 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 pM ROCK inhibitor (ab120129,
Abcam, USA), 0.4 ug/mL hydrocortisone (H0888, Sigma-
Aldrich, USA), 5 pg/mL insulin (FO62, PanEco, Russia), 1.4 ng/mL
3,3',5-triiodo-L-thyronine (100-0548, STEMCELL Technologies
Inc., Canada), 24 pg/mL adenine sulfate (A0O013500100,
SUVCHEM, India), 10 uM 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

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 um-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 VIl (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 Imaged 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
TGFR 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, bothmonospheres (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

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
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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 VI collagen (green). The cores were additionally colored with DAPI. The scale segment is 50 pm

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 VIl collagen). Cells positively
stained for keratin 3 were observed on the periphery in the
outer cell layer of the organoid. The expression of type VI
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/B-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 VIl collagen are an important structural
element that supports the integrity of the tissue. Patients
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affected by hereditary disorders involving defects in type VI
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
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DEVELOPMENT AND ASSESSMENT OF THE BONE ALLOGRAFT-BASED MATERIAL
FOR DLP 3D PRINTING

Bilyalov AR ™2, Chugunov SS, Akhatov ISh, Tikhonov AA, Shangina OR, Paviov VN, Danilko KV, Galautdinov MF, Akbashev VN
Bashkir State Medical University, Ufa, Russia

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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PA3PABOTKA N UCCNEAOBAHUE MATEPUANIA HA OCHOBE KOCTHOI'O AJIJTOTPAHCIIJIAHTATA
[15 DLP-3D-TMEYATU

A. P. Bunsanos®, C. C. YyryHos, V. LL. Axatos, A. A. TuxoHos, O. P. LLanruHa, B. H. Masnos, K. B. Oaxnnko, M. ®. lanaytanHos, B. H. Akbales
Balukmpckmin rocygapCTBeHHbIN MeaMUMHCKNIA yHBepcuTeT, Yba, Poccus

Vicnonb3oBaHmne annoreHHoro KOCTHOrO MaTepuana kak kepamm4eckoro HanonHutens ana DLP-nedat no3sonsgeT nonyyarb MHAVMBULAYaNN3MPOBaHHbIE
VIMAfaHTaTbl CIOXHOW (POPMbI, COBMELLAIOLLIME BMOMUMETUYHYIO NPUPOAY MaTpuLpbl C NPenMyLLecTBaMy aganTyBHBIX TEXHONOrMN. Liensto paboTel 6b10
OLIEHUTb BO3MOXXHOCTb MCMOMb30BaHMS MPOKaNIEHHOro NOPOLLKa KOPTUKAaNbHOrO KOCTHOMO afinoTpaHcniaHTata B coctase hoTononMMepn3yemMon CycreHanm
ons DLP-nedatt 1 nonyydeHnst nocne cnekaHust BUOKepammKin C XapakTepuUCTUKamm, COMOCTaBUMbBIMM C CUHTETUHECKUM rnapokcnanatntoM. KOCTHbI
annoTpaHcnnaHTaT noasepranM MHOrosTanHon creuvanM3npoBaHHoON 06paboTke C MOSHBIM YOANEHNEM KNETOK NpY COXPaHEHWI CTPYKTYPbI MEXKKIIETOHYHOrO
MaTpVKca 1 KONNareHoBbIX BONOKOH. [NpoKaneHHbI MEAMLIMHCKIWIA annoTpaHCcinaHTaT 3Menbyani, BBOLWAM B (POTONOIMMEPU3YEMYIO MaTPLY 1 MCMONb30BanM
ana DLP-nevat 06pasuoB, KOTopble 3aTemM Crekanv 1 aHanmM3npoBain METOLAMN PEHTTEHOBCKOM ANGPaKLMN 1 SHEPrOANCTIEPCUOHHON CMEKTPOCKONUM A0
1 nocne aganTMBHOIroO NpomaesoacTea. OTHOCUTENbHAA MIOTHOCTL CreYeHHOro Matepuana coctasuna 81,5%, NpoYHOCTb Ha oxatne — 75,8 Mla, NpoYHOCTbL
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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 pym. 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 pm and
315 pm. Sample A consisted of the 315-400 pm 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 E104 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

