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APPROACHES TO THERAPY OF CRIGLER-NAJJAR SYNDROME TYPE 1 IN CHILDREN
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The review is focused on exploring the etiology, pathogenesis, clinical manifestations, and primarily the contemporary treatment methods for Crigler—Najjar syndrome
type 1. It considers relevant data regarding the efficacy and safety of the currently existing therapeutic strategies. Effective management of this condition relies on
early diagnosis and prompt initiation of treatment, which are crucial for preventing disabling neurological complications associated with bilirubin encephalopathy in
patients with Crigler-Najjar syndrome type 1. Prolonged phototherapy is the key treatment method, while liver transplantation represents a radical approach. Recent
advances in gene therapy and the use of mesenchymal multipotent stromal cells present novel opportunities for developing alternative, less invasive treatment
modalities aimed at improving the quality of life in such patients and reducing their dependence on long-term phototherapy, along with post-transplantation risk.
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Crigler—Najjar syndrome (CNS) is a rare autosomal recessive
inherited disorder characterized by impaired conjugation of
bilirubin in the liver caused by lack or low level of the uridine
diphosphate glucuronosyltransferase (UGT) enzyme, which
leads to the development of nonhemolytic jaundice.

Etiology

The UGT1A1 gene encoding the UGT enzyme plays a key role
in conjugation of indirect bilirubin. Mutations in the UGT1A7
gene can completely arrest or hamper the activity of this
enzyme, which translates into hyperbilirubinemia. Depending
on the degree of decrease in enzyme activity, CNS is classified
into types 1 and 2 (CNS1 and CNS2). In CNS1 cases, there
is no enzyme activity, and therefore, without treatment, the
disease causes severe neurological disorders due to bilirubin
encephalopathy. In CNS2 cases, the level of bilirubin in the
blood serum is high, but, as a rule, there is no progression to
neurological disorders.

BULLETIN OF RSMU | 6, 2024 | VESTNIKRGMU.RU

CNS1 is extremely rare: its incidence is about 0.6—1 case
per 1 million live newborns worldwide, and less than one per
100,000 newborns in Europe [1, 2]. There are no prevalence
specifics in terms of sex and ethnicity, but it is known that CNS1
is diagnosed more often in genetically isolated populations,
such as communities of Old Believers and Mennonites, as well
as among children born to parents in a related marriage [3, 4].

The CNS1 phenotype can occur due to various changes
in the coding sequences of the bilirubin uridine diphosphate
glucuronosyltransferase (UGT1A7) gene, such changes
conditioning formation of an abnormal protein that fully arrests
or disrupts the activity of the enzyme. This cause-effect
relationship makes CNS1 different from the Gilbert's syndrome,
when the triggering defect is in the promoter region rather than
in the gene itself, and the result thereof is a smaller amount of
synthesized normal enzyme [5]. The UGT gene is expressed in
many isoforms, but UGT1A1 is the only one that significantly
contributes to bilirubin conjugation in humans. Deletions,
insertions, missense mutations, or premature stop codons
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in the UGT1A17 gene can be located in any of the five exons
that make up the UGTTAT mRNA. Genetic changes in exon 1
affect only the activity of bilirubin UGT isoform (UGT1AT), while
mutations in exons 2-5, contrarily, affect all isoforms expressed
from the UGT1A locus [6].

Clinical picture

The manifestation of the CNS1 syndrome is jaundice caused
by a high level of unconjugated bilirubin. It usually appears on
the second or third day of life, when the bilirubin level exceeds
85 umol/l. Subsequently, it progressively increases and reaches
340-500 pmol/l in the first 10 days of life, and in severe cases
the said level rises to 850 umol/I. The probability of development
of bilirubin encephalopathy is the highest in the early neonatal
period, when the blood-brain barrier is more permeable. Total
serum bilirubin and the bilirubin/aloumin ratio are the indicators
used to assess the risk of neurological complications. For
children older than 1 month, the total serum bilirubin level above
510 pmol/l and the bilirubin/albumin ratio exceeding 1.0 mol/mol
are considered the absolute thresholds of neurotoxicity [3, 7].
In the neonatal period, the threshold level of bilirubin depends
on a combination of factors: gestational and postnatal age
and the condition of the child. Untreated, CSN1 leads to acute
bilirubin encephalopathy, kernicterus, and persistent cognitive
disorders. The symptoms of CNS damage associated with
CNS1 include altered state of consciousness, changes in
muscle tone, hearing loss, etc. There is a report describing
a case of late diagnosing of CNS1 that progressed into severe
neurological disorders in the form of spastic tetraparesis [8].
In another clinical case, neurological disorders were detected
in a 4-month-old child suffering from CNS1; they manifested
as neurodevelopmental delay and focal structural epilepsy [9].
Kernicterus is a consequence of deposition of bilirubin in brain
cells, mainly in the basal ganglia, globus pallidus, hippocampus,
subthalamic nucleus, horn of Ammon, cranial nerve nuclei, and
cerebellum. Choreoathetoid cerebral palsy, high-frequency
central sensorineural hearing loss, vertical gaze palsy, and
enamel hypoplasia are the main markers of kernicterus [10].
It is important to note that bilirubin encephalopathy can also
occur in adolescents or adults, so a broader term, kernicterus
spectrum disorder, was coined, and it combines the diagnoses
based on clinical and pathophysiological criteria [4, 11, 12].
There is a report covering 239 cases of CNS1 and describing
the various outcomes of the disease, including the high risk of
bilirubin encephalopathy and other serious complications. The
authors note that in 45% of patients, the disease progresses
into brain damage, 27% require liver transplantation, and in
19% of cases the treatment involved exchange transfusion or
plasmapheresis [3].

Historically, CNS1 was regarded as indirect hyperbilirubinemia
without damage to liver tissue. However, recent reports indicate
that liver fibrosis is registered in 40-60% of patients that need
liver transplantation because of this disease, and the degree
of fibrosis correlates with bilirubin concentration and age. Liver
biopsies sampled during liver transplantation in 22 patients with
CNS1 showed varying degrees of fibrosis in 41% of them in the
absence of clinical and laboratory findings suggestive of liver
cirrhosis and portal hypertension [13].

The quality of life in CNS1 cases can be significantly low
both for the patients and for the caregivers. Patients require
10-12 hours of phototherapy per day from the first days of
life [14]. Although it is a non-invasive and simple treatment
method, phototherapy has a noticeable effect on the lifestyle
of the family, imposing social restrictions and a heavy burden

on patients and their caregivers [15]. Liver transplantation is a
radical treatment method, but it carries the risks associated
with donor selection, potential transplant rejection, and the
need for lifelong immunosuppressive therapy.

A special problem is that of pregnancy hyperbilirubinemia
with CNS1 in the background. This condition implies a risk of
kernicterus in the fetus due to a high level of bilirubin in the
mother. Unconjugated bilirubin passes through the placenta by
passive diffusion [15]. The recommended treatment protocol
prescribes monitoring and phototherapy the duration of which
ensures a maternal bilirubin level below 200 ymol/l and a
bilirubin/albumin ratio less than 0.5 mol/mol [16]. There is
evidence of successful phototherapy in the first trimester and
phenobarbital in subsequent trimesters given with the aim to
maintain safe bilirubin levels in pregnant women with type CNS2
[17]. There is also experience of management of newborns
from women with CNS1 who required blood transfusions after
birth; one of them was diagnosed with sensorineural hearing
loss at 7 months, despite phototherapy and albumin infusion
the mother underwent during pregnancy [18].

Diagnostics

Prevention of neurological complications of kernicterus requires
diagnosing CNS1 at early stages. Differential diagnosis involves
other causes of unconjugated hyperbilirubinemia, such as
jaundice caused by breast milk composition, polycythemia,
systemic diseases, and other hereditary disorders of bilirubin
metabolism. The key difference between CNS1 and CNS2
is the ultimate level of bilirubin, although in the first weeks of
life, the respective thresholds that mark brain damage may
coincide for these two conditions. A phenobarbital test helps to
diagnose the disease: in CNS2 cases, this drug pushes blood
bilirubin down by about 25%, but has no such effect in patients
with CNS1.

Molecular genetic study can confirm or disprove a CNS
diagnosis; it is designed to seek pathogenic variants in
the UGT1AT gene encoding the enzyme enabling bilirubin
conjugation. CNS1 can stem from various genetic defects,
including missense and nonsense mutations, insertions,
deletions, and splicing disorders affecting any of the five exons
of the UGT1A1 coding region. Therefore, it is important to
sequence not only all exons, but also flanking introns, using
targeted Sanger sequencing or next generation sequencing
[19]. CNS1 is associated with more severe mutations, including
premature stop codons, frameshift or missense mutations
(substitution of one amino acid), which stop the activity of the
UGT enzyme completely. CNS2, on the contrary, is typically
linked to missense mutations that reduce the catalytic activity
of the enzyme, but do not fully arrest it. If a patient with CNS2
also has a UGT1A128 type promoter mutation, characteristic
of Gilbert's syndrome, decreased enzyme expression can
make hyperbilirubinemia even more pronounced [15, 20, 21].

Treatment

Currently, there are various approaches to the treatment of
CNS1. Below, we are describing the most common and best
studied of them.

The approaches to treatment of unconjugated bilirubinemia
in the neonatal period with CNS1 in the background are similar
to those practiced for other causes of indirect hyperbilirubinemia.
Under the current clinical recommendations, phototherapy
and/or exchange transfusion are prescribed when the total
serum bilirubin level reaches certain threshold values.
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Phototherapy

Phototherapy (PT) is the first choice against CNS1, especially
for babies and children. It can significantly alter the course
of the disease. PT works by converting bilirubin [X-alpha-
ZZ into its configuration isomers (for example, lumirubin),
which can then be excreted in bile without conjugation [22].
Although PT has been used in the treatment of indirect
hyperbilirubinemia for many decades, it should be noted that
the first recommendations describing how to apply it effectively
in CNS cases were published only in June 2020. They detail
what light source should be used, what is the optimal distance
between the said source and the skin, how much of the skin
should be exposed to the light, and for how long [3]. Whenever
a newborn exhibits high serum bilirubin content, it is best to
initiate treatment as soon as possible. If exchange transfusion
is necessary, PT should be started thereafter. The average
duration of the PT sessions is 12.4 + 0.8 hours per day, including
nighttime. Various PT systems deliver high-intensity radiation to
large areas of the body, but their effectiveness decreases during
puberty due to a number of factors (skin thickening, increased
pigmentation, decreasing body surface area to body weight
ratio). At the same time, adolescent patients are at a high risk of
bilirubin levels spiking to critical values that imply the possibility of
development of neurological disorders. For them, it is necessary
to consider alternative or auxiliary treatments (3, 23].

Although PT is effective against bilirubin level abnormalities,
it has its side effects. One review discusses PT as a treatment
for hyperbilirubinemia in neonates, evaluating its effectiveness
and potential risks, including impacts on the immune system,
and the development of tumors, nevi, and allergies. [24].
There is reported evidence confirming the PT's capability to
change the levels of cytokines in the blood of newborns. There
is also data showing that with 24-hour sessions of PT in the
background, the level of interleukin 6 (IL6) drops [25]. Other
studies report growing levels of IL2 and IL10, and decreasing
level of IL1b. PT was also shown to affect the amount and
activity of leukocytes. A number of studies indicate a temporary
growth of leukocyte levels, but these changes fade over time
and have no clinical significance. The authors present evidence
that PT can affect the level of antibodies and immunoglobulins
in the newborn's body. Light waves of a certain length can
cause structural changes in bilirubin molecules, turning them
into more soluble forms that are easier to eliminate from the
body. This can have an indirect effect on the metabolism of
proteins, including antibodies and immunoglobulins. PT can
also alter cellular metabolism, which entails modification of
the processes of proliferation and differentiation of cells,
including those involved in the production of antibodies and
immunoglobulins [26, 27].

There is also evidence that PT may be associated with an
increased risk of neoplasms in children. Two large cohort studies
were conducted in California, and they found a link between
PT in infancy and subsequent acute myeloid leukemia (AML) in
children: this therapy raised the risk of the disease [28]. Other
studies, however, have not confirmed the association of PT
with a high risk of cancer. For example, there is no established
connection between PT and the development of melanoma or
other skin cancers, same as there is no convincing evidence of
PT increasing the risk of basal cell carcinoma or squamous cell
carcinoma [29]. Thus, the effect of PT on tumor development
remains a controversial issue that requires further investigation.

There are studies showing that children who received PT
in the neonatal period may be at a higher risk of developing
allergies, including bronchial asthma and pollinosis [30, 31].
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The high risk of gallstone formation associated with CNS
deserves a special note. There are no published papers pointing
to a connection between PT and cholelithiasis, however, it can
be assumed that such a connection is possible, and it is caused
by the active conjugation of bilirubin under the influence of PT,
dehydration, and, as a result, a high probability of bile sludge.
Normally, the level of urobilin in bile is very low, however, with
PT in the background, water-soluble isomers of urobilinogen
are released into the bile, and some of them can be converted
back into urobilin, which forms crystals participating in the
aggregation of gallstones. A worldwide cohort study claims the
incidence of gallstone disease among CNS patients is at least
15% [2], and other authors report its occurrence in up to 41%
of cases [3].

Gene therapy

In CNS cases, gene therapy is aimed at correcting the function
of the mutated gene by achieving stable expression of the
functional copy thereof. Currently, this form of treatment is
enabled by viral vectors, with adeno-associated virus (AAV)
vectors being best for intracellular gene therapy. The efficacy
of AAV-mediated gene therapy was confirmed in preclinical
models and in clinical settings involving treatment of hemophilia
type A and B. Consequently, FDA has approved Valoctocogene
roxaparvovec as a drug for hemophilia A [32]. One study has
shown that vectors based on the adeno-associated virus
effectively transduce liver cells in cell culture as well as in animal
models, including mice and rats. Moreover, introduction of
these vectors was demonstrated to lead to normalization of
bilirubin levels in the blood of animals with CNS. Preclinical
studies dedicated to the safety and effectiveness of AAV
vectors included an analysis of the immune response and
biodistribution, which has shown that such vectors mainly
accumulate in the liver, spleen, and lymph nodes, as per
their tropism towards these organs following an intravenous
administration. Several months after the injection, some vector
particles were found in the gonads. These data signal the need
for careful monitoring of the potential risk of gene transmission
through reproductive cells. Overall, the findings confirm that AAV
vectors are a safe and effective CNS therapy component, and
their practical application requires clinical trials [33]. There have
been published data on the efficacy of gene therapy in adult
patients with CNS1, which confirm it can decrease the level of
bilirubin to the values below the neurotoxic threshold; the effect
is persistent, and allows partial or even complete cancellation
of PT. The study also investigated safety and efficacy of a single
intravenous infusion of an AAV vector. The participants of the
experiment were five adults with CNS1; three of them received
a higher dose, and the level of bilirubin in them dropped below
300 pymol/l (17.5 mg/dl), which allowed canceling PT for the
follow-up period of 18 months. However, no subject had the
bilirubin level completely returned to normal [34]. Although gene
therapy is promising against CNS1, there are doubts about its
long-term efficacy and safety. Indeed, it is yet unclear how long
does the effect of a single administration of an AAV-transgenic
vector persists [35]. The effectiveness of a vector drug is mainly
hampered by the produced antibodies that neutralize AAV
and, consequently, impose limitations on further introduction
of vectors [36]. In the preclinical rat and mice studies, all
animals developed a significant immune response to the AAV
capsid, and some of them produced antibodies to the UGTTA1
protein. Searching for the source of this immune response, the
researchers have set up experiments using vectors carrying
the UGT1AT transcripts from different species (mouse and rat
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variants), and have thus learned that antibodies against the
human UGT1A1 variant are formed less frequently when using
species-specific variants. It is possible that species-specific
transcripts decrease the immunogenicity of vectors [33]. In
addition to the above, multiple infusions of AAV vectors pose
a potential genotoxicity threat [37]. A study that investigated
how antibodies to the AAV vector affect the effectiveness of
gene therapy against CNS1 has shown that about a third of
patients have these antibodies, and that when their level is low,
the barrier set b them can be overcome by using the vectors
with both full and empty capsids [38]. The issue of suppression
of the humoral immune response remains extremely relevant
for vector-based medicines. Currently, there is no generally
accepted approach to preventing the production of neutralizing
antibodies to the injected vector. One option suggests using
corticosteroids such as prednisone or methylprednisolone
to suppress the activity of the immune system. Other
immunosuppressants are also used, including cytostatics such
as azathioprine, cyclosporine A, mycophenolate mofetil, and
tacrolimus [34].

Gene therapy using AAV vectors is particularly promising for
adult patients, but not so much for children and adolescents,
whose liver is growing, and the body actively produces
hepatocytes, which may reduce the efficacy of such treatment
[39]. A 2006 rat study compared the effectiveness of various
AAV serovars in the context of creation of vectors. It was shown
in vivo that AAV vectors are most effective in correcting UGT1AT
deficiency. However, large inclusions of fat of indeterminate
origin were found in the livers of all the involved animals, raising
concerns about possible side effects [40].

The deontological problem associated with gene therapy
is the risk of patients developing illusory hopes about the
effectiveness of conservative therapy, and consequently
neglecting other treatment methods, including PT and liver
transplantation.

Liver transplantation

Liver transplantation (LT) is the only definitive treatment option
for CNS1 [41, 42]. Currently, there are no well-founded
recommendations telling why and, in particular, when a CNS1
patient should undergo LT. It is still unclear at what stage of
the disease's progression LT should be considered, and which
clinical and laboratory indicators are to be taken as signals
the patient should be referred to the transplantologist [43] in
cases when liver function is preserved and there are no life-
threatening conditions that unequivocally call for LT. At the
same time, deterioration of the patient's quality of life due to
the daily PT sessions, and loss of the effectiveness of this
procedure with age can be valid indications for LT. Development
of the gene therapy methods raises new questions about the
feasibility of LT. The possibility of recovery without surgery is
appealing to the patients and their parents, which translates
into a long follow-up period that can have episodic spikes of
the bilirubin levels to neurotoxic values. Thus, determining the
optimal time for LT is a crucial task: performing it too late can
lead to irreversible damage to the brain, while opting for the
operation at an early age increases the risk of complications.
In addition, LT undoubtedly implies intraoperative and
postoperative risks, and requires lifelong immunosuppression.
There is a case description covering LT from living related
donors to four children with CNS1 aged 2, 8.5, 15 months
and 13 years. All children exhibited high levels of unconjugated
bilirubin against the background of continuous PT. One patient
had neurological disorders as a consequence of bilirubin

encephalopathy. After transplantation, the bilirubin levels in all
children returned to normal, but the patient with neurological
deficits and spastic disorders died 10 months later due to
chronic aspiration syndrome. The authors of this case highlight
the importance of performing LT before the development
of neurological disorders [44]. It is important to start therapy
(exchange transfusion/plasmapheresis/PT) at the first signs of
bilirubin encephalopathy and consider LT at the early stage to
prevent neurological complications. There are other studies
that confirm the need for early LT, one of them is a clinical
case involving a transplantation to an 18-months-old child with
CNS1 performed when the growing level of bilirubin triggered
development of kernicterus accompanied by neurological
complications in the form of depression syndrome, increased
muscle tone, and, subsequently, athetoid motor disorders. The
patient received a left lobe of the liver from a deceased donor,
and the neurological disorders began to subside after that [45].
Other authors have described cases of LT to three patients with
CNS1 aged 7, 12, and 3 years. The seven-year-old child had
a mental retardation. The twelve-year-old patient had a more
severe brain damage: impaired motor coordination, delayed
speech, mental and physical development caused by bilirubin
encephalopathy. The three-year-old child did not exhibit any
signs of a neurological deficit. All of them needed intensive PT,
and none had complications connected therewith. Moreover,
the two patients with neurological disorders enjoyed better
mental and motor development indicator values after PT. These
results confirm the opinion that early LT can be an effective
treatment method allowing to prevent irreversible brain damage
in patients with the disease in question [46].

Multipotent mesenchymal stromal cells

In the last decade, stem cells have been studied intensively
as components of treatment of several metabolic disorders,
and CNS1. Multipotent mesenchymal stromal cells (MMSCs)
have also been used in CNS1 therapy. Such cells can be safely
obtained from the fetal membranes or the remaining placental
part of the navel cord after natural childbirth. The current
experience of using MMSCs in clinical practice confirms their
safety and lack of the need for immunosuppressive therapy.
Administered intravenously, these cells have been shown to
selectively accumulate in the liver; they can then differentiate
into hepatocytes, and participate in liver regeneration [47]. Stem
cells derived from bone and adipose tissues can restore liver
function by differentiating into hepatocytes, and cells derived
from the umbilical cord blood differentiate into cellular structures
similar to hepatocytes, which express markers specific to
hepatocytes and retain the potential for hepatogenesis required
in cell therapy. Cells derived from the placenta also have great
potential for multilinear differentiation [48-50]. Administration of
MMSCs obtained from human umbilical cord blood directly into
the liver of mice has shown a high potential for the restoration
of liver tissue and its functions [51, 52]. The data from these
studies indicate that cells isolated from the umbilical cord have
characteristics similar to those of bone marrow stem cells. In
a mice model of damaged liver, MMSCs cells distributed
throughout the body 7 days after transplantation, including
the liver. Fourteen days after transplantation, the liver of mice
saw expression of genes specific to hepatocytes. There is
a described case of transplanting MMSCs to a child with
CNS1 [53]. With six injections of the cells in the background,
the duration of PT has decreased to 2 hours a day within
2 years. The positive effect developed within 4-7 days after
administration and persisted for 2-3 months. There were no
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side effects or complications registered during and after the
transplantation. Thus, intravenous transplantation of MMSCs
is an effective treatment CNS1 that eases the need for PT,
significantly improves the quality of life of patients, and prolongs
the use of their own liver [53].

CONCLUSION

CNS is a serious disease with potentially disabling neurological
consequences and a possible lethal outcome. To date, no clear
protocol for the management of patients with CNS1 has been
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INCREASED PHYSICAL ACTIVITY UNDER CONDITIONS OF NORMOXIA CAUSES IDIOPATHIC
CACHEXIA IN HETEROCEPHALUS GLABER
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Enrichment of habitat of the captive rodents Heterocephalus glaber (naked mole rats) allowing them to implement the innate behavioral pattern of digging through hard
soil somehow led to the emergence of unusual animals showing signs of cachexia in the colony; these differed from other animals by the reduced body mass index
associated with subcutaneous fat reduction. Furthermore, the animals itself showed aggressive eating behavior, but showed no weight gain even after stopping digging
due to detachment of the camera with soil. The study aimed to clarify the pathogenetic mechanism underlying the reported phenomenon. For that animals showing signs
of cachexia (one female and two males aged 4-5 years) were withdrawn from the colony, along with the animals showing no such signs (two females and one male aged
4-5 years) as controls. Histologic assessment of tissues revealed cardiac hypertrophy and hyperlipofuscinosis of the liver. Cardiac hypertrophy was also suggested by
the results of the animal heart microRNA sequencing bioinformatics analysis that revealed elevated levels of microRNA responsible for the increased cell division activity
and reduced apoptotic activity in the heart. These data suggest that the animals living in the habitat with the increased oxygen content (21% vs. 8% in the natural habitat,
underground) experienced severe oxidative stress during physical activity, which resulted in dysfunction of body’s regulatory systems, increased metabolism at rest,
cardiovascular system overload, and damage to organs and tissues. Thus, naked mole rats can have normal physical activity only under conditions of low oxygen content.

Keywords: naked mole rat, cachexia, physical burden, oxidative stress, lipofuscinosis, basal metabolic rate, hyperoxia
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MOBbILLEHHAA ®U3NHECKAS HAIPY3KA B YCJIOBUAX HOPMOKCWW BbI3bIBAET
NANONATUHECKYHO KAXEKCUIKO Y HETEROCEPHALUS GLABER

M. A. AgpuaHos'=, M. 0. Bo6pos?, 1. 3. Mamenos®, B. H. MaHckux', A. A. Paukosa'*, A. M. LLlenexosa', 4. M. Onbgapos™*, O. A. ABepuHa’,
M. HO. Bbicokumx'#

" Hay4Ho-1ccneaoBatensCkuii HCTUTYT (UBMKO-XUMHECKOV Bronorm nveHmn A. H. Benosepckoro, MoCKOBCKWI FoCYAapCTBEHHbIN yHBEpCUTET MeHn M. B. JToMoHocosa,
Mocksa, Poccust

2 Hay4Ho-TexHonorndeckuii yHmsepcutet «Cupuyc», Cupuyc, Poccust

8 VIHCTUTYT BrioopraHuyeckoi xummm uvern M. M. LLiemsknHa n FO. A. OBumHHVKOBa Poccuiickon akagemun Hayk, Mocksa, Poccus

4 HaupoHabHbIN MeaULMHCKIN MCCNeaoBaTeNsCKUM LIEHTP akyLLepcTBa, MHEKONorv 1 nepuHaTonornn nvenn B. . Kynakosa, Mockea, Poccuist

Ob6oraLlleHre cpefbl 0OUTaHUS XMBYLLIX B HEBOJME rPbi3yHOB Heterocephalus glaber (ronbix 3eMeKOMoB), NO3BOMMBLLEE VM Peann30BaTh BPOXAEHHbI
NMoBefEHYECKNIA NaTTEPH PbITbS MIOTHOTO MPYHTA, HEM3BECTHBIM 0OPa30M MPYBENO K MOSIBIEHNIO B KOMOHMM HEOObIHHBIX >KMBOTHBIX C MPU3HAKaMM Kaxekcum,
OT/INHABLLMXCS OT OCTANbHbIX XMBOTHbBIX CHIKEHHBIM MHOEKCOM MaccChl Tefla Ha POHE YMEHbLLIEHWS! AOMM MOAKOXKHOrO »Xu1pa. Camu XUBOTHbIe AEMOHCTPUPOBAN
npvi 3TOM arpeccrBHOE NULLEBOE NOBEAEHWEe, HO He Habvpann Beca Aaxke Nocne NPeKpaLLeHys PbITbS MPU OTCOEAVHEHNN Kamepbl C rPyHTOM. Lienbio paboTb!
ObIN0 BbIACHUTL MaTOrEeHETUHECKMIA MEXaHN3M HabMOAAEMOro ABMeHNs. [1ns 8TOro 13 KOMOHUM U3BbSM XKUBOTHBIX C MPU3HaKaMM Kaxekcun (0pHa camka 1 asa
camua Bo3pacToM 4-5 NneT), a TakKe XXMBOTHbIX, HE MMEIOLLIMX AaHHbIX MPU3HAKOB (OBE CaMKW 1 OAMH CameL, BO3PacToM 4-5 NeT) B Ka4eCTBE KOHTPOMBHbIX. [1pn
MICTONOMMYECKOM aHanv3e TKaHei Oblnv BbIsiBNEHb! rMnepTpohus cepaLia v runepmnodycLvHo3 neveHn. Ha runetpoduio ceppla Takke ykasbiBanm pesynstarsl
BVONHOPMATNHECKOTO aHam3a CekBeHMpoBaHUS MMKPOPHK cepaua >XMBOTHbIX, KOTOPbIA MOKasan MOBbILLEHHbIN YPOBeHb MUKPOPHK, oTBeTCTBeHHbIX 3a
MOBBbILLIEHVE aKTVBHOCTN AENEHNS KNETOK, 1 CHDKEHNE aKTUBHOCTY anomTo3a B cepaLe. SN AaHHbIE CBUAETENBCTBYIOT O TOM, YTO XXMBOTHbIE, HAXOAACH B CPEAE
0BUTaHMS C NOBbILLEHHBIM 7151 HUX comepykaHmeM kucnopoaa (21% npotns 8% B eCTECTBEHHOW cpefe OOUTaHWS MOf, 3emneld), NPy BbINOMHEHN (PU3UHECKIX
Harpy30K UCMbITaM CUSbHBIA OKUCIUTENbBHBIA CTPECC, YTO MPUBENO K HapyLLEHWIO PaboTbl PEMYASTOPHBIX CUCTEM Oprannama, NMogbeMy mMetabonmamMa B Mokoe,
neperpyske paboTbl CEPAEHHO-COCYAMCTON CUCTEMBI 1 MOBPEXAEHNIO OPraHOB 1 TKaHel. Takvim 00pasoM, rosible 3eMIEKONbl MOMYT BECTU HOPMAUTbHYIO AJ1S HUX
PU3NHECKYIO aKTUBHOCTb TOMBKO B YCNOBUAX HU3KOTO COAEPXKaHNS KNCNopoaa.
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Naked mole rats (Heterocephalus glaber), the subterranean
rodents inhabiting the Horn of Africa (Somali, Ethiopia), are
incredibly interesting to study. One of their distinguishing
features is eusociality, while the other is abnormally high life
expectancy. Thus, naked mole rats having the relatively low
body weight (30-80 g) can live up to 37 years under laboratory
conditions [1], while the rodent with the same weight, such
as house mouse (Mus musculus), lives up to 3 years under
laboratory conditions and up to 1.5 years in the wild [2].

Creating housing conditions for laboratory animals similar to
that in the animals’ natural range is an essential component of
the studies using animals for assessment of various biological
processes. When dealing with naked mole rats, it is necessary
to maintain high temperature and humidity. However, creating
imitation of the underground labyrinth, which naked mole rats
would inhabit while staying at the laboratory, is the most time-
consuming process related to the naked mole rat housing [3].
The labyrinth itself consists of cylinders and connecting tunnels
made of acrylic glass. However, such a housing system does
not allow the animals to fully demonstrate their physical activity,
since the cylinders are partially filled with the substrate, the
animals could burrow. It is well known that low physical activity
sometimes results in alteration of the skeletal muscle structure,
which can lead to incorrect interpretation of the research
results when comparing with other model objects [4]. In this
regard, the laboratory staff decided to install a supplementary
compartment filled with clay with the density close to that of
the Horn of Africa soil in order to enrich the naked mole rats’
environment.

Naked mole rats almost immediately began to dig tunnels
in the sail, which was considered a normal animals’ response.
However, half a year later we started noticing exterior changes
in some animals. These began to lose weight, their facial
features became sharper, which resembled the state of other
animals suffering from cachexia [5]. We believed that the
reason was loss of the animal’s subcutaneous fat. Furthermore,
it should be noted that these animals were the first to approach
to food, which they did not transfer to the nest, instead of
what should have been done if these were workers, but eat it
immediately, which suggested their increased need for food. It
was decided to remove the compartment with clay and monitor
the animals’ body mass index throughout three years, with
subsequent assessment of microRNAs in the organs that could
be damaged: heart, kidney, liver, skeletal muscle. Moreover,
to determine the cause of such abnormal animals’ condition,
histological specimens of the studied tissues and organs were
prepared.

It was decided to study microRNA, because the naked
mole rats’ transcriptome is currently poorly understood, and
microRNA is an evolutionarily highly conserved structure
involved in regulation of expression of similar genes in different
species [6]. The study aimed to determine the cause of such
animals’ condition.

METHODS
Maintenance and care of animals

The colony of naked mole rats (n = 11) obtained from the Leibniz
Institute for Zoo and Wildlife Research (IZW) (Berlin, Germany)
was reproduced in the Belozersky Institute of Physico-
Chemical Biology, Lomonosov Moscow State University, to
54 animals before the study. Each animal had an individual RFID
chip implanted subcutaneously for identification in the colony.
The colony was kept in cylindrical plastic containers connected
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to each other with plastic tubes at a temperature of 27 + 1 °C,
humidity 50 + 10%, and the 12 : 12 h light/dark cycle (10:00-
22:00 — light). The diet consisted of apples, sweet potatoes,
carrots, cereals provided every day. The animals did not need
water, since, due to their physiology, these can get water from
solid foods only. To enrich the naked mole rats’ environment,
a rectangular container with high-density clay mimicking the
soil typical for the animals’ natural habitat was installed in
the colony. The container was removed immediately after the
emergence of the signs of cachexia in 9 animals (3 females and
6 males aged 2-6 years) out of 54. To control the condition
of these animals, their body mass index was monitored every
4-5 months and compared with that of the control animals of
the same age (n = 9; 4 females and 5 males). The animals were
euthanized by decapitation after being anesthesized using
inhalatory 5% isoflurane (Laboratorios Karizoo. S.A., Spain)
with the flow rate of 0.4 L/min in the R500 unit (RWD, China).

Experimental groups of animals for histological
assessment and microRNA sequencing

Two groups of naked mole rats were selected for the study:
healthy animals (n = 3, one female and two males) with body
temperature of 30 °C, body mass index of 0.33, and animals
having an asthenic type (n = 3, two females and one male) with
body temperature of 27 °C, body mass index of 0.25.

Animals’ body mass index calculation

Body mass index (BMI, g/cm?) was calculated using the following
formula: BMI = animal’s body weight, g / (animal’s body length, cm)?.

Histological assessment

The animals’ liver specimens were fixed with the 10%
formalin in 0.1M phosphate buffer (pH = 7.4); dehydrated in
five portions of isopropyl alcohol (BioVitrum, Russia), 2 h per
portion; soaked in two portions of the Histomix paraffin medium
(BioVitrum, Russia), 2 h per portion, and embedded in paraffin
blocks. The 3 um slices were cut using the rotary microtome
(Leika, Germany) and stained with Carazzi's hematoxylin and
eosin in accordance with the routine protocol. The slides were
examined using the AxioScope A1 microscope (Karl Zeiss,
Germany). The MRc.5 digital camera (Karl Zeiss, Germany) was
used for imaging.

MicroRNA extraction and sequencing

After euthanasia, liver, kidney, heart, skeletal muscle specimens
were collected from each animal. RNA fractions containing
microRNA were extracted from the tissue specimens using
the miRNEasy kits (Qiagen, USA). The samples obtained
were later used to create cDNA libraries and for further
sequencing. The extracted fraction quality was assessed by
microelectrophoresis on Bioanalyzer chips (Agilent, USA).
Samples with the RNA integrity number (RIN) of at least 8 were
selected for sequencing.

Sequencing involved the use of the NextSeq platform
(Mlumina, USA) and reagents and disposables from the
NextSeq 500/550 High Output v2 kit (llumina, USA). The cDNA
libraries were prepared from the extracted RNA samples using
the NEBnext kits (NEB, USA) in accordance with the methods
recommended by the manufacturer. Qualitative and quantitative
analysis of the libraries was conducted by Bioanalyzer
microelectrophoresis (Agilent, USA) and fluorometry in Qubit
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Dynamic changes in the animals’ BMI
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Fig. 1. Curve of the dynamic changes in the animals’ BMI. * — p < 0.05

(ThermoFisher, USA). The sequencing quality was estimated
using the BaseSpace service (lllumina, USA) based on the
following parameters: cluster density, signal intensities in
detection channels, percentage of clusters passing filter based
on the aligned reads output. All the parameters were within the
permissible range.

Bioinformatics analysis of microRNA sequencing data

The nucleotide sequences (reads) obtained by sequencing
were subjected to mandatory quality control involving the use
of the fastqc software tool; high-quality reads were selected
for further testing (>30). Adapters were removed using the
cutadapt software tool. After adapter removal, only sequences
of 18-31 nucleotides corresponding to small RNAs were
selected for further assessment.

The search for microRNA was performed using the
mirDeep2 algorithm based on the naked mole rat genome and
using information about the related genome (Mus musculus).
Then random and/or non-specific sequences were delected
from the general list of sequences. Only sequences found in
more than 60% of samples of the subgroup (experimental or
control group for appropriate tissue or organ) that had passed
all quality filters were selected for further assessment.

MicroRNA annotation and analysis

The search for human orthologs was performed for all microRNAs
that had passed all filters using the blastn software tool; the
human microRNA Mirbase v.22 database (https://mirbase.org/)
was used as a database for comparison.

The microRNA-target interactions database Mirtarbase v 9.0
(https://mirtarbase.cuhk.edu.cn/~miRTarBase) and miRDB
(https://mirdb.org/mirdb) were used to search for possible
microRNA targets. Only interactions confirmed by the so-called
“strong” evidence (by quantitative PCR, blotting or the use of
reporter gene) were selected in Mirtarbase. The microRNA
targets having the target score above 80 were selected in the
miRDB database.

Enrichment based on various databases, such as GO,
KEGG, Reactome, Wikipathways, using the STRING platform

(https://string-db.org/) was performed for the microRNA-target
pairs selected by this method in order to identify the most
involved metabolic pathways and processes.

Statistical data processing

The data were processed in IBM® SPSS® 24 (IBM, USA) using
the Mann-Whitney U test. The differences were considered
significant at p < 0.05.

RESULTS
Animals’ exterior

In the end of the study the animals with signs of cachexia had a
significantly decreased BMI (by 15%) compared to the control
animals from the same colony (Fig. 1). Exterior of the animals
suffering from cachexia was dramatically different from that of
the control animals. These animals had sunken flanks, sharp
facial features (Fig. 2).

Histological assessment of the liver

After retrieval of the liver following euthanasia of the animals
suffering from cachexia, the liver was deep brown, in contrast
to that of the control animals (Fig. 3). Histological assessment
of the liver revealed a complex of unique alterations not
previously reported for mole rats. All the animals with
spontaneous idiopathic cachexia showed accumulation
of the large amount of light brown pigment, lipofuscin, in
hepatocytes. In some animals, this pigment was more or
less evenly distributed across hepatocytes of the liver lobule. In
other animals, pigment deposition mainly in pericentral zones
with the development of the clearly visible fatty degeneration
of hepatocytes was observed. Furthermore, hepatocellular
hypertrophy with dramatic enlargement of the cells and nuclei and
the emergence of numerous eosinophilic granules (mitochondria)
in the cytoplasm was found in periportal areas. In certain animals,
the extramedullary hematopoiesis and erythrophagocytosis by
hepatocytes phenomena were observed. In healthy animals, there
were no lipofuscin or dystrophic changes in hepatocytes (Fig. 4).
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Fig. 2. A. Exterior of the healthy animal. B. Exterior of the animal with idiopathic
cachexia

As is well known, lipofuscin is produced from the remnants of
the membranes of intracellular organelles after their degradation
in autophagosomes. That is why lipofuscin deposition in
hepatocytes is a morphological sign of autophagy intensification
and liver cell ageing.

Annotation of naked mole rat microRNA

After filtration of the sequences obtained by sequencing based
on the length and quality, microRNA sequences from the naked
mole rat liver, kidney, heart, and skeletal muscle were obtained.
The overall pool of all the sequences identified was annotated
similarly to human orthologs in Mirbase. The naked mole rat
microRNA base was created for the first time (Table 1). A total
of 162 sequences were reported 90-100% identical to human
analogues. Moreover, no human analogues were identified
for 22 naked mole rat small RNA sequences. Therefore, it is

Fig. 3. View of the liver of the animal with idiopathic cachexia

reasonable to suppose that additional specific regulation of
gene expression is typical for naked mole rats. Its adaptive
value can be explored in the future by studying the range of
microRNAs of the species genetically and environmentally
close to naked mole rats (Mus musculus, Cavia porcellus,
Ellobius talpinus, Cryptomys damarensis).

Potential targets were analyzed and enrichment based
on GO, KEGG, Reactome, Wikipathways was performed for
microRNAs identified in the liver, kidney, heart, and skeletal
muscle (Table 2-5). The analysis of the signaling pathways and
processes related to the microRNAs identified and their target
genes has shown that there are numerous multidirectional
ones determining a large number of cellular and even
extracellular functions that are involved in normal physiology
and spontaneous idiopathic cachexia of naked mole rats. In
particular, such distant processes are dealt with, as anatomical
structure development and double-stranded DNA binding.

Fig. 4. A. Liver of the healthy animal. B. Liver of the animal with idiopathic cachexia. Brown inclusions in the cytoplasm are the lipofuscin deposits. H&E stain, 400x.
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Especially noteworthy is the presence of microRNAs responsible
for regulation of expression of the genes suppressing apoptosis,
but inducing cell division in the naked mole rat heart.

DISCUSSION

The exterior and altered BMI of the animals suffering from cachexia
suggest thet these animals failed to gain weight for some unknown
reason, but demonstrated the same eating behavior, as other
members of the colony, and were even more aggressive with food,
since being workers the animals did not carry food to the nesting
compartment, but eat it immediately in the feeding compartment.
Perhaps this is because these animals show much higher
energy expenditure at rest, than the control animals, for
example, as the hyperthyroid induced rats [7]. This is consistent
with the data derived from the microRNA sequencing results.
The animals suffering from cachexia have the increased share
of microRNAs responsible for elevated cell division activity and
the decrease in activity of programmed cell death and apoptosis
in the heart, which suggests increased cell proliferation in the
myocardium followed by its hypertrophy and is also associated
with induced hyperthyroidism in mice [8]. Such hypertrophy is
essential for the cardiac output increase; when the heart rate is
increased, this leads to acceleration of metabolism, which was
likely to be demonstrated by the animals unable to gain weight
while maintaining the same diet. Such alterations in the heart
can result in its failure observed in humans also suffering from
hyperthyroidism, which will result in lower life expectancy of the
animals suffering from cachexia compared to healthy animals [9].
The reported cachexic condition of the animals was also
reflected by the animals’ liver. The liver itself was bright brown,
almost black. This can be associated with large deposits of
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INTERFERON TYPE I-EXPRESSING RECOMBINANT VACCINIA VIRUS AS A PLATFORM FOR SELECTIVE
IMMUNOTHERAPY OF GLIOBLASTOMA AND MELANOMA
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Immunotherapy with oncolytic viruses (OVs) becomes a full-fledged neoadjuvant therapy method in the paradigm of evidence-based medicine for the growing number
of cancers. The use of OVs for immunologically “cold” tumors causing minimal immune response and having the clearly immunosuppressive tumor microenvironment
is especially relevant. Recombinant OVs carrying the sequences of proteins activating the immune system can be used to stimulate antitumor response. The study
aimed to assess oncoselectivity and antitumor activity of the recombinant OV designed based on the LIVP vaccinia virus strain showing expression of human and
murine interpheron alpha sequences (hIFNa and mIFNa, respectively). The in vitro experiments showed that the recombinant OVs designed showed oncoselectivity
in relation to tumor cell lines of appropriate species. The ability to effectively infect human adenocarcinoma and glioblastoma cell lines was reported for LIVP-hIFNa.
LIVP-mIFNa showed selectivity in relation to glioma GI261 and melanoma B16 in vitro. The in vivo experiment involving the C57BI/6 mice with subcutaneous melanoma
B16 showed the ability of the intravenously administered LIVP-mIFNa to reduce the size of the subcutaneous tumor allograft and increase tumor infiltration with the
CD8* and NK cells. The recombinant virus designed can be a potential platform for the development of oncolytic virotherapy of human melanoma and glioblastoma.
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PEKOMBUHAHTHbIV BUPYC OCMOBAKLMHbI, 9KCMPECCUPYIOLLUNA UHTEP®EPOH TUMNA 1,
KAK MNIAT®OOPMA AN151 CENIEKTUBHOW MUMMYHOTEPAMUU MUOB/IACTOMbI U MENTAHOMBI

E. P. HabepexHas', A. B. Cobonesa’, I'. O. Bopobbér', B. B. BagexuHa', I M. KOcybannesa'??, L. B. Vicaesa?, B. . bBaknayies'?34,

. M. Yymakos', A. B. Jlunatosa' =

" VIHCTUTYT MonekynsipHor 6uonornn nMenn SHrenbrapara Poccuiickoin akagemun Hayk, Mocksa, Poccyist

2 deneparibHbIN HayYHO-KIMHUHECKII LIEHTP CrieLvarin3upoBaHHbIX BIALOB MEAVILIMHCKON MOMOLLW 1 MEAVLIMHCKYIX TexHonorin defepasbHOro Meaviko-61onornieckoro areHTeTea, Mockea, Poccyist

3 depepanbHbIA LEHTP MO3ra U HepoTexHonoruii ®eaepansHoro Meayko-61onornyeckoro areHTcTea, Mockea, Poccyist

4 Hay4Ho-1ccnefoBaTenbCKuii MHCTUTYT NynbMoHonorun defepanbHoro Meanko-bronorndeckoro areHTcTsa, Mockea, Poccus

VIMMyHOTEpanmna oHkonmTyieckumm Brpycami (OB) CTaHOBUTCSA MOIHOLIEHHBIM METOAOM HEO3AbIOBAHTHOM Tepanum B NapagnrMe fokasatelsHOM MeAMLMHbI
N5t Bce 60MbLLEro Yncna OHKONorniecknx 3abonesanunin. OCobeHHO akTyanbHO npuMeHeHre OB ans UMMYHONOMMYECKN «XONOAHbIX» OMyXOSel, BbI3bIBAIOLLIX
MVHUMaBHBIA IMMYHHBIA OTBET 1 06MafatoLLIMX BbIPaXKEHHBIM MMMYHOCYMPECCUBHBIM OMyXONeBbIM MUKPOOKPYXKeHVEM. [N CTUMYNALIMM MPOTUBOOMNYXONEBOro
OTBETa MPUMEHNMbI PEKOMOBVHaHTHbIe OB, HeCyLLe MOCNEA0BATENBHOCTY MMMYHOAKTUBMPYIOLLIX 6enkoB. Lienbto paboTbl Oblno NcCnenoBaTb OHKOCENEKTUBHOCT
1 MPOTUBOOMYXONEBYIO aKTUBHOCTL pekombuHaHTHoro OB, cosgaHHoro Ha 6ase Wwramma LIVP Brupyca ocnoBaKLyHbI, 9KCNPECCUpYOLLLEro NOceaoBaTelbHOCTM
nHTEepdepoHa-anbta venoseka 1 Mol (hIFNa 1 mIFNa cooTBeTcTBEHHO). B 9KCneprMeHTax ¢ noMoLLbto MeToda Praa v MeHya 6bino nokasaHo, YTo co3faaHHble
pekoMOnHaHTHble OB MposiBASIOT OHKOCENEKTUBHOCTL B OTHOLLIEHWM OMyXONEeBbIX JMHWIA cooTBeTCTBYoLLEero Buaa. [Ana LIVP-hIFNa nokasaHa cnocobHocTb
athheKTMBHO 3apaxkaTb NMHUM afaeHOKapLIMHOMBI 1 rnobnacTtomsl Yenoseka. Ans LIVP-mIFNa in vitro npoaeMoHCTpupoBaHa CenekTMBHOCTb B OTHOLLIEHMN
rnnombl GI261 1 menaHombl B16. B akcnepumMeHTe in vivo Ha Mbllwax nnHnn C57BI/6 ¢ noakoxkHo menaHomol B16 nokasaHa cnocobHocTb LIVP-mIFNa nocne
BHYTPVBEHHOIO BBEAEHWNS YMEHbLUATb 06 beM NMOAKOXKHOrO anfnorpadrta onyxom 1 yBenmymsate MHbunstpaumio onyxonm CD8*- n NK-knetkamu. CosgaHHbIn
PEKOMOUHAHTHbI BUPYC MOXET ObITb MOTEHLMANBHON NNaTopMolt Ans pa3paboTKy OHKONMTUHECKON BUPOTEPanv MENaHoMbI 1 IMMobnacToMbl YenoBeka.

KntoueBble cnoBa: OHKOMUTUHECKIME BUPYChI, MHTEPMEPOH, BUPYCHbIN OHKOMNG, PEKOMOUHAHTHBIE LUTaMMbI BUPYCa OCMOBaKLHbI

®durHaHCUpoOBaHWe: CO3haHNe PEKOMOVHAHTHbIX LUTAMMOB BMPYCa OCMOBaKLMHbI ObIIO BbINOMHEHO MPY NOAAEMKKE rpaHTa PoCCUINCKOro Hay4HOro thoHaa
Ne 23-14-00370, ndy4eHre 1x CBOWCTB Ha MOAENSX in Vitro v in vivo MPOBOAMIOCH NMPW MOAEPKe rpaHTa Poccuinckoro Hay4Horo oHaa Ne 22-64-00057,
FMCTONOMNHECKNE 1 UMMYHOMMCTOXVIMUHYECKIME UCCIEA0BaHMS OMyXOeBon TKaHy Nposoavan npu nogaepxke PMBA Poccum.
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Though many therapeutic approaches are now available
including modern surgery with intraoperative navigation,
radiotherapy, neoadjuvant therapy with targeted drugs,
immune checkpoint inhibitors, the survival rates for patients
with some cancers such as glioblastoma, metastatic melanoma
and a number of carcinomas with primary metastasis remain
extremely low. Development of new therapeutic approaches
aimed at elimination or prevention of distant metastases is
therefore of high significance.

An important requirement for developing new antitumor
agents is a highly selective oncolytic action, the ability to
detect and destroy malignant/metastatic tumor cells only.
Non-pathogenic or attenuated viruses are ideal candidates for
the development of tumor-selective agents. Tumor selective
therapeutic strains are capable of destroying tumor cells by
replicating efficiently in the cells without damaging normal
tissues [1].

Currently, using Poxviridae viruses as prototypes of
oncolytic viruses for the treatment of metastatic carcinomas
and melanoma is of particular attention. A promising oncolytic
virus belonging to the poxvirus family is vaccinia virus (VV) [2],
in particular, the Russian variant of the Lister VV strain (LIVP W). The
strain was widely used in the Smallpox Eradication Campaign
(SEQC); it is highly tumor selective [3, 4], in particular, the
thymidine kinase (TK) knockout leads to selective replication of
the virus in tumor cells where TK is usually overexpressed [5].

To improve the antitumor properties of attenuated VV
strains, recombinant VV strains expressing different transgenes
are costructed [6]. To date, many transgenes are known to be
effectively expressed in VV including genes encoding cytokines
and their receptors [7], immunostimulators [8-10], oncotoxic
proteins [11], and angiogenesis inhibitors [12].

In this study, we constructed highly tumor selective poxvirus
strains expressing human or mouse IFNa and tagRFP in a
bicistronic cassette. The expression of IFNa by a recombinant
oncolytic strain can enhance indirect immune-mediated
oncolytic action through inducing the expression of the major
histocompatibility complex class | molecules, increased
activity of cytotoxic T lymphocytes, activation of T helper cells,
macrophages, and NK cells [13].

In normal cells, interferon secretion stops protein translation
and cell cycle processes and slows down cell metabolism
[14]; protecting cells from viruses interferon mechanisms are
therefore interfere with tumor cell proliferation. Microevolution
results in accumulating errors in the signaling pathways of
interferon induction and interferon response in tumor cells and
as a conseqguence, cells may lose their antiviral defense abilities
[15, 16]. The loss of protective interferon response mechanisms
is one of the factors responsible for the uncontrolled proliferation
of tumor cells [17].

Another thing making the oncolytic virotherapy so promising
is the ability of OVs to induce a long-lasting cancer-specific
immune activation [18]. Viruses kill tumor cells releasing various
molecules such as tumor-associated antigens, pathogen-
associated molecular patterns, damage-associated molecular
patterns and cytokines [19]. The molecules promote activation
of immune antigen-presenting cells and T cells developing an
effective adaptive immune response against the tumor [20, 21].

Type | interferons inhibit virus replication in normal cells
however, in tumor cells the inhibition is less effective [8, 17].
Type | interferons therefore have antitumor effect and are able
to induce tumor specific cytotoxic T-lymphocytes and activate
antiangiogenic factors [22]. Furthermore, vaccinia virus inhibits
the interferon response system through the expression of
certain genes [22]. The aim of the study was to evaluate the
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significance of interferon expression by vaccinia virus for the
oncolytic activity of the virus.

METHODS
Vaccinia virus strains

LIVP-hIFNa, vaccinia virus expressing human IFNa and
tagRFP; LIVP-mIFNa, vaccinia virus expressing mouse IFNa
and tagRFP; LIVP-RFP, vaccinia virus expressing tagRFP.

Cell cultures

BHK-21 — baby hamster kidney cell line; HEK293T —
transformed human embryonic kidney cell line containing
SV40-antigen; U-87 MG, DBTRG-05MG, U251-MG, PrGlioma
3821, PrGlioma 6067, PrGlioma 6138 — human glioblastoma
cell lines; HeLa — human cervical carcinoma cell line; HEF —
human embryonic fibroblast cell line; Embr.astro — human
embryonic astrocyte cell line; B16 — murine melanoma cell line;
4T1 — murine breast cancer cell line.

Cell lines were cultured on DMEM medium (PanEco, Russia)
with addition of 10% fetal bovine serum (FBS) (HyClone, USA),
penicillin-streptomycin (PanEco, Russia) and 2 mM L-glutamine.
The cells were cultured at 37 °C and 5% CO,, and the medium
changed every 3-5 days.

Construction of recombinant vaccinia virus strains
expressing mouse and human IFNa

Preparation of plasmid constructs for recombination

To obtain mouse IFNa cDNA fragment, Balb/c female was
infected with Sendai virus (Moscow strain), 1x10° infectious
particles. After 24 h, the mouse was euthanized. mRNA was
extracted from spleen (Total RNA Isolation Kit, Evrogen, Russia)
according to manufacturer's recommendations. cDNA was
prepared by reverse transcription using Superscript Il cDNA
synthesis kit according to the manufacturer's instructions.
Fragments were amplified by PCR using specific primers:

Forward: 5'-ATGGGGCTAGGCTCTGTGTG-3'

Reverse: 5'-TTTCTCTCTTCTCTCTCTCAGTCTTCCCA-3!

Human IFNa cDNA was obtained by reverse transcription of
total RNA from peripheral blood mononuclear cells of a healthy
donor. Primer sequences used for amplification:

Direct 5'-ATGGCCCCTCGCCCTTTGC-3!

Reverse: 5'-TTCCTTCCTCCTCCTCCTTAATCTTTCTTTCT
TGCAAG-3'

After obtaining the amplicon, one more PCR was performed
with primers containing restriction sites. The fragments were
cloned using sticky ends into a shuttle vector developed
previously in the Cell Proliferation Laboratory. The constructs
were sequenced using Sanger method.

The constructs were transfected into the HEK293T cells
using PEI [23] followed by infection with LIVP variant of the Lister
strain of vaccinia virus. Using the plague method, recombinant
strains were selected on the BHK-21 line [7] and amplified as
described previously [24].

Assessment of sensitivity of tumor cell lines
to vaccinia virus strains

The sensitivity of tumor cell lines to vaccinia virus strains was
assessed using resazurin staining. For this purpose, cells
were spread on 96-well plates and infected with 10-fold serial
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Fig. 1. Schematic illustration of the plasmid design

dilutions of the virus. Virus-free medium was used as a control.
The cells were incubated at 37 °C, 5% CO,. Cytotoxicity was
assessed 72 h after infection. The test is based on the ability of
viable cells to convert resazurin to resorufin by redox reactions.
Cells were incubated with the dye for 4 h. The fluorescence
level was measured at 590 nm using an excitation wavelength
of 560 nm on a CLARIOstar microplate reader (BMG Labtech,
Germany). Based on obtained data, the number of live cells
was counted as a percentage relative to control, with TCID,,
values calculated.

Assessment of viral kinetics by flow cytometry

RFP expression in infected cells correlated with virus replication.
Cell lines were seeded into 24-well plates (1x 10°% /well).
Cells were infected with LIVP-hIFNa (MOI of 1, 0.1). Cells
were collected 24, 48, 72, 96 h after infection for analysis by
flow cytometry. Samples were analyzed by red fluorescence
detection in PE channel using a BD LSR Fortessa cytofluorimeter
(Beckman Dickinson, Franklin Lakes, NJ, USA) with 10,000
events per sample.

C and F — combined image). 200x magnification; scale bar = 100 pm

-

Fig. 2. Photographs of BHK-21 cells 24 h after infection with LIVP-mIFNa (A-C) and LIVP-hIFNa (D-F)

Evaluation of the functional activity of interferon
expressed by viruses

Vesicular stomatitis virus (Indiana strain) is a strain sensitive
to the antiviral state of cells having no cytopathic effect (CPE)
on cells with a functional interferon response system after
treatment with interferon. IFNa-containing supernatant was
obtained from virus-containing medium taken from BHK-21
cells infected with LIVP-hIFNa strain or HEK293T line in case of
the LIVP-mIFNa strain. Virus-containing medium was collected
after 48 h, centrifugated at 4 °C 4000 rpm for 20 min, filtered
through 0.22 pm filter, and a supernatant containing IFNa was
obtained. Only trace amounts of vaccinia virus remained in the
filtered supernatant. The tumor cell line was treated in three
repeats with recombinant human IFNa2 (Pharmaclone, Russia)
or mouse recombinant interferon alpha (752802, Biolegend,
USA) at different concentrations, and the supernatant with IFNa
interferons at different concentrations. Supernatant from cells
infected with LIVP-RFP and cells without interferon treatment
were used as control. One day after interferon treatment, the
absence of viral infection was checked using fluorescence

(A and D — light field; B and E — red fluorescent channel;
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Fig. 3. Evaluation of virus replication kinetics 24, 48, 72 and 96 h after infection with recombinant VV strain on different cell lines

microscope. 24h after supernatant/interferon treatment, cells
were infected with VSV in different multiplicities (100, 10,
1, 0.1, 0.01, 0.001). After 24 h, the cytopathic effect was
assessed relative to the uninfected VSV control. And TCID,,
was calculated using the Reed-Muench method.

Modeling of subcutaneous melanoma in C57BI/6
mice, virus administration

Female (n = 12) and male (n = 12) C57BI/6 mice at 6-8 weeks
of age were injected subcutaneously, above the posterior thigh,
with 1x106 B16 cells to model the melanoma. Each day, tumor
growth and development were assessed by visual inspection
and measurement of tumor nodule size using a caliper. On the
seventh day, mice with confirmed growth of subcutaneous
tumor allografts were randomly assigned into three groups,
LIVP-mIFNa (n = 8), LIVP-RFP (n = 8), and control (n = 8),
with 4 females and 4 males in each group. LIVP-mIFNa and
LIVP-RFP virus-containing solutions of 5 x 10 BOU/mL were
dissolved in 100 yL PBS and injected intravenously into mice
of the respective groups on day 7 and day 10 after tumor
implantation. Animals in the control group were injected with
saline at the same time points. The animals were observed
during 24 days, and tumor size was measured to assess the
dynamics of tumor growth or regression before treatment and
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every 2 days thereafter. Tumor volume was calculated using
the formula:

_axp

\Y 5

©)

where ais the smaller of the two orthogonal tumor measurements,
b is the second orthogonal measurement. The average tumor
volume (Vcp) was calculated in each group.

Histologic and immunohistochemical analysis

Histologic analysis was performed using three additional
groups of C57BI/6 mice that were injected with LIVP-mIFNa
(n = 3), LIVP-RFP (n = 3), and saline (n = 3) in the same manner.
On the 24th day after tumor implantation (14" day after the
last virus injection), the animals were deeply anesthetized by
intraperitoneal injection of a prohibitive dose of propofol; after
apnea occurred, the mice were euthanized by dislocation of
the cervical vertebrae; subcutaneous tumor allografts were
carefully isolated together with the surrounding tissue to avoid
damage to cystic cavities and placed in a tenfold volume of
10% neutral buffered formalin for 72 hours. Fixed tissues were
dehydrated in ethanol solutions of ascending concentration
(70%, 80%, 96%), then in isopropanol and O-xylene, and then
embedded in paraffin. Paraffin sections 3-5 pm thick were
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Fig. 4. Sensitivity of tumor and normal cell lines to vaccinia virus expressing tagRFP and a) human IFNa and b) mouse IFNa. X-axis: tumor cell lines, Y-axis: IgTCID, /ml

prepared using a rotary microtome and mounted on slides.
The sections were deparaffinized in O-xylene, isopropanol
and ethanol before staining. For histologic examination, slices
were stained with hematoxylin for 10 min, washed with distilled
water, then with running tap water and stained with eosin for
30 s. Slices were rehydrated in 96% ethanol, isopropanol, and
O-xylene and mounted using Vitrogel medium and 0.15 mm
coverslips. Immunoperoxidase staining of paraffin sections for
immune cell markers was performed using Benchmark Ultra
Immunostainer (Ventana, USA) with primary antibodies to CD4,
CD8, CD56 (Roche, USA) and OptiView DAB IHC Detection Kit
(Roche, USA) according to the manufacturer's protocols. The
stained and coverslipped preparations were scanned using
Leica Aperio GT450 DX scanner (Leica Biosystems, USA) and
processed at 20x magnification using Aperio ImageScope
software.

RESULTS
Construction of recombinant strains

The IFNa gene is one of the promising transgenes that can
enhance virus tumor selectivity due to its immunostimulatory
properties and inhibition of viral replication in normal tissues.
In our work, we constructed recombinant strains of the LIVP
biovariety expressing under the control of the p7.5k VW IFNa
promoter (human or mouse) as part of a bicistronic cassette
with the red fluorescent protein RFP (Fig. 1). The use of this
early promoter allowed to achieve a high level of interferon
expression in tumor cells.

For further cultivation of the recombinant vaccinia virus
strain, BHK-21 cell culture was used due to its high sensitivity to
vaccinia virus. The recombinant variants expressed fluorescent
protein (Fig. 2). The correctness of transgene expression
was confirmed by Sanger sequencing of the amplicons of
transcripts flanked by regions of the thymidine kinase gene of
the vaccinia virus.

The efficiency of virus replication in different tumor lines was
determined by flow cytometry 24, 48, 72, and 96 h after infection.
Human Hela adenocarcinoma and U251-MG glioblastoma,
mouse B16 melanoma and 4T1 adenocarcinoma tumor cell
lines were tested. BHK-21 cell line was used as a reference
cell line. HeLa and U251-MG cell cultures were infected
at MOI 1 and 0.1 with LIVP-hIFNa, LIVP-RFP strains. B16
and 4T1 cell cultures were infected in the same multiplicities
with LIVP-mIFNa, LIVP-RFP strains. At 24, 48, 72, and 96 h
after infection, the percentage of RFP-positive cells was
determined.

The recombinant LIVP-mIFNa strain was found to replicate
poorly in 4T1 adenocarcinoma however, more than 20%
replication was observed in B16 melanoma at MOI 1 (Figure 3).
LIVP-hIFNa showed efficient replication in human tumor
cell cultures. After 24 h, the Hela line infected with different
multiplicities showed the maximum infectivity among the lines
tested: 34.44 + 1.38% for MOI 1 and 7.82 + 0.96% for MOI
0.1. In human glioblastoma culture LIVP-hIFNa virus replication
in case of MOI 1 was almost 100% 96 h after infection. To
confirm the hypothesis of tumor selectivity of LIVP-hIFNa
against glioblastoma, we tested its cytopathic effect on
expanded panel of the tumor lines.
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Fig. 5. Evaluation of functional activity of interferons expressed by LIVP-hIFNa strains on U87-MG cell line (A) and LIVP-mIFNa on the B16 cell line (B)

Evaluation of the cytopathogenic action of recombinant
strains on a panel of tumor and normal cell lines

The oncolytic activity of vaccinia viruses expressing interferon
alpha was examined in comparison with the tagRFP expressing
strain on a panel of human and mouse tumor and normal cells.
By titrating LIVP-hIFNa virus using Reed-Muench method and
determining TCID,, value, the sensitivity of glioblastoma cell
lines U-87 MG, DBTRG-05MG, U251-MG, PrGlioma 3821,
PrGlioma 6067, PrGlioma 6138 was evaluated (Fig. 4A) as well
as of the two normal cell lines: human embryonic fibroblast
line HEF, human embryonic astrocyte line Embr.astro. A strain
expressing mouse interferon was tested on murine glioma cell
lines CT2A and GL261 as well as on adenocarcinoma 4T1 and
melanoma B16 (Fig. 4B).

Human glioblastoma lines were shown to be highly sensitivite
to LIVP-hIFNa comparable to sensitivity of glioblastoma cells to
the control virus expressing tagRFP (Fig. 4). Normal fibroblasts
and astrocytes were found to have a lower sensitivity to vaccinia
virus expressing hiFNa than to virus expressing tagRFP. The
data suggest that the recombinant strain is more tumor selective
compared to the control strain LIVP-RFP. Similar sensitivity levels
of the cell lines to IFNa-expressing and tagRFP-expressing
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viruses are in turn an evidence of the persisting direct cytopathic
activity of the interferon-expressing virus against tumor cells.

Assessment of the functional activity
of interferons expressed by vaccinia virus

The functional activity of interferons expressed by vaccinia
virus was tested in the commmon way using vesicular stomatitis
virus (VSV). Vesicular stomatitis virus is sensitive to the antiviral
state of cells having no cytopathic effect (CPE) on cells with
a functional interferon response system after treatment with
interferon. Tumor cell lines U87-MG and B16 were shown to
have a functional interferon response system [25]. Cell cultures
were treated with filtered supernatant taken from cells infected
with LIVP-hIFNa or LIVP-mIFNa as well as manufactured
recombinant IFNas (Fig. 5). Cells without interferon treatment
and cells treated with filtered supernatant isolated from LIVP-
RFP-infected cells were used as controls.

For the human interferon experiment, we used supernatant
isolated from the BHK-21 cell line infected with LIVP-hIFNa. For
the experiment with LIVP-mIFNa strain, we used supernatant
from the HEK293T cell line, since mouse and hamster
interferons are cross-reactive.
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Fig. 6. Dynamics of tumor growth after LIVP-mIFNa injection

One day after interferon treatment, an absence of viral infection
was checked using fluorescence microscope. 24 hafter interferon
treatment, cells were infected with VSV in different multiplicities of
infection.

Cytopathic effect (CPE) of vesicular stomatitis virus was
not observed in cells treated with 320 units/ml recombinant
interferon and for cells treated with 2% dilution of conditioned
medium in the case of human interferon. For mouse interferon,
CPE was not observed in cells treated with 6.6 ng/ml recombinant
interferon or 0.25% dilution of conditioned medium.

Antitumor activity of LIVP-mIFN« in vivo

The oncolytic activity of LIVP-mIFNa vaccinia virus was
investigated in C57BIl/6 mice with murine melanoma B16 (Fig. 6).
Intravenous injections of virus were performed on day 7 and
day 10 after tumor implantation. The control group of mice was
injected with saline solution.

Tumor volumes were measured once every 2 days. Smaller
tumor volumes were observed during treatment with vaccinia

H&E

Control

RFP

INFa

CD4

virus compared to the control group, especially when treated
with virus expressing murine interferon alpha. The mean tumor
volume was 1800 mm? in the control group, 1450 mm? in the
group receiving LIVP-RFP, and 650 mm? in the group receiving
virus with murine interferon alfa (p-value < 0.01). Tumor volume
reduction was 64% as compared to the control group (Fig. 6).
Summarizing the results, we can conclude that the
developed tumor-selective strain of vaccinia virus expressing
functionally active murine interferon alpha has significant
antitumor activity in the murine melanoma B16 model.

DISCUSSION

DNA-containing vaccinia virus is a promising platform for
construction of selective recombinant oncolytic strains as up
to 25 kb fragments can be inserted into the virus genome
[6]. To date, recombinant VV strains containing sequences
of cytokines, chemokines, oncotoxic proteins [11], bacterial
immune attractants (e.g., the ligand of the innate immune
system receptor TLR5 flagellin [10]), and other proteins

CD8

Fig. 7. Histological and immunohistochemical examination of tumor preparations 24 days after inoculation. A. Hematoxylin and eosin staining (general view of the
tumor on the left side images and fragments at x200 magnification on the right side images). B. Immunohistochemical staining for differentiation clusters: CD4, CD8,
CD56. Representative preparations of animals from the control group, the group with LIVP-RFP, and the LIVP-mIFNa group, respectively, are shown from top to bottom.
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activating antitumor immune response and recruiting cytotoxic
immune cells to tumor have been created and successfully
tested in preclinical and clinical studies [7, 26, 27].

A recombinant JX-594 virus strain with a deletion in
the thymidine kinase (TK) gene containing the granulocyte-
macrophage colony-stimulating factor (GM-CSF) sequence
and lac-Z transgenes showed very encouraging results in phase
Il clinical trials of oncolytic therapy of colorectal cancer and
melanoma liver metastases. JX-594 virus injected intravenously
was detected in tumor tissue which was accompanied by IFNa
secretion, induction of chemokines and activation of antitumor
immune response [26].

In our study, in order to enhance tumor selectivity, we used
a LIVP strain with a defective gene encoding thymidine kinase
(TK), an enzyme essential for virus DNA synthesis which is hardly
expressed during the normal cell cycle but is highly expressed
in low-differentiated tumor cells [28]. We hypothesized that
insertion of IFNa sequence into recombinant vaccinia virus
could enhance the selectivity of virus replication in tumor cells
where interferon signaling is often defective, and would also
promote the activation of NK cells, macrophages, and cytotoxic
T cells in response to tumor-specific virus replication and thus
contribute to effective tumor eradication.

TCID,, experiments with tumor and normal cell lines
confirmed the enhanced tumor selectivity of LIVP-hIFNa and
showed that normal cells have less sensitivity to vaccinia
virus expressing IFNa than to virus expressing tagRFP.
Decreased CPE of vesicular stomatitis virus after treatment of
human glioblastoma and mouse adenocarcinoma cells with
supernatants from LIVP-hIFNa and LIVP-mIFNa-infected cells,
respectively, confirmed that IFNa expressed by infected cells
is functionally active. Hela cell line was shown to be the most
sensitive to LIVP-hIFNa assuming the potential applicability of
the recombinant virus for the therapy of adenocarcinomas. The
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IMPACT OF TUMOR ON THE CELL CYCLE AND DIFFERENTIATION OF HEMATOPOIETIC STEM CELLS
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Today, there is a theory that proliferative potential of hematopoietic stem cells is depleted, and the balance of committed precursor cells shifts towards suppressors
during the development of cancer. However, differentiation of hematopoietic stem cells can vary depending on the tumor type, localization, and microenvironment
specifics. The study aimed to assess the impact of tumors of various origins on the CD34* hematopoietic stem cells (n = 10). Assessment of the cell cycle and cell
differentiation via both direct contact with the tumor and exchanging humoral factors only in transwells was conducted by flow cytometry. In the co-culture with
K562, the number of hematopoietic stem cells being in their synthesis phase was 2.1%, while in the control it was 11.2% (p = 0.01); in the co-culture with SK-mel37,
the number of hematopoietic stem cells being in the G,-M cell cycle phase was reduced to 0.3% (p < 0.05). 1301 and K562 directed the hematopoietic stem cell
differentiation towards granulocyte-macrophage precursor cells (p < 0.05), while 1301 and SK-mel37 directed it towards common multipotent progenitor cells. It
is interesting that the number of pluripotent hematopoietic stem cells significantly increased (2-fold) compared to control after incubation with K562 in transwells
(24.17% and 10.19%, respectively). Thus, properties of hematopoietic stem cells can vary depending on both tumor type and the way of interacting with these cells.

Keywords: hematopoietic stem cell, cell differentiation, committed precursor cells, proliferation, flow cytometry, T-cell leukemia, chronic myelogenous leukemia, melanoma
Funding: the study was supported by the Russian Science Foundation, project No. 23-25-10099.

Author contribution: Aktanova AA — study design, experimental procedure, data analysis and interpretation, manuscript writing and editing; Bykova MV —
literature review, data interpretation, manuscript editing; Skachkov IP — sample preparation, handling illustrations; Denisova VV — providing the biomaterials for
the study, advising; Pashkina EA — planning, developing and editing the study design, data analysis, manuscript editing.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Research Institute of Fundamental and Clinical Immunology
(protocol No. 145 dated 19 April 2024). All the conditionally healthy donors submitted the informed consent to participation in the study.

><] Correspondence should be addressed: Alina A. Aktanova
Yadrintsevskaya, 14, Novosibirsk, 630099, Russia; aktanova_al@mail.ru

Received: 02.12.2024 Accepted: 16.12.2024 Published online: 27.12.2024
DOI: 10.24075/brsmu.2024.065

BJIUSAHUE OMNYXOJIN HA KNETOYHbIV LUK U AUSOEPEHLIMPOBKY MEMOMO3TUYECKNX
CTBOJIOBbIX KJIETOK

A. A. AktaHosa?®, M. B. Boikoga', W. M. Ckaukos'?, B. B. [erncosa?, E. A. MawkvHa'?

' Hay4HO-mccnenoBaTensCKuii MHCTUTYT (hyHOAMEHTANBbHOM U KITMHUHECKOM MMMyHonorum, Hosocunbmpek, Poccus
2 HoBOCMOMPCKMIA FOCY0aPCTBEHHBIA MEAULMHCKU YHBEPCUTET MHMUCTEPCTBA 3A4paBooxpaHeHnsi, Hosocnbupcek, Poccust
8 KnnHvka nMmyHonatosnorin Hay4YHo-1MCcCnefoBaTensCkoro MHCTUTYTa (PyHAAMEHTANBHO U KIMHUYECKO MMYHonorun, HoBocrbupcek, Poccus

Ha ceropHsLLHMIA AgHb CYLLIECTBYET TEOPVISt O TOM, YTO MPOMMepaTVBHbIA NOTEHLA FeMOMOSTUHECKIX CTBOSIOBbIX KIETOK UCTOLLAETCS, a 6anaHCc KOMMUTUPOBaHHbIX
NPeaLLEeCTBEHHNKOB CMELLIAETCSA B CTOPOHY CYMPECCOPOB B XOAE Pa3BUTHS OHKONOMW, OAHaKO ANMdEPEHLIMPOBKA rEMOMOSTUHECKIX CTBOSIOBbIX KIIETOK MOXET
BapbMpPOBaThCs B 3aBUCUMOCTY OT TWMa, JIOKanM3auum 1 cneumdmrky MUKPOOKPYXEHUS onyxonu. Lienbio nccnefoBaHns b0 OLEHUTb BAVSIHE OMyXonein
paanu4Horo reHesa Ha CD34+-remMonoaTiyeckime cTBonoBble KNeTki (0 = 10). C NoMOLLBIO METofa MPOTOYHONM LIUTOMETPUM MPOBOAM aHaM3 KNETOYHOMO LiMKna
1 N depPeHLMPOBKIM KNETOK Kak Yepes MPSMON KOHTaKT C OMyXOJblo, Tak 1 Yeped 0OMEH TOMbKO ryMOpasibHbIMK (hakTopamiu B TpaHcBesnax. B ko-kynstype ¢
K562 konmnyecTtso I'CK, HaxOASLLMXCS B CUHTETUYECKON (hase, cocTaBuno 2,1%, B koHTpone — 11,2% (p = 0,01); B Ko-KynbType ¢ SK-mel37 Konm4ecTBo KNeTok,
HaxopaALwxest B hase G,—M KneToHHOro Lvikia, cHkanock 0 0,3% (o < 0,05). 1301 n K662 Hanpaensam auddepeHmnposky MCK B CTOpoHy rpaHynoumTapHo-
MaKpodarabHbIX MPEALECTBEHHUKOB (0 <0,05), a 1301 1 SK-mel37 B CTOPOHY OBLLWX MYSIETUMOTEHTHbIX MPEALLECTBEHHNKOB. IHTEpECHO, YTO Nocne NHKyoaLmmn
¢ K562 B TpaHcBennax CtatucT4ecK 3HaYMMO YBENNHMBAIOCH KOMYECTBO MIFOPUNOTEHTHBIX FEMOMOSTUHECKIMX CTBOMOBbIX KIIETOK B [iBa pa3a No CPaBHEHWIO C
KoHTponem (24,17% 1 10,19% cooTBETCTBEHHO). TakM 06pa30oM, CBOMCTBA NrEMOMO3TUHECKIMX KNETOK MOTYT MEHSATLCS Kak OT B1Aa OMyx0fn, Tak 1 OT crnocoba
B3aVMOLENCTBUSA C HAMU.
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It is well known that hematopoietic stem cells (HSCs) that
form the pool of blood cells after maturation and differentiation
throughout the life are an important component of the bone
marrow niche. The niche represents specific microenvironment
with humoral factors and specific cell contacts for HSCs,
ensuring the strictly regulated processes of self-maintenance
or self-renewal and cell differentiation. HSCs have a unique cell
cycle with asymmetric division for maintenance and renewal
of the pool of pluripotent HSCs and, at the same time, for
generation of the essential common or more differentiated
progenitor cells. The HSC activity depends directly on the cell
cycle, on its duration or time before entering the cell cycle,
as well as on the cell division rate. It is important to note that
under homeostatic conditions the majority of HSCs should be
through the G, phase of the cell cycle or the resting phase
(up to 95%) to prevent premature depletion of cells, while self-
renewal and differentiation of cells occur in phase G2 [1]. Since
under conditions of the niche HSCs are usually in the resting
state mediated by the intra- and extracellular mechanisms,
including some proliferation inhibitors, such as CXCL4 and
TGF, secreted by megakaryocytes [2], alterations of cell-to-
cell contact or concentration, as well as the emergence of
new humoral factors can bring HSCs out of the resting state,
induce their proliferation and differentiation, similar to HSC
proliferation associated with blood loss, irradiation or effects
of pro-inflammatory cytokines [3]. In turn, this will lead to the
decrease in HSC function, aberrant cell cycle regulation and
even malignancy [4, 5]. It is interesting that cell division is not an
essential phase preceding differentiation into common myeloid,
megakaryocyte-erythroid and pre-megakaryocytic progenitors
[6]. Along with these progenitors, common multipotent and
lymphoid progenitors are distinguished in the hematopoietic
process. Cells can be distinguished by differentiation markers
acquired by HSC during specialization under exposure to
various stimuli, including the combination of colony-stimulating
factors. Cytokines also represent conventional stimuli, but these
can have both negative and positive effects on differentiation.
Thus, GM-CSF, G-CSF, M-CSF, EPO, TPO, SCF/KL, FL, TNF,
LIF, IL12, IL11, IL6, IL5, IL4, IL3, IL1, SDF-1, FGF-4 can induce
myelopoiesis, while TNF, IL4, TGFB , IFN, MIP-1, IL10, IL13
can suppress myelopoiesis; IL2, IL4, IL7 are essential for
activation of lymphopoiesis, and TGFf , IL4 are essential for
suppression of lymphopoiesis [7]. A broad range of factors
potentially capable of directing HSC differentiation into these or
other common or more specialized progenitors is synthesized
in the tumor microenvironment due to the presence of a
large number of tumor-associated cells. Thus, under certain
conditions, it is possible to expand the pool of HSCs, HSC
progenitors and, therefore, alter their functional activity, which
can result in the disease process development in the body or
worsening of the course of the existing disease process. For
example, tumor process is associated with formation of specific
microenvironment, in which, according to the latest data, an
important role is played by hematopoietic stem cells. It is well
known that the tumor can recruit cells during carcinogenesis,
and HSCs are no exception. Furthermore, all the cells derived
from HSCs in the solid tumor microenvironment are involved in
tumor invasion, growth, progression, and chemoresistance [8].
HSCs or the so-called tumor-associated HSCs often represent
tumor-initiating cells capable of causing differentiation of other
cells into fibroblasts, macrophages and endothelial cells,
which support tumor growth and recurrence via production
and secretion of growth factors and extracellular matrix
components, in addition to triggering angiogenesis [9]. Thus,
along with other tumor-associated cells, hematopoietic stem

cells contribute actively to the tumor process maintenance
and progression. However, aspects of the interplay between
hematopoietic stem cells and tumor cells are poorly understood.
That is why it is necessary to assess the influence of both cell-
to-cell contact and humoral factors on the key components of
the HSC vital activity, such as proliferative capacity, cell cycle,
and differentiation, which constituted the aim of our study.

METHODS

The CD34+-separated hematopoietic stem cells (HSCs) of the
donors (n = 10, average age 38.1 + 3.4 years) were obtained
at the Immunopathology Clinic of the Research Institute of
Fundamental and Clinical Immunology. The study also involved
the use of human T-cell leukemia 1301 cell line, human chronic
myelogenous leukemia K562 cell line (European Collection
of Authenticated Cell Cultures, Sigma Aldrich, Merck KGaA,
Germany), and human melanima Sk-mel-37 cell line kindly
provided by the Laboratory of Cellular Technologies of the
Research Institute of Fundamental and Clinical Immunology
(Novosibirsk, Russia).

HSC culture

The cryopreserved CD34-positive HSC samples were thawed
and washed in accordance with the standard guidelines for
frozen precursor cells [10, 11]. HSCs were enumerated in the
0.01% (10 mg/mL) methylene blue solution (Biolot, Russia)
to determine cell viability using the Goryaev chamber. The
cells obtained were cultured in different quantities (from
100,000 to 1,000,000 cells/mL) with appropriate RPMI-1640
medium (PanEco, Russia) or Stemline Il (STEM) medium for
hematopoietic stem cell reproduction (Sigma Aldrich Co. LLC,
USA) used as positive control, supplemented with 50 mg/mL
gentamicin (Dalfarma, Russia), 25 mg/mL tienam (Merck Sharp
& Dohme Corp., Kenilworth, New Jersey, USA) within different
time depending on the series of experiments at 37 °C, 5% CO,
in the humidified atmosphere.

Tumor cell line culture

The suspension tumor cell lines K562 and 1301 and the
adherent cell line SK-mel37 were cultured under standard
conditions using the complete culture medium RPMI-1640 +
2 mM glutamine + 10% fetal bovine serum (HyClone, USA).
The cultures were maintained within 100,000-1,000,000 cells/
mL at 5% CO, and 37 °C. The conditioned culture media were
selected taking into account the series of the experiment in the
tumor cell line exponential growth phase and frozen for future use.

HSC viability and proliferation

HSCs (1 x 10° cells/250 mL) were incubated with the conditioned
media from the 1301, K562, Sk-mel 37 tumor cell lines in
different dilutions (100%, 50%, 10%) added the complete culture
medium RPMI-60 with the 10% human albumin (Octapharma
Pharmazeutika Produktionsgesellschaft, m.b.H., Austria) to
the specified volume in the 96-well flat bottom plate (TPP,
Switzerland) in triplets for 3, 5, and 7 days. The STEM specialized
culture medium was used as positive control. DMSO was
used as negative control. HSCs were cultured under standard
conditions: at 37 °C, 5% CO,, 90% relative humidity.
Furthermore, HSCs (1 x 10° cells/250 mL) were incubated
with the tumor cell lines in specific plates to completely avoid
cell-to-cell contact, i.e. in the 12-well transwells with the pore
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size of 0.4 ym and the insert diameter of 6.5 mm (Corning
Incorporated, Costar, Arizona, USA) for three days under the
same conditions.

The HSC viability and proliferative activity were assessed
using the WST-1 reagent (Takara Bio Inc., Kusatsu, Japan). The
samples were analyzed by colorimetry using the Tecan Infinite
F50 microplate reader (Austria) at the wavelength of 450 nm
(standard 650 nm).

HSC cell cycle

HSCs were previously stained with the CFSE dye (Invitrogen,
Eugene, Oregon, USA) in accordance with the manufacturer’s
protocol to ensure these would differ from tumor cells when
co-cultured in the plate.

HSCsinaratioof1:1 —1x10°cells/mLand 10:1 —1 x 10°
cells/mL to tumor cells were incubated in the 24-well plate as
the co-culture to assess the influence of direct contact with
tumor cells on the stem cells and in the 12-well transwells to
assess the impact of humoral factors only for three days under
the same conditions; the intact cells in the RPMI and STEM
media were used as controls. Then the cells were transferred
to flow cytometry tubes and fixed in the ice cold 70% alcohol
on ice for 2 h, triple washed, then added 1 mg/mL of the
staining solution based on EtBr (Serva Electrophoresis GmbH,
Heidelberg, Germany), 5 pg/mL of RNAase A (Microgen,
Russia), 10% fetal bovine serum and PBS + EDTA, and stained
for 30 min at 37 °C. The ready-made samples were analyzed
using the LongCyte 14-color flow cytofluorometer (Challenbio,
China) with the ModelFlower software.

HSC differentiation

HSCs in a ratio of 10 : 1 — 1 x 108 cells/mL to tumor cells
(since the larger number of cells is necessary for assessment of
committed precursor cells) were incubated in the 24-well plate
as the co-culture and in the 12-well transwells under the same
conditions. Then the cells were transferred to flow cytometry
tubes and stained using monoclonal antibodies against CD10
PE (BioLegend, USA), CD34 APC (BioLegend, USA), CD38
PE-Cy7 (ElabScience, China), CD45RA PerCP (ElabScience,
China), CD90 APC-Cy7 (Cloud-Clone Corp., USA), Lin-
(cocktail CD3/14/16/19/20/56) FITC (BioLegend, USA). The
test samples were analyzed using the LongCyte 14-color flow
cytofluorometer (Challenbio, China) with the ModelFlower
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software. When assessing fluorescence for each monoclonal
antibody, the fluorescent minus one (FMO) control was used.
Precursor cells were typed based on the surface markers
as follows: pluripotent hematopoietic stem cells (pHSCs)
Lin-CD34+CD38-CD45RA-CD90*; common multipotent
progenitors (cMPPs) Lin- CD34+*CD38-CD45RA-CD90~; common
lymphocyte progenitors (CLPs) Lin"CD34+CD38*CD45RACD90;
myeloid and megakaryocyte-erythroid progenitors (MEPS)
Lin-CD34+CD38*CD45RA-CD10~;  granulocyte-monocyte
progenitors (GMPs) Lin"CD34+*CD38*CD45RA*CD107; B cell and
NK cell precursors (B-NKP) Lin"CD34+CD38*CD45RA*CD10*.
Furthermore, the relative number of progenitors was assessed
before plating to ensure differentiation control (“before”).

Statistical data processing was performed using the
GraphPad Prism 9.0.0 software. The Friedman test was used
for estimation of intergroup differences, and p < 0.05 was
considered significant. The data were presented as median
(25th percentile; 75th percentile) + interquartile range.

RESULTS

In the first phase we assessed viability and proliferative activity
of hematopoietic stem cells at three time points with different
share of humoral factors from tumor cells line of various origin.
Thus, we showed that HSC viability at the level of the control was
maintained on day 3 in the conditioned media from the tumor
cell lines of varying concentration. On day 5, not only viability
was preserved, but also proliferation began in all dilutions of
the conditioned media; almost the same proliferation level was
maintained on day 7 (Fig. 1). Furthermore, on days 3 and 5,
HSC viability was higher in the 50% and 100% conditioned
medium from SK-mel37 (Fig.1A, B), however, HSC viability
decreased rapidly on day 7 (Fig. 1C). Perhaps, this was due
to the fact that HSC proliferation was more intense in the
conditioned medium from SK-mel37, and the cells began to
die by day 7 (presumably due to the lack of nutrients).

The importance of humoral influence on the HSC properties
is also confirmed by the results obtained when culturing HSCs
with tumor cell lines under conditions precluding the cell-to-cell
contact; significant differences showed that proliferative activity
of HSCs was higher in transwells, than in the control, with the
almost equal number of cells (Fig. 2B). The fact that SK-mel
37 shows higher proliferative capacity in transwells with HSCs
compared to the equivalent quantity of the 1301 cell line also
attracts attention (Fig. 2A).
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Fig. 1. Assessment of viability and proliferative activity of the hematopoietic stem cells co-cultured (c-c) with the conditioned media from the tumor cells lines 1301,
K562, and SK-mel (10%, 50%, and 100% dilution) for 72 h (A), 120 h (B), and 168 h (C) (WST). Friedman test, significant differences p < 0.05, data are provided
as median and interquartile range; # — significant differences from the control STEM; | — significant differences from the control DMSO; * — significant differences,

p < 0.05; ** — significant differences, p < 0.005
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Fig. 2. Assessment of viability and proliferative activity of the tumor cell lines 1301, K562, and SK-mel37 (A) and hematopoietic stem cells (B) co-cultured in transwells
(t) for 72 h. Friedman test, significant differences p < 0.05, data are provided as median and interquartile range; # — significant differences from the control DMSO;
| — trend compared to the SK-mel 37 HSC 1:10, p = 0.05; * — significant differences, p < 0.05

Then we assessed the influence of co-culturing on the HSC cell
cycle phases. Thus, the number of cell being through the G2-M
phase was higher in the co-culture with SK-mel37 compared
to other tumor cell lines. The larger number of cells being through
the S phase of the cell cycle was reported in cases of cell-to-cell
contact with 1301. We also showed a rapid decrease in the number
of HSCs cultured in transwells with SK-mel37. This was due to
cell death, since 89.4% of cells were through the Sub-G1 phase
(Table). It is interesting that HSC viability and proliferative activity also
decreased in the conditioned media from SK-mel, but by day 7.

In the final phase, when assessing differentiation of
hematopoietic stem cells, we found that the ratio of progenitors
was different. Thus, after three days the number of HSCs and
common multipotent progenitors increased (Fig. 3A), and the
number of the latter increased much more (Fig. 3C), while the
number of common lymphoid, megakaryocyte, erythroid, and
myeloid progenitors decreased (Fig. 3B). It is interesting that

the number of HSCs and MPP was significantly lower (20.3%)
in transwells with K562 compared to other tumors in transwells
(Fig. 3A), while the value of pluripotent hematopoietic cells with
the Lin"CD34+CD38-CD90+*CD45RA™ phenotype was higher
compared to both other tumors under the same conditions and
control samples (Fig. 4). It should be noted that the larger relative
number of granulocyte-monocyte progenitors was observed in
the co-culture with 1301 and K562 compared to the cultures
in transwells with the same tumors and the control medium
(Fig. 4). The number of common progenitors of platelets, red
blood cells, and cells of myeloid type decreased when cultured
with the SK-mel-37 melanoma cells under conditions of both
direct cell-to-cell contact and exchange of humoral factors.
However, no significant differences between transwells and the
co-culture in the plate were reported (Fig. 4).

Thus, the relative number of pluripotent HSCs increased
under exposure to the K562 tumor humoral factors; the number

Table. Relative number of hematopoietic stem cells in various phases of the cell cycle during co-cultivation with the tumor cell lines 1301, K562, and SK-mel37 in the

co-culture (c-¢) and transwells (t) for 72 h.

G2/M s GO-G1 Sub-G1
RPMI 1/1 3.1(0.2-6.7) 8.6 (3.6-25.7) 77.4 (63.9-86.9) 3.5 (0.9-4.7)
RPMI 1/10 0.5 (0.4-1.9) 11.2 (5.1-13.9) 82.6 (74.1-87.0) 1.3 (1.1-4.3)
c-c 1301 1/1 15.7 (8.3-21.9) 3.9(1.1-11.2) 76.8 (65.6-81.0) 5.1 (0.2-7.5)
c-c 1301 1/10 11.5 (3.0-20.9) 13.0 (5.9-31.3)# 79.6 (63.6-95.4) 2.2 (0.5-3.5)
1301 1/1 3.0 2.5-9.2)! 3.8 (2.2-24.1) 77.5 (69.1-88.9) 4.4 (0.8-6.8)
1301 1/10 3.2 (1.3-5.8)! 7.2(1.9-11.3) 86.9 (84.5-93.3) 1.3 (0.5-2.3)!
c-c K562 1/1 10.1 (0.4-27.2) 5.8 (1.8-32.1) 72.9 (59.1-83.5) 7.9 (3.7-12.6)
c-c K562 1/10 4.4(1.3-7.3) 2.1(1.4-3.8)* 83.9 (78.7-91.9)" 4.6 (1.9-6.6)
t K562 1/1 1.2 (0.4-4.4) 6.6 (3.5-22.6) 81.9 (72.9-88.7) 3.2 (0.9-5.6)
t K562 1/10 1.9 (1.2-16.6) 6.5 (3.6-7.6) 84.5 (72.7-89.6) 2.9 (1.1-3.6)
c-c SK-mel37 1/1 0.3 (0.1-0.8)" 7.2 (4.3-19.4) 71.9 (66.6-93.6) 6.8 (1.7-14.9)
c-c SK-mel37 1/10 1.0 (0.2-2.8) 12.5 (4.9-16.8) 86.1 (53.4-87.9) 3.8 (0.5-5.8)
t SK-mel37 1/1 1.6 (0.6-14.8) 6.4 (3.1-28.5) 78.9 (76.6-89.1) 1.2 (0.6-4.4)
t SK-mel37 1/10 0.5 (0.3-6.0) 4.7 (2.0-12.0) 1.6 (0-6.61)° 89.4 (84.9-91.8)™

Note: Friedman test, significant differences p < 0.05; * — significant differences compared to the c-c K562 1/1, c-c 1301 1/1; ** — significant differences compared
to the c-c 18301 1/10, c-c SK-mel37 1/10, RPMI 1/10; *** — significant differences compared to the t SK-mel37 1/1, c-c SK-mel37 1/10, t K&662 1/10, t 1301
1/10, RPMI 1/10; | — significant differences from the control RPMI in equivalent concentrations; !! — significant differences compared to the t 1301 1/1; # — trend,
p =0.05 compared to c-¢ 1301 1/1,t 1301 1/10; $ — significant differences compared to the t SK-mel37 1/1, c-c SK-mel37 1/10, t K562 1/10, t 1301 1/10, RPMI 1/10
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Fig. 3. Relative number of the common progenitors of hematopoietic stem cells co-cultured with the tumor cell lines 1301, K562, and SK-mel37 in the co-culture (c-c)

and transwells (t) for 72 h. Friedman test, significant differences p < 0.05, data are provided as median and interquartile range;

to t K562, p < 0.05

of granulocyte-monocyte progenitors increased in cases of
cell-to-cell contact between HSCs and K562 or 1301.

DISCUSSION

Tumor microenvironment is a complex dynamic structure that
represents the carcinogenesis regulator. The issue of studying
tumor microenvironment in experimental models still remains
relevant. Two major components of tumor microenvironment
can be distinguished: synthesis and exchange of humoral
factors, as well as formation of cross-links between cells under
conditions of cellular neighborhood. Cells can change their
properties and functions when influenced by the tumor. There

t SK-mel37
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c-c K562
11301

c-c 1301
STEM

RPMI

before incubation

*

— significant differences compared

is information about specific cells having their own functions in
the tumor microenvironment, these are the so-called tumor-
associated macrophages, fibroblasts, dendritic cells, etc.
[12-14] involved in carcinogenesis. Today, these cells can be
considered as both informative marker and therapeutic target.
Since we have discussed the fact that hematopoietic stem
cells are found in the tumor microenvironment, it is important to
assess the impact of the tumor on the HSC properties.
According to our data, HSC differentiation in the culture
occurred on day 3, when the cells were activated and
proliferation started by day 3, and differentiation started by day 7.
It is noteworthy that HSCs can enter early differentiation on
day 3 under exposure to various factors [15]. In general, the
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Fig. 4. Relative number of hematopoietic stem cell progenitors co-cultured with the tumor cell lines 1301, K562, and SK-mel37 in the co-culture (c-c) and transwells (t)

for 72 h. Friedman test, significant differences p < 0.05, data are provided as median and interquartile range;

*

— significant differences from the control RPMI, t K562;

** — significant differences compared to all test groups, p < 0.005; | — trend compared to the t K662, p = 0.06; # — trend compared to the control before incubation

and RPMI, p = 0.05
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HSC counts and differentiation depend on the fact, whether
HSC interact with tumor cells directly or their interaction is
mediated by humoral factors. The common HSC differentiation
pattern was reported for 1301 and K562, most likely because
both tumor types are clones of hematopoietic cells in origin.
It should be also noted that the shift towards granulocyte-
monocyte cells is associated with high risk of metastasis [16],
which is generally typical for leukemia. However, HSCs cultured
with a solid tumor, melanoma, showed a slightly different cell
ratio with the decreased number of common progenitors of
myelopoiesis and increased number of multipotent progenitors
(o = 0.05). It is interesting that, according to the literature, in
solid tumors HSC differentiation is directed not only towards
myeloid cells, specifically myeloid suppressors [17], but also
towards less differentiated cells with preserved multipotency
[18], which is consistent with our data.
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MODIFIED MICRO TEST TUBES AS A PROMISING BASIS FOR IMMOBILIZATION
OF ANTIBODIES FOR IMMUNOCAPTURE ON THE EXAMPLE OF SARS-COV-2
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The solid-phase immunocapture with antibodies is an important tool used in immunology studies, but conventional polystyrene plates are prone to deformation during
thermal cycling and cross-contamination of samples, which reduces accuracy and reproducibility, when molecular genetic testing methods are included in the study. The
development of alternative solutions, such as modified polystyrene-coated polypropylene tubes, makes it possible to eliminate these limitations. The study aimed to create
a new approach to SARS-CoV-2 immunocapture involving the use of modified test tubes and to assess its efficacy. Monoclonal antibodies P2C5 and R107, as well as
inactivated strains GK2020/1 (Wuhan) and hCoV-19/Russia/MOW-PMVL-51/2021 (Omicron) were used for analysis. Immobilization of antibodies, sorption of viral particles,
and RNA extraction were accomplished using modified test tubes, standard plates, and uncoated test tubes. The key findings showed that the polystyrene-coated modified
test tubes ensured better immunocapture compared to the plates (o < 0.0001), especially when using the P2C5 antibody effective against various SARS-CoV-2 lineages,
including Omicron. The R107 antibody showed limited specificity, not exceeding that of the control group with bovine serum albumin. The cross-contamination analysis
revealed contamination of 14 samples out of 288 in the plates, while no contamination of samples was reported for modified test tubes. Thus, modified test tubes used for
high-precision molecular testing have some advantages, since these decrease the risk of cross-contamination and improve immunocapture efficacy.
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MOANPUNLINPOBAHHBIE MUKPOIMPOBUPKN — NMEPCMNEKTUBHASA OCHOBA
AnAaA AMMOBUITU3ALMN AHTUTENT UMMYHOS3AXBATA HA NMPUMEPE SARS-COV-2
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4 HaupoHanbHbI nccnefoBaTenbCKuin LIEHTP anNMaeMnonorim 1 Mukpobuonorim nvern H. ®. famanen MuHncTepcTBa 3apaBooxpaHeHns Poccuiickon ®epnepaumn,
Mocksa, Poccusi

5 MOCKOBCKMI1 rocyaapCTBEHHbIN YHMBEPCUTET MeHn M. B. JTomoHocoBa, MockBa, Poccust
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VIMMyHO3axBaT aHTUTENaMK Ha TBepAol hase ABMSETCS BaXKHbIM VHCTPYMEHTOM B UMMYHOMOMMHECKYX VCCNEA0BaHNSX, HO TPAAMLMOHHbIE MOMMCTUPONOBbIE
nnaHLWeTbl NofBep>KeHbl AechopmaLn Npu TEPMOLIMKIIMPOBaHWM 1 NEPEKPECTHON KOHTaMUHALMM 06Pa3LioB, HTO CHXKAET TOYHOCTb 1 BOCMPOU3BOAMMOCTbL Npu
BKJIOHEHNN B MCCIIEA0BaHVE MONEKYNSPHO-TEHETUHECKX METOLOB. PazpaboTka ansTepHaTVIBHbIX PELLIEHNIA, TaknX Kak MOAVULIMPOBaHHbIE MOMMPONIEHOBbIE
NPOOVPKM C MONMCTUPONOBBLIM MOKPbITUEM, MO3BOSISIET YCTPaHWTL 3T orpaHuyeHns. Lienbto nccneposanmns Obi10 Co3aate U OLEHUTb 3dEKTUBHOCTL HOBOrO
nopxofda K uMmmyHosaxsaty SARS-CoV-2 ¢ ncnons3oBaHemM MOAUGMULIMPOBaHHbIX MPOOUPOK. [na aHanmnsa 1cnonb30Baiv MOHOKIIOHabHbIE aHTuTena P2C5
1n R107, a Takke MHaKTUBMPOBaHHble WTamMbl MK2020/1 (YxaHb) 1 hCoV-19/Russias/ MOW-PMVL-51/2021 (OMUKPOH). MIMMoBunudaumio aHTuTen, copoumio
BUPYCHbIX YacTuiL, 1 BbiaeneHne PHK npoBoannm ¢ npumMeHeHeM MOoaMULIMPOBaHHbIX MPOBUPOK, CTaHAAPTHBIX MAAHLLETOB U NPOBMPOK 6e3 MOKPLITHS.
OcHoBHblE pesynsTaThbl Nokasanu, YTo MoANMULMPOBaHHbIE MPOBUPKM C MOMMCTUPONOBLIM MOKPLITVIEM 06ecnedmnBain nyHLwmnin UIMMyHO3axBaT Nno CPaBHEHWIIO
¢ nnaHwetamn (p < 0,0001), ocobeHHO Npu 1cnonb3oBaHuK aHTuTen P2C5, atheKTUBHBIX MPOTUB PasnYHbIX reHeTuHecknx nmHuiA SARS-CoV-2, Bkovas
OMVKpOH. AHTUTena R107 NpoAeMOHCTPUPOBAaNM OrPaHNHEHHYO CNELUGNYHOCTb, HE NMPEBBILLAIOLLIYIO YPOBEHD KOHTPOSBHOM rpyrrbl ¢ GblHblM ChIBOPOTOHHBIM
anbbyMNHOM. AHaNM3 NEPeKPEeCTHON KOHTaMUHALWN BbISBU ee Hanuyve B 14 13 288 06pasLoB B NnaHLLeTax, Toraa Kak B MOAMMUUMPOBaHHbBIX Npobupkax
KOHTaMMHaLWi 06pasLios He 6bino. TakM 06pa3oM, UCMOb30BaHHbIE 415 BbICOKOTOHHbIX MOMEKYNSPHBIX MCCNefoBaHmii MOAMMULIMPOBaHHbIE MPOBVPKI UMEIOT
MPeVMyLLECTBA, Tak Kak 06ECMEHMBAIOT CHYXKEHNE PUCKA NMEPEKPECTHON KOHTaMUHALWM 1 yry4LLeHVe 3PheKTUBHOCTV UMMyHO3axBaTa.

KrntoyeBble cnosa: MMMyHO3axBaT, MOHOKIOHasbHblE aHTUTena, OT-MNLP, MoanduumpoBaHHas NoBEPXHOCTb, NMepekpecTHas KoHTaMmnHaLms, SARS-CoV-2
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Immunocapture based on specific antibodies is a key phase of
many immunological laboratory testing methods. Polystyrene
microplates that ensure the possibility of simultaneous
processing of multiple samples are conventionally used
for implementation of this method. Polystyrene usually can
passively (in non-specific manner) immobilize almost all large
molecules having accessible hydrophobic fragments, such as
antibodies, on its surface [1]. However, this material is prone
to deformation at temperatures above +70 °C (above +60 °C
when heated over a long time) [2]. This is a serious technical
issue of the use of additional molecular genetic phases of
analysis, such as thermal nucleic acid extraction and thermal
cycling (for example, in immuno-PCR [3]), which limits the
widespread practical use of such methods. Polycarbonate strip
tubes gathered in the 96-well plate that have been proposed
as an alternative to polystyrene plates are resistant to heat and
have high sorption capacity [4].

However, the use of plates is associated with high risk of
cross-contamination [5, 6]. The risk can be leveled using various
methodological approaches, such as the use of automated
sample preparation systems. The use of conventional
polypropylene test tubes for molecular genetic testing might
potentially decrease the risk of contamination when working
in accordance with the principle of “one open test tube”.
However, the use of test tubes is limited by low protein sorption
capacity of polypropylene, including adsorption of antibodies
[7], which prevents their use for high-sensitivity methods,
such as immuno-PCR, that require stable immobilization of
immunocapture antibodies [4].

The development of such methods, as immunomolecular
assays, can significantly increase sensitivity and specificity of
molecular genetic testing, which is especially important for
the diagnosis and monitoring of viral infections showing high
mutational variance of the pathogen, such as SARS-CoV-2 virus
[8]. It should be noted that such reactions have not yet received
wide practical application. To date, no studies of the COVID-19
causative agent by immuno-PCR have been reported in scientific
literature. This is likely to be associated with complexity of the
design and implementation of the reaction phases. That is why
it is necessary to optimize their key components and overcome
technical issues inherent to the existing reaction formats for
successful practical use of such combination approaches [4, 9.

In this regard, we have proposed original polystyrene coating
of polypropylene test tubes. This solution makes it possible to
combine advantages of both materials: high sorption capacity
of polystyrene and heat resistance of polypropylene, with the
reduced risk of cross-contamination.

The study aimed to develop a simple production method
and perform testing of new test tubes for immunocapture
ensuring effective immobilization of primary antibodies and
designed for universal use in molecular genetic testing on an
example of SARS-CoV-2.

METHODS
SARS-CoV-2 strains and antibodies

The well-characterized samples of positive control of the strain
GK2020/1 (GISAID identifier: EPI_ISL_421275, variant B.1.1.1,
Wuhan) and strain hCoV-19/Russia/MOW-PMVL-51/2021
(GISAID identifier: EPI_ISL_12748382, variant B.1.1.529+BA.”
of the Omicron lineage) of the SARS-CoV-2 coronavirus
chemically inactivated using glutaraldehyde in the final
concentration of 0.01% and then incubated at +4 °C for 24 h
were used as an antigen.
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To assess the effectiveness of primary antibody immobilization
(immunocapture) we used the P2C5 experimental monoclonal
antibodies against RBD of the coronavirus spike protein
(produced at the Immunobiotechnology Laboratory of the
Gamaleya National Research Centre for Epidemiology and
Microbiology) having the broadest spectrum of activity
covering inter alia certain variants of the Omicron lineage [10].
Furthermore, we tested the R107 monoclonal antibody (Hytest,
Russia) showing specific activity mainly against RBD of the
B.1.1.1 virus variant.

Assessing the effectiveness of immunocapture involving
the use of polystyrene ELISA plates

To optimize immobilization of antibodies, we used the FEP-
101-896 96-well flat bottom polystyrene immunological plates
(Guangzhou Jet Bio-Filtration Co., Ltd., China). We added 100 pL
of antibodies in a concentration of 10 pg/mL dissolved in the
0.5 M carbonate buffer (pH = 9.5) to each well of the plate,
covered the plates with film and incubated at a temperature
of +37 °C for 30 min. We used 100 pL of phosphate-buffered
saline (PBS, pH = 7.4) supplemented with 2% bovine serum
albumin (BSA) as a blocking buffer with incubation at +37 °C
for 30 min. The washing buffer consisted of PBS (pH = 7.4)
supplemented with 0.05% Tween 20.

After triple washing of the wells with 300 L and incubation
for 45 s, these were added 50 pL of the SARS-CoV-2
samples inactivated and preliminarily diluted with PBS to the
concentration of 1 x 106 copies/mL and incubated at +37 °C
for 30 min. Then washing was performed, followed by RNA
extraction using the RIBO-prep kit (Central Research Institute
of Epidemiology of Rospotrebnadzor, Russia) and quantitative
RT-PCR.

RNA was extracted in accordance with the modified
manufacturer’s protocol: we added 50 pL of TE buffer to
the wells of the polystyrene plate, then added 155 pL of the
lysing solution, covered the wells with film for ELISA plates
and incubated at +65 °C for 10 min. Then the content of the
polystyrene plate wells was transferred to micro test tubes, and
subsequent phases of RNA extraction were implemented in
accordance with the manufacturer’s instructions. Quantitative
RT-PCR was conducted using the SARS-CoV-2-PCR reagent
kit (MedipalTech, Russia) in combination with the samples of
the chemically inactivated GK2020/1 strain used as a calibrator.
All the experiments were conducted in ten replicates (n = 10).

Assessing immunocapture involving the use
of modified micro test tubes

The 1.5 mL sterile micro test tubes made of transparent
polypropylene, free from DNAses and RNAses (SPINWIN
Tarsons, India) and polystyrene from the FEP-101-896
immunological plates (Guangzhou Jet Bio-Filtration Co., Ltd.,
China) dissolved in acetone were used as components for
production of modified micro test tubes. A total of 50 pL of
polystyrene solution were aseptically applied to the bottom of
the test tubes and dried in a fume hood. Mechanical stability
of the resulting polypropylene layer was visually estimated after
the vortex mixing of the added 1 mL of water at 2500 rpm
for 2 min by twenty-fold pipetting with the pipette tip touching
the micro test tube bottom and centrifugation at 15,000 g for
15 min. A total of 100 pL of antibodies in the carbonate buffer
(10 pg/mL) were added to the micro test tubes modified by
this method and incubated at +37 °C for 30 min with the lids
closed. After blocking the remaining antibody-free surface with
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Fig. 1. Polypropylene micro test tube after modification with polystyrene: side view (A) and ~45° view (B)

PBS supplemented with 2% BSA and washing (similar to
that of plates), 50 pL of SARS-CoV-2 samples were added.
Further washing, RNA extraction, and RT-PCR were performed
in the same way, as when using polystyrene plates. All the RNA
extraction phases were implemented in modified micro test tubes.

The non-modified polypropylene test tubes were used as
controls. All the experiments were conducted in ten replicates
(h=10).

Assessing cross-contamination

To assess cross-contamination, 50 pL of the GK2020/1 (variant
B.1.1.1) and hCoV-19/Russia/MOW-PMVL-51/2021 (Omicron)
strains were added in a staggered manner to the 96-well plates
and modified test tubes with the immobilized P2C5 antibodly.
After incubation, washing, and RNA extraction, genotyping
was performed by RT-PCR. To detect the GK2020/1 strain, we
conducted sequence-specific RT-PCR with original primers Wu_
fwimod 5'-CGTGGTTCCATGCTATACATG-3' and Wu_rvimod
5'-CGTCCCTGTGGTAATAAACAC-3' in the ready-made
reaction mixture OneTube RT-PCR SYBR (Evrogen, Russia)
involving real-time detection in the SYBR-Green channel. The
strain of the Omicron lineage was detected using the AmpliTest
SARS-CoV-2 VOC v.3 kit (Centre for Strategic Planning and

GK2020/1

Fokkk

Management of Biomedical Health Risks of FMBA of Russia,
Russia) in accordance with the manufacturer’s instructions.
Three plates and 288 test tubes were used for the experiment.
The experiment was conducted in the laminar airflow in the
class Il A2 biosafety cabinet (LamSystems, Russia).

Statistical analysis

The data were analyzed using the GraphPad PRISM v.10.4.0
software (Graphpad Software, Inc., USA). Distribution was
estimated using the Shapiro-Wilk test. Two-way ANOVA with
Tukey's test of additivity was used for multiple comparisons
of parametric data; the significance level was set as p < 0.05
(confidence interval (95%).

RESULTS
Modified micro test tubes

A polypropylene micro test tube after modification with
polystyrene is presented in Fig. 1. The modified micro test
tubes obtained were mechanically stable during both vortex
mixing and mixing by pipetting. Centrifugation also had no
visible effect on the polystyrene layer integrity.
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Fig. 2. The GK2020/1 strain immunocapture results. The P2C5 monoclonal antibody is highlighted in red, R107 is highlighted in yellow, control group with BSA is

highlighted in green. ** — p < 0.01; ** — p < 0.001; *** — p < 0.0001
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Fig. 3. The hCoV-19/Russia/MOW-PMVL-51/2021 strain immunocapture results. The P2C5 monoclonal antibody is highlighted in red, R107 is highlighted in yellow,

control group with BSA is highlighted in green. **** — p < 0.0001
Immunocapture of inactivated SARS-CoV-2

When using the GK2020/1 strain (variant B.1.1.1) as an
antigen, effective immunocapture was reported for both P2C5
and R107 antibodies (Fig. 2). The quantity of virus bound by
antibodies turned out to be significantly higher when using
modified test tubes compared to polystyrene plates (p < 0.0001).
The number of SARS-CoV-2 RNA copies in the control groups,
where BSA was used, was significantly lower, than the number
reported for the groups with antibodies when using both plates
and modified test tubes. When using the test tubes without
coating, the equally low quantities of coronavirus RNA were
determined in all groups (p > 0.05), which suggests the lack
of specific antigen immunocapture, regardless of the use of
antibodies.

When using the hCoV-19/Russia/MOW-PMVL-51/2021
strain (Omicron lineage), effective immunocapture was reported
for the P2C5 antibody only (Fig. 3). The R107 antibody specific
for RBD primarily of the Wuhan SARS-CoV-2 variant showed no
significant differences from the control group with BSA. Thus,
the strain of the Omicron lineage showed the ability to escape
the R107 neutralizing antibody, which is consistent with the
data of other researchers on the decreased efficacy of some
monoclonal antibodies against new SARS-CoV-2 variants
[11, 12]. The modified test tubes ensured better results, than
polystyrene plates, for both B.1.1.1 and Omicron lineages.
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Cross-contamination

Cross-contamination was found in 14 samples out of 288
when using polystyrene plates (Fig. 4). Contamination was
represented by mixing of RNA of the GK2020/1 and hCoV-19/
Russia/MOW-PMVL-51/2021 strains, which confirms the risk
of material transfer between the wells under such conditions.
No cross-contamination was reported for modified test tubes.

DISCUSSION

The findings show that polystyrene-coated modified polypropylene
test tubes offer significant advantages over conventional
polystyrene plates, including reduced risk of cross-contamination
and improved immunocapture efficacy. These data are in line
with the studies showing that polystyrene plates represent a
good material for immobilization of antibodies, but their use is
limited due to low heat resistance and the risk of contamination
2,5, 6]

The differences in efficacy of the P2C5 and R107
antibodies reported when working with different SARS-CoV-2
strains are consistent with the data on significant mutations
in RBD of the Omicron lineage, which reduce the efficacy
of antibodies specific for the B.1.1.1 (Wuhan) virus variant
[13, 14]. It is assumed that such mutations lead to conformational
RBD alterations, thereby preventing binding of antibodies,
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Fig. 4. Cross-contamination detected when extracting SARS-CoV-2 RNA in the 96-well plates. The wells depicted as red circles contain the GK2020/1 strain (variant
B.1.1.1). The wells depicted as green circles contain the hCoV-19/Russia/MOW-PMVL-51/2021 strain (variant B.1.1.529+BA.*Omicron lineage). Red dots in green
circles indicate contamination of the hCoV-19/Russia/MOW-PMVL-51/2021 strain with the GK2020/1 strain. Green dots in red circles indicate contamination of the
GK2020/1 strain with the hCoV-19/Russia/MOW-PMVL-51/2021 strain. (A-C) Three sequential tests performed by three different operators
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as previously reported for first-generation antibodies against
SARS-CoV-2 [15]. High efficacy of P2C5 covering a broad
range of variants, including Omicron, confirms their versatility
and relevance for monitoring of new strains.

The lack of cross-contamination in modified test tubes can
be explained by the lack of direct contact between samples
and minimization of airborne transfer. Similar conclusions were
drawn in the studies, in which other closed systems were used
for molecular diagnosis [16].

Despite positive results, it is necessary to further optimize
the conditions of antibody immobilization and RNA extraction
in order to improve reproducibility of the method when using
modified test tubes. Furthermore, for widespread use of the
tubes, testing on other pathogens is necessary to confirm
versatility of the method. Further testing and improvement
of the test tubes can cover the following areas: study of the
suitability and compatibility of polypropylene and polystyrene of
various grades; reduction of non-specific signal through the use
of polypropylene tubes with low adhesive capacity; polystyrene
application automatization.
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T-CELL RECEPTOR CHAIN CENTRICITY IN THE PRIMARILY ACTIVATED EFFECTORS
AND RE-STIMULATED MEMORY CELLS

Kalinina AA", Kubekina MV?, Persiyantseva NA', Bruter AV'?, Khromykh LM', Kazansky DB'&

" Blokhin National Medical Research Center of Oncology, Moscow, Russia
2 Center for Precision Genome Editing and Genetic Technologies for Biomedicine, Institute of Gene Biology, Moscow, Russia

T cells, the adaptive immunity effectors, carry an antigen-recognizing T-cell receptor (TCR) that represents an a3 heterodimer. Functional dominance of one chain
has been reported for a number of TCRs. This feature is called chain centricity. Today, it is unclear whether chain centricity is an inherent feature of some TCRs,
and what mechanism underlies its development. The study aimed to determine the abundance of such receptors in the repertoire of primarily activated effectors
and re-stimulated memory cells of mice specific to the allogeneic tumor antigens. The long-lived memory cells formed in the primary immune response in vivo were
in vitro re-stimulated with the immunizing tumor cells. Primary effectors were obtained in vitro in the culture by stimulation of T cells of non-immunized mice with
cells of the same allogeneic tumor. TCR libraries of effectors involved in the primary and secondary immune response were created by NGS sequencing. To identify
chain-centric TCRs, 10 TCRa variants were selected from each repertoire. T cells of intact mice were modified with individual TCR a-chain variants by transduction,
with subsequent assessment of T cell proliferation under exposure to specific allogeneic stimulators. In vitro screening revealed 10% of chain-centric receptors in
the primary effector pool, and the proportion of such TCRs in the repertoire of re-activated memory cells was 30%. Thus, chain centricity is an inherent property
of some TCRs, but secondary antigenic stimulation can be a factor for selection of clonotypes with such receptors.
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LENELEHTPUYHOCTDb T-KJIETOYHbIX PELIEMTOPOB Y NEPBUYHO AKTUBUPOBAHHbIX
QPODOEKTOPOB N PECTUMYJIMPOBAHHbIX KINIETOK MAMATU

A. A. KanmHuHa', M. B. KyGeknna?, H. A. MepcusiHuesa', A. B. Bpytep'?2, J1. M. Xpombix!, [. B. KasaHckuin'B

" HaupoHanbHbIn MeaULMHCKIIA CCRnefoBaTenbCKuin LIeHTP oHkonorim nuvenn H. H. BnoxmHa, Mocksa, Poccus
2 LleHTp BbICOKOTOYHOMO peaaKkTUPOBaHMS 1 FeHETUHECKIX TEXHONOT A Anst GruomMenmumHel, VIHCTUTYT Bronorim reHa, Mocksa, Poccus

T-KneTkn, ahdeKTopbl afanTVBHOMO UMMYHUTETA, OCHALLIEHbI aHTUreHpacno3HarowwM T-kneTodHbIM peLientopoM (TKP), koTopbii mpeacTasnseT coboi
aB-retepoanmep. Ans psga TKP 6bino nokaszaHo (hyHKUMOHaNbHOE AOMWUHMPOBAHWE OAHOWM Lienu, 1 aTa 0COOEHHOCTb peuenTopa nonyyuna HassaHue
LieneLeHTpUYHOCTY. B HacTosiLLee BpemMsi HEM3BECTHO, SIBMSIETCS N LIENELEHTPUYHOCTb BPOXXAEHHBIM CBOMCTBOM HEKOTOPbIX TKP 1 KakoB MexaHu3M ee
opmmposaHs. Liensto paboTbl BbIN0 YCTaHOBUTL YaCTOTy BCTPEYaEMOCTIN MOAOOHbIX PELIENTOPOB B penepTyape shdeKTopoB 1 PECTUMYIMPOBaHHbIX KNETOK
NamaTL MbILLK, CREeUNMUYHBIX K aHTUreHaM annoreHHon onyxonn. ChopMmnpoBaHHbie B Xxo4e NMEPBUHHOrO MMMYHHOMO OTBETA N ViVO AONTOXUBYLLME KNETKM
namsaT PECTUMYIMPOBANN KNETKaMN UMMYHUSUPYIOLLIEN ONyxonu in vitro. MepBudHble adhheKTopbl NonyYan B KynsType in Vitro nytem CTUMYNSLMM T-KNeTok
HEUMMYHV3UPOBaHHBIX MbILLE KNeTKamu 3ToM e annoreHHor onyxonu. Metogom NGS-cekBeHMpoBaHus 6binv codaaHbl tnbnmnotekn TKP adhdexTopos,
BOBSIEYEHHbBIX B MEPBUYHBIA 1 BTOPUYHBIA UMMYHHBIA OTBET. [na naeHTUdUKaLumm LeneLeHTpUHeCKX peLentopoB Obiin oTtobparel no 10 BapuaHtos TKPa
13 Kaxxaoro peneptyapa. MyTem TpaHCAYKUMN T-KNETKU UHTaKTHbIX MbIlLen MoanMULMpOBanv MHAVMBMOYaNbHbIMU BapraHTamn a-Liener TKP ¢ nocneaytoLen
OLIEHKOW YPOBHS X MponudepaLm B MPUCYTCTBUM CNeLMMUHECKX anioreHHbIX CTUMYNSTOPOB. B xofe ckpuHuHa in vitro BbiseneHo 10% LeneLeHTpUHecKmnx
PeLenTopoB B Mysie NepBMYHbIX 3PMEKTOPOB, MpK 3TOM Aonsa Takux TKP B penepTyape peakTvB1pOBaHHbIX KNeTok namsaT coctasmnna 30%. Takium obpasom,
LieneLUeHTPUYHOCTb SBNSETCA UCXOAHO MPUCYLLIM CBOMCTBOM HeKOTOPbIX TKP, HO BTOpUYHAs aHTUreHHas CTUMYSLMS MOXET ObiTb (PakTOPOM Cenekumm
K/TOHOTUMOB C Tak1MK peLienTopamm.

KntoueBble cnoBa: T-KNETOYHbIN PELEenTop, LeneueHTPNYHOCTb, JOMUHAHTHO-aKTVBHAS a-LIEMb, NEPBUYHO aKTUBMPOBaHHbIE 3PdEKTOPbI, T-KNETKN NaMaT
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T cells are the most important adaptive immunity effectors. To
ensure realization of their functions, T cells carry an antigen-
recognizing T-cell receptor (TCR) involved in recognition of
peptide antigens represented by self-major histocompatibility
complex (MHGC) molecules. TCR is a heterodimer, which
consists of a- and B-chains in the predominant type of T cells.
According to the classic paradigm, both TCR chains contribute
equally to recognition of MHC/peptide complexes. However,
it has been reported for a number of TCRs that a- or B-chain
can predominate during interaction with antigen and determine
the specificity of the entire receptor [1]. About a decade ago
the term “TCR chain centricity” was introduced to describe this
phenomenon, and TCRs showing asymmetric functional activity
of the chains were named chain-centric receptors [2, 3]. This
property of some TCRs can significantly simplify and increase
the effectiveness of generating therapeutic T-cell products for
immunotherapy of infectious diseases and cancer [1, 4].

Today, it is unclear whether chain centricity is an inherent
feature of some TCRs, and what mechanism underlies its
development. In the majority of studies, chain-centric TCRs
were identified in the human or mouse immune repertoire
[2, 3, 5-7], which may suggest that these receptors are
expressed mainly by antigen-primed T cells. It has previously
been shown that the naturally occurring pool of mouse
memory T cells contains about 20% of chain-centric receptors
[4], but their proportion in the repertoire of effectors involved
in the primary immune response is still poorly understood.
Clarification of this issue will help determine the important
aspects of the chain-centric TCR nature: 1) whether chain
centricity is an inherent property of some receptors; 2) what is
the role of antigenic stimulation in the formation or selection of
such TCRs.

The study aimed to determine the abundance of TCRs
with the dominant-active a-chain in the repertoire of primarily
activated effectors and re-stimulated memory cells of mice.

METHODS

The study involved inbred C57BL/6 (haplotype H2-K?) female
mice (body weight 18-20 g, age 6-8 weeks) obtained from
the experimental biology laboratory of the Research Institute
of Experimental Diagnostics and Therapy of Tumors (Blokhin
National Medical Research Center of Oncology, Moscow,
Russia). Animals were kept under standard conditions (20-24 °C,
a 40% relative humidity, a 12-h light/dark cycle) and withdrawn
from the experiment by cervical dislocation. To generate
memory cells in vivo, nine C57BL/6 mice were immunized
with P815 allogeneic mastocytoma cells (KDY via a single
intraperitoneal injection of 1 x 10" tumor cells/mouse. Two
months after immunization [8] the animals were withdrawn from
the experiment as stated above, and the spleen was isolated
under sterile conditions. Cells of the spleen were squeezed out
carefully from the splenic stroma in the Potter homogenizer
(DWK Life Sciences; Germany) in 3 mL of PBS. Then cytometry
analysis of splenocytes was carried out in the FACSCantoll
system (BD; USA) using fluorescent labeled antibodies
(BioLegend; USA) to T-cell surface markers: CD3-PE, CD8-
Pacific blue, CD44-APC, and CD62L-APC-Cy7. Cell debris
was excluded from analysis based on the light scattering values
and propidium iodide (BD; USA) incorporation. The percentage
of T cells (%) in the total population of live splenic leukocytes
was determined based on the CD3 marker expression. The
relative number (%) of cytotoxic CD8* T cells was assessed
in the CD3* lymphocyte pool. The long-lived CD8* memory
T cells generated in vivo after immunization were determined

BECTHVIK PIMY | 6, 2024 | VESTNIKRGMU.RU

OPUITMHAJTIBHOE NCCJIEQOBAHNE | UMMYHONOT A

based on co-expression of CD44 and CD62L markers (Fig. 1).
Splenic cells of the P815-immunized mice were re-stimulated
with the immunizing tumor antigens in vitro without pre-sorting
[9]. For that splenocytes (4 x 10° cells/well) were seeded
in triplets into 96-well round bottom plates (Corning Costar,
Sigma Aldrich; USA). P815 mastocytoma cells were treated
with cytostatic mitomycin C (Kyowa Hakko Kogyo Co., Ltd.;
Japan) in a dose of 50 ug/mL for 60 min at 37 °C and added
to splenocytes at a ratio of 1 : 10. Cells were cultured in
200 L of the RPMI-1640 medium (PanEco; Russia) enriched
with 10% fetal bovine serum (HyClone, GE Healthcare; USA),
0.01 mg/mL of ciproflaxacin (KRKA; Slovenia) and 10 uM of
2-mercaptoethanol (Merck; Germany) for 72 h at 37 °C, 5%
CO,. To induce primarily activated CD8* effectors, splenic
cells of six intact (not immunized with mastocytoma P815)
C57BL/6 mice were in vitro cultured with P815 cells for 72 h, as
described above. To assess baseline proliferation, splenic cells
of intact and immunized mice were similarly cultured without
P815. Cell proliferation (counts per minute) in the splenocyte
culture was measured based on incorporation of H-thymidine
(1 pCi/well) (Isotope; Russia) added for the last 8 h of cultivation.
The antigen-induced response index was calculated as the
ratio of splenocyte proliferation under exposure to P815 and
corresponding baseline proliferation (Fig. 2).

The primarily activated effectors and re-stimulated memory
cells obtained as described above from one intact (non-
immunized) and one immunized mouse, respectively, were
used to create the TCR cDNA libraries by NGS sequences on
the MiSeq platform (lllumina; USA) [9].

The full-length cDNA of the TCR a-chain from each
repertoire was cloned into the MigRl retroviral vector containing
the PGK promoter [4]. Transfection of the HEK293T packaging
cell line was performed using the calcium phosphate method.
To obtain T cells transduced with an individual TCRa variant,
preliminary activation of T cells of intact (non-immunized)
mice was performed. For that animals were euthanized by
cervical dislocation; the spleen and mesenteric lymph nodes
were recovered under sterile conditions, and cells were isolated
from these organs as described above. The cells obtained were
then in vitro activated with the T-cell mitogen, concanavalin
A (8 pg/mL) (Sigma Aldrich; USA), for 24 h and transduced
by two spinoculations with the retroviruses containing an
individual TCRa variant at 2000 x g for 2 h (22 °C) [10]. The
lymphocyte modification levels were determined 48 h later by
flow cytometry based on the GFP reporter protein expression
measured in the control sample of T cells similarly transduced
with the GFP retrovirus [10]. The transduction efficacy was 40—
70% (data not shown).

T cells (1 x 10° cells/well) were seeded in triplets into the
96-well flat-bottom plates (Corning Costar, Sigma Aldrich; USA)
48 h after transduction. Cells of the EL-4 lymphoma syngeneic
for C57BL/6 mice and of the immunizing mastocytoma P815
were treated with mitomycin C. To determine proliferation levels
of modified T cells under exposure to syngeneic stimulators,
EL-4 cells treated with the cytostatic were added to T cells at a
ratio of 1 : 2. To assess specific antigen-induced proliferation,
modified T cells were co-cultured with P815 cells treated with
mitomycin C. Cells were cultured in 200 pL of the RPMI-1640
medium (PanEco; Russia) enriched as described above for 72 h at
37 °C, 5% CO,. The non-transduced lymphocytes (NTLs) and
GFP-modified T cells were used as controls. To assess baseline
proliferation, T cells (NTLs, TCRa- and GFP-transduced) were
similarly cultured without tumor cells. Cell proliferation levels
were assessed using the CellTiter 96 AQueous Non-Radioactive
Cell Proliferation Assay kit (Promega; USA) in accordance with
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Fig. 1. Analysis of mouse splenic T cells after in vivo immunization with the allogeneic tumor cells. C57BL/6 mice (n = 9) were immunized intraperitoneally with allogeneic
mastocytoma P815 cells. Spleen cells were analyzed by flow cytometry 2 months after immunization. Splenocytes of intact (not immunized with P815) C57BL/6 mice
(n = 6) were used as a control. A) The relative count (%) of T cells (CD3*). B) The percentage (%) of cytotoxic CD8* T cells. C) The percentage (%) of CD8* T cells with
the phenotype of naive cells (CD44-CD62L"), central memory cells (CD44+*CD62L+), and effector memory cells (CD44+*CD62L"). The data are presented as m + SEM

(n = 6-9). "p < 0.05 compared to the intact control (Student's t-test)

the manufacturer’s instructions. Optical density (OD) was
measured using the Infinite F50 microplate spectrophotometer
(Tecan; Switzerland). In vitro screening of each TCRa variant
was conducted in at least two independent experiments.

Fig. 1 and 2 present the data of three independent
experiments as mean + standard error of the mean (mean + SEM)
(n =6-9). Fig. 3 presents frequencies of unique TCRa clonotypes
in each studied repertoire. Fig. 4 presents the data of one of
the two representative experiments as mean + SEM for three
technical replicates. Statistical analysis was performed using the
unpaired Student's t-test after testing the sample distribution for
normality using the Kolmogorov—Smirnov test. The differences
were considered significant at p < 0.05. Statistical analysis was
performed using the Prism v.8.1.2 software (GraphPad; USA).

RESULTS

In this study, the experimental model of generating long-lived
memory T cells was used involving in vivo immunization of
C57BL/6 mice (H2-K) with P815 allogeneic mastocytoma cells
(K9D9). Due to allogeneic differences in MHC class | molecules,
the recipient develops predominantly CD8* T-cell response to
the transplanted tumor. No increase in the relative number of
T cells in the spleen of immunized animals compared to intact
mice was reported (Fig. 1A), however, the proportion of CD8*
T cells after immunization was significantly higher relative to the
control (Fig. 1B). Furthermore, in the spleen of immunized mice,
accumulation of CD8* T cells with the phenotype of effector

memory cells (CD44+CD62L") was reported, the percentage
of which increased 1.9-fold relative to the same population of
CD8* T cells in the spleen of intact mice (Fig. 1C). The data
obtained suggest that a pool of long-lived CD8* memory cells
is formed in vivo after contraction of primary immune response.

Considering the fact that the T cell surface activation
phenotype is not directly correlated with the T cell experience
of interaction with antigen and its functional status [11], splenic
lymphocytes of the immunized mice were re-stimulated with
the immunizing tumor antigens in vitro in order to confirm
generation of true memory T cells during in vivo immunization.
Primary proliferative response of splenocytes of intact mice
was obtained in vitro in the culture with P815 allogeneic
mastocytoma cells, which was twice higher compared to
baseline proliferation values (Fig. 2). Furthermore, the antigen-
induced proliferation level of splenocytes from the immunized
animals was three times higher compared to that in the cell
culture of intact mice (Fig. 2). Thus, the in vitro functional test
showed the primary immune response to the allogeneic tumor
cells and the enhanced secondary response of memory T cells.

This experimental system was used to generate effectors of
the primary and secondary immune response to the allogeneic
tumor cells and construct libraries of their TCR a-chains (TCRa).
To identify TCRa clonotypes involved in the immune response
to the P815 antigens, the repertoires of primarily activated
effectors and re-stimulated memory cells were compared to
the TCRa repertoires of non-immunized mice and immunized
mice without antigenic stimulation in vitro, respectively. TCRa
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Fig. 2. Levels of antigen-induced proliferation in vitro of T-cells in the primary and secondary immune responses to the allogeneic tumor cells. Splenic cells of intact (not
immunized with P815) and P815-immunized C57BL/6 mice were cultured in the presence of allogeneic mastocytoma P815 for 72 h. Splenocytes similarly cultured
without antigenic stimulation were used to assess baseline proliferation. The index of antigen-induced proliferative response to alloantigens was calculated as described
in the Methods section. The data are presented as m + SEM (n = 6-9). *p < 0.01 (Student's t-test)

variants, the frequency of which after stimulation was at
least three times higher compared to frequency of the same
clonotype in the corresponding repertoire without antigenic
stimulation, were determined in each library [9]. A total of 10
TCRa variants unique for the repertoire of primarily activated
effectors or re-stimulated memory cells were selected for
further research (Fig. 3).

The dominant-active TCRa were identified in an in vitro test
system. For that T cells of the intact mice modified with each
TCRa variant were introduced to the culture with syngeneic
stimulators (EL-4 cells) or specific allogeneic stimulators (P815
cells) (Fig. 4). The appropriate a-chain was considered to be
dominant-active, when the proliferation level of transduced
lymphocytes under exposure to P815 was significantly
higher, than the proliferation level of the same cells not
subjected to antigenic stimulation (baseling), in the presence
of EL-4 (stimulation with the syngeneic tumor), or when it
was significantly higher, than the values of antigen-induced
proliferation of NTLs and GFP-modified T cells (Fig. 4).

The screening revealed one dominant-active TCRa from the
repertoire of primarily activated effectors (#3; Fig. 4A): the level
of proliferative response of T cells modified with the a-chain
TCR #3 in the presence of the specific allogeneic stimulator
(P815 cells) was 1.3-fold (p < 0.05) higher, than the level of
their proliferation in the culture with syngeneic stimulators (EL-4
cells). Three dominant-active TCRa variants were identified in
the repertoire of re-activated memory cells: T cells transduced
with TCRa #2, TCRa #5, and TCRa #9 had  significantly 1.3-fold
increased (p < 0.05) proliferation activity under specific antigenic
stimulation with P815 cells compared to their proliferation in the
presence of syngeneic EL-4 cells (Fig. 4B).

Thus, the study has shown that the primarily activated
effector repertoire comprises 10% of chain-centric TCRs,
while the proportion of such receptors in the repertoire of
re-stimulated memory cells is 30%. This preliminary assessment
is currently being refined with additional data.

In vitro screening also revealed distinct variants of TCR
a-chains (#9 in the primarily activated effector repertoire (Fig. 4A) and
#1 in the repertoire of re-stimulated memory T cells (Fig. 4B)),
modification with which resulted in enhanced T cell proliferation
in the presence of syngeneic EL-4. This may be explained
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by the generation of a receptor with the new specificity as a
result of the interaction of the transduced a-chain with an
endogenous TCR B-chain in a mature T cell.

DISCUSSION

Using the previously developed experimental model we traced
sequential changes in the mouse TCR repertoire during the
immune response to tumor alloantigens, from the primary
response to immunological memory formation and induction of
the secondary memory cell response (8, 9]. The data obtained
have shown that both primarily activated effectors and re-
stimulated memory T cells express TCRs with the dominant-
active a-chain. Based on this finding, it can be assumed that
chain centricity is an inherent property of some TCRs.

An interesting analogy for this phenomenon can be found in
the paper by Dietrich et al. reporting the study of the pre-immune
repertoire of T cells specific for the melanoma-associated
autoantigen melan-A. It has been shown that melan-A-specific
thymocytes and mature peripheral T cells preferentially use
a particular V segment of the a-chain (Va 2.1) [12]. Thus,
narrowing of the repertoire in favor of using this a-chain variant
occurs during intrathymic selection of melan-A-specific T cells,
although the fact that they preferentially use this TCRa variant
does not indicate the a-chain functional dominance. We believe
that the reasons for this phenomenon can include the possibility
of repeated rearrangements of the TCR a-chain genes during
positive selection in the thymus, resulting in the selection of
their variants capable of establishing multiple contacts with the
endogenous MHC/peptide complexes and, therefore, of more
effective positive selection.

It should be noted that in our experiments the proportion of
chain-centric receptors in the repertoire of re-activated memory
cells was higher (30% vs. 10% in the primarily activated effector
repertoire), which can suggest selection of the TCR clonotypes
with the dominant-active a-chains during secondary specific
antigenic stimulation. Bioinformatics analysis of the entire
TCR repertoire of these two functional groups has shown
that physicochemical characteristics of TCRa in the pool of
re-activated memory cells markedly differed from the properties of
the TCR a-chains of effectors involved in the primary immune
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Fig. 3. T-cell receptor a-chain variants selected for in vitro screening. Frequency of the T-cell receptor a-chain clonotype in the repertoire of effectors involved in the

primary immune response (A) and of re-stimulated memory T cells (B)

response [9]. According to the data obtained, in the secondary
response, the TCR repertoire is enriched with receptors
containing the a-chain with the increased strength of binding to
the MHC/peptide complexes and cross-reactivity [9].

It is well known that TCRs of memory cells have the increased
affinity for antigen [13, 14]. The results of our studies suggest
that this can be also associated with the expression of the
dominant-active TCRa. Thus, selection of chain-centric TCRs
can represent one of the mechanisms underlying maturation of
functional avidity of antigen-primed T cells [15-17].

In the light of the currently available data, we believe that
the functionally true memory T cells can be the most promising
source of therapeutic TCRs. It has been previously shown in the
in vivo experimental models that the dominant-active a-chains
of the memory cell chain-centric TCRs can be successfully
used to generate T-cell products for adoptive immunotherapy
of cancer and infectious diseases [4, 7].

The in vitro screening system described in this study can
be also used to assess possible autoreactivity of modified
T cells. During transduction of an individual TCR a-chain into
T cells, the a-chain binds to endogenously rearranged
-chains, and this can result in the generation of receptors with
new specificity, including potentially autoreactive TCR. Thus,

in our study we have revealed increased proliferative activity
of T cells modified with two TCRa variants in the presence
of syngeneic stimulators (Fig. 4A, #9; Fig. 4B, #1). However,
determination of autoreactivity of these transduced T cells was
outside the scope of this study. Meanwhile, we have earlier
shown that T cells modified with the dominant-active TCRa do
not show nonspecific cytotoxicity when adoptively transferred
into syngeneic recipients, which confirms the lack or low rate
of potentially autoreactive clones in the resulting T cell product [18].

CONCLUSIONS

In this study we developed an in vitro system for screening of
mouse chain-centric TCRs. Using this system, the dominant-
active antigen-specific a-chains were identified both in the
repertoire of effectors involved in the primary immune response
and in the repertoire of memory cells after the secondary specific
antigenic stimulation. The study results have shown that 10% of
the TCRs of primarily activated effectors are chain centric. Thus,
this property is inherent to some T-cell receptors. Furthermore,
in the secondary immune response, the proportion of such
receptors increases 3-fold, which suggests that the repertoire
is enriched with chain-centric TCRs due to antigen-induced
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Fig. 4. In vitro antigen-induced proliferation levels of T cells transduced with individual T-cell receptor (TCR) a-chain variants. Activated T cells of an intact C57BL/6
mouse were transduced with the TCR a-chains from the repertoire of primarily activated effectors (A) or re-stimulated memory cells (B). Modified lymphocytes were
placed in the culture with syngeneic stimulators (EL-4 lymphoma cells) or allogeneic specific stimulators (P815 mastocytoma cells) for 72 h. To assess baseline
proliferation levels, transduced T cells were cultured without tumor cells (baseline). Non-transduced activated lymphocytes (NTLs) and GFP-modified T cells were used
as controls. The data of one representative experiment out of two are presented as m + SEM for three technical replicates. *p < 0.05 (Student's t-test)

selection of clonotypes with such receptors. The findings will
help to improve the process of identifying and selecting chain-
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GENE POOL OF THE URAL-VOLGA REGION: GENETIC HISTORY OF MORDOVIA'S POPULATION BASED
ON THE Y-CHROMOSOMAL HAPLOGROUP N3A1-Y23475 PHYLOGEOGRAPHY
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It has been shown that Y-haplogroup N3a1-B211 is common in the Finnish-speaking peoples of the Ural-Volga region. The study aimed to investigate gene geography
and phylogeography of the westernmost variant of this haplogroup: the N3a1-Y23475 branch. Comprehensive genotyping of 395 haplogroup N3a1-B211 carriers
from 29 populations of Eastern Europe, Ural-Volga region, and Siberia revealed 78 carriers of its western branch reaching its maximum frequency in Mordovia’s
populations (8% in Moksha, 9% in Erzya, 25% in Tengushevsky Erzya-Shoksha). Low N3a1-Y23475 frequencies in the Turkic-speaking and Slavic populations
suggest the role of the Finnish-speaking substrate in their gene pools. According to the phylogenetic analysis data, the N3a1-Y23475 branch emerged 2.3-2.7
thousand years ago, but active accumulation of its current diversity took place mainly in the populations of Mordovia during the last millennium. We performed
DNA genotyping in 74 haplogoup N3a1-Y23475 carriers using the 37 Y-STR panel. The Y-STR haplotype phylogenetic network created suggests two periods of
population growth in ancestors of Mordovia’s indigenous population: about 1000 years ago in the populations of proto-Erzya and proto-Shoksha, about 500 years
ago in the populations of Moksha and Shoksha. The fact of finding haplogroup N3a1-Y23475 in the Northern and Southern Altaians requires further research.
Position of Northern Altaians-Kumandins in the phylogenetic network presumably reflects migration of Mordovia’s population to Altai in the 19""-20" centuries.
The age estimates reported for Southern Altaians-Telengits can indicate the association with the haplogroup N3a1 ancestral homeland in South Siberia before
resettlement of its ancient carriers in the Ural-Volga region about 1.7 thousand years ago.

Keywords: gene pool, gene geography, phylogeography, Ural region, Mordovia, Y chromosome, haplogroup N3a1-Y23475, TMRCA estimates
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FEHO®OHA YPANO-MNOBOJIKbA: TEHETUHMECKAA NCTOPUA HACENEHUA MOPAOBUIN MO OAHHBIM
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[MokagaHo, 4To Y-rannorpynna N3ai1-B211 pacnpoctpaHeHa B Nonynsumsx rHHOS3bIYHbIX HAapoaoB Ypano-oBomkes. Liensto nccnenosaHmst 6bi10 naydeHve
reHoreorpacum 1 dpunoreorpadum camoro 3anagHoro BapuaHTa a1o rannorpynnbl: BetBu N3a1-Y23475. Mpu faetansHOM reHotunpoBaHum 395 Hocutenen
rannorpynnbl N3a1-B211 13 29 nonynsupmin BoctouHon EBponbl, Ypano-IoBomkbs 1 Crbrpu BbiSBNEHO 78 HOCUTENEN ee 3anagHol BETBM, KOTopasi AOCTUraeT
MaKkCVMaslbHbIX 4acToT B nonynsaumax Mopnosum (8% — y Mokwm, 9% — Yy 3p3n, 25% — Y TeHbIyLLEBCKMX 3p3U-LLOKLLM). Hiuskve YacTotel N3al-Y23475 B
TIOPKOA3bIYHBIX 1 CNABAHCKIMX MOMYNSLMSX MOMYT yKadblBaTb Ha Pofb (PUHHOS3LIYHOO cybcTpata B 1x reHooHaax. 1o AaHHbIM (hunoreHeTU4eckoro aHanmsa
BeTBb N3a1-Y23475 BosHukna 2,3-2,7 TbiC. NET Hasdaf, HO aKTMBHOE HAKOMMEHWe ee COBPEMEHHOrO Pas3Ho0bpasns NMPOUCXoaMIo NMPEenMyLLIECTBEHHO B
nonynaumsx Mopaosum B TeHeHve nocnefHero Teicsdenetus. lNposeneHo reHoTunnposanve JHK 74 Hocutenert rannorpynnel N3a1-Y23475 no nanenn 37 Y-STR.
CospaHHas unoreHeTHeckas cetb Y-STR rannoTunos ykasbiBaeT Ha ABa nepuoga AeMorpaduHeckoro pocta y NPeaKoB KOPEHHOro HaceneHs Mopaosum:
okono 1000 neT Hazag, B NonyaauUmMsx npaspav 1 npawokwin, okono 500 neT Hasad — B NONyNsumMsax MOKLW U LWOKLIN. BbiSBNeHHOe Hanu4me rannorpynmbl
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Y-haplogroup N3 represents one of the basic components
of the North Eurasian gene pool and is considered to be
a marker of the ancient population expansion, during which
the Uralic languages spread [1-2]. Most of the haplogroup N3
range is the territory of Russia, where there are currently more
than 1.6 million speakers of languages of the Uralic linguistic
group belonging to 20 ethnic groups [3]. More than 90% of
the population of the Uralic language-speakers in the Russian
Federation is represented by the Finnish-speaking peoples of
the Ural-Volga region of three language groups: Mari (Mari),
Mordovian (Moksha, Shoksha, Erzya), and Permic (Besermyan,
Komi-Zyryans, Komi-Permyaks, Udmurts). Among branches of
haplogroup N3 most common in Europe (N3a1, N3a3, N3a4),
high significant correlation with the Uralic ancestral component
of the autosomal genome was reported for haplogroup N3a1
only [4].

Haplogroup N3a1 is common in the gene pools of peoples
of the Ural region and is rare outside the region: in Udmurts
(67%), Komi-Zyryans (18-43%), Chuvash (20%), Khanty
and Mansi (19%), Komi-Permyaks (12%), Mari (14%), and
Mordvins (5-10%) [1]. The spread of N3a1 is characterized by
considerable frequency variation within its range: from 1% on
the outskirts of the range (in Bashkirs, Belarusians, Karelians,
Russians, Khakas) to the world’s maximum in Udmurts (67%).
This haplogroup, like other N3 lineages, could be brought
to Europe by the population related to the Seima-Turbino
transcultural phenomenon in the Bronze Age, despite the
fact that this hypothesis has not yet been confirmed by direct
paleoDNA analysis [5-6].

The structure of haplogroup N3a1-B211, common in the
Finnish-speaking peoples of the Ural-Volga region, and the
time of origin of its branches are poorly understood, but basic
understanding is ensured by the YFull open source data [7].
Among the commercial testing participants, a common one in
the populations of the Ural-Volga region is the N3a1-Y23475
branch spread across the western part of the region: in
Mordvins-Erzya, Volga Tatars, and Russians (Bryansk, Nizhny
Novgorod, Penza, Kirov, and Sverdlovsk regions). According
to the YFull data, active accumulation of today’s diversity
within N3a1-Y23475 took place on average in the last 2.4-2.7
thousand years.

The study aimed to investigate gene geography and
phylogenetic structure of haplogroup N3a1-Y23475 based on
the extensive data on the populations of North Eurasia.

METHODS

Biological samples were collected after obtaining the informed
consent from the donors during the expedition surveys
managed by Professor E.V. Balanovska and RAS Professor
O.P. Balanovsky in accordance with the same program that
had been described earlier [8]. The donors were unrelated
adult males, whose ancestors for at least three generations
considered themselves to belong to this ethnic group and were
born into this population. In Mordovia, the Moksha and Erzya
ethnic groups were assessed, including the distinct group of
Erzya living in the Tengushevsky District, hereinafter referred to
as Shoksha.

DNA was isolated from the venous blood samples using
the QIAsymphony SP nucleic acid purification system or by
phenol-chloroform extraction using proteinase K; the sample
preparation phases had been described earlier [9]. Among
4051 samples (Table 1) there were 395 samples of the
haplogroup N3a1-B211 carriers from 29 populations of Eastern
Europe, Ural-Volga region, and Siberia. For these genotyping

of the Y23475 SNP marker was performed by real-time PCR
using the TagMan probes and the OpenArray technique in the
QuantStudio 12 Flex thermocycler (Thermo Fisher Scientific,
USA). A total of 78 carriers of the N3a1-Y23475 branch were
identified. Of those the results of fragment analysis (37 YSTR
markers) were obtained for 74 samples using the commercially
available Yfiler Plus (Thermo Fisher Scientific, USA), Powerplex
Y23 (Promega, USA) kits and the Nanophore 05 genetic
analyzer (Syntol, Russia).

Cartographic analysis was performed using the original
GeneGeo cartographic software package [10] developed
under the leadership of E. V. Balanovska and O. P. Balanovsky.
The gene geographic map of the haplogroup N3a1-Y23475
spread was created based on the genotyping data by the
weighted average interpolation (radius 400 km, and weight
function degree 3).

The N3a1-Y23475 phylogenetic network was constructed
based on the median-joining principle [11] using the Network
v.10.2.0.0 software tool (Fluxus Technology Ltd, UK). The
network image was visualized in Network Publisher v.2.1.2.5
(Fluxus Technology Ltd, UK). The weight of each of 37 STR
markers was considered to be 10 with € = 0. The time to
the most recent common ancestor (TMRCA) for the entire
phylogenetic network and the clusters distinguished (Table 2)
was calculated by the ASD method [12]. We excluded the
DYF387S1b locus due to partial AZFc deletions in the P1
palindromic sequence in the haplogroup N3-M178 samples.
The mutation rate constant for the 36-marker haplotype was
selected based on the world’s data [13-14]: 0.0038 per locus
per generation. The average generation interval for males was
considered to be 31.5 years [15].

RESULTS
Gene geography of haplogroup N3a1-Y23475

The range of haplogroup N3a1-Y23475 extends from northwest
to southeast (from the Vologda Russians to Mongols), but
shows intermittent and irregular frequency distribution (Table 1).
Most of the haplogroup carriers (84%) are in the Finnish-
speaking populations of the Ural-Volga region, where the
N3a1-Y23475 frequency varies between 0.4% and 25% (Fig. 1).
The haplogroup frequency reaches its maximum in the
populations of Mordovia, where there more than 70% of its
carriers with the following frequency values: 8% in Moksha,
9% in Erzya, and the maximum value (25%) in Tengushevsky
Erzya-Shoksha (hereinafter, Shoksha). N3a1-Y23475 is almost
an order of magnitude more rare in the neighbouring Turkic-
speaking peoples: Mishar Tatars (2%), Kazan Tatars (1%), and
extremely rare in Bashkirs (0.4%). The haplogroup is rare in
the Russian populations: 3% in the Vologda Region and 1%
in the Belgorod, Kaluga, Oryol regions (Table 1). In Siberia,
haplogroup N3a1-Y23475 has been found in Altaians (6%) and
one Mongol.

The reported haplogroup N3a1-Y23475 gene geography
necessitates consideration of two issues: 1) of the factors
that led to its accumulation in Mordovia’s populations; 2) of its
sources in Altaians. The search for answers to these questions
was performed using phylogenetic analysis.

Phylogenetic structure and chronology
of clusters/branches

The samples of the haplogroup N3al-Y23475 carriers were
assessed using the 37 Y-STR marker panel in all populations,
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Table 1. Spread of haplogroup N3a1-Y23475 across the populations of the Ural-Volga region and adjacent regions

Linquistic characteristics Populations Total Number of the Number of the N3a1-Y23475 N3a1-Y23475
9 P sample | N3a1 test samples branch carriers branch frequency, %
Eastern Europe
Russians of Vologda Region 80 2 2 3
Slavic group of Indo-European Russians of Kaluga Region 96 1 1 1
language family Russians of Belgorod Region 341 2 2 1
Russians of Oryol Region 173 1 1 1
Ural-Volga region
Mari group of Uralic Mountain Mari 65 14 0 0
language family Meadow Mari 161 33 0 0
Moksha Mordvins** 194 16 16 8
Mordovian group of Uralic Erzya Mordvins™ 280 26 26 9
language family
Shoksha Mordvins** 52 13 13 25
Besermyan 45 20 0 0
Eastern Udmurts 70 50 0 0
Northern Udmurts 42 13 0 0
Permic group of Uralic Southern Udmurts 113 83 0 0
language family Zyuzdinski Komi (Kirov Region) 32 8 0 0
Northern Komi-Permyaks 74 7 0 0
Southeastern Komi-Permyaks 74 23 0 0
Southwestern Komi-Permyaks 175 19 0 0
Kazan Tatars 382 11 5 1
Turkic branch of Altaic Mishar Tatars 154 12 3 2
language family Chuvash of Tatarstan 66 12 0 0
Bashkirs of Bashkortostan 719 7 3 0.4
Siberia and Cenral Asia
Ugric group of Uralic Khanty 83 S 0 0
language family Mansi 76 1 0 0
Siberian Tatars 544 6 0 0
Northern Altaians-Kumandins 44 1 1 2
Turkic branch of Altaic Northern Altaians-Chelkans 56 1 0 0
language family
Southern Altaians-Telengits 54 4 4 7
Tofalars people 51 1 0 0
. Buryats of Trans-Baikal Territory,
Mongolic branch of Duldurginsky District 96 2 0 0
Altaic language family
Mongols 636 1 1 0.2
Total: 5028 395 78

Note: ** — significant differences in haplogroup frequency between the Mordvin populations (o < 0.01)

where the haplogroup was found. A total of 74 haplotypes were
obtained (Table in Appendix), based on which a phylogenetic
network was constructed (Fig. 2).

The use of 37 Y-STR markers allowed us to achieve high
phylogenetic resolution: most haplotypes were distributed
across six clusters (Fig. 2). Four clusters (B, C, D, E) are
characterized by absolute specificity: each cluster is formed by
the samples belonging to only one Mordovia’s ethnic group,
i.e. Erzya, Moksha or Shoksha. Clusters A and F include three
specific subclusters, two of which (A1 and F1) are formed by
the haplotypes from Mordovia’s populations. Chronology of
their emergence was calculated for all clusters and subclusters
(Table 2 — time to the most recent common ancestor, TMRCA).

Subcluster A1 and cluster B (Fig. 2) of Moksha were
formed within the same period: about 500 years ago (Table 2).
Subcluster A1 includes for different Moksha haplotypes from
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the Insarsky District of Mordovia (hereinafter, birthplaces of
the assessed individuals’ paternal grandfathers are specified).
Cluster B is represented by the Moksha samples from three
neighboring districts of Mordovia: four samples from the
Insarsky District, three samples from the Atyuryevsky District,
and one sample from the Kovylkinsky District.

Clusters C and E (Fig. 2) of Erzya were formed about 900-
1000 years ago (Table 2). Cluster C includes representatives
of the Ichalkovsky District of Mordovia, and cluster E includes
mostly those of the adjacent Chamzinsky District.

Cluster D and subcluster F1 of Shoksha are far from each
other in the phypogenetic network, despite the fact that these
originate from the populations of the Tengushevsky District in
northwestern Mordovia. The dates differ almost two times:
subcluster F1 was formed about 500 years ago, cluster D
about 900 years ago (Table 2).
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Fig. 1. Spread of haplogroup N3a1-Y23475 across indigenous populations of the Ural-Volga region. The studied populations are marked with red dots; yellow dots
represent Mordovia’s populations. The haplogroup frequency is shown according to the color chart in the map legend

All haplotypes of the Kazan Tatars and Mishar Tatars are
located outside the clusters. A casual resemblance to these
is reported for two Moksha samples and two Bashkir samples
(Fig. 2), as well as for subcluster D of Shoksha.

The samples of Russians also do not form any separate
subcluster; these are included in the most heterogeneous
cluster F, along with the haplotypes of Moksha, Bashkir, and
Mongol and subclusters of Shoksha and Telengit Altaians.

Haplotypes of Altaians are distributed across clusters A and
F in the phylogenetic network. The age of cluster A including
only one sample of the Kumandin Altaian is about 1150 years.
This value twice exceeds the value of the Moksha subcluster
A1, the Altaian haplotype originates from. Samples of southern
Altaians-Telengits are merged into the specific subcluster F2,
which suggests their descent from a common ancestor. The
time to the most recent common ancestor for subcluster F2 is
about 800 years (Table 2).

The age of the entire haplogroup N3a1-Y23475 calculated
based on the Y-STR haplotypes (2340 + 330 years) within the
margins of error is consistent with the estimates of the YFull team
[7] obtained based on SNP markers (2700 + 300 years). Matches
in the YFull phylogenetic tree can be found for a half of the Y-STR
clusters identified in the population-based study (Table 2).

DISCUSSION

The detected accumulation of haplogroup N3a1-Y23475 in
the gene pools of Mordovia’s population and two population

growth momenta reflect their demographic history. The
population growth about 500 years ago could result from
liberation of the population from the system of dependence
on the Mongol Empire and the Golden Horde (that lasted
from mid-13™" century to late 15" century). The population
growth momentum about 1000 years ago is considered to be
associated with the formation of ethnic foci of Moksha (on the
Tsna River and in Prisurie) and Erzya (in Poteshie) in the 10"
century. The late Ryazan-Oka traditions followed by the ceramic
complex of the Shokshinsky burial ground developed within the
Shoksha range in an isolated manner, inheriting and developing
the features of ceramics of the preceding period [16].

Peculiarity of the Shoksha gene pool is traced through high
frequency of N3a1-Y23475 (25% vs. 8-9% in Moksha and Erzya)
and the analysis of autosomal gene pool. The ADMIXTURE
method revealed two ancestral components [17]. The first
ancestral component (Moksha-Erzya) merges the populations
of Moksha and Erzya only, while the second (Shoksha) is typical
only for Shoksha populations. Both ancestral components are
found in the genomes of most Russian populations, suggesting
the contribution of pre-Slavic population to the Russian gene
pool (Table 3).

Accumulation of haplogroup N3a1-Y23475 in the population
of Mordovia can be explained by consecutive effects of two
factors: migration and the founder effect. The presence of
this lineage in all Mordovia’s populations suggests that it was
inherited by the Mordvin proto-population from the same
source (probably, from the alien carriers of haplogroup N3at).
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Fig. 2. Phylogenetic network of haplogroup N3a1-Y23475

The founder effect presumably manifested itself after isolation
of Mordovia’s ethnic groups. This explains high specificity of
clusters and subclusters (accumulation of haplotype diversity
within each population) and their structure in the phylogenetic
network (Fig. 2).

The N3a1-Y23475 phylogenetic analysis results make it
possible to give an interim answer to the question about the
sources of origin of haplogroup N3a1-Y23475 in Altaians.
Haplotype of the Northern Altaian-Kumandin is most close to
the Moksha haplotypes (Fig. 2, cluster A). Since the population
of Kumandins is small (2400 people), a single Moksha lineage
could emerge in Kumandins due to mass resettlement of
Mordvins to Altai in the 19"—-20™ centuries [18]: in the early
20" century, Mordvins ranked third (following Russian and

Table 2. Genetic chronology (TMRCA) of the haplogroup N3a1-Y23475 clusters

Cluster B - Moksha
(490 * 220 ya)

Cluster C - Erzya
© (890 + 300 ya)

Ukranians) among ethnic groups based on the population size
in the Altai Region.

The issue of the population being the source of branch
N3a1-Y23475 in Southern Altaians is related to the issue of
its ancestral homeland that could hypothetically be located in
the Ural region (“Uralic ancestral homeland”) or South Siberia
(“Siberian ancestral homeland”).

Southern Altaians-Telengits form their own subcluster F1
in the phylogenetic network, which, along with two Belgorod
samples and the Mongol sample can be traced back to the most
common Shoksha haplotype (Fig. 2, cluster F). The subcluster F2
chronology suggests that the ancestor of today’s N3a1-Y23475
branch carriers could emerge within the range of Southern
Altaians-Telengits about 800 years ago (500-1100 years ago).

Cluster n TMRCA, years ago YFull estimate Match betw\?'?lr}"t ?rzfggifter and the

A (Moksha and the Kumandin Altaian) 5 1150 + 360 not found
A1 (Moksha) 4 500 + 200 not found
B (Moksha) 8 490 + 220 800 + 210 N-BY9737
C (Erzya) 7 890 + 300 1400 + 260 N-Y164241
D (Shoksha) 4 810 + 340 not found
E (Erzya) 12 1020 + 240 not found
E 25 1710 £ 290 1250 + 260 N-Y39435
F1 (Shoksha) 9 490 + 200 425 + 110 N-Y39282
F2 (Altaians-Telengits) 810 + 330 not found
N3a1-Y23475 74 2340 + 330 2700 + 300 N-Y23472
in general

Note: n — number of samples the cluster consists of, TMRCA — time to the most recent common ancestor.
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Ta6nuua 3. Share of individual autosomal genomes (%) in Russian populations, where the ADMIXTURE ancestral components typical for Moksha and Erzya (Moksha-

Erzya) and Shoksha (Shoksha) are found

Regions with the Russian population Share of Mordovia’s ancestral components in Russian populations

Moksha-Erzya (%) Shoksha (%)
Tver 90 50
Kaluga 80 60
Smolensk 60 50
Oryol 65 25
Tambov 50 40
Kostroma 50 80
Ryazan 50 80
Nizhny Novgorod 45 80

Reasons for the “Uralic ancestral homeland” hypothesis.
The greatest diversity of both clusters and single N3a1-Y23475
haplotypes is observed in today’s populations of the Ural-
Volga region, which indirectly indicates the haplogroup origin
can be in this area. In this case the emergence of haplogroup
N3a1-Y23475 in Southern Altaians and Mongols is associated
with the eastward migration from the Ural region. Furthermore,
migration to Altai had to occur no later as 500 years ago, since
subcluster F2 is significantly isolated from the main pool of
haplotypes from the populations of the Ural-Volga region.

Reasons for the “Siberian ancestral homeland” hypothesis.
An alternative hypothesis places the haplogroup N3a1-Y23475
ancestral homeland to South Siberia. This hypothesis is
supported by the previously reported general vector of the
haplogroup N spread from east to west [1]. In this case,
subcluster F2 of Southern Altaians-Telengits preserves genetic
memories about the ancient haplogroup N3a1-Y23475 carriers,
who migrated to the Ural region from South Siberia. Cluster F
differs from other clusters of the phylogenetic network (Fig. 2)
by the highest population heterogeneity and the most ancient
date (1710 + 290 years ago; Table 2). There is a large number
of reticulations in the structure of cluster F, along with rather
distant relationships between haplotypes from different regions
and both subclusters. The chronology calculated suggests that
cluster F was formed on average only 600 years later than the
entire haplogroup N3a1-Y23475. Both observations suggest
that in the past there were many clusters within cluster F, from
which only distinct haplotypes survived by today.

The hypothesis about the South Siberian ancestral
homeland of haplogroup N3a1-Y23475 is not contradicted by
the pattern of its spread across today’s populations, since high
frequency and haplotype diversity in Mordovia’s populations
formed as late as in the last millennium. Chronology of cluster
F suggests that the South Siberian, some Volga region, and
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PROSPECTS OF GENE THERAPY WITH HEMATOPOIETIC STEM CELLS
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Gene therapy is subdivided into in vivo and ex vivo according to the tactics of delivery of therapeutic constructions. In vivo therapy, a vector containing a therapeutic
construction is injected into the patient. In ex vivo therapy, cells are removed from the patient's body, genetically modified, and then returned. In ex vivo therapy for
inherited diseases, hematopoietic stem cells are most often subjected to modification. Despite the advantage of in vivo therapy, which consists in the possibility of
scale-up of production and convenience of use of ready-to-use drug, therapy based on transplantation of genetically modified hematopoietic stem cells remains

relevant for a number of genetic diseases.
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MEPCNEKTUBbI FEEHHOW TEPANUWN FEMOMO3TUYECKMW CTBOJIOBbIMU KNETKAMU
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KOHCTPYKLIMIO, BBOAAT NauveHTy. [pn Tepanumn ex vivo KNETKV U3BNEKaloT 13 OpraHnama naumeHTa, NoABepratoT reHeTUHeCKOoNn MoaVMVKaLMM 1 BO3BpaLLIatoT
obpaTtHo. B ex vivo Tepanum HacneacTBeHHbIX 3aboneBaHnin MoaMduKaumm Yallle BCero noaBeprarTcs reMono3TMHeCKe CTBONOBbIE KNeTKU. HecMoTpst Ha
npeviMyLLecTBO Tepanuu in vivo, COCTOsILLLee B BO3MOXHOCTM MacLUTabrpoBaHys NpoV3BOACTBA W yA0OCTBa MPVIMEHEHWst roTOBOro npenaparta, 415 psaa
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According to the definition, the therapeutic effect of a gene
therapy medicinal product is determined by the sequence of
recombinant nucleic acid included in its composition or by the
product of the expression of such a sequence [1]. Depending
on the molecular mechanism underlying the disease,
therapy may aim to correct genetic defects or give cells new
properties. The strategy for dealing with a damaged gene
function may include adding a working copy, suppressing
expression or correcting the sequence. Adding a working copy
of the gene is used to treat autosomal recessive disorders.
Suppressing the expression of the damaged gene is used
for autosomal dominant diseases [2]. With the development
of genome editing techniques, correcting the sequence of a
damaged gene is being considered a priority approach for
the development of treatment for both autosomal recessive
and autosomal dominant inherited diseases. CAR-T therapy
is the most widely used gene therapy drug in clinical practice,
is based on giving cells with new properties. In this case, a
chimeric receptor is used to enable them to recognize and
destroy cancer cells [3].

Current gene therapy methods

Regardless of the mechanism of action of the nucleic acid
contained in the gene therapy drug, a key factor in the
development of the manufacturing technology for the drug is the
choice between in vivo and ex vivo delivery of the therapeutic
construct to the target cells. In the in vivo application, the drug
containing the vector is administered directly into the patient's
body. For ex vivo application, specific cells are isolated from
the patient's body, genetically modified, and then returned to
the patient.

Currently, the use of viral vectors is the most studied
method for delivering genes into cells. Viruses are used for
targeted delivery of necessary genetic material to cells both
in vivo and ex vivo. Leaders among modified gene carriers
are adeno-associated viral (AAV) vectors and lentiviral vectors.
AAV vectors are predominantly used in vivo, while lentiviral vectors
are utilized for ex vivo therapy [4, 5].

RNA methods in gene therapy represent a rapidly evolving
field with significant potential for treating various diseases. These
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methods include therapy using antisense oligonucleotides, RNA
interference and messenger RNA (mMRNA). The development
of non-viral RNA delivery systems, particularly those based
on encapsulation in lipid nanoparticles, is expected to allow
for the avoidance of viral delivery systems in the future. This
advancement will help to mitigate risks associated with the
immune system’s reactions to viral proteins and the uncontrolled
integration of transgenes into the patient's genome [6].

The development of a new method of genome editing,
CRISPR/Cas9, has become a groundbreaking technology.
CRISPR/Cas9 can be used to correct genetic mutations
by precisely editing the defective gene. This approach is
particularly relevant for monogenic diseases, where a specific
gene mutation is responsible for the condition [7].

Gene therapy in vivo has a competitive advantage in most
cases due to the ability to create ready-made drug products
tailored to the main cohort of patients. This leads to ease of
scaling, a reduction in cost per unit of production and readiness
for on-demand use.

Gene therapy ex vivo is primarily used in the treatment of
oncological diseases (in this case, immune cells are modified)
and in the treatment of hereditary diseases using genetically
modified hematopoietic stem cells (HSCs). HSCs are optimal
target cells for therapeutic genome editing due to their ability to
self-renew and differentiate. Thus, a prolonged expression level
of the therapeutic construct is ensured, along with the delivery
of its expression products to differentiated cells throughout
most of the organism. Moreover, HSCs do not carry the risk of
immunogenicity associated with the direct use of high doses of
viral vectors in vivo [8].

Hematopoietic stem cell gene therapy

The methodology of ex vivo gene therapy using hematopoietic
stem cells (HSC GT) is a multi-step process. First, HSCs are
collected from the patient, then they are cultured, subjected to
genetic modification, and the modified cells are reintroduced
into the patient. The injected cells populate the HSC niche
in the bone marrow [9]. HSC GT ex vivo appears to be a
promising approach for treating monogenic genetic disorders,
including primary immunodeficiencies, hemoglobinopathies
and lysosomal storage diseases.

The most successful example of HSC GT is the gene
therapy product registered in 2020 for the treatment of
metachromatic leukodystrophy (MLD) — Libmeldy. The drug
consists of autologous HSCs that have been transduced with
a lentiviral vector carrying a functional copy of the ARSA gene.
The treatment results showed a significant therapeutic effect
and a long duration of action for the drug [10]. The use of
lentivirus-based vectors ensures stable integration of genetic
constructs into the genome, resulting in high and prolonged
gene expression. However, utilizing viral vectors for modifying
HSCs poses a risk of insertional mutagenesis. Treatment of
X-linked severe combined immunodeficiency (X-SCID) with
a similar HSC GT drug was found to be associated with an
increased risk of T-cell acute lymphoblastic leukemia. Despite
efforts to modify the design of lentiviral vectors to reduce the
risk of cancer development due to transgene integration,
similar complications were observed when using the therapy
for treating adrenoleukodystrophy [11]. Increasing the safety
of modified HSCs can be achieved by using non-viral delivery
systems based on transposons and CRISPR/Cas genome
editing systems.

The advantage of ex vivo HSCs gene therapy compared to
in vivo therapy using viral vectors lies in the absence of the need
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to use high doses of the vector, thereby reducing the patient's
risk of developing immune reactions. In particular, when using
AAV vectors, a significant portion of particles remains in the
liver due to the first-pass effect. In other words, if the target
organ differs from the liver, AAV vectors do not reach it at the
required therapeutic dose, and using higher doses leads to
hepatotoxic and immunogenic effects [12]. Since autologous
cells of the patient are used in HSC GT, the immunogenicity
of these products is minimal. Transplantation of HSCs with
stable integration of gene therapy constructs provides a long-
lasting, theoretically lifelong therapeutic effect. In the case of
hematopoietic diseases, such as Wiskott-Aldrich syndrome
and other primary immunodeficiencies, HSCs themselves are
the target cells. HSCs are capable of crossing the blood-brain
barrier, differentiating into macrophages to occupy the microglial
niche, and expressing necessary enzymes in brain tissues [13].
This explains the effect of allogeneic hematopoietic stem cell
transplantation from a healthy donor for the treatment of a group
of hereditary diseases caused by damage to brain nerve cells,
including mucopolysaccharidoses, adrenoleukodystrophy, and
MLD. The same effect is achieved when using autologous
HSCs with corrected gene defects.

The improvement of ex vivo cultivation methods for HSCs
allows for the production of significantly more HSCs for modification
than what is available from directly using cells collected from the
patient. High doses of HSCs used for transplantation raise hopes
for the introduction of modified HSCs transplantation protocols
that do not require genotoxic conditioning regimens. Currently,
achieving a clinical effect from HSCs transplantation requires
prior myeloablative conditioning through chemotherapy aimed at
suppressing the patient's bone marrow. Such conditioning carries
both short-term risks associated with the development of infectious
diseases and long-term risks of growth impairment, intellectual
development issues, loss of fertility, and the development of other
diseases [14]. Currently, protocols are being developed for the
formation of HSCs niches using antibody conjugates specific to
HSCs combined with toxins.

Today, the most expensive drug in the world is Lenmeldy, an
HSC-based medicine for MLD [15]. The use of patient-derived cells
for the production of the drug means that there is no possibility of
reducing the cost per dose by increasing the volume of the
produced batch. In addition, ex vivo application also requires
complex logistics and carries additional risks related to ensuring
the quality and safety of the donor material. The possibility of
reducing the production costs of these drugs is linked to optimizing
the logistics of delivering donor material and the finished product,
as well as automating the manufacturing process. A significant
reduction in the cost of drugs can be expected from replacing the
currently used viral vectors with non-viral systems for delivering
gene therapy constructs. This approach will help reduce the time
and costs associated with each unit of the drug. The creation
of scientific and technological complexes for the development
of personalized drugs based on HSC GT will help automate,
accelerate, and scale the production process.

CONCLUSION

The development of ex vivo HSC GT is currently relevant and
promising. The development of such therapy will provide
opportunities for etiological treatment of many incurable genetic
diseases. Further exploration of this direction in gene therapy,
improvement of existing methods, and the development of new
ones will expand the range of diseases for which treatment
with HSC GT is effective from both clinical and economic
perspectives.
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TRANSCRIPTION PROFILE IN PREOPERATIVE AROMATASE INHIBITOR RESPONSE TEST
IN BREAST CANCER PATIENTS

Burmenskaya OV &, Trofimov DYu, Kometova VV, Rodionova MV, Rodionov VW

Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russia

Today, preoperative hormone therapy is a standard procedure in the context of treatment of ESR*/HER2-negative early-stage breast cancer. Transcription profiles
of genes helps make assessment of effectiveness of this therapy more accurate. This study aimed to investigate the changes in gene expression caused
by the preoperative aromatase inhibitor response test in postmenopausal women with ESR*/HER2-negative breast cancer. The participants were 100 breast
cancer patients treated at the Department of Breast Pathology of Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology.
We did a pathomorphological study of FFPE blocks (trephine biopsied before the hormone response test was prescribed) and intraoperative samples, and
immunohistochemical (Ki67, ER, PR, HER2/neu) and molecular genetic studies of 45 target genes (quantitative RT-PCR). Aromatase inhibitors in the preoperative
hormone response test caused significant changes in the mRNA expression of 37 genes in breast tumors: for 35 of them (ESR7, PGR, AR, ERBB2, FGFR4, MKI67,
MYBL2, CCNB1, AURKA, BIRC5, CCND1, CCNE1, CDKN2A, KIF14, PPP2R2A, PTTG1, TMEM45B, TPX2, ANLN, MMP11, CTSL2, EMSY, PAK1, BCL2, BAGT,
PTEN, TYMS, EXO1, UBE2T, NAT1, SCGB2A2, GATAS3, FOXA1, ZNF703, CD274/PD-L1) the level was decreased, and for 2 genes it increased (SFRP1, KRTS).
The results of this study can be used in the development of a hormone sensitivity test and personification of adjuvant systemic treatment for breast cancer patients.

Keywords: ESR*/Her2-negative breast cancer, mRNA gene expression, aromatase inhibitors, letrozole, real-time reverse transcription polymerase chain reaction,
RT-gPCR
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TPAHCKPUMNUMOHHbBIA NPO®WNb B MPELONEPALMOHHOM TECTE UHITMBUTOPAMU
APOMATASbI Y BOJIbHbIX PAKOM MOJIOYHOW XXEJE3bI

0. B. Bypmerckaa =, [1. HO. Tpodumog, B. B. KomeTosa, M. B. PoguoHosa, B. B. PognoHos
HaupmoHanbHbIn MEAULIMHCKUI MCCNEA0BATENLCK LEHTP akyLIEpCTBa, MHEKONOrn 1 nepuHaTonorii nmenn B. . Kynakosa, Mockea, Poccus

TecToBas NpegonepaLoHHas ropMoHOTePanust cTana cTaHaapTHOM Npouefypon nedeHns ESR*/Her2-HeraTvBHOMO paka MOMOYHON »Kenesbl PaHHNX CTafui.
XopoLwurm noacnopbemM B oLeHke aheKTMBHOCTN AaHHON Tepanun MOryT CTaTb TPaHCKPUMLIMOHHbIE NpOodunm reHoB. Liensto nccnegoBaHmns 6biio OLEHUTb
N3MEHEHVISt SKCTIPECCVIOHHOW aKTMBHOCTI rEHOB MPU MPOBEAEHUM MPEAonepaLoHHOro TecTa Ha FOPMOHOYYBCTBUTENBHOCTD OMyXOMn K MHMMBUTOpam apomarasbl
Y >KEHLLMH NOoCTMeHonay3aneHoro sospacta npu ESR/HER2-HeratvBHOM pake Mono4Hon xxenesbl. B nccneposarvie Bowwno 100 60MbHbIX PaKoM MOSIOHHOWM
>Kenesbl, MPOXOAMBLUMX JIeYEHVE B OTAENEHNN NaToNorMn MOoYHoM »xenesel PrBY «HMUILL AT um. B.M. Kynakosa». BbeinonHeHo natomopdonornieckoe
ncenepoBarve FFPE-6n10koB TpenaH-61oncum, npoBeasHHON A0 Ha3Ha4YeHNs TecTa Ha rOPMOHOYYBCTBUTENBHOCTb, 1 ONMepaLyoHHOro MaTepuana, a Takxe
numMyHornctoxmmmndeckoe (K67, ER, PR, HER2/neu) 1 mMonekynsipHo-reHeTn4eckoe 1ccnefoBaHne aKCnpeccuoHHON naHenn 45 LeneBblx reHOB METOLOM
KOSIMHYECTBEHHOW MOMMMEPA3HON LIEMHON peakumn B PEXMME peaslbHOro BpemeHu. [NprMeHeHre MHMOUTOpOB apomMarasbl B NMPefonepauyioHHOM TecTe Ha
rOPMOHOYYBCTBUTENBHOCTL COMPOBOXAAETCA CTATUCTUHECKM 3HAYMMBIMU N3MEHEHVSMIN B aKkcnpecc MPHK 37 reHoB B OMyxonsix MOMOYHON »Xenesbl, 13
HVX CHIPKEHVE YPOBHS aKCrnpeccun ycTaHoBneHo ans 35 reHoB (ESR1, PGR, AR, ERBB2, FGFR4, MKI67, MYBL2, CCNB1, AURKA, BIRC5, CCND1, CCNET,
CDKNZ2A, KIF14, PPP2R2A, PTTG1, TMEMA45B, TPX2, ANLN, MMP11, CTSL2, EMSY, PAK1, BCL2, BAG1, PTEN, TYMS, EXO1, UBE2T, NAT1, SCGB2A2,
GATASB, FOXAT1, ZNF703, CD274/PD-L1), nosbilueHne ana 2 reHos (SFRP1, KRTS). MonyyeHHble pesynsTaTbl MOryT ObiTb MCMOMb30BaHbl B AasbHENLEM npu
pa3paboTke TecTa Ha FOPMOHOHYBCTBUTENBHOCTE U MEPCOHNMUKaLMM abIOBaHTHOM CUCTEMHON Tepanunn 60MbHbIX PAKOM MOSIOHHOM >Kenesbl.

Kniouesble cnosa: ESR*/HER2-HeratvBHbI pak MONOYHOM »enesbl, akcnpeccus MPHK reHoB, MHMMOUTOPbI apoMaTasdbl, 1ETPO301, 0bpaTHas TPaHCKPUNLMS,
KONMMYECTBEHHAs NMosMMepasHas LienHast peakumsi B pexxmMe peanbHoro Bpemenn, OT-kMLP

®durHaHcupoBaHue: paboTa BbINoSHEHA NPY HaCTUHHON (HAHCOBOW NMOAAEPYKKE HayYHbIX UCCREaoBaHNiin B pamkax [ocyaapCTBeHHOro 3aaaHuns «lepcoHumdurkaLm
abIOBAHTHOMN Tepanuu 60MbHbIX C NtOMUHaANBHBIMU Her2-HeraTnBHbIMM NOATUNAaMI paka MOMIOYHOM Xenesbl C UCMoNb30BaHNEM NPefonepaLyioHHOro TecTa Ha
rOPMOHOYYBCTBUTENBHOCTL» (HOMEP rocyapCTBEHHOrO yyeTa B cucteme EMNCY HNOKTP — 124020600031-3).
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Identification of five main molecular subtypes of breast tumors
and formalization of differential approach to the treatment of
breast cancer (BC) patients constituted a real breakthrough in
oncology. Tumors expressing estrogen (ESR) and progesterone
(PGR) receptors are of luminal subtypes; as a rule, they are
susceptible to hormone therapy.

In postmenopausal women, estrogens are formed mainly
with the participation of the aromatase enzyme, which converts
androgens synthesized in the adrenal glands and adipose
tissue (testosterone and androstenedione) into estradiol and
estrone. Therefore, in the context of treatment of breast tumors
of luminal subtypes, this cohort of patients receives selective
aromatase inhibitors (letrozole, anastrozole), which block
synthesis of estrogens through highly specific competitive
binding to the aromatase subunit encoded by the cytochrome
P450 CYP19A1 gene.

Tumors expressing estrogen receptor are prevalent among
molecular subtypes of BC [1, 2]. However, even within this
large group, there are significant differences in the features of
the course of the disease and response to hormone therapy,
which necessitates study of all learnable biological parameters
of a malignant neoplasm with the aim to devise the optimal
treatment tactics.

Preoperative hormone response test is one of the tools
designed for the purpose. This test enables prescription of
a short-term (2-4 weeks) hormonal drugs course before
surgery. Evaluation of the dynamics of tumor proliferation by
monitoring changes of the level of Ki67 and expression of
hormonal receptors allows predicting clinical response to and
effectiveness of endocrinotherapy in vivo, and consequently free
some patients from unnecessary highly toxic chemotherapy.
The recommendation to do hormone therapy testing was
included in the St. Gallen International Consensus Guidelines for
treatment of early breast cancer issued in 2021, and were kept
in the 2023 edition of the paper [3, 4]; Russian breast cancer
treatment guidelines contain similar recommendations [5, 6].

BC-specific transcription panels of genes involved in
oncogenesis, such as Oncotype DX, PAM50, Mammaprint,
and Russian products, can be a useful tool in evaluating the
effectiveness of therapy [7, 8].

In this connection, this study aimed to investigate the
changes in gene expression caused by the preoperative
aromatase inhibitor response test in postmenopausal women
with ESR*/HER2-negative breast cancer.

The study aimed to investigate the changes in gene
expression caused by the preoperative aromatase inhibitor
response test in postmenopausal women with ESR*/HER2-
negative breast cancer.

METHODS

The study involved 100 breast cancer patients treated at the
Department of Breast Pathology of Academician V. |. Kulakov
National Medical Research Center for Obstetrics, Gynecology
and Perinatology, from January, 2019 to August, 2024. We
studied samples trephine biopsied from each participant before
the hormone response test, and samples taken during surgery.

The inclusion criteria were: invasive breast cancer, luminal
Her2-negative tumor subtype, postmenopausal age, preoperative
test for tumor sensitivity to aromatase inhibitors. Exclusion criteria:
inadequate quality of trephine biopsied samples (unfit for
molecular genetic studies).

The preoperative hormone sensitivity test implied taking
aromatase inhibitors (letrozole 2.5 mg or anastrozole 1 mg)
once a day for 2—4 weeks.

We did histological and immunohistochemical studies
of the biopsy and intrasurgery samples, which were taken
within 30 minutes after tumor removal and preserved for
48 hours in neutral buffered formalin. After preservation, the
samples were processed in an automatic LOGOS microwave
histoprocessor (Milestone, Italy). The sections, 4-5 microns
thick, were stained with hematoxylin and eosin. Microscopic
preparations were subjected to survey microscopy enabled by
an Olympus BX46 light microscope (Olympus Corp., Japan).
For immunohistochemical diagnostics, we used a BenchMark
ULTRA system (Ventana, Roche) employing antibodies to
estrogen receptors (ER, clone SP1, VENTANA), progesterone
(PR, clone 1E2, VENTANA), to Ki67 (clone MIB-1, VENTANA),
to the oncoprotein of the human epidermal growth factor type
2 gene (c—erbB2).

For molecular genetic studies, we used a transcription panel
that included 45 target genes (ESR1, PGR, AR, ERBB2, GRB?7,
EGFR, FGFR4, MKI67, MYBL2, CCNB1, AURKA, BIRC5, MYC,
CCND1, CCNE1, CDKN2A, KIF14, PPP2R2A, PTTG1, SFRP1,
TMEM45B, TMEMA45A, TPX2, MMP11, CTSL2, EMSY, PAKT,
ANLN, BCL2, BAG1, PTEN, TYMS, EXO1, UBE2T, TPT1,
SCGB2A2, KRT5, MIA, GATAS, FOXA1, ZNF703, NAT1 CD68,
TRAC, CD274/PD-L 1) and three reference genes (B2M, GUSB,
HPRTT). Two to three paraffin sections 4-5 microns thick were
placed in dry plastic 1.5 ml tubes. The material was selected
and prepared by a pathomorphologist, with the results of the
pathomorphological study factored in.

Total RNA was isolated after pretreatment of samples with
proteinase K (PREP-PK kit; DNA-Technology LLC, Russia),
then we used a PREP-NA PLUS kit (DNA-Technology LLC,
Russia) to isolate nucleic acids in alcohol deposits. The
resulting RNA preparations were immediately used to set up a
reverse transcription reaction with a mixture of oligonucleotides
specific to each gene. The reverse transcription reaction was
maintained for 30 minutes at 40 °C, followed by a 10-minute
reverse transcriptase inactivation at 95 °C.

The transcription profile of the genes was determined by
multiplex Real-time reverse transcription polymerase chain
reaction (RT-gPCR). The PCR was enabled by DTprime
detecting amplifiers (DNA-Technology LLC, Russia); the
program was as follows: 94 °C for 5 minutes; five cycles of
94 °C for 30 s — 64 °C for 15 s; then 45 cycles of 94 °C for
10 s — 64 °C 15 s, and storage.

The reaction mixtures included oligonucleotides specific to
mRNA, not amplifying from genomic DNA template, flanking
amplicons measuring up to 100-120 bp, which is important when
working with DNA after preservation in formalin. The ampilification
products were detected at the primer annealing temperature by
using fluorescently labeled TagMan probes (Fam, Cy5).

After amplification, we calculated the abundance of
transcript by comparing indicator cycles (ACt) with the norm
relative to the reference genes B2M, GUSB, HPRT1. The data
are given in relative units (RU) on the In scale.

To improve perception of the results of the study, we
calculated the ratio (R) of expression before and after therapy:
R = Eb/Ea, where Eb is the normalized expression level before
therapy, and Ea is the normalized expression level after therapy.
R > 1 was regarded as dropping expression, R < 1 as rising
expression.

Statistical methods
The results obtained are presented as Me [1Q-3Q] (median, 1¢

and 3 quartiles). Comparing the transcription profiles of genes
before and after aromatase inhibitor therapy, we employed
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Table 1. Pathomorphological characteristics of tumors
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Characteristic

Quantity (%)

Tumor size (sT)

75 (75%)
T1 (up to 2 cm): S
e T1a (> 0.1 cm, but < 0.5 cm) 2 (2%)
e T1b (> 0.5 cm, but <1 cm) 21 (21%)
e Tic (>1cm, but <2 cm)
52 (52%)
T2 (> 2, but <5) 25 (25%)
Status of regional lymph nodes (rN)
NO 76 (76%)
N1 17 (17%)
N2 4 (4%)
N3 3 (3%)
Histological variant
Invasive cancer of a non-specific type 65 (65%)
Lobular cancer 23 (23%)
Special variants of cancer 12 (12%)
Degree of malignancy
G1 18 (18%)
G2 74 (74%)
G3 8 (8%)

the Wilcoxon signed-rank test. The values were considered
statistically significant at p < 0.01. The calculation was done in
SPSS 17 statistical processing program (IBM, USA).

RESULTS

The study included 100 BC patients aged 49-84 years (63.3
[61-79]). Table 1 gives the pathomorphological characteristics
of their tumors.

In 75% of cases, the tumor was smaller than 2 cm. In 2/3
(76%) of the patients, there were no metastases to the regional
lymph nodes diagnosed. No cases involved distant metastases.

The nonspecific variant was the prevailing one: 65 cases
(65%). Eighteen percent of samples were from low grade
tumors (G1), 74% from intermediate grade cancers (G2), and
8% from high grade neoplasms (G3).

Using the IHC test, we established that 44 (44%) patients
suffered a luminal A subtype of BC, and 56 (56%) participants
had luminal B HER2-negative subtype of the tumor.

Aromatase inhibitors taken preoperatively as a hormone
sensitivity test caused significant changes in the mRNA
expression of 37 genes, as registered in the studied tumor
samples, with the expression level dropping for 35 genes
(ESR1, PGR, AR, ERBB2, FGFR4, MKI67, MYBL2, CCNBT,
AURKA, BIRC5, CCND1, CCNE1, CDKN2A, KIF14, PPP2R2A,
PTTG1, TMEM45B, TPX2, ANLN, MMP11, CTSL2, EMSY,
PAK1, BCL2, BAG1, PTEN, TYMS, EXO1, UBE2T, NATT,
SCGB2A2, GATA3, FOXA1, ZNF703, CD274/PD-L1), and
rising for two SFRP1 and KRT5 genes (Table 2).

Figure 1 shows the results for five proliferation markers,
estrogen and progesterone receptors, the levels of which
decreased after treatment.

A statistically significant drop of expression was registered
in the group of markers of proliferation and regulation of the
cell cycle. The most pronounced changes were noted for the
MYBL2, AURKA, PTTG1, TPX2, and ANLN genes, with the
expression decreasing 3.5-5.5 times in 96-97% of women.
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We have also registered significant expression drops:

—in the group of markers of cell migration and cytoskeleton
organization, with the most pronounced decrease observed for
MMP11, the expression level of which went down 3.4 times on
average (interquartile range 1.9-6.3) in 94% of women;

— in the group of DNA repair markers, with the most
pronounced decrease observed for EXO1, the expression level
of which went down 6.4 times on average (interquartile range
3.1-15.3) in 96% of women;

—in the group of transcription factors, with the most
pronounced decrease observed for ZNF703, the expression
level of which went down 6.6 times on average (interquartile
range 2.9-12.6) in 97% of women;

— in the group of hormonal receptors, with a 2.3-fold
(average) decrease of the expression of the ESR7T mRNA
gene in 84% of women, and the most pronounced decrease
observed for the PGR and AR genes, the expression of
which dropped more than 2-fold in over 90% of the
participants;

— in the ungrouped markers of the ubiquitination gene of
UBE2T proteins and the arylamine-N-acetyltransferase NATT
gene (more than 90% of women).

A slightly less impressive but statistically significant
decrease in expression was observed for apoptosis markers
(BCL2, BAG), growth factor receptors (FGFR4, ERBB2),
secretory protein mammoglobin SCGB2A2, and PTEN.

The level of expression increased significantly for the marker
of epithelial cell differentiation of cytokeratin KRT5 and tumor
suppressor SFRP1: this was observed in more than half of the
patients, 67% and 57% of cases, respectively.

DISCUSSION

Estrogen-positive or luminal breast tumors account for up to
70-75% of all BC cases [1, 2], and ESR1-dependent signaling
pathways regulated by estrogens play one of the key roles in
tumor progression.
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Table 2. Changes in the expression of MRNA markers after intake of aromatase inhibitors

Median expression level, In Expression level change, times
Marker
before therapy after therapy p-level Median quartile 1 quartile 3 Share of samples with a change in expression*
Markers of cell cycle proliferation and regulation (decreased expression®)
MKI67 -4 -5.4 7.27TE-16 3.7 1.9 8.3 91%
MYBL2 -3.1 -4.9 5.17E-18 5.5 3 10.7 97%
AURKA -4.7 -6.1 3.67E-17 3.9 2.4 6.1 96%
CCNB1 -3.3 -4.2 3.15E-14 21 1.5 3.9 90%
BIRC5 -5 -7 9.99E-16 8.8 3.5 16.6 90%
CCND1 -0.4 -1.3 3.11E-16 2.4 1.8 3.3 92%
CCNE1 -5 -6 2.92E-15 3 2 4 91%
CDKN2A 2.4 2.6 5.14E-06 1.2 0.9 1.7 70%
KIF14 -6.5 -8.1 1.19E-13 3.7 21 7.2 85%
PPP2R2A -2.9 -3.4 2.56E-09 1.7 1.1 27 7%
PTTG1 -3.4 -4.6 8.12E-18 3.5 21 5.1 97%
TMEM45B -2.9 -3.3 4.50E-05 1.4 0.9 2.4 67%
TMEM45A -4.2 -4.2 0.036 - - - -
TPX2 -3.2 -4.6 7.09E-17 4.8 2.7 8 96%
TPT1 -6 -6.2 0.269 - - - -
ANLN -4.1 -5.7 6.03E-17 4.5 3 7.5 97%
Migration, invasion, cytoskeleton organization (decreased expression)
EMSY 2.8 -3.4 1.99E-14 1.6 1.3 241 88%
PAK1 2.4 -3 1.20E-16 1.8 1.5 2.4 93%
MMP11 -1.6 -3.1 8.58E-15 3.4 1.9 6.3 94%
CTSL2 -4.4 -5 2.32E-08 1.7 1.1 25 7%
DNA replication and repair (decreased expression)
EXO1 5.4 7.4 1.20E-17 6.4 3.1 15.3
TYMS -4.1 -5.2 5.18E-17 3 1.9 5
Hormone receptors (decreased expression)

ESR1 0.1 -0.7 6.11E-12 23 1.2 3.6
PGR 2.8 -4.7 1.90E-16 5.5 2.6 1.1
AR -1.9 -3 3.30E-16 3.4 2 5.7

Tumor suppressors
PTEN (decrease) 2.1 -2.5 1.95E-09 1.4 1 21
SFRP1 (increase’) -4 -3.5 0.007 1.4 0.6 4.1

Apoptosis (decreased expression)
BCL2 -29 -3.5 5.09E-11 2 11 29
BAG1 -2.9 -3.3 3.86E-15 1.6 1.2 22
Growth factor receptors (decreased expression)

GRB7 22 22 0.064 - - -
FGFR4 -4.9 -5.5 2.18E-06 1.7 1 3.3
ERBB2 -0.8 -1.2 2.55E-09 1.4 1 21
EGFR -3.7 -3.7 0.331 - - -

Cell differentiation
KRTS5 (increase) -5 -4.3 0.001 1.3 0.8 3.7
SCGB2A2 (decrease) -0.2 -1.2 0.002 22 0.5 6.1
MIA -6.1 -6.3 0.412 - - -

Transcription factors (decreased expression)

FOXA1 -0.7 -1.4 1.71E-13 1.9 1.5 27
GATA3 -1.1 -1.9 1.65E-12 23 1.4 3.4
ZNF703 -3.6 -5.3 8.43E-18 6.6 29 12.6
MYC -1.3 -1.2 0.029 - - -

OTHER (decrease)
NAT1 -3.6 -4.7 1.93E-15 29 1.6 4.9
UBE2T -3.4 -4.9 1.03E-17 3.9 2.3 5.9

Immunity

CD274 (decrease) -5.7 -5.9 0.003 1.3 0.8 1.9
TRAC 2.4 23 0.386 - - -
CD68 -2 -2 0.4 - - -

Note: R > 1 — decreased expression, R < 1 — increased expression.
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Fig. Changes in the mRNA expression of proliferation and hormonal reception genes during a test for tumor hormone sensitivity to aromatase inhibitors. Dots mark the

individual indicators of the mRNA gene expression level in the tumor

The theory by E.V. Jensen, who described the model
of action of the hormone, laid the foundation of the current
understanding of how steroid hormones act. Within the
framework of this model, a steroid hormone molecule, having
penetrated into the target cell, binds to a specific receptor, and
the resulting hormone-receptor complex is translocated into the
cell nucleus, where it interacts with specific DNA sequences and
changes the expression of the corresponding genes [9].

The ESR1 receptor is an estrogen-activated transcription
factor. As such, it regulates the expression of genes involved
in cell cycles, proliferation and apoptosis. Activation of ESR1
triggers the expression of MYC, Cyclin D1, FOXM1, GREBT,
BCL2 or amphiregulin, IGF-1 and CXCL12, which possess
oncogenic potential [2]. It is believed that ligand-activated ESR1
binds to estrogen responsive elements (ERE) in promoters of
target genes, and it can also interact with transcription factors,
i.e., activator protein 1 (AP1) and specific protein 1 (SP1). Thus,
this genomic action regulates the transcription of hundreds of
target genes involved in cell growth and differentiation [2, 10].

ESR1 can also embed in caveoles, special recesses in the
cytoplasmic membrane of cells, and interact with G proteins,
thus participating in the production of secondary messengers
(cAMP) and stimulation of various signaling pathways, like PISK/
AKT or Ras/MAPK. This non-genomic activity of ERa eventually
leads to the activation of transcription factors involved in the
regulation of cell proliferation and survival [2, 10].

Therefore, there is no doubt that a complete lack or
smaller amounts of the ESRT ligand (estrogens) associated
with aromatase inhibitor therapy translate into an impressive
drop of the level of expression of MRNA of a large number of
genes. The results we received confirm a significant slowdown
of mMRNA expression for transcription factors GATA3, FOXAT,
ZNF703, apoptosis BCL2, BAG1, proliferation and cell cycle
regulation (MKI67, MYBL2, CCNB1, AURKA, BIRC5, CCND1,
CCNE1, CDKN2A, KIF14, PPP2R2A, PTTG1, TMEMA45B,
ANLN, TPX2). Deterioration of proliferative activity also
decelerates the expression of markers of replication and control
of DNA repair (TYMS, EXO1), cytoskeleton and cell migration
markers (MMP11, CTSL2, EMSY, PAK), and the process of
ubiquitination of UBE2T proteins.

Interestingly, another study that focused on atypical breast
hyperplasia showed an increase in the expression of mRNA
genes from our panel, namely, ESR7, AR, epidermal growth
factor receptor ERBB2, transcription factors FOXAT, GATAS,
ZNF703, and decreasing amounts of cytokeratin KRT5 and
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tumor suppressor SFRP1 [11]. The authors of that study
associated these changes with activation of signaling pathways
involved in oncogenesis.

In our study, aromatase inhibitor therapy caused a slowdown
of the expression of MRNA of the ESR17, AR, FOXA1, GATAS,
ZNF703, ERBB2 genes, and acceleration of the expression of
mRNA of the KRT5 and SFRP1 genes, which may indicate a
positive effect the said therapy has on signaling pathways that
participate in oncogenesis.

We registered significant acceleration of expression only for
two markers, KRT5 and SFRP1. High level of expression of
the cytokeratin gene KRT5 is characteristic of the breast basal
epithelium. Luminal epithelium expresses cytokeratins KRT8
and KRT18 [2].

Currently, it is generally accepted that the main physiological
regulator of the expression of nuclear receptors in the body is
the concentration of circulating steroid hormones. Estrogens
boost synthesis of their own receptors as well as receptors of
progesterone androgen [10]. Therefore, the attenuating effect
of the therapy on the expression of mRNA of ESR7, PGR, and
AR was predictable. It should be noted that initially, we noted
decreasing expression of the progesterone receptor in the first
place, and the slowdown of expression of that for ESR7 was
registered secondary to that.

The mRNA expression of the PGR gene is directly
regulated by the activated estrogen receptor. Some authors
even consider PGR to be an indicator of the ESR1 functionality
[12]. Therefore, with dropping estrogens and the transcriptional
activity of the ESR17 gene in the background, the expression of
the PGR gene's mRNA decreases, too.

CONCLUSIONS

Aromatase inhibitors taken preoperatively in the context of the
hormone sensitivity test cause significant changes in the mRNA
expression of 37 genes, with that for 35 genes (MKI67, MYBL2,
CCNB1, AURKA, BIRC5, CCND1, CCNE1, CDKNZ2A, KIF14,
PPP2R2A, PTTG1, TMEMA45B, TPX2, ANLN, ESR1, PGR,
AR, ERBB2, FGFR4, MMP11, CTSL2, EMSY, PAK1, BCL2,
BAG1, GATAS, FOXA1, ZNF703, TYMS, EXO1, PTEN, UBE2T,
NAT1, SCGB2A2, CD274) dropping, and for 2 genes (KRT5
and SFRP1) growing. The results of this study can be used in
the development of the hormone sensitivity test effectiveness
assessment method and personification of adjuvant systemic
treatment for breast cancer patients.
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ROLE OF OXIDATIVE STRESS IN PATHOGENESIS OF BONE DESTRUCTION SYNDROME
IN PATIENTS WITH CHRONIC LYMPHOCYTIC LEUKEMIA

Osikov MV'2E Korobkin EA'2

" South Ural State Medical University, Chelyabinsk, Russia
2 Chelyabinsk Regional Clinical Hospital, Chelyabinsk, Russia

Reduced bone mineral density (BMD), osteopenia, and osteoporosis are slightly more common in patients with chronic lymphocytic leukemia (CLL). The risk of
osteoporotic fractures in individuals with CLL is higher, than in healthy individuals of the same age. The mechanism underlying the CLL-associated BMD reduction
can be related to decreased antioxidant protection and oxidative stress (OS). The study aimed to assess the relationship between oxidative stress, antioxidant
protection, and osteopenia indicators in patients with CLL. Males aged 50-70 years were examined. Group 1 consisted of 14 healthy men, group 2 consisted of
54 patients with CLL having no BMD alterations, and group 3 consisted of 22 patients with CLL having signs of osteopenia. A densitometer was used to estimate
BMD, T- and Z-scores of the lumbar vertebrae, proximal femoral neck (PFN), proximal femoral bone in all groups. At the beginning of the study, the levels of lipid
peroxidation (LPO) products were determined in blood serum in all groups and bone tissue homogenate in groups 2 and 3; the total antioxidant status (TAS) was also
determined. Bone densitometry indicators, serum LPO and TAS were assessed in all groups after 6 months of follow-up. At the beginning of the study osteopenia
in PFN based on bone densitometry data was revealed in 29% of patients, while 6 months later osteopenia of all localizations was observed in 55% of patients.
At the beginning of the study patients with CLL and osteopenia showed OS and reduced TAS in both blood serum and bone tissue. After 6 months patients with
CLL and osteopenia showed signs of OS progression and TAS reduction. In patients with CLL, serum and bone tissue OS indicators are comparable and can be
used to predict the onset of osteopenia within 6 months.

Keywords: chronic lymphocytic leukemia, bone mineral density, osteopenia, oxidative stress, lipid peroxidation, redox status
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POJIb OKUCJTUTEJIbHOIO CTPECCA B NATOMrEHE3E OCTEOAECTPYKTUBHOIO CMHAPOMA
Y BOJIbHbIX C XPOHUYECKUM JINM®OJIENKO30M

M. B. Ocvikos'?E E. A, KOpOBKUH'2

" KOXKHO-YpanbCKuii rocyAapCTBEHHbI MEANLMHCKUIA YHUBEpCUTeT MUHUCTEPCTBA 3ApaBooxpaHeHns Poccumn, HYenabuHek, Poccus
2 YenabuHckan obnacTHas KnHndeckas 6onbHuLa, YensbuHek, Poccust

Y NauUVEHTOB C XPOHWMHYECKMM IMMDOLIMTAPHBIM NENKO30M (XJI1J1) HeCKONbKO Yallle HabnMoaatoTCs CHYDKEHWE MUHepPasibHOM NOTHOCTU kocTy (MITK), ocTeoneHus
11 OCTEONOPO3. PCK OCTEONOPOTUHECKIMX Nepenomos npu XJ1JT BeilLe, YeM y 300POBbIX L, TOro e Bo3pacTa. MexaHnam cHukeHns MK npu XJ1JT MoxeT ObiTb
CBSA3aH CO CHKEHNEM aHTVIOKCWAAHTHON 3aLLyTbl U OKMcnTeNbHbIM cTpeccoM (OC). Lienbto paboTbl BbI10 MCCneaoBaTh B3avMOCBA3b MEX[y MokasaTensmu
OKVICIUTENBHOIO CTPECCa, aHTVOKCUAAHTHOM 3alLMTbl 1 nokasaTensmm octeorneHn y naumeHtoB ¢ XJ1/1. ObcnegoBanm MyxxHmnH B Bospacte 50-70 net. pynny 1
cocTtaBum 14 300pOBbIX My>X4uWH, rpynny 2 — 54 naupenta ¢ XJ1J1 6e3 namerennn MIK, rpynny 3 — 22 nauverta ¢ XJU1 ¢ npusHakamm octeoneHun. Ha
nerHcutomeTpe oueHvBany MK, T- 1 Z-kpuTepnn B NOSICHNYHbIX NO3BOHKaX, Lweike 6eaperHHon koctu (LUMOBK), npokcumansHoMm oTaene 6eapeHHon KocT
BO BCeX rpynnax. Ha ctapTe nccnenoBaHys B CbIBOPOTKE BO BCEX MPyMMnax U B roMOreHate KOCTHOWM TKaHW B rpyrnax 2 1 3 ONpefensnm CoaepkaHe NnpoaykTos
nepekncHoro okmcnerns nnnuaos (MOJ1); obwwmin aHTnokengaHTHei ctatyc (OAC). MNokasatenn octeogeHcutomeTpun, MOJT n OAC B CbIBOPOTKE KPOBM BO BCEX
rpynnax oLeHnBani Yepes 6 MecsiLieB HabnMoaeHys. Ha cTapTe UccnefoBaHys Mo AaHHbIM OCTeOAeHCUTOMETPUM Y 29% 6onbHbIX ¢ XJT/1 BbisiBNeHa ocTeoneHus
B LLUMOBK, a Yepes 6 Mecsues ocTeoneHno Habnoaanm Bo Bcex Nokanmaaumnsx y 55% 6onbHbIx. Ha ctapTe nccnepgosaqus y naumeHTos ¢ XJ1/1 1 ocTteoneHven B
CbIBOPOTKE 1 KOCTHOW TkaHu 3admkcunpoBaHbl OC 1 cHmkerHbIn OAC. Hepes 6 mecsles y naumeHTos ¢ XJ1/1 1 ocTeoneHnen BbigBneHb! MpraHaky nporpeccun OC
1 cHkeHns OAC. Y naupeHTos ¢ XJ1J1 nokasatenm OC B CbIBOPOTKE 1 KOCTHOM TKaH1 COMOCTaBVIMb! U MOTYT BbiTb MCMOMb30BaHb! 419 MPOrHO3a BO3HMKHOBEHVIS
OCTeoneHnn Yepes 6 MecALEeB.

KntoueBble crioBa: XpOHUYECKUA MMAONENKos, MUHepasibHas MioTHOCTb KOCTW, OCTEONEHUS, OKUCTIMTESbHbIA CTPECC, NMEPEKVNCHOE OKVCIeHNe NUMNAOB,
penokc-cTaTyc
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Chronic lymphocytic leukemia (CLL) belonging to the class
of malignant lymphomas originates from small B cells. CLL
is divided into two clinical variants: lymphoid hyperplasia with
clonal lymphocytosis = 5000/uL; lymphoid organ hypertrophy
without lymphocytosis. Enlarged lymph nodes, tonsils and the
spleen represent a manifestation of small B cell ymphoma that
belongs to the same disease entity as CLL [1]. According to
epidemiological situation, the annual incidence of CLL in Europe
is about 5 cases per 100,000 population, while in Russia it is
about 3—4 cases per 100,000 population [2]. CLL is the second
most common non-Hodgkin lymphoma. In individuals with
CLL, the risk of bone loss reaches 66%, which later leads to
fractures of the tubular bones and disability. Reduced bone
mineral density (BMD) leads to osteoporosis in 16% of patients
and osteopenia in 35% of patients with CLL [3]. In dynamics,
skeletal bone destruction associated with CLL begins in the
proximal femurs expanding to the spine and other bones; this
is most likely to be associated with tumor cell localization in
the bone marrow of pelvic bones and interaction with stromal
cells [4].

Excess generation of reactive oxygen species (ROS) by
leukemic cells, reduced functional activity of the antioxidant
system can be the key mechanisms underlying bone loss
associated with CLL [5]. The CLL-associated oxidative stress
results from the large number of mitochondria in tumor cells,
and their survival rate is related to resistance to oxidative stress
and associated with high levels of intracellular antioxidants that
bind ROS and inhibit apoptosis, which leads to the increase in
the number of malignant lymphocytes [6].

The bone resorption process is related to oxidative stress,
specifically to the effects of ROS on protein molecules resulting
in damage to the surrounding cells in the bone tissue. The
lipid peroxidation (LPO) products accumulating in the tissues
are used as markers of oxidative stress in many cancers, and
their tissue levels suggest functional activity of the antioxidant
system in CLL [7]. Pathogenesis of the CLL-associated bone
destruction is poorly understood, and the analysis of research
on the subject has shown that BMD reduction represents a
part of the complex of events involving the immune system,
intracellular signaling pathways, and redox status, necessitating
further investigation of the mechanism underlying bone loss
aimed at improving diagnosis and treatment of such patients.

The study aimed to assess the relationship between the
serum and bone tissue levels of lipid peroxidation products and
antioxidant status, as well as bone mineral density values in
patients with CLL.

METHODS

The study was conducted at the South Ural State Medical
University and Chelyabinsk Regional Clinical Hospital. Inclusion
criteria: males aged 50-70 years only, who had submitted the
informed consent. Exclusion criteria: all diseases and conditions,
for which BMD reduction was proven, specifically, end-stage
renal disease, genetic disorders (cystic fibrosis, Ehlers—Danlos
syndrome, osteogenesis imperfecta, porphyria, etc.), endocrine
disorders (type 1 and 2 diabetes mellitus, thyroid diseases, etc.),
long-term treatment with glucocorticosteroids, gastrointestinal
disorders (Crohn's disease, non-specific ulcerative colitis,
primary biliary cirrhosis, celiac disease, malabsorption, etc.),
gastrointestinal surgery, oncohematological diseases, except
chronic lymphocytic leukemia, rheumatic diseases, human
immunodeficiency virus, impossibility of self-care.

The control group (group 1) consisted of 14 conditionally
healthy males; group 2 consisted of 54 patients with CLL

with normal bone system indicators; group 3 consisted of
22 patients with CLL showing significant BMD reduction. All
groups were matched by age (o > 0.05): group 1 —59.0 [55.7; 63.5]
years, group 2 — 62.0 [59.7; 65.3] years, group 3 — 65.0
[69.0; 66.1] years. The diagnosis of CLL was verified using the
BD FACSCanto Il flow cytofluorometer (BD Biosciences; USA)
by immunophenotyping of peripheral blood lymphocytes of
the following clonality: CD5*, CD19+, CD20*, CD23*, CD22-,
CD23+, CD43*, CD200*, immunoglobulin kappa or lambda
light chains. Patients were distributed based on the stage
(Binet staging system): stage A — 28 patients (37%), stage B —
36 patients (47%), stage C — 12 patients (16%) [1]. The
average disease duration was 10.5 months, and the duration
of the study was 6 months. At the beginning of the study we
assessed BMD, T- and Z-scores of the lumbar spine (LS),
proximal femoral neck (PFN), proximal femoral bone (PHB)
using the DEXXUM 3 bone densitometer (OsteoSys Co; South
Korea). The 10-year fracture risk was calculated using the
internationally accepted Fracture Risk Assessment Tool (FRAX)
[8]. All patients with CLL underwent trephine biopsy from the the
posterior superior iliac spine for confirmation of the diagnosis.
The bone tissue biopsy specimen was homogenized for 3 min
at the temperature of 4 °C (1 : 10) with added 0.9% sodium
chloride solution. The levels of LPO products were assessed
in blood serum in all groups and in bone tissue homogenate
in patients with CLL by the extraction spectrophotometric
method using the SF-56 spectrophotometer (LOMO-Spectrum;
Russia) [9]. Optical density of LPO products was determined
in the heptane and isopropanol phases of the lipid extract vs.
appropriate control at 220 nm (levels of products with isolated
double bonds), 232 nm, 278 nm, 400 nm. The results were
measured in the oxidative index units (OIU): E232/E220 —
relative content of diene conjugates (DC), E278/E220 —
relative content of ketodienes and conjugated trienes (KD
and CT), and E400/E220 — relative content of Schiff bases
(SB). The total antioxidant status (TAS) was assessed using
the Chem Well 2910 Combi automated analyzer (Awereness
Technology; USA) and the B-7501 Total Antioxidant Status test
system (Vector-Best; Russia); the results were expressed as
total antioxidant levels measured in mmol/L.

At the second point of the study, 6 months later, we
assessed bone densitometry indicators, serum LPO and
TAS indicators. Three mathematical models predicting BMD
alterations based on bone tissue and serum LPO and TAS
values were constructed based on the results obtained at two
points of the study.

The results were processed using IBM SPSS Statistics v.
23 (SPSS: An IBM Company; USA) and presented as median
and interquartile range (Me [Q,; Q,]). Significance of differences
was assessed using the Mann-Whitney U test. The medians of
several samples were compared using the Kruskal-Wallis test.
The differences were considered significant at p < 0.05. Linear
regression analysis was used to reveal statistical relationships
between indicators. The quality of models was estimated
based on the R? determination coefficient, residual distribution
type. Correlation analysis was performed using Spearman's
rank correlation coefficient (R).

RESULTS

At the beginning of the study, 29% of patients with CLL (group 3)
showed a significant decrease in T-score of the lumbar spine
(4.8-fold based on median relative to group 1), Z-score — by
100% based on median, BMD — by 10% based on median;
decrease in proximal femoral neck T-score — 8-fold based on
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Indicators ((;,:Zu% Group 2 Group 3
Beginning (n = 54) 6 months (n=18) Beginning (n = 22) 6 months (n=12)

FRAX. % 28.50 28.00 27.10 28.70 28.55

’ [25.60; 30.00] [26.80; 30.50] [24.20; 28.70] [23.00; 30.10] [26.20; 31.10]
T-score of LS, SD [0.7:)';1:?.001 [—0.116?2.50] [—0.5%;28.80]$ [—o.e_g;'?(.)oor* -1 .85;1 i11[.)00]**&
Z-score of LS, SD [0.8:).;3 3?.00] [0.41)';63.901 [0.023';2 2 0 = .18';010.40]** 1 .26;1 ;%1.355]**&
BMD of LS, g/em? X .015';3 ; 36] [ .211';317 52] X .161;.3:1.35]3* A .0615;118?34]” A B 5115.21]#
Tscore of PPN, SD 020, 050 050, 0.10] (1,20, 0,408 2,00, 1,107 (230, 160
Z-score of PPN, SD 010, 110 1040, 1.00] 0.40; 0501 100, 0,001 (1,30, 007
BMD of PFN, g/em? [0.918.;015 0] [0.919';014 .08] [0.9?;'91%2]& [0.8(?;-?).893]*” [0.850;'(83?92]*#
Tscore of PFB, SD 010, 0.50 030, 030) 0.30; 0207 (200, 060" 2.50,-1 201"
Z-score of PFB, SD [0.8%;027.401 [0.3%;7;J 10] [—0.58;'10930]& 1 .35?%1 o [—2.26;1 ﬁ?so]**&
BMD of PFB, g/cm* [0.818.;017 2] 1 .015';019 14] [0.95135()11.05]& [o.sgﬂ?m]# [0.92'?)‘.197]*#

Note: * — significant (o < 0.05) differences from group 1 based on the Kruskal-Wallis test, * — from group 2; ¢ — differences in group 2; ¢ — differences in group 3.

median relative to group 1, Z-score — 3-fold based on median,
BMD — by 16% based on median; in the proximal femur bone,
T-score decreased 4.2-fold based on median, Z-score — 1.3-fold,
BMD — by 13% based on median (Table 1). According to the
National Guidelines, the decrease in the PFN T-score in group 3
can be considered as osteopenia. When compared with group 2,
patients with CLL and osteopenia showed a significant decrease
in the LS indicators: T-score — 6-fold based on median,
Z-score — by 100%, BMD — by 13.5%; PFN indicators:
T-score — 7-fold based on median, Z-score — 2.1-fold, BMD — by
15% based on median, and PFB indicators: T-score — 8-fold
based on median, Z-score — 4.5-fold based on median,
BMD — by 14% based on median. The 10-year skeletal bone
fracture risk calculated using the FRAX algorithm and including
BMD values in all groups showed no significant differences
(o > 0.05). In group 2 followed up for 6 months, significant
changes were reported for LS: T-score decreased 6.5-fold
based on median, BMD — by 9% based on median, and for
PFN: T-score decreased 4-fold based on median. However,
the bone densitometry characteristics, including T-scores of
LS and PFN, were normal based on the parameters specified
in the National Guidelines. After 6 months patients with CLL
and osteopenia showed the following LS indicators that were
significantly decreased compared to group 2: T-score —

Table 2. Bone tissue oxidative stress indicators in patients with CLL (Me [Q,; Q,])

3.7-fold based on median, Z-score — 1.05-fold, BMD — by 2%
based on median; PFN: T-score — 1.5-fold based on median,
Z-score — 1.7-fold, BMD — by 13% based on median; PFB:
T-score — 22-fold based on median, Z-score — 1.2-fold,
BMD — by 12% based on median. The in-depth analysis of the
dynamic changes in bone densitometry indicators after 6
months in group 3 showed that BMD indicators were reduced to
osteopenia values in all the studied localizations: in LS, the T-score
was reduced 4-fold based on median, Z-score — 0.1-fold; in
PFN: T-score — 1.5-fold based on median, Z-score — 1.2-fold;
in PFB: T-score — 2.1-fold based on median, Z-score — 9.3-fold.

Oxidative stress in bone tissue of patients with CLL was
assessed based on the levels of oxidized lipid molecule
residues and total antioxidant status. At the beginning of the
study group 3 showed a significant increase in the levels
of ketodienes and conjugated trienes (by 5.5% based
on median relative to group 2) and Schiff bases (24-fold
based on median) in the heptane phase of the lipid extract
(Table 2).

In the isopropanol phase of the lipid extract, there was a
significant increase in Schiff base levels (by 41% based on
median relative to group 2). In patients with CLL and osteopenia,
no significant changes in the diene conjugate levels were found
in the heptane and isopropanol phases of the bone tissue lipid

Indicators

Group 2 (n = 54)

Group 3 (n=22)

DC (h), OIU

0.609 [0.602; 0.617]

0.612 [0.608; 0.626]

(KD and CT (h), OIU

0.073 [0.056; 0.077]

0.077 [0.076; 0.081]*

SB (h), OIU 0.003 [0.001; 0.007] 0.076 [0.038; 0.078}*

DC (i), OIU 0.504 [0.485; 0.526] 0.506 [0.489; 0.507]

(KD and CT (i), OIU 0.104 [0.097; 0.121] 0.100 [0.095; 0.109]

SB (i), OlU 0.061 [0.047; 0.065] 0.086 [0.084; 0.094]*

TAS, mmol/L 0.88[0.81; 1.04] 0.61 [0.49; 0.62]*
Note: * — significant (o < 0.05) differences from group 2 based on the Mann-Whitney U test; (h) — heptane phase of the bone tissue lipid extract; (i) — isopropanol
phase.
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Table 3. Serum oxidative stress inficators (Me [Q,; Q,])

Group 1 Group 2 Group 3
Indicators (n=14)
- Beginning (n = 54) 6 months (n = 18) Beginning (n = 22) 6 months (n=12)
DG (h), OIU 0.014 0.582 0.800 0.679 1.126
’ [0.013; 0.014] [0.561; 0.613] [0.776; 0.804]* [0.534; 0.680]** [1.087; 1.309]*#
0.001 0.088 0.114 0.097 0.161
KD and CT (h), OIU [0.001; 0.002] [0.077; 0.093]* [0.109; 0.139]*¢ [0.092; 0.103]* [0.137; 0.193]*
SB (h), OIU 0.003 0.058 0.061 0.075 0.089
’ [0.002; 0.004] [0.040; 0.062]* [0.026; 0.096]* [0.048; 0.075]* [0.043; 0.135]**
DC (), OlU 0.049 0.518 0.932 0.611 1.312
’ [0.047; 0.051] [0.500; 0.527]* [0.912; 0.942]* [0.608; 0.624]* [1.286; 1.547]#&
; 0.025 0.267 0.847 0.305 1.193
KD and CT (), OlU [0.023; 0.027] [0.235; 0.281]* [0.829; 0.856]* [0.293; 0.317]* [1.169; 1.407]*
SB (), OlU 0.012 0.039 0.062 0.031 0.087
! [0.011; 0.016] [0.033; 0.047]* [0.041; 0.074]*¢ [0.026; 0.046]* [0.042; 0.105]**&
1.97 1.73 2.03 0.91 0.53
TAS, mmol/L [1.89; 2.27] [1.54; 2.01]* [1.78; 2.35]*¢ [0.85; 0.94]* [0.43; 0.547#

Note: * — significant (o < 0.05) differences from group 1 based on the Kruskal-Wallis test, * — from group 2; ¢ — differences in group 2; * — differences in group 3;

(h) — heptane phase of the bone tissue lipid extract; (i) — isopropanol phase.

extract, as well as in the ketodiene and conjugated triene levels
in the isopropanol phase. The bone tissue total antioxidant
status was significantly reduced in group 3 (by 30% based on
median relative to group 2).

Serum oxidative stress indicators for all groups are provided
in Table 3.

[t was found that at the beginning of the study patients with
CLL and reduced BMD showed a significant increase in the
diene conjugate levels (by 14% based on median), ketodiene
and conjugated triene levels (by 9% based on median) in the
heptane phase of the lipid extract relative to group 2. In the
isopropanol phase, significantly increased serum levels of
diene conjugates (by 15% based on median), ketodienes and
conjugated trienes (by 13% based on median) were reported,
however, SB levels were reduced by 20% based on median.
At the beginning of the study group 3 showed a significantly
reduced serum total antioxidant status (by 47% based on
median) relative to group 2.

Group 3 showed a significant increase in the levels of diene
conjugates — by 28%, ketodienes and conjugated trienes —
by 29%, and Schiff bases — by 31% based on median in the
heptane phase of the serum lipid extract, and diene conjugates,
ketodienes and conjugated trienes — by 29% and Schiff bases —
by 28% based on median in the isopropanol phase relative
to group 2 after 6 months of follow-up. TAS of group 3 was
significantly lower (by 74% based on median) relative to group
2 after 6 months of follow-up.

At the beginning of the study group 3 showed significantly
increased levels of diene conjugates, ketodienes and
conjugated trienes — by 98%, Schiff bases — by 95% in the
heptane phase of the serum lipid extract, and diene conjugates,
ketodienes and conjugated trienes — by 92%, Schiff bases —
by 62% based on median in the isopropanol phase relative to
group 1. Group 3 showed a significantly decreased TAS (by
53% based on median) relative to group 1.

After 6 months, patients with CLL and osteopenia showed
significantly increased serum levels of DC — by 98.7%, KD
and CT — by 99%, and SB — by 96% based on median in
the heptane phase of the lipid extract, and DC — by 96%, KD
and CT — by 98%, and SB — by 86% based on median in the
isopropancl phase relative to group 1. The serum TAS of group 3
significantly decreased (by 73%) relative to group 1 after 6 months.

Group 3 showed a significant increase in the serum levels
of DC, KD and CT — by 40% based on median in the heptane

phase, and DC — by 53% based on median, KD and CT — by
74.5%, SB — by 64% in the isopropanol phase of the extract
after 6 months. Furthermore, group 3 showed a serum TAS
decrease (by 43% based on median) during the 6-month
follow-up.

The use of mathematical modeling based on the
Spearman’s rank correlation revealed a significant negative
correlation between the femoral neck bone mineral density and
the diene conjugate levels in the heptane phase of the serum
lipid extract at the beginning of the study (Table 4). The model
can be described by the following equation:

x =1.396 - 0.62 x DC (h),

where x is the PFN BMD value, DC (h) are diene conjugates in
the heptane phase.

The linear regression analysis method allowed us to compare
the bone tissue oxidative lipid destruction values and the serum
LPO values at the beginning of follow-up using mathematical
modeling, thereby making it possible to stand down from
re-assessment of the dynamic changes in the bone tissue redox
status and exclude extra medical traumatization of patients
resulting from trephine biopsy from the posterior superior iliac
spine. The model can be described by the following equation:

x =0.5-0.41 x KD and CT (h) + 0.66 x SB (h),

where x is the bone tissue concentration of diene conjugates
in the isopropanol phase, KD and CT (h) are ketodienes and
conjugated trienes in the heptane phase, SB (h) are Schiff
bases in the heptane phase.

According to another model, serum levels of diene
conjugates in the heptane phase and the levels of Schiff bases
in the isopropanol phase of the extract showed a significant
negative correlation with the PFB BMD 6 months after the
beginning of follow-up. The model can be described by the
following equation:

x=2.39-1.99 x DC (h) - 3.12 x SB (i) + 0.27 x osteopenia,
where x is the likelihood of the PFB BMD (g/cm?) reduction, DC
(h) are diene conjugates in the heptane phase, SB (i) are Schiff

bases in the isopropanol phase. The trait of having osteopenia
was included in the model, since it improved the prediction
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Table 4. Regression models

Models Traits Coefficients P

Model of the relationship between PFN BMD and serum LPO at Intercept 1.396 <0.001"
the beginning adjusted R? = 0.34; p=0.001 DC (h) -0.620 0.00156*
Intercept 0.49817 < 0.001*
Model of the relationship between bone LPO and serum LPO at .
the beginning adjusted R? = 0.36; p = 0.003 KD and CT (h) ~0.40958 0.03754
SB (h) 0.66482 0.00107*
Intercept 2.39 <0.001*

Model to determine PFB BMD after 6 months based on the .

serum LPO values adjusted R? = 0.71; p = 0.002 DC () —1.99 0.024
SB (i) -3.12 0.017*

Group 3 0.27 0.128

Note: * — significant (p < 0.05) differences.

quality, but it showed no statistical significance (1 — present,
0 — absent).

DISCUSSION

T-score is considered to be a standardized indicator when
performing bone densitometry; it represents the number of
standard deviations from the maximum BMD and is used in
postmenopausal women and men over the age of 50. Z-score
represents the number of standard deviations from the average
BMD value in individuals of the same age group [8].

In CLL, the femoral neck is considered to be the most
common localization of reduced BMD. However, in individuals
with severe disease, alterations of BMD indicators can be found
in other parts of the skeleton, including the spine [4].

The mechanism underlying the development of osteopenia
of different localization is likely to be associated with the
negative effect of the large number of free radical synthesized
by tumor cells on protein and lipid molecules, as well as with
generation of products of their oxidative destruction [10, 11].

As is well-known, diene conjugates, ketodienes and
conjugated trienes are early stage lipid peroxidation products.
Their levels reflect activity of the LPO processes and oxidative
stress intensity. The non-metabolizable Schiff bases are
markers of dystrophic processes in cells and tissues. Today, it
is believed that the polyunsaturated fatty acid peroxide-derived
carbonyl residues of oxidized lipids, such as 4-hydroxynonenal
or malondialdehyde, are biomarkers of oxidative stress in tissues
associated with CLL [7]. Survival of clonal B cells is associated
with the oxidative phosphorylation (ROS conversion to less
harmful forms), increased antioxidant protection, specifically
activation of the superoxide dismutase isoforms (SOD,
SOD1 (Cu/Zn SOD), SOD2 (Mn-SOD)), thioredoxin system,
and the enzyme cascade inducing glutathione biosynthesis
and recirculation [12]. In CLL, ROS are synthesized mainly in
mitochondria, in contrast to other tumors, in which this function
is performed by NADPH oxidases [12]. ROS are buffered under
exposure to the antioxidant factors, the expression of which is
controlled by the transcription factors regulated by oxidation
and phosphorylation [12]. Oxidative stress is considered to be
the main mechanism underlying bone loss [13-15]. Oxidative
stress indirectly, via activation of signaling pathways (FGF23,
Nrf-2, JNK, ERK1/2, NF-kB, RANKL/OPG), stimulates
differentiation of osteoclasts, affects proliferation and life span,
reduces activity of osteoblasts and takes part in their apoptosis
[15]. In particular, excess Nrf-2 expression, activation of heme
oxygenase-1 (HO-1) and RUNX2-dependent transcription
activity in CLL are associated with the decrease in osteoblast
differentiation [16, 17]. Furthermore, the mechanism of bone
tissue mineralization reduction under conditions of oxidative
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stress is associated with increased FGF23 expression in the
bone tissue due to apopotosis of osteocytes and osteoblasts,
activation of mitogen-activated protein kinases (MAPK) [18, 19].

As a consequence, the tumor-induced oxidative stress
results in the fact that mature osteoclasts resorb bone matrix
allowing tumor cells to grow and migrate in the tissues. The
antioxidant protection dysfunction associated with CLL
contributes to apoptosis of osteoblasts and osteocytes,
causing further decrease in BMD leading to osteopenia and
osteoporosis [20].

A software tool “Modeling Changes in Bone Mineral
Density Depending on Redox Status in Patients with Chronic
Lymphocytic Leukemia” allowing one to predict osteopenia
or osteoporosis in patients with CLL within 6 months based
on the serum LPO indicators was created based on the data
obtained. According to our results, testing of this model made
it possible to demonstrate high sensitivity and specificity of the
tool created and had high predictive value. Practical use of the
tool by healthcare specialists will make it possible to determine
the subgroup of patients with CLL at risk of developing
osteopenia.

CONCLUSIONS

In patients with CLL, the rate of determining osteopenia
based on the proximal neck of the femur bone densitometry
is 29%. During the 6-month follow-up the signs of osteopenia
are found in 55% of patients in all instrumental assessment
localizations. Bone tissue of patients with CLL and osteopenia
shows signs of oxidative stress: accumulation of secondary
and end products in the heptane phase of the lipid extract,
accumulation of lipid oxidation end products in the isopropanol
phase, reduced total antioxidant status. Furthermore, systemic
oxidative stress associated with the increased levels of
primary and secondary products of oxidative lipid destruction
in the heptane phase, levels of primary, secondary and end
products in the isopropanol phase, reduced serum total
antioxidant status has been discovered in patients with
CLL and osteopenia. After 6 months, progression of oxidative
stress in blood serum relative to the values reported at the
beginning of the study is observed: the levels of primary,
secondary and end products of oxidative lipid destruction in
the heptane and isopropanol phases are increased, the total
antioxidant status is decreased. The serum and bone tissue
redox status indicators are comparable, and serum oxidative
stress indicators can be used to predict the development of
osteopenia. The study can have an impact on the choice of
patient management tactics, preparation of treatment and
preventive measures, such as prescription of antioxidant
therapy or bisphosphonate therapy.
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INTRAOCULAR LENS STITCHING TO IRIS WITH FULL PRESERVATION OF ITS FUNCTIONS:
MICRORECONSTRUCTIVE TECHNIQUES

Takhchidi KhP
Pirogov Russian National Research Medical University, Moscow, Russia

Today, implantation of an intraocular lens (IOL) into the capsular bag is the standard approach to surgical treatment of cataracts and aphakia of various origins.
However, there are several reasons and conditions that disallow this operation or increase the risk of instability of the implanted lens, such reasons and conditions
including weakness of the lens ligaments; degradation of Zinn's zonule, including dislocation of the IOL-capsular bag complex post-surgery; damage to or
removal of capsular bag during surgery; lack of capsular bag or its destruction during implantation in aphakia cases. To date, problems associated with fixation
and centralization of IOL in non-standard cases involving weak or inexistent capsular support remain unresolved. This study aimed to develop techniques allowing
to stitch IOL to the iris without compromising its functions in various situations when it is unfeasible or impossible to fix and center lens in the capsular bag.
The patients (n = 12; 12 eyes), depending on the clinical situation, were divided into groups: group 1 — dislocations of the IOL-capsular bag complex (6 eyes);
group 2 — complete lack of capsular support (3 eyes); group 3 — weakness of capsular support (3 eyes). A special stitching technique was developed for each of
these situations. The results of the treatment were good from clinical and functional perspectives: the I0L was fixed securely and centered properly, and the iris's
performance and cosmetic aspects were not compromised.

Keywords: lack or weakness of capsular support, IOL dislocation, destruction of lens ligaments, aphakia, avitria
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MWKPOPEKOHCTPYKTUBHbIE TEXHONOr M NOALLINBAHUSA WHTPAOKYNAPHOW NINH3bI
K PAOY>XKE C NOJIHbIM COXPAHEHMEM EE ®YHKLIU

X. M. Taxungn =
Poccuiickuin HaumoHanbHbI MCCReoBaTenbCKU MEAULIMHCKIA YHUBepcuTeT nmenn H. V1. Muporosa, Mockea, Poccus

VIMnnaHTaums MHTpaoKynsapHo nnH3bl (MOJT) B kKancynbHbI MELIOK Ha CEeroaHsLWHWIA AeHb NpU3HaHa CTaHAaPTOM B XMPYPrMYeCKOM NeYeHnr NaumneHToB
C KaTapakTom 1 adakven pasnnyHoro reHesa. HecMoTps Ha 3TO CyLLEeCTBYET psf MPUYUH 1 COCTOSHWIA, MPW KOTOPbLIX MMMAaHTaUWs MH3bl B KanCybHYO
CYMKY He MpeCTaBnseTcs BO3MOXHOW UM CBA3aHa C BbICOKMM PUCKOM ee HECTabUbHON hrKcaLyn: HECOCTOSATENBHOCTL CBA30HHOrO anrnapara XpycTanmka,
paspyLUeH1e LIMHHOBbIX CBSI30K, B TOM 4ucie aucnokauus komnnekca «/IOJ1 — KancysbHbI MELOoK» B MOCIEoNepaLyoHHOM Neproae; NoBpexxaeHre unm
yAaNeHe KancynbHOro MeLLka BO BpeMs ornepaLim, a Takxke ero OTCyTCTBYE UK paspyLLEHUe MpY UMMIaHTaLMM Ha apakm4HbIx rmasax. Ha cerogHAWHMA AeHb
npobnemsl hrkcaumm 1 LeHTpauum OJ1 B cnydasx HECTaHAAPTHBIX CUTYaLWIN, CBA3AHHbBIX C HECOCTOATENBHOCTBIO U OTCYTCTBUEM «KarCybHON MOOAEDIKKA»,
ocTaloTes HepelleHHbIMu. Lienbto nccnefosarms 6uino paspabotarts TexHonorvm noawvsarns OJT K pagyxke ¢ NOMHbIM COXpaHeHveM ee hyHKLWIA, npu
Pa3nMYHbIX CUTYaLWSX HECOCTOATENBHOCTN UM OTCYTCTBUM BOSMOXXHOCTY OUKCaLMM 1 LIEHTPALMI MH3bI B KancynbHOM Meluke. MauvenTsl (0 = 12; 12 mas)
B 3aBMCVMOCTU OT KJIMHUYECKOWN CUTyauum bl pasaeneHbl Ha rpynnbl: rpynna 1 — aucnokauum komnnekca «/0J1 — kancynbHbIA MeLwok» (6 rmag); rpynna
2 — MONHOE OTCYTCTBME «KarncybHOM NOAAepKKM» (3 rnasa); rpynna 3 — HeCOCTOATENBHOCTb «KanCy ibHOM NogaepXkin» (3 rnasa). [na kaxaon cutyauum ns
3TVIX TPEex rpynn Obina paspaboTaHa oTAeNbHAsS TEXHONOrVS MOALLIMBaHNS. B peaynsrate MpoBeAeHHOrO fleHeHs NOMyHeHbl BbICOKNE KITMHUKO-(YHKLMOHabHbIE
pesynbTaThl 3a CHET HaAEeXHOM (hMKcaLMm 1 BbICOKOKaYeCTBEHHOM LieHTpauum VOS], a Takke NOMHOro coxpaHeHnsi obbema PyHKUMIA 1 KOCMETUHECKIX
CBOWCTB pafy»KKu.

KrntoueBble crioBa: HeCOCTOSITENBHOCTL Wi OTCYTCTBYIE KarCysbHOM MOAaep K, AvcnokaLys VIOJ, paspyLueHie CBA304HOM annapara XpycTanvika, adakis, aButpust

CobntofieHne aTMHeCKnX CTaHAAPTOB: 1CCnenoBaHvie ofobpeHo (MpoTokon Ne 239 oT 15 anpens 2024 1), OT nauvieHTa nony4eHo A06p0oBObHOE MHAOPMMPOBaHHOE
cornacvie Ha X1pypruyeckoe nedeHne 1 06paboTky nepcoHasbHbIX AaHHbIX.
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Implantation of a posterior chamber intraocular lens (I0L) into the
capsular bag is the standard approach to surgical treatment of
cataracts and aphakia of various origins [1]. However, there are
several reasons and conditions making this operation unfeasible
or impossible. These reasons and conditions increase the risk
of subsequent instability of the lens and include post-surgery
weakness of capsular ligaments in cataract cases, aphakias
involving a lacking or destroyed capsular bag, eye trauma of
various origins, lens subluxations/dislocations, and a number of
congenital diseases [2-5].

The weakness of lens ligaments can be congenital (Marfan
syndrome, Weill-Marchesani syndrome, homocystinuria, dominant

spherophakia, etc.) [6, 7] and acquired (consequences of
trauma, glaucoma, pseudoexfoliative syndrome, high-grade
myopia, etc.) [8-11]. According to various authors, 15-20%
of cataract patients suffer from this condition, and 20% more
have it in a latent form that is not always possible to detect
before the surgery [2, 12, 13]. Defects of the zonule of Zinn's
fibers discovered during the operation often force the surgeon
to change the tactics and urgently decide upon an appropriate
IOL that can be fixed in place adequately in the given situation
[14-16].

Lack of complications with the lens suspensory ligaments
occurring during cataract surgery does not exclude their
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development afterwards [2, 17]. Dislocations of the IOL-capsular
bag complex are some of the gravest complications in the late
postoperative period; occurring in 0.2-2.8% of cases at various
points of time post-surgery, they usually have an unfavorable
prognosis [18-21]. The anatomical and topographic position
of the said complex can become incorrect because of the
weakness of suspensory ligaments or capsular bag, or fibrosis
of the latter [22]. The main reasons behind such weakness
are the pseudoexfoliation syndrome, high-grade axial myopia,
various eyeball injuries, earlier vitreoretinal intervention, retinitis
pigmentosa, diabetes mellitus, and various connective tissue
diseases [15, 23-25]. Currently, there is no consensus on the
optimal method of treating IOL dislocation in these situations,
with the two discernible approaches involving repositioning
of the dislocated IOL or its replacement with its subsequent
attachment to the sclera or iris [22].

The displacement of the IOL-capsular bag complex relative
to the optical axis not only worsens the visual functions of the
operated eye but also causes severe complications, including
ocular hypertension, secondary glaucoma, corneal dystrophy,
indolent iridocyclitis [26]. In case the IOL moves to the posterior
segment of the eye, the complications are developing there:
recurrent vitrious hemorrage, destruction of the vitreous
body with subsequent pathological adhesion and traction,
epiretinal fibrosis, and retinal detachment [27, 28]. All of these
complications are predictable and require prevention.

Aphakia against the background of complete or partial
lack of capsular support is a difficult problem for ophthalmic
surgeons. The choice of the optimal method of IOL implantation
in such cases remains a debated matter.

Anterior chamber IOLs fixed in the corner of that chamber or
attached to the iris are easy to implant, but the side effects and
complications associated with them include optical aberrations,
aniseikonia, visible shine from the edges of the lens, limited
pupil mobility, development of chronic uveitis and glaucoma,
and a high risk of loss of endothelial cells followed by bullous
keratopathy [8, 29].

Scleral fixation of the IOL enables restoration of the
iridolenticular diaphragm to an almost natural state, and the
lens does not contact the endothelium of the cornea and
structures of the anterior segment of the eye, which reduces the
risk of corneal dystrophy, glaucoma, and chronic inflammation.
Despite the benefits, transcleral stitching is a technically more
complex method because it disallows visual control and,
accordingly, prevents factoring in the individual anatomical and
topographic features of the eye in the IOL fixation zone. This
yields an unpredictable variability in position (tilt) and mobility
(rotation) of the IOL relative to the optical axis, which affects
the quality of vision and commonly causes complications, such
as eruption and biodestruction of the fixing elements, vitrious
hemorrage, retinal detachment, endophthalmitis [30].

For an eye surgeon, stitching IOLs with supporting elements
to the iris is the most frequently practiced and familiar manipulation,
which is performed given the tissue of the iris is unchanged
(due to injuries, uveitis, aniridia, dystrophy, etc.). The key
advantages of this technique are better visualization of the
process, possibility to stitch through small self-sealing incisions,
alignment of the IOL and iris planes (prevents tilt and rotation
of the lens, thus improving the quality of vision), a lower degree
of biodegradation of suture material, and the applicability of
various elastic I0Ls. Among the most common complications
associated with this method are hyphema, iridodialysis, iris
injury, pupil shape deformation, iris function impairment [31, 32].

Thus, the problems of fixation and centering of IOL in non-
standard situations involving weakness or lack of capsular
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support, which can be discovered during surgery or occur
in the postoperative period, remain unresolved. Today, the
urgent task is to develop affordable, safe, reliable, function-
preserving techniques of IOL fixation and centering for cases
complicated by weakness of the suspensory ligaments of the
lens, including dislocations of the IOL-capsular bag complex
in the postoperative period, and damage or removal of the
capsular bag during cataract surgery and implantation on
aphakic eyes (including cases of associated destruction of the
anterior hyaloid membrane with partial or complete loss of the
vitreous body).

This study aimed to develop microreconstructive techniques
allowing to stitch IOL to the iris without compromising its
functions in various situations when it is unfeasible or impossible
to fix and center the lens relying on capsular support.

METHODS

The study included 12 patients (12 eyes) aged 53-85 years
(mean age — 67.4 + 11.7 years) who have undergone surgery
at the Research Center for Ophthalmology of Pirogov Russian
National Research Medical University.

The inclusion criteria were: dislocation of the IOL—capsular
bag complex; complete lack of capsular support (no capsular
bag, destroyed anterior hyaloid membrane, partially or completely
lost vitreous body); capsular support weakness (partially
compromised suspensory ligaments and/or capsular bag).

The exclusion criteria were: corneal dystrophy and opacities
hindering visualization of the anterior segment of the eye; iris
dystrophy; congenital and acquired iris defects; glaucoma
(primary open-angle glaucoma, closed-angle glaucoma,
secondary glaucoma); diabetic retinopathy; dystrophic diseases
of the fundus (central chorioretinal retinal dystrophy, age-related
macular dystrophy, dry and wet); occlusion of retinal vessels,
acute inflammatory diseases of the eyeball; intraocular tumors.

We haven't registered a significant concomitant somatic
pathology that could affect the results of the assessment of the
functional state of the visual system.

All patients underwent a comprehensive ophthalmological
examination, including: visometry to establish uncorrected
visual acuity (UCVA) and best corrected visual acuity (BCVA);
pneumotonometry (CT-80 Topcon, Japan), biomicroscopy
(Carl Zeiss SL 120, Germany), ophthalmoscopy with a
MaxField non-contact lens (Ocular Inc., USA), and special
tests like eye and orbit ultrasound (Quantel Compact Touch
AB, France), pupillography with a corneal topographer (C.S.O
Sirius, Italy).

The results were processed using standard Microsoft Office
Excel descriptive statistics tools. The data are given as M + o,
where M is the arithmetic mean, and o is the standard deviation.

The patients were divided into the following groups: group 1
— dislocation of the IOL-capsular bag complex (6 eyes); group
2 — complete lack of capsular support (3 eyes); group 3 —
weakness of capsular support (3 eyes).

IOL—capsular bag complex dislocation was diagnosed
when there was a rupture and stretching of the suspensory
ligaments of the lens post-surgery as remote complications.
The complex moves in a plane parallel to the plane of the iris
and can also move in the plane of the optical axis (to determine
this, the patient is examined in supine position).

Complete lack of capsular support was diagnosed when
there was no capsular bag, the anterior hyaloid membrane was
disrupted, vitreous body partially or completely corrupted.

Capsular support weakness was diagnosed when the
ligaments and/or the capsular bag were compromised to a
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Fig. 1. IOL repositioning and stitching to the iris in cases involving dislocation of the IOL-capsular bag complex. A. Suture made on the top haptic element
(blue line), needle with a thread passed through the corneal edge of the limb, root of the iris (dotted line shows the position of the needle behind the iris and the haptic
element), and brought out; paracentesis made 2-3 mm from the needle injection point, microcoloboma made in the iris root in the projection of the paracentesis
(highlighted pink). B. Output end of the thread brought out by a microhook through microcoloboma and paracentesis. C. The input second end of the thread is pulled
through the same paracentesis. D. The IOL-capsular bag complex is pulled to the point when the base of the opposite haptic element appears. E. Similar manipulations
performed on the opposite haptic element. F. The threads are pulled out, tied, and cut off, the incisions hydrated.

various degree but not fully destroyed; such conditions created
a risk of IOL migration into the vitreal cavity during surgery.
The follow-up period was from 6 months to 2 years.

RESULTS
Examination of group 1

The average UCVA was 0.43 + 0.17, the average BCVA was
0.63 + 0.19, and the average intraocular pressure (IOP) was
18.1 + 2.5 mmHg.

Biomicroscopy revealed iridodonesis with a displacement
of the IOL-capsular bag complex relative to the plane of the
iris, which brought IOL's haptics to different levels of the pupil
area. In supine position, the displacement of the complex in
the eyeball axis ranged from insignificant to almost vertical.
At this stage, it is important to determine the projection of the
meridians of location of the bases of IOL's haptics.

In cases involving displacement of the IOL-capsular bag
complex, we applied the technique developed by us (patent
No. RU 2817077 C1, 09.04.2024. Priority 07.04.2023).

The topography of the displaced complex and the projections
of the meridians of haptic elements were additionally registered
during surgery. It should be remembered that these parameters
can change somewhat as the patient's head is repositioned.
Next, with a needle carrying a thread, we punctured the corneal
edge of the limb on the meridian of projection of the base of
the haptic element visible in the pupil zone, pierced the iris root,
moved the needle to the posterior chamber parallel to the iris
into the visual zone of the pupil, then punctured the capsule
and wound around the rear surface of the base of the visible
haptic element in the pupil zone, and moved the needle out to
the anterior chamber. Then, the needle was passed over the
iris in the direction of the angle of the anterior chamber and

brought out, piercing the cornea in the prelimbal zone, and the
thread was cut off above the eyeball. A 1.0 mm paracentesis
was formed 2-3 mm from the needle injection site in the limb
area, and the anterior chamber was filled with viscoelastic.
Using a 27G vitreotome, we formed a microcoloboma at the
root of the iris in the projection of paracentesis (Fig. 1A). Then,
a microhook was introduced through the paracentesis and
microcoloboma into the posterior chamber, moved along the
iris through the pupil area to the anterior chamber, where we
captured the output end of the thread and, reversely, brought
it out through the paracentesis (Fig. 1B). After that, the
microhook was introduced to the anterior chamber through the
same paracentesis above the iris root, by the needle injection
point, captured the second end of the thread and brought it out
in reverse (Fig. 1C).

Thus, the resulting loop trapped the haptic element of the IOL
and a fragment of the iris root 2-3 mm wide. Next, the captured
haptic element of the IOL—capsular bag complex was pulled so
that the base of the opposite haptic element appeared in the
pupil area (Fig. 1D). If this technique fails to bring the opposite
haptics from under the iris into the pupil area, visualization can be
achieved with the help of iris hooks or mydriatics.

At the next stage, we repeated the routine at the opposite
haptic element found on the opposite end of the meridian (Fig. 1E).
The needle injection point and microcoloboma were positioned
along the respective meridians, symmetrically in the projection of
the previously made injection point and microcoloboma. Having
completed manipulations on the opposite haptic element of the
lens, we tied the threads pulled through the paracenteses and
cut them off (Fig. 1F). Viscoelastic was washed out of the anterior
chamber, the incisions were sealed by hydration.

Results of the control examination after 2 years: average
UCVA — 0.86 + 0.23, average BCVA — 0.96 + 0.13, average
IOP —17.6 + 1.63 mmHg.
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Fig. 2. Anterior segment of the eye with dislocated IOL-capsular bag complex. A. Before surgical treatment (drug-induced mydriasis): dislocation of the IOL (white
arrow). B. After surgical treatment: round pupil, active reaction to light, solid fixing suture knots, IOL fixed and centered as expected from the suggested technique; red

arrows point to the zones of suture knots and microcolobomas

Pupils of the operated eyes round, active reaction to light,
suture knots solid, I0Ls fixed and centered as expected from
the suggested technique (Fig. 2A, B). Comparison to the fellow
eye: similar size and shape of pupils, direct and coordinated
reactions to light preserved in full.

Pupillography was performed at various times post-surgery
on both the operated and the fellow eye. The diameter of the
pupil was measured in scotopic (0.04 lux), mesopic (4 lux) and
photopic (50 lux) conditions. Results of the control examination
after 2 years: average pupil diameter in scotopic conditions —
4.45 + 0.71 mm, in mesopic conditions — 4.27 + 0.68 mm,
in photopic conditions — 3.97 + 0.59 mm. Pupillography of
the fellow eye: average pupil diameter in scotopic conditions —
4.3 + 0.83 mm, in mesopic conditions — 4.07 + 0.76 mm, in
photopic conditions — 3.81 + 0.76 mm.

Examination of group 2

The average UCVA was 0.04 + 0.01, the average BCVA was
0.28 + 0.2, and the average IOP was 17.0 = 2.64 mmHg.

Two cases involved postoperative aphakia with missing
capsular bag and corrupted anterior hyaloid membrane, partial
loss of the anterior parts of the vitreous body; one case had
aphakia with missing capsular bag, avitria.

To implant the IOL with lacking capsular support, we applied
the technique developed by us (patent application No.
2024116758 of 18.06.2024).

In the 12-hour zone, we made two parallel paracentesis
(temporal and nasal) on the limb, 2-3 mm away from each
other, perpendicular to the limb. Symmetrically, two similar
paracentesis were made in the projection of these meridians
in the 6-hour zone. The anterior chamber was filled with
viscoelastic. Using a 27 G vitreotome, we made temporal and
nasal microcolobomas in the projection of each paracentesis,
12-hour and 6-hour zones of the iris root (Fig. 3A). Depending
on the conditions, paracenteses and microcolobomas can be
made in other zones.

Outside the eye, we tied one fixing thread sequentially to the
top and bottom haptic elements of the IOL (Fig. 3B). After that,
the IOL with tied fixing threads on the top and bottom haptic
elements was inserted into the injector and implanted into the
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anterior chamber through a pre-made corneal tunnel. Thus, the
IOL was positioned in the anterior chamber and anchored by
the ends of the threads passing through the corneal tunnel and
tied to the haptic outside the eye. Alternatively, the ends of the
lower fixing thread can be pulled by a microhook into the lower
paracentesis, and the IOL will be suspended by the ends of the
upper fixing thread in the tunnel, those of the lower thread — in
one of the lower paracenteses, so the lens could already be
tucked through the pupil area behind the iris.

Then, in the 12-hour zone, we introduced a microhook
through the temporal paracentesis and microcoloboma, moved
it through the posterior chamber parallel to the iris, reached the
anterior chamber through the pupil, captured the output end of
the thread fixing to the top haptic element there, and pulled it
out reversely through the paracentesis (Fig. 3C). After that, in
a similar way, the inner end of the top haptic element's fixing
thread was pulled outside through nasal microcoloboma and
paracentesis. Next, we put a microhook through the temporal
paracentesis into the corner of the anterior chamber above the
nasal microcoloboma, captured the second inner end of the
fixing thread and pulled it out through the temporal paracentesis.
In the 6-hour zone, similar manipulations were performed with
the thread fixing IOL's bottom haptic element (Fig. 3D).

The next step involved positioning the IOL through the
pupil area behind the iris, pulling the ends of the haptics' fixing
threads and knotting them (Fig. 3E). The remaining ends were
cut off in the anterior chamber, the viscoelastic washed out, and
the incisions sealed by hydration (Fig. 3F).

Thus, the IOL is constantly held inside the eye by fixing
threads trapping haptic elements, and cannot independently
move behind the iris and sink to the fundus. This means
that during implantation, the surgeon can freely and safely
manipulate the IOL inside the eye expecting no unplanