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ABSTRACT

Aim. To characterize parameters of neutrophil extracellular trap (NET) production in the leukocyte culture
and citrullinated histone H3 (citH3) level in peripheral blood to assess the features of NETosis in children with
tuberculosis.

Materials and methods. The study included 20 children with active pulmonary tuberculosis (TB group) and
20 clinically healthy children without signs of sensitization to Mycobacterium tuberculosis antigens (control
group). The ability of neutrophils to form NETSs under ex vivo exposure to a non-specific immune stimulant and the
concentration of citH3 in peripheral blood were investigated.

Results. Neutrophils in children with tuberculosis formed filamentous NETs (Me=21.0 and Me=16.0, respectively;
p = 0.0474) and cloud-like NETs (Me = 10.5 and Me = 4.0, respectively; p = 0.0068) more frequently than the
controls. Filamentous NETs prevailed in both groups. However, cloud-like NETs were registered in all patients in
the TB group (100%) and only in 15 of 20 children in the control group (¥* = 16.01; p < 0.0068). The concentration
of citH3 in the blood was 18.9 times higher in the TB group than in the control group (Me = 26.5 and Me =
1.4, respectively; p = 0.0041). A strong positive correlation was found between the citH3 concentration and the
generation of filamentous (» = 0.86; p = 0.0137), but not cloud-like NETs (» = 0.95; p = 0.0008) in both groups.

Conclusion. The high level of citH3 in the TB group can reflect its NETosis-induced release and be caused by
increased NETosis in vivo. This may be due to the previously formed potential of neutrophils to generate NETs (a
proNETotic phenotype), which is consistent with our observation of an increased ability of isolated neutrophils to
form extracellular traps ex vivo in children of the TB group.
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Xapakrtepuctuka npoayKunmn HemTpoPubHbIX BHEKIIETOUYHDIX JIOBYLUEK
N KOHLIeHTpauuu LuTPYIIMHNPOBaHHOTO ructoHa H3 y peten,
60nbHbIX TyOEpKynesom

Hosukos [1.I'., 3onotoB A.H., UuayTHbIN A.B., MOopabiK A.B., Kupnuenko H.A.,
PomanoBa M.A., lNMtyxuH A.O.

Omckuti eocyoapcmeeHnblil MeOuyurckuu ynugepcumem (Oml'MY)
Poccus, 644099, 2. Omck, yn. Jlenuna, 12

PE3IOME

Henr uccaenoBaHUsA: OXapaKTEPH30BATh IOKA3aTENH INPOIYKIHH HEHTPO(DHIHHBIX BHEKJICTOYHBIX JIOBYIIEK
(HBJI) B xynpType JIEHKOIMTOB ¥ KOHIEHTPAIXIO IIUTPYIIMHIpoBaHHOTo riuctona H3 (citH3) nepudepuueckoit
KPOBH TSI OL[EHKU BO3MO>KHBIX 0COOCHHOCTEH peaan3aliiy HeTo3a y feTeil, O00IbHBIX TyOepKyiIe30M.

MatepuaJjbl 1 MeToabl. B nccnenosanue Bouut 20 1eTeid ¢ akTHBHBIM TyOEpKyJIe30M OpraHoB JbIXaHKs (rpymnmna
«Ty0Gepkyne3») u 20 KITMHUYIECKH 3I0POBHIX JeTeil 03 MPU3HAKOB CeHCHOMNN3AINN K aHTHTeHaM Mycobacterium
tuberculosis (rpynmna «KoHTpos»). BeIsicHsIM cnocoOHOCTh HelTpoduios k Gopmuposanuro HBJI mpu Bozneii-
CTBHH eX Vivo Ha HUX HecHelU(pHUIECKOro aHTUTCHHOTO CTUMYJISTOPA U UCCIEA0BAIM KOHIICHTPALMIO LIUTPYJIIH-
HUpPOBaHHOTO rucroHa H3 B mepudepryeckoii KpoBu.

Pe3syasratsl. Helitpoduibt 601bHBIX TyOepKyIe30M Jereid yaiie, 4eM aeteii B rpynne «KonTpounsy, hopmuposa-
su muteBuaabie HBJI (Me = 21,0 u Me =16,0 cootBeTcTBeHHO; p = 0,0474) u obnakosuaasie HBJI (Me = 10,5 u
Me = 4,0 cootBerctBeHHO; p = 0,0068). B 06eux rpynnax npeobnaganu HureBuansie HBJI. Onqnako o6nakoBu-
Heie HBJI Gbutn oTMedeHs! y Beex npezcTaButeneii rpymmsl « Tyoepkyies» (100%), a B rpynne «KoHTposb» ObLn
BBISIBJICHBI TOJBKO y 15 13 20 obcnenyembix (x> = 16,01; p < 0,0068). B rpymnme «TyOepKysie3» MelHaHa KOHICH-
Tpauuu citH3 B kposu Obu1a B 18,9 pasa Beliue, yem B rpynie «Kontpoub» (Me = 26,5 u Me = 1,4 cOOTBETCTBEHHO;
p = 0,0041). BoisiBieHa cuiIbHas MOJIOKUTENbHAST KOPPEALMOHHAS B3aHMOCBSI3b My KOHIeHTparuei citH3
U reHeparmeit HuteBunHex (r = 0,86; p = 0,0137), Ho HeoOmakoBuaHEIX popm HBJI B rpynne «Tybepkynes» u
KOHTponbHOM rpymme (r = 0,95; p = 0,0008).

3axaouenne. Bricokuii yposens citH3 B rpynme «TyOepkyie3» MOXeT 0Tpa)aTbh €ro HETO3-HHAYIHUPOBAHHYIO
HPOAYKIHIO U OBITH CIIEICTBHEM BO3POCHICH aKTMBHOCTH JaHHOIO Ipouecca in vivo. CyleCTBEHHYIO pOIb B
9TOM MOXKET MIpaTh paHee c(hOPMHUPOBAHHAs MMOTEHIHANbHAs TOTOBHOCTH HEUTPO(HIOB K oOpasoBanuro HBJI
(IpoHeTOTHYECKHH (PEHOTHIT), YTO COTJIACYeTCs C HallUM HaOJIOJCHHUEM O BO3pacTaHHUH CHOCOOHOCTH K (OpMH-
POBaHHUIO BHEKJIETOYHBIX JIOBYIIEK €X Vivo N30JIMPOBAHHBIX HEUTPOPHIIOB 00CIETYEMBIX JIUI JAHHON IPYIITIBL.

KiroueBble ciioBa: TyOepkylies y aereil, HeHTpo(HiIbHbIC BHEKJICTOUHbIC JIOBYIIKH, HETO300pa3yromas crocoo-
HOCTh HEHTpOdWIOB, HUTPYJUIMHUPOBAHHBIN riucTOoH H3, crocobHOCTh HelTpoduna kK GOPMUPOBAHUIO BHEKJIC-
TOYHOM JIOBYIIKH

KonpaukT uHTEepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaKeil HACTOSIIEH CTaThH.

Uctounnk ¢puHancupoBanus. VccienoBanne BEIMOIHEHO 3a cyeT rpanTta Poccuiickoro Hayunoro dounga Ne 23-
25-10043, https://rscf.ru/project/23-25-10043/

CooTBeTcTBHE NPUHIMIIAM ITHKH. IHOpMIpOBaHHOE coritacue OBUIO MOJYYeHO OT 3aKOHHBIX MPEICTaBHUTE-
Jell y4acTHHKOB MccienoBanus. MccnenoBanne onobpeHo stuueckum komuterom OMI'MY (mpotokon Ne 5 ot
28.04.2023).

Jas uurupoBanusi: Hosukos JI.I'., 3onotoB A.H., UuayTHeiit A.B., Mopasik A.B., Kupnuenko H.A., Poma-
HoBa M.A., [Tryxun A.O. XapakTepucTHKa MPOIYKIMN HEHTPOPHIEHBIX BHEKICTOUHBIX JIOBYIIEK U KOHIICHTPA-
UM TUTPYJUIMHUPOBAHHOTO rucToHa H3 y mereil, O0nbHBIX TyOepKyne3oM. bionremens cubupckou mMeouyuHul.
2024;23(4):95-104. https://doi.org/10.20538/1682-0363-2024-4-95-104.
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INTRODUCTION

Mycobacterium  tuberculosis  infection  is
accompanied by an increase in the number of Thl
and Th2 lymphocytes, inducing the development
of an imbalance of immune responses in patients
with pulmonary tuberculosis (TB) [1]. Regulation
changes in the immune response are associated
with the development of a special cytokine profile
[2], stipulating emergency granulopoiesis, which
eventually restructures the functional abilities of
neutrophils [3].

The formation of neutrophil extracellular traps
(NETs) or NETosis, discovered by V. Brinkmann
and A. Zychlinsky in 2004, is a mechanism of non-
specific protection provided by leukocytes in response
to a wide-range of stimuli of both bacterial and
non-bacterial origin [4]. NETs are supramolecular
structures consisting of decondensed DNA — histone
complexes with proteins fixed on their surface,
released from neutrophil granules: neutrophil elastase,
myeloperoxidase, and other specialized proteins [5].
This NET content contributes to the bactericidal
function, which is undoubtedly essential in various
infectious diseases, including TB. Impaired NETosis
significantly impacts the development of a number of
diseases and the risks of their complications [6].

Pronounced NETosis manifestations have been
evidently observed in patients with severe forms of TB
[7, 8]. Fluorescence microscopy is a routine method
for studying NETosis [9]. Various intercalating DNA
dyes and fluorescent labeling antibodies are applied
to the components of neutrophil leukocytes in the test
techniques [9]. It was demonstrated that the process
of NETosis in response to antigenic stimuli was
accompanied by morphologically different fluorescent
microscopic phenomena observed in the sample [10,
11]. At the same time, both the so-called cloud-like
and filamentous NET forms were detected, which
may reflect different degrees of decondensation
of chromatin that formed these forms of NETs.
Therefore, the prevalence of a certain NET form
(among all NETs observed in a sample) turned out to
be associated with a TB course [12]. It is known that
the process of chromatin decondensation in NETosis
is ensured by histone modification disrupting the non-
covalent interaction of histones with DNA.

It has been shown that citrullination of histones
is observed in NETosis, including histone H3 with
modification of the arginine residues R2, R8, and
R17 [4, 13, 14]. Specifically, in neutrophils obtained

from adults with TB, an immunofluorescent label to
citrullinated histone H3 (citH3) was identified after
stimulation with M. tuberculosis, whereas no labels
were detected in healthy individuals [15]. In adults,
citH3 concentration in the blood correlated with the
severity of TB and the presence of cavities [8]. It
has been demonstrated that citH3 can be determined
in the blood serum, also as a marker of NETosis
[4]. However, it remains unclear to what extent the
citH3 level circulating in the blood can be related to
the activity of post-translational enzymatic histone
modification in neutrophils in TB patients in NETosis.
Taking into consideration the fact that NETosis
in children may be accompanied by excessive
activation of neutrophils and more pronounced
NETosis compared to adults [16], studying the role
of NETosis in the infectious process in children with
M. tuberculosis infection is relevant and significant
from the point of view of medicine. No data on citH3
concentration in the peripheral blood in relation to the
ability of neutrophils to form NETs in children with
TB was found in the available literature.

The aim of the study was to characterize NET
production parameters in leukocyte culture and the
level of citH3 in the peripheral blood to assess the
features of NETosis in children with TB.

MATERIALS AND METHODS

The study included 20 children with active
respiratory tuberculosis (TB group) and 20 healthy
individuals (control group). The TB group included 14
children diagnosed with primary tuberculous complex
(PTC), 3 children with infiltrative pulmonary
tuberculosis (IPT), and 3 children with intrathoracic
lymph node tuberculosis with bronchopulmonary
lesions who were treated at the Specialized Children’s
Tuberculosis Clinical Hospital, Omsk, in 2022-2023.
Inclusion criteria for the TB group were as follows:
age of 4—14 years; newly diagnosed active respiratory
TB established by the Central Control Commission of
the TB Hospital; prescribed chemotherapy for newly
diagnosed tuberculosis; an informed consent by the
parent (or legal guardian) for the child to be included
in the study. Exclusion criteria were concomitant
diseases and detected isolated extrapulmonary TB.

The control group included healthy children
followed up at the Children’s Department of Omsk
City Polyclinic No. 10, who, according to the results
of the regular annual checkup, had a negative reaction
to tuberculin. The controls matched the children from
the TB group in terms of gender and age, according
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to the copy-pair method. Inclusion criteria for the
control group were as follows: a negative reaction
to the Mantoux test with 2 TE; no contacts with TB
patients; an informed consent signed by the parent (or
legal guardian) for the child to participate in the study.
Exclusion criteria were immune-associated diseases
and acute respiratory diseases within one month
preceding the study.

The ability of isolated neutrophils to form NETs was
assessed in the control and TB groups according to the
method described in the patent [3]. After we isolated
the neutrophil culture using Ficoll-Urografin density
gradient centrifugation, the ability of neutrophils to
form NETs was evaluated. Since specific sensitivity
to antigens is atypical for neutrophils, the technique
provoking neutrophils to form NETs was applied.
Neutrophils were incubated for 30 minutes at 37 °Cina
medium containing a non-specific antigenic stimulant
(a mixture of Lactobacillus reuteri, L. acidophilius,
L. rhamnosus and  Bifidobacterium longum).

Upon completion of the incubation, the number
of luminescent-positive objects in the sample was
counted using fluorescence microscopy: neutrophils
(intact, activated, and hyperactivated), early NETosis
cells, and NETs with differentiation of cloud-like and
filamentous forms (Fig. 1).

The obtained values were expressed as a percentage
of the total number of fluorescent objects (FO) in the
sample. In addition, the NET capture coefficient was
calculated as the ratio of objects captured by a trap to
the total number of NETs. Negative control in studying
the ability of a neutrophil to form NETs was carried
out by incubating a neutrophil culture with 0.9% NaCl
in a volume equal to the volume of the non-specific
antigenic stimulant used in the main series of the
study. The concentration of citH3 was determined
in the peripheral blood serum samples in accordance
with the instructions of the manufacturer using the
Citrullinated Histone H3 (Clone 11D3) ELISA Kit test
system (Cayman Chemical Company, USA).

Fig. 1. Micrographs of the objects found
in a sample of the isolated fraction of
neutrophils: 1, 2 — intact neutrophils;
3, 4 — hypoactivated neutrophils; 5,
6 — activated neutrophils; 7, 8 — hyper-
activated neutrophils; 9 — early NETosis
cells; 10—intactneutrophil (top), an early
NETosis cell (bottom); 11 — a cloud-like
neutrophil extracellular trap; 12, 13 —
cloud-like neutrophil extracellular traps
with a captured bacterium; 14, 15 —
filamentous neutrophil extracellular
traps; 16 — a filamentous neutrophil
extracellular trap with a captured
bacterium. Fluorescence microscopy,
x1,000.
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The statistical analysis of the obtained data was
carried out using the Statistica 8.0 software. The data
distribution in the groups was assessed using the Shapiro
— Wilk test. Since the data obtained had a non-normal
distribution, the results were represented as the median
and the interquartile range (Me (Q, Q,)). The Mann
— Whitney U-test was used to calculate the statistical
significance of differences for independent samples.
The Spearman’s rank correlation coefficient was used
to measure the association between two variables
ex vivo, namely neutrophil ability to form NETs and
citH3 concentration in the peripheral blood. Pearson’s
chi-squared test was applied to compare the forms of
distribution for individual features of fluorescence
microscopy images in the groups. The differences were
considered statistically significant at p < 0.05.

RESULTS

Neutrophils isolated from the peripheral blood in
the TB group were more likely to form NETs during
incubation in the presence of th antigenic stimulant
(compared to the control group). The number of NETSs
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from all FOs was 31.5 (26.4; 9.6) and 21.1 (19.3; 23.8)
in the TB group and the control group, respectively,
p = 0.0087 (Fig. 2). Neutrophils in the TB group
formed predominantly filamentous NETs: 21.0 (19.2;
28.6) compared to the control group 16.0 (15.8; 19.2),
p = 0.0474 (Fig. 3). Cloud-like NETs (% of all FOs)
were detected less often in neutrophil samples in the
control group than in the TB group: 4.0 (3.5; 6.2) vs.
10.5 (6.9; 12.3), respectively, p = 0.0060.

However, they were not found in neutrophil
samples in 5 children of the control group, whereas
cloud-like NETs were identified in all patients in the
TB group (}*> = 16.01; p < 0.0068). The NET capture
rate (Fig. 4) in the control group was comparable
with that in the TB group (p > 0.05). No NETs were
detected in the negative control.

The median citH3 concentration in the peripheral
blood (Fig. 4) was 18.9 times higher in the TB group
than in the controls (p = 0.0041, the Mann — Whitney
U-test). Median values were 1.4 pg/ ml (0.9; 1.8) and
26.5 pg/ ml (2.7; 33.6) in the control group and in the
TB group, respectively.
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Fig. 2. Fluorescent objects in a sample of isolated neutrophils after stimulation: early NETosis cells, neutrophil extracellular traps
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Fig. 3. Examples of fields of view in the sample of

isolated neutrophils in children with tuberculosis

after exposure to a non-specific antigenic

stimulant: filamentous NETs (1, 3, 5-9, 12-15),

cloud-like NETs (4, 10), early NETosis cell (16),

hyperactivated neutrophil (2), intact neutrophil
(11). Fluorescence microscopy, x 1,000
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Fig. 4. Capture rate of neutrophil extracellular traps («); citrullinated histone H3 concentration in the peripheral blood (b)

After incubation of neutrophils in the presence
of the non-specific antigenic stimulant, an expected
decrease in the number of intact neutrophils was noted
in the sample as a likely consequence of their activation
and NETosis. The number of intact neutrophils from
the total FO number in the samples of the TB group
was 34.6 (26.7; 40.7), while in the control group, this
value was significantly higher, 54.0 (46.3; 61.4), p =
0.0040 (the Mann — Whitney U test). Moreover, in the

TB group the percentage of hypoactivated neutrophils
was slightly smaller than in the control group: 2.6
(1.2; 4.9) vs. 6.0 (4.8; 6.9); p = 0.0295. There were
no statistically significant differences between the
study groups in terms of the number of activated and
hyperactivated neutrophils (p > 0.05).

The study of correlations in the control group
revealed two strong correlations between the citH3
concentration in the blood and the proportion of
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filamentous NETs (» = 0.95; p = 0.0008) and between
citH3 in the blood and the proportion of early
NETosis cells (r = 0.77; p = 0.0408). The study of
correlations in the TB group revealed three strong
correlations between the citH3 concentration in
the blood and the proportion (in %) of filamentous
NETs (r = 0.86; p = 0.0137) and between citH3 in
the blood and the proportion of all NETs (» = 0.89;
p=0.0068). The correlation between citH3 in the blood
and the percentage of hyperactivated neutrophils was
negative (r =—0.89; p = 0.0068). No other statistically
significant correlations were found between the
citH3 concentration in the peripheral blood and the
proportion of individual FOs.

DISCUSSION

The diversity of approaches and the lack of
a laboratory mainstay in studying NETs lead to
ambiguity in the interpretation of research findings.
Prominent researchers in this field have failed to
reach a consensus on many issues related to NET
morphology, mechanisms, the sources of their
formation, as well as the regulation of this process
[18]. In most publications, the traps were represented
by filamentous structures in micrographs obtained
using fluorescent dyes to visualize NETs or their
components [19]. However, some authors have
pointed out that NETSs can also take a cloud-like form
[11,18].

Unlike most researchers, Shida Yousefi et al.
assume that the appearance of cloud-like structures,
consisting predominantly of extracellular DNA, after
exposure of neutrophils to certain agents is not the
result of NETosis but is due to other forms of cell
death associated with cytolysis. Thus, the authors
do not classify cloud-like structures as true NETs,
whereas they consider filamentous structures as NETs
originating from mitochondrial DNA [20, 21]. These
authors suppose that the formation of filamentous
structures is a normal innate immune response, while
the appearance of cloud-like structures is associated
with the formation of the so-called vicious circle
of inflammation followed by the development of
autoimmunity [20, 21]. Regardless of the formation
ways and mechanisms of supramolecular cloud-like
structures, including nucleoproteins, the opinion
expressed by Shida Yousefi et al. is consistent with
the results obtained in this study.

A significantly larger number of cloud-like NETs
were found in patients with TB compared to the control
group, where such NETs were rare. Filamentous NETs

were also detected in fairly large numbers in healthy
children. Presumably, it is the presence of cloud-like
NETs that is associated with the development of the
autoimmune reaction observed in TB. Thus, in a number
of studies, autoantibodies to various autoantigens were
found in patients with TB [22].

The circulation of damage-associated molecular
patterns (DAMPs) in the blood is one of the reasons for
this response [22]. DAMPs are a rather heterogeneous
group of molecules, including histones [23], which
also have direct cytotoxicity [24]. Previously, while
examining adult patients with TB, it was revealed that
a higher level of citH3, whose formation is closely
related to NETosis [4, 13, 14], is associated with an
increased content of neutrophils in the blood, the
presence of cavities in the lungs, and low efficiency
of anti-TB treatment [8]. This is consistent with our
results that demonstrated a significantly higher level
of citH3 in the blood serum of children with TB
compared to healthy children. In our previous study,
citH3 level in children with TB was significantly higher
than in adults with cavities, which was detected using
identical test systems in both studies [8]. Probably,
at the initial stages of TB, NETosis may play a more
crucial role in the development of autoinflammation.

Moreover, in this study, the citH3 level in the blood
serum was associated with the formation of filamentous
NETs rather than cloud-like ones by peripheral blood
leukocytes. At the same time, NETs formed in the
site of inflammation may be a source of citH3 in the
blood serum. The assessed ability of neutrophils to
form NETs describes the pro-NETotic phenotype of
neutrophils, which are more likely to form NETs in
chronic inflammation [20]. The above correlation can
probably be explained by comparing our results with
the study by Florence Guillotin et al. [19].

These authors declare the presence of filamentous
structures that contain DNA and are recognized
by antibodies to myeloperoxidase and citH3 as
morphologically similar to vital NETosis observed
in fluorescence microscopy [19]. This approach is
slightly contradictory because it is based on a set
of hypotheses, and it is consistent with the opinion
of Shida Yousefi et al. suggesting that the source of
filamentous structures is mitochondrial DNA [20,
21]. However, it should be taken into account that
mitochondrial DNA does not contain histones [25].
The equivalents of other NETosis types referred to
in the article as non-vital NETosis are filamentous
structures not containing citH3 [19]. The design of
this study did not include the registration of cloud-like
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structures. Apparently, suicidal and other NETosis
types were simultaneously observed with the vital
NETosis. At the same time, in the mentioned study,
non-vital NETosis prevailed in the pathology group
(pre-eclampsia) in comparison with the control group,
and NETosis combined with histone modification
prevailed in both groups [19].

In this regard, it is yet to be investigated whether
cloud-like structures containing DNA that we observed
are a type of suicidal NETosis or another type of
cell death. However, they may reflect the process
that does not require the regulation of chromatin
decondensation mediated by enzymatic modification
of histones. The emergence of this phenomenon may
reflect the development of an autoimmune component
of inflammation. At the same time, an increase
in the concentration of citH3 in children with TB
can demonstrate the efficacy of the innate immune
response and be a normal compensatory adaptation
process.

CONCLUSION

A higher level of citH3 was observed in the blood
of children with TB compared to healthy controls. In
the ex vivo study, the relative amount of filamentous
and cloud-like NETs was greater in the neutrophil
culture exposed to a non-specific antigenic stimulant
in children with TB than in a similar experiment with
neutrophils of healthy children. It was revealed that
the number of filamentous NETs formed ex vivo in
both groups was positively related to the citH3 level
in the blood. However, a similar correlation was not
registered between the number of cloud-like NETs
and the level of citH3 in the blood. It is likely that
the higher level of citH3, an enzymatic modification
product, in the blood of children with TB reflects
higher activity of NETosis in vivo, which may be due
to an increased ability of neutrophils to form NETs.

The impact of numerous factors of the immune
response in TB probably determines the formation of a
unique pro-NETotic neutrophil phenotype. Given the
non-specific nature of neutrophils, it can be assumed
that in the situation of increased readiness for NETosis,
the range of antigenic structures capable of triggering
and stimulating NETosis may significantly expand. In
particular, the antigens of normal human microbiota,
including the antigens of bacterial gut symbionts, can
also stimulate NETosis, which is probably indicated
by the results of our study.

The data obtained in our study have shown that in
vivo and ex vivo methodological approaches applied

for NETosis investigation do not provide equal
information content and can complement each other
since they describe different aspects of the NETosis
phenomena under study. In children with TB, the
formation of cloud-like forms of NETs in the culture
of peripheral blood neutrophils in response to the
stimulation turned out to be notably more common.
Researchers consider such NET forms abnormal
[21]. Inefficacy of the NETosis reaction in the long-
term course of the disease can significantly affect the
development of predisposition to autoinflammation
and immunopathology. Studying these issues
may become the subject of a separate line of
research.

REFERENCES

1. Sanina A.E., Serebryakova V.A., Urazova O.1., Gadzhiev A.A.
Notch signaling pathway in the development of imbalanced
immune responses in patients with disseminated pulmonary
tuberculosis. Bulletin of Siberian Medicine. 2023;22(4):92-99.
(In Russ.). DOI: 10.20538/1682-0363-2023-4-92-99.

2. Rook G.A. Th2 cytokines in susceptibility to tuber-
culosis. Curr. Mol. Med. 2007;7(3):327-337. DOI:
10.2174/156652407780598557.

3. Manz M.G., Boettcher S. Emergency granulopoiesis. Nat. Rev.
Immunol. 2014;14(5):302-314. DOI: 10.1038/nri3660.

4. Tilley D.O., Abuabed U., Zimny Arndt U., Schmid M., Florian S.,
Jungblut P.R. et al. Histone H3 clipping is a novel signature
of human neutrophil extracellular traps. Elife. 2022;11:¢68283.
DOI: 10.7554/eLife.68283.

5. Kasprzycka W., Homa-Mlak 1., Mlak R., Malecka-Massal-
ska T. Direct and indirect methods of evaluating the NETo-
sis process. J. Pre. Clin. Clin. Res. 2019;13(1):50-56. DOI:
10.26444/jpcer/105563.

6. Huang J., Hong W., Wan M., Zheng L. Molecular mechanisms
and therapeutic target of NETosis in diseases. Med.Comm.
(2020). 2022;3(3):e162. DOI: 10.1002/mco02.162.

7. Schechter M.C., Buac K., Adekambi T., Cagle S., Celli J.,
Ray S.M. et al. Neutrophil extracellular trap (NET) levels
in human plasma are associated with active TB. PLoS One.
2017;12(8):e0182587. DOI: 10.1371/journal.pone.0182587.

8. De Melo M.G.M., Mesquita E.D.D., Oliveira M.M., da Sil-
va-Monteiro C., Silveira A.K.A., Malaquias T.S. et al. Imbal-
ance of NET and Alpha-1-Antitrypsin in Tuberculosis Patients
Is Related With Hyper Inflammation and Severe Lung Tissue
Damage. Front. Immunol. 2019;9:3147. DOI: 10.3389/fim-
mu.2018.03147.

9. De Buhr N., von Kockritz-Blickwede M. How neutro-
phil extracellular traps become visible. J. Immunol. Res.
2016;2016:4604713. DOI: 10.1155/2016/4604713.

Mordyk A.V., Zolotov A.N., Novikov D.G., Romanova M.A.,
Kirichenko N.A., Ptuhin A.O. Netosis-forming ability of neu-
trophils in children with latent tuberculosis infection with the
positive test with a tuberculosis recombinant allergen. Clinical
Practice in Pediatrics . 2023;18(5):7-12. DOI: 10.20953/1817-
7646-2023-5-7-12. (In Russ.).

102 Bulletin of Siberian Medicine. 2024; 23 (4): 95-104



Original articles

11. Daniel C., Leppkes M., Muiioz L.E., Schley G., Schett G., 18. Boeltz S., Amini P., Anders H.J., Andrade F., Bilyy R., Chat-
Herrmann M. Extracellular DNA traps in inflammation, inju- field S. et al. To NET or not to NET:current opinions and state
ry and healing. Nat. Rev. Nephrol. 2019;15(9):559-575. DOIL: of the science regarding the formation of neutrophil extra-
10.1038/s41581-019-0163-2. cellular traps. Cell Death Differ. 2019;26(3):395-408. DOI:

12. Mordyk A.V., Zolotov A.N., Novikov D.G., Kirichenko N.A., 10.1038/s41418-018-0261-x.

Pakhtusova P.O., Ptuhin A.O. NETosis-forming ability of neu- 19. Guillotin F., Fortier M., Portes M., Demattei C., Mousty E.,
trophils in patients with limited and disseminated tuberculous Nouvellon E. et al. Vital NETosis vs. suicidal NETosis during
lesions. Tuberculosis and Lung Diseases. 2023;101(3):78-86. normal pregnancy and preeclampsia. Front. Cell Dev. Biol.
(In Russ.). DOI: 10.58838/2075-1230-2023-101-3-78-86. 2023;10:1099038. DOI: 10.3389/fcell.2022.1099038.

13. Wang Y., Li M., Stadler S., Correll S., Li P., Wang D. et al. 20. Yousefi S., Simon D., Stojkov D., Karsonova A., Karau-
Histone hypercitrullination mediates chromatin decondensa- lov A., Simon H.U. In vivo evidence for extracellular DNA
tion and neutrophil extracellular trap formation. J. Cell Biol. trap formation. Cell Death Dis. 2020;11(4):300. DOI:
2009;184(2):205-213. DOI: 10.1083/jcb.200806072. 10.1038/s41419-020-2497-x.

14. Cuthbert G.L., Daujat S., Snowden A.W., Erdjument- 21. Yousefi S., Simon H.U. NETosis — Does it really represent na-
Bromage H., Hagiwara T., Yamada M. et al. Histone deimina- ture’s “suicide bomber”? Front. Immunol. 2016;7:328. DOI:
tion antagonizes arginine methylation. Cell. 2004;118(5):545— 10.3389/fimmu.2016.00328.

553. DOI: 10.1016/j.cell.2004.08.020. 22. Belyaeva I.V., Kosova A.N., Vasiliev A.G. Tuberculosis and

15. Ong C.W., Elkington P.T., Brilha S., Ugarte-Gil C., Tome-Es- autoimmunity. Pathophysiology. 2022;29(2):298-318. DOI:
teban M.T., Tezera L.B. et al. Neutrophil-derived MMP-8 10.3390/pathophysiology29020022.
drives AMPK-dependent matrix destruction in human pulmo- 23. Roh J.S., Sohn D.H. Damage-associated molecular patterns in
nary tuberculosis. PLoS Pathog. 2015;11(5):¢1004917. DOI: inflammatory diseases. Immun. Netw. 2018;18(4):¢27. DOLI:
10.1371/journal.ppat.1004917. 10.4110/in.2018.18.e27.

16. Appelgren D., Enocsson H., Skogman B.H., Nordberg M., 24. Locke M., Francis R.J., Tsaousi E., Longstaff C. Fibrinogen
Perander L., Nyman D. et al. Neutrophil extracellular traps protects neutrophils from the cytotoxic effects of histones and
(NETs) in the cerebrospinal fluid samples from children delays neutrophil extracellular trap formation induced by ion-
and adults with central nervous system infections. Cells. omycin. Sci. Rep. 2020;10(1):11694. DOI: 10.1038/s41598-
2019;9(1):43. DOTI: 10.3390/cells9010043. 020-68584-0.

17. Novikov D.G., Zolotov A.N., Kirichenko N.A., Mordyk A.V. 25. Alexeyev M., Shokolenko 1., Wilson G., LeDoux S. The main-
A method for detecting neutrophilic extracellular traps in a tenance of mitochondrial DNA integrity--critical analysis and
supravitally stained blood sample. Patent for invention No. update. Cold Spring Harb. Perspect. Biol. 2013;5(5):a012641.
2768152. Published on 23.03.2022. Bull. No. 9. (In Russ.). DOI: 10.1101/cshperspect.a012641.

Authors’ contribution

Novikov D.G., Zolotov A.N. — conception and design. Ptukhin A.O., Romanova M.A. — selection of the clinical base for analysis,
clinical examination of patients. Romanova M.A. — interpretation of the spiral computed tomography results. Zolotov A.N. — conducting
fluorescence microscopy. Kirichenko N.A. — pre-analytical stage of the study, conducting fluorescence microscopy. Novikov D.G. —
conducting ELISA blood serum research. Novikov D.G., Zolotov A.N. — analysis and interpretation of the data. Indutny A.V. —justification
of the manuscript, critical revision of the manuscript for important intellectual content. Mordyk A.V. — final approval of the manuscript
for publication.

Authors’ information

Novikov Dmitry G. — Cand. Sci. (Med.), Associate Professor, Associate Professor of the Department of Clinical Laboratory
Diagnostics of Continuing Professional Education, Head of the Central Research Laboratory, Omsk State Medical University, Omsk,
novikov.dm.omsk@gmail.com, http://orcid.org/0000-0002-4339-2222

Zolotov Alexander N. — Cand. Sci. (Med.), Senior Researcher, Central Research Laboratory, Associate Professor of the Department
of Pathophysiology, Omsk State Medical University, Omsk, azolotov@mail.ru, http://orcid.org/0000-0002-6775-323X

Indutny Anton V. — Dr. Sci. (Med.), Associate Professor, Head of the Department of Clinical Laboratory Diagnostics of Continuing
Professional Education, Omsk State Medical University, Omsk, kld-omsk@mail.ru, http://orcid.org/0000-0003-1951-5824

Mordyk Anna V. — Dr. Sci. (Med.), Professor, Head of the Department of Phthisiology, Pulmonology and Infectious Diseases, Omsk
State Medical University, Omsk, amordik@mail.ru, http://orcid.org/0000-0001-6196-7256

BionneteHb cMbUpckomn meguuuHel. 2024; 23 (4): 95-104 103



Novikov D.G., Zolotov A.N., Indutny A.V. et al. NETs production and citrullinated histone H3 level in children with tuberculosis

Kirichenko Nikolay A. — Junior Researcher, Central Research Laboratory, Omsk State Medical University, Omsk, honomer 1608@
mail.ru, http://orcid.org/0000-0002-8411-0973

Romanova Maria A. — Cand. Sci. (Med.), Associate Professor of the Department of Phthisiology, Pulmonology and Infectious
Diseases, Omsk State Medical University, Omsk, rmaril @mail.ru, http://orcid.org/0000-0002-1775-607X

Ptukhin Alexander O. — Post-Graduate Student, Department of Phthisiology, Pulmonology and Infectious Diseases, Omsk State
Medical University, Omsk, ptuhin.alexandr@mail.ru, http://orcid.org/000-0002-2830-161X

(P<) Kirichenko Nikolay A., honomer 1608@mail.ru
Received 12.03.2024;

approved after peer review 20.03.2024;
accepted 14.05.2024

104 Bulletin of Siberian Medicine. 2024; 23 (4): 95-104