First, the syspension polymerization effectiveness was
assessed. The square objects sized 1 x 1 cm were polymerized
at different light energy of 0.12, 0.2, 0.24, 0.8, and 16 J/cm?,
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 pm. 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
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diffraction analysis (ISO 10993-14) [11] and parallelepipeds
sized 7 x 5 x 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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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 um 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 x 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 pm, 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/cm?d).

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).

4% CK

@ 0% ok
B 14% znL
I 20% Nak
0 13% P
B 9% cax

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

50 um

8% CK
B 6% ok
) 8% Nak
B 2% Mgk
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B 18% cak

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

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

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 CoKa1 (A = 1.78892 A). The
assessed 260 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)

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
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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 ym. 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 pm
sieve. At the second stage powder with the particle size 0-5 pm
was obtained. According to the laser diffractometry results,
the particle size is 300 nm-5 pm, the average value is 2.57 pm.
The secondary peak of the distribution (5-25 pm) 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/cm?, 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 pm), 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 um 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 pm, while the source powder
had the 0.3-5 pm 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, 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 8 = 43°)
and ZrQ, (2 6 = 34°) were identified in Sample C. The presence
of Ca0 inclusions can be explained by mechanical activation
and potential degradation of hydroxyapatite and amorphous
calcium phosphate compounds. The ZrO, 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 x 3 x 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 calcium 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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is necessary to clarify the characteristics of the additively
manufactured allograft implants and compare these with
synthetic analogues. This includes optimization of the additive
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EXPRESSION OF microRNA MIR146A IN THE BLOOD PLASMA OF RATS WITH OBESITY
AND KNEE ARTHROSIS AFTER ADMINISTRATION OF DEXAMETHASONE

lvanov AS'? B Tananakina TP?, Kashchenko SA', Pogorelova IA

" Federal State Budgetary Educational Institution of Higher Education “LSMU named St. Luke”, Russia
2 Non-governmental private institusion Scientific Diagnostic Center "Policlinic on Smolenskaya"

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 (o < 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.

Keywords: gonarthrosis, dexamethasone, microRNA, inflammation, rats, obesity, expression, miR146a
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OKCMNPECCUA mukpoPHK MIR146A B NMJTIASME KPOBW KPbIC C OXKUPEHUEM
N APTPO30OM KOJIEHHOIO CYCTABA HA ®OHE BBEAEHNA OEKCAMETA3OHA

A. C. VigaHos'? =, T. 1. TanaHakuHa', C. A. KauweHko', W. A. MNoropenosa’

T Oreoy BO NTTMY umenn CetsaTtutens Jlyku, Poccus
2 HerocynapcTBeHHOE YacTHOe yypexaeHne Hay4Ho-amarHOCTUHeCKni LeHTP «[onvkMHnka Ha CMOneHCKO»

