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ASSESSING PROLIFERATIVE ACTIVITY AND GLUCOSE METABOLISM IN CELLS OF SALIVARY GLAND
MUCOEPIDERMOID CARCINOMA USING DIFFERENT GRADING SYSTEMS

Familia Frias DR'® Visaitova ZYu?, Tigay YuO', Ivina AA', Babichenko 12

" Patrice Lumumba Peoples' Friendship University of Russia, Moscow, Russia
2 National Medical Research Center of Dentistry and Maxillofacial Surgery, Moscow, Russia

Mucoepidermoid carcinoma (MEC) is the most common malignant tumor of the salivary gland consisting of three main histological components: mucocytes,
intermediate and epidermoid cells. Various grading systems (AFIP, Brandwein, modified Healy, MSKCC) are difficult to use. The Ki-67 and GLUT1 markers
associated with tumor aggressiveness can improve MEC diagnosis and classification. The study aimed to assess the correlation of the cell proliferative activity and
glucose metabolism with the MEC grading systems. Tumors of a total of 40 patients with MEC were analyzed and determined in accordance with the following
grading systems: AFIP, Brandwein, modified Healy, and MSKCC. Immunohistochemistry (IHC) was used to estimate Ki-67 proliferation indices and GLUT1
expression intensity. IHC showed high Ki-67 indices and GLUT1 values in epidermoid and intermediate cells, while mucocytes showed low or no expression.
There were significant differences in Ki-67 and GLUT1 expression between epidermoid (o < 0.005) and intermediate cells (p < 0.01). Comparison revealed the
increase between grades 1 and 2, 1 and 3, but no differences between grades 2 and 3. Spearman’s rank correlation test revealed moderate positive correlations
with tumor grades for GLUT1 and Ki-67, and the AFIP system showed the highest correlation (Ki-67: rs = 0.55; GLUT1: rs = 0.50). Thus, GLUT1 and Ki-67 are
most intensely expressed in epidermoid and intermediate cells showing a strong correlation with the tumor grade and aggressiveness, especially in low-grade
and intermediate-grade MEC. These markers can improve the diagnosis of MEC malignancy degree. The AFIP system most closely matches these markers in
epidermoid and intermediate cells.

Keywords: GLUT-1, Ki-67, MEC grading, AFIP, Brandwein, Modified Healy, MSKCC

Author contribution: Babichenko Il — study concept and design; Familia Frias DR, Tigay YuO, Visaitova ZYu — data acquisition and processing; Familia Frias DR —
manuscript writing; Babichenko I, Ivina AA — editing.
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OLIEHKA MPOJIN®EPATUBHON AKTUBHOCTU U METABO/IM3MA ITIHOKO3bI B KNTETKAX
MYKO3MUAEPMOUAHON KAPLIMHOMBbI CJTFOHHbIX XXEJIE3 MPU PA3/TM4YHbIX CUCTEMAX MPAJALINA
[. P. ®amnnbs Opuac'®?, 3. 0. Brcantosa?, tO. O. Turain'!, A. A. VisnHa', V1. V1. Babuderko'?

T PoCCuinCKmin yHUBEPCUTET ApY»KObl HAPOA0B nMeHH MaTtpuca Jlymymbbl, Mocksa, Poccust

2 HauyoHanbHbI MEAVUMHCKIMIA MCCReaoBaTeNbCKMi LIEHTP CTOMATONOM M 1 HYentoCTHO-MLEBo xmpyprim, Mockea, Poccust

MykoanuaepmovaHas kapuuHoma (MOK) sBnsieTcst Hambonee pacnpoCcTpaHEeHHON 3N10Ka4eCTBEHHOW OMyXOSbio CIOHHBIX XKENe3 1 COCTOUT U3 TPEX OCHOBHbIX
MMCTONOMNHECKNX KOMMOHEHTOB: MyKOLIMTOB, MPOMEXYTOYHbIX ¥ SNUAEPMOUAHBIX KNETOK. PasnuyHble cucTembl rpagaumm (AFIP, Brandwein, Modified Healy,
MSKCC) cnoxHbl B mpumeHeHnn. Mapkepb Ki-67 n GLUT1, cBA3aHHble ¢ arpeCCUMBHOCTBLIO OMyXOn, MOMYT YRy4LLNTb AMArHOCTVKY 1 knaccudukaumo MOK.
Llenbto nccnenoBaHus 6bi1o MPOBECTY OLEHKY KOPPENsALM NponMhepaTBHOM akTUBHOCTY 1 MeTabonmama rMoKo3bl KNETOK ¢ cucTemMamn rpadaummn MOK. Bbinm
npoaHannamposaHbl onyxonn 40 naumeHTos ¢ MOK 1 onpepeneHsl no cuctemam rpagaummn: AFIP, Brandwein, Modified Healy n MSKCC. Ans oueHkn nHaekcos
nponuepaumm Ki-67 1 nHTeHcBHOCTH akcnpeccun GLUT1 ncnonb3osanu nMMyHorncToxuMmndeckoe nccnegosanme (MNX).  MX nokasano BbICOKME MHAEKCHI
Ki-67 1 GLUT1 y annaepMouaHbIX 1 MPOMEXYTOYHbBIX KNETOK, MPW 3TOM B MyKOLMTax BbisiBNieHa HU3Kas UM OTCYTCTBYtoLas akcnpeccus. CTaTucTMieckm
3Ha4MMble pasnnyms B akcnpeccumn Ki-67 n GLUT1 obHapy>keHbl Mexay anvaepmonaHbiMi (o < 0,005) 1 npoMexxyTouHbIMK knetkamn (p < 0,01). CpasHeHus
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Mucoepidermoid carcinoma (MEC) is the most common
malignant tumor of the salivary gland and occurs in 30% of
cases of malignant tumors salivary glands [1]. MEC most often
affects large salivary glands, specifically the parotid gland (60%
of cases), but can also affect minor salivary glands [2, 3].

As for MEC histopathological structure, mucocytes,
intermediate and epidermoid cells are distinguished as the main
components, but there can also be cylindrical, clear cells, and
oncocytes, which leads to diagnostic difficulties for pathologists
[4-6]. These components form various histological structures,
such as cystic (the most common and well differentiated),
solid (rare, with necrosis and considerable cellular and nuclear
atypia) or solid cystic structures more typical for tumors that are
more prone to invasive growth and metastasis [7, 8].

MEC can be diagnosed based on its histological features only,
without any additional testing, such as immunohistochemistry
(IHC) or genetic testing, however it is often difficult to establish
the final diagnosis [1]. To date, many grading systems have
been created for MEC classification. However, there is no
universally acknowledged unified system [9]. MEC is classified
as low-grade (G1), intermediate-grade (G2) or high-grade (G3)
tumor based on four different grading systems, such as Goode,
Auclair, and Ellis AFIP (Armed Forces Institute of Pathology), as
well as the Brandwein system used in routine histopathology
practice [1, 4, 6], along with the modified Healy and MSKCC
grading systems of qualitative nature (Table 1). The AFIP and
Brandwein methods are not always consistent when used
to classify the same tumor, especially when it comes down
to determination of certain differences between G2 and G3
tumors. Comparative studies of grading systems have revealed

Table 1. Mucoepidermoid carcinoma grading systems
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differences when describing major and minor salivary glands
[7,10].

Carcinogenesis is a multi-step process, in which glucose
metabolism disturbances can play an important role due to
rapid cell proliferation typical for malignant growth [11]. Modern
studies have revealed high energy metabolism of malignant
tumors and glucose involvement in their growth. Glucose is
the main energy source for mammalian cells, and glucose
transporters (GLUT) on the cytoplasmic membrane promote
glucose cell entry. Thus, GLUT represents the important
enzymes mediating glucose metabolism during carcinogenesis
[12]. High GLUT1 expression in malignant tumors is associated
with invasion and metastasis, including head and neck cancer
[13]. The Ki-67 proliferation marker represents a gold standard
of assessing the salivary gland malignancies. The role of Ki-67
in the diagnosis and classification of salivary gland tumors is
huge: it is directly correlated to the cell proliferation rate being a
key indicator of tumor aggressiveness [14].

The study aimed to estimate various MEC grading systems
based on proliferative activity and glucose metabolism of the
MEC cells in order to determine the grade.

METHODS

Retrospective analysis of the paraffin blocks of tumors of
40 patients (female and male) diagnosed with mucoepidermoid
carcinoma from the archive of the Pathology Laboratory of the
Central Research Institute of Dental and Maxillofacial Surgery of
the Ministry of Health of the Russian Federation for the period
2014-2023 was conducted.

Criteria AFIP Brandwein Modified Healey MSKCC
L: macro + microcysts L: prediminantly cystic (> 80%)
Cystic component (<20%) 2 (< 25%) 2 I: microcysts + solid I: prediminantly solid
H: solid + microcysts H: any (usually solid)
Perineural invasion (PI) 2 3 H: present n/a*
L: absent
Necrosis (N) 3 3 n/a I: absent
H: present
L: rare L: 0-1/10 HPF
Mitoses 3 (= 4/10 HPF) 3 (= 4/10 HPF) I: rare I: 2-3/10 HPF
H: many H: 4+ /10 HPF
Nuclear anaplasia / 4 2 L: absent/minimal I: minimal/moderate II‘ ::gllilgilbblf
pleomorphism H: prominent (including nucleoli) ’ H'gagy
Border / invasion front n/a 2 . . ) I: well-defined or infiltrative
H: soft tlssue/ perlpeural / vascular H: any (usually infiltrative)
invasion
Lymphovascular invasion n/a 3 H: present n/a
Bone invasion n/a 3 n/a n/a
L: rare
Intermediate cells n/a n/a I: more frequent n/a
H: predominant
L: extravasated mucin + fibrosis + Cl
Stroma n/a n/a I: fibrosis separating nests + ClI n/a
H: desmoplasia, minimal CI
L: daughter cysts from larger ones
. I: larger canals are less prominent
Architecture n/a n/a H: variable architectural pattern/cell na
morphology
L—0-4 L—0 L — low grade
Grading | —5-6 1—2,3 | — intermediate grade
H—7-14 H—=>4 H — high grade

Note: n/a — not applicable.

BECTHVK PIMY | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.017




ORIGINAL RESEARCH | ONCOLOGY

Fig. 1. MEC, hematoxylin and eosin stain x100 (A). Immunohistochemical reaction with antibody against Ki-67 x200 (B). GLUT1 cytoplasm staining in epidermoid and
intermediate cells, weak response in mucin-producing cells x100 (C). High proliferative activity based on Ki-67 in epidermoid cells x400 (D). Intense GLUT1 cytoplasmic
membrane staining in epidermoid cells x200 (E). IHC reaction with the background Mayer's hematoxylin DAB stain

Morphology assessment was performed in accordance
with the standard hematoxylin and eosin stain protocols.
Histological specimens were assessed using the following four
grading systems: modified Healy grading, MSKCC grading,
AFIP grading, and Brandwein grading. These systems were
compared with the final estimates for each case and correlated
to IHC assessment.

Histological and IHC assessment was conducted in
accordance with the standard protocol. All biopsy specimens were
stained with the Thermo Scientific anti-Ki-67 rabbit monoclonal
antibody (USA, clone SP6), Thermo Scientific anti-GLUT1 rabbit
polyclonal antibody (USA). The material collected was assessed
using the Axioplan 2 Imaging microscope (Karl Zeiss, Germany),
and the AxioCam ERchs camera was used to take images of
specimens (Karl Zeiss, Germany). IHC imaging was accomplished
using the UltraVision Quanto Detection System HRP DAB (USA)
system. The Ki-67 proliferation protein expression was estimated
based on proliferation activity index (percentage of cells with the
intensely stained nuclei per 300 nuclei of each MEC cell type).
GLUT1 expression was assessed based on the cytoplasm and/
or cytoplasmic membrane stain and scored based on conditional
criteria: no expression — 0, weak expression — 1, moderate
expression — 2, strong expression — 3.

MEC was graded using four grading systems, and correlations
between the marker, cellular components, and grades were
analyzed using the Kruskal-Wallis test, Dunn-Bonferroni test
for pairwise comparison, and Spearman’s rank correlation.
Statistical analysis was conducted using the SPSS Statistics 23
software package for Windows 10 (IBM Corporation, USA).

RESULTS
Histological grading

The AFIP grading system showed a more conservative
approach, allowing one to classify the largest number of tumors

considered to be low-grade (G1) (40%) compared to other
systems. Tumors classified as intermediate-grade accounted
for 35%, while high-grade tumors (G3) accounted for only
25%. Such distribution suggests that tumors are assigned
lower grades based on the AFIP system, which results in
potential underestimation of tumor aggressiveness relative
to other systems.

The Brandwein grading system is characterized by the
more aggressive approach: the smallest number of tumors are
assigned low grade (G1) (20%), while the largest number are
classified as high-grade tumors (G3) (45%). Tumors assessed
as intermediate-grade ones (G2) account for 35%, which is
similar to the results of using AFIP. This suggests that in the
Brandwein system preference is given to classification of higher
grades, more tumors are assessed as potentially aggressive,
but in some cases there is a risk to overestimate the disease
severity.

The Modified Healy grading system presents a more
balanced grade distribution: 25% of tumors were classified
as low-grade ones (G1), 50% as intermediate-grade (G2) (the
largest share among all systems), and 25% as high-grade ones
(G3). This grading system focuses on the intermediate category,
which makes it potentially more useful for identification of
borderline or moderately aggressive tumors.

The MSKCC grading system showed the conservative
approach similar to that of AFIP: 35% of tumors were classified
as low-grade ones (G1) and 45% as intermediate-grade ones
(G2). However, the lowest number of tumors were assigned high
grade (G3) (20%), which reflects the trend towards the decrease
in the number of cases of higher grade MEC. In some cases, this
can result in underestimation of tumor aggressiveness.

Immunohistochemistry assessment

Assessment of the hematoxylin and eosin stained MEC slides
revealed mucocytes, intermediate and epidermoid cells (Fig. 1A).
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Table 2. Pairwise comparison (Dunn-Bonferroni test)
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Cellular component Comparison Significance (p < 0,05)
Epidermoid G1-G2 0.003
G1-G3 0.0003
G2-G3 0.067
Intermediate G1-G2 0.036
G1-G3 0.003
G2-G3 0.23
Mucocytes G1-G2 0.12
G1-G3 0.12
G2-G3 0.12

IHC assessment effectively complements the diagnosis of the
hematoxylin and eosin stained slides. In this study, detection of
the Ki-67 nuclear antigens associated with the cell cycle made
it possible to estimate cell proliferation intensity, and GLUT1
was used as an indicator of glucose metabolism in MEC.

In all the MEC cellular components, Ki-67 protein was
found in the cell nuclei (Fig. 1C, D) and GLUT1 was found
in the cytoplasm and on the cytoplasmic membrane (Fig. 1C, E).
There were considerable differences in distribution of the
Ki-67 proliferation indices between three MEC components
(epidermoid, intermediate, mucoid). In-depth statistical analysis
showed high proliferation rate of epidermoid cells based on
Ki-67, for which the median was 13.3% (9.3; 20.0). Intermediate
cells demonstrated lower proliferation rates compared to
epidermoid cells, and the median was 6.7% (3.5; 10.7), while
mucocytes showed minimal Ki-67 expression, and the median
was 1.3% (0.0; 2.7).

The Kruskal-Wallis test and pairwise comparison were
applied to assess the correlation between Ki-67 indices and the
tumor grade. Significant differences in Ki-67 indices between
tumor grades were reported for epidermoid (H = 16.25,
p = 0.0003) and intermediate cells (H = 10.85, p = 0.0045), but
not for mucocytes (H=4.12, p = 0.12).

Pairwise comparison performed using the Dunn-Bonferroni
test revealed significant differences for epidermoid and intermediate
cells (Table 2). Mucocytes showed no considerable differences
based on grades.

The use of the statistical Spearman’s rank correlation
test revealed a significant correlation between the Ki-67-
based proliferation indices and the MEC grade for three
studied components. The strongest correlation was reported
for epidermoid cells (0.53, p = 0.0005). This indicator
suggests that the Ki-67 proliferation index in epidermoid cells
increases incrementally with increasing tumor grade, which
makes it valuable for assessment of the neoplastic process
aggressiveness and makes it possible to use it as a marker
of tumor aggressiveness. A moderate positive correlation
has been also reported for intermediate cells (rs = 0.47,
p = 0.0025), which confirms their contribution to tumor progression,
although lesser than that of epidermoid cells. In contrast,
mucocytes have shown a weak non-significant correlation
(rs = 0.25, p = 0.12), which reflects their minimal proliferative
activity and limited importance for tumor grading (Fig. 1D).

MEC grading based on calculating proliferative activity of
epidermoid and intermediate cells suggests low grade (G1)
with the activity below 10%, intermediate grade (G2) with the
activity between 10% and 15%, and high grade (G3) with
the activity exceeding 15-20%. These grades based on the
Ki-67 labeling provide important information about the MEC
biological behavior allowing one to determine tumor grade
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using quantitative indicators of proliferation of various cell
populations within the tumor.

The analysis of GLUT1 staining intensity in all specimens
revealed considerable differences between three components.
Intermediate and epidermoid cells showed the highest staining
intensity with the median score of 2 points (1; 3), which
suggested moderate variability, while mucocytes showed
the lowest intensity with the median score of O points (O; 0),
suggesting consistently low or no GLUT1 expression in this
component (Fig. 1E).

The Kruskal-Wallis test allowed us to reveal considerable
differences in GLUT1 staining intensity by tumor grades for
epidermoid (p = 0.005) and intermediate cells (p = 0.01), but
not for mucocytes (p = 0.15). Pairwise comparison involving the
use of the Dunn—-Bonferroni test showed that in epidermoid and
intermediate cells the staining intensity increased considerably
between grade 1 and grade 2, as well as between grade 1 and
grade 3. However, no significant differences between grades 2
and 3 were reported for both components, which suggested
the GLUT1 expression plateau in higher grade tumors. Mucoid
cells showed low staining intensity and uniformity, regardless of
the salivary gland neoplasm malignancy degree; no significant
differences were also revealed.

In addition to statistical analysis, we applied Spearman’s
rank correlation test to determine the correlation between the
GLUT1 staining intensity and the tumor grade. The following
results were obtained: epidermoid cells — rs = 0.48 (o = 0.003),
intermediate cells —rs = 0.42 (p = 0.008). These dataindicate a
moderate positive correlation with the tumor grade and suggest
a progressive GLUT1 expression increase with increasing
tumor aggressiveness. In contrast, mucocytes showed a weak
non-significant correlation (rs = 0.15, p = 0.36), which reflected
their minor contribution to tumor grading.

In MEC, GLUT1 staining intensity in various cellular
components allows one to achieve critical understanding
of metabolic activity associated with various tumor grades.
Epidermoid and intermediate cells demonstrate a progressive
increase in GLUT1 expression. Such progression demonstrates
a considerable increase in metabolic activity with increasing
tumor grade: from low grade with minimal GLUT1 expression
indicating the decreased metabolic demands to high grade, in
which the staining intensity is close to maximum suggesting
high metabolic activity that is necessary for rapid tumor growth
and tumor aggressiveness.

Correlation between GLUT1 and Ki-67
in various MEC components

Spearman’s rank correlation test allowed us to reveal a strong
positive correlation between the GLUT1 and Ki-67 staining
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Table 3. Correlation between GLUT1 and Ki-67 and tumor grades

Correlation between GLUT1 and tumor grades
Grading system Correlation coefficient (rs) p-value
AFIP 0.5 0.001
Brandwein 0.45 0.003
Modified Healy 0.48 0.002
MSKCC 0.4 0.01
Correlation between Ki-67 and tumor grades
Grading system Correlation coefficient (rs) p-value
AFIP 0.55 0.0005
Brandwein 0.48 0.002
Modified Healy 0.52 0.001
MSKCC 0.45 0.003

intensity in epidermoid cells (rs = 0.68, p < 0.001). This
suggests that higher GLUT1 expression is stably associated
with the increased proliferative activity for this component. A
moderate positive correlation was reported for intermediate
cells (rs = 0.52, p = 0.004), which suggested a significant, but
less strong, association between two markers. In contrast,
mucocytes showed a weak non-significant correlation (rs = 0.20,
p = 0.18), which reflected a minimal interplay between the
GLUT1 expression and Ki-67 proliferation in this component.

Both markers, GLUT1 and Ki-67, showed high correlation
and strong relationship in epidermoid and intermediate cells. In
epidermoid cells, the following values were obtained for GLUT1
and Ki-67: rs = 0.48 (p = 0.003) and rs = 0.53 (p = 0.0005).
Similar values were reported for intermediate cells: GLUT1 —
rs = 0.42 (p = 0.008) and Ki-67 — rs = 0.47 (p = 0.0025).
This indicates moderate correlation with the malignancy
degree, which makes the markers selected important for tumor
progression assessment. When assessing the correlation
with the malignancy degree, in contrast to epidermoid and
intermediate cells, mucocytes showed weak correlations for
both GLUT1, where rs = 0.15 at p = 0.36, and Ki-67, where
rs = 0.25 at p = 0.12, which once more emphasized their
limited contribution to tumor grading.

GLUT1 correlation with tumor grading systems

GLUT1 staining intensity showed a moderate positive correlation
with tumor grades for all grading systems. The strongest
correlation was reported for the AFIP system (rs = 0.50, p = 0.001),
which suggests that GLUT1 agrees well with the tumor
aggressiveness determined by the AFIP criteria. The modified
Healy system (rs = 0.48, p = 0.002) also showed a comparable
correlation. The Brandwein (rs = 0.45, p = 0.003) and MSKCC
(rs = 0.40, p = 0.01) systems showed weaker correlation, which
suggests less full GLUT1 compliance with the grading ctiteria.

Ki-67 correlation with tumor grading systems

Ki-67 proliferation indices showed stronger correlation with
tumor grades, than GLUT1, for all grading systems. The highest
correlation was reported for the AFIP system (rs = 0.55, p = 0.0005)
that was followed by the modified Healy system (rs = 0.52,
p = 0.001). These findings emphasize the effectiveness of
Ki-67 as a reliable tumor progression marker, especially within
the limits of these grading systems. The Brandwein (rs= 0.48,
p = 0.002) and MSKCC (rs = 0.45, p = 0.003) also showed
moderate correlations, but weaker, than the AFIP and modified
Healy systems.

Comparison of grading systems

Among four grading systems assessed, AFIP consistently
showed the strongest correlation with both GLUT1 and Ki-67
expression, which suggests being most close to tumor biology
reflected by these markers. The modified Healy system showed
almost the same results, especially for Ki-67, which makes it
one more reliable basis for tumor aggressiveness assessment.
The Brandwein and MSKCC systems showed a slightly weaker
correlation, especially for GLUT1, which indicates lower
coordination with metabolic and proliferative activity (Table 3).

DISCUSSION

In this study we assessed proliferative activity (Ki-67) and activity
of the glucose transporter protein (GLUT1) in various MEC
components, which were found in all cellular components. High
expression of the selected proteins was revealed in the MEC
epidermoid and intermediate cells, which indicates growth and
neoplastic process aggressiveness. The findings are similar to
the earlier reported data [15, 16], according to which GLUT1
expression was higher in the epidermoid component and high-
grade tumors, respectively.

The Ki-67 index serves as the most important biomarker
to determine the MEC grade that complements conventional
histological assessment. Thus, in 46 patients, low Ki-67 index
was correlated to favorable outcomes, while higher index values
indicated the increased risk of aggressive disease course [17].
In contrast to more subjective histological assessment involving
indirect measurement of proliferative activity based on the
share of solid areas, the Ki-67 index allows one to directly
determine proliferation through enumeration of the actively
dividing cells. Such a direct approach makes it a more objective
and reliable marker allowing one to clearly distinguish indolent
and aggressive MEC forms [14, 17]. Thus, using the Ki-67
index along with histological assessment can considerably
improve accuracy of predicting the clinical course of such tumors,
ensuring invaluable guidance for targeted therapeutic strategies.

Mostly, such grading systems, as AFIP and MSKCC,
are prone to conservative grading, which highlights low and
intermediate classification, while the Brandwein system is
characterized by the more aggressive approach and higher
effectiveness when dealing with high-grade tumors. The
modified Healy system is more effective when dealing with
intermediate-grade tumors. Such variation emphasizes the
impact of grading criteria on tumor classification and the
importance of matching the grading system to clinical goals,
such as risk stratification or treatment planning.
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CONCLUSIONS

The study emphasizes the key role of GLUT1 and Ki-67 in
assessing metabolic and proliferative activity of salivary gland
MEC. High expression of these markers revealed in epidermoid
and intermediate cells corresponded to the following values: low
grade — Ki-67 below 10%, GLUT1 intensity 1-2; intermediate
grade — Ki-67 between 10 and 15%, GLUT1 intensity 2; high
grade —Ki-67 >15%, GLUT1 intensity 3. The data obtained were
correlated to tumor grade, while mucocytes demonstrated the
lowest activity. GLUT1 and Ki-67 help effectively distinguish low-
grade tumors (G1) from intermediate-grade (G2) and high-grade
(G3) ones, and the plateau effect is observed between grades 2
and 3. Among four grading systems assessed, AFIP has shown
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PD1 EXPRESSION IN IMMUNE CELLS WITHIN THE TUMOR MICROENVIRONMENT OF PATIENTS
WITH NON-SMALL CELL AND SMALL CELL LUNG CANCER

Kalinchuk AYu, Tsarenkova EA, Loos DM, Mokh AA, Rodionov EO, Miller SV, Grigoryeva ES®, Tashireva LA
The Laboratory of Molecular Therapy of Cancer, Cancer Research Institute, Tomsk National Research Medical Center, Russian Academy of Sciences, Tomsk, Russia

The clinical significance of programmed cell death protein 1 (PD-1) expression in the tumor microenvironment (TME) of lung cancer, particularly in the context
of immunotherapy, remains poorly understood. This study aimed to evaluate PD-1 expression in tumor-infiltrating immune cells and its association with clinical
outcomes in lung cancer patients. In a study of 20 patients (17 men and three women, average age 56 + 6.9 years) with lung cancer, four key immune cell
populations involved in the immunotherapy response were analyzed using multiplexed in situ immunofluorescence. The focus was on PD-1 expression patterns
and their correlation with progression-free survival (PFS). Our findings revealed that PD-1 expression was predominantly observed on CD8* lymphocytes, albeit
at low levels (~5%), suggesting a state of T-cell exhaustion. Notably, PD-1-expressing immune cells were rare in both non-small-cell and small-cell lung cancer
microenvironments, indicating that most immune cells remain functionally active. This deficit of PD-1+ cells may explain the limited therapeutic efficacy of anti-
PD-1 antibodies. Furthermore, we identified CD20* B-cell infiltration as an independent predictor of poorer PFS (HR = 0.17, 95% Cl: 0.02-0.65, p = 0.0454),
highlighting a previously underappreciated role of B cells in lung cancer progression. Additionally, the presence of distant metastases (stage M1), a high proportion of
PD-1+*CD163* macrophages, and a low proportion of PD-1*FoxP3* lymphocytes were associated with shorter PFS, underscoring the complex interplay between
immunosuppressive and immunostimulatory cell populations in the TME. These findings suggest that PD-1-expressing immune subsets, particularly cytotoxic
lymphocytes and regulatory T cells, may serve as prognostic markers and potential therapeutic targets.
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OKCMNPECCUA PD-1 B UMMYHHbIX KIETKAX MUKPOOKPY>XEHWSA OMyXonn 'y NALUMEHTOB
C HEMEJNIKOKJIETOYHbIM U MENTKOKJIETOYHbIM PAKOM JIETKOIO

A. 1O. KanmHuyk, E. A. Llaperkosa, [. M. Jlooc, A. A. Mox, E. O. Pogunoros, C. B. Munnep, E. C. MNpuropeesa ™, J1. A.Talwvpesa
Hay4Ho-1cenenoBaTensCKni UHCTUTYT OHKONOMN, TOMCKUIA HALMOHaUTbHBIA MCCNER0BaTeNbCKUN MEAULIMHCKIN LIeHTP Poccuitckon akagemmm Hayk, Tomck, Poccurs

KnnHmyeckoe 3HadeHre akcnpeccum 6enka PD-1 B MUKPOOKPY>KEHMM OMy X0 paka Nerkvx, OCOBEHHO B KOHTEKCTE MMMYHOTEpanumM, OCTaeTCS MIOX0 U3Y4eHHbBIM.
Llenbto ncecnepoBaHms 66110 oLeHUTb akenpeccuto PD-1 B MHUABTPMPYHOLLMX OMYyXOsb MMMYHHbBIX KIETKax U ee CBS3b C KIIMHNHYECKMI NCXOAaMM Y MNaLMeHTOB
C pakom nerkmnx. Y 20 naupeHToB (17 MyXXHYUH 1 TP XKEHLLWHDBI, CpedHun Bo3pacT cocTaBun 56 + 6,9 neT) ¢ pakoM Nerkoro C MOMOLLBIO MySIBTUMIEKCHOM
VIMMYHOyopecLEeHLN in Situ Bbin NPOBEeAEH aHaIN3 YETbIPEX KIKOHEBbIX MOMYMALWN MMYHHbIX KIETOK, BOBMEYEHHbIX B OTBET Ha MMMYHOTEpanuto, ¢ hokycom
BH/MaHVSA Ha narTepHax akcnpeccun PD-1 1 nx Koppenaumm ¢ BbbK1BaemMocTbio 6e3 nporpeccrpoBaHuns (progression-free survival, PFS). Okcnpeccuio PD-1
npenMyLLLecTBeHHO Habntofanm Ha CD8*-nmdoLmTax, XoTs U Ha HU3KOM YPOBHE (~5%), YTO NpefnonaraeT COCTOSIHNE UCTOLLEHMS T-KNETOK. VIMMYyHHbIe KNETKW,
aKcnpeccupytole PD-1, BCTpedanuCe pefKo B MUKPOOKPYXKEHUM Kak HEMENKOKNETOYHOO, Tak ¥ MENKOKNETOYHOMO paka flerkix, BO3MOXXHO B CBSA3U C TeM,
YTO BONBLUMHCTBO MMMYHHbIX KIIETOK OCTaOTCA (DYHKLIMOHANBHO akTBHbIMU. dedmumtom Knetok PD-1* MOXHO OOBACHUTb OrPaHUYEHHYI TepaneBTUHECKYHO
athheKTMBHOCTL aHTUTeN Npotne PD-1. BbiseneHo, 4to nHhunstpaumns CD20* B-kneTkamm SBNSeTCs He3aBCUMbIM NMPeankTopoM Huskon PFS (HR = 0,17;
95% Cl: 0,02-0,65; p = 0,0454), 1 310 NOAYEPKMBAET PaHee HeAOOLIEHEHHYIO POSb B-KNETOK B MPOrpeccnpoBaHnn paka nerkux. [lokasaHo takxke, YTo Hanmyme
OoTAaneHHbIX MeTacTasos (ctaana M1), Beicokas gons makpodaros PD-1*CD163* 1 Hnskas gonsa nmdoumtos PD-1+FoxP3* ceasaHbl ¢ 6onee kopotkon PFS,
YTO MOOYEPKMBAET CNOXHOE B3aUMOAEVICTBME MEXY MOMYNALMSMY KNETOK B OMyXONEBOM MUKPOOKPY>KXEHUN. DT pesynbTaThbl CBUAETENbCTBYIOT O TOM, YTO
VIMMYHHblE cybnonynaumm, skenpeccupytoLme PD-1, B YaCTHOCTY LITOTOKCUYECKIE IMMAOLMTBI U PEMYASTOPHBIE T-KNETKM, MOTYT CY>KUTb MPOrHOCTUYECKV MM
MapKkepamu 1 NoTeHLManbHbIMIU TepaneBTUHECKMU MALLEHAMU.

KntoueBble cnoBa: akcnpeccust PD-1, MUKPOOKPY>KEHWE OMyXomnu, UMMYHHbIE KOHTPOSbHbBIE TOHKM, PaK fIerkoro
®uHaHCMpOBaHMeE: 1CCneaoBanHre NOAAEPKAHO POCCUNCKIM HayYHbIM (hoHAOM (rpaHT Ne 20-75-10033-11).
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nony4eHve n aHannsa gaHHbix; A. A. Mox, E. O. PogunorHos — kypauusi naumeHTtos; C. B. Munnep — c6op ganHbix; E. C. Mpuropbesa — pefaktvpoBaHue ctatby;
J1. A. Tawmpesa — NnaHMpoBaHne v PyKOBOACTBO UCCNEA0BaHNEM, aHaNM3 1 HTEprpeTaLyst peaynstaToB, HanvcaHye cTaTbu.
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The immune microenvironment within tumors actively participates
in the processes of cancer development and progression.
This role is underscored by the rapid expansion of therapeutic
approaches that aim to modulate the immune microenvironment,
including those for lung cancer. A series of fundamental studies
in model systems have revealed pathogenetic mechanisms
of progression and microenvironment factors associated with
resistance to immunotherapy in lung cancer [1]. For example,
a high percentage of PD-1-expressing cells among CD8+
lymphocytes have been correlated with a limited response
to PD-1 blockade during polyclonal T-cell stimulation [2].
During the study of the relationship between immunological
parameters and the clinical course of the disease in patients,
patterns were identified that indicate the significance of the
immune microenvironment [3]. Thus, the classification of the
tumor immune microenvironment (TIMT) based on PD-1/PD-L1 and
CD8* tumor-infiltrating lymphocytes (TIL) effectively stratifies
lung adenocarcinoma patients into groups with varying survival
rates. Notably, the group with low CD8* lymphocyte counts
and high PD-1/PD-L1 expression demonstrates the poorest
outcomes [4]. The microenvironment demonstrates equally
importance in studies examining its association with responses
to immunotherapy. For instance, the IKCscore (Immune-
Keratin-lImmune Checkpoint score), which is derived from the
expression ratios of various genes encoding immune markers
and cytokeratins, is a promising indicator for predicting
the efficacy of immunotherapy and immunotherapy-based
combination therapies in non-small cell lung cancer (NSCLC).
Furthermore, the infiltration levels of CD8* lymphocytes, resting
memory CD4+ T cells, and resting dendritic cells are significantly
higher in the high IKCscore group than in the low IKCscore
group [5]. Expression of programmed death ligand 1 (PD-L1)
on tumor cells and tumor mutational burden (TMB) have been
identified as predictors of response to immunotherapy. However,
the actual clinical scenario shows that these biomarkers alone
are insufficient for effectively selecting patients for such type
of therapy. Interestingly, despite extensive research into the
characteristics of the tumor microenvironment in lung cancer,
certain aspects relevant to immunotherapy remain unexplored.

One class of immunotherapeutic agents includes anti-
PD1 antibodies, which target the receptor rather than the
ligand. Nonetheless, the expression of PD1 within the lung
cancer microenvironment is poorly understood. Given the
wide availability of therapeutic options that incorporate
immune checkpoint inhibitors, understanding the specificities
of the tumor microenvironment becomes crucial. This could
enhance the identification of associations with the efficacy of
immunotherapy. The aim of this study was to evaluate PD-1
expression in tumor-infiltrating immune cells and its association
with clinical outcomes in patients with lung cancer.

METHODS
Patients

The study involved 20 patients (3 women and 17 men) with
a morphologically verified diagnosis of lung cancer. Among
them, 12 patients had non-small cell lung cancer and 8 had
small cell lung cancer. All patients were at disease stage IlI-IV
(10 patients were stage Ill, 10 — stage V), with a mean age of
56 + 6.9 years. Exclusion criteria were stage -l lung cancer,
concomitant autoimmune and inflammatory diseases. The
patients completed the full course of treatment in accordance
with clinical guidelines recommendations (combination therapy;,
including first-line and subsequent-line chemotherapy according

to the following regimens: Carboplatin/Paclitaxel, Pemetrexed/
Carboplatin, Carboplatin/Etoposide, monochemotherapy with
taxanes, Denosumab, chemoimmunotherapy; if indicated,
patients underwent external beam radiation therapy). The median
follow-up period was 12 months.

Tumor microenvironment immunophenotyping

Tumor tissue samples were collected from all patients prior to
any treatment, fixed in formalin, and embedded in paraffin using
standard techniques. Subsequently, multicolor staining of the
lung cancer tissue was carried out employing TSA (tyramide
signal amplification) modification in immunohistochemical
analysis. The following primary antibodies were used: human
anti-CD8 (Ventana, Switzerland, clone SP57, dilution 1 : 10),
anti-PD-1 (ABclonal, China, clone AMCO0439, dilution 1:500),
anti-CD20 (Leica Biosystems, Germany, clone L26, dilution
1:600), anti-CD163 (Diagnostic Biosystems, USA, clone 10D6,
dilution 1 : 150) and anti-FoxP3 monoclonal antibody (Invitrogen,
USA, clone 236A/E7, dilution 1 : 800). The EnVision FLEX/
HRP system (Dako, Denmark) and Opal 7-color Fluorophore
Kit (Akoya Biosciences, USA), which includes tyramide
conjugated with fluorophores, were utilized for detection. The
staining procedure was executed on a BOND RXm automated
immunohistostainer (Leica, Germany). The protocol included
antigen retrieval using Epitope Retrieval Solution 2 buffer (Leica
Biosystems, Germany) at 98.5 °C for 20 minutes, followed by
five sequential staining cycles. Each cycle consisted of the
following steps: a 10-minute incubation of EnVision FLEX
Peroxidase-blocking reagent (Dako, Denmark), a 10-minute
incubation with Novocastra Protein Block (Leica Biosystems,
Germany), a 30-minute incubation with the primary antibody,
a 30-minute incubation with EnVision FLEX/HRP, and
a 20-minute incubation with Opal dye. After each cycle,
depletion complex of primary and secondary antibodies was
performed using Epitope Retrieval Solution 2 buffer. Cell
nuclei were counterstained manually using Fluoroshield™ with
DAPI (Sigma-Aldrich, USA). Visualization and image acquisition
(Fig. 1) were carried out using the Vectra® 3.0 system (Akoya
Biosciences, USA), and quantitative cell analysis was performed
using inForm® software (Akoya Biosciences, USA) based on data
collected from seven representative tissue regions.

The densities of CD8* cytotoxic lymphocytes, CD20*
B-lymphocytes, CD163* tumor-associated macrophages, and
FoxP3* regulatory T lymphocytes were quantified in tumor
tissues obtained from patients with lung cancer (Fig. 1). The
results were represented as the percentage of each cell type
relative to the total cell count in the tumor stroma. Statistical
analyses of the results were performed using Prism 10 software
(GraphPad, USA). The Friedman test was used to detect
differences in the number of immune cells within the tumor
microenvironment, while the nonparametric Mann-Whitney
test was employed for comparing independent groups. Both
univariate and multivariate Cox regression analyses were
conducted to determine the associations between key clinical
and pathological parameters, as well as tumor microenvironment
parameters, with progression-free survival. All criteria were
two-sided, and differences were deemed significant at p < 0.05.

RESULTS

In the tumor microenvironment of NSCLC, the median
proportion of PD-1-positive cells was 1.04 (0.17-1.70)%, in small
cell lung cancer (SCLC) — 0.27 (0.03-2.93)%. The frequency
of PD-1-positive CD8* cytotoxic lymphocytes was 83.3%
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DAPI CD8 CD20

CD163 FoxP3 PD1

Fig. 1. Tumor microenvironment of lung cancer. Multiplex image, 400x magnification

(10/12) in patients with NSCLC and 37.5% (3/8) in patients  cancer patients revealed no significant correlations between
with SCLC. While the frequency of PD-1-positive CD20*  the studied cell populations and patient age, smoking status,
B-lymphocytes were 8.3% (1/12) and 12.5% (1/8), PD-1-  or the presence of distant metastases (stage M1). However,
positive FoxP3* T-regulatory lymphocytes were 25% (3/12)  a statistically significant association was observed between
and 12.5% (1/8), and PD-1-positive CD163* macrophages disease stage and the proportion of CD8* lymphocytes
were 25% (3/12) and 20% (2/8), respectively. We studied in patients with SCLC. Specifically, patients with stage
the proportion of PD-1-positive CD8* cytotoxic lymphocytes,  llI-IV disease demonstrated a significantly lower proportion of
CD20* B-lymphocytes, FoxP3* T-regulatory lymphocytes and ~ CD8* lymphocytes in the tumor microenvironment compared
CD163* macrophages, as well as the proportion of other PD-1-  to those with stage Il (3.49% [range: 3.07-1.19%] vs. 4.82%
positive cells (without immunophenotype determination) in the  [range: 3.76-9.88%], p = 0.0286). Furthermore, the relationship
tumor microenvironment of patients with non-small-cell and  between tumor microenvironment characteristics and long-

small-cell lung cancer (Fig. 2). term treatment outcomes was evaluated using Cox regression
When assessing the cell fraction among all cells in the  analysis (Table 2).
immune infiltrate of NSCLC, PD-1-positive CD8* cytotoxic An increased proportion of CD20* lymphocytes in the

lymphocytes and other PD-1-positive immune cells were  tumor microenvironment has been identified as a significant
predominant among lymphocytes, accounting for 0.24% (range:  independent factor associated with poor progression-free
0.08-0.46%) and 0.39% (range: 0.00-1.05%), respectively.  survivalin lung cancer patients (HR = 0.17 [0.02-0.65], p = 0.0454),
No significant differences in the quantity of PD-1-expressing  compared to factors such as stage, histological type, smoking
immune cells were observed in the SCLC microenvironment.  status, presence of regional lymph node metastases, and
The proportions of PD-1-expressing cells among all studied  distant metastases (stage M1). Furthermore, an analysis of the
immunophenotypes were also determined for both NSCLC  prognostic value of PD-1-expressing immune cell populations
and SCLC (Table 1). in relation to clinicopathological parameters revealed that

When comparing the proportions of PD-1-expressing  independent predictors of shorter progression-free survival
cells between patients with NSCLC and SCLC, no significant  in lung cancer include the presence of distant metastases
differences were observed (Fig. 3). (stage M1), a high proportion of PD-1-expressing CD163"

The analysis of immune microenvironment parameters  macrophages, and a low proportion of PD-1-expressing
in conjunction with clinical and pathological factors in lung  FoxP3* lymphocytes (Table 3).

NSCLC patients SCLC patient
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Fig. 2. The proportion of PD-1-positive CD8* cytotoxic lymphocytes, CD20* B-lymphocytes, FoxP3* T-regulatory lymphocytes and CD163* macrophages, and other
PD-1-positive cells (without immunophenotype determination) in the tumor microenvironment of NSCLC and SCLC patients
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Table 1. Proportion of PD-1-Expressing Cells Among All Cells of the Studied Immunophenotype in Patients with Lung Cancer, Median (Q,-Q,)

Parameter NSCLC SCLC
b, =0.0005 P, =0.0527
5.20 1-2 0.00 -2
1. CD8*PD1* - p.. = 0.0006 ' p.. =0.0547
(1.15-35.33) £ 00010 (0.00-12.02) o 00081
o 0.00 P, , = 0.9465 0.00 p,., = 0.9864
2. Ch20'PD1 (0.00-0.00) P, = 0.8265 (0.00-0.00) P, =0.8784
o 0.00 B 0.00 B
3. CD163PD1 0.0041.05) P, =0.8791 0.005087) p, . = 0.8650
o 0.00 0.00
4. FoxP3'PD1 (0.00-1.07) (0.00-0.00)

DISCUSSION

The clinical significance of PD-1 expression, particularly in the
context of immunotherapy, remains poorly understood. Limited
and controversial data on the prognostic value of determining
PD-1 expression are available in the literature. The study by
Dan A. et al. demonstrated that patients with early-stage non-
small cell lung cancer (NSCLC) who exhibited PD-1 expression
of =10% on tumor-infiltrating lymphocytes experienced
unfavorable 10-year overall survival rates. [6]. Conversely, the
study by Sun C. et al. revealed that positive PD-1 expression,
coupled with high lymphocyte counts (CD3, CD4, CD8, and
FOXP3), was associated with significantly improved survival
rates compared to negative PD-1 expression in conjunction
with lower lymphocyte counts. [7]. In our study, for the first
time, we assessed PD-1 expression while considering the
immunophenotype of cells. We focused on the four most
relevant populations for which there is evidence suggesting
an association with a response to immunotherapy, since the
patients included in our study are potential candidates for anti-
PD-1 antibody therapy in future treatment lines.

When discussing the prognostic significance of PD-1
expression in the context of immunotherapy, it is important
to mention the findings of the study by Mazzaschi G. et al.,
which demonstrated that, a low incidence of PD-1 expression
among CD8* lymphocytes was a distinguishing feature of
patients treated with nivolumab, and this was also associated
with clinical benefits and extended PFS (HR = 4,51; 95% Cl,
1,45-13,94) [8]. In our study, PD-1 expression was found
predominantly on CD8* lymphocytes, although the proportion
of PD-1* cells in the CD8* lymphocyte population was about
5% and was not associated with PFS. It is known that effector
functions are gradually lost during the progressive depletion
of T cells; in a recent study, an inverse correlation between T
cell function and the level of PD-1 expression was noted [9].
Thus, PD-1 expression on cytotoxic lymphocytes indicates a

state of depletion. It is important to note that our study reveals
that PD-1-expressing immune cells are extremely sparse
within both the non-small-cell and small-cell lung cancer
microenvironments. This indicates that the majority of immune
cells in the lung cancer environment are predominantly in an
active functional state. Our findings suggest that the cells
targeted by therapeutic anti-PD-1 antibodies are few within the
lung cancer microenvironment, and mainly consist of PD-1-
expressing cytotoxic lymphocytes. Blocking the checkpoint in
these few cells could potentially restore their depleted function.
At the same time, the low number of these cells may explain
the limited therapeutic effects observed with the use of anti-
PD-1 antibodies.

Currently, we are unable to evaluate the correlation between
specific characteristics of the tumor microenvironment's
cellular composition and treatment outcomes in these
patients, as their therapy is still ongoing. Nevertheless, this
study enabled us to assess the relationship between various
tumor microenvironment parameters and PFS. Our results
underscore the crucial importance of immune cell composition
within the tumor microenvironment in determining PFS in lung
cancer patients. Notably, an increased presence of CD20*
lymphocytes has been identified as a significant independent
predictor of poorer PFS, exhibiting a hazard ratio (HR) of 0.17
(95% CI: 0.02-0.65, p = 0.0454). This association appears
more substantial than conventional prognostic factors,
including tumor stage, histological subtype, smoking status,
and the presence of regional or distant metastases (stage M1).
The results suggest that B-cell infiltration may play a previously
underestimated role in lung cancer progression, possibly due
to its implications in immune suppression or modulation within
the TME. Further studies are required to explore the functional
impact of CD20* lymphocytes in lung cancer, aiming to elucidate
their role in tumor biology and resistance to treatment effectively.

Moreover, our analysis concerning PD-1-expressing
immune cell populations has unveiled new insights about the
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Fig. 3. Comparison of the proportion of PD-1-expressing cells between NSCLC and SCLC patients
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Table 2. Univariate and multivariate regression analysis of the significance of clinicopathological parameters and immune cell populations in the duration of progression-

free survival in patients with lung cancer

Single-factor analysis Multifactor analysis
Parameter

HR 95% CI Pvalue HR 95% CI Pvalue
Smoking status 1.23 0.37-4.75 0.7366 0.4716 0.07-3.12 0.4167
Histological type 0.83 0.24-2.93 0.7659 1.236 0.15-9.33 0.8365
Stage 1.4 0.69-3.16 0.367 0.6977 0.11-4.17 0.6798
Lymph node metastasis 1.29 0.71-2.44 0.4074 1.54 0.69-4.14 0.3158
Distant metastasis (stage M1) 0.79 0.23-3.11 0.7177 0.07 0.001-1.13 0.1158
CD8 1.01 0.86-1.17 0.8213 1.58 0.91-4.00 0.237
CD20 0.42 0.09-0.88 0.1532 0.17 0.02-0.65 0.0454
CD163 1 0.84-1.16 0.9954 1 0.78-1.29 0.9392
FoxP3 0.89 0.69-1.11 0.3567 0.6 0.20-1.25 0.2925

Table 3. Univariate and multivariate regression analysis of the Influence of Clinicopathological Parameters and PD1-Expressing Immune Cell Populations on the Duration

of Progression-Free Survival in Patients with Lung Cancer

Single-factor analysis Multifactor analysis
Parameter

HR 95% ClI Pvalue HR 95% CI Pvalue
Smoking status 1.23 0.37-4.75 0.7366 3.85 0.33-125.70 0.3402
Histological type 0.83 0.24-2.93 0.7659 4 0.06-186.10 0.481
Stage 1.4 0.69-3.16 0.367 2.32 0.30-71.80 0.549
Lymph node metastasis 1.29 0.71-2.44 0.4074 0.8 0.17-2.81 0.7545
Distant metastasis (stage M1) 0.79 0.23-3.11 0.7177 0.004 0.0003-0.26 0.0349
%CD8*PD1* 1.011 0.97-1.04 0.5361 1.019 0.93-1.11 0.6532
%CD20PD1* 0.001 - >0.9999 0.001 - >0.9999
%CD163*PD1* 1.39 0.95-1.97 0.0619 4.78 1.35-33.64 0.041
%FoxP3*PD1* 1.06 0.85-1.22 0.4517 0.44 0.16-0.89 0.0484

links between immune checkpoint expression and clinical
outcomes. The presence of distant metastases (stage M1), a
high proportion of PD-1-positive CD163* macrophages, and a
low proportion of PD-1-positive FoxP3* lymphocytes have been
identified as predictors of shorter PFS. These observations
underscore the complexity of immune regulation within the TME,
where a delicate balance between immunosuppressive and
immunostimulatory cell populations critically influences disease
progression. The association of PD-1*CD163* macrophages
with poor outcomes has predominantly been observed in
animal models [10]. Conversely, the anti-tumor effect observed
in PD-1*FoxP3* lymphocytes suggest a potential regulatory
function, although Tregs are generally associated with poor
outcomes in the existing literature [11].

These findings carry substantial implications for the
development of predictive biomarkers and the formulation of
immunotherapeutic strategies in lung cancer. The identification
of PD-1-expressing immune subsets as prognostic markers
underlines the necessity for an enhanced understanding of
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CHARACTERISTICS OF THE METASTASIS-ASSOCIATED CIRCULATING CELLS:

FEATURES OF SIDE SCATTER PARAMETERS

Buzenkova AV'=, Grigoryeva ES', Alifanov VW', Tashireva LA', Savelieva OE3, Pudova ES', Zavyalova MV?, Cherdyntseva NV', Perelmuter VM'
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It is difficult to detect the circulating tumor cells (CTCs) being through the epithelia-mesenchymal transition (EMT) terminal phase, since these do not express
epithelial markers or show weak expression of those. This hampers assessment of the CTC prognostic potential. It has been shown that the circulating cells (CCs)
with the CD45-EpCAM-CK7/8-CD24+*N-cadherin- phenotype are associated with the risk of metastasis in breast cancer (BC). The study aimed to test CCs based
on the side scatter parameters considering the expression of epithelial cell markers and CD11b. CC phenotypes were assessed by flow cytometry within the regions
with low (SSC®") and high (SSC"") side scatter in 11 donors and 20 female patients with BC. All the CD45EpCAM-CK7/8-CD24*N-cadherin- CCs were represented
by the CD11b~ and CD11b* phenotypes found in both SSC*" and SSC"e" regions. Among eight CD45-mEpCAM-CK7/8-CD24+N-cadherin- CC phenotypes with
different variants of co-expression of epithelial markers (E-cadherin, panCK, and icEpCAM) and CD11b found in patients, six showed signs of epithelial nature
based on one of the markers, while another two showed no epithelial traits and predominated over other phenotypes (only these two phenotypes were found in
donors). The differences in light scattering parameters of the CCs with the same phenotype is one more characteristic, the prognostic value of which remains to
be uncovered. The E-cadherin and panCK expression in the absence of mMEpCAM and presence of icEpCAM suggest that some CCs are tumor cells in the state
of pronounced EMT. CCs showing co-expression of CD11b and epithelial markers can emerge due to hybridization with myeloid cells.
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XAPAKTEPUCTUKA METACTA3-ACCOLIMNPOBAHHDbIX LIMPKYJTUPYHOLLNX KNETOK
MPU PAKE MOJIOYHOW XKENIE3bl: OCOBEHHOCTU NAPAMETPOB EOKOBOIO CBETOPACCEAHMUA

A. B. ByseHkosa'=, E. C. lpuropbesa’, B. B. AnidpaHos!, J1. A. Tawmpesa', O. E. Cageneesa®, E. C. MNynosa’, M. B. 3asbsinosa?, H. B. YepopHuesa',

B. M. MNepensmyTep!

" Hay4Ho-1ccnegoBaTenbCKuii MHCTUTYT OHKONOMKM, TOMCKUIA HaLMOHaNbHbIA MCCNEeA0BaTENbCKMN MEAULIMHCKMIA LIeHTP Poccuitckon akagemum Hayk, Tomck, Poccus

2 CnBUPCKUIA rocyAapCTBEHHbIA MEANLHCKI YHUBEPCUTET, TOMCK, Poccust

8 CaHKT-TeTepOyprekuii roCyapCTBEHHbIN NEAMAaTPUYECKMA MEAVLIMHCKIIA yHUBepcuTeT, CaHkT-MNeTepbypr, Poccus
LeTekupms LMpKYMPYOLLMX onyxonesbix kneTok (LIOK), Haxooawmxes B TepMUHANBHOM CTaamn anuTenvanbHo-Me3eHx1MansHoro nepexoa (OMM), 3atpyaHeHa,
MOCKOSbKY OHW HE SKCMPECCUPYIOT U UMEIOT Cnabyto 3KCMPECCUO SnUTENManbHbIX MapKepOoB. OTO OCNOXKHSET U3yYeHWe 1X MPOrHOCTUYECKOro NoTeHLmana.
MokagaHo, 4To UmpkynmpytoLme kneTkn (LK) ¢ dheHotrunom CD45EpCAM-CK7/8-CD24+*N-cadherin™ accoummpoBaHbl C PUCKOM METacTa3vpoBaHUs Npun paxke
MonoyHow »xenesbl (PMPK). Liensto ncenegosaHms Obino 13yymnts LIK B 3aBUCHMOCTI OT napameTpoB BOKOBOMO CBETOPACCESHNSA, C YHETOM SKCMPECCUM MapKepoB
anutenmansHocT U CD11b. Y 11 goHopoB 1 20 naumeHTok ¢ PMPK MeTOOOM MPOTOYHOM LIMTOMETPUM NMPOBOANAM OLEHKY deHoT1noB LIK B 06nacTsx ¢ HU3KIM
(SSC°") 1 BbicokM (SSCMe") GokoBbIM cBeTopaccesHem. Bece CD45EpCAM-CK7/8-CD24+*N-cadherin- LIK Gbinn npeactaeneHs! deHotvnam CD11b- n CD11b,
KOTOpPblE BCTPeHamMeh kak B SSC%, Tak 1 B SSC" obnacTsix. /13 BoCbMM 0B6Hapy»KeHHbIX Y naumeHTok heHoTvnos CD45 mEpCAM-CK7/8-CD24+N-cadherin™ LIK ¢
pasHbIMV BapriaHTamm KOSKCIpeCCUn anutenvanbHbix Mapkepos (E-cadherin, panCK, 1 icEpCAM) n CD11b, wecTb nMenv NpuaHaky anuTenanbHoCTV No ogHOMY
13 MapKepoB, eLLe ABa He UMENM MPU3HaKOB SMUTENMaNbHOCTY 1 Npecbnafani Had npoHMm (y AOHOPOB BCTPEHaMCh TOMbKO Takie Asa heHotvna). Pasnnyve
napameTpoB ceeTopaccesHnsa LIK ¢ ogvHakoBbIMi (heHoTUNamm ABNSETCS AOMOMHUTENBHON XapakTepUCTUKOM, MPOrHOCTUHECKOE 3HAYeHe KOTOPOW NPeacTouT
BbISiCHUTb. SKcnpeccus E-cadherin n panCK npu oteyTeTeumn mEpCAM 1 Hanmn4me icEpCAM no3sBonsitoT nonarats, YTo YacTb LIK AaBnstoTcs onyxoneBbIM/ B COCTOSIHAN
BbipakeHHoro OMI. LIK, koakcnpeccupytowme CD11b 1 anutenmaneHble Mapkepbl, MOTryT BO3HMKaTb BCNEACTBME MOPUAN3ALMA C MUENOUAHBIMI KIETKaMW.
KrnioyeBble cnoBa: pak MOMIOHYHON >Xenesbl, LMPKYIMPYIOLLME KIETKW, NPOTOYHAs LIMTOMETPUS, BOKOBOE CBETOPACCEsHME
®duHaHcupoBaHue: pabdoTa BbINonHeHa Npu rHaHcoBol nogaepkke rpaHTa PHPO Ne 23-15-00135.
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Distant metastasis is the main cause of malignant neoplasm
adverse outcomes. Cells of primary tumors capable of
intravasation and generating the circulating tumor cells (CTCs)
are the source of hematogenous metastasis. CELLSEARCH,
the conventional method to determine CTCs, is based on
isolation of CD45-negative, EpCAM-positive, and cytokeratin
8-, 18- and/or 19-positive CTCs from peripheral blood [1]. To
date, various CTC detection and isolation techniques have
been developed: separation by density gradient centrifugation;
dielectrophoresis (method to isolate CTCs based on the cells’
dielectric properties); microfluidic chip-based cell separation
method; CTC enrichment involving the use of the magnetic-
activated cell sorting (MACS) system (involves CTC labeling
with the MACS superparamagnetic microspheres covered
with the antibodies specific for the CTC surface antigens); use
of magnetic beads covered with a thin layer of the hydrogel
containing antibodies against EpCAM; reverse transcription
polymerase chain reaction (RT-PCR); flow-cytometry-based
detection methods [2]. In patients with late-stage breast
cancer (BC), CTCs are found in 60% of cases, while in
patients with early-stage disease these are found in 20-30%
of cases [3]. The use of flow cytometry allows one to identify
a broad range of functional markers in each CTC. With this
technology, heterogeneity of stemness sign manifestations
and the epithelial-mesenchymal transition manifestations in
BC has been shown [4, 5]. In BC, progression-free survival is
associated with CTCs. With the CTC counts = 6, relapses and
metastasis are more frequent, and survival rate is lower [6].
We have previously reported the cells in peripheral blood with
the CD45mEpCAM-CK7/8-CD24+*N-cadherin~ phenotype,
which are associated with high risk of metastasis, along with
the classic CTCs that express membrane EpCAM (MEpCAM)
[7]. In contrast to CTCs, these cells have been classified as
circulating cells (CCs). The nature and origin of CCs are poorly
understood.

The important characteristics of any cell present in the
bloodstream, including tumor cells, involve biophysical
parameters that can partially reflect their morphofunctional
state. Measurement of the cells’ biophysical properties (such
as electrical impedance, radio-frequency conductivity, light
scattering from cells at various angles) has provided the
basis for the automated hematology analysis methods.
Flow cytometry techniques enable gathering information
about the cells’ size and structure through the detection of
forward and side scatter parameters. As cells passes through
the light stream emitted by a laser, both cell fluorescence and
light scattering in various directions are recorded. Forward
scatter (FSC) considers intensity of the light scattered at small
angles of up to 10° (with detectors located along the laser
beam) and provides data about cell size. Side scatter (SSC)
considers intensity of the light scattered at the angles of up
to 90° (with detectors positioned perpendicularly to the laser
beam direction), depends on cell density, and characterizes
the complexity of intracellular structures [8] and the extent of
cytoplasmic granularity [9]. Furthermore, studies suggest that
various cell structures have a subtle impact on side scatter
parameters. For instance, light scattering at an angle of 5-30°
is primarily caused by the cell nucleus, while scattering at
angles of 50-130° is attributed by small organelles, such
as mitochondria, peroxisomes, lysosomes, and granules [10].

In 2023, advancements in this method led to the
development of an approach where cell granularity, as
estimated based on SSC, can be used to differentiate
functional lymphocyte subpopulations. Specifically, naive
undifferentiated lymphocytes were within the SSClow region,

whereas cytotoxic lymphocytes characterized by high granule
contents were detected in the SSC"e" region [9].

The study aimed to clarify phenotypic characteristics of the
CD45 mEpCAM-CK7/8-CD24*N-cadherin- cells in blood of
female patients with breast cancer. The investigation focused
on the analysis of these cells based on side scatter (SSC)
properties and evaluation of epithelial cell markers such as
E-cadherin, cytokeratins AE1/AE3 (pan Cytokeratin), as well
as intracellular expression of the EpCAM adhesion molecules
(icEpCAM). We assessed the indicated parameters in both
female patients with invasive ductal carcinoma of no special
type (IDC NST) and healthy donors.

METHODS

A prospective study involved 11 donors and 20 patients with
IDC NST, who underwent treatment at the Cancer Research
Institute, Tomsk National Research Medical Center RAS.
Inclusion criteria for the study group: morphologically verified
diagnosis of invasive ductal carcinoma of no special type;
primary tumor extent T,-4N_-3M_; luminal B Her2- (9 patients),
luminal BHer2+ (4 patients), triple negative (5 patients) and HER2+
(2 patients) molecular biological subtypes. Exclusion criteria
for the study group: other breast cancer histologic types; multiple
primary malignant tumors; exacerbation of chronic inflammatory
disorder. The group of donors was matched to patients based
on age, and the primary inclusion criterion was the absence
of any exacerbation of chronic inflammatory disorders. Venous
blood samples were collected into EDTA-treated vacuum test
tubes before surgery and neoadjuvant chemotherapy. Further
sample preparation was performed in accordance with the
previously reported protocol [11]. Monoclonal antibodies were
used to stain surface markers: BV570-anti-CD45 (clone HI30,
mouse 1gG1; Sony Biotechnology, USA), PE-Cy7-anti-N-
cadherin (clone 8C11, mouse IgG1; Sony Biotechnology, USA),
BB700-anti-CD24 (clone ML5, mouse IgG2a; BD Horizont,
USA), R718-anti-EpCAM (CD326) (clone EBA-1, mouse IgG1;
BD Biosciences, USA), BV-421-anti-CD11b (clone ICRF44,
mouse IgG1; BioLegend, UK), PE-Dazzle594-anti-E- cadherin
(CD324) (clone 67A4, rat IgG1; Sony Biotechnology, USA).
Intracellular staining was performed using the following: PE-anti-
CK7/8 (clone CAM 5.2, mouse IgG2a; BD Biosciences, USA),
eFlour660-anti-panCK (clone AE1/3, mouse IgG1; Invitrogen,
USA), BV605-anti-EpCAM (CD326) (clone 9C4, IgG2b; Sony
Biotechnology, USA). The MCF-7 breast cancer cells were used
as positive controls when estimating fluorescence of antibodies
against epithelial markers, whereas U937 promonocytic cells
served as negative controls. The events detected within the
high signal intensity region (7" decade and above) were
considered to be positive based on epithelial markers.

Immunofluorescence was conducted using the Novocyte
3000 flow cytofluorometer (ACEA Biosciences, USA) with the
acompanying the NovoExpress 1.3.0 software package (ACEA
Biosciences, USA). The granularity of the cells was evaluated
based on the side scatter (SSC) parameter individually for
each case. In the FSC/SSC two-dimensional plot, the SSCo"-
circulating cells were localized within the region corresponding
to populations of agranulocytes, which include lymphocytes
and monocytes. SSC9"-cells were positioned within the region
corresponding to the granulocyte population on the FSC/SSC
two-dimensional plot. The median levels of the boundary
between the SSC° and SSC"e" regions for this cytometer was
0.40 (0.36-0.45) (Fig. 1).

Statistical data processing was performed using the
GraphPadPrism 9 software package (GraphPad Software, San
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Diego, CA, USA). Fischer’s exact test was used to compare
the abundance of various cell phenotypes. The cell phenotype
counts were compared with each other using the nonparametric
Wilcoxon test, and the nonparametric Mann-Whitney test was
used to compare cell phenotype counts between donors and
patients; the data were presented as Me (Q,; Q,). The results
were considered significant at p < 0.05.

RESULTS

CC abundance and counts within the SSC'** and SSChs"
regions in donors and patients with IDC NST

To clarify the CC nature we evaluated expression of the
CD11b marker of myeloid origin, as well as of epithelial
cell markers: E-cadherin, pan-Cytokeratin, and intracellular
EpCAM (icEpCAM). Among 16 possible CC phenotypes,
eight were found in the peripheral blood of patients with IDC
NST. Furthermore, each cell expressed only one of the above
epithelial markers. We compared the abundance (Table 1) and
counts (Table 2) of these cell populations based on the side
scatter degree: SSC°" or SSChian,

Table 1 represents only those cell phenotypes that were
detected in blood of patients with IDC NST. There were
no differences in the abundance of cells with the studied
CC phenotypes between the SSC°" and SSCMo" regions.
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Fig. 1. Distribution of CCs (CD45-mEpCAM-CK7/8-CD24*Ncadh") within the SSC°* and SSC"" regions (cells of interest are highlighted in red)

Regardless of the SSC parameter and CD11b expression, in
the majority of cases (85-100%) CCs with phenotypes 1 and
5 showing no expression of epithelial markers were found. In
20-35% of cases, there were E-cadherin* cells among CCs. In
six CC phenotypes, expression of only one studied epithelial
marker was observed.

The total number of cells showing expression of epithelial
markers (regardless of the CD11b expression and SSC
parameter) was 1.9 cells per 1 mL of whole blood. CCs
with phenotypes 1 and 5 were not only more often found in
blood, but were the most numerous. The median of other six
phenotypes was close to zero.

The number of CCs with phenotype 5 within the SSCo"
region was 24 times higher, than that within the SSC'°* region
(o < 0.0001) (Table 2). In contrast to breast cancer patients,
only two phenotypes of the studied cells were found in
donors. It should be noted that these were the same most
abundant phenotypes 1 and 5. There were no differences
in abundance of the specified cell phenotypes depending
on their location within the SSC° and SSC"9" regions,
and the counts were not the same. The number of cells
with phenotype 5 CD11b*EcadherinpanCK-icEpCAM- was
12.5 times higher within the SSC"e" region compared to the
SSC" region (p = 0.0020), while the number of cells with
phenotype 1 CD11b E-cadherin-panCK-icEpCAM-, on the
contrary, was 7.5 times higher within the SSClow region

Table 1. Comparison of CC abundance within the SSC°* and SSC"9" regions in patients with IDC NST

Abundance, % (abs.)
CC phenotype n=20
(CD45-mEpCAM-CK7/8-CD24*Ncadh’)
SSClow SSChigh
(Ne1) CD11b"E-cadh-panCK-icEpCAM- 85 (17/20) 100 (20/20)
(Ne2) CD11b"E-cadh-panCK-icEpCAM* 0 (0/20) 10 (2/20)
(Ne3) CD11b-E-cadh-panCK*icEpCAM- 5 (1/20) 10 (2/20)
(Ne4) CD11b E-cadh*panCK-icEpCAM- 35 (7/20) 20 (4/20)
(Ne5) CD11b*E-cadh-panCK-icEpCAM- 95 (19/20) 100 (20/20)
(Ne6) CD11b*E-cadh-panCK-icEpCAM* 10 (2/20) 10 (2/20)
(Ne7) CD11b*E-cadh-panCK*icEpCAM- 10 (2/20) 25 (5/20)
(Ne8) CD11b*E-cadh*panCKicEpCAM- 15 (3/20) 25 (5/20)
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Table 2. Comparison of CC counts within the SSC*" and SSC"e" regions in patients with IDC NST

Number of cells Me (Q,-Q,) / mLn
CC phenotype n=20 P
(CD45-mEpCAM-CK7/8-CD24*Ncadh") o SSCHn
a b
(Ne1) CD11b E-cadh-panCK-icEpCAM- 47.25 (10.38-97.25) 19.50 (3.13-48.50)
(Ne5) CD11b*E-cadh-panCK icEpCAM- 11.75 (5.00-36.50) 287.00 (73.00-1132.00) p,, <0.0001
Table 3. Comparison of CC abundance and counts within the SSC** and SSC"" regions in donors
SSClov SSChian
CC phenotype (CD45-mEpCAM-CK7/8-CD24*Ncadh") b P
a
abundance, % (abs.) 1 91 (10/11) 82 (9/11)
(Ne1) CD11b Ecadh-panCK icEpCAM-
number of cells Me (Q,-Q,) 2 7.50 (1.50-12.50) 1.00 (0.50-7.50) p,,=0.0156
abundance, % (abs.) 3 100 (11/11) 100 (11/11)
(Ne5) CD11b*Ecadh-panCK icEpCAM- p.. =0.0020;
number of cells Me (Q,-Q,) 4 2.00 (1.00-7.50) 25.00 (3.50-61.00) ;b _ 0' 0020‘
2-4 — Y

compared to the SSC"" region (p = 0.0156). Furthermore,
in the SSC"9" region, the number of cells with phenotype
5 CD11b*Ecadherin-panCK-icEpCAM- was 25 times higher,
than the number of cells with phenotype 1 CD11b-Ecadherin-
panCK-icEpCAM- (p = 0.0020) (Table 3). It is noteworthy that
donors had no CCs showing expression of any epithelial cell
marker used.

Comparison of the abundance and counts of various CC
phenotypes in donors and patients with IDC NST

Comparison of the abundance and counts of various CC
phenotypes in blood of donors and patients with IDC NST
is of special interest due to the possibility that there is an
association between CC identification in blood and the
presence of cancer. We compared the abundance of CCs
with the CD45-mEpCAM-CK7/8-CD24+*Ncadherin- phenotypes
and different variants of CD11b, E-cadherin, pan-Cytokeratin,
and icEpCAM co-expression within the SSClow and SSChigh
regions (Fig. 2). Two CC phenotypes were most often found within
the SSC" and SSC"e" regions in both donors and patients with
IDC NST: phenotype 1 CD11b-Ecadherin-panCK-icEpCAM-
and phenotype 5 CD11b*Ecadherin-panCK-icEpCAM, i.e.
cells the do not express the E-cadherin, pan-Cytokeratin, and
icEpCAM epithelial cell markers (Fig. 2A, B). The same CC
phenotypes (1 and 5) turned out to be both most abundant
and most numerous in both regions (Fig. 2C, D). Cells with
phenotype 4 CD45mEpCAM-CK7/8-CD24+*Ncadherin—
CD11b Ecadherin*panCK-icEpCAM- were significantly more
often found within the SSC*" region (o = 0.0331) (Fig. 2A), and
the counts were higher at the division level (p = 0.0522) (Fig. 2C)
in patients with IDC NST compared to donors. It is worthwhile
to emphasize once again that no cells showing expression of
epithelial cell markers were found in donors. In patients with
IDC NST, CCs showing expression of epithelial cell markers
were found, but the abundance was low.

The abundance of the cells showing expression of any
epithelial marker within the SSC°" region was higher in
patients with IDC NST, than in donors (no such cells were
found in donors), regardless of the CD11b expression (o = 0.0331
and p = 0.0331, respectively), while within the SSC"e" region
this was reported for the CD11b* cells only (o = 0.0116)
(Fig. 3A). The counts of such cells were higher in patients with

IDC NST compared to donors only for the CD11b* cells within
the SSChigh region (p = 0.0129) (Fig. 3B).

DISCUSSION

The assessment of the side scatter parameter (SSC) divided the
studied cells into two distinct populations, which are located
within the SSC°" and SSC"e" regions. This division indicates
differing level of cellular organization complexity, as suggested
by the physical nature of the SSC parameter. Specifically, these
differences encompass variations in the number of organoids
and the extent of cytoplasmic granularity [8].

This criterion is likely to actually show cytoplasmic
granularity, since the number of cells within the SSC** and
SSChieh regions depended on the CD11b myeloid marker
expression in the cells. The number of the CCs with phenotype
5, which expressed CD11b, in both donors and cancer patients
was higher within the SSC"" region, than within the SSClov
region. At the same time, there were no differences in the
number of the CCs having the same phenotype, but showing
no CD11b expression (phenotype 1) between the SSC" and
SSCheh regions. Assesment of the abundance has shown that
each of the eight CC phenotypes was equally likely to be found
within the the SSC°* and SSC"" regions. This suggests that
the cells showing expression of the same cytokeratins and/
or CD11b show different intracellular organization complexity.
Based on the results of the study of lymphocytes with different
functional activity [9], it can be noted that the cells showing high
activity are located within the SSC"" region. This observation
can likely to be applied for the studied CCs. Thus, CCs with
identical phenotypes but differing in biophysical properties —
and consequently in functional characteristics — may vary in
their association with metastasis mechanisms. This nuanced
understanding underscores the complexity of cellular
behavior in cancer metastasis and underscores the potential
significance of SSC parameters in evaluating cellular function
and malignancy potential.

When discussing the CC epithelial traits, some methodological
features of the study should be clarified. The study involved the
utilization of the anti-EpCAM monoclonal antibodies labeled
with two different fluorescent markers. This dual-labeling
technique permitted the distinct detection and differentiation
of EpCAM expression at the membrane and within the cell.
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Fig. 2. Comparison of the abundance and counts in blood of donors and patients with IDC NST (main phenotype: CD45-mEpCAM-CK7/8-CD24*Ncadh- — with
co-expression of CD11b, E-cadherin, pan-Cytokeratin 1 icEpCAM) within the SSC** and SSC"" regions. A. Comparison of CC abundance in donors and patients
within the SSC** region. B. Comparison of CC abundance in donors and patients within the SSChigh region. C. Comparison of CC counts in donors and patients within
the SSC°" region. D. Comparison of CC counts in donors and patients within the SSC"" region

Specifically, antibodies with the first label were used for surface
staining, while those with the second label were added post-
permeabilization. The anti-EpCAM antibodies used in our study
were produced by the EBA-1 and 9C4 cell clones. These
antibodies are designed to detect the EpCAM marker both on
the membrane and inside the cell, contingent upon whether
the permeabilization phase is included in the procedure. [12].
It is noteworthy that staining following permeabilization may
not exclusively reveal intracellular EpCAM expression due to
the potential presence of accessible antigenic epitopes on the
surface, even after the use of excess antibodies in the initial
surface staining phase. However, in our study, not a single case
exhibited cells with simultaneous EpCAM expression on both the
membrane and intracellularly (within the cytoplasm or nucleus).
This observation strongly suggests a genuine intracellular
localization of EpCAM expression in the cells we analyzed.
The loss of membrane EpCAM expression during the EMT
may occur due to molecule translocation [13, 14] or result from
regulated intramembrane proteolysis (RIP) and endocytosis of
mEpPCAM, leading to its eventual degradation in proteosomes
[15, 16]. In cases where there is an absence of mMEpCAM
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and presence of icEpCAM alongside the expression of the
other epithelial markers (E-cadherin and pan-Cytokeratin),
it is plausable that some of the studied CCs are tumor cells
undergoing pronounced EMT. These cells could, therefore, be
considered CTCs. However, contemporary research suggests
that these CCs may also be of non-tumor origins; for example,
bone marrow-derived epithelial progenitor cells have been
identified [17, 18]. There are data that the cells originating
from the bone marrow can express proteins of epithelial cells
and become epithelial cells in many organs. These cells do
not express CD45 leukocyte marker, however, they do exhibit
cytokeratins expression and are detected only following prior
epithelial damage. This is considered to be an argument in favor
of the fact that the bone marrow-derived epithelial progenitor
cells are intended for regeneration [19-21]. Given these
findings, it's possible that the studied CCs expressing epithelial
markers—yet showing no CD45 expression—might be normal
cells originating from the bone marrow. The absence of such
cells in healthy donors does not contradict this hypothesis,
as their prevalence might only rise to detectable levels under
specific conditions, such as in loci undergoing regeneration or
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Fig. 3. Total abundance and counts of the CD11b~ and CD11b* cell that express any epithelial cell marker (main phenotype: CD45-mEpCAM-CK7/8-CD24*Ncadh-,
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and patients with IDC NST within the SSC** and SSC"¢" regions. B. Comparison of total counts of the CC epithelial markers in donors and patients with IDC NST within

the SSC°" and SSC"¢" regions

within the carcinoma microenvironment, which is commonly
described as a “non-healing wound” [22, 23].

Two CC phenotypes, 1 and 5, are deprived of epithelial cell
markers. CCs with phenotype 1 expressed CD24 only, while
that with phenotype 5 expressed both CD24 and CD11b*.
CGCs with phenotypes 1 and 5 were not only more often found
compared to other phenotypes detected in blood, but were also
most numerous. As for origin of such cells, it can be assumed
that these are epithelial cells, in which epithelial traits have been
lost after achieving the EMT terminal phase, or these CCs are of
non-epithelial origin and belong to another unknown population.

The CC phenotypes 1-4 were similar to phenotypes 5-8
based on eight studied markers out of nine. The only difference
between these groups of phenotypes was CD11b* expression
in CCs with phenotypes 5-8. As is well known, integrin
CD11b is expressed mainly on monocytes/macrophages
and neutrophils, as well as some subpopulations of dendritic
cells. CD11b represents an integrin alpha-M subunit (aM
CD11bCD18), which is part of the aMB2 heterodimer. This
integrin serves as a receptor of fibrinogen and the ICAM-1
endothelial adhesion molecule [24]. CD11b mediates cell
adhesion, chemotaxis, migration, phagocytic activity and
inhibits inflammatory responses initiated via Toll-like receptors
[25]. Immunosuppression is one of the most important
functions of the myeloid cells that express CD11b [26]. What
could be the origin of the CD11b* CCs that we found? The
CD11b expression is observed at the rather late promonocytic
differentiation stage, while CD45 has to be expressed much
earlier: at the monoblast stage [27]. In this regard, it is doubtful
that the CD45D11b* CCs considered can belong to myeloid
elements (especially cells that express epithelial markers). It
is appropriate to consider the CCs showing co-expression of
CD11b* and epithelial markers as the hybrid cells emerging due
to hybridization with myeloid cells. In this case, expression of
leukocyte markers is expected. Not excluded the rarely studied
and discussed EMT mechanism, in which not fibroblastic, but
leukocyte traits manifest itself. Such EMT variant is substantiated
in one of the reports [28]. Finally, if we accept the hypothesis of
bone marrow origin of the CCs with epithelial traits, the presence
of a myeloid marker can result from the nonlinear bone marrow
stem cell differentiation process with the presence of cells with
atypical phenotypes in the differentiation continuum.

It is important to note several limitations of the study:

The prospective character of the study has made it
impossible to find out whether phenotypic features of the
combination of SSC parameters with the CD11b* expression
and the presence of epithelial cell traits are associated with
hematogenous metastasis and metastasis-free survival. A
longer monitoring period will be required to adequately address
these questions.

A small sample of donors (n = 11) could limit detection of
rare CC phenotypes in the control group. The control group
expansion will make it possible to clarify the presence of CCs
showing expression of epithelial markers in donors.

Heterogeneity of the studied group of patients with
IDC NST also represents a limitation of the study. Perhaps,
assessment of the studied parameters in the groups of
patients more homogenous based on molecular biological
subtype will make it possible to reveal the associations of
the CCs having epithelial traits with the less favorable BC
subtypes.

CONCLUSIONS

The studied CCs represent a heterogenous population. All
cell phenotypes were found within both SSC°* and SSCM
regions. There was a larger number of the CCs showing CD11b
expression within the SSC"" region (p = 0.0020 for donors;
p < 0.0001 for patients with IDC NST). In BC patients, among
eight detected CC CD45mEpCAM-CK7/8-CD24*N-
cadherin~ phenotypes with different variants of co-expression
of the epithelial markers (E-cadherin, pan-Cytokeratin, and
icEpCAM) and CD11b, six phenotypes had epithelial cell
traits based on one marker only. All the CC phenotypes
were represented by two variants depending on the CD11b
expression. Cells with two phenotypes, CD45-mEpCAM-
CK7/8-CD24*N-EcadherinpanCK-icEpCAM-CD11b- and
CD45 mEpCAM-CK7/8-CD24*N-Ecadherin-panCK-icEpCAM-
CD11b*, were most frequently detected and numerous. Only
these two CC phenotypes without epithelial traits were found
in donors. The side scatter values of the CCs with the same
phenotype represent an additional characteristic. Future
studies will need to clarify the role of this trait in the association
of the studied CCs with distant metastasis.
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Rodent neoplastic process models are extensively used in pre-clinical practice to assess the dynamics of tumor development and test anti-cancer drugs, which
ensures flexibility of choosing both basic and advanced personalized tumor development models for researchers. Various modern model tumor imaging methods
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COBPEMEHHbIE MOJENN BUIYATIUSALIMN ONYXOJEN Y MPbI3YHOB: BO3MOXXHOCTU
W NEPCMNEKTWUBbI B TPAHCJIALUVNOHHON MEAULINHE
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MopgenvpoBaHme OryXoneBbIX MPOLECCOB B MPbI3yHaX akTUBHO MPUMEHSIIOT B AOKIMHNHECKON MPAKTUKE A1 U3yHeHWst AVHAMVKIA pa3BUTUS OMyXonew 1 TeCTUPOBaHIS
MPOTUBOPAKOBbIX MPEMAPATOB, YTO AAET UCCNEA0BATENAM MMOKOCTb B BbIOOPE Kak 6a30BbIX, Tak 1 CAIOKHbIX NMEPCOHANM3NPOBaHHbIX MOAENEV OMyXoneodpa3oBaHus.
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ABTOHOMHbIX OMOMIOMUHECLIEHTHBIX CUCTEM B KIETKaX MIEKOMUTAIOLLMX CO3OACT HOBble BO3MOXHOCTU /19 HEVMHBA3VBHOW BU3yanmsaumm ranonorn4eckimx
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Cancer represents one of the most diverse categories in terms
of both tumor development and treatment. Despite this fact, it
is possible to distinguish common traits and even model the
disease course in other animal species (for example, in rodents)
for many types of neoplasms. Given obvious differences
in anatomy and genome structure between humans and
rodents, such models are still optimal for pre-clinical trials [1].
The neoplastic process modeling is constantly evolving and
has changed considerably over more than half a century since
the first models were reported. As in other fields of biomedical
science, the researchers prefer methods allowing them to
obtain more precise information using a lower number of
experimental objects and with fewer costs. Thus, the focus is
shifting towards life-time noninvasive methods to assess model
tumors using simple equipment. In particular, fluorescence and
bioluminescence imaging methods enable long-term high-
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sensitivity monitoring of tumor development and treatment in
rodents. An example of the tumor suitable for such monitoring
is the highly invasive fluorescent/bioluminescent patient-
derived orthotopic model of glioblastoma in mice created
under the direction of Vladimir Baklaushev [2]. For the first
time the researchers managed to noninvasively record tumor
development in less than a week after inoculation and then
trace its development by two orthogonal imaging methods
(bioluminescence and fluorescence) at once.

Current review is aimed at considering modern rodent
tumor models and imaging methods for those, as well as
assuming which methods will develop most actively in the near
future, providing researchers with the broadest opportunities.

A wide selection of model animals and typical tumor models
makes it possible to choose an optimal approach for each
particular trial. The main model rodent species include mice
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(Mus musculus) [3], rats (Rattus norvegicus) [4], guinea pigs
(Cavia porcellus), and Syrian golden hamsters (Mesocricetus
auratus) [5] (Fig. 1A). However, the list is not limited to these
species: marmots, voles, squirrels, degus, and other rodents
are also used [6]. The methods to create model tumors include
syngeneic models, xenotransplantation models, in situ tumor
models, genetic engineering mouse models, patient-derived
xenograft models (PDX), and the carcinogen-induced cancer
model [4] (Fig. 1B).

Syngeneic models and xenograft models have been known
since the 1960s. These are tumors developing from in vitro
cultured transformed cells introduced into the model organism;
depending on the model type, the organism species are either
the same (syngeneic models), or different (xenotransplantation
models) — in the latter case immunodeficient model animals
are used. Despite the fact that such models fail to reliably
reproduce tumor microenvironment, these are suitable for
primary testing of anti-tumor drugs. Furthermore, syngeneic
models of mouse tumors can be used to assess the efficacy of
CAR-T therapy of solid tumors [7].

The patient-derived xenograft model is largely similar to the
above models. However, a model immunodeficient animal is
injected with tumor biopsy fragments obtained directly from
the patient for experimental selection of personalized therapy.
Such an approach allows one to identify response biomarkers
and treatment targets for the tumor subgroups that can be
distinguished based on the molecular profile [8].

In situ modeling that makes it possible to achieve tumor
development in a certain organ through local gene editing
largely overlaps with the carcinogen-induced cancer models
that can also be local. Both approaches are used to develop
the animal’s own tumor, which ensures better reproduction of,
inter alia, blood supply. However, the use of the approaches

for simulation of human carcinogenesis is limited. An example
of the carcinogen-induced mouse model is a novel colitis-
associated colorectal cancer mouse model obtained through
intraperitoneal administration of azoxymethane to the
CD4-dnTGFBRII mice [9].

Finally, all the variants of mice with the sustainably modified
genotype are used in the genetic engineering mouse models:
in some cases, these are more prone to spontaneous
carcinogenesis in certain organs due to knockout of regulatory
genes, in other cases these mimic human immune system
(humanized mice) and are optimal for introduction of human
tumor cells. Long production cycles and high cost can be
considered the shortcomings of genetic engineering mouse
models. An example of the genetic engineering mouse model
is the mouse lineage overexpressing the luteinizing hormone
receptor, which is prone to spontaneous endometrial cancer
development [10].

Imaging of neoplastic processes in animal models has
evolved from standard assessment of tumor location and size
to advanced multimodal assessment of molecular, physiological,
genetic, immunological, and biochemical events at microscopic
and macroscopic levels performed noninvasively and
sometimes in the real-time mode [11]. In contrast to necropsy,
noninvasive imaging methods allow one to assess a tumor
lesion in the body without having to sacrifice the experimental
animal. Owing to noninvasive nature, the long-term monitoring
becomes available yielding more accurate results and reducing
the number of the animals needed [12]. Recently, such
imaging techniques as magnetic resonance imaging (MRI),
micro computed tomography (micro-CT), bioluminescence
and fluorescence imaging, positron emission tomography
(PET), etc. have become available for tumor imaging in small
animals. Multimodal imaging allows one to trace structural and
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physiological alterations, metabolic processes, transplanted
cells and target molecules, as well as to accomplish tumor
imaging in distinct organs and the entire animal’s body. The
use of nanoparticles is a powerful supplementary tool for the
above methods due to high resolution, selectivity, and versatile
nature [13, 14].

Among all imaging methods, MRI is one of the most
informative due to high resolution and excellent contrast,
which can be enhanced by adding exogenous paramagnetic
contrast agents. This method enables detection of extra-
small tumors (up to 0.2 mm in diameter) in well-structured
tissues and represents a “gold standard” for orthotopic brain
tumors; it is also widely used for detection of metastases
in other soft tissues, including the liver and lungs [15]. It has
been shown that the weight of colorectal carcinoma calculated
based on MRI data in vivo is rather accurately correlated to
the carcinoma weight measured ex vivo, while the correlation
with the bioluminescence signal intensity is rather weak,
and the difference between the correlations is considerable.
However, high cost and limitation of monitoring the neoplastic
process at early stages after implantation are definitely the MRI
shortcomings [16].

Compared to MRI, CT is considerably inferior in soft tissue
and organ recognition quality. However, the main advantages
of micro-CT are its high resolving power (<50 pm) and rapid
visualization of the lung and bone tissue allowing one to detect
cancerous neoplasms. Since bones represent a common
metastatic focus for the major types of malignant neoplasms
(including breast and prostate carcinomas), some studies
report the use of high-resolution (10 um) micro-CT for detection
of metastases of breast carcinomas of different etiology to the
bone tissue [17]. Moreover, micro-CT is particularly well suited
for acquisition of high-quality anatomic information about the
lungs [18]. Thus, the use of 3D analysis allows one to obtain
accurate data on the tumor number, size, and progression. It
is superior to conventional histology or lung resection. Extra
administration of contrast agents is needed to record soft
tissue tumors, which complicates the procedure [19].

Widely used methods also include nuclear diagnostic
procedures, during which images are acquired by introducing
the short-lived radioisotopes and recording their decay using
SPECT or PET scanner, which eventually shows spatial and
temporal distribution of radioactive substances and drugs
specific for certain targets. PET with "8F-fluorodeoxyglucose
('"®FDG) is the most common imaging method used in both
pre-clinical and clinical trials [20]. This method is characterized
by high specificity and sensitivity, as well as by positive
prognostic value when used to detect tumors. At the same
time, it is necessary to somehow prepare model animals for
the '"®FDG-PET scan; in particular, strict dietary restrictions are
necessary to ensure that basal glucose metabolism levels do
not mask the test results [21].

Fluorescence imaging is used for visualization of biological
processes throughout the body involving the use of the
genetically encoded fluorescent proteins or fluorescent dyes
[22]. Bioluminescence imaging also represents a noninvasive
imaging method based on biochemical reaction of the substrate
(luciferin) oxidation by atmospheric oxygen under exposure to
specific enzyme (luciferase) with light emission. In contrast to
fluorescence, bioluminescence does not require any external
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light source and, therefore, does not have the related side
effects, such as autofluorescence and photobleaching [23].
Obvious advantages of bioluminescence imaging include
relative simplicity of use, image acquisition speed, lower
cost compared to MRI, and high sensitivity, which makes the
method popular in pre-clinical trials. Potential shortcomings of
the method include the need for genetic modification of the
cells and the need for exogenous substrate supplementation. It
should be noted that both bioluminescence and fluorescence
imaging methods show high efficacy when used to detect small
nonpalpable tumors, but both methods suffer from the signal
decrease due to tissue absorption and scattering, which limits
the depth at which tumor visualization is possible and hampers
acquisition of quantitative data from deeper tissues [24].

It is possible to overcome fundamental flaws in bioluminescence
imaging of model tumors in vivo through a shift towards
autonomous bioluminescent systems. Such systems do not
require exogenous substrate supplementation, which both
reduces the cost of their use and simplifies measurement.
The fundamental possibility of creating a fully autonomous
bioluminescent mouse has been confirmed [25], and tumors
of such mice are suitable for production of at least syngeneic
models. There is also a possibility of gene modification of the
tumor cells only for autonomous bioluminescence. In this case,
viruses specifically targeting cancer cells may be used to deliver
genes of autonomous bioluminescent systems: depending
on cancer type these may include adenoviruses, poxviruses,
herpes simplex virus 1 (HSV-1), coxsackieviruses, poliovirus,
measles virus, Newcastle disease virus (NDV), reoviruses, etc.
[26]. Delivery of appropriate mRNA using lipid nanoparticles
may become an alternative [14]. It is possible to improve the
method sensitivity via treatment of rodent skin with specific
dyes showing high absorption in violet and blue spectral
regions, which reversibly make the skin transparent in visible
light while alive [27, 28].

Today, the key shortcoming is low brightness of autonomous
bioluminescent systems, however, research teams in different
countries are working to improve these, specifically due to
the use of natural orthologs of essential enzymes or their
modifications obtained by site-directed mutagenesis [29]. We
believe that in the future autonomous bioluminescent models
of rodent tumors will be introduced widely into pre-clinical
practice along with conventional models.

CONCLUSION

Modern methods to create rodent tumor models reported in
this review combined with innovative imaging approaches have
expanded the possibilities of pre-clinical trials. In the near future,
autonomous bioluminescent models that use the genetically
encoded luciferases and luciferin biosynthesis enzymes for
noninvasive tumor monitoring have a significant development
potential. Such systems enable long-term monitoring with high
spatiotemporal resolution without the need for exogenous
substrate supplementation, which is especially important for
investigation of metastases and monitoring of tumor alterations
when treating with therapeutic agents. The approaches based
on autonomous bioluminescence can become a valuable
translational oncology tool, contributing to a shift towards more
personalized pre-clinical trials.
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The search for concomitant autoimmune disorders (ADs) in patients with celiac disease is a pressing issue. The study aimed to determine the rate of the carrier state
for antibodies (Abs) being the markers of AD development in patients with celiac disease using various immunological approaches. Enzyme-linked immunoassay and
hydrogel microarray-based multiplex immunoassay (M) were used to determine Abs against thyroid peroxidase (TPO), thyroglobulin (TG), glutamate decarboxylase
(GAD), pancreatic islet cells (ICA), tyrosine phosphatase (1A2), 21-hydroxylase (P450c21), Castle's intrinsic factor, tissue transglutaminase (TGM2) in blood serum
of patients with celiac disease (group 1, n = 27) and healthy individuals (group 2, n = 16). The microarray also enables testing of Abs against interferons (IFN) alpha
and omega, interleukin 22. In group 1, Abs against 1A2 (30%), TPO (22%), TG (19%), GAD (19%) were detected by the enzyme-linked immunoassay, and in group
2 Abs against IA2 (38%), TPO (19%), GAD (19%) were detected. In group 1, Abs against TPO (11%), TG (11%), P450c21 (4%), IFN-alpha (4%), ICA (4%) were
detected using the microarray, and in group 2 Abs against TPO (13%), ICA (13%), TG (6%), IFN-alpha (6%) were identified. No significant differences in the rate of
elevated Abs in the groups were revealed (p > 0.05). Patients, in whom the Ab carrier state was established using microarrays, with negative results enzyme-linked
immunoassay can develop the delayed ADs, which suggests prognostic value of MI. The lack of significant differences in the rate of elevated Abs in patients with
celiac disease and healthy individuals can result from small size of the studied groups and can suggest high prevalence of potential AD forms in these cohorts.
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ONMPEAENEHUNE YACTOTbl HOCUTEIbCTBA AYTOAHTUTES Y NAUMEHTOB C LIEJIMAKUEN
METOAAMU MOHO- N MYJIBTUMJIEKCHOITO UMMYHOAHAJIU3A

H. ®. Hyparmesa'™, M. tO. tOkuna', C. B. Beikosa?, E. H. Cassateesa®, J1. B. HukarkuHa', E. B. Kynarvna®, B. J1. LLlackonbckuit®,

0. A. TpsinyHos?, E. A. TpoLumHa!

" HaupoHanbHbIn MeanLMHCKNIA NCCNefoBaTenbCKUn LIEHTP aHAOKPUHONorMn MHUCTepcTBa 3apaBooxpaHeHns Poccuinckon ®epepauim, Mocksa, Poccust

2 MOCKOBCKMIN KIMHUHECKWI Hay4HO-NpakTu4eckuin LeHTp uvern A. C. JloruHosa [enaptamerTa 3apasooxpaHeHis ropoga Mockesl, Mocksa, Poccuist

3 VIHCTUTYT MonekynsipHor 6uonorumn umenn B. A. SHrenbrapata Poccuiickoi akagemmin Hayk, Mocksa, Poccus

[TorcK CoMyTCTBYIOLLIMX ayTOMMMYHHbIX 3aboneBaHuin (Al13) y maumeHToB C Lienmakrei SBnseTcs akTyanbHON 3agaqen. Liensto neenegoBaHust 6biio onpenenits
YacToTy HocuTenbeTBa aHTUTEN (AT) — MapKepoB pasBuTA A3y NaumeHToB C LienaKkmnert ¢ MoMOLLbHO PasinyHbIX MMYHOMOMMYECKIX MOAXOA0B. Y NaumneHToB ¢
Lenmakven (rpynna 1, n = 27) 1 30opoBbIx nL, (fpynna 2, n = 16) B CbIBOPOTKE KPOBK C MCMONb30BaHeM VIOA 1 meToaa MynsTUNNEKCHOro MMMyHoaHamaa (MIA)
Ha rugporenesomM broumne onpepeneHsl AT K TupeonaHoi nepokengase (Tr0), Tupeornobynuny (TT), mytamataexkapbokcmnase (GAD), OCTPOBKOBbLIM KNETKam
nompkenynoyHol xxenesbl (ICA), TvpoanHdocdarase (IA2), 21-rmapokcunase (P450c21), BHyTpeHHeMy hakTopy KacTna, TkaHeBow TpaHcrnyTammuHaze (TGM2).
Burounn Takke no3BonseT NnpoBoanTb UccnenosaHve AT K nHTepdepoHam (IOH) anbda 1 omera, nHtepnerikuHy 22. Metonom V®A B rpynne 1 BoisisneHsl AT
K IA2 (30%), TTO (22%), TI" (19%), GAD (19%), B rpynne 2 — k I1A2 (38%), TI1O (19%), GAD (19%). B rpynne 1 ¢ ncnone3osaHnem 6uo4mna obHapy»xeHbl AT K
TNO (11%), TI" (11%), P450c21 (4%), NdH-anba (4%), ICA (4%), B rpynne 2 — k TIO (13%), ICA (13%), TI (6%), VI®H-anbda (6%). 3Ha4nMbIx pa3nuyuin 8
YacToTe noBblLWeHKA AT B rpynnax He BbisBneHo (p > 0,05). Y nauneHToB ¢ HOCUTENbCTBOM AT, BbISIBNEHHbBIX Ha Bro4mnax, Npu oTpuuatensHoM peaynstarte VIOA
He nckutodaeTes passuTie A3 B OTCPOYEHHOM Neproae, YTo NO3BONASET MPEANONOKNUTL MPOrHOCTUHECKYIO 3HAUMMOCTb M. OTCyTCTBME 3HAYMMBIX Pa3INYMIA
B YacToTe MoBbileHns AT cpean NauneHToB C Lienakueit 1 3opoBbIX MWL, MOXET ObiTb 0BYCIOBAEHO OrpaHNHYEHHOM YUCIEHHOCTBIO Fpynn HabAoAeHUs 1
CBWAETENBCTBOBATb O BbICOKON PACMPOCTPAaHEHHOCTU NOTEHLMaNbHbIX popM AV3 B faHHbIX koropTax.

KnioyeBble cnoBa: Lienmakyist, ayTOUMMYHHblE 3a00/1eBaHVS, CKPUHVHE, MYNBTUMAEKCHBIA UIMMYHOaHaIN3, rMaporenesbii Groymn

®duHaHCUPOBaHMeE: VICCNefoBaHVe BbIMOMHEHO 3a cHeT rpaHTa PoHaa Hay4HO-TexHONorn4eckoro passutus Korpel Ne 2023-571-05/2023.

Bknap, aBTopoB: H. ®. Hypannesa — aHanv3 nutepatypbl, KOHLENLWs 1 AnM3aiH 1ccnefoBaHns, obcnefoBaHvie NaumeHToB, coop MaTtepuana, nabopaTopHble
VCCNefloBaHVisl, aHaM3 ¥ MHTepnpeTaumns pesynsratoB, HanucaHve ctateu; M. HO. HKOkuHa — aHanms nuteparypbl, KOHLUENUAs 1 av3aiH MccnefoBaHus,
obcnenoBaHne nauyeHToB, coop Matepuana, nabopaTopHble UCCNefoBaHMS, aHaM3 U MHTEPNpeTaLms pesynsTaToB, HanMcaHne 1 pefakTMpoBaHMe CTaTbi;
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Celiac disease is an autoimmune disorder (AD) resulting from
gluten intolerance in genetically predisposed individuals and
characterized by damage to the small intestinal mucosa. The
celiac disease clinical manifestations include diarrhea, weight
loss, as well as delayed growth and development in children.
It should be noted that classic gastrointestinal symptoms
(abdominal pain, nausea, flatulence) associated with celiac
disease are currently less prevalent due to the disease
morphogenesis alteration in the last 30 years. Celiac disease
often has atypical course and manifests with skin lesions,
reproductive disorders, and neurological symptoms [1]. It is
well known that celiac disease is often associated with other
ADs, such as type 1 diabetes mellitus (T1D), Hashimoto's
thyroiditis (HT), autoimmune hepatitis, dermatitis herpetiformis
[2-4], as well as Sjogren's syndrome, selective IgA deficiency,
juvenile chronic arthritis, autoimmune myocarditis [5]. The
data have been published on the celiac disease comorbidity
with primary biliary cirrhosis, primary sclerosing cholangitis,
Addison's disease, vitiligo, alopecia areata, dermatomyositis,
peripheral neuropathy, rheumatoid arthritis, and other ADs
[6]. Moreover, some of the above ADs are considered to
be clinical “masks” of celiac disease, for example alopecia
areata [1]. Thus, patients with ADs represent the group at
risk of developing celiac disease. To ensure timely diagnosis,
patients with ADs require screening for celiac disease. At the
same time, individuals with the established diagnosis of celiac
disease should be recommended assessment aimed to rule
out possible concomitant ADs. In particular, in the published
studies, the analysis of antibodies (Abs) being the markers
of T1D, autoimmune thyroiditis, Sjogren's syndrome, anti-
nuclear, anti-mitochondrial Abs, Abs against DNA, to the
Smith antigen, neutrophils, smooth muscles, microsomes,
stomach parietal cells to the Smith antigen, is conducted [7].
The authors have not revealed higher rate of the carrier state for
Abs specific for ADs in patients with celiac disease compared to
healthy subjects. The researchers believe that such results are
due to small number of patients and their adherence to gluten-
free diet. However, the paper reports higher rate of concomitant
ADs in patients with celiac disease relative to healthy individuals.
Thus, the authors draw a conclusion about the need for both
clinical and laboratory testing of patients with celiac disease
in case of suspected concomitant AD and recommend to go
beyond blood testing for antibodies.

Considering the large number of potential ADs the
patient can develop, it can be very difficult to conduct regular
screening by ELISA due to high cost and duration of testing,
as well as the need to collect a large amount of biomaterial.
In this regard, it is feasible to consider the possibility of
using the multiplex immunoassay allowing one to obtain
information about the presence/absence of a large number
of Abs specific for various ADs in a small volume blood
sample (5 pL) in a short time in order to optimize the
assessment algorithm for patients with celiac disease.
The hydrogel microarray-based multiplex immunoassay
is used for the diagnosis and screening of celiac disease.
Currently, the diagnostic kits are produced allowing one
to simultaneously detect Abs against gliadin and tissue
transglutaminase (TGM2) in a patient [8, 9], along with
Abs against the endomysium [10]. The results obtained
using the multiplex immunoassay match the data yielded
by monoplex methods [10] and are characterized by high
sensitivity and specificity [9]. It is assumed that due to
preanalytical, analytical and cost advantages, as multiplex
immunoassays are implemented, the need for biopsy to
confirm the diagnosis will be significantly reduced [8].
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Considering high risk of developing several ADs by
one patient, the multiplex immunoassay-based diagnostic
kits have been designed allowing one to assess Abs specific
not only for celiac disease, but also for other ADs. The
multiplex electrochemiluminescence analysis method has been
proposed for detection of Abs against insulin, glutamate
decarboxylase (GAD), tyrosine phosphatase (IA2), tissue
transglutaminase, thyroid peroxidase (TPO), thyroglobulin
(TG), IFN-alpha [11]. At the same time, there are no published
studies focused on assessing the rate of the Abs carrier state,
including Abs specific for endocrine ADs, in patients with celiac
disease by multiplex immunoassay.

The study aimed to determine the rate of the carrier state
for antibodies being the markers of autoimmune disorders
in patients with celiac disease by ELISA and multiplex
immunoassay.

METHODS
Study site and period

The study was conducted at the Loginov Moscow Clinical Scientific
Centre of Moscow Healthcare Department, Endocrinology
Research Centre of the Ministry of Health of the Russian
Federation, and Engelhardt Institute of Molecular Biology of the
Russian Academy of Sciences.

Material was collected in March-June 2023, laboratory
testing was performed in March-December 2023; analysis of
the results was conducted in January—June 2024.

Studied cohorts
Cohort of patients with celiac disease (group 1)

Inclusion criteria: male or female sex; age 18 years and over;
the diagnosis of celiac disease verified based on the clinical,
immunological, and instrumental testing data (in accordance
with the data of medical records provided). Exclusion criteria:
pregnancy, lactation; acute infection; exacerbation of chronic
disorder; severe life-threatening conditions (decompensated
chronic heart failure, chronic kidney disease (stage 3b
and above), pulmonary failure and liver failure; immune
system disorder (including congenital and acquired
immunodeficiency; hypersensitivity reactions occurring
within the period of participation in the study); use of drugs
affecting the immune system function (interleukins, interferons,
immunoglobulins, immunosuppressants, cytostatics) within a
month before inclusion in the study; vaccination/revaccination
within a month before inclusion in the study (in accordance with
the data of medical records provided).

Cohort of conditionally healthy participants (group 2)

Inclusion criteria: male or female sex; age 18 years and over,
no subclinical/overt autoimmune disorder (in accordance
with the data of medical records provided). Exclusion criteria:
symptoms of celiac disease (diarrhea, anemia, weight loss),
pregnancy, lactation; acute infection; exacerbation of chronic
disorder; severe life-threatening conditions (decompensated
chronic heart failure, chronic kidney disease (stage 3b and
above), pulmonary failure and liver failure; immune system
disorder (including congenital and acquired immunodeficiency;
hypersensitivity reactions occurring within the period of
participation in the study); use of drugs affecting the immune
system function (interleukins, interferons, immunoglobulins,
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immunosuppressants, cytostatics) within a month before
inclusion in the study; vaccination/revaccination within a month
before inclusion in the study.

A total of 27 patients aged 29-51 years (median age
36 years) were included in group 1, among them 17 (63%)
were females. Group 2 included 16 participants aged 30-52
years (median age 41 years), among them 12 (75%) were
females. In patients of group 1, the disease duration at the time
of inclusion in the study was 7 [3; 21], (1, 36) years. In group
1, concomitant ADs were diagnosed in three patients (11%),
including Hashimoto's thyroiditis (HT) in two patients (7%) and
hypoparathyroidism in one patient (4%).

Sampling method for several studied cohorts
A continuous sampling method was used.
Study design

Multicenter, interventional, cross-sectional, two-sample comparative
study.

Methods
Criteria to establish the diagnosis of celiac disease

The diagnosis of celiac disease was established based on
comprehensive assessment of the patient considering clinical
features of the disease, elevated serological markers (levels of
antibodies against tissue transglutaminase (IgA and IgG) above
the reference values), as well as morphological features of the
small intestinal mucosa (signs of hyperregenerative type small
intestinal mucosal atrophy based on the Marsh-Oberhuber
classification) in accordance with the guidelines of the all-
Russian consensus on the diagnosis and treatment of celiac
disease in adults and children [4].

All the individuals enrolled underwent determination of Abs
markers of ADs by ELISA methods, chemiluminescence analysis,
and hydrogel microarray-based multiplex immunoassay.

Enzyme-linked immunoassay

All the patients enrolled underwent assessment of the levels
of Abs being the markers of autoimmune thyroiditis (against
TPO, TG), type 1 diabetes mellitus (against GAD, pancreatic
islet cells (ICA), IA2), autoimmune adrenal insufficiency
(against 21-hydroxylase (P450c21)), autoimmune gastritis
(Castle's intrinsic factor), celiac disease (levels of IgA
against tissue TGM2) within the framework of screening for
concomitant ADs.

Blood was collected from the cubital vein into vacuum test
tubes with inert gel in the morning (08:00-10:00) in the fasting
state (fasting for at least 8 h and no more than 14 h before
blood collection). The resulting samples were centrifuged within
15 min after blood collection using the Eppendorf 5810R
centrifuge (Eppendorf, USA) at a temperature of 4 °C and 3000
rom for 15 min, and then processed. The levels of Abs against
TPO, TG were determined on the day of blood collection.
Serum samples for further determination of the levels of Abs
against P450c21, GAD, IA2, ICA, Castle's intrinsic factor,
and tissue TGM2 were temporarily frozen in micro test tubes at
a temperature of -80 °C. Abs against TG were determined
using the Cobas 6000 electrochemiluminescence analyzer
(Roche, Germany); Abs against TPO were determined by
chemiluminescence immunoassay using the Architect i2000

automated analyzer (Abbott, USA). Abs against P450c21,
IA-2, GAD, ICA, Castle's intrinsic factor, tissue TGM2 were
determined by ELISA using the commercially available kits
(BioVendor, Czech Republic (Abs against P450c21); Medipan,
Germany (Abs against IA-2); Biomerica, USA (Abs against GAD,
ICA); Orgentec Diagnostika, Germany (Abs against Castle's
intrinsic factor); Xema, Russia (Abs against tissue TGM2, total
IgA)). The reference ranges of blood immunological indicators
were as follows: Abs against P450c21 — < 0.4 U/mL, TPO —
0-5.6 lU/mL, TG — 0-115IU/mL, GAD — < 1 U/mL (1-1.05 —
“gray zone”, > 1.05 — positive test), IA2 — < 8 U/mL (8-10 —
“gray zone”, = 10 — positive test), ICA — < 0.95 U/mL (0.95-
1.05 — “gray zone”, > 1.05 — positive test), Castle's intrinsic
factor — < 6 U/mL, IgA Ab against tissue TGM2 — < 20 U/mL,
total IgA — 0.9-5.0 g/L. The values within the“gray zone” were
considered as elevated levels.

Hydrogel microarray-based multiplex immunoassay

Hydrogel microarrays were produced by the copolymerization
immobilization method based on the hydrogel microarray
technique developed at the Engelhardt Institute of Molecular
Biology RAS. The earlier designed and tested microarray [12]
allowing of the one to identify both organ-specific Abs (against
P450c21, GAD, IA-2, ICA, TG, and TPO) and Abs against
cytokines (against IFN-omega, IFN-alpha, and interleukin 22)
was modified for identification of the IgA Abs against tissue
TGM2. For that the microarray was supplemented with the
hydrogel elements containing tissue TGM2 (R&D Systems,
USA). To ensure simultaneous detection of the G and A class
antibodies, the mixture of antibodies against human IgG labeled
with the Cy5.5 fluorescence dye and antibodies against human
IgA labeled with the Cy3 fluorescence dye was used. Conjugates
of the F(ab')2-fragments of the goat antibody against human
immunoglobulin G (Invitrogen, USA) and F(ab')2- fragments of
the goat antibody against human immunoglobulin A (Invitrogen,
USA) were produced in accordance by the method developed
by the manufacturer of fluorescence dyes Cy5.5 and Cy3,
respectively (Lumiprobe RUS, Russia). Fluorescent microarray
images recording and fluorescent signal calculation were
accomplished using the analyzer and software (Engelhardt
Institute of Molecular Biology RAS, Russia). Interpretation of
the microarray-based assay of the results and determination
of the Abs presence/absence in blood serum was performed
as previously reported [12].

Statistical analysis

Statistical processing of the results was performed by standard
methods using the STATISTICA 13 (StatSoft, USA, 2017) and
MedCalc (MedCalc Software Ltd, Belgium, 2020) software
packages. The median and the interquartile range were specified
for quantitative traits. Nonparametric tests were used, since the
trait distribution was non-normal. To compare quantitative data
of two independent samples, the Mann-Whitney U-test was
used; qualitative traits were compared using the Chi-squared
test and Yates's Chi-squared test. When testing statistical
hypotheses, the critical significance level was considered to be
equal to 0.05. Bonferroni correction was applied to counteract
the multiple comparison problem. After applying correction,
p-values within the range between the calculated value and
0.05 were interpreted as a statistical trend.

Multiparametric analysis of the signals reported based on
the results of the microarray-based blood serum sample testing,
which corresponded to autoantibody levels, considering the
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Table 1. Levels of antibodies assessed by enzyme-linked immunoassay and the rate of elevated Abs in groups 1 and 2

Antibody level™ Rate of elevated antibodies, n (%)
Group 1 Group 2 Group 1 Group 2

Antibodies P 16 P Antibodies P 16 P
against TPO, IU/mL 0.8 [0.5; 4.1] 0.51[0.3; 2.0] 0.315 against TPO 6 (22) 3(19) 0.907
against TG, IU/mL 16.4[13.6; 83.1] | 14.0[12.2; 18.2] 0.149 against TG 5(19) 2(13) 0.929
against GAD, U/mL 0.5 [0.5; 0.8] 0.51[0.4; 0.8] 0.734 against GAD 5(19) 3(19) 0.699
against IA2, U/mL 3.6 [1.0; 8.4] 1.0[1.0; 9.5] 0.792 against IA2 8 (30) 6 (38) 0.595
ICA, U/mL 0.40.3; 0.5] 0.3[0.3; 0.5] 0.49 ICA 2(7) 0 0.715

against P450c21, U/mL 0.1[0.1;0.1] 0.1[0; 0.1] 0.866 against P450c21 0 0 -

fafcii:r‘stusjfl_“e's intrinsic 3.2[0; 4.6] 17 [1.1; 2.6] 0.253 against Gastle s 4(15) - -

against TGM2, U/mL 1.2[0.7; 3.5] 0.9[0.6; 1.5] 0.125 against TGM2 0 0 -
At least one Ab 20 (74) 10 (63) 0.424

Note: * — Mann-Whitney U-test. Threshold p, = 0.004 (after applying Bonferroni correction: 14 comparisons). ** — Chi-squared test and Yates's Chi-squared test.
Threshold p, = 0.004 (after applying Bonferroni correction: 14 comparisons). ** — Median value, [Q,; Q,] Note: TPO — thyroid peroxidase; TG — thyroglobulin; GAD —
glutamate decarboxylase; ICA — pancreatic islet cell antibodies; IA2 — tyrosine phosphatase; P450c21 — 21-hydroxylase, TGM2 — tissue transglutaminase.

presence or absence of the diagnosis of celiac disease was
conducted by the decision tree method for construction of a
single tree in accordance with the classification and regression
algorithm (CART). The resulting division into classes based on
the signal value ranges was assessed using the Fischer’s exact
test to test the homogeneity hypothesis. Then the Fischer’'s
exact test for pairwise comparison and Bonferroni correction
were used to conduct post-hoc analysis. Calculations and
construction of figures were accomplish in R using the rpart
v. 4.1.24, rpart.plot v. 3.1.2, ggplot2 v. 3.5.1, rstatix v. 0.7.2
software packages.

RESULTS

No significant intergroup age (p = 0.372) and sex (p = 0.633)
differences were revealed. The levels of Abs assessed by
ELISA and the rate of detecting elevated levels are provided
in Table 1. Elevated IgA against tissue TGM2 was detected in
none of the study participants. In group 1, no elevated Abs
were detected in seven patients (26%), one elevated Ab was
reported in 13 patients (48%), two elevated Abs — in five (19%),

three elevated Abs — in one (4%), four elevated Abs — in
one patient (4%). In group 2, no elevated Abs were detected in
six assessed individuals (38%), one elevated Ab was reported
in eight individuals (50%), two elevated Abs — in one (6%),
four elevated Abs — in one individual (6%). The median total
IgA level determined by ELISA in patients with celiac disease
was 1.1 g/L [95% CI: 0.9; 1.5], while in the group of healthy
individuals it was 1.1 g/L [95% CI: 1.0; 1.4]. In one patient
of group 1, the total IgA level was below the detection limit
(< 0.06 g/L.

Values of signals of the microarray elements corresponding
to the test Abs levels, that were obtained by multiplex
immunoassay, and the rate of detecting elevated levels are
provided in Table 2. Antibodies against TGM2 (TGM2-IgA) were
also found in none of the patients. In group 1, no Abs were
detected in 18 patients (66%), one Ab was reported in eight
patients (30%), two Abs — in one patient (4%). In group 2, no
Abs were detected in 12 assessed individuals (75%), one Ab
was found in three (19%), three Abs — in one individual (6%).

In the whole studied cohort (n = 43) there were eight Abs
carriers (18.6%), in whom more than one Ab against the target

Table 2. Values of the microarray element signals corresponding to the levels of studied Abs obtained by multiplex immunoassay and the rate of elevated Abs in

groups 1 and 2

Values of microarray element signals, relative units™* Rate of elevated Abs, n (%)
Antibodies Group 1 Group 2 P Antibodies Group 1 Group 2 P
n=27 n=16 n=27 n=16

against TPO 1.1[0.9; 1.4] 1.4[1.0; 1.8] 0.247 against TPO 3(11) 2(13) 0.383
against TG 0.8[0.7; 1.0] 0.95[0.7; 1.2] 0.496 against TG 3(11) 1(6) 0.446

against GAD 1.0[0.9; 1.1] 0.910.8; 1.0] 0.126 against GAD 0 0 -

against IA2 1.0[0.9; 1.0] 0.9[0.8; 1.1] 0.724 against A2 0 0 -
ICA 1.0 [0.9; 1.3] 1.4 [0.8; 2.1] 0.358 ICA 1(4) 2(13) 0.37
against P450c21 0.9[0.8; 1.0] 1.1[0.8; 1.9] 0.097 against P450c21 14) 0 0.297

against IFN-omega 1.0[0.7; 1.1] 0.85[0.5; 1.0] 0.529 against IFN-omega 0 0 -
against IFN-alpha 0.9[0.8; 1.2] 1.2[0.9;1.7] 0.346 against IFN-alpha 1(4) 1(6) 0.31

against IL-22 1.0[1.0; 1.3] 0.910.8; 1.1] 0.449 against IL-22 0 0 -

against TGM-2 (IgA) 1.1[0.9; 1.1] 0.8[0.3; 1.2] 0.065 against TGM-2 (IgA) 0 0 -
At least one Ab 8 (30) 3(19) 0.668

Note: * — Mann-Whitney U-test. Threshold p, = 0.0083 (after applying Bonferroni correction: 16 comparisons). ** — Chi-squared test and Yates's Chi-squared test.
Threshold p, = 0.008 (after applying Bonferroni correction: 16 comparisons). ** — Median value, [Q,; Q,] Note: TPO — thyroid peroxidase; TG — thyroglobulin; GAD —
glutamate decarboxylase; ICA — pancreatic islet cell antibodies; IA2 — tyrosine phosphatase; P450c21 — 21-hydroxylase; IFN — interferon; IL-22 — interleukin 22,

TGM2 — tissue transglutaminase

BECTHVK PIMY | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.020



ORIGINAL RESEARCH | IMMUNOLOGY

li TGM2-IgA —‘
<0.57 > 0.57
ICA-1gG —‘
>1.7 <17

&

Fig. 1. Classification and regression tree (CART). Each terminal node of the tree (leaf) contains the name of the identified class (here: 1, 2, 3), likelihood of being
diagnosed with celiac disease (here: 0.00, 0.33, 0.92), share of patients in the class relative to the entire sample (here: 19%, 21%, 60%)

group of proteins were found and/or the Abs identified were
confirmed by two methods: two carriers of Abs against protein
marker of diabetes mellitus — a patient with celiac disease and a
healthy individual; six carriers of anti-thyroid Abs — five patients
with celiac disease and no established diagnosis of autoimmune
thyroiditis and one conditionally healthy patient with no established
diagnosis of autoimmune thyroiditis. It was determined using
multiplex assay that two patients were carriers of the Abs against
interferon alpha (a conditionally healthy patient with MEN-1 and a
patient with celiac disease). In four patients with celiac disease, the
Abs against Castle's intrinsic factor associated with autoimmune
gastritis were detected by enzyme-linked immunoassay.

Due to the fact that none of the methods detected elevated
levels of the IgA Abs against tissue TGM2 in patients with celiac
disease, we conducted multiparametric analysis of the signals
of microarray elements based on the results of testing blood
serum samples of the studied groups. A classification and
regression tree (CART) was constructed based on the input
array of signals obtained using microarrays corresponding to
various levels of ten studied Abs (Fig. 1).

A
25 —

Number of patients

Class of patients

Diagnosis
M no celiac disease

B celiac disease

The resulting tree demonstrates the probability of being
diagnosed with celiac disease in a patient with the accuracy of
0.92, if two criteria are met: TGM2-IgA 0.57, ICA-IgG < 1.7.
Distribution of patients across the classes of the tree constructed
based on the diagnosis of celiac disease (Fig. 2, Table 3) was
assessed using the Fisher’s exact test. The p—value obtained
was < 0.0001.

The results of post-hoc analysis involving the use of the
Fisher’'s exact test and Bonferroni correction (Table 4) suggest
the differences at the significance level of p < 0.005 in classes 2
and 3, classes 1 and 3. The difference between classes 1 and
2 is negligible.

DISCUSSION

The sample of patients with celiac disease can be considered
representative based on sex (predominance of females is
reported) and age of the disease onset.

This study has revealed elevated Abs against tissue TGM2
in none of the samples. Among possible causes of false-negative

B

&

Class of patients

No celiac disease

Celiac disease

Fig. 2. Distribution of patients across the classes based on the fact of being diagnosed with celiac disease in the form of the column a) and mosaic b) charts. The

corresponding classes are designated by numbers in pentagons
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Table 3. Distribution of patients across the classes depending on the signals acquired using microarrays and the fact of being diagnosed with celiac disease

Diagnosis of celiac disease Class 1 Class 2 Class 3
Yes 0 3 24
No 8 6 2

serological testing results in celiac disease, selective IgA
deficiency, gluten intake reduction or gluten-free diet, use of
corticosteroids or immunosuppressants are distinguished [13].

To rule out IgA deficiency in patients and healthy donors by
ELISA, serum total IgA levels were determined. IgA deficiency
was found by ELISA in one patient of group 1 (male, 33 years):
the total IgA level was below the detection limit. Other patients
of group 1 had total IgA levels within normal range, the same
was reported for group 2. Celiac disease is an autoimmune
disorder associated with IgA deficiency. However, the data on
the prevalence of IgA deficiency among patients with celiac
disease in different populations vary within wide limits: between
0.55 and 16.67% [16]. The results of the patient sample
assessed are consistent with the earlier published data (IgA
deficiency was found in one patient out of 27; 3.7%). Thus, since
26 patients out of 27 have no immunoglobulin A deficiency,
negative results of testing for IgA against tissue TGM2 result
from the long celiac disease duration and adherence to gluten-
free diet in the majority of patients.

In patients with celiac disease, HT at the time of enroliment
was found only in 7% of cases (n = 2). In one of these patients,
ELISA revealed both elevated Abs against TG and elevated
Abs against TPO, while multiplex immunoassay revealed
none of these Abs. In the second patient, only elevated Abs
against TG was detected by both methods. According to
the results reported by other authors, the prevalence of HT
among patients with celiac disease is 5.7%-18.9% [15, 16].
Considering the fact that the patients are young and the rate of
elevated Abs against TPO and TG is high (the rate of elevated
Abs against TPO and TG determined by ELISA is 22% and
19%, respectively), it is highly likely that the rate of HT in this
group will increase with time.

Hypoparathyroidism was diagnosed in one patient.
Sporadic cases of the combination of celiac disease and
hypoparathyroidism are reported in the literature. It is assumed
that hypoparathyroidism is not a primary disorder, but results
from cross reactivity between Abs against endomysium and
parathyroid antigens [17]. It is important to note that this
patient was also diagnosed with diabetes mellitus against
the background of decreased C-peptide levels and normal
levels of Abs against insulin, GAD, |A2, zinc transporter 8
(ZnT8), ICA (testing of the expanded panel of T1D Abs markers
was conducted before inclusion in the study). Thus, the
autoimmune genesis of the disease has not been confirmed.
Previous genetic testing revealed a pathogenic mutation in the
gene GCK, thereby confirming maturity-onset diabetes of the
young (MODY). No increase in Abs against Castle's intrinsic
factor, 21-hydroxylase, IFN-alpha, and IFN-omega was found
in this patient. As for Abs against thyroid tissue, ambiguous

Table 4. Results of pairwise comparison of classes

results were obtained: the levels of Abs against TG measured
by two methods were within normal range, the same as the
levels of Abs against TPO determined by ELISA, while multiplex
immunoassay determined that the levels of Abs against TPO
were within the “gray zone”. The patient’s history is notable for
the development of subacute thyroiditis requiring prescription
of prednisolone. However, treatment had been terminated
before blood collection (euthyroidism was confirmed).

It should be noted that the rate of concomitant ADs
determined in our study (11%) is lower compared to the
previously reported data [13]: 33.7% of patients had at
least one AD, among them 8.1% had multiple autoimmune
disorders; the most prevalent was HT (18.9%), T1D (13.5%)
and other disorders were less frequent. This is probably due to
small number of study participants.

We have found no significant differences in the rate of
elevated Ab markers of endocrine and non-endocrine ADs
using both ELISA and multiplex assay when comparing the
groups. Similar results were reported in the literature, when the
rate of carrier state was assessed for Abs against TPO, TG,
GAD, ICA in patients with celiac disease and healthy subjects
[7]. At the same time, there are reports of the higher rate of Abs
against GAD among patients with celiac disease [18]. It should
be noted that the rate of elevated Abs against TPO in patients
with celiac disease varies considerably; according to the data
provided by different authors, it is 3.9-30.5% [7, 13, 19, 20-22],
which is likely to result from the differences in the subjects’ age
and the diagnostic kit sensitivity. According to the literature
data, the rate of elevated Abs against TG in celiac disease is
11.2-11.7% [20, 23], against GAD — 0-13.5% [7, 13, 18, 19, 24],
against 1A2 — 1-1.25% [18, 19], against stomach parietal
cells — 10.9% [19], against P450c21 — 2.2% [19].

In the assessed cohort of patients with celiac disease, the
rate of elevated Abs was significantly higher compared to the
data obtained in other studies: 13 assessed patients out of
74 (17.6%) were carriers of one Ab, 9 (12.2%) were carriers
of two or more Abs [15]. However, it should be noted that the
authors analyzed Abs against GAD, TPO and the anti-nuclear
Abs only. In the study conducted by other authors, the carrier
state for at least one Ab was reported in 31.5% of 92 surveyed
patients (the study was focused on determining Abs against
insulin, GAD, IA2, ZnT8, TPO, stomach parietal cells, P450c21)
[19]. In contrast to our study, in this paper the carrier state for
at least one Abs was significantly more frequent in individuals
with celiac disease, than in the cohort of healthy individuals (a
total of 237 individuals were assessed). The authors note that
the rate of the Ab carrier state increases with age: thus, in the
group aged 34-50 years elevated Abs levels are found in 34.8%
of cases, while in patients aged 18-34 years these are found

Classes p-adjusted*
1and 2 0.206 0.618
1and 3 0.00000248 0.00000744
2and 3 0.0012 0.0036

Note: * — Bonferroni adjusted p-value.
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in 28.3% of cases. In our cohort, the multiplex immunoassay
revealed Abs against P450c21 (2.8 relative units) in one patient
of group 1, which can be also associated with the patient’s age
(76 years).

We used multiplex immunoassay to assess Abs against type 1
interferons (IFN-alpha and IFN-omega) and interleukin 22, along
with organ-specific Abs. Abs against interleukin 22 associated
with mucocutaneous candidiasis and Abs against IFN-omega
were found in none of the patients of groups 1 and 2. High titers
of Abs against type 1 interferons showing high specificity for type 1
autoimmune polyglandular syndrome can be also detected in
patients with some other disorders, including systemic lupus
erythematosus, myasthenia gravis, thymic tumor [25]. A rather
low titer of Abs against IFN-alpha (2.5 relative units) was found in
one patient with celiac disease, in whom other antibodies were
within reference ranges and for whom no data on concomitant
ADs were obtained. Abs against IFN-alpha (5.6 relative units)
were also found in one patient of group 2 having type 1 multiple
endocrine neoplasia (MEN-1), including hyperparathyroidism
and insulinoma. It is noteworthy that our previously published
paper [12] also reported the patient, who was a carrier of Abs
against IFN-alpha having the MEN-1 syndrome, the components
of which also included insulinoma and hyperparathyroidism.
These data need the accumulations followed by a thorough
analysis. Also noteworthy is one feature typical for the IFN-alpha
Ab carrier state: as shown by the previously reported study, this
is associated with the risk of severe COVID-19 course [26].

The lack of significant differences in the rate of elevated Abs
in groups 1 and 2 can result from small size of the studied
groups and suggest high prevalence of potential AD forms in
the surveyed cohorts; is also confirms conditional nature of the
term “healthy”.

Ingroup 1, markers of T1D and HT were most often detected
by both ELISA and multiplex immunoassay, which is consistent
with the literature data on the high risk of these disorders in
individuals with celiac disease [6]. It is important to note that the
Abs carrier state was more often determined using ELISA that is
currently considered to be a “gold standard” in clinical practice,
than using multiplex immunoassay in both group 1 and group
2. However, in three cases multiplex immunoassay allowed us
to reveal the Ab carrier state (Ab against P450c21 in one patient
of group 1 and ICA Abs in two subjects of group 2), while ELISA
yielded a negative result. No signs of hypocorticism and T1D
were found when assessing hormonal profiles of patients with
elevated Abs, but we continued follow-up of these subjects
(since delayed development of ADs was quite possible) in order
to correctly estimate prognostic value of the results obtained.

Thus, since the results of determining this or that indicator
by different immunological methods can differ, detection of one
Ab in a patient having no clinical signs of the disease during
screening requires clarification testing.

Due to the complexity of multidimensional data analysis
and the non-obviousness of the conclusions drawn, it is
necessary to use mathematical methods to interpret such data
arrays. The decision tree methods, specifically the classification
and regression tree (CART), are used for analysis of medical
data due to the capability of discovering complex interactions
between variables and providing visual representation of the

results interpreted [27]. In the study conducted we analyzed
ten-dimensional data arrays in the form of microarray signal
values for 43 patients. It has been shown that when conducting
the microarray-based multiplex assay, it is possible to classify
patients into one of three classes, in which the third is
significantly (o < 0.005) different from the first and second in
the rate of detecting subjects with celiac disease. Furthermore,
class 1 included only healthy subjects, class 2 included both
healthy individuals and patients with celiac disease, whose
test results were within the conditional “gray zone”, and class
3 was constituted by 89% of patients with celiac disease
and two (12.5%) subjects of group 2. It should be noted that
one conditionally healthy patient classified into class 3 was
diagnosed with idiopathic hypoparathyroidism and Fahr's
syndrome. The second conditionally healthy individual is
a carrier of Abs against gliadin. However, elevation of these
Abs is nonspecific and does not constitute grounds for the
diagnosis of celiac disease.

Introduction of new approaches to ruling out celiac disease
in individuals adherent to gluten-free diet is currently a pressing
issue, to resolve which special methods are being developed
[28]. The decrease in the levels of various autoantibodies in
patients with celiac disease adherent to gluten-free diet has
been reported earlier [29, 30]. In particular, in patients with
celiac disease, the gluten-free diet is associated with reduction
or extinction of the islet-specific autoantibodies, including
ICA-IgG [30]. The decrease in the values of ICA-IgG and
P450c21-IgG (data not shown) in patients with celiac disease
relative to the group of healthy individuals was reported for
our sample. Inclusion of the ICA-IgG values together with the
TGM2-IgA values in the CART algorithm ensured the best
division of patients into classes based on the fact of being
diagnosed with celiac disease with the accuracy of 0.92.

CONCLUSIONS

The lack of marker Abs against tissue TGM2 in patients
with celiac disease can result from the disease duration
and adherence to gluten-free diet. The rate of elevated Ab
markers of endocrine ADs in patients with celiac disease
is not significantly different from that in healthy individuals. The
lack of significant differences in the rate of elevated Abs in the
groups of patients with celiac disease and healthy individuals
can be due to small size of the studied groups and can suggest
high prevalence of potential ADs forms in these cohorts; it also
confirms the conditional nature of the term “healthy”. Patients,
who are Abs carriers based on the multiplex immunoassay data,
and have negative ELISA results can develop delayed ADs,
which suggests prognostic value of the multiplex immunoassay
method. Multiparametric analysis of autoimmune disease
markers determined using microarrays has demonstrated the
possibility of diagnosing celiac disease in patients on a gluten-
free diet when the levels of antibodies against tissue TGM2 are
within normal range. Thus, it has been shown that the multiplex
immunoassay method can be used in the phase of the celiac
disease diagnosis verification and for screening of organ-
specific Abs in blood of patients with ADs.
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COMPARISON OF EXTRACORPOREAL PHOTOPHERESIS AND GLATIRAMER ACETATE EFFICACY
IN THE TREATMENT OF MULTIPLE SCLEROSIS

Kildyushevsky AV, Kotov SV, Sidorova OP &<, Borodin AV, Bunak MS
Vladimirsky Moscow Regional Research and Clinical Institute, Moscow, Russia

Multiple sclerosis is an autoimmune disorder, the development of which involves humoral and cellular immunity. The disease-modifying drugs (DMDs) for multiple
sclerosis slow down the disease progression, but the therapy prescribed is not always well tolerated by patients; allergy and other side effects are possible. In
this regard, the development of new methods, including non-pharmacological ones, is relevant. These methods include extracorporeal photopheresis involving
UV exposure of peripheral blood lymphocytes and its modification — transimmunization (involving incubation of lymphocytes after UV exposure). The study
aimed to compare and within a year assess the transimmunization and glatiramer acetate efficacy in patients with relapsing-remitting multiple sclerosis. A total of
19 adult patients with relapsing-remitting multiple sclerosis, who had been prescribed transimmunization, were assessed. Patients over the age of 18, who did
not receive treatment by other methods (DMDs for multiple sclerosis, etc.), were included in the study. The comparison group consisted of 48 adult patients with
relapsing-remitting multiple sclerosis, who were prescribed subcutaneous glatiramer acetate 20 mg daily. Clinical assessment was performed using EDSS. Brain
and spinal cord MRI was performed in the 3.0 and 1.5 T scanners. When performing transimmunization, the decrease in the median overall EDSS score from
2 to 1.5 points was reported. In the comparison group of patients receiving glatiramer acetate, the median EDSS score changed from 1.75 to 2 points. Therefore,
transimmunization is comparable with first-line DMDs for multiple sclerosis and can be used to stabilize the disease course.
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Multiple sclerosis is an autoimmune disorder, the development
of which involves humoral and cellular immunity. The use of
disease-modifying drugs (DMDs) for multiple sclerosis has
contributed greatly to slowing down the disease progression,
improvement of patients’ longevity and quality of life, prevention
of exacerbations. However, the therapy prescribed is not
always well tolerated by patients; allergy and other side effects
are possible. In this regard, the development of new methods,
including non-pharmacological ones, is relevant. Such methods
include extracorporeal photopheresis (ECP) involving UV
exposure of peripheral blood lymphocytes (involving incubation
of lymphocytes after UV exposure). Extracorporeal photopheresis
was proposed by Richard Edelson (Yale University, USA) in 1987
as a method for cutaneous T-cell ymphoma treatment [1]. The
method was originally used for effective treatment of cutaneous
T-cell lymphoma. Later indications for its use were expanded:
it was used to prevent transplant rejection, for autoimmune
disorders [2-13]. Phototherapy with UV radiation has various
effects, such as anti-inflammatory, immunosuppressive, and
cytotoxic ones. The mechanisms of its action are poorly
understood, but include altered antigen presentation, decreased
natural killer (NK cell) activity, and apoptosis of T cells and
keratinocytes. Photopheresis results in the fact that dendritic cells
acquire an antigen from apoptotic lymphocytes, which causes a
specific immune response without systemic immunosuppression
[14]. Globally, more than 70,000 patients have undergone a total
of 3 million procedures.

Positive effect of extracorporeal photopheresis on the
course of experimental autoimmune encephalomyelitis (EAE) in
animals has been shown [15]. The decrease in severity of clinical
disease manifestations has been reported in experimental
animals. Histological assessment showed that during treatment
by ECP mononuclear cell infiltrates were less prominent, that in
the control group. The anti-myelin basic protein antibody (anti-
MBP) levels in the Lewis rats with encephalomyelitis, which
received ECP, were lower, than in untreated rats (p = 0.03).
After receiving ECP animals with experimental autoimmune
encephalomyelitis showed a significant decrease in the levels
of pro-inflammatory cytokine — tumor necrosis factor alpha
(TNFa). Thus, the study results demonstrated ECP efficacy in
changing EAE severity and clinical course.

Later the ECP method was used in patients with multiple
sclerosis. It was shown that ECP could be effective when
used for treatment of the relapsing-remitting disease form,
but it did not significantly change the course of the primary
progressive form [16-20]. The authors reported safety of the
method and some preliminary data on the efficacy obtained
when using ECP for treatment of five patients with relapsing-
remitting multiple sclerosis: in the majority of cases ECP led to
the decrease in relapse rate and EDSS, MRI stabilization. The
authors confirmed ECP safety and tolerability; they believe that
this therapy can be useful as a therapeutic alternative in the
subgroup of patients with relapsing-remitting multiple sclerosis.

The search is being conducted for adequate combinations
of extracorporeal photopheresis with other extracorporeal
hemocorrection and drug therapy methods that can result in the
improved efficacy of autoimmune disorder treatment [21, 22].

The study aimed to compare the efficacy of transimmunization
and glatiramer acetate in patients with relapsing-remitting multiple
sclerosis within a year.

METHODS

A total of 19 adult patients with relapsing-remitting multiple
sclerosis underwent treatment by transimmunization (modified

ECP method) at the Vladimirsky Moscow Regional Research
and Clinical Institute. Patients over the age of 18, who did
not receive treatment by other methods (DMDs for multiple
sclerosis, etc.), were included in the study.

Inclusion criteria: the diagnosis of multiple sclerosis verified
in accordance with the 2005 revision of the MacDonald
international criteria; patients’ age at the time of enrollment
18-60 years; no therapy with DMDs for multiple sclerosis
before ECP prescription; EDSS disability score below 6.0 at the
time of enrollment; the ability to submit the informed consent.

Exclusion criteria: unreliable diagnosis of multiple sclerosis;
secondary progressive or primary progressive course; use of
DMDs for multiple sclerosis before the beginning of the study;
EDSS disability score over 6.0; severe cognitive impairment.

The comparison group consisted of 48 adult patients with
relapsing-remitting multiple sclerosis, who were prescribed
subcutaneous glatiramer acetate 20 mg daily.

Clinical assessment of the treatment efficacy was based on
the data on the patients’ neurological status. The Expanded
Disability Status Scale (EDSS) was used. EDSS is used to
determine the degree of disability depending on the patient’'s
ability to move, as well on the impairment degree based on
the FS score. EDSS scores are in the range between 0 points
(normal neurological status) and 10 points (fatal outcome of
multiple sclerosis). The Kurtzke scales allow one to determine
the condition severity, degree of multiple sclerosis progression,
and efficacy of treatment measures.

The patients’ neurological status was assessed before
therapy, then before each ECP course and in case of the
disease exacerbation — before prescription of glucocorticoid
therapy and after it.

The following 3.0 and 1.5 T MRI scanners were used for
brain and spinal cord MRI:

1) Achieva 3.0 T MRI scanner with the superconducting
magnet: magnetic field strength 3.0 T, sampling interval 3-5 mm;
product license No. 2004/708; certificate of conformity No.
ROSS NL CHO1B 84154 (Philips Medical Systems Nederland
B.V., Netherlands).

2) Optima MR 450 w Gem 1.5 T MRI scanner with the
superconducting magnet: magnetic field strength 1.5 T,
sampling interval 3-5 mm; product license No. 95/112; hygiene
certificate No. 7.99.04.944.D.000967.02.01; certificate of
conformity No. ROSS FR IM 02.B08001 (General Electric, USA).

MRI was performed to verify the diagnosis before ECP,
every 6 months during follow-up, and in cases of suspected
exacerbation of the disease.

ECP method (transimmunization)
Equipment

1. MSC+ blood component collection system (Heamonetics
Corporation, USA).

Product license of the Ministry of Health of the Russian
Federation 2005/119/28.09.05.

Mononuclear cells are isolated in accordance with the RBCP
protocol (stem cell isolation).

Specifications:

—width: 37 cm, length: 57 cm;

— height 44 cm (when closed), 67 cm (when operated);

— weight: 28 kg;

— power supply: 220V, 60 Hz;

— pump speed: 20-250 mL/min;

— centrifuge speed: 30007000 rpm;

— anticoagulant/blood ratio: from 1 : 8to 1 : 16.
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Table 1. Patient distribution by age
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Age 18-27 years 28-37 years

38-47 years

48-57 years 58-67 years > 68 years

Number of individuals (n) 8 5

3 2 1 -

Table 2. Synoptic table of medical history data

Parameters

Median (LQ, UQ, minimum, maximum)

Males / females

217

Age at initiation of therapy (years)

30 [LQ = 26; UQ = 47] 20-60

Age of onset (years)

23 [LQ = 21; UQ = 30] 11-51

Disease duration (years)

6[LQ=2,5,UQ=10] 1-37

Anticoagulant used: sodium citrate 2.2%, citric acid
monohydrate 0.8%, glucose monohydrate 2.45%, water for
injection to 1000 mL.

2. Julia extracorporeal blood irradiation
OKUFKE-320/400-600/650-01 (Metom, Russia).

Product license of the Ministry of Health of the Russian
Federation 29/01040502/4362-02/25.09.2002.

Specifications:

— wavelength range: LUFT-6 quartz lamp — 320-400 nm;
LK-6 lamp — 600-650 nm;

— value of incident irradiance of the cell surface within the
light spot equal to the dimensions of the cell flow part, at least
3 mW\cm? for one lamp;

— AC power supply (220 V);

— power input: no more than 50 VA;

— operation mode cycle: 20 min (operation), 10 min
(break);

— weight: no more than 2 kg.

Dimensions 270 x 160 x 80 mm.

3. Disposable container for blood and its components TU
64-2-361-85. Product license number 86/1027-12-1.

4. Photosensitizing drug Ammifurin (8-methoxypsoralen)
(VILAR, Russia).

Product license number LS-002598 of 26.10.2011, 20 mg pills

system

Extracorporeal photochemotherapy
(transimmunization) procedure

The patients took oral Ammifurin (8-methoxypsoralen) 2 h
before the procedure. The Haemonetics MCS+ cell separator
(USA) was used to isolate mononuclear cells in accordance
with the PBSC protocol. Then mononuclear cells were
exposed to UV radiation for 90 min and incubated for 20 h at a
temperature of 37 °C. On the next day the cells were reinfused
to the patient. The procedure was conducted twice a week
every month throughout 6 months.

In the beginning of treatment ECP was performed once a
month throughout 6 months. Then the interval was increased
by a month every time. Later treatment was performed once
every 6 months. The follow-up gadolinium-enhanced brain
MRI was performed once every 6 months. Methylprednisolone
pulse therapy was used in cases of clinical exacerbation based
on the MRI data.

Table 3. Clinical manifestations at the disease onset

Statistical analysis

Statistical processing was performed in RStudio 2023.09.0
using R v. 4.3.1. As descriptive statistics for quantitative
variables, mean values and standard deviations (M = SD),
median and quartiles (Me [LQ; UQ]), minimum and maximum
were calculated. The Mann-Whitney U test or Wilcoxon test (for
related samples) was used to compare quantitative variables in
two groups. Absolute (n) and relative (%) rates were calculated
for qualitative variables. Comparison of qualitative variables
in two groups was performed using Fischer’s exact test. The
significance level (a) was considered to be 0.05 (null hypotheses
were rejected when p < a).

RESULTS

A total of 19 patients with relapsing-remitting multiple sclerosis,
who had been receiving ECP — transimmunization, had been
followed-up within a year. Most of patients were aged 18-27
years (42.1%) (Table 1).

The patients’ median age was 30 years (LQ = 26; UQ = 47),
between 20 and 60 years (Table 2).

The majority of patients were females (89.5% females and
10.5% males). The male to female ratio was 2/17. The median
age of onset was 23 years (LQ = 21; UQ = 30), between 11 and
51 years. The median disease duration was 6 years (LQ = 2.5;
UQ = 10), between 1 year and 37 years.

In the majority of cases (42.11%), visual impairment was the
first clinical symptom of the disease (Table 3). Sensory disorders
ranked second (31.58%). The emergence of pyramidal
disorder at the disease onset was reported in 10.52% of cases.
Polysymptomatic onset was observed in 15.79% of cases. It
included visual impairment, sensory and cerebellar disorders,
brain stem and pyramidal disorders, pyramidal disorders and
disorders of the pelvis.

Table 4 presents the multiple sclerosis patients’ degree
of disability based on the EDSS score before treatment. The
highest proportion was mild disability (EDSS score < 2.5). It was
reported in 15 patients (78.5% of cases). Moderate disability
(EDSS score 3.0-5.5) was reported in four patients (21.5%).
These patients were able to move without any assistance.

The median EDSS score in the overall group of patients
with relapsing-remitting multiple sclerosis, who underwent

Clinical manifestations Abs. (%)
Visual impairment 8 (42.11%)
Sensory disorders 6 (31.58%)
Pyramidal disorders 2 (10.52%)
Polysymptomatic onset 3 (15.79%)
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Table 4. Disability severity based on the EDSS score before treatment

EDSS Group |
0-2.5 (mild disability) 78.95% (15)
3.0-5.5 (moderate disability) 21.05% (4)

Over 6.0 (severe disability)

Median EDSS score

1.5[LQ =1.5;UQ = 2.5]
1-5.5

extracorporeal photopheresis, was 2 (LQ = 1.5; UQ = 2.5),
between 1 and 5.5. This score did not change after a year
of treatment: 1.5 (LQ = 1; UQ = 2), between 0 and 3.5. The
decrease in EDSS scores was reported in seven patients
(36.84%) (see Figure).

Thus, the increase in EDSS scores in the overall group of
patients relative to the previous values was reported in 5.26%
of cases. In five patients, foci accumulating the contrast agent
in the white matter were revealed on MRI within a year after the
beginning of treatment.

In the comparison group of patients with relapsing-
remitting multiple sclerosis, who underwent treatment with
glatiramer acetate, the median EDSS score was 1.75 (LQ = 1.5;
UQ = 2.5), between 1 and 5. The difference between this
group of patients and the group of patients, who received
transimmunization, was non-significant (p = 0.748). In a year
the median EDSS score was 2 (LQ = 1.5; UQ = 3), between
1 and 5. The increase in EDSS score within a year after the
beginning of treatment was reported in 29.27% of cases. The
median EDSS scores reported after a year of treatment with
extracorporeal photopheresis — transimmunization showed no
negative results relative to the use of first-line DMD for multiple
sclerosis, glatiramer acetate (Fig. 1).

Clinical case

The female patient aged 40 years complained of gait disorder,
intermittent urinary incontinence. She got ill at the age of
29 years: weakness in the left limbs and a speech disorder
emerged. Multiple demyelination foci were found on brain
MRI. The ophthalmologist diagnosed partial atrophy of the
optic nerve. As for neurological status, the EDSS score of 5.5
was reported. After a single ECP procedure the EDSS score
decreased to 5, after four procedures — to 4.5, and after five

6 —

procedures it was 2.5. Later there was a disease exacerbation,
and the EDSS score increased to 3.5, but it did not get worse
before the beginning of treatment. Thus, a beneficial outcome
was achieved given high EDSS score and long disease duration
(11 years).

DISCUSSION

The data on the use of extracorporeal photochemotherapy
method and its modification (with blood lymphocyte incubation)
in patients with relapsing-remitting multiple sclerosis are
reported. The method has proven itself over a long time in
various disorders associated of autoimmune manifestations
(graft-versus-host disease, autoimmune manifestations in
coronavirus infection, Crohn's disease, etc.) [23]. A number of
authors used the ECP method without lymphocyte incubation
in combination with plasmapheresis in 40 patients with
multiple sclerosis [24-26]. When the anti-myelin basic protein
antibody levels exceeded 500 pg/L, plasma was removed, and
lymphocytes were exposed to UV radiation. When the anti-
myelin basic protein antibody concentration was below 500 pg/L,
the extracted plasma with the lymphocyte suspension was
irradiated and then reinfused. In 36 patients (90%), good and
satisfactory therapeutic effect was achieved assessed based
on the neurological deficit regression according to the EDSS
scores (good effect — 2 points, satisfactory effect — 1 point). In
four patients, the effect was considered to be negligible.
Patient’s condition deterioration or side effect was reported
in none of the cases. A one-year follow-up revealed no
disease progression. Improvement in the form of EDSS score
decrease by 1-2 points was observed. The anti-myelin basic
protein antibody titer decreased 2-fold relative to baseline.
The decrease in the CD16 natural killer cell and CD4 T helper
counts, as well as in mitogen-induced y-IFN production was

[l before

B within a year

Glatiramer acetate

ECP

Fig. Changes in EDSS scores of patients with multiple sclerosis treated using extracorporeal photopheresis (ECP) and glatiramer acetate
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reported. Examination of patients within 6 months of follow-up
revealed no disease exacerbation.

In this study we compared the modified ECP (transimmunization)
and glatiramer acetate efficacy in patients with relapsing-
remitting multiple sclerosis during the one-year follow-up. The
findings show that transimmunization can be comparable with
conventional treatment methods, such as glatiramer acetate,
which shows that new approaches to therapy of this disease
are possible.

Multiple sclerosis is a complex autoimmune disorder, and
treatment of the disorder requires a personalized approach. The
use of ECP based on the lymphocyte UV exposure has shown
its efficacy in terms of decreasing the median EDSS score in
patients receiving transimmunization from 2 to 1.5 points. Such
a decrease indicates neurological status improvement and
stability of the condition in a large number of patients, which
represents an important aspect of multiple sclerosis treatment.

Comparison with the group of patients taking glatiramer
acetate has shown that the median EDSS score of this group
has remained fairly constant: it increased from 1.75 to 2 points.
This suggests that transimmunization may not only be effective,
but also more preferable for patients, who do not tolerate
conventional treatment methods or have side effects.

It is important to note that ECP and its modifications,
such as transimmunization, cause no allergy or generation of
autoantibodies, which makes these a safe alternative for patients
having contraindications for drugs. This is particularly true in the
light of the growing need for the development of new treatment
methods considering the patients’ individual characteristics.
However, it should be considered that in our study the increase in
EDSS score was observed in some patients, which emphasizes
the importance of continuous monitoring of patients’ condition
and possible use of pulse therapy for rapid exacerbation
management. When performing further research, it is necessary
to focus on the longer patient follow-up and assessment of the
long-term transimmunization effects, as well as on studying its
combinations with other treatment methods.

Our findings confim the possibility of using transimmunization
as an effective method for treatment of relapsing-remitting
multiple sclerosis.

References

1. Edelson R, Berger C, Gasparro F, Jegasothy B, Heald P, Wintroub B,
et al. New therapies for cutaneous T-cell lymphoma. N Engl J Med.
1987; 316 (6): 297-303. DOI: 10.1056/NEJM198702053160603.

2. Michallet M, Sobh M, Deloire A, Revesz D, Chelgoum Y, El-Hamri M.
Second line extracorporeal photopheresis for cortico-resistant
acute and chronic GVHD after allogeneic hematopoietic cell
transplantation for hematological malignancies: Long-term results
from a real-life study. Transfus Apher Sci. 2024; 63 (3): 103899.
DOI: 10.1016/j.transci.2024.103899.

3. Rastogi S, Kim EJ, Gelfand JM, Loren AW, Baumrin E. Chronic
Graft-versus-Host Disease-Associated Muscle Cramps: Severity
and Response to Immunomodulatory Therapies. Transplant Cell
Ther.2024; 30 (3): 338.e1-338.e6. DOI: 10.1016/}.jtct.2023.12.674.

4. Kim D, Taparia M, Robinson E, Mcgee M, Merali T. Navigating the
Complexity of Chronic Graft-vs-Host Disease: Canadian Insights
into Real-World Treatment Sequencing.Transplant Proc. 2024; 56
(2): 409-15. DOI: 10.1016/j.transproceed.2023.12.021.

5. Ruf T, Rahimi F, Anz D, Tufman A, Salzer S, Zierold S, et al.
Extracorporeal Photopheresis as a Treatment Option for Immune-
Related Adverse Events: Two Case Reports and a Prospective Study.
J Immunother. 2024. DOI: 10.1097/CJI.0000000000000510.

6. LinY,ChengZ, Zhong, Zhao'Y, Xiang G, LiL, et al. Extracorporeal

BULLETIN OF RSMU | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.023

ORIGINAL RESEARCH | NEUROLOGY

CONCLUSIONS

The data of the one-year follow-up of patients with relapsing-
remitting multiple sclerosis undergoing non-pharmacological
treatment by transimmunization, the modified ECP method,
are reported. The procedure was prescribed every month
throughout up to six months, then the interval was increased
by a month every time, and then transimmunization was
performed once every six months. The patients had mild-
to-moderate disability based on the EDSS scores before the
beginning of treatment. During the one-year follow-up we
noted a decrease in the median total EDSS score from 2 to
1.5 points. In one case, the increase in EDSS score following
the improvement of the patient’s clinical condition within six
months of transimmunization, but it did not reach the value
reported before the beginning of treatment. In the comparison
group of patients taking glatiramer acetate, there were also
cases of the EDSS score increase relative to baseline requiring
methylprednisolone pulse therapy. We have revealed no
negative effect of transimmunization on the course of multiple
sclerosis within a year of patient follow-up. Thus, the use of
blood transimmunization is comparable with the use of first-line
DMDs for multiple sclerosis, it causes no allergy or addiction
(generation of antibodies against the protein drug), and can
be recommended as both initial therapy and therapy after
unsuccessful use of first-line DMDs for multiple sclerosis due
to side effects. Since it is impossible to completely modify
the patients’ immune status, the disease exacerbations and
the use of pulse therapy for rapid suppression of the active
autoimmune process accompanied by inflammation in the
central nervous system are possible when performing ECP,
as when using other multiple sclerosis treatment methods. To
assess the ECP effect on the course of multiple sclerosis, it is
possible to follow up these patients undergoing treatment over
a longer time. This method can be used in clinical practice for
patients with multiple sclerosis as one of the first-line methods
to prevent the disease progression. Further studies can be
aimed to assess the transimmunization mechanism of action
at the cellular level and assess its efficacy when combined with
other non-pharmacological treatment methods.

photopheresis reduces inflammation and joint damage in a
rheumatoid arthritis murine model. J Transl Med. 2024; 22 (1):
305. DOI: 10.1186/512967-024-05105-x.

7. Fisher AJ, White M, Goudie N, Kershaw A, Phillipson J, Bardgett M, et
al. Extracorporeal photopheresis (ECP) in the treatment of chronic
lung allograft dysfunction (CLAD): a prospective, multicentre,
open-label, randomised controlled trial studying the addition of
ECP to standard care in the treatment of bilateral lung transplant
patients with CLAD (E-CLAD UK). BMJ Open Respir Res. 2024;
11 (1): e001995. DOI: 10.1136/bmjresp-2023-001995.

8. Lionet A, Van Triempon M, Figeac M, Fages V, Gibier JB,
Provot F, et al. Extracorporeal Photopheresis Reduces Fibrotic
and Inflammatory Transcriptomic Biological Marker of Chronic
Antibody-mediated Kidney Rejection. Transplant Direct. 2024; 10
(3): 1587. DOI: 10.1097/TXD.0000000000001587.

9. Mitsunaga K, Bagot M, Ram-Wolff C, Guenova E, von Gugelberg C,
Hodak E, et al. Real-world study on the use of pegylated interferon
alpha-2a for treatment of mycosis fungoides/Sézary syndrome
using Time to Next Treatment as a measure of clinical benefit: An EORTC
CLTG study. Br J Dermatol. 2024: 152. DOI: 10.1093/bjd/jae152.

10. Castillo-Aleman YM, Krystkowiak PC. Extracorporeal photopheresis
in stiff person syndrome. Front Immunol. 2024; 15: 1519032. DOI:



11.

12.

13.

14.

15.

16.

17.

18.

OPUTMHAJIbHOE MCCJIEJOBAHWE | HEBPOJIOI A

10.3389/fimmu.2024.1519032. eCollection 2024.

Szab6 BG, Reményi P, Tasnady S, Kordézs D, Gopcsa L, Réti M,
et al. Extracorporeal Photopheresis as a Possible Therapeutic
Approach for Adults with Severe and Critical COVID-19 Non-
Responsive to Standard Treatment: A Pilot Investigational Study.
J Clin Med. 2023; 12 (15): 5000. DOI: 10.3390/jcm12155000.
Kildyushevsky AV, Molochkov AV, Zhuravlev OR, Mitina TA,
Belousov KA, Zakharov SG, et al. Jekstrakorporal'nyj fotoferez
v lechenii novogo koronavirusnogo zabolevanija COVID-19 (serija
klinicheskih nabljudenij). Al'manah klinicheskoj medicinyju. 2020;
48 (Specvypusk 1): 11-19. DOI: 10.18786/2072-0505-2020-48-039.
Russian.

Neretin V VYa, Kildyushevsky AV, Agafonov BV, Geht BM, Sidorova OF,
Ospennikova TP. Fotoferez — novyj metod lechenija miastenii.
Zhurnal nevrologii i psihiatrii im. S. S. Korsakova. 2002; 103 (6):
11-14. PMID: 12872619. Russian.

Rathod DG, Muneer H, Masood S. Phototherapy In: StatPearls [Intemet].
Treasure Island (FL): StatPearls Publishing; 2024. PMID: 33085287 .
Lolli F, Liuzzi GM, Vergelli M, Massacesi L, Ballerini C, AmaduccilL, et al.
Antibodies specific for the lipid-bound form of myelin basic protein
during experimental autoimmune encephalomyelitis. J Neuroimmunol.
1993; 44: 69-75. DOI: 10.1016/0165-5728(93)90269-5.

Cavaletti G, Perseghin P, Dassi M, Oggioni N, Sala F, Lolli F, et
al. Extracorporeal photochemopherapy reduces the incidence of
relapses in experimental allergic encephalomyelitis in DA rats. J
Neurol. 2001; 248 (6): 535-6. DOI: 10.1007/s004150170169.
Cavaletti G, Perseghin P, Buscemi F, Dassi M, Oggioni N,
Sala F, et al. Immunomodulationg effects of extracorporeal
photochemotherapy (ECP) in rats experimental allergic
encephalomyelitis (EAE). Int J Tissue React. 2001; 23 (1): 21-31.
PMID: 11392060.

Cavaletti G, Perseghin P, Dassi M, Oggioni N, Sala F, Braga
M, et al. Extracorporeal photochemotherapy reduces the severity
of Lewis rat experimental allergic encephalomyelitis through a

JNutepatypa

1.

Edelson R, Berger C, Gasparro F, Jegasothy B, Heald P, Wintroub B,
et al. New therapies for cutaneous T-cell lymphoma. N Engl J Med.
1987; 316 (6): 297-303. DOI: 10.1056/NEJM198702053160603.
Michallet M, Sobh M, Deloire A, Revesz D, Chelgoum Y, El-Hamri M.
Second line extracorporeal photopheresis for cortico-resistant
acute and chronic GVHD after allogeneic hematopoietic cell
transplantation for hematological malignancies: Long-term results
from a real-life study. Transfus Apher Sci. 2024; 63 (3): 103899.
DOI: 10.1016/j.transci.2024.103899.

Rastogi S, Kim EJ, Gelfand JM, Loren AW, Baumrin E. Chronic
Graft-versus-Host Disease-Associated Muscle Cramps: Severity
and Response to Immunomodulatory Therapies. Transplant Cell
Ther.2024; 30 (3): 338.e1-338.e6. DOI: 10.1016/}.jtct.2023.12.674.
Kim D, Taparia M, Robinson E, Mcgee M, Merali T. Navigating the
Complexity of Chronic Graft-vs-Host Disease: Canadian Insights
into Real-World Treatment Sequencing.Transplant Proc. 2024; 56
(2): 409-15. DOI: 10.1016/j.transproceed.2023.12.021.

Ruf T, Rahimi F, Anz D, Tufman A, Salzer S, Zierold S, et al.
Extracorporeal Photopheresis as a Treatment Option for Immune-
Related Adverse Events: Two Case Reports and a Prospective Study.
J Immunother. 2024. DOI: 10.1097/CJI.0000000000000510.
LinY, Cheng Z, Zhong Y, Zhao'Y, Xiang G, LiL, et al. Extracorporeal
photopheresis reduces inflammation and joint damage in a
rheumatoid arthritis murine model. J Transl Med. 2024; 22 (1):
305. DOI: 10.1186/512967-024-05105-x.

Fisher AJ, White M, Goudie N, Kershaw A, Phillipson J, Bardgett M, et
al. Extracorporeal photopheresis (ECP) in the treatment of chronic
lung allograft dysfunction (CLAD): a prospective, multicentre,
open-label, randomised controlled trial studying the addition of
ECP to standard care in the treatment of bilateral lung transplant
patients with CLAD (E-CLAD UK). BMJ Open Respir Res. 2024;
11 (1): e001995. DOI: 10.1136/bmjresp-2023-001995.

Lionet A, Van Triempon M, Figeac M, Fages V, Gibier JB,
Provot F, et al. Extracorporeal Photopheresis Reduces Fibrotic

19.

20.

21.

22.

23.

24.

25.

10.

11.

12.

13.

14.

16.

modulation of the function of peripheral blood mononuclear cells.
J Biol Regul Homeost Agents. 2004; 18 (1): 9-17. PMID: 15323355.
Cavaletti G, Perdeghin P, Dassi M, Oggioni N, Sala F, Braga M,
et al. Extracorporeal photochemotherapy reduces the severity
of Lewis rat experimental allergic encephalomyelitis through a
modulation of the function of peripheral blood mononuclear cells.
J Biological Regulators and Homeostatic Agents. 2004; 18 (1):
9-17. PMID: 15323355.

Cavaletti G, Perseghin P, Dassi M, Cavarretta R, Frigo M, Caputo D,
et al. Extracorporeal photochemotherapy: a safety and tolerability
pilot study with preliminary efficacy results in refractory relapsing-
remitting multiple sclerosis. Neurol Sci. 2006; 27 (1): 24-32.
PubMed PMID: 16688596.

Extracorporeal photopheresis: Medical Coverage Guidelines of
the Blue Cross and Blue Shield Association of Arizona. 2012; 5 p.
Ninosu N, Melchers S, Kappenstein M, Booken N, Hansen |,
Blanchard M, et al. Mogamulizumab Combined with Extracorporeal
Photopheresis as a Novel Therapy in Erythrodermic Cutaneous
T-cell Lymphoma. Cancers (Basel). 2023; 27-16 (1): 141. DOl
10.3390/cancers16010141.

Neretin VYa, Kildyushevsky AV, Ozerova IV, Kotov SV, Golenkov AK.
Method of treatment of patients with autoimmune diseases. The
2000 Russian patent on IPC A61M1/38 A61N5/06 2000-11-27.
Publication 1999-01-29. Russian.

Neretin VYa, Kotov SV, Kildyushevsky AV, Sidorova OF, Ozerova IV.
Jekstrakorporal'naja fotohimioterapija v lechenii bol'nyh
rassejannym sklerozom. Uchebnoe posobie. M.: MONIKI, 2003;
11 s. Russian.

Ozerova |V, Kotov SV, Neretin VYa, Kildyushevsky AV.
Jekstrakorporal'naja fotohimioterapija v lechenii bol'nyh rassejannym
sklerozom. V sbornike: Materialy k Respublikanskomu rabochemu
soveshhaniju «Voprosy diagnostiki i lechenija demielinizirujushhih
zabolevanij nervnoj sistemy»; 23-24 fevralja 1999. Stupino; s. 180-
182. Russian.

and Inflammatory Transcriptomic Biological Marker of Chronic
Antibody-mediated Kidney Rejection. Transplant Direct. 2024; 10
(3): 1587. DOI: 10.1097/TXD.0000000000001587.

Mitsunaga K, Bagot M, Ram-Wolff C, Guenova E, von Gugelberg C,
Hodak E, et al. Real-world study on the use of pegylated interferon
alpha-2a for treatment of mycosis fungoides/Sézary syndrome
using Time to Next Treatment as a measure of clinical benefit: An EORTC
CLTG study. Br J Dermatol. 2024: 152. DOI: 10.1093/bjd/ljae152.
Castillo-Aleman YM, Krystkowiak PC. Extracorporeal photopheresis
in stiff person syndrome. Front Immunol. 2024; 15: 1519032. DOI:
10.3389/fimmu.2024.1519032. eCollection 2024.

Szab6 BG, Reményi P, Tasnady S, Kordézs D, Gopcsa L, Réti M,
et al. Extracorporeal Photopheresis as a Possible Therapeutic
Approach for Adults with Severe and Critical COVID-19 Non-
Responsive to Standard Treatment: A Pilot Investigational Study.
J Clin Med. 2023; 12 (15): 5000. DOI: 10.3390/jcm12155000.
Kunegrowesckuin A. B., Monodkos A. B., XKypaenes O .P, MumuHa T. A,
Benoycos K. A., 3axapos C. I, n gp. 9KcTpakopropasibHbii
hoTohepes B NeHEHNN HOBOrO KOPOHaBMPYCHOrO 3aboneBaHns
COVID-19 (cepusi KANHMYECKMX HabaoaeHui). AnbMaHax
KnMHMYeckon MegnumHbito. 2020; 48 (Cneugbinyck 1): 11-19.
DOI: 10.18786/2072-0505-2020-48-039.

HepetvH B. ., Kunbarowwesckuin A. B., AradoHos b. B., lext B. M.,
Cupoposa O. M., Ocnennvkosa T. 1. ®otodepes — HOBbIN
METO[, NeHeHNst MruacTeHnn. 2KypHas HEBPOMOrN 1 MCUXUaTPUm
M. C. C. Kopcakosa. 2002; 103 (6): 11-14. PMID: 12872619.
Rathod DG, Muneer H, Masood S. Phototherapy In: StatPearls [Intemet].
Treasure Island (FL): StatPearls Publishing; 2024. PMID: 33085287 .
Lolli F, Liuzzi GM, Vergelli M, Massacesi L, Ballerini C, AmaduccilL, et al.
Antibodies specific for the lipid-bound form of myelin basic protein
during experimental autoimmune encephalomyelitis. J Neuroimmunol.
1993; 44: 69-75. DOI: 10.1016/0165-5728(93)90269-5.

Cavaletti G, Perseghin P, Dassi M, Oggioni N, Sala F, Lolli F, et
al. Extracorporeal photochemopherapy reduces the incidence of

BECTHU/K PIMY | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.023



ORIGINAL RESEARCH | NEUROLOGY

17.

18.

19.

20.

BULLETIN OF RSMU | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.023

relapses in experimental allergic encephalomyelitis in DA rats. J
Neurol. 2001; 248 (6): 535-6. DOI: 10.1007/s004150170169.
Cavaletti G, Perseghin P, Buscemi F, Dassi M, Oggioni N, SalaF, et al.
Immunomodulationg effects of extracorporeal photochemotherapy
(ECP) in rats experimental allergic encephalomyelitis (EAE). Int J
Tissue React. 2001; 23 (1): 21-31. PMID: 11392060.

Cavaletti G, Perseghin P, Dassi M, Oggioni N, Sala F, Braga
M, et al. Extracorporeal photochemotherapy reduces the severity
of Lewis rat experimental allergic encephalomyelitis through a
modulation of the function of peripheral blood mononuclear cells.
J Biol Regul Homeost Agents. 2004; 18 (1): 9-17. PMID: 156323355.
Cavaletti G, Perdeghin P, Dassi M, Oggioni N, Sala F, Braga M,
et al. Extracorporeal photochemotherapy reduces the severity
of Lewis rat experimental allergic encephalomyelitis through a
modulation of the function of peripheral blood mononuclear cells.
J Biological Regulators and Homeostatic Agents. 2004; 18 (1):
9-17. PMID: 156323355.

Cavaletti G, Perseghin P, Dassi M, Cavarretta R, Frigo M, Caputo D,
et al. Extracorporeal photochemotherapy: a safety and tolerability
pilot study with preliminary efficacy results in refractory relapsing-
remitting multiple sclerosis. Neurol Sci. 2006; 27 (1): 24-32.
PubMed PMID: 16688596.

21.

22.

23.

24.

25.

Extracorporeal photopheresis: Medical Coverage Guidelines of
the Blue Cross and Blue Shield Association of Arizona. 2012; 5 p.
Ninosu N, Melchers S, Kappenstein M, Booken N, Hansen |,
Blanchard M, et al. Mogamulizumab Combined with Extracorporeal
Photopheresis as a Novel Therapy in Erythrodermic Cutaneous
T-cell Lymphoma. Cancers (Basel). 2023; 27-16 (1): 141. DOl
10.3390/cancers16010141.

HepetuH B. 4., Kunbarowwesckumin A. B., Osepoga 1. B., Kotos C. B,
lonerkoB A. K. Cnocob neyeHns nauyeHToB ayToMMMYHHbIMU
3abonesaHnsamu. Poccuitckmin nateHT 2000 . no MIMNK A61M1/38
AB1N5/06 2000-11-27. MNMybankauma  1999-01-29.

HepetH B. 4., Kotos C. B., Kunsgrowwesckuin A. B., Cpoposa O. I,
Oseposa /. B. 9kcTpakopnopanbHas oToxvMumoTepanust B
neveHnn BOMbHbIX PaCCesHHbIM CKIEPO30M. YuebHoe nocobue.
M.: MOHWNKWM, 2003; 11 c.

Ogepoga M. B., Kotos C. B., HepeTtuH B. ., Kunbatowesckuin A. B.
OKCTpakopnopanebHasd  oTtoxuMmuoTepanusa B JIeHeHUn
BONbHbIX PacCcesiHHbIM CKNepo3oM. B cbopHuke: MaTtepuarnbl
K PecnybnukaHckomy pabovemy coBellaHunio «Bonpockl
OVarHOCTVKL 1 NIeYeHns1 AeMUENMHU3UPYIOLLMX  3a001eBaHuN
HEpPBHOW cuUCTeMbl»; 23-24 despand 1999. CTtynuHo; C.
180-182.




ORIGINAL RESEARCH | ORTHOPEDICS

MORPHOLOGICAL SUBCHONDRAL BONE TISSUE CHARACTERISTICS IN KNEE OSTEOARTHRITIS
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Morphological subchondral bone tissue alterations associated with knee osteoarthritis represent a key pathogenesis link and can precede articular cartilage
destruction. The study aimed to identify typical morphological and morphometric signs of osteosclerosis and osteoporosis in the subchondral zone of the femur
and tibia. Analysis of 40 bone tissue fragments collected when performing knee replacement surgery in 20 patients (12 females and 8 males) aged 58-75 years with
stage lII-IV osteoarthritis was performed. Histological and morphometric assessment involving the use of light microscopy and microfracture index (MFI) calculation
revealed significant differences in trabecular thickness, intertrabecular distance, and the degree of microdamage between the sites of sclerosis and osteoporosis.
High MFI values in the zones of osteoporosis can reflect reduced subchondral bone strength. The findings confirm the diagnostic value of the subchondral zone
morphometry and the prospects of using MFI as a quantitative risk criterion when planning orthopedic treatment.
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MOP®OJIOM'MYECKAA XAPAKTEPUCTUKA CYBXOHAPAJIBHON KOCTHON TKAHU MPU
OCTEOAPTPOSE KOJIEHHOIO CYCTABA

B. L. MuHacos', P. P. lkynos’, B. H. Akbawwes' =, B. C. LLekuH', A. O. Bnacosa', T. b. MuHacos', K. K. Kapumos?, A. A. AxvenbamHosa'

" BalKnpcKuii rocyaapCTBeHHbIN MeguUMHCKUIA yHBepenTeT, Yha, Poccus
2 TapKVKCKMIA rOCYAaPCTBEHHBI MEOVLIMHCKNIA YHUBEPCUTET UMeH AByann noHn CrHo, OywaHoe, TaoKuKmMCcTaH

Mopdonornyeckme n3meHeHns CybxoHAPanbHOM KOCTHOM TKaHW Npu OCTe0apTpOo3e KOIEHHOrO CycTaBa ABNSIOTCS KIKOYEBbIM 3BEHOM naToreHesa 1 MoryT
npeaLecTBOBaTb pa3pyLUEHO CycTaBHOrO xpsitla. Llensto nccneposanns 6bin0 BbISIBUTE XapakTepHble MOponormiecke 1 MopdoMeTprU4ecKrie MpuaHaki
OCTEO0CKJS1epO3a 1 0CTeONopo3a B CyOxoHApabHOM 30He 6epeHHoN 1 6onbLLebepLOBO kocTel. BbinonHsamm aHanma 40 y4acTKOB KOCTHOM TKaHM, MOMyHYeHHbIX
npv 9HAOMNPOTE3NPOBAHUN KONEHHOro cycTasa y 20 naumeHToB (12 XeHWpmH 1 8 My>k4rH) B Bo3pacTe 58-75 net ¢ octeoaptpodom llI-IV ctaguin. Mpu
FMCTONOMMHECKOM 1 MOPOMETPUHECKON OLEHKE C UCMOMb30BaHMEM CBETOBOV MUKPOCKOMUM U pacHeToM MHAaekca MukpopakTypuHra (MFI) yctaHoBneHb!
[OCTOBEPHbIE Pa3NnyMs B TONLLMHE Tpabekyn, MHTepTpabeKynspHOM PacCTOSHWN 1 CTENEHV MUKPOMOBPEXAEHUIA MexXay yHacTkaMm CKeposa 1 0CTeonoposa.
MNoBbiweHHble 3HadYeHnss MFI B 30Hax 0CTEONOpO3a MOryT OTpaXKaTb CHVPKEHVE MPOYHOCTU CyOxoHApanbHOM KOCTW. [lonydeHHble AaHHble MOATBEePXOAaioT
OVarHOCTUHECKYIO 3HAYMMOCTb MOPMOMETPUHECKON OLIEHKIU CYOXOHAPAabHON 30HbI U MepCrneKTMBHOCTL nNpumMeHeHnst MFI kak KonM4ecTBEHHOrO KpuTepust
pucka Npv NNaHNpPoBaHMN OPTOMEANHECKOrO NeYeHIs.

KntouyeBble cnosa: 0cTeoapTpos, CyoXoHapasbHast, KOCTb, OCTEOCKIIEPO3, OCTEONOPO3, MOP(MOMETPUS, MUKDOTPELLMHBI, MHAEKC MAKPO(PaKTYpUHra
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Osteoarthritis (OA) is one of the most common and socially
significant musculoskeletal disorders representing a progressive
multifactorial connective tissue lesion resulting in disturbed
kinematic balance of the skeleton. It is accompanied by acute
and chronic pain, limited mobility and high disability likelihood,
especially in elderly people. According to the WHO data, more
than 240 million people suffer from symptomatic OA, and their
number continues to grow steadily with increasing longevity [1, 2].
The current understanding of the OA pathogenesis is beyond the
limits of local articular cartilage damage. Today, this disorder
is considered as a systemic connective tissue biomechanics
and metabolism impairment, due to which all joint components
are affected: cartilage, subchondral bone, synovial membrane,
tendons, capsule, and periarticular muscles [3, 4]. Imbalance
between adaptive and destructive processes occurring under
exposure to overload, inflammation, and disturbed tissue
homeostasis becomes a central element [5]. In recent years,
special attention is paid to the subchondral bone as a key link
of the OA pathogenesis. It has been found that alterations of its
structure, including osteosclerosis, osteoporosis, subchondral
microcracks, and trabecular remodeling, can precede cartilage
degeneration and significantly affect the disease progression
[6-8]. Such alterations are considered as effects of chronic
overload and impaired mechanotransduction in the context of
unstable biomechanical equilibrium.

Structural failure of the subchondral bone playing a role of both
biomechanical cartilage support and metabolic process regulator
is among the key links of OA pathogenesis [9]. Clinically, stepwise
disease development is manifested by a complex of sclerotic,
osteoporotic, and osteolytic processes. A simultaneous presence
of those generates heterogeneous morphological features reflecting
a conflict between compensatory and destructive alterations. Such
transformations are not limited to anatomy: these are associated
with impaired kinematic links, changes of the stress load vector
and, as a result, clinical manifestations of pain and dysfunction [10].

The OA biomechanical aspect becomes a key issue due to
galloping development of excessive lateral pressure syndrome.
The joint functions as a single system maintaining the kinematic
balance owing to liquid crystal connective tissue organization
[11]. Disruption of this balance leads to overload of distinct
components and triggers the cascade of destructive and
dystrophic responses. The changing landscape of intra-tissue
tension oppresses the role of mechanostat cells. The liquid
crystal organization imbalance leads to mechanocyte death.

Visualization and quantification of these processes have
become possible due to advanced histological and morphometric
methods. Assessment of the subchondral bone thin sections
involving the use of digital technologies allows one to identify
alterations at the micro level, including trabecular architecture
rearrangement, subchondral sclerosis, osteophytosis, and
osteolysis. These data make it possible to not only clarify the
diagnosis, but also evaluate the disease stage, predict the disease
course and adaptation resources of the macroorganism [12].

In this regard, an integrative multifactorial approach combining
biomechanics, morphology and clinical assessment is becoming
increasingly important. True nature of OA, not as a local disorder
of the joint, but as the systemic connective tissue dysfunction
under conditions of unstable dynamic equilibrium, can be
understood only within the limits of this model.

The study aimed to identify morphological and morphometric
features of subchondral bone tissue in patients with stage
-1V knee OA, identify the differences between the areas
of osteosclerosis and osteoporosis, and substantiate the
microfracture index (MFI) as a quantitative criterion of the
subchondral zone structural integrity.
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METHODS

The study was conducted at the Laboratory of Morphology of
the Institute of Fundamental Medicine, Bashkir State Medical
University.

Inclusion criteria: patients aged over 55 year; clinically
and radiologically verified stage llI-IV primary (idiopathic)
osteoarthritis according to the Kellgren—-Lawrence classification,
disease duration of at least 5 years; total knee replacement
surgery; availability of the informed consent.

Exclusion criteria: rheumatic disease; systemic metabolic
disorder (including osteoporosis verified by densitometry);
malignant neoplasms; previous surgical management of the
same joint; decompensated chronic disorder; infection in the
area of the operated joint; long-term use of steroid hormones;
refusal to participate in the study.

Research material

Atotal of 20 patients (12 females and 8 males) aged 58-75 years
(average age 66.4 + 5.2 years), who underwent elective total
knee replacement due to stage lll-IV osteoarthritis (according
to the Kellgren—-Lawrence classification), were included in the
study. During surgery specimens were collected by standard
method from similar sites determined by the priority force-
stress vector and outside this (internal and external condyles
of the femur and tibia). The specimen size was 10 x 15 mm.
The subchondral bone tissue fragments showing signs of
bone compaction (osteosclerosis) or loss (osteoporosis) were
identified in all patients. In a number of cases, alterations of
both types were found in the same sample, which enabled
intra-object comparison.

A total of 40 bone tissue fragments were assessed: 20 showing
signs of osteosclerosis and 20 showing signs of osteoporosis.
Despite the possibility of obtaining up to 80 fragments (4 zones per
patient), 40 most informative ones were selected for morphometric
assessment — two zones per patient: one showing signs of
osteosclerosis, another showing signs of osteoporosis. This
enabled intra-object comparison of different types of alterations,
increasing the comparative analysis accuracy.

Histological processing methods

Specimens were immediately fixed in the 10% buffered
neutral formalin (Histosafe; Biovitrum, Russia) for 24-48 h at
a temperature of +4 °C. Decalcification was performed using
the Trilon B solution (AGAT-MED, Russia) until the mineral
component was completely removed. Histological processing
was performed using the automated carousel-type processor
(AGOT-1, Russia) and increasing concentrations of isopropyl
alcohols. Paraffin embedding was accomplished using the
reagents manufactured by Biovitrum (Russia). The 4 pum
slices were cut using the HM340E rotary microtome (Thermo
Fisher Scientific, USA). Histological slides were stained with
hematoxylin and eosin (Biovitrum, Russia) using the Gemini AS
automated slide stainer (Thermo Fisher Scientific, USA).

Microscopy and digital processing

The stained slides were scanned with the Pannoramic 250
digital scanning microscope (3DHISTECH Ltd., Hungary)
with the Plan-APOCHROMAT 20x lens (Zeiss, Germany).
Histological slides were assessed using the CaseViewer
(3DHISTECH Ltd., Hungary) and QuPath v.0.5.1 (Bankhead P.
et al., Sci Rep 7, 16878, 2017) software tools.
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Fig. 1. Morphological alterations in the areas of subchondral bone sclerosis in osteoarthritis. Histological slides stained with hematoxylin and eosin; 20x (A, B),
200x (C, D) magnification. A. Fragment of the femoral subchondral zone: thickened trabeculae, anastomosing trabecular structure, narrowed intertrabecular spaces.
B. Fragment of the tibia: huge osteosclerotic trabeculae, chaotic arrangement, reduced number of haversian canals, intratrabecular space partially replaced with fibrous
tissue. C. Paratrabecular zone showing signs of sclerotic rearrangement: disorganized lamellar structure, foci of replacement with connective tissue. D. Bone marrow
space: diffuse replacement with fibrous tissue with predominance of collagen fibers, trabeculae with reduced osteocytic lacunae

Morphometry analysis

The following parameters were measured in five independent
fields of view with the 100x magnification:

1) trabecular thickness (um);

2) intertrabecular distance (um);

3) width of the basophil band (tidemark) at the boundary of
the cartilage and subchondral zones (um).

When performing morphometry, the calcified cartilage
zone visualized as the intensely stained basophil layer in the
hematoxylin and eosin stained slides was considered the
basophil band. Measurements were performed in the most
perpendicular areas between the cartilage border and the
beginning of the trabecular bone. The stained band width was
considered instead of cellular elements.

Morphometry was performed manually using the QuPath
features. In addition, the amount of bone tissue microdamage
(microcracks) per studied area (mm?) was calculated.

Statistical analysis

Statistical data processing was performed using the Statistica 13.0
(StatSoft Inc., USA) and GraphPad Prism 9.0 (GraphPad Software,
USA) software packages. The distribution of samples was tested
for normality using the Shapiro—Wilk test. Since the distribution
of most parameters was non-normal, quantitative data were
presented as the median and interquartile range (Me (25-75%)).

The Mann-Whitney U test was used to compare independent
groups, and the Kruskal-Wallis H test was used to compare
more than two groups, with subsequent pairwise comparison.
The differences were considered significant at p < 0.05.

RESULTS

Microscopic examination of subchondral bone tissue specimens
from the femur and tibia of patients with osteoarthritis revealed
typical histological alterations corresponding to two opposing
disease processes: osteosclerosis and osteoporosis.

In the areas of bone sclerosis (BS), marked trabecular
thickening with enhanced bone matrix production was
observed. The trabeculae anastomosed tightly with
each other formed coarse fibrous structures (Fig. 1A, B).
Intertrabecular spaces were significantly narrowed and partially
replaced by fibrous tissue (Fig. 1B). In specific cases, foci of
endosteal fibrosis, degenerative changes in osteocytes, and
focal osteoblast hyperplasia were reported (Fig. 1C, D).

In the areas of bone tissue loss (BTL), the opposite was
observed: severe thinning and fragmentation of bone trabeculae,
dilated intertrabecular spaces filled mostly with adipose tissue.
Numerous microcracks were reported in atrophic trabeculae,
along with sporadic osteoblasts against the background of
increased osteoclast counts (Fig. 2).

Morphometric analysis revealed significant differences in
trabecular width and intertrabecular distances between BS and
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Fig. 2. Morphological characteristics of subchondral bone loss areas in osteoarthritis. Histological slides stained with hematoxylin and eosin; 20x (A, B), 200x
(C, D) magnification. A. Subchondral zone of the femur: thinned trabeculae, dilated intertrabecular spaces, sporadic microcracks. B. Fragment of the tibia: disorganized
trabecular structure, sparse architecture, disrupted trabeculae. C. Paratrabecular zone of the femur: clearly visible intertrabecular spaces filled with bone marrow fat,
trabeculae showing signs of thinning. D. Bone marrow space of the tibia: areas of fibrous transformation, linear defects within the trabeculae

BTL areas. Trabecular width was significantly larger in the areas of
osteosclerosis vs. osteoporosis (p < 0.001), while intertrabecular
distances were larger in the areas of osteoporosis (Table 1).

Morphometric analysis showed that in the areas of
osteosclerosis trabecular width was significantly larger in the
tibia, than in the femur (p = 0.0007), while intertrabecular
distances, in contrast, were larger in the femur (o = 0.0377). In
the areas of osteoporosis, trabeculae were significantly thinner
in the femur relative to similar zones of the tibia (o = 0.0001).
Such differences reflect the features of the subchondral bone
tissue focal remodeling depending on the anatomical region and
the type of load. Furthermore, tidemark width was significantly
larger in the tibia, than in the femur (o = 0.0035), significant
differences were revealed when comparing the femur (BS)
and the tibia (BTL) (o = 0.0113).

Analysis of the number of microcracks (bone fragility index)
in the studied specimens was of special interest. It was shown

that the median bone fragility index was higher in the areas
of bone tissue loss (BTL), 0.25, compared to the areas of
compaction (BS), where the index value was 0.20 (Fig. 3).
These differences were significant (Mann-Whitney U test; p < 0.05).
Comparison of the data obtained with the control values
reported in the literature has shown that both studied conditions
are characterized by the increase in the number of microcracks
relative to control, but the most pronounced differences from
the control group have been found specifically in the areas of
osteoporosis [13] (Fig. 4).

Microfracture index as a prognostic criterion

In the specimens assessed, the median MFI for the areas of
osteosclerosis was 0.20, while that for the areas of osteoporosis
was 0.25. These differences were significant (o < 0.05). Preliminary
risk scale is proposed based on the distribution of values (Table 2).

Table 1. Subchondral bone morphometric parameters in the studied groups (Me (25-75%))

Sclerosis: tibia
(n=10)

Sclerosis: femur

Parameter (n=10)

Osteoporosis: femur
(n=10)

Osteoporosis: tibia Kruskal-Wallis H test
(n=10) (0)

Trabecular width, pm 122.4 (89.1-178.6) 139.6 (99.2-193.6)

114.5 (87.8-155.9) 131.4 (95.1-180.8) H =41.03 (p=0.0001)

Intertrabecular distance, pm 334.7 (232.6-442.3) | 300.7 (219.4-413.9)

289.7 (197.3-402.4) 310.2 (211.4-431.9) H =11.01 (p = 0.0001)

Tidemark width, um 62.5 (47.3-78.7) 66.4 (47.7-105.1)

64.3 (44.6-79.5) 81.6 (61.5-113.4) H = 9.55 (p = 0.0229)

Note: the values are presented as the median (25"-75" percentiles). Significance of differences between groups is assessed using the Mann-Whitney U test. The

differences are considered significant at p < 0.05.
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Fig. 3. Distribution of indices in the bone sclerosis and loss areas. The median values and interquartile range are provided. The analysis includes 40 fragments
(2 per patient; n = 20) collected from the internal and external condyles of the femur and tibia. Areas of osteoporosis are characterized by significantly higher MFI values

compared to the areas of sclerosis (p < 0.05)

DISCUSSION

The findings demonstrate that there are considerable
morphological differences between the subchondral bone
areas showing signs of osteosclerosis and osteoporosis in
knee osteoarthritis. Trabecular width was significantly higher in
the areas of sclerosis, while intertrabecular spaces were dilated
in the zones of bone tissue loss. Such results confirm that
osteoarthritis is accompanied by heterogeneous remodeling
processes geared towards both bone sclerosis and structural
disorganization in the subchondral zone.

Structural features of the alterations identified are
consistent with the literature data emphasizing the key role
of subchondral bone in the osteoarthritis pathogenesis. Initial
changes of the subchondral bone trabecular architecture can
precede chondral degeneration and can be associated with
impaired mechanotransduction and microcirculation. The
compacted structure with atypical trabecular orientation is
formed in the areas of osteosclerosis, which can lead to the
depreciation function impairment and increased load on the

articular cartilage. In turn, zones of osteoporosis demonstrate
the decreased density and microfragmentation, which can
contribute to the decreased subchondral zone strength and
increased risk of microfractures.

The published data obtained using micro-CT in women
aged 32-37 and 78-80 years were used to compare the
morphometric characteristics obtained [13]. It should be noted
that methodological differences (optical microscopy vs. micro-CT),
as well as differences in age and gender make it impossible to
use these data as a direct control. However, these were used
as a tentative literature model for discussion of age-related
bone structure alterations.

The analysis of microfracture index (MFI) has shown its
sensitivity to bone morphology alterations. Higher MFI values
in the zones of osteoporosis suggest the bone tissue strength
decrease and the possibility of using this indicator as a quantitative
prognostic criterion of fractures and endoprosthesis instability.
In the study conducted, MFI was determined as microcrack
density per unit of bone tissue area (mm?), which allowed one to
quantify the degree of microdamage to the subchondral zone.

Distribution of indices across patients (with control)
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Fig. 4. Bone tissue microfracture index (MFI) in patients with osteoarthritis (based on the data on the areas of osteosclerosis and osteoporosis in the femur and tibia)
compared to the literature data [13]. Aggregate MFI values are reported for each patient (n = 20), including two areas (of compaction and loss). The literature data are

provided for tentative comparison, these have not been used as a control group
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Ne Risk MFI range Status description

1 Low < 0,20 Low number of microcracks, high structural stability
Medium 0,20-0,25 Moderate amount of microdamage, potential strength decrease

3 High >0,25 High density of microcracks, marked bone brittleness

This conclusion is consistent with the results of modern
morphometric studies emphasizing the importance of assessing
microdamage in the subchondral zone and the interplay between
the subchondral zone and the articular cartilage in the context of
osteoarthritis [14, 15].

Elevated MFI values can indicate the decreased mechanical
bone strength and increased risk of fractures after surgery. In the
future this index can be introduced as an additional morphometric
criterion for planning of postoperative patient management; this
can also be used to substantiate prescription of therapy aimed
at remodeling. Further research including clinical follow-up and
comparison with the data on actual fractures will make it possible
to clarify prognostic value of this indicator and its threshold values
with high sensitivity and specificity.

Thus, the structural features identified confirm the need
to consider subchondral bone morphology when planning
orthopedic treatment, including total knee replacement.
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PROGNOSTIC VALUE OF PROCALCITONIN RAPID TEST IN PURULENT INFLAMMATORY DISEASES
OF THE MAXILLOFACIAL REGION

Belchenko VA', Chantyr IV2, Zavgorodnev KD'25, Pakhomova Yul?

" Maxillofacial Hospital for War Veterans, Pirogov City Clinical Hospital No. 1, Moscow, Russia
2 Pirogov Russian National Research Medical University, Moscow, Russia

Dental diseases, which exhibit high prevalence within the population, are frequently complicated by odontogenic inflammatory processes in the maxillofacial region
(MFR), posing a significant risk of systemic septic complications. Procalcitonin (PCT) is a promising biomarker for the diagnosis of sepsis showing high sensitivity
and specificity. However, its prognostic value for purulent inflammatory diseases of the maxillofacial region (PID-MFR) is still understudied. The study aimed to
evaluate the diagnostic value of the PCT semi-quantitative rapid test for predicting septic complications in patients with PID-MFR and to evaluate the relationship
between PCT levels and clinical/laboratory parameters. The study involved 60 patients (73.3% males, 26.7 % females) aged between 21 and 71 years with PID-MFR.
Serum PCT levels were determined by a semi-quantitative method. Patients were stratified into two groups: group 1 with PCT > 0.5 ng/mL (23.3%), group 2 with
PCT < 0.5 ng/mL (76.7%). Septic complications were observed in 28.57% of patients in group 1, whereas no complications occurred in group 2 (p = 0.001;
OR = 0.025). There were no significant differences in clinical and laboratory indicators, number of cellular maxillofacial spaces affected (3.7 + 1.7), disease duration
(6.17 + 3.39 days), and length of hospital stay (6.50 + 2.41 bed-days) between groups (p > 0.05). Our findings demonstrate that measuring PCT levels via a
semi-quantitative method is an effective and accessible approach to predict septic complications of PID-MFR.
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MPOrHOCTUYHECKAA LLEHHOCTb 3KCINPECC-TECTA HA NMPOKAJIbLUINTOHUH
MPU THONHO-BOCNANUTENBbHbIX 3ABEOJIEBAHUAX YENTKOCTHO-JIMLEBOW OBJIACTU

B. A. Benbuerko!, M. B. HYanTbipr?, K. [. 3asropogHes’?E, tO. U. MNaxomosa?

" Topoackast kKnnHndeckast 6onbHULA Ne 1 nvenn H. . Mnporosa dunmnan YentocTHo-nmueBor rocnvtans ans BetepaHos BoiH, MockBa, Poccuis,
2 POCCUNCKMIA HAUMOHabHBIN MCCNefoBaTENbCKUN MEAVLIMHCKUIA yHUBEepCUTET UMmeHn H. . Muporoea, Mocksa, Poccust

Cromaronornyeckue 3abosieBaHyist LUIMPOKO PacnpOCTpaHeHbl Cpeayn HaceneHyst U HePeKO OCNIOKHSIIOTCS Pa3BUTUEM OAOHTOrEHHbIX BOCTAIMTENBHBIX MPOLIECCOB
YentocTHO-MUEeBO obnacTu (H/10), 4To cosdpaeT NoTeHUMasbHbIA PUCK Pa3BUTUS CENTUHECKNX OCNOXHEHNI. MpokanbunToHnH (MKT) — nepcnexkTuBHbIini
Onomapkep ANa AMArHOCTUKM cencuca, obnafatoLmii BbICOKOW YYBCTBUTENBbHOCTBIO 1 CREUMAPUIHOCTBIO. OOHAKO ero MPOrHOCTUYeckas LEHHOCTb mpu
rHOMHO-BOCTANUTENBbHBIX 3ab0eBaHNsaX YentocTHO-NMUeBoin obnactu (MB3 HJ10) ocTaeTcs HeQOCTAaTOYHO U3y4HeHHON. Llensto nccnenoBaHvst b0 OLEHUTL
[MarHOCTUHECKYIO LIEHHOCTb MONYKONMYeCTBEHHOrO aKkcnpecc-TecTa Ha [MKT Ans mporHO3MpoBaHWS CEMTUHECKMX OCNOXHeHWU y naumeHTos ¢ B3 Y10, a
TaKkKe N3yHnTb B3aMMOCBA3b Mexxay ypoBHeM [MKT 1 KnnHnko-nabopaTtopHbiMu nokasatenamn. B nccnenosanmne sBownm 60 naumeHToB (73,3% My>kunH, 26,7 %
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According to the WHO Global Oral Health Status Report seeking dental care [2]. Among these conditions are lesions
(2022), dental diseases are among the most common disorders  of hard dental tissues, pulpitis, and periapical diseases, the
affecting approximately 45% of the world’s population (3.5 bilion  advanced stages of which frequently progress to odontogenic
people) [1]. In Russia, annual epidemiological data from the inflammatory disorders of the maxillofacial region (MFR)[3].
Russian Dental Association indicate over 158 million cases of = Data from the Organizational and Methodological Department
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of Dentistry and Maxillofacial Surgery (Moscow Healthcare
Department) further reveal that 37% of adults seeking
specialized maxillofacial surgical care require intervention for
localized or severe forms of purulent inflammatory diseases of
the maxillofacial region (PID-MFR) [4].

Much of this category of patients require long-term
treatment due to disease severity and high risk of complications,
mediastinitis, thrombosis of facial veins and cerebral sinuses,
meningitis, meningoencephalitis, etc. Systemic inflammatory
response syndrome, sepsis, endotoxic shock, multiple organ
failure are conventionally distinguished among life-threatening
purulent septic complications [5].

Sepsis remains a critical challenge in surgical disciplines,
including MFS. However, the role of odontogenic infection in
pathogenesis of systemic inflammatory response, sepsis, and
the related complications is still poorly understood.

Despite significant advances in modern medicine, driven
by pharmacological innovation and the development of novel
diagnostic and therapeutic modalities, the global incidence of
infectious inflammatory disorders remains persistently elevated
[2, 3, 6]. According to the WHO report on the epidemiology
and burden of sepsis (2020), sepsis accounts for approximately
49 million cases and 11 million deaths annually, representing
20% of global mortality [7].

Over the past decades, the scientists searched for an
optimal method to diagnose septic complications [8]. Serum
procalcitonin (PCT) has become a biomarker of particular
interest due to its high sensitivity and specificity in distinguishing
bacterial infections from other inflammatory etiologies [9, 10].
The association between elevated PCT levels and bacterial
infections was first established in 1993 [11].

Under physiological conditions, PCT is synthesized in
parafollicular cells (C-cells) of the thyroid gland, where it
undergoes proteolytic cleavage by endoplasmic reticulum
endopeptidases into calcitonin and inactive byproducts. This
process accounts for its negligible serum concentration in
healthy individuals. However, during systemic inflammatory
response syndrome (SIRS), PCT production shifts to an
extra-thyroidal pathway, wherein diverse organs and tissues
synthesize PCT in response to bacterial endotoxins and pro-
inflammatory cytokines. The molecular mechanisms governing
this alternative synthesis pathway remain incompletely
characterized [12].

Elevated serum PCT levels are associated with adverse
clinical outcomes, underscoring its utility as a biomarker for
guiding therapeutic strategies [9]. While numerous studies
have validated PCT’s diagnostic value for the diagnosis of
inflammatory disorders, its prognostic value in PID-MFR
remains poorly understood, which determines the relevance of
our study.

The study aimed to evaluate the prognostic value of the PCT
semi-quantitative rapid test as a screening tool for stratifying
the risk of septic complications in patients with PID-MFR and
to assess the relationship between PCT levels and clinical and
laboratory parameters.

METHODS

A retrospective cohort study with the elements of prospective
analytical observational assessment was conducted at the
specialized Maxillofacial Hospital for War Veterans, Pirogov
City Clinical Hospital No. 1 specializing in maxillofacial surgical
care and dental care provision to adult patients. The study was
managed by V. A. Belchenko, D. Sci. (Med), Chief Freelance
Specialist of Moscow Healthcare Department.

Between March 12, 2024, and September 23, 2024, 1,784
patients with PID-MFR presented to the emergency department.
Of these, 60 patients were enrolled in the study. The cohort
comprised 44 males (73.3%) and 16 females (26.7%), with
ages ranging from 21 to 71 years (mean age 42.07 + 13.81
years). Among patients 68.3% (n = 41) were employed, 31.7%
(n = 19) were not. Patients were admitted to hospital through
the following routes: ambulance — 15.00% of patients (n = 9),
103-outpatient clinic — 85.00% (n = 51).

The minimum sample size was calculated using the formula
by N. M. Buderer with the 10% confidence interval. In this study,
the minimum sample size was 43 patients.

Inclusion criteria: patients with PID-MFR aged 18-75 years;
submitted informed consent for evaluation and treatment;
patients who had not taken antibiotics prior to hospitalization;
stable and relatively stable patients in accordance with the
green and yellow flows of the triage system; serum C-reactive
protein (CRP) levels =180 mg/L; performing ICA Procalcitonin
semi-quantitative rapid test.

Exclusion criteria: patients under 18 and over 75 years;
patient’s refusal to participate in the study or undergo
treatment; taking antibiotics before hospital admission by
the patient; patients with life-threatening conditions requiring
emergent resuscitation, in accordance with the red flow of the
triage system; noncompliance with the laboratory criteria and
no indications for the ICA Procalcitonin semi-quantitative test.

The literature review revealed significant variability of CRP
levels among patients with PID-MFR. According to the results of
the study focused on early diagnosis of sepsis (2021), the range
of CRP concentrations was 82.50-95.35 mg/L [13]. In another
study (2021) the mean CRP level of 140 mg/L associated with
odontogenic infections was reported [14]. According to the
data of the study conducted in 2024, the mean CRP admission
levels were 185.2 mg/L in males and 189.4 mg/L in females
[15]. Based on this evidence, we established a diagnostic CRP
threshold of =180 mg/L [13-15].

All patients admitted to the emergency department underwent
standardized triage assessment. The triage criteria for stratifying
patients into green (stable), yellow (semi-stable), and red (critical)
categories are summarized in Table 1.

Initial clinical evaluations were conducted by a multtidisciplinary
team comprising a maxillofacial surgeon and a general
practitioner. The following additional tests were performed
immediately after evaluation: 1) laboratory analyses —
complete blood counts and urinalysis, blood biochemistry
panel, coagulation profile; 2) imaging studies — computed
tomography (CT) of the chest and maxillofacial region. Based
on the evaluation results and inclusion criteria, patients were
selected and blood PCT levels were determined by a semi-
quantitative method using the ICA Procalcitonin 500 rapid test
(Akademinnovacija LLC, Russia) (Fig. 1).

The ICA Procalcitonin 500 assay (Akademinnovatsiya
LLC, Russia) is an in vitro immunochromatographic rapid test
designed for semi-quantitative determination of procalcitonin
(PCT) levels in human serum and plasma. The method is based
on the immunochromatography analysis principles. When
the patient’s blood serum or plasma (four drops) is applied to
the test strip, interaction with specific monoclonal antibodies
against PCT conjugated with the stained marker occurs. The
complex produced passes through the test zone with the
specific antibodies immobilized on the membrane and forms
the stained complex: immobilized antibodies — procalcitonin
— antibodies with the marker. The emergence of two parallel
stained lines (C and T) in the test window of the cassette
indicates a positive result, i.e. that the PCT concentration
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Table 1. Triage system criteria for identifying patients into green, yellow and red flows
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Indicator Green flow Yellow flow Red flow
40-60 <40
HR, bpm 60-90 90-100 >130
RR, per 1 min 8-16 16-25 > 30
<110/60 <75/30
BP, mmHg 110/60-140/110 ~140/110 5 240/140
Sp0,, % > 95 92-95 <90
o 35.0-36.0 <35.0
T°c 36.0-37.5 37.5-39.0 > 40.0
Morse Fall Scale 0-25 25-50 > 50
Glasgow Coma Scale 15 14 <13
Pain scale 1-3 4-7 8-10

exceeds 0.5 ng/mL. The presence of only one stained control
line (C) indicates a negative result, i.e. that there is no PCT in the
sample or that PCT concentration is below 0.5 ng/mL. The lack
of stained lines in the test window or the emergence of the test
line (T) only indicates that the test result is invalid.

The decision on patient management tactics was made
based on the evaluation results: hospitalization and surgical
treatment in the specialized hospital or transfer to the
multidisciplinary hospital.

Retrospective data acquisition and analysis of the patients’
medical records (003/u form) were conducted. The study
results obtained were entered in the table and subjected to
statistical processing using the StatTech v. 4.0.5 software
package (StatTech, Russia).

The statistical analysis conducted included testing the
distribution of quantitative indicators for normality using the
Kolmogorov—Smirnov test. The normally distributed parameters
were presented as the mean (M) with the standard deviation
(SD) and 95% confidence interval (Cl), while categorical data
were presented as absolute values and percentage with the
95% CI calculated by the Clopper—-Pearson method. Groups
were compared based on quantitative traits using the Student’s
t-test for samples with equal variances and Welch's t-test for
samples with unequal variances. Qualitative indicators were
analyzed using the Fisher’s exact test for contingency tables.
The effect size was assessed via odds ratio with the 95% ClI; the
Haldane—Anscombe correction was applied, when there were

zero values in the cells of the table. In all cases, the differences
were considered significant at p < 0.05.

RESULTS

Patients were stratified into two cohorts based on serum PCT
levels measured via the ICA Procalcitonin semi-quantitative
immunochromatographic assay. Group 1 (n = 14, 23.3%)
comprised individuals with elevated PCT concentrations
(>0.5 ng/mL), while Group 2 (n = 46, 76.7%) included patients
with subthreshold PCT levels (<0.5 ng/mL). Comparative
analyses of the patient groups are provided in Table 2.

The time from symptom onset to seeking care ranged from
110 21 days, with a mean of 5.17 + 3.39 days (95% Cl: 4.29-6.04).

The number of the cellular maxillofacial spaces affected by
inflammation varied between 1 and 8 with the mean value of
3.7 (95% Cl: 3.27-4.13). The mode value for this parameter
was 4.00 (Fig. 2).

The analysis of etiological factors showed that in 50.0% of
cases (n = 30) the development of PID-MFR was associated
with exacerbation of chronic periodontitis in permanent teeth,
mostly mandibular molars. Extraction of permanent teeth in
outpatient settings caused inflammation in 31.67% of cases
(h = 19), and in 18.33% of cases (n = 11) inflammation
was attributed to permanent tooth extractions performed
in outpatient settings Acute pericoronitis in the mandibular third
molars was diagnosed in 6.67 % of patients (n = 4). In rare cases,

ICA Procalcitonin

Patient’s record

Patient

Date
Time

Result
ng/mL

| JOEN_J=05 [ =5

Estimated PCT concentration, —

PCT PCT

Positive Negative

Fig. 1. ICA Procalcitonin 500 test kit (drawing by the author)
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Table 2. Comparative characteristics of the studied patient groups

Clinical characteristics

PCT > 0.5 ng/mL

PCT < 0.5 ng/mL

Males — 85.71% (n=12)

Males — 69.57% (n = 32)

Sex Females — 14.29% (n = 2) Females — 30.43% (n = 14)
Age 46.21 + 17.40 years 40.80 + 12.48 years

. . K12.2 —14.29% (n=2) K12.2 —19.57% (n=9)
Diagnosis

L03.2 — 85.71% (n = 12)

L03.2 — 80.43% (n = 37)

Concomitant disorders

Cardiovascular disorders — 42,86% (n = 6)

Diabetes mellitus — 7.14% (n=1)
Respiratory disorders — 7.14%

Cardiovascular disorders — 30.43% (n = 14)
Gastrointestinal disorders — 10.87% (n=5)
Obesity — 42.86% (n = 6)

Anemia — 10.87% (n = 5)

Nervous system disorders — 6.52% (n = 3)

treated entirely in hospital settings

(n=1) Impaired glucose tolerance — 6.52% (n = 3)
Diabetes mellitus — 4.34% (n=2)
Average time since the disease onset 5.79 + 5.04 4.98 +2.75
Average number of bed-days among individuals 76+1.80 702 +1.44

Surgical approach

Intra-oral — 14.29% (n = 2)
External — 64.29% (n=9)

Intra-oral — 19.57% (n=9)
External — 80.43% (n = 37)

(1.67%, n = 1), etiological factors included acute suppurative
parotitis, complications after root canal therapy of mandibular
second molars, peri-implantitis, post-traumatic osteomyelitis
following mandibular fracture, and wound infection.

Among all patients, 95% (n = 57) were admitted to the
24-hour inpatient department of the MFS. After pre-hospitalization
evaluation, 3.33% of patients (n = 2) required transfer to
multidisciplinary hospital due to acute decompensation of
preexisting comorbidities exacerbated by SIRS. Another
1.67% of patients (n = 1) were transferred to mitigate risks of
intraoperative and postoperative complications associated with
acute edematous-infiltrative laryngitis.

Depending in inflammation localization, the inflammatory
focus debridement was performed via intra-oral route in 18.33%
(n =11), via external route in 76.67% (n = 46).

Surgical debridement of inflammatory foci was performed
through either intraoral or external approaches, depending
on the anatomical localization of the infectious process. The
intraoral approach was used in 18.33% of cases (n = 11), while
the external approach was used in the majority of patients
(76.67%, n = 46).

During surgical procedures biomaterial was collected from
all patients for culture-based microbiological analysis. According
to microbiological testing results, the most common pathogens

32%

22%
15%
13%
8%
5%
3%
B -
1 2 3 4 5 6

Number of patients

causing PID were Streptococcus viridans — 31.58% (n = 18)
and Neisseria spp. — 14.04% (n = 8). Colonies of Streptococcus
oralis — 10.52% (n = 6), Streptococcus constellatus — 7.01%
(n = 4), Streptococcus pyogenes — 7.01% (n = 4), Streptococcus
anginosus — 5.26% (n = 3), Staphylococcus aureus — 3.51%
(n = 2), Staphylococcus warneri — 3.51% (n = 2), Eikenella
corrodens — 1.75% (n = 1), Enterobacter cloacae — 1.75%
(n = 1), and Acinetobacter baumannii — 1.75% (n = 1) were less
frequent. Polymicrobial communities, predominantly comprising
Streptococcus viridans and Neisseria spp., were identified in
14.04% of cases (n = 8). No microbial growth was observed in
17.54% of specimens (n = 10).

The length of hospitalization ranged from 4 to 11 bed-days,
with a medico-economic standard (MES 73.180) of 8 bed-days.
Patients with procalcitonin (PCT) levels >0.5 ng/mL exhibited a
mean hospital stay of 7.6 + 1.80 bed-days, compared to 7.02 +
+ 1.44 bed-days in those with PCT levels <0.5 ng/mL. The
overall mean hospitalization duration was 6.50 + 2.41 bed-days.

No significant correlation was observed between PCT levels
and inflammatory biomarkers (C-reactive protein, leukocyte
count, fibrinogen) in patients with PID-MFR (p > 0.05, Student’s
t-test and Welch'’s t-test). The results are provided in Fig. 3.

PCT levels showed no association with clinical parameters,
including hospitalization duration, number of involved maxillofacial

Number of spaces

Fig. 2. Mode of the number of cellular maxillofacial spaces affected by inflammation
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Fig. 3. Dependence of the main inflammation biomarkers on procalcitonin levels

fascial spaces, or disease progression time (p > 0.05; Student’s
t-test and Fisher’s exact test).

Complications such as SIRS, sepsis, and endotoxic shock
were diagnosed in 28.57% of PCT-positive patients (n = 4),
with a statistically significant odds ratio (OR = 0.025; 95% Cl:
0.001-0.503; p = 0.001, Fisher’s exact test; Fig. 4). The analysis
of the results are provided in Fig. 4.

Patients with negative PCT results demonstrated a 39.86-
fold lower risk of complications compared to the PCT-positive
cohort (OR = 0.025; 95% CI: 0.001-0.503).

Age did not significantly influence complication risk (o > 0.05;
Student’s t-test; Fig. 5).

Positive prognostic value of the ICA Procalcitonin 500
semi-quantitative test was 28.57%.

DISCUSSION

The incidence of septic complications in PID-MFR remains
relatively low. A retrospective analysis of 483 PID-MFR patients

100.0 —

75.0 —

50.0 —

Share of cases (%)

25.0 —

0.0 —

Procalcitonin > 0.5 ng/mL

Neutrophils

Fibrinogen
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Platelets
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100.00

0.00-

200.00 —

100.00

0.00 -

M Procalcitonin < 0.5 ng/mL

revealed sepsis in only 3.3% of cases [16]. Nevertheless,
the potential for life-threatening complications necessitates
a multidisciplinary approach to diagnosis and treatment,
particularly in severe PID-MFR cases characterized by systemic
involvement.

In 2001-2016, sepsis diagnosis relied on the presence
of =2 SIRS criteria. However, the limited specificity of SIRS
prompted a paradigm shift in 2016 with the publication of the
Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3), which redefined sepsis as life-threatening
organ dysfunction arising from a dysregulated host response
to infection [17]. Representation of odontogenic sepsis
pathogenesis is provided in Fig. 6.

Standard clinical and laboratory inflammatory markers,
such as CRP and leukocyte counts, demonstrate limited
predictive accuracy for severe septic complications. Early
diagnosis facilitated by biomarkers like PCT enables timely
therapeutic intervention, which is critical for improving patient
outcomes. The results of our study confirm that PCT is a reliable

B No complications

Bl Complications

Procalcitonin < 0.5 ng/mL

Fig. 4. Analysis of the development of complications depending on procalcitonin levels
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Fig. 5. Analysis of the development of complications depending on the patient’s age

prognostic marker of sepsis [8, 10, 18]. A major advantage of
PCT is its early appearance in blood serum — within 3—4 hours of
synthesis — with peak concentrations reached at 6-12 hours and
a half-life of approximately 24 hours. Under effective treatment,
PCT levels typically decrease by 50% per day. In contrast,
microbiological diagnostic methods require at least 48 hours and

. No complications

B Complications

may yield false-negative results in 60-70% of cases [8, 18]. Thus,
determination of PCT levels using the ICA Procalcitonin 500
rapid test and analogues ensures fast decision-making, thereby
significantly improving the patient’s outcome.

In this study we analyzed clinical and laboratory data of
two groups of patients with PID MFR, 23.33% of patients
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2
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Fig. 6. Sheme of odontogenic sepsis pathogenesis (drawing by the author)
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tested positive for elevated PCT levels, with 28.57% of this
subgroup developing complications such as SIRS or sepsis.
No significant differences were found between the groups
with regard to key clinical and laboratory indicators, including
hospital stay duration, number of affected fascial spaces,
disease duration, leukocyte, neutrophil and platelet counts,
ESR, CRP, and fibrinogen levels. However, a significant
correlation was observed between a positive PCT test result,
increased patient age, and the risk of developing complications
related to PID-MFR. These findings are consistent with the
results reported in previous studies, supporting the use of PCT
testing as a screening tool in the clinical practice of maxillofacial
surgery [14, 18].

One of the limitations of the study is the relatively small
sample size.

The predominance of outpatient referrals (85%) underscores
the assay’s potential for pre-hospital risk stratification. The
semi-quantitative PCT test combines diagnostic efficacy,
operational simplicity, and rapid turnaround, making it a
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promising screening method for identifying and predicting
complications in both outpatient and inpatient settings.

CONCLUSIONS

The semi-quantitative rapid PCT test demonstrates effectiveness
in stratifying the risk of septic complications among patients
with PID-MFR. The absence of significant correlations between
PCT levels and conventional inflammatory markers — such
as CRP, leukocyte count, and fibrinogen — as well as clinical
parameters (hospital stay duration, number of affected fascial
spaces) underscores its independent prognostic value in
evaluating systemic inflammatory response severity. The
positive predictive value of 28.57%, coupled with statistically
significant intergroup differences, confirm the clinical feasibility
of integrating this assay into routine practice. Implementation
of the PCT rapid test aligns with contemporary specialized
care standards, facilitating early diagnosis and evidence-based
therapeutic decision-making.
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DIAGNOSTIC POTENTIAL OF THE SOFTWARE-HARDWARE COMPLEX FOR ANALYSIS
OF SELF-IDENTIFICATION PHENOMENON IN EARLY CHILDHOOD
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The relevance of the study provided results from the need to search for the objectifying methods to assess self-identification phenomenon in early childhood. The
study aimed to evaluate the diagnostic potential of the software-hardware complex for analysis of self-identification phenomenon in young children. The sample
consisted of 136 subjects of early age (12-36 months): 57 boys and 79 girls. Assessment methods: functional neuropsychological tests for evaluation of facial
and optical-spatial gnosis; test 22 — mirror image series of the Bayley-Ill cognitive scale; self-recognition mirror test; the developed software-hardware complex
for analysis of self-identification phenomenon in early childhood (SHC). The study conducted has shown that self-identification emerges at the age of 18 months,
which has been also confirmed by the earlier research. However, the response to one’s own reflection in the mirror as one sign of self-identification manifests itself
in children at an earlier age and in some children turns out to be shaped by the age of 12 months, which is suggested by the facts of successful test execution in
the group aged 12-17 months and low specificity of the method for self-identification. Thus, high SHC specificity for self-identification in early childhood is reported
based on the findings.
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OVWATHOCTUYECKUIA NOTEHUMAI NPOrPAMMHO-AMNMAPATHOIO KOMIMJIEKCA AHAJTU3A
®EHOMEHA CAMOUAEHTU®UKALNN OETEN PAHHEFO BO3PACTA

B. B. HuknwmHa', E. A. Metpaw '™, A. C. Haycos', K. K. KaHnmeTos?

T POCCUINCKMIA HaLMOHabHbINA MCCNEea0BaTeNbCKMIA MeONLMHCKI yHBepcuTeT menn H. . Tnporosa, Mocksa, Poccuist
2 Heponoroneamdeckuii LeHTp «Bbilwe pagyri», Mocksa, Poccus

AKTyaneHOCTb NpefiaraeMoro UccnefoBaHys 06ycnoBneHa Heo0OXOAMMOCTBLIO MOUCKa OO BEKTVBUVPYIOLLIX METOAOB OLEHKM (heHOMEeHa caMonaeHTUdMKaLn
[OeTen paHHero BoapacTa. Llensto nccneposaHnst 6b110 OLEHWTb AMArHOCTUHECKUI MOTEHLMaN NporpaMMHO-annapaTHoOro KOMMieKca aHanmaa eHomMeHa
camovgeHTrKaumm getei paHHero so3pacta. O6bem BbIOOpKkM cocTaBun 136 mcnbiTyembix paHHero Bodpacta (12-36 mecsaueB) — 57 Manb4nkoB u
79 peBoYek. MeTtopbl vccnefoBaHns: yHKLMOHabHbIE HEPOMCUXONOrMYecKe NPoBdbl OLEHKM AIMLEBOMO M OMTUKO-MPOCTPAHCTBEHHOIO MHO3Mca; npoba
22 — Mirror image series korHuT1BHOW Lkanbl Bayley-lll; Self-recognition mirror test; pagpaboTaHHbIi nporpaMmMHO-annapaTHbIi KOMNEKe aHanmaa heHomeHa
camoungeHTuvKaummn aetein paHHero Bospacta (MAK). B pesynsrate npoBeAeHHOro MCCNegoBaHNa YCTaHOBEHO, YTO CaMOWMAEHTUMUKALNS NOABNSETCA B
BO3pacTe 18 MecsiLieB, YTO TakKe MOATBEPXKAEHO paHee MpoBefAeHHbIMM vccnepoBannamM. OQHaKo peakumst Ha CBOe OTpadkeHVe B 3epkase Kak OfHO M3
NPOSIBNEHUI cCaMonaeHTUMKaLMm HabnoaaeTcs y AeTel B 6onee paHHeM BO3pacTe U K 12 MecsiLiam okadbIBaeTCs yrxe CHOPMUPOBAHHON Y HacTu AeTel, Ha YTo
YKa3bIBalOT HaNM4me yCreLUHbIX BbINOMHEHWI Mpobbl B rpynne 12—17 MecsaueB v H13kas cneumgunyHoCTb METOAVKM ANA camonaeHTumkaumn. Takum obpasom,
Ha OCHOBaHWM NOMyYeHHbIX PE3YLTaTOB UCCNefoBaHs 3adhVKCUMPOBaHa BbICOKash CneLmMdnYHOCTb K caMonaeHTUdMKaLmmn AeTelt paHHero BogpacTta MAK.

KrntoueBble cnosa: paHHUIn BO3PacT, CaMOUAeHTUDUKALMS, MPOrpaMMHO-annapaTHbIi KOMMIEKC
Bknag aBTOPOB: BK/1aJ aBTOPOB B MUCCeA0BaHne paBHO3HaYHbIN

CobniofgeHne aTM4ecKnx CTaHAApPTOB: NCCNeAOoBaHNe OfobpPeHo sTnHeckM kommteToM PHMY nmenn H. . Minporosa (mpoTtokon Ne 240 ot 20 mas 2024 r.);
BCE YHaCTHUKM Noanmcany oOpOBOIbHOE MHPOPMUPOBAHHOE Cornacue Ha obcneoBaHme.
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In today’s psychological science there is a problem of
measurability and accuracy of measurement of the early-onset
complex mental phenomena. Currently, mental development
in early childhood is assessed by observation and scaling
methods, which are characterized by high degree of subjectivity.
The following equipment is used to assess self-identification
at older ages: various types of speech therapy mirrors, during
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working with which it is necessary not only to find parts of the
face, but also to correctly execute actions of the articulatory
system; the Sondsorry technique, according to which it is
necessary to accurately reproduce movements after listening
to music; the Timocco complex, which is used to control
movements of the character through one’s own movements
(through the camera).
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In the last decade (2014-2023), the artificial intelligence
and machine learning technologies have gained tremendous
development. The range of tasks that can be solved with the
help of those is growing every year. The current level of the
artificial intelligence technology development makes it possible
to use hardware solutions for working on challenging diagnostic
issues [1].

B. Amsterdam, who published his experiment involving the
use of the self-recognition mirror test, modification of the mark
test (designed for primate experiments by Gordon G. Gallup
in 1970 [2]) aimed at determining human self-identification,
in infants in 1972, was a pioneer in studies of human self-
identification. The author found that children started to identify
their reflection in the mirror as representation of their body at
the age of 1.5-2 years [3]. Multiple subsequent studies aimed
to develop the problem of self-identification in early childhood
were associated with the following names: A. Aron, B. Fraley
[4], B. I. Bertenthal, K. W. Fischer [5], D. Bischof-Koéhler (6],
T. Broesch [7], S. Duval, R. A. Wicklund [8], K. Guise [9],
J. Kartner [10], J. P. Keenan [11], M. Lewis [12], K. Musholt [13],
P. Rochat [14], S. Savanah [15].

In 1977, it was shown that the mentally retarded individuals
not always successfully passed the self-recognition mirror
test [16]. Later a number of scientists [17-19] studied self-
identification in various disorders, such as schizotypal
personality disorder, Alzheimer's disease, Down syndrome,
autism, schizophrenia, and split-brain syndrome.

In 1999-2001, a number of studies were conducted aimed
at identifying neuropsychological correlates of human self-
identification suggesting that in humans self-identification was
localized in the right hemisphere [20]. In 1999 [21] and 2005
[22], it was shown that patients with local brain damage in the
right prefrontal cortex were unable to identify their reflection in
the mirror as their own, while recognition of faces of other people
was preserved, even when using the mirror. One of the leading
researches disclosing the current view of the self-identification
brain substrate structure are van S. J. Veiuw and S. A. Chance,
who used fMRI to reveal the structure of the cerebral cortex
activation associated with self-identification in 2014. Based on
the experimental results they concluded that the most important
were prefrontal cortex and the temporoparietal tracts [23].

Thus, the historical and prospective analysis of the methods
to assess the self-identification phenomenon has shown that
the mark test and its modification, the self-recognition mirror
test, are used to identify neurocognitive self-identification
markers in animals and humans, including in clinical trials.
The conditions of conducting the test vary depending on
the task; globally, these can be divided into three types:
experiment without any additional intervention (used to assess
humans, who are familiar with the mirror); experiment involving
spontaneous learning how to interact with the mirror (used for
all animal species); experiment involving controlled learning
how to interact with the mirror (used for the majority of animals,
except some primate species).

Willingness to interact with their reflection, i.e. to examine
it, smile at it, play with it, represents one of the factors of self-
identification development in early childhood. Such a positive
response to their reflection is reported in both children, who
do not yet have self-identification due to age, and children,
who have already developed self-identification [24, 25].

The concept by Johannes L. Brandl, according to which
neurocognitive  self-identification markers are defined
as neurocognitive functions that ensure the child's self-
identification, represents methodological substantiation of the
study reported [26]. On the one hand, self-recognition in the

mirror is implemented based on the knowledge, what one’s
face looks like; on the other hand, it is implemented based on
integration of proprioceptive and exteroceptive sensations with
visual information. This makes is possible to match a visible
reflection to one’s movements and define oneself as a source of
these movements. The cerebral cortex activation in the zones
responsible for facial gnosis that takes place during execution
of self-identification tasks also confirms an important role of
recognizing one’s own face in the mirror in the development
of self-identification [23]. Thus, the following are considered as
neurocognitive self-identification markers: positive response to
the reflection; proprioceptive and exteroceptive gnosis; visual
gnosis (facial, simultaneous, optical-spatial).

Conceptually, our reasoning is based on the mental
ontogenesis concept. In accordance with the ontogenetic
patterns, the self-identification process initiation begins with
the emergence of the revival complex being an innovation
of infancy (at the age of 2.5-83 months) and characterized
by the emergence of vocalization, motor activity, and smile
upon seeing a primary caregiver (mother or father). Later, at
the age of 7-8 months, differentiation of other people's faces
occurs within the "friend or foe" boundaries. The infant begins
to differentiate his/her face from the face of another person by
the age of 18 months (Fig. 1).

The development of the software-hardware complex (SHC)
will make it possible to objectify the procedure for assessment
of mental development in early childhood (age 1-3 years), as
well as to shape the system of measurable criteria.

The study aimed to evaluate the diagnostic potential of the
software-hardware complex for analysis of self-identification
phenomenon in early childhood.

METHODS

The total sample size was 136 individuals (57 (42%) boys and
79 (58%) girls); the average age was 25.35 + 10.38 months.
The sample was formed based on the selected inclusion
and exclusion criteria. Inclusion criteria: age 1-3 years;
female and male sex; age-appropriate neurotypical cognitive
development. Exclusion criteria: age under 1 year or over 3 years;
noncompliance with the cognitive development age norms;
decompensated severe somatic disorder; hearing and vision
impairment.

Three study groups were formed based on the age periods
critical for self-identification [3]: toddlers aged 12—-17 months,
toddlers aged 18-23 months, and toddlers over the age of 24
months.

The study was conducted at the Veltischev Research
Clinical Institute of Pediatrics and Pediatric Surgery (Pirogov
Russian National Research Medical University), Russian
Children's Clinical Hospital (branch of the Pirogov Russian
National Research Medical University), and Roshal Children's
Clinical Center. Examination time per subject was 20-35 min.

The study was conducted in two phases. The goal of the
first phase was to assess facial gnosis in early childhood using
functional neuropsychological tests. The child was positioned
in front of the experimenter (most often on mother’s knees). The
experimenter attracted the child’s attention, introduced him/
herself and invited the child to play; after that he/she asked:
“Show me where your nose (or other part of the face) is”.
The same procedure was used during the second test, but the
child was asked to point at parts of the face of his/her primary
caregiver. To perform the third test, the experimenter asked the
primary caregiver to show images of relatives (mother, father,
grandmother, grandfather, brother/sister) and ask the child,
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Fig. 1. Scheme of conceptual reasoning of ontogenesis of the self-identification phenomenon in early childhood

who was pictured. Facial gnosis was assessed based on the
tempo, accuracy, and differentiation using the scale by Zh.M.
Glozman: correct indication of the own face parts by the subject
in accordance with the verbal instruction; correct indication of
the other person’s parts by the subject in accordance with
the verbal instruction; recognition of the relative’s face from
a photograph.

The goal of the second phase was to assess self-
identification in early childhood using the following: test 22 —
mirror image series of the Bayley-lll cognitive scale [27]; self-
recognition mirror test (SMT) [3]; software-hardware complex
(SHC) developed for analysis of self-identification phenomenon
in early childhood [28].

The Bayley-lll test procedure is as follows: the subject is
shown a mirror sized 15 x 21 c¢m at a distance of 20-25 cm
from the face, and the child’s response to his/her reflection is
assessed. Positive assessment is reported when the child is
interested in the reflection, examines it and responds cheerfully.

The self-recognition mirror test procedure is as follows:
the legal representative marks the subject's nose with bright

cosmetics, and then the subject’s behavior upon presentation
of the mirror is recorded. The test is considered to be passed
when the subject tries to touch or wipe the mark off his/her
face, as well as when he/she uses a personal pronoun or
says his/her name when asked "Who is this?" while pointing
to the mirror. The test duration is 10 min, every 2 min 30 s
the experimenter asks the legal representative to attract the
subject’s attention to the mirror, saying: "Look! Look! Look!
Who is it?"

The procedure of testing using the SHC developed is as
follows: the subject is positioned in front of the screen and
video camera at a distance of 40-60 cm without any additional
instructions. An image acquired using a video camera is
displayed on the screen, with the marks drawn on the faces
(Fig. 2).

If the child is distracted, one should draw his/her attention
to the screen with the words: “Look!” If the subject does
not respond to the mark within 20 s, the size of the mark is
changed, and then, upon reaching the maximum size, its color
is changed. If there is some response to the mark or all color

Image acquired using a video camera during assessment
(85 months)

Fig. 2. Example image acquired using the SHC
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Image displayed on the screen during assessment
(85 months)
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Fig. 3. Scheme of presenting the marks during the procedure of self-identification phenomenon assessment in early childhood using SHC

and size options presented, the position of the mark is changed
to the next one. The marks are presented in the following order:
green (first 2-4 mm, then 6-8 mm, and then 9-12 mm); blue
(also as the size increases); red, as the size increases as well.
The marks are presented sequentially in the following order of
positioning: forehead, nose, chin (Fig. 3).

The diagnostic potential of the software and hardware
computer vision technology for analysis of self-identification
phenomenon in early childhood was assessed based on the
sensitivity and specificity criteria. Sensitivity of the software and
hardware technology characterizes accuracy of the diagnostic
method, with which the program correctly determines the
presence of the studied phenomenon and determines tolerance
for type | errors (share of positive results defined as positive
by the diagnostic method in the entire pool of the results
obtained). Specificity characterizes accuracy of the diagnostic
method when recording the studied trait (tolerance for type |l
errors) and shows the share of negative results determined as

negative by the diagnostic method (in the entire pool of the
results obtained).

Processing and interpretation of the acquired empirical
study results

Quantitative data processing was performed using the descriptive
and correlation statistics (Spearman’s rank correlation), as well as
using factor analysis with varimax rotation (o < 0.05).

RESULTS

Assessment of the results of performing functional neuropsychological
tests for the diagnosis of facial and optical-spatial gnosis has
shown, that children under the age of 18 months demonstrate
low tempo, accuracy, and differentiation in all the tests proposed.

The age-specific features allowing one to trace the process
of developing complex visual gnosis types in early childhood

Table 1. Results of correlation analysis of the mirror image series, SMT, and SHC tests in different age groups performed using Spearman’s rank correlation

Indicators compared

Age groups (months)

12-17 18-23 24+ Total
SMT and SHC with the mark on the forehead - 0.43 0.43 0.52*
SMT and SHC with the mark on the nose - 0.68* 0.43 0.59*
SMT and SHC with the mark on the chin - 0.68* 0.50* 0.66™*
SMT and SHC - 0.68* 0.50" 0.66™*
SMT and Bayley-lll - 0.62 0.68™ 0.64*
SHC with the mark on the forehead and SHC with the mark on the nose - 0.62 0.58* 0.63*
SHC with the mark on the forehead and SHC with the mark on the chin - 0.62 0.82** 0.79*
SHC with the mark on the nose and SHC with the mark on the chin - 1 0.82** 0.89*
Bayley-Ill and SHC with the mark on the forehead - 0.25 0.27 0.33*
Bayley-Ill and SHC with the mark on the nose - 0.41 0.27 0.38*
Bayley-Ill and SHC with the mark on the chin - 0.41 0.33 0.42*
Bayley-Ill and SHC - 0.41 0.33 0.42**

Note: *— p < 0.05; ** — p < 0.01.
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Table 2. Results of factor analysis of facial gnosis and self-identification in early childhood

Variable Factor 1 Factor 2 Factor 3

Tempo 0.89 0.33 0.24

Zc?:lg?cti::czfvtv?ti ?I\:\:anvf:fbearﬁztlrtction Accuracy 0.91 025 023
Differentiation 0.91 0.25 0.23

Tempo 0.82 0.19 0.46

Differentiation 0.81 0.2 0.44

Tempo 0.57 0.1 0.82

Recognition of the relative’s photograph Accuracy 0.57 0.1 0.82
Differentiation 0.57 0.1 0.82

Bayley-llI 0.17 0.34 0.83
Self-recognition mirror test 0.41 0.64 0.28
SHC with the mark on the face 0.13 0.84 0.09
SHC with the mark on the nose 0.16 0.89 0.11
SHC with the mark on the chin 0.19 0.95 0.12
SHC 0.19 0.95 0.12

have been identified based on the results obtained. The following
sequence of phases have been determined: at the age of
16 months, the process of recognizing parts of another person's
face is shaped (in accordance with the verbal instruction), which
is associated with the rapid development of the nominative
function of speech; then, by 18 months, optical-spatial gnosis is
developed, specifically recognition of the spatially related parts
of the face in a picture with the schematic view. Furthermore,
within 16-18 months recognition of the parts of one’s own
face in accordance with the verbal instruction is developed. At
the age of 18-22 months, arrangement of the details of the
schematic face representation within the boundaries of face
oval relative to each other becomes possible (ontogenetically
accessible). This, in turn, provides the basis for recognition of
faces of close and familiar people, and then for differentiation of
faces of strangers (or unfamiliar people) in both real world and
pictures (schematic or realistic). As for the tempo, accuracy,
and differentiation criteria in terms of ontogenesis, the tempo
characteristics are shaped first, than differentiation, and after
that the accuracy characteristics.

The analysis of self-identification in early childhood was
conducted by the following methods: self-recognition mirror
test; test 22, mirror image series of the Bayley-lll cognitive
scale; SHC. The use of the specified instruments implies
qualitative assessment of the results based on the execution
criterion (identified — not identified). As a result, it has been
found that the percentage of successful execution of all self-
identification tests increases with age: children become able
to successfully pass the self-recognition mirror test and SHC
since the age of 18 months.

Then we performed assessment of the proposed SHC
external validity, which consisted of two phases. In the first
phase, we performed assessment based on the sensitivity and
specificity criteria. The results of the self-recognition mirror test
were determined as benchmark positive and negative values,
while test 22, mirror image series of the Bayley-lll cognitive
scale, and SHC were determined as assessment methods to
be compared. High SHC specificity is reported for the task of
analyzing self-identification phenomenon in early childhood
with the sensitivity increasing from the test with the mark on
the forehead (45.45%) to the test with the mark on the nose
(54.55%) and from the test with the mark on the nose to the test
with the mark on the chin (63.64%). In general, the maximum
SHC sensitivity is reported for the age group 18-23 months,
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but the test with the mark on the forehead shows the highest
sensitivity in the older group (24+ months). It is impossible to
assess SHC sensitivity in the group under the age of 18 months
due to the lack of the facts of successful SMT execution by
children of this age.

In the second phase, we assessed consistency of the
results of analyzing self-identification in early childhood obtained
using the SMT, SHC, and mirror image series methods. Table 1
provides the results of pairwise correlation analysis of the above
methods performed using Spearman’s rank correlation. When
performing analysis of the SHC results, each test (with the mark
on different parts of the face) was assessed separately, along
with the indicator of passing of at least one of three tests during
assessment of the subject.

The age group 18-23 months has shown a significant
correlation between the SMT and SHC tests with the marks on
the nose and chin, as well as with the indicator of successful
execution of at least one test (p < 0.05). Furthermore, the results
of the SHC tests with the marks on the nose and chin are fully
consistent (p < 0.01). In the group over the age of 24 months,
significant correlations of the SMT results with the SHC test with
the mark on the chin and the indicator of successful execution
of at least one test are observed (p < 0.05). Moreover, there
are significant correlations between all SHC tests and between
SMT and the Bayley-lll score (p < 0.01). The analysis of the
entire sample has revealed significant correlations of all the
studied parameters. The highest correlation coefficients are
reported for the correlations between SMT and the SHC test
with the mark on the chin, indicator of successful execution
of at least one test and the Bayley-Ill score, as well as for
correlations between SHC tests.

To assess neurocognitive self-identification markers in
early childhood, the factor analysis with varimax rotation
was performed based on the results of assessing facial and
optical and spatial gnosis, as well as self-identification scores
obtained using the mirror image series, SMT, and SHC. Criteria
were selected based on the Kaiser's criterion; to reduce the
number of intersecting factors in the tested variables, we used
orthogonal decomposition with varimax rotation. The fact of the
variable belonging to the factor was determined based on the
weight value > 0.4. The factor analysis results are provided in
Table 2.

We distinguished three factors based on the factor analysis
of the indicators of facial and optical-spatial gnosis and the
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methods to assess self-identification in early childhood. Factor 1:
indication of one’s own face part in accordance with the verbal
instruction — 0.9 (the mean of the assessment criteria);
indication of the other person’s face part in accordance with
the verbal instruction — 0.817 (the mean of the assessment
criteria); recognition of the relative’s photograph — 0.56 (the
mean of the assessment criteria); self-recognition mirror test —
0.41. Factor 2: indicator of successful execution of at least
one SHC test — 0.95; SHC tests: with the mark on the face —
0.82; with the mark on the nose — 0.89; with the mark on
the chin — 0.95; self-recognition mirror test: 0.64. Factor 3:
Bayley-lll scale test — 0.83; recognition of the relative from
the photograph — 0.8 (the mean of the assessment criteria);
indication of the other person'’s face part in accordance with the
verbal instruction — 0.46 (the mean of the assessment criteria).
Based on the factors distinguished we can conclude that the
self-recognition mirror test results are more strongly correlated
to the SHC results, than to the Bayley-lll scale test and facial
gnosis assessment test results.

Consistency of variables within the factors was tested using
the Cronbach's alpha; high consistency coefficients were reported:
factor 1 —a = 0.97; factor 2 — a = 0.93; factor 3 —a = 0.97.

DISCUSSION

Self-identification emerges at the age of 18 months,
which is confirmed by the earlier reported research [3] and
the results of our study, in which no cases of successful
self-identification test execution have been revealed in the
group aged 12-17 months. At the same time, the response
to one’s own reflection in the mirror registered using the mirror
image series emerges in children at an earlier age and in some
children turns out to be developed by the age of 12 months,
which is suggested by the facts of successful test execution in
the group aged 12-17 months and low method specificity for
self-identification. Given the tandem with high sensitivity and
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COMPARATIVE ANALYSIS OF THE HUMAN SPERM CELL ORGANELLE BIOCHEMICAL MARKERS BY
CONFOCAL RAMAN SPECTROSCOPY
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Despite widespread use of methods to assess structure and functional activity of spermatozoa, practical application of those in in vitro fertilization programs is
currently rather limited. Limitations are primarily due to destructive nature of the methods. The study aimed to investigate the capabilities of confocal Raman
spectroscopy in analysis of the human sperm organelle biochemical markers. Assessment of 176 spectra of spermatozoa collected from healthy sperm donors
aged 18-35 years was performed using the Bruker Senterra confocal Raman microscope (Germany). Spectra were acquired from the sperm acrosome, nucleus,
and midpiece. In addition, the spermatozoa suspension was exposed to a focused x-ray beam. As a result, bands were identified inherent to the sperm nuclear
DNA — 1092 cm~" and 780 cm™, typical for the head — 748 cm" (mitochondrial DNA marker); changes of shape of the triple band 420 cm™', 1445 cm™" and
1486 cm" with predominance of the middle part 1445 cm™ are typical for acrosomal spectra. No differences in the main Raman bands nherent to cells post DNA
damage under exposure to x-ray radiation for 5 and 10 min relative to intact samples were reported. Confocal Raman spectroscopy is a promising noninvasive
method to assess sperm ultrasctructure and biochemical processes.
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CPABHUTEJIbHbIA AHANTIU3 BUOXUMUYECKUX MAPKEPOB KJTIETOYHbIX OPFAHEJ
CMNEPMATO30UJA YENOBEKA MPU MOMOLLY KOH®OKAJIbHO PAMAHOBCKOW CNEKTPOCKOMUN

P. B. Hagzaperko'=, A. B. Vpxxar?, b. P. Bacanns®, [. tO. MNywkape®

000 «KnnHuka npodeccopa 3aaHoBckoro», Mocksa, Poccust
2 VIHCTUTYT NPo6eM TEXHOMOM M MAKPOSNEKTPOHMKIM 1 0COB0 YMCThIX MaTepuanoB, POCCUIACKON akaneMnn Hayk, YepHoronoeka, Poccus
8 Poccuinckumin yHMBepceuTeT meauumHbl, Mocksa, Poccust

HecMOoTps Ha LLIMPOKOE pacnpoCTPaHeHe METOLOB UCCNeNOBaHNS CTPYKTYPbI 1 (OYHKLIVOHATbHOM aKTUBHOCTY CriepMaToO30Ma0B, UX MPaKTUYECKOe NMPUMEHEHNE B
nporpaMmax sKCTPaKopropasibHOro OnIoAOTBOPEHNS HA CErOAHSALLHEM 3Tane JOCTaTO4HO OrpaHuyeHo. [MNpexae Bcero, orpaHnyeHmne CBA3aHO C AECTPYKTUBHbIM
XapakTepoM MeToaos. Llensto paboTsl b0 nccnegoBaHie BO3MOXHOCTU KOHGOKaIbHOM paMaHOBCKOM CMEKTPOCKOMNMN B aHaM3e BUOXMMUNHECKNX MapKepOoB
KNETOYHbIX OpraHes cnepmaro3onga venoseka. AHanma 176 cnekTpoB crnepMaTo3ouaoB, NofyHYeHHbIX OT 340POBbIX AOHOPOB CrepMbl B Bo3pacTte 18-35 neT,
BbINO/HANM Ha KOHOKaTbHOM paMaHOBCKOM MUKpPOckone Senterra opMbl Bruker (fepmanms). CnekTpbl CHMaN ¢ akpoCOoMbI, Sapa 1 LLEeKM criepmaTto3omnia.
LlononHUTENBHO CYCNEeH3Mo CnepMaTo30Ma0B NnoaBepran BO3AENCTBIIO (POKYCUMPOBAHHOMO MyyKa PEHTTEHOBCKOrO 1anyyveHunst. B peaynstaTe Obinv BbiaeneHsbi
nvku, npucyline OHK sigpa cnepmatosomga — 1092 cm™' 1 780 cM™, xapakTepHble Ans LWelkn — 748 cM™" (Mapkep MuToxoHapuanbHoin [HK), ons cnekTtpos ¢
aKpPOCOMbI XapaKTepHO namMeHeHne opMbl TpoHoro Nnka 1420 cm™', 1445 cm™' 1 1486 cm™' ¢ npeocbnagaHnem cpeaHert YacT B obnactv 1445 cm™'. Pagnniuia
B OCHOBHbIX PamMaHOBCKMX MKax, MPUCYLLMX KieTKam nocne nospexaeHns JHK npu Bo3aencTBuM peHTreHOBCKOro M3nyyeHns B TedeHre 5 1 10 MyH, no
CPaBHEHWIO C MHTaKTHbIMW 0bpasLiamy OTMEeHeHO He Obino. KoHokanbHas paMaHOBCKasi CMEKTPOCKOMNYS SBNSETCS NMEPCrEKTVBHBIM HEMHBA3VBHBIM METOLOM
MNCCNefoBaHns YAETPaCTPYKTYPbl 1 BUOXUMUHECKIX MPOLIECCOB cnepmMaTo3oma.

Knto4yeBble cnoBa: KOHhoKanbHas paMaHoBCKasi CNeKTPOCKOoNus, crnepmartosona, dparmeHtaumst JHK, 6roxumMmnyeckuin npoduns, MetabonomMmnka
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The last decades were marked by significant advances in
various fields related to science-intensive technologies.
Reproductive medicine was no exception. Every year more and
more methods to assess biomaterials emerge that attract the
scientists’ attention.

One new method is Raman spectroscopy (or inelastic
scattering spectroscopy), the principles of which were reported
more than 80 years ago. Despite long history, only improvement
of hardware and software made it possible to use the method
to explore the detailed molecular structure (“fingerprint”) of a
biological sample.

There is a steadily growing interest of researchers in male
infertility in general and identification of the sperm nuclear DNA
damage in particular. It is well known that sperm can have good
morphology and motility according to assessment criteria of
the World Health Organization, but the embryo formed after
fertilization of the oocyte with such sperm is characterized by
low quality, low implantation rate and often stops developing
[1-2]. Some DNA breakages in the sperm can be restored by
the oocyte, but when the critical mass of damage is hit, the
oocyte repair system is not enough. In this regard, there is
growing interest in investigation of the sperm nuclear DNA and
assessment of its functional state. Since the routine methods to
assess ejaculate make it impossible to obtain such information
using light microscopy, supplementary sperm assessment
methods have recently became common. This is particularly
true for sperm DNA fragmentation assessment methods
[3-7]. These include staining with aniline blue, chromomycin
A3, chromatin dispersion test (Comet), TUNEL, SCSA, etc.
Unfortunately, all these methods are destructive and, therefore,
provide very little practically useful information for using in
assisted reproductive technologies. There is a demand for the
method meeting the following criteria: allowing one to assess
a single sperm without damaging it, allowing one to assess
the sperm nuclear DNA integrity and its functional state, i.e.
biochemical and metabolic profile, and to use this sperm for
further fertilization by ICSI (Intra Cytoplasmic Sperm Injection).
Considering the above requirements, it seems promising to
study the confocal Raman spectroscopy capabilities in terms of
obtaining more detailed information about the sperm structure
and functional state.

Recently there have been more and more reports focused
on using confocal Raman spectroscopy to assess biological
tissues, living cells, subcellular organelles, and intracellular
metabolic processes. However, there are not so many studies
focused on assessing the sperm spectral characteristics. In
1980, Raman spectroscopy was applied to living cells, which
involved the use of salmon sperm [8]. When comparing the
Raman spectra acquired for sperm with normal and abnormal
morphology [9], the researchers have drawn a conclusion that
sperm morphology is not always correlated to proper packaging
of its nuclear DNA. When assessing spectra acquired from
subcellular organelles and the effects of UV radiation on those
[10], spectra of the sperm acrosome, nucleus, and midpiece
were reported. Other authors resumed working on the use of
Raman spectroscopy for imaging of the sperm nuclear DNA
damage [11]. They used UV radiation exposure to disrupt
the DNA structure and reported typical band changes in the
1095/1050 cm™ region. Oxidative DNA damage in the Fenton
reaction with hydrogen peroxide was also reported [12]. The
spectra acquired from spermatozoa damaged in this way
fully matched the earlier reported ones [11]. We assumed
the association between sperm morphology, its nuclear DNA
integrity, and the Raman spectra acquired for the nuclear region
[13]. Later these results were confirmed by other authors using
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the chromomycin A3, aniline blue, and acridine orange dyes
for comprehensive assessment of the sperm nucleoprotein
complex [14].

In the era of the omics (metabolomics, proteomics, etc.)
revolution, Raman spectroscopy represents a powerful tool for
investigation of biochemical processes in the cell. However, it
is impossible to use the method and interpret the results without
engaging experts, i.e. physicists, chemists, mathematicians, since
the knowledge and skills essential for working with this method
are far beyond the limits of biological or medical education.

The study aimed to acquire information about spectral
characteristics of the human sperm cellular organelles, as
well as to estimate the damaging effect of x-ray radiation on
the human sperm nuclear nucleoprotein complex based on
changes in Raman spectra.

METHODS

Healthy donors gave sperm samples through masturbation.
The sexual abstinence period was 2-7 days.

Inclusion criteria for sperm donors: age 18-35 years; no
hemotransmissive infection; no sexually transmitted infection;
no severe chronic somatic disorder; no mental disorder; normal
male karyotype 46 XY.

Exclusion criteria for sperm donors: fever at the moment
of giving ejaculate; taking antibiotics, glucocorticoids,
antidepressants at the moment of giving ejaculate; lack of the
required (2—7 days) sexual abstinence period.

In each case routine semen analysis by light microscopy
was performed. The results were interpreted in accordance
with the WHO Guidelines 2010; the results corresponded to
normozoospermia.

Sample preparation for confocal Raman spectroscopy

Ejaculate was centrifuged using the double density gradient
technique (FertiPro, Breenem; Belgium) for 20 min at 415 g.
After removing supernatant, precipitate was resuspended in
phosphate buffered saline (PBS; Sigma-Aldrich, USA) at 37 °C
and centrifuged again for 10 min at 415 g. Then 10 pL of the
sperm suspension were applied to the aluminum substrate, the
preparation was fixed using 70% ethanol and air dried.

Confocal Raman spectroscopy

The Senterra confocal Raman microscope (Bruker, Germany)
was used for assessment. The instrument consists of two
main blocks: a confocal binocular microscope with the image
digitalization option and a spectrometer. A fully confocal system
can adjust to three different excitation wavelengths ensuring
the maximum possible spatial resolution. Since Senterra is
based on the optical microscope, all the tools needed for visual
characterization of the sample are available. Spectral analysis
of various sperm compartments (nucleus, acrosome, midpiece)
was performed at the laser excitation wavelength of 532 nm
and power of 10 mW within the range of 280-1730 cm™ with
the 3-5 cm™ resolution. The signal accumulation time for the
point was 3x 20 s. Safety of the cell exposure to laser radiation
and the lack of photo-induced damage with the specified
power parameters have been confirmed in the literature [15].

Spectral pre-processing

Each spectrum was analyzed within the range of 680-1700 cm™
after baseline correction through polynomial baseline fitting
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Fig. 1. A. Micrograph of the morphologically normal sperm. 1 (black dot) — beam focused on the sperm nuclear region; 2 (red dot) — beam focused on the acrosome;
3 (blue dot) — beam focused on the midpiece. B. Spectral characteristics obtained for the sperm nuclear region (black line — 1), acrosome (red line — 2), midpiece

(blue line — 3)

and smoothing by the 21 point moving average method.
Furthermore, standard normal variate (SNV) normalization was
applied to all spectra.

The pre-processed spectra were used to make a data
matrix X (176 x 510), where each row contained the Raman
spectra intensities within the range of 680-1700 cm~ with an
increment of 2 cm™" and the number of rows corresponded to
the number of spectra.

In the second phase we assessed the sequelae of the
x-ray radiation damaging effects on the sperm. For that the
sperm suspension was divided into three aliquots. The first
aliquot represented a control sample; the second and the third
aliquots were exposed to the focused x-ray beam for 5 and 10 min,
respectively. The results obtained were compared with each other.

RESULTS

A total of 19 sperm samples collected from 19 healthy donors
aged 18-35 years were tested. A total of 176 spectra were
acquired; the spectrainherent to sperm with normal morphology
were identified.

Figure 1A presents a morphologically normal sperm. Dots
mark the areas, for which spectra has been acquired. Label 1
corresponds to the sperm nucleus, label 2 corresponds to
the acrosome, label 3 corresponds to the midpiece. Figure 1B
presents a comparative chart of the spectral characteristics
obtained for each area.

(o]
| -

Intensity (relative units)

| TP T ——)

The Raman spectra acquired for nuclei of the intact spermatozoa
and spermatozoa exposed to x-ray radiation for 5 and 10 min
are provided in Fig. 2.

Despite different intensity of the spectra acquired, we noted
no differences in the major Raman bands inherent to cells with
DNA damage under 5 and 10 min exposure to x-ray radiation
compared to intact samples.

DISCUSSION

The causes of abnormal sperm development or further damage
are extremely diverse, and manifestations of such abnormalities
are multivalent.

Based on the literature data we matched the bands we had
acquired by Raman spectroscopy to the corresponding groups
of atoms (see Table).

When assessing the sperm spectra (Fig. 1B), the following
characteristic bands can be distinguished.

Inherent to nuclear DNA (1092 cm™ and 780 cm™). The
1092 cm™ band is B-DNA and Z-DNA marker. It is normally
characterized by a gently sloping or horizontal arm in the 1063 cm™
region. This feature is inherent to the nucleus with intact DNA.
The band in the 780 cm™ region corresponds to vibrations
of thymine and cytosine, as well as to the DNA core. Some
authors believe that this band is a marker of protamine DNA
packaging, which has been confirmed by the later research
[9, 16]. A triple band in the 1420 cm™, 1445 cm™ and

[—0min |
——5min
| =—10min |

1600 1400 1200

1000 800 600 400

Wavenumber (cm™)

Fig. 2. Spectral characteristics obtained for the morphologically normal intact sperm (black line) exposed to x-ray radiation for 5 min (red line), 10 min (blue line)
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Table. Major Raman bands and the corresponding groups of atoms [9, 17-21]
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Wavenumber, cm™ Nucleic acid Amino acids Lipids
748 u,C
782 T, C, DNA core
1002 Phenylalanine
1045 DNA damage marker
1092 PO,” B-DNA and Z-DNA marker
1251 A C N-H and C-H amide llI PO, Phospholipids
1307 A N-H 1 C-H amide IlI
1341 G N-H and C-H amide IlI
1374 ATC
1420 A
1445 Methylene deformation (endogenous lipids)
1486 G, A
1576 G, A
1663 T C=0 amide | C=C unsaturated lipid bonds

1486 cm™' regions is characterized by specific ladder-like
shape with the uppermost part in the 1486 cm™' region.
The band typical for phenylalanine amino acid (1002 cm™)
is permanent, it is found in almost all graphs with different
intensity.

Inherent to the acrosome. When assessing acrosomal
spectral characteristics, it can be noted that there is an overall
intensity reduction in almost all bands. Changes in the shape
of the triple band 1420 cm™, 1445 cm™', and 1486 cm™ with
predominance of the middle part in the 1445 cm™" region
are typical, which corresponds to methylene deformation of
endogenous lipids.

Inherent to the sperm midpiece (neck). Spectral
characteristics of the midpiece are distinguished by the high
intensity band in the 748 cm™" region being a marker of the
presence of mitochondria [4]. Intensity also grows of the 1576 cm™
band, which, together with nucleic acids, corresponds to large
amount of ATP [10]. Extinction of the 1092 cm™" band and its
transfer to the 1127 cm™ region attract attention. This can be

References

1. Speyer BE, Pizzey AR, Ranieri M, Joshi R, Delhanty JDA,
Serhal P. Fall in implantation rates following ICSI with sperm
with high DNA fragmentation. Human Reproduction. Oxford
University Press (OUP). 2010; 25 (7): 1609-18. Available from:
http://dx.doi.org/10.1093/humrep/deq116.

2. FuW, Cui Q, Yang Z, Bu Z, Shi H, Bi B, et al. High sperm DNA
fragmentation increased embryo aneuploidy rate in patients
undergoing preimplantation genetic testing. Reproductive
BioMedicine Online. 2023; 47 (6): 103366. Available from:
http://dx.doi.org/10.1016/j.rbomo.2023.103366.

3. Evenson DP, Larson KL, Jost LK. Sperm Chromatin Structure
Assay: Its Clinical Use for Detecting Sperm DNA Fragmentation in
Male Infertility and Comparisons With Other Techniques. Journal
of Andrology. Wiley-Blackwell. 2002; 23 (1): 25-43. Available
from: http://dx.doi.org/10.1002/j.1939-4640.2002.tb02599.x.

4. Tesarik J, Mendoza-Tesarik R, Mendoza C. Sperm nuclear DNA
damage: update on the mechanism, diagnosis and treatment.
Reproductive BioMedicine Online. Elsevier BV. 2006; 12 (6): 715—
21. Available from: http://dx.doi.org/10.1016/s1472-6483(10)61083-8.

5. ChiH-J, Chung D-Y, Choi S-Y, Kim J-H, Kim G-Y, Lee J-S, et al.
Integrity of human sperm DNA assessed by the neutral comet assay
and its relationship to semen parameters and clinical outcomes for the
IVF-ET program. Clinical and Experimental Reproductive Medicine.

BECTHVK PIrMY | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.016

due to the presence of mitochondrial DNA, but we have found
no confirmation in the literature.

The lack of significant spectral changes under exposure to
x-ray radiation can be explained by high enough stability of the
intact nucleoprotein complex of the mature sperm, in contrast
to the actively dividing sperm precursor cells.

CONCLUSIONS

The pilot study conducted has made it possible to show the
capabilities of Raman spectroscopy in terms of assessing the
sperm biochemical processes and ultrastructure. We have
created our own library of the spectra acquired for normal
spermatozoa and the model with the sperm artificially damaged
with the x-ray beam. The study involved fixed sperm. However,
it is theoretically possible to select the intact live sperm for
fertilization by ICSI using confocal Raman spectroscopy
equipped with the optic (laser) tweezers. Further research in
this field is necessary.

The Korean Society for Reproductive Medicine (KAMJE); 2011; 38
(1): 10. Available from: http://dx.doi.org/10.5653/cerm.2011.38.1.10.

6. SharmaR, lovine C, Agarwal A, Henkel R. TUNEL assay — Standardized
method for testing sperm DNA fragmentation. Andrologia. 2020; 53 (2).
Available from: http://dx.doi.org/10.1111/and.13738.

7. Andrabi SW, Ara A, Saharan A, Jaffar M, Gugnani N, Esteves SC.
Sperm DNA fragmentation test: usefulness in assessing
male fertility and assisted reproductive technology
outcomes. Panminerva Medica. 2023; 65 (2). Available from:
http://dx.doi.org/10.23736/s0031-0808.23.04836-x.

8. Kubasek WL, Wang Y, Thomas GA, Patapoff TW, Schoenwaelder KH,
Van der Sande JH, et al. Raman spectra of the model B-DNA
oligomer d(CGCGAATTCGCG)2 and of the DNA in living salmon
sperm show that both have very similar B-type conformations.
Biochemistry. American Chemical Society (ACS). 1986; 25 (23):
7440-5. Available from: http://dx.doi.org/10.1021/bi00371a028.

9. Huser T, Orme CA, Hollars CW, Corzett MH, Balhorn R. Raman
spectroscopy of DNA packaging in individual human sperm
cells distinguishes normal from abnormal cells. Journal of
Biophotonics. Wiley-Blackwell. 2009; 2 (5): 322-32. Available
from: http://dx.doi.org/10.1002/jbio.200910012.

10. Meister K, Schmidt DA, Briindermann E, Havenith M. Confocal
Raman microspectroscopy as an analytical tool to assess the



11.

12.

13.

14.

15.

METHOD | REPRODUCTIVE MEDICINE

mitochondrial status in human spermatozoa. The Analyst. Royal
Society of Chemistry (RSC). 2010; 135 (6): 1370. Available from:
http://dx.doi.org/10.1039/b927012d.

Mallidis C, Wistuba J, Bleisteiner B, Damm OS, Gross P,
Wubbeling F, et al. In situ visualization of damaged DNA in human
sperm by Raman microspectroscopy. Human Reproduction.
Oxford University Press (OUP). 2011; 26 (7): 1641-9. Available
from: http://dx.doi.org/10.1093/humrep/der122.

Sanchez V, Redmann K, Wistuba J, Wubbeling F, Burger M,
Oldenhof H, et al. Oxidative DNA damage in human sperm
can be detected by Raman microspectroscopy. Fertility and
Sterility. Elsevier BV. 2012; 98 (5): 1124-9.e3. Available from:
http://dx.doi.org/10.1016/j.fertnstert.2012.07.1059.

Nazarenko RV, Irzhak AV, Pomerantsev AL, Rodionova OVYe.
Confocal Raman spectroscopy and multivariate data analysis
for evaluation of spermatozoa with normal and abnormal
morphology. A feasibility study. Chemometrics and Intelligent
Laboratory Systems. 2018; 182: 172-9. Available from:
http://dx.doi.org/10.1016/j.chemolab.2018.10.002.

Jahmani MY, Hammadeh ME, Al Smadi MA, Baller MK.
Label-Free Evaluation of Chromatin Condensation in Human
Normal Morphology Sperm Using Raman Spectroscopy.
Reproductive Sciences. 2021; 28 (9): 2527-39. Available from:
http://dx.doi.org/10.1007/s43032-021-00494-6.

Edengeiser E, Meister K, Briindermann E, Buning S, Ebbinghaus S,
Havenith M, Non-invasive chemical assessment of living human
spermatozoa. RSC Adv. 2015; 5: 10424-9. Available from:
https://doi.org/10.1039/c4ra12158a.

JNutepatypa

1.

Speyer BE, Pizzey AR, Ranieri M, Joshi R, Delhanty JDA,
Serhal P. Fall in implantation rates following ICSI with sperm
with high DNA fragmentation. Human Reproduction. Oxford
University Press (OUP). 2010; 25 (7): 1609-18. Available from:
http://dx.doi.org/10.1093/humrep/deq116.

Fu W, Cui Q, Yang Z, Bu Z, Shi H, Bi B, et al. High sperm DNA
fragmentation increased embryo aneuploidy rate in patients
undergoing preimplantation genetic testing. Reproductive
BioMedicine Online. 2023; 47 (6): 103366. Available from:
http://dx.doi.org/10.1016/j.rbomo.2023.103366.

Evenson DP, Larson KL, Jost LK. Sperm Chromatin Structure
Assay: Its Clinical Use for Detecting Sperm DNA Fragmentation in
Male Infertility and Comparisons With Other Techniques. Journal
of Andrology. Wiley-Blackwell. 2002; 23 (1): 25-43. Available
from: http://dx.doi.org/10.1002/j.1939-4640.2002.tb02599.x.
Tesarik J, Mendoza-Tesarik R, Mendoza C. Sperm nuclear DNA
damage: update on the mechanism, diagnosis and treatment.
Reproductive BioMedicine Online. Elsevier BV. 2006; 12 (6): 715—
21. Available from: http://dx.doi.org/10.1016/s1472-6483(10)61083-8.
Chi H-J, Chung D-Y, Choi S-Y, Kim J-H, Kim G-Y, Lee J-S, et al.
Integrity of human sperm DNA assessed by the neutral comet assay
and its relationship to semen parameters and clinical outcomes for the
IVF-ET program. Clinical and Experimental Reproductive Medicine.
The Korean Society for Reproductive Medicine (KAMJE); 2011; 38
(1): 10. Available from: http://dx.doi.org/10.5653/cerm.2011.38.1.10.
SharmaR, lovine C, Agarwal A, Henkel R. TUNEL assay — Standardized
method for testing sperm DNA fragmentation. Andrologia. 2020; 53 (2).
Available from: http://dx.doi.org/10.1111/and.13738.

Andrabi SW, Ara A, Saharan A, Jaffar M, Gugnani N, Esteves SC.
Sperm DNA fragmentation test: usefulness in assessing
male fertility and assisted reproductive technology
outcomes. Panminerva Medica. 2023; 65 (2). Available from:
http://dx.doi.org/10.23736/s0031-0808.23.04836-x.

Kubasek WL, Wang Y, Thomas GA, Patapoff TW, Schoenwaelder KH,
Van der Sande JH, et al. Raman spectra of the model B-DNA
oligomer d(CGCGAATTCGCG)2 and of the DNA in living salmon
sperm show that both have very similar B-type conformations.
Biochemistry. American Chemical Society (ACS). 1986; 25 (23):
7440-5. Available from: http://dx.doi.org/10.1021/bi00371a028.
Huser T, Orme CA, Hollars CW, Corzett MH, Balhorn R. Raman

16.

17.

18.

19.

20.

21.

10.

11.

12.

13.

14.

17.

Li M, Ji'Y, Wang D, Zhang Y, Zhang H, Tang Y, et al. Evaluation of
Laser Confocal Raman Spectroscopy as a Non-Invasive Method
for Detecting Sperm DNA Contents. Frontiers in Physiology. 2022;
13. Available from: http://dx.doi.org/10.3389/fphys.2022.827941.
Li X, Wang M, Chen H, Li Q, Yang H, Xu H, et al. Flow cytometric
and near-infrared Raman spectroscopic investigation of quality
in stained, sorted, and frozen-thawed buffalo sperm. Animal
Reproduction Science. Elsevier BV. 2016; 170: 90-9. Available
from: http://dx.doi.org/10.1016/j.anireprosci.2016.04.008.

Ellis DI, Cowcher DP, Ashton L, O’Hagan S, Goodacre R.
llluminating disease and enlightening biomedicine: Raman
spectroscopy as a diagnostic tool. The Analyst. Royal Society
of Chemistry (RSC). 2013; 138 (14): 3871. Available from:
http://dx.doi.org/10.1039/c3an00698k.

Ferrara M, Di Caprio G, Manago S, De Angelis A, Sirleto L, Coppola
G, et al. Label-Free Imaging and Biochemical Characterization of
Bovine Sperm Cells. Biosensors. MDPI AG. 2015; 5 (2): 141-57.
Available from: http://dx.doi.org/10.3390/bios5020141.

Li N, Chen D, Xu Y, Liu S, Zhang H. Confocal Raman micro-
spectroscopy for rapid and label-free detection of maleic
acid-induced variations in human sperm. Biomedical Optics
Express. The Optical Society. 2014; 5 (5): 1690. Available from:
http://dx.doi.org/10.1364/boe.5.001690.

Rimskaya E, Gorevoy A, Shelygina S, Perevedentseva E,
Timurzieva A, Saraeva |, et al. Multi-Wavelength Raman
Differentiation of Malignant Skin Neoplasms. International Journal
of Molecular Sciences. 2024; 25 (13): 7422. Available from:
http://dx.doi.org/10.3390/ijms25137422.

spectroscopy of DNA packaging in individual human sperm
cells distinguishes normal from abnormal cells. Journal of
Biophotonics. Wiley-Blackwell. 2009; 2 (5): 322-32. Available
from: http://dx.doi.org/10.1002/jbio.200910012.

Meister K, Schmidt DA, Brundermann E, Havenith M. Confocal
Raman microspectroscopy as an analytical tool to assess the
mitochondrial status in human spermatozoa. The Analyst. Royal
Society of Chemistry (RSC). 2010; 135 (6): 1370. Available from:
http://dx.doi.org/10.1039/b927012d.

Mallidis C, Wistuba J, Bleisteiner B, Damm OS, Gross P,
Wubbeling F, et al. In situ visualization of damaged DNA in human
sperm by Raman microspectroscopy. Human Reproduction.
Oxford University Press (OUP). 2011; 26 (7): 1641-9. Available
from: http://dx.doi.org/10.1093/humrep/der122.

Sanchez V, Redmann K, Wistuba J, Wubbeling F, Burger M,
Oldenhof H, et al. Oxidative DNA damage in human sperm
can be detected by Raman microspectroscopy. Fertility and
Sterility. Elsevier BV. 2012; 98 (5): 1124-9.e3. Available from:
http://dx.doi.org/10.1016/j.fertnstert.2012.07.1059.

Nazarenko RV, Irzhak AV, Pomerantsev AL, Rodionova OVe.
Confocal Raman spectroscopy and multivariate data analysis
for evaluation of spermatozoa with normal and abnormal
morphology. A feasibility study. Chemometrics and Intelligent
Laboratory Systems. 2018; 182: 172-9. Available from:
http://dx.doi.org/10.1016/j.chemolab.2018.10.002.

Jahmani MY, Hammadeh ME, Al Smadi MA, Baller MK.
Label-Free Evaluation of Chromatin Condensation in Human
Normal Morphology Sperm Using Raman Spectroscopy.
Reproductive Sciences. 2021; 28 (9): 2527-39. Available from:
http://dx.doi.org/10.1007/s43032-021-00494-6.

Edengeiser E, Meister K, Brindermann E, Buning S, Ebbinghaus S,
Havenith M, Non-invasive chemical assessment of living human
spermatozoa. RSC Adv. 2015; 5: 10424-9. Available from:
https://doi.org/10.1039/c4ra12158a.

Li M, Ji'Y, Wang D, Zhang Y, Zhang H, Tang Y, et al. Evaluation of
Laser Confocal Raman Spectroscopy as a Non-Invasive Method
for Detecting Sperm DNA Contents. Frontiers in Physiology. 2022;
13. Available from: http://dx.doi.org/10.3389/fphys.2022.827941.
Li X, Wang M, Chen H, Li Q, Yang H, Xu H, et al. Flow cytometric
and near-infrared Raman spectroscopic investigation of quality

BULLETIN OF RSMU | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.016



METO[ | PEMPOOYKTVBHAA MEOVLIVIHA

18.

19.

BECTHVK PIrMY | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.016

in stained, sorted, and frozen-thawed buffalo sperm. Animal
Reproduction Science. Elsevier BV. 2016; 170: 90-9. Available
from: http://dx.doi.org/10.1016/j.anireprosci.2016.04.008.

Ellis DI, Cowcher DP, Ashton L, O’'Hagan S, Goodacre R.
llluminating disease and enlightening biomedicine: Raman
spectroscopy as a diagnostic tool. The Analyst. Royal Society
of Chemistry (RSC). 2013; 138 (14): 3871. Available from:
http://dx.doi.org/10.1039/c3an00698k.

Ferrara M, Di Caprio G, Manago S, De Angelis A, Sirleto L, Coppola
G, et al. Label-Free Imaging and Biochemical Characterization of
Bovine Sperm Cells. Biosensors. MDPI AG. 2015; 5 (2): 141-57.

20.

21.

Available from: http://dx.doi.org/10.3390/bios5020141.

Li N, Chen D, Xu Y, Liu S, Zhang H. Confocal Raman micro-
spectroscopy for rapid and label-free detection of maleic
acid-induced variations in human sperm. Biomedical Optics
Express. The Optical Society. 2014; 5 (5): 1690. Available from:
http://dx.doi.org/10.1364/boe.5.001690.

Rimskaya E, Gorevoy A, Shelygina S, Perevedentseva E,
Timurzieva A, Saraeva |, et al. Multi-Wavelength Raman
Differentiation of Malignant Skin Neoplasms. International Journal
of Molecular Sciences. 2024; 25 (13): 7422. Available from:
http://dx.doi.org/10.3390/ijms25137422.




OPINION | MEDICAL GENETICS

THERAPEUTIC STRATEGIES FOR WILSON’S DISEASE: CURRENT STATE AND PROSPECTS
lvanenko AV, Starodubova VD, Shokhina AG=

Pirogov Russian National Research Medical University, Moscow, Russia

Wilson’s disease is a rare hereditary disorder caused by the ATP7B gene mutations that leads to copper metabolism disturbances and toxic copper accumulation in
the liver, brain, and other organs. The main manifestations include liver damage, neurological and psychiatric symptoms. The use of advanced treatment methods
(D-penicillamine, trientine, zinc salts) improves the outcome, but is limited by side effects and complexity of adherence to therapy. Liver transplantation is used
in severe forms, but it is limited by the donor shortage and the need for immunosuppression. In our opinion, promising areas include gene therapy involving the
use of AAV vectors and CRISPR/Cas9, mRNA platforms, and cell technologies. However, these approaches require further research for the efficacy, safety, and
accessibility improvement.

Keywords: Wilson’s disease, monogenic disorder, ATP7B, copper overload, gene therapy, cellular therapy
Funding: the study was supported by the Russian Science Foundation grant (RSF grant No. 24-74-10106).

Author contribution: Ivanenko AV, Starodubova VD — manuscript writing; Shokhina AG — developing the concept, manuscript writing and editing, obtaining
funding.

><] Correspondence should be addressed: Arina G. Shokhina
Ostrovityanova, 1, str. 1, Moscow, 117513, Russia; a.g.shokhina@yandex.ru

Received: 02.04.2025 Accepted: 20.04.2025 Published online: 28.04.2025
DOI: 10.24075/brsmu.2025.022

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/).

TEPAMEBTUYECKUE CTPATErA AnA NEYEHNA BOJIE3HU BUJIbCOHA-KOHOBAJIOBA:
COBPEMEHHOE COCTOSAHUE 1 NMEPCIMNEKTBbI

A. B. VIBaHeHko, B. . Crapogy6osa, A. I, LLloxuHa =2
Poccunitcknin HaumoHanbHbI NccnefoBaTensCKUin MeAULIMHCKUN yHMBepcuTeT nmenn H. . Muporosa, Mockea, Poccuns

BonesHb BunbcoHa-KoHoBanoBa — pefkoe HacneacTBeHHOe 3aboeBaHe, BbiaBaHHOE MyTaumamin reHa ATP7B, NpuBofsilee K HapyLLeHWo MeTabonvama Mean
N ee TOKCUYECKOMY HaKOMJIEHUIO B MeYeHn, Mo3re 1 Apyrnx opraHax. OCHOBHbIE MPOSIBNEHNS — MOPAXXEHWE MeYeHM, HEBPOOMMYECKME N NCUXMATpUHecKme
CUMNTOMBI. [TpUMEHEeHMEe COBPEMEHHbBIX METOAOB NedeHns (D-neHnumnnaMnH, TPUEHTUH, CONM LMHKA) Yy4llaeT NporHo3, HO OrpaHn4eHo MoGoYHbIMM
ahhekTaMm 1 CNOXKHOCTBIO COBMOAEHV Tepanun. TpaHCIaHTaLUMIO NEYEHV NPUMEHSIOT NP TSHXeNbIX (hopMax, OHaKO OHa orpaHnyeHa Ae LMTOM JOHOPOB
1N HEOHXOOMMOCTBIO UMMYHOCYMNpeccum. [epcnekTnBHble HanpaBneHys, Ha Hall B3rMsA, BKIOYAOT reHHY Tepanuio ¢ UCnofib30BaHnemM AAV-BEKTOPOB
n CRISPR/Cas9, MPHK-nnathopMbl 1 KNETOYHbIE TEXHONOMMN, OOHAKO 3T NOAXOAbI TPEBYIOT AabHEMLLNX UCCNeaoBaHNA A1 NOBbILLEHWS 3hMEKTUBHOCTY,
6e30MacHOCTU 1 [OCTYMHOCTU.

KniouyeBble cnosa: 605e3Hb BunbcoHa-KoHoBanoBa, MOHOreHHoe 3abonesaHve, ATP7B, neperpy3ka Meapto, reHHas Tepanvst, KnetovHas Tepanms
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nony4eHve OUHaHCMPOBaHKA.
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Wilson’s disease (WD) is a rare autosomal recessive disorder
caused by the ATP7B gene mutations that leads to copper
metabolism disturbances and toxic copper accumulation in the
liver, brain, and other organs. Clinical manifestations include
primarily liver damage (hepatitis, cirrhosis, acute liver failure),
neurological symptoms (tremor, dystonia, parkinsonism), and
mental disorders (depression, mood swings). The diagnosis
is based on the combination of clinical data, laboratory tests
(ceruloplasmin levels, copper in blood and urine), and molecular
genetic testing. The use of advanced treatment methods
significantly improves the patients’ outcomes, but it is still
limited by side effects, complexity of adherence to treatment
regimen, and insufficient symptom control efficacy. The paper
considers evolution of therapeutic approaches to treatment of
WD: from conventional pharmacological methods to promising
genetic and cell technologies.

Advanced pharmacological approaches:
copper overload control

D-penicillamine (DPA) and trientine are the major chelating
agents that enhance urinary copper excretion and return blood
free copper levels back to normal after 1-2 years or 6-48
months of therapy, respectively [1]. However, DPA causes
severe side effects, such as immune-mediated nephritis
and neurological deterioration in 14-21% of patients having
neurological symptoms. Trientine is a safer alternative,
but it is also associated with the risk of neurological
complications [2].

Zinc salts inhibit copper absorption through induction of
metallothionein expression in enterocytes. Despite the fact that
the method is relatively safe, several months of zinc therapy are
needed to achieve the effect, and zinc therapy is not suited for

BULLETIN OF RSMU | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.022



acute conditions [3]. Furthermore, there are cohorts of patients
that do not respond to zinc salt therapy.

Tetrathiomolybdate (TTM) and methanobactins represent
innovative exprerimental agents that have shown promising
results in pre-clinical trials [4, 5]. However, the development
of TTM was terminated during the phase Il clinical trial due
to mixed efficacy and side effects (anemia, neutropenia) [6].
Pre-clinical and clinical trials of methanobactin have not yet
been completed.

Transplantation: radical but limited approach

Liver transplantation is a radical treatment method for patients
with WD suffering from acute liver failure or not responding to
drug therapy. However, the use of this method is limited by
the donor organ shortage, perioperative risk, and the need for
lifelong immunosuppression. Immunosuppression increases
susceptibility to infections and malignant tumors, which makes
transplantation an extreme measure.

Hepatocyte transplantation represents a minimally invasive
alternative, in which isolated donor cells are injected into the
hepatic portal vein. The animal model studies have shown the
decrease in copper levels and improved survival rate [7, 8].
However, such problems, as low cell engraftment effectiveness,
immune rejection, and disturbed liver repopulation, limit the
clinical use.

Gene therapy: addressing the root cause

Gene therapy is aimed at restoring the ATP7B function through
functional gene delivery in hepatocytes. The use of recombinant
adeno-associated viruses (rAAV) has shown promising results
in pre-clinical and early clinical trials: tATP7b (UX701) (truncated
ATP7B variant delivered via AAV8) has shown a persistent
therapeutic effect in mice; it is currently through phase I/1l/ll
clinical trials [9]. MIniIATP7B (VTX-801) represents one more
truncated variant that has shown dose-dependent efficacy in
mice and is tested in phase /Il clinical trials [10].

The CRISPR/Cas9 method provides an opportunity to
ensure the directed correction of mutations. However, the use
of the method faces such problems, as low editing effectiveness
in non-dividing hepatocytes and potential off-target effects
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TWO-STEP AAV8 GENE DELIVERY IN A CHILD WITH CRIGLER-NAJJAR SYNDROME TYPE |

Rebrikov DV'2=, Degtyareva AV', Yanushevich YuG?, Gautier MS', Gorodnicheva TV'2, Bavykin AS'2, Ushakova LV', Filippova EA', Degtyarev DN',
Sukhikh GT'

" Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russia
2 Pirogov Russian National Research Medical University (Pirogov University), Moscow, Russia

Crigler-Najjar syndrome type |, an orphan UTG1A7 enzyme deficiency, manifests at birth with severe unconjugated hyperbilirubinemia. Here we describe sustained
clinical response in a pediatric patient with Crigler—Najjar syndrome type | treated with two consecutive doses of AAV8 delivering the UTG1A1 coding sequence.
Infusion | (6 x 10" vg/kg) afforded sustained decrease in serum bilirubin, allowing substantial relaxation of the phototherapy from 12 h to 4 h daily. Infusion Il at
a double dose was made in 6 months; the decision was intended at complete elimination of phototherapy. However, the elimination led to a sharp increase in
bilirubin levels necessitating resumption of phototherapy. The patient is currently stable on 4 h daily phototherapy for 80 weeks since the resumption and 107 weeks
since the AAVS therapy initiation. No toxic side effects were encountered. A slow incremental dynamics in serum bilirubin opens the issue of clinical advisability for
subsequent infusions of the drug.

Keywords: Crigler-Najjar syndrome type I, AAV8, gene therapy
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OBYX3TAMNHAS AAV8-TEHOTEPAMUNSA PEBEHKA C CUHOPOMOM KPUMMEPA-HANSAPA 1-I'0 TUMA

0. B. Pe6puikos' 259, A, B. Oertsapésa’, tO. I Anywiesny?, M. C. Totee!, T. B. TopoaHudesa’?, A. C. BasbikuH'?, J1. B. Yiuaxosa', E. A. dumnnosa’,
0. H. Oertapés’, I T. Cyxux!

" HaumoHanbHbIN MeguLMHCKUIA MCCNeaoBaTeNbCKUN LIEHTP akyLIepcTBa, MHEKONorn 1 nepuHatonorum nvenn B. V. Kynakosa, Mocksa, Poccurst
2 POCCUACKIIA HALMOHaUTbHBIA MCCNEa0oBaTENbCKUN MEAVLMHCKUIA yHBEpcUTeT nmenn H. W, Tinporoea (Muporosekumin YHuBepcuTeT), Mocksa, Poccus

Cungpom Kpurnepa—Hawsapa 1-ro vna (CKH1) sensetca cneacteuem geduumra depmeHTa ypramHanhochaTriokypoHosunTpaHcdepsl 1A1, kognpyemoro
reHoMm UTGTAT v NPosSIBASIETCS MNPV POXAEHWM TSHXKENOV HEKOHBbIOMMPOBaHHON rnepbunmpybuHemmnelr. B pabote onucaH YCTONYMBLIA KIMHUYECKMIA OTBET Y
peberka ¢ CKH1, koToporo neyunn asyms nocnegosatefibHbiMy fodamy AAV8-reHoTepanin, AOCTaBNsAoLLEN KoavpytoLLyto nocnepoBatensHocTs UTGTAT.
ViHdbyaus | (6 x 10'2 Br/kr) obecrnevmna yCTONHMBOE CHKEHE ChbIBOPOTOHHOrO BUAMpybuHa, YTo No3Bonmno ocnabuts doToTepaniio ¢ 12 4 [0 4 4 B AeHb.
VHdbyaus Il B ABOMHOM 103 Oblna caenaHa Yepes 6 MecsLeB; JaHHoe peLleHie BbINo MPUHSTO C LieNbio NOMHOM OTMeHbl hoToTepanin. OaHako oTMeHa npveena K
PE3KOMY MOBbILLEHNIO YPOBHS BUAMPYOMHa, YTO MoTPeboBanio BO30OHOBNEHNS (hoToTepanumn. B HacToslLLIee Bpemsl COCTOSIHME naLyveHTa CTabubHO Ha 4-4acoBoMn
exefHeBHOW hoToTepanum B TeHeHre 80 Hedenb C MOMeHTa BO306HOBeHMs 1 107 Heaenb C MOMEHTa Ha4auia Tepanum reHonpenapaToM. TOKCUHECKINX MOBOHHbIX
ahhekToB He Habnoaanock. MnaBHbIA NPUPOCT YPOBHSA BUNMPY6GMHA B CbIBOPOTKE KPOBW CTaBUT BOMPOC O KIMHWMYECKOW LIENecoo6pasHOCTN eXKeroiHbIX
VHDY31IA Npenapara.

KniouyeBble cnosa: cuHapom Kpurnepa—-Haiisipa 1-ro Tvna, AAV8, reHHasa Tepanus
durHaHcupoBaHue: paboTa BbiNoHeHa npuv noaaepxke MuHcTepcTBa 3apaBooxpaHenmst Poccuinckorn ®Pepepauim (Ne 124020400004-9).
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Crigler-Najjar syndrome (CNs) is an orphan enzymopathy
caused by loss-of-function variants in UGT1AT [1]. The lack
of active uridine diphosphate glucuronosyltransferase 1A1,
which leads to accumulation of bilirubin conjugates clinically
represented by jaundice and severe neurological impairments,
is potentially fatal in infancy. The diagnosis involves biochemical
and molecular genetic tests for, respectively, unconjugated
bilirubin and UGT1A7 variants. No specific pathogenetic
treatment for the condition has been proposed apart from
transplantation of the liver in CNs type |, the severe form. The
patients require constant observation and are on continual
bilirubin clearance by plasmapheresis and (or) phototherapy,
which is physiologically straining and profoundly affects the
lifestyle options in young patients.

The potential of using adeno-associated virus serotype 8
for the treatment of Crigler-Najjar syndrome has been
substantiated in preclinical studies in vivo [2, 3]. In 20283,
D'Antiga et al. reported successful treatment of Crigler-Najjar
syndrome (CNs) type | in adult patients using a gene drug with
AAV-mediated delivery [4]. In pediatric patients, the efficiency
could (speculatively) interfere with the high rates of growth
and physiological renewal of liver cells. Here we describe a
sustained clinical response (107 weeks by the time of writing)
in a pediatric patient with CNs type | using UGTTAT coding
sequence delivered by two consecutive doses of adeno-
associated viral vector serotype 8 (AAV8). This is the first
report on AAV therapy in a two-dose delivery mode.

Case description
Vector design and purification

cDNA from a healthy donor with wild-type UGTTAT sequence
was used as a template. The coding sequence was cloned into
pPAAV-TBG plasmid. The pAAV-TBG-UGT1AT construct was
packaged in HEK293 cells.

The particles were purified in an iodixanol stepwise density
gradient (OptiPrep, StemCell Technologies, USA) at 350,000 g,
+18 °C for 1.5 hours (Optima-XPN ultracentrifuge; Beckman,
USA). The 60% fraction and a half of the 40% iodixanol
fraction were collected, purified by dialysis (Spectrum ™, Fisher
Scientific #0867140; pore size 100 kDa) against (1x) PBS/350 mM
NaCl/0.001% Pluronic F-68 buffer at 4°C for 14-18 h,
concentrated with Amicon® centrifugal filters, pore size 100 kDa
(Millipore Sigma, USA) and additionally sterilized by 0.22 ym
syringe filtration. The product, alphaglucuronosyltransferas
egene unoparvovec, was quantitated by real-time PCR with
plasmid DNA as a reference. All purity indicators were found
to be within the reference limits for clinical use; the product
contained endotoxin <0.64 EU/ml (Endosafe® LAL; Charles
River Endosafe, USA), BSA < 159 ng/ml (BSA ELISA Kit;
Wuhan Fine Biotech, PRC), HEK293 residual proteins <2 ng/ml
(HEK293 HCP ELISA Kit; Cygnus Technologies, USA) and was
Mycoplasma-negative.

Preclinical study

In vitro tests were carried out on Hela cells (ATCC, USA).

Animal study was authorized by the Institutional Animal
Care and Use Committee at the Pirogov University. In vivo
tests on C57BL6 mice were performed in three rounds: dose-
response assessment, overdose toxicity assessment and
fade-out assessment in adolescence. The control group
received identical volume of dilution buffer instead of the drug
in all experiments.

Dose-response assessment was performed on 8-month-old
mice in groups n(c)=11, n(L)=11, niM)=11, n(H)=11. Toxicology
and biodistribution studies involved monitoring of leukocyte
counts and biochemical tests at 3, 4, and 5 weeks post-
infusion, and post-mortem assessment of blood parameters
and biodistribution of the drug to muscle and viscera on week 6.
Immunohistochemistry revealed selective biodistribution of the
human UGT1A1 coding sequence to the liver. The hUGT1A1
signal increased incrementally with the dose by both the
intensity and the spread into the liver parenchyma from veins
of the lobules (Fig. 1).

Overdose toxicity assessment of the maximum of
potential therapeutic dose was performed by administering a
1.2 x 10" vg/kg dose to 8-month-old mice in control and
experimental groups (n = 6 each) with the same check points
and controlled parameters as above. No significant toxicity
effects were detected.

Fade-out assessment in adolescence was assessed on
5-week-old mice (n = 24) received tail vein 1.2 x 10" vg/kg drug
injections. At 2 weeks post-infusion and then every 3 weeks until
the end of experiment (at the age of 19 weeks), groups of mice
(n = 6, 4, 4, 4, 6) were euthanized with livers taken for
gPCR analysis of viral genome copies and quantitative
protein detection by immunohistochemistry (liver sections
stained with hUGT1A1-specific antibody). Quantitative PCR
showed a 2-fold decrease in the vector DNA content every
6 weeks (4-fold over the experiment). Quantitative protein
analysis showed that hUGT1A1 levels increased up to
5 weeks post-infusion and remained stable until the end of
the experiment.

Patient

A girl with CNs type |, confirmed by UGTT1AT gene sequencing
and manifested as severe unconjugated hyperbilirubinemia,
under continuous observation at the Kulakov National Medical
Research Center for Obstetrics, Gynecology and Perinatology,
was maintained on 12 h daily phototherapy, which afforded a
neat confinement of indirect bilirubin levels within the toxicity
limit of 300-350 pmol/I.

The AAV therapy was approved by Ethics Committee at
the Kulakov National Medical Research Center for Obstetrics,
Gynecology and Perinatology on Dec 01 2022, Protocol #12
for infusion |, and on Jul 20 2023, Protocol #7 for infusion II.
Application for clinical trial phase |-l No. 13571. The patient's
legal representatives provided voluntary informed consents for
the study and for each infusion of the drug.

Treatment and outcome

The gene therapy was initiated at an age of 7 years 5 months.
The patient received two intravenous infusions of alphaglucu
ronosyltransferasegene unoparvovec: 6 x 10'? viral genomes
per kg body weight (vg/kg) on week 0 and 1.2 x 10'® vg/kg on
week 27 (Fig. 2). The safety was monitored by transaminase
levels and patient-reported well-being. The efficacy was
assessed by reduction in serum bilirubin levels. A chart of indirect
bilirubin levels over 3.5 years, including an extensive time length
preceding the treatment, is given in Fig. 2. The phototherapy
regimen was continuously adjusted in accordance with the
indirect bilirubin levels. Both infusions were accompanied by
prednisolone support to mitigate immune reactions: the patient
received prednisolone daily, in oral doses reduced stepwise
from 1 mg/kg to O in the course of 8 and 2 weeks since the
infusion, respectively (Fig. 2). In addition, on day of infusion I,

BECTHUK PIrMY | 2, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.025



Control 2 x10%

Male
100x

200x

Female
100x%

200x

1.2x10"

Fig. 1. Immunohistochemistry for human UDP-glucuronosyltransferase 1A1 in mouse liver, post-infusion week 6. The sections counterstained with hematoxylin were
assessed using antibodies to human UGT1A1 topped with HRP-conjugated second antibody. Vector doses, vg/kg, are indicated. Black arrows in the low-dose images

indicate perivascular localization of the signal

the patient received 250 mg (10 mg/kg) methylprednisolone
intravenously.

No neutralizing antibodies to AAV8 were detectable before
infusion |. The positive immunological reaction with AAV8
epitopes persisted post-infusion.

Infusion | reduced the serum bilirubin 2-fold, the minimum
achieved throughout weeks 2-9. As the daily phototherapy
doses were gradually reduced to 4 h by week 8, serum bilirubin
concentrations rebound to ~250 pmol/l starting from week 10.
The clinical decision on infusion Il was intended at complete
elimination of phototherapy. Infusion Il on week 27 produced
no toxic effects and afforded a further ~20% reduction in serum
bilirubin concentrations by week 29. Considering the positive
dynamics, the phototherapy support was discontinued,
but resumed 2 weeks later at the same limited dose of 4 h,
as serum bilirubin concentrations rapidly increased to ~400
umol/l. The re-initiated phototherapy provided rapid correction
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of serum bilirubin concentrations to ~250 pmol/l. The liver
enzyme profiles remained normal throughout the observation
period. At the time of writing (week 97), the patient is stable
on phototherapy administered 4 h daily, without systemic
complaints.

Case discussion

The treatment produced no toxic side effects. Although
complete discontinuation of the phototherapy proved unfeasible
at this stage, the treatment afforded a lasting 3-fold reduction in
daily exposure compared with initial values.

CONCLUSION

The use of liver-specific gene therapy in pediatric patients is
associated with accelerated loss of the restored function,
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Fig. 2. Dynamics of indirect bilirubin levels with regard to alphaglucuronosyltransferasegene unoparvovec infusions | and Il, adjusted phototherapy regimens and
prednisolone support (oral doses, starting from 1 mg/kg daily)

apparently due to the high physiological regeneration
capacity and liver growth. The opportunity of safe repeated
administration of AAV8 vector allows satisfactory control of the
critical biochemical indicator.
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