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chanism of its action may involve binding to pattern recognition
receptors such as TLR9. Activation of these receptors initiates in-
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Pesrome: Buekaerounass AHK >kuBOTHBIX 1 uyeaoBeka obDaasaeT
UMMYHOMOAY AUPYIOITMMU CBOMICTBAMMU U B OCHOBE MeXaHI3Ma ee
AEVICTBIUS MOXKeT AeXKaTh CBA3bIBaHME C pellelITopaMi paciio3Ha-
BaHMs 00pasos, HantpuMep TLRY. B pesyapraTe akTMBaum 9TUX
penenTopos MHUIIMUPYETCs BOCIadeHMe M yBeAUuMBaeTcs ITpo-
AYKIIUA TTPOBOCIIaAUTEABHBIX IUTOKMHOB. [Ipescrapasercs akTy-
aAbHBIM M3yueHne BAusHMUA akTusanyuyu TLR9-penentopa crerju-
¢uueckum aronncrom ODN 1826 na nsmenenne yposueit BKAHK
u mpoaykiuio TNF-a B oTBeT Ha 9K30T€HHBIN MPOBOCIIAANTEAD-
HBIT cTuMyAa y Mbrneir C57BL/6 u Balb/c, onmmosuTHeIX AnHMI —
B OTBeT Ha pa3suTue Bocrnaaenus u npoayknmio TNF-a — B otseT
Ha 9K30TEHHBIN IIPOBOCIIAANTEABHBIN CTUMY .

YcranosaeHo, 4yTo BBeAeHMe aroHmcra perenrtopa TLR9 — oan-
ronykaeotnga ODN 1826 — yseanunsaeTr y MblIIeil ITOKa3aTeAN
VHTEHCUBHOCTM BOCITaleHus npu ssedeHun LPS, xapaxrepmsy-
jomuecs noppimenueM KoHneHnTpauun TNFa u BkAHK B kposu
1 yMeHbIlleHueM cogep>kanusa BKAHK, koBaaeHTHO cBs3aHHO C
OeaKaMIM Ha ITOBEPXHOCTM KAeTOK. Ha paHHeMm sTame passutius
BOCIIaZeHys peakuys Mbimert Balb/c va LPS xauecTBeHHO He OT-
AMJazach OT aHAAOTMYHON peaknuu y mbiment anauu C57BL/6.
PesyabTaTel 4al0T OCHOBaHIe IIpeAllodaraTh, 9YTO CIIOCOOHEIE aK-
Ttusuposath TLRY mperapaTer MOTyT okaszaThcs DPQPeKTUBHBIMU
¢apMaroa0TMIECKMMI CpeACTBaMI IIPU AedeHUN MMMYHOIIaTO-
AOTUYECKIIX IIPOLIECCOB, IIPU KOTOPHIX Tpedyercst koppekiust Thl/
Th2-6aaanca.
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Introduction

General biological processes (apoptosis, NETosis) and epigenetic regulation
may contribute to the development and maintenance of immune inflammation and
pathological autoimmune responses [1—3]. To date, a substantial body of research
has demonstrated changes in the content of cell-free DNA (cfDNA) in blood during
certain pathological processes, as well as the use of this parameter as a diagnostic
criterion for several diseases [1; 4—7]. Furthermore, some studies [8; 9] suggest
that animal and human cfDNA possesses immunomodulatory properties, and that
the underlying mechanism of its action may involve binding to pattern recognition
receptors such as TLRY [1]. TLR9 belongs to the extensive family of toll-like receptors,
whose natural ligands are conserved regions within the molecules of pathogenic
bacteria and viruses, collectively referred to as pathogen-associated molecular
patterns [10]. Owing to their ability to recognize such patterns, proteins of this
family play an important role in forming the first line of defense against infectious
agents by initiating innate immune responses and nonspecific inflammation upon
the entry of infectious agents into the body. In parallel, TLR proteins can activate
the mechanisms involved in the subsequent pathogen-specific immune response,
thereby participating in regulating the direction and intensity of immune reactions
[10; 11].

TLR9 is expressed mainly in cells of the immune system, such as B cells, dendritic
cells, and monocytes / macrophages, and is activated in response to DNA containing
unmethylated CpG motifs characteristic of bacterial DNA, thereby participating in
the regulation of innate antimicrobial immune responses [11—13]. Under certain
conditions, TLR9 can also recognize self-DNA, leading to receptor activation, the
initiation of inflammation, and increased production of proinflammatory cytokines
[14]. As a result, TLR9 proteins may be involved in the development of autoimmune
reactions. Knockout of the TLR9 gene in mice with immune complex-mediated
lupus-like nephritis has been shown to markedly exacerbate disease manifestations,
whereas overexpression of this gene in B cells substantially inhibits the development
of nephritis [15].

Based on these data, we therefore investigated the effect of TLR9 activation by the
specific agonist ODN 1826 on blood c¢fDNA levels and TNF-a production in mice
in response to an exogenous proinflammatory stimulus, and determined whether
TLRY gene expression in immune cells can be modulated by synthetic ligands of this
receptor, including blood cfDNA, whose levels increase substantially during the early
phase of the inflammatory response.

The immune system controls the development and intensity of inflammatory
responses, such that a shift in the helper T-cell balance toward Th1 lymphocytes, which
produce proinflammatory cytokines, is a constant feature of the body’s response to
inflammation-inducing external stimuli [16]. Accordingly, it is reasonable to expect
that, in many cases, changes in blood cfDNA levels may be significantly associated
with the Th1/Th2 ratio in the body, which plays an important role in the pathogenesis
of inflammatory processes in various diseases.



Cospemeniivle Hanpasaetus 6 ouomedutjutie 2026 92 of 100

Materials and Methods

Study subjects

C57BL/6 and BALB/c mouse strains were selected as experimental animals because,
according to published data [17], they exhibit opposite responses to inflammation.
Healthy, sexually mature 6—8-week-old mice housed under conditions meeting
the experimental requirements were included in the study. The animals received
pelleted feed balanced for protein, fat, carbohydrate, vitamin, mineral, and trace-
element requirements at appropriate levels (GOST R 50258-92). All experiments
were performed under standard housing conditions, with controlled temperature
and lighting. Female C57BL/6 and BALB/c mice (vivarium, Tomsk) were used in the
study. The experiments were carried out in full compliance with the requirements of
the International Convention for the Humane Treatment of Experimental Animals
(Declaration of Helsinki). The study protocol was approved by the local ethics
committee of the Research Institute of Fundamental and Clinical Immunology
(approval Ne 92, dated 10 November 2015).

Mice of each strain were divided into four groups (6 animals each):

Group 1 — intact mice;

Group 2 — mice with an inflammatory response induced by LPS administration
(control);

Group 3 — mice that, in addition to LPS, received the specific TLR9 ligand ODN
1826, containing two CpG dinucleotides;

Group 4 — mice that, in addition to LPS, received another TLR9 ligand, ODN 1982,
lacking CpG dinucleotides.

All animals in the experimental groups (groups 2—4) received a single
intraperitoneal injection of LPS from E. coli strain 111:B4 (Sigma, USA) at a dose
of 1 ug/mouse. Animals in group 1 received an equivalent volume of PBS. Mice in
groups 3 and 4 were given two subcutaneous injections of ODN 1826 or ODN 1982
as a control, at a dose of 25 pg/mouse, administered at a two-day interval before LPS
injection. Four hours after LPS administration, the mice were euthanized, and blood
was collected for further analysis.

Study methods

Isolation and quantification of cfDNA were performed according to the method
described in [18]. Blood was collected into tubes containing 3x PBS (PBS: 10 mM
phosphate buffer, pH 7.4, 0.15 M NaCl) with 15 mM EDTA as an anticoagulant.
Plasma was separated by centrifugation at 400 g for 20 min. A ninefold volume of
PBS with 5 mM EDTA was added to the pelleted cells, and the supernatant was
separated by centrifugation at 400 g for 20 min. To determine cell-surface-bound
cfDNA, the cells were incubated for 5 min with a 0.25% trypsin solution; the
reaction was stopped by adding soybean trypsin inhibitor (Sigma, USA), and the
cfDNA-containing supernatant was separated by centrifugation. DNA was isolated
from the resulting fractions using BioSilica (Novosibirsk) columns according to the
manufacturer’s instructions. DNA content was quantified using the fluorescent dye
PicoGreen (Invitrogen, USA), with concentrations calculated from a calibration curve
constructed using known concentrations of standard double-stranded A DNA.

Serum TNF-«a levels in mice were determined by enzyme-linked immunosorbent
assay using the Mouse TNF-alpha Quantikine ELISA kit (R&D Systems, Inc., USA).
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TLR9 gene mRNA levels were determined by real-time PCR using a CFX96 Thermal
Cycler (Bio-Rad, USA).

Statistical analysis

Results in the tables and figures are presented as mean values. The significance
of the differences identified and the strength of associations between the measured
parameters were assessed using nonparametric statistics, specifically the Mann—
Whitney U test. Differences between groups were considered statistically significant
at p<0.05.

Results and Discussion

Assessment of the effect of synthetic TLR9 ligands on the development of the
inflammatory response in C57BL/6 and BALB/c mice

The study aimed to assess cfDNA levels and TNF-a production in intact and LPS-
stimulated experimental animals, and to examine the effect of the oligonucleotide
ODN 1826 (a TLRY agonist) on cfDNA levels and TNF-a synthesis in C57BL/6 and
BALB/c mice.

In our earlier studies [19—21], we found that plasma cfDNA concentrations increase
substantially in response to a low dose of LPS, suggesting that this parameter can serve
as an indicator of the intensity of inflammatory processes in the body. This conclusion,
which is consistent with published data, was based on experiments performed in other
mouse strains. The results of the present study in C57BL/6 and BALB/c mice confirm
that an increase in plasma cfDNA levels at the early stage of inflammatory response
is observed in animals of both strains (column 1 in Tables 1 and 2). This parameter
correlated well with the increase in TNF-a levels in response to the inflammatory
stimulus in both C57BL/6 (r=0.51, p <0.05) and BALB/c (r=0.44, p <0.05) mice.

Table 1
The effect of TLRY receptor ligands
on LPS-stimulated inflammatory response in C57BL/6 mice
Cell-free DNA, Ratio
» TNF-a,
Group ng/mL cell-surface-bound N/L
1 2 3 | ofDNA / total cfDNA” pg/mL
1. Intact mice 25 255 3302 0.9 0.17 12.49
2.+LPS 249 86* 1412 0.83 0.46** | 174.4**
3. +ODN 1826 + LPS 852 137 1367 0.64 0.33 | 476.1%
4. +ODN 1826 +LPS 436 151 827¢ 0.6* 0.42 217.7

Note: Designations of cfDNA fractions in the “Cell-Free DNA” column: 1 — plasma; 2 —
buffer; 3 — cell-surface-bound cfDNA; N/L — neutrophil/lymphocyte ratio in the blood.

Significant difference from group 1 (control): * — p <0.05; ** — p <0.01.

Significant difference from group 2 (+LPS): # — p<0.05; ## — p<0.01.

Another significant consequence of the development of an inflammatory response
in the animals is the decrease in the amount of cfDNA covalently bound to proteins on
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the surface of blood cells, and the corresponding decrease in the ratio of cell-surface-
bound cfDNA to total cfDNA, as shown by the results presented in Tables 1 and 2.
In the BALB/c strain, these changes were statistically significant (Table 2).

Table 2
The effect of TLRY receptor ligands
on LPS-stimulated inflammatory response in BALB/c mice
Cell-free DNA, Ratio
/mL » TNF-a,
Group ng/m cell-surface-bound | N/L L
1 2 3 cfDNA / total cfDNA” P8
1. Intact mice 39 140 4807 0.96 0.6 21.9
2.+LPS 491** 142 2501° 0.8** 0.29 | 690.3**
3.+ODN 1826 +LPS | 1601 | 421* | 3119 0.61* 0.16° | 1458.1
4. +ODN 1826 + LPS 767 126 1532 0.63 0.35 352.5

Note: Designations of cfDNA fractions in the “Cell-Free DNA” column: 1 — plasma; 2 —
buffer; 3 — cell-surface-bound cfDNA; N/L — neutrophil/lymphocyte ratio in the blood.

Significant difference from group 1 (control): * — p <0.05; ** — p <0.01.

Significant difference from group 2 (+LPS): # — p<0.05; ## — p<0.01.

This study examined the effect of two TLRY ligands on the above parameters: the
oligonucleotide ODN 1826, which contains two CpG dinucleotides in its structure and
is thus expected to strongly activate TLR9, and the oligonucleotide ODN 1982, which
lacks CpG dinucleotides. Both compounds used were phosphorothioate derivatives
of the corresponding oligonucleotides, which confers resistance to degradation by
endogenous nucleases [22].

The data presented in Tables 1 and 2 show that ODN 1826, a TLR9 agonist,
substantially increases the intensity of the inflammatory response to LPS, as assessed
by the parameters examined in this study (plasma TNF-a and cfDNA levels, cell-
surface-bound cfDNA level, and the ratio of cell-surface-bound to total cfDNA). This
finding is consistent with published data and may be interpreted as reflecting the
ability of activated TLR9 to influence the Th1/Th2 balance by shifting it toward a
proinflammatory state. Other authors have reported that agonists of this receptor
can stimulate IL-12 production by dendritic cells [23] and suppress Th2-dependent
immune responses in allergy [24] and autoimmune processes [10; 25].

The CpG-free oligonucleotide (ODN 1982) did not affect indicators of the
inflammatory response, such as plasma TNF-a levels and cfDNA content, in mice
of either strain. However, the cell-surface-bound cfDNA fraction was significantly
reduced, altering the index (i. e., the ratio of this fraction to total cfDNA). This
finding may indirectly indicate that TLR9 ligands are not limited to DNA fragments
rich in unmethylated CpG dinucleotides. Other potential mechanisms of activation
or blockade of this receptor cannot be ruled out and clearly warrant further
investigation.

The changes in inflammatory response parameters that we observed in the mouse
strains studied do not support characterizing BALB/c mice as genetically predisposed
to a qualitatively different response to inflammatory stimuli than that observed in
C57BL/6 mice. It should be noted that, even in intact animals, TNF-a and plasma
cfDNA levels are nearly twice as high in BALB/c mice as in C57BL/6 mice (Tables 1, 2),
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whereas during the inflammatory response and under the action of ODN 1826, these
parameters in groups 2 and 3 are 3—4-fold higher in BALB/c mice than in C57BL/6
mice. This suggests that strain differences in the response to TLRY activation are
reflected in the magnitude of the response rather than in its direction. In both strains,
a significant decrease in the content of cfDNA covalently bound to proteins on the
cell surface was observed, along with a corresponding decrease in the ratio of cell-
surface-bound cfDNA to total cfDNA, as shown by the trypsin/total cfDNA ratio
(Tables 1, 2).

Qualitatively, the changes observed in the parameters assessed were similar in both
mouse strains, indicating that strain differences in the response to TLR9 activation are
reflected not in opposite directions of effect, as initially assumed, but in the magnitude
of the response.

This conclusion formally contradicts the well-known opposition between these
strains with respect to the immune response to T-dependent antigens (BALB/c mice
exhibit a stronger Th2-dependent humoral response, whereas C57BL/6 mice exhibit
a stronger Thl-dependent delayed-type hypersensitivity [DTH] response), as well
as the results of a recent study by a group of Chinese authors [17]. In that study, it
was found that, during the development of the inflammatory process, plasma cfDNA
concentrations in BALB/c mice, measured over several days after infection, were
noticeably lower than in C57BL/6 mice under comparable experimental conditions.
In our study, no such difference was observed; the intensity of the response to
LPS in BALB/c mice was in fact somewhat higher than in C57BL/6 mice. However,
there is no real contradiction between our findings and the published data. First,
the cited study concerns a severe septic process resulting in the death of nearly all
experimental animals, whereas in our earlier experiments, LPS-induced inflammation
was of moderate intensity, with all parameters returning to baseline levels 24 h after
LPS administration [20]. Second, and most importantly, the Chinese authors” study
showed that the gradual increase in blood cfDNA concentration during the first day
after infection was virtually identical in both mouse strains studied [17], which is
tully consistent with the results of our work.

It can be assumed that the magnitude and direction of specific changes in these
animals during further development of inflammation are determined by the
combined action of multiple regulatory factors, one of which may be the degree of
TLR9 expression in mice of different strains and its activation under various stimuli.

The results of our experiments, together with published data, suggest that bacterial
DNA preparations and synthetic ligands of this receptor capable of activating TLR9
(witheither agonist or antagonist properties) may prove tobe effective pharmacological
agents for the treatment of immunopathological processes requiring correction of the
Th1/Th2 balance. Elucidating their therapeutic potential represents an important task
for further research.

Assessment of TLR9 gene expression in mice of different strains under
the influence of synthetic ligands of this receptor

Having examined the effects of synthetic TLR9 ligands on the development of
inflammation in the experimental model, and having established that blood cfDNA
and TNF-a levels in mice of both the C57BL/6 (Th1) and BALB/c (Th2) strains depend
substantially on TLR9Y activation, we investigated the effect of these ligands on
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TLR9 gene expression (TLR9 mRNA levels) and attempted to identify a relationship
between this process and cfDNA levels in the context of the Thl- and Th2-type
immune responses characteristic of C57BL/6 and BALB/c mice, respectively.

The data obtained from experiments examining the potential effect of TLR9
ligands on TLRY gene expression in splenocytes of the two opposite mouse strains
are presented in Table 3.

Table 3

Changes in TLR9 mRNA levels in splenocytes of BALB/c and C57BL/6 mice under
the influence of LPS and ligands of this receptor

mRNA level, arb. units
Group
BALB/c C57BL/6
1. Control (n=6) 0.96+0.12 1.30+0.26
2.+LPS (n=6) 1.21+0.09 (26 %1) 1.69 +£0.27 (30 %1)
3.+ODN 1826 +LPS (n=16) 1.29 +0.07 (34 %1) 1.23+0.19 (5 %))
4.+ODN 1982 +LPS (n=5) 2.35+0.54 (=2-fold) 1.49 +0.28 (15 %1)

Note: %1] — relative to the control groups of the corresponding mouse strains.

The differences between the groups examined, presented in Table 3, do not support
the conclusion that the synthetic ligands used substantially affect TLR9 mRNA
transcription in immunocompetent cells (splenocytes), as the changes observed were
not statistically significant. The same applies to the corresponding effect of cfDNA on
this parameter, at least during the early phase of the inflammatory response to LPS
administration, when blood cfDNA levels increase substantially.

Consequently, the observed effects of TLRY ligands on the development of the
inflammatory response cannot be explained by changes in the amount of TLRO9 mRNA,
but are more likely attributable to the activation of pre-existing TLR9Y receptors. This
does not, of course, rule out the possibility that ligands of this receptor (including
blood cfDNA) may influence its expression at later time points following exposure.
However, testing this hypothesis would require dedicated experiments.

Conclusion

Experiments in BALB/c and C57BL/6 mice demonstrated the feasibility of
modulating the inflammatory response to LPS using synthetic TLR9 receptor ligands.
Administration of the TLRY agonist ODN 1826 increased LPS-induced inflammation
intensity in mice, as characterized by higher blood TNF-a and cfDNA concentrations
and a decrease in the content of cfDNA covalently bound to proteins on the cell
surface. The CpG-free oligonucleotide ODN 1982 had a lesser effect on inflammatory
response parameters. At the early stage of inflammation development, the response
of BALB/c mice to LPS was not qualitatively different from that of C57BL/6 mice. The
results of our experiments, together with published data, suggest that bacterial DNA
preparations and synthetic ligands of this receptor capable of activating TLR9 (with
either agonist or antagonist properties) may prove to be effective pharmacological
agents for the treatment of immunopathological processes requiring correction of the
Th1/Th2 balance. Investigating their therapeutic potential is a relevant and promising
area for future research.
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At the same time, it was found that TLR9 ligands — both synthetic ligands and
plasma cfDNA, whose level increases substantially after the stimulation of an acute
inflammatory response in these animals — do not produce statistically significant
changes in TLR9 gene expression in splenocytes, at least during the early phase of the
inflammatory response to LPS administration. However, the possibility that ligands
of this receptor (including blood cfDNA) may affect TLR9 gene expression at later
time points cannot be excluded.

Funding. This study received no external funding.

Conflict of Interest. The authors declare no apparent or potential conflicts of interest rela-
ted to the publication of this article. All authors approved the final version of the manuscript
and take responsibility for all aspects of the work, including ensuring that any questions
related to the accuracy or integrity of any part of the work are appropriately investigated and
resolved.

Authors’ contribution:

O. V. Voronkova — development of the concept and design of scientific work, drafting of
the manuscript text and critical revision of the manuscript;

I. D. Bespalova — conducting an examination, patient treatment, statistical analysis;

I. E. Esimova — data collection, data analysis and interpretation, statistical analysis;

I. A. Osikhov — data collection, data analysis and interpretation, drafting of the manu-
script text.

dunHaHCHMpOBaHMe. DTO UCCAeJ0BaHNe He 1104y4Jal0 BHellIHero (prHaHCHPOBaHMA.

Kon}aukT mHTEpecoB. ABTOPHI AeKAapUPYIOT OTCYTCTBME SIBHBIX M ITOTEHIMaAbHBIX
KOH(AMKTOB HTEPeCOB, CBA3aHHBIX C IIyOAMKaI[Mell HacTos1ell cTaThl. Bee aBTOpEI yTBEp-
AVIAV OKOHYATeABHYIO BePCUIO PYKOINMCH U IPUHMMAIOT Ha ceDsl OTBETCTBEHHOCTDb 3a Bce
acreKkTel padOTHI, I04pa3yMeBaloIlyIo HajleXKalllee M3ydeHle U pellleHle BOIIPOCOB, CBsI-
3aHHBIX C TOYHOCTBIO 1AM 400pOCOBECTHOCTBIO AI000I YacTy pabOTHL.

Bkaag aBTOpOB:

O. B. BopoHkOBa — pa3paOoTKa KOHLIEMNIINN I Au3aliHa HaydHOI pabOThI, COCTaBAeHIIe
TeKCTa PyKOIINCH U KPUTUIECKII ITIepecMOTpP PyKOIINCH;

. A. becnaaoBa — mnposedeHne o0caeA0BaHNs, AedeHle MallieHTOB, CTaTUCTUIeCKUIt
aHaAm3;

. E. EcumoBa — cOOp AaHHBIX, aHaAU3 U MHTepIIpeTalisl AaHHBIX, CTaTUCTIYeCKIII aHa-
AU3;

M. A. OcxoB — cOOp AaHHBIX, aHAAU3 U MHTepIpeTalys JaHHBIX, COCTaBAeHIe TeKCTa
PYKOIICH.

References

1. Ferrera F., Altosole T., Tardito S., Astone G., Bernardi C., Parodi A., et al. Immuno-
regulatory properties of cell free DNA. Cell Mol. Life Sci. 2025, 82(1), 320, DOI: 10.1007/
s00018-025-05862-y.

2. Wang Y., Du C,, Zhang Y., Zhu L. Composition and function of neutrophil extracellular
traps. Biomolecules. 2024, 14(4), 416, DOI: 10.3390/biom14040416.

3. Singhal A., Kumar S. Neutrophil and remnant clearance in immunity and inflammation.
Immunology. 2022, 165, 22—43, DOI: 10.1111/imm.13423.
4. Mtizes G., Bohusné Barta B., Szabo O., Horgas V., Sipos F. Cell-free DNA in the

pathogenesis and therapy of non-infectious inflammations and tumors. Biomedicines. 2022,
10(11), 2853, DOI: 10.3390/biomedicines10112853.



Cospementiivie Hanpasaerus 6 Ouomeduiute 2026 98 of 100

5.ZhangY. LiuZ,JiK, LiX., Wang C.,Ren Z., et al. Clinical application value of circulating
cell-free DNA in hepatocellular carcinoma. Front. Mol. Biosci. 2021, 8, 736330, DOI: 10.3389/
fmolb.2021.736330.

6. Smirnova S.Yu., Nikulina E.E., Gabeeva N.G., Koroleva D. A., Tatarnikova S. A.,
Smolyaninova A. K., et al. Circulating cell-free DNA in plasma of patients with diffuse
large B-cell lymphoma and high-grade B-cell lymphoma (‘double hit’/’triple hit’). Clinical
Oncohematology. 2023, 16(2), 200—208, DOI: 10.21320/2500-2139-2023-16-2-200-208. (In Rus-
sian).

7. Kireeva V. V., Lepekhova S. A., Inozemtsev P. O., Usoltsev Yu. K., Trofimova E. A. The
role of mitochondrial DNA in the pathogenesis of cardiovascular diseases. Kazan Medical
Journal. 2022, 103(3), 455—466, DOI: 10.17816/KMJ2022-455. (In Russian).

8. McCarthy C.G., Wenceslau C.F., Goulopoulou S., Ogbi S., Baban B., Sullivan J.C,,
et al. Circulating mitochondrial DNA and Toll-like receptor 9 are associated with vascular
dysfunction in spontaneously hypertensive rats. Cardiovasc. Res. 2015, 107(1), 119—130,
DOI: 10.1093/cvr/cvv137.

9. Brynychova 1., Zinkova A., Hoffmanova I., Korabecna M., Dankova P. Immunore-
gulatory properties of cell-free DNA in plasma of celiac disease patients — a pilot study.
Autoimmunity. 2019, 52(2), 88 —94, DOI: 10.1080/08916934.2019.1608965.

10. Saber M. M., Monir N., Awad A. S., Elsherbiny M. E., Zaki H. F. TLR9: a friend or a foe.
Life Sci. 2022, 307, 120874, DOI: 10.1016/.1fs.2022.120874.

11. Okude H., Ori D., Kawai T. Signaling through nucleic acid sensors and their roles in
inflammatory diseases. Front. Immunol. 2021, 11, 625833, DOI: 10.3389/fimmu.2020.625833.

12. LiuH, JiY.,MaX.,, HeA.,ZhaoW., Zhang P., et al. Effects of CpG oligodeoxynucleo-tides
on the differentiation of Treg/Th17 cells. Mol. Immunol. 2021, 132, 199—208, DOI: 10.1016/j.
molimm.2021.01.003.

13.Qu Y, Jiang Z., Chen Z., Luo S., Xie B.,, Wu X,, et al. CpG-oligodeoxynucleotide-
challenged macrophages ameliorate acetaminophen-induced liver injury by activating the
TLRY9/IRG1/itaconate metabolic pathway. Mol. Med. 2025, 31(1), 282, DOI: 10.1186/s10020-
025-01324-0.

14. Lamphier M. S., Sirois C. M., Verma A., Golenbock D.T., Latz E. TLRY and the re-
cognition of self and non-self nucleic acids. Ann. N.Y. Acad. Sci. 2006, 1082(1), 31—43,
DOI: 10.1196/annals.1348.005.

15. Tilstra J.S., John S., Gordon R.A., Leibler C., Kashgarian M., Bastacky S., et al.
B cell-intrinsic TLRY expression is protective in murine lupus. J. Clin. Invest. 2020, 130(6),
3172—3187, DOI: 10.1172/JCI132328.

16. You K., Gu H., Yuan Z., Xu X. Tumor necrosis factor alpha signaling and organogene-
sis. Front. Cell Dev. Biol. 2021, 9, 727075, DOI: 10.3389/fcell.2021.727075.

17.Xin Y., Gao X., Wang W., Xu X,, Yu L., Ju X,, et al. Circulating cell-free DNA indicates
M1/M2 responses during septic peritonitis. Biochem. Biophys. Res. Commun. 2016, 477(4),
589—594, DOI: 10.1016/j.bbrc.2016.06.092.

18. Tamkovich S.N., Litviakov N., Bryzgunova O. E., Dobrodeev A.Yu., Rykova E. Y.,
Tuzikov S. A, et al. Cell-surface-bound circulating DNA as a prognostic factor in lung cancer.
Ann. N.Y. Acad. Sci. 2008, 1137, 214—217, DOI: 10.1196/annals.1448.042.

19. Demchenko E. N., Gavrilova E. D., Goiman E. V., Volsky N. N., Kozlov V. A. Dynamics
of cell-free DNA levels in an LPS-induced model of inflammation in vivo. Russian Journal of
Immunology. 2022, 25(4), 423 —430, DOI: 46235/1028-7221-1179-DOC. (In Russian).

20. Demchenko E.N., Gavrilova E.D., Goiman E.V., Volsky N.N., Kolesnikova O.P.,
Kozlov V. A. Cell-free blood DNA as an indicator of the inflammatory response in vivo.
Medical Immunology (Russia). 2022, 24(4), 853—860, DOI: 10.15789/1563-0625-EDI-2504.
(In Russian).



Advanced targets in Biomedicine 2026 99 of 100

21. Demchenko E.N., Gavrilova E.D., Goiman E.V., Volsky N.N. Fatty acid receptor
GPR84 and Th1/Th2 balance in the experimental system in vivo. Medical Immunology
(Russia). 2021, 23(4), 659 —664, DOI: 10.15789/1563-0625-FAR-2235.

22. Gavrilova E. D., Goiman E. V., Derzhalova A. S., Stetsenko D. A., Burakova E. A. Effects
of immunosuppressive oligonucleotides A151, ODN4084-F, and p-ODN4084-F on mitigation
of acute graft-versus-host disease in an experimental model. Cytokines and Inflammation.
2024, 21(3), 135—143, DOI: 10.17816/C1642255.

23. Jakob T., Walker P.S., Krieg A. M., Udey M. C., Vogel ]. C. Activation of cutaneous
dendritic cells by CpG-containing oligodeoxynucleotides: a role for dendritic cells in the
augmentation of Thl responses by immunostimulatory DNA. J. Immunol. 1998, 161(6),
3042 —3049.

24. Hayashi T., Beck L., Rossetto C., Gong X., Takikawa O., Takabayashi K., et al. Inhibi-
tion of experimental asthma by indoleamine 2,3-dioxygenase. J. Clin. Invest. 2004, 114(2),
270—279, DOI: 10.1172/JCI21275.

25. Christensen S. R., Shupe J., Nickerson K., Kashgarian M., Flavell R. A., Shlomchik M. J.
Toll-like receptor 7 and TLR9 dictate autoantibody specificity and have opposing
inflammatory and regulatory roles in a murine model of lupus. Immunity. 2006, 25(3),
417—428, DOI: 10.1016/j.immuni.2006.07.013.

The authors

Elena D. Gavrilova, PhD (Biology), Scientific Secretary, Head of the Laboratory
of Experimental Immunotherapy, Research Institute of Fundamental and Clinical
Immunology, Russia.

ORCID: 0000-0002-2014-3397
E-mail: edav.gavr@mail.ru

Elena V. Goiman, PhD (Medicine), Researcher, Laboratory of Experimental Im-
munotherapy, Research Institute of Fundamental and Clinical Immunology, Russia.

ORCID: 0000-0002-6443-6917
E-mail: l.goiman@mail.ru

Elena N. Demchenko, PhD (Chemistry), Researcher, Laboratory of Experimental
Immunotherapy, Research Institute of Fundamental and Clinical Immunology,
Russia.

ORCID: 0009-0001-5178-5616

E-mail: elena.demchenko@gmail.com

Elena V. Chub, PhD (Biology), Head of Department — Head of the Experimental
Section, Department for the Development and Production of Viral Disease Diagnostics,
State Research Center of Virology and Biotechnology “Vector” of Rospotrebnadzor,
Russia.

ORCID: 0000-0003-1521-897X

E-mail: chub.e.v@yandex.ru

Nikolai N. Volskiy, PhD (Medicine), Leading Researcher, Laboratory of Experi-
mental Immunotherapy, Research Institute of Fundamental and Clinical Immunolo-
gy, Russia.

ORCID: 0000-0002-9341-1997

E-mail: dtheory@yandex.ru



Cospementiivie Hanpasaerus 6 Ouomeduiute 2026 100 of 100

Vladimir A. Kozlov, Academician of the Russian Academy of Sciences, Dr. habil.
(Medicine), Professor, Scientific Director, Research Institute of Fundamental and
Clinical Immunology, Russia.

ORCID: 0000-0002-1756-1782

E-mail: vakoz40@yandex.ru

OO0 aBTOpax

Eaena Jasugosna I'aspuaosa, kaHAuAaT 6110A0TMIeCKUX HayK, YIEHBIN ceKpe-
taps HVVIDK], saseayiomas /Jaboparopueii sKcliepuMeHTaAbHOM MMMYyHOTepa-
iy, HaydHo-mccaeaoBaTeAbCcKUil MHCTUTYT (PyHAAMEHTAaAbHON M KAMHIYECKOI
nmmMyHoaorum, Poccnst.

ORCID: 0000-0002-2014-3397

E-mail: edav.gavr@mail.ru

Eaena Baagummposna I'orimaH, KaHAMAQT MeAMUIMHCKMX HayK, Hay4HBI CO-
TpyAHUK /labopaTopum sKcIlepuMeHTaAbHON MMMyHOTepannyu, HayuHno-uccaego-
BaTeABbCKUI MHCTUTYT (PyHAAMEHTAABHON U KAMHIYECKO! MMMyHoaornu, Poccust.

ORCID: 0000-0002-6443-6917
E-mail: l.goiman@mail.ru

Eaena HuxoaaesHa JleM4eHKO, KaHAMAAQT XMMIYECKIX HayK, HAYYHBIN COTPYA-
HUK /labopaTopun sKcrepuMeHTaAbHOI MMMyHOTepanny, Hayuno-nccaegosaTean-
CKUI MHCTUTYT (PyHAaMeHTaAbHON U KAMHIYECKO! MMMyHoAoruu, Poccust.

ORCID: 0009-0001-5178-5616

E-mail: elena.demchenko@gmail.com

Eaena Baagumvmposna UyO, kananaaT 0110A0TMIecKNX HayK, 3aBeAyiolias OT-
AeA0M — HadaAbHUK DKCIIEPUMEHTaAbHOTO yJacTKa OoTAela pa3dpabOTKM U IIPOU3-
BO/CTBa CPeACTB AMaTHOCTUKI BUPYCHBIX 3a004eBaHNi1, ['ocydapcTBeHHBIN HayYHBIN
LIEHTp BUpYycoAorum u OuorexHoaoruu «Bexkrop» Pocriorpebnaszopa, Poccrs.

ORCID: 0000-0003-1521-897X

E-mail: chub.e.v@yandex.ru

Hukoaan Huxoaaesma Boabckwmii, KaHAMAAT MEAMIIMHCKMX HayK, BeAyIINI
Hay4yHBII COTPYAHUK /laboparopun sKcIepuMeHTaAbHOV MMMyHoTepanuy, Hayd-
HO-1ICCAeA0BaTeAbCKUIT MHCTUTYT PyHAAMEHTAaAbHOM U KAMHUYECKOM MMMYHOAO-
rnu, Poccust.

ORCID: 0000-0002-9341-1997

E-mail: dtheory@yandex.ru

Baaammup Aaexcanaposud Kosaos, akagemuxk PAH, gokTop MeAMIIMHCKIX
HayK, mpodeccop, HayuHsil pykosoauteas HVVIPKY, Hayuno-nccaes0BaTeAbCKIII
MHCTUTYT PyHAAMEHTaAbHON U KAMHUYIECKO UMMyHoA0TuM, Poccns.

ORCID: 0000-0002-1756-1782
E-mail: vakoz40@yandex.ru