MukpoPHK He nogaatotcs genctemio PHKas 1 BbicokocneumhmnyHsl Ansg pasinyHbix NaTofnormyeckmx COCTOSAHWI, B HACTHOCTW BOCMANIEHMS, YTO NO3BONIO
paccmarpuBaTh 1X Kak 61oMapKepbl AaHHOrO NaTonornyeckoro npouecca. OBbHapYKUTb 1X YAANOCh BO BCEX XKUAKOCTAX OpraHM3mMa, B natoreHese BOoCnaieHs
Kto4EBYHO POb UrpatoT MKPoPHK miR146a. Liensto paboTbl 66110 onpenenits ypoBeHb akenpecu miR146a y KpbiC ¢ FOHapTPO30M, COHETaHHbBIM OXXUPEHNEM
N KOPPEKLMEN AeKcamMeTa3oHOM C Liefblo pa3paboTky AanbHENLLIMX NaTOreHETUHECKNX MEXaHN3MOB fledeHnst 0cTeoapTpo3sa. [Ans nccnenosannst otobpanm
180 camLoB 6enbix KpbIC NHUK BricTap B BodpacTe 8—10 Hefenb Maccoi 200250 1. 2K1BOTHbIE Bblnv padaeneHb! Ha naTb rpynn no 36 B KaxkAoW: B NepBov rpynne
BBOAMIN (PUBNONOMMHECKINIA PACTBOP XNopuaa HaTpus BHYTPUMBILLEYHO, OCTaNbHbIM 3KCMEPUMEHTAIbHO CMOAEMPOBAHO OXMPEHME 1N apTPO3 KOSIEHHOMO
cyctaBa. Ocobsim BTOpoi rpynnbl BBogunm 1,0 Mn pacTeopa xiopvaa HaTpuysi BHYTPUMbILLEYHO, TPETLEN, YETBEPTON 1 NATOM — AekcameTadoH B 4ose 1 Hi/mn,
10 H/Mn 1 100 HI/MN COOTBETCTBEHHO. 3ab0p KPOBY A5 NMPOBEAEHUS UCCneaoBaHns nposoaunmv Ha 3, 5, 10 cyTku. [Nony4eHHble nokasartenu nccnefosanv npu
YPOBHE CTaTUCTUHECKON 3Ha4MMocTh (p < 0,05). YcTaHOBNEHO NOBbILLEHME YpoBHA MiR146a y »KMBOTHbIX BTOPOW FPYMMbl B CPaBHEHUN C OCTa/IbHbIMK, 3@ CHET
pasBUTUA BOCMANEHNA Ha POHE OXKMPEHWSA 1 COMYTCTBYIOLLIErO roHapTpo3a. B TpeTbe rpynne ypoBeHb SKCMPECCUM HEBHAYUTENBHO CHIDKANCH, HO OCTaBasiCs
BbICOKMM. B 4eTBepTON rpynne Ha hoHe npumMeHeHnst 10 HI/mMn fekcameTa3oHa ypoBeHb akcnpeccun miR-146a CHukancs MakcvmanbHo Ha 3 1 5 cyTku. B naToi
rpynne N3MeHeHNst MPakTU4eCK OTCYTCTBOBaM, NOKasaTelb CHPKANCA He3HaqmnTenbHO. HanbonbLuyto athheKTMBHOCTL B MPOLECCE SKCMEPUMEHTA BbisBNeHa
npu fo3e aekcameTadoHa 10 H/Mn — oHa obnafana HabosbLUel MPOTUBOBOCTANMTENBHON aKTVBHOCTHIO MO OTHOLLEHWIO K OCTaNbHbIM.

KntouyeBble cnoBa: roHapTpo3, AekcameTasoH, MUKpoPHK, BocnaneHue, oxvpenne, akcnpeccus, 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 mMRNA, 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/mlis alow 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

Indicator miR146a P
Day 3 5 10 3 5 10
group 1, n=36 0.97 0.97 1.08 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

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

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 pl of RNase-free water. For cDNA synthesis, TagMan™
MicroRNA Reverse Transcription Kit reagents (Applied
Biosystems, Thermo Fisher Scientific, USA; No. 4366596) were
used together with strain-specific TagMan™ 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 TagMan™ 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/-AACt) 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, miR146ais 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 TNFa) and is actively involved in
the regulation of T-cell differentiation and neuroinflammatory
processes.

The study found an increase in miR146a in group I,
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%
(o < 0.05).

Dynamic analysis of miR146a expression in group | 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%
(o < 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%
(o < 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% (o < 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
5by 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

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

Indicator miR146a p
Day 3 5 10 3 5 10
group 1, n=36 0.97 0.97 1.08 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

Note: p — the root mean square error at a value level of 0,05.
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Table 3. Dynamics of miR146a expression indicators in rat serum in groups 1, 2, and 5 on Days 3, 5, and 10

Indicator miR146a 1%
Day 3 5 10 3 5 10
group 1, n=36 0.97 0.97 1.08 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 1.78 1.67 0.03 0.04 0.03

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

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), onday 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%
(o < 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

3 Day

5 Day

10 Day

o

0.2 0.4 0.6 0.8

M group 1 B gouwp?2

Bl goup3

highest level was observed in animals in group 2, indicating an
inflaosnmatory 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

1 1.2 1.4 1.6 1.8 2

B group 4 B group 5

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
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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 lll, 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
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SEVERE ACUTE o-PVP POISONING COMPLICATED BY SYSTEMIC RHABDOMYOLYSIS SYNDROME:
CASE REPORT
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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 a-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 a-PVP poisoning complicated by systemic rhabdomyolysis.

Keywords: cathinones, alpha-PVP, a-PVP, a-pyrrolidinovalerophenone, acute poisoning signs and symptoms, diagnosis, treatment, rhabdomyolysis

Author contribution: Makarovskaya NP — study concept and design, manuscript writing, data acquisition and processing; Batocyrenov ChB, Razamasova SYu,
Narzikulov RA, Sokolova ES — data acquisition and processing; Lodyagin AN — editing; Antonova AM — X-ray data description.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Pavlov First Saint Petersburg State Medical University (protocol
No. 277 dated 23 October 2023).

<] Correspondence should be addressed: Alexej N. Lodyagin
Budapeshtskaya, 3, Saint Petersburg, 192242, Russia; alodyagin@mail.ru

Received: 02.10.2025 Accepted: 12.11.2025 Published online: 19.11.2025
DOI: 10.24075/brsmu.2025.058

Copyright: © 2025 by the authors. Licensee: Pirogov University. This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

KIMMHUYECKUIA CNYYAN OCTPOIO TAXKENIOIO OTPABJIEHUSA o-PVP, OCJTIOXKHEHHbIV
PASBUTUEM CUHOPOMA CUCTEMHOIO PABAOMUNOJIN3A

H. M. Makaposckas'?, A. H. NNogarvn' 285 Y, B, BatoupipeHos?, C. HO. Pasamacosa®, A. M. AHToHoBa', P. A. Hapavkynos', E. C. Cokonosa’

! CaHkT-leTepOyprekuii HayHHO-MCCNeoBaTENBCKUA MHCTUTYT CKOPOW noMoLLy uvenn V1. W. Dxanennase, CaHkT-MeTtepbypr, Poccus
2 MepB.bii CaHKT-TeTepbyprekuii rocyAapCTBEHHBIN MEAVLIMHCKII yHBepeuTeT nMenn . M. Masnosa, CaHkT-Tetepbypr, Poccus

¢ CeBepo-3anafiHblii rocydapCTBEHHbIN MEAUUMHCKUIA yHBEpCKTET nMeHn . V. MedHrkosa, CaHkT-TMeTepbypr, Poccust

4 Hay4HO-KIIMHUYECKMIA LEHTP TOKCMKonorm umeHn C. H. fonnkosa, CarkT-MeTtepbypr, Poccus

B HacTosiLLIee Bpems 0CTpble OTPaBAeHNsi COBPEMEHHBIMM MCUXOAKTVBHLIMU BELLECTBAM 1 HAPKOTUHECKVIMU BELLIECTBaMV BXOAAT B YMCIO OCHOBHbIX MPUHVH
SKCTPEHHON rocnuTanmMsaLmm nL, B OTAENEHNS TOKCUKONOTNW. VIMeeTcs YeTkas TeHAEHLMS K POCTY HYMCNa XKM3HEYrPOXAIOLLMX OCIOXKHEHWA NPy OTPaBNEHUSX
MCUXOAKTUBHBIMM BELLECTBaMW, OOHVM 13 KOTOPbIX SBNAETCA paboomMvonua. INpeactaBneH KMMHUYECKUIA CyHai OCTPOro TshKenoro otpasneHns anbta-PVe,
OCMOXHEHHOO Pas3BUTVIEM CUCTEMHOrO PabAoMMoN3a, onvcaHbl 0COBEHHOCTU KIMHUHYECKOrO TEHEHWS 1 IHTEHCVIBHOM Tepaniivi Npuy faHHoM natonorm. PaHHas
[ANarHoCTUKa, CBOEBPEMEHHOE 1 3(O(HEKTUBHOE NleHeHne MyTeM NPOBEAEHUS arPECCUBHON MHAY3MOHHO-AETOKCUMKALIMOHHOW Tepanum No3BouAn n3bexars
pPasBUTUSA aHYPUHECKON CTaAuM OCTPOro MOBPEXAEHS NOYEK, a Takke 0TKasaTbCsl OT MPOBEeeHNs NHBAa3MBHbIX MPOLIEAYP SKCTpakoprnopasbHbIX METOLOB
[lEeTOKCMKaLWW 1, BEPOSITHO, 136exaTb HebnaronpusTHOrO UCXofa OCTPOro oTpasneHns a-PVP, 0CIOXHEHHOrO pa3BUTeM CUCTEMHOrO pabaomMMoniaa.

KntoueBble cnoBa: kaTuHoHbl, anbda-PVP, a-PVP, a-nnpponnarHoBanepodeHoH, KiMHKa OCTPOro OTPaB/eHns], AMarHoCTvKa, nedeHne, pabaoMmoning

Bknap aBTopoB: H. [1. MakapoBckas — KOHLEenuusa 1 AudarH UCCnefoBaHns, HanncaHmne tekcra, cbop n obpaboTtka matepuana; Y. b. batoubipeHos,
C. tO. Pazamacosa, P. A. Hapankynos, E. C. Cokonosa — c6op 1 obpaboTtka matepuana; A. H. JlogarnH — penaktnposanue; A. M. AHTOHOBa — onvcaHve
PEHTrEHOBCKIX AaHHBIX.

CobniofieHne 3TUHECKMX CTaHAAPTOB: VICCeoBaHe 0noopeHo stndeckiM kommtetom OIB0Y BO «[MepBbiin CaHKT-NeTepOyprekiii rocyAapCTBEHHbI MEAVLIHCKIAN
YHVBEPCUTET MMeHM akafemuka V. T1. Maenosa» (Mpotokon Ne 277 oT 23 okTa6ps 2023 T7).

D><] Bns koppecnoHpeHumn: Anexkcer Hikonaesmy JlogarnH
yn. BynanewTckas, a. 3, r. CaHkT-letepbypr, 192242, Poccus; alodyagin@mail.ru

Crartbsi nonyyeHna: 02.10.2025 CtaTtbsa npuHATa K nedarun: 12.11.2025 Ony6nukoBaHa oHnanH: 19.11.2025
DOI: 10.24075/vrgmu.2025.058

ABTOopckue npaea: © 2025 npuHaanexar asTopam. Jlnuenauar: PHIMY nm. H. V. Muporosa. CtaTbst pa3mMellieHa B OTKPbITOM AOCTYNe 1 pacnpoCcTpaHAeTcst
Ha ycnosusix nuueHaum Creative Commons Attribution (CC BY) (https://creativecommons.org/licenses/by/4.0/).

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 «-pyrrolidinovalerophenone
(a-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
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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 a-PVP poisoning in the structure of
acute poisoning at the moment.

The a-PVP properties were first reported in 1963 by
researchers of the Boehringer Ingelheim pharma company
(Germany) [2]. However, later successful therapeutic use
of a-PVP was not confirmed. Since early 2010s, the a-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 a-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
a-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 a-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 a-PVP poisoning complicated by
systemic rhabdomyolysis with identification of early diagnostic
criteria and the efficacy of the conservative therapy applied.

Clinical case

Patient M., 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 x 10'?/L with the neutrophil right shift in complete blood
counts, along with the increase in creatinine levels to 227 umol/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 x 10%/uL). Chemical toxicology testing by
gas chromatography—mass spectrometry (GC-MS) detected
a-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
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was 89 bpm, blood pressure was 120 and 70 mmHg, central
venous pressure was (+2) cm H,0. A total of 100 mL of urine
were collected by bladder catheterization. The urine color
was brown. The following diagnosis was established: “Severe
acute a-PVP poisoning. Toxic encephalopathy. Complication:
Systemic rhabdomyolysis. Acute kidney injury”.

On day 2 after admission the decrease in leucocyte counts
to 14.9 x 10'?/L was reported; as for blood biochemistry
parameters, worsening in the form of the increase in creatinine
levels to 235 pmol/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,” — 16 mmol/L,
BEb — (-9.3) mmol/L, BEect — (-10.6) mmol/L, Na* —
133 mmol/L, K* — 4.49 mmol/L, Ca** — 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,~ — 27.9 mmol/L,
BEb — 5.1 mmol/L, BEect — 5.1 mmol/L, Kt — 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 °C (0.5 mlL/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,0O 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 x 10" L. The daily urine output was 5200 mL with
the central venous pressure of (+8) cm H,0.

On day 5 of treatment, the blood biochemistry test showed
improvement in the form of the decrease in creatinine levels
to 183 pmol/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,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 a-PVP poisoning complicated by systemic
rhabdomyolysis.

Clinical case discussion

This case report demonstrates the development of systemic
rhabdomyolysis in acute a-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
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EARTHWORMS AS A SOURCE OF NEW APPROACHES IN BIOMEDICAL RESEARCH
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Traditional medicine has been using earthworms to treat a wide range of pathological conditions for many centuries. Current research focuses primarily on the isolation
and characterization of biologically active compounds, including notable examples such as glycoprotein G90, which exhibits thrombolytic and antitumor properties;
the enzyme complex lumbrokinase; and the extracellular oxygen transport protein erythrocruorin, regarded as a potential basis for blood substitute development.
Model organisms such as Caenorhabditis elegans, which are used to study the mechanisms of aging, neurodegenerative diseases, and evaluate the effectiveness
of medicines, also play an important role. Bioluminescent systems of annelids are of particular interest because they exhibit a variety of chemical mechanisms of
luminescence and unique cofactors that hold promise for applications in biomedicine. The combination of these properties and abilities underscores the importance
of worms as a source of enzymes, proteins, and metabolites, as well as model systems for finding solutions to both fundamental and applied biomedical problems.
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Earthworms have long been used in traditional medicine for  antispasmodic treatment [1]. The development of biochemical
the treatment of various diseases. Extracts from various worm  and pharmacological analysis methods allowed to translate
species were prescribed for allergic and asthmatic conditions, to  these empirical observations into systematic research and to
lower blood pressure and detoxify the body, and more generally  purposefully isolate biologically active compounds of animal
in cases requiring antithrombotic, antipyretic, diuretic, or  origin. For example, in 1992, glycoprotein G90, which has
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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
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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 (A, = 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]. £ heliota’s luciferin (A = 478 nm)
is a tetrapeptide oxidized by oxygen in the presence of ATR,
Mg?, and luciferase (Fig. 1B). In Henlea sp. (A __, = 464 nm),
luciferin has tryptophan residue and is oxidized by oxygen in
the presence of Ca®* and a luciferase [8] (Fig. 1B). The additional
luminescence enhancer in this system is a cofactor FO
(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
Forster 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 biocimaging and multicolor
monitoring of intracellular events.
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H H . -
H2O, N OH Diplocardia luciferase
)ﬁ(N\/\fo — . )ﬁ( \/\[/ > Products + LIGHT
0 H o 0.
OH
OH O OH ©
OH OH
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B | ©
O~ Fridericia luciferase $ -
0,, ATP, Mg?* +  LIGHT
0 HN™ "0 0 HN" 0
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H o * R3
Henlea lucif N \
C Luciferin enlea luciferase b HO NN \fo
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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 a-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/FO 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
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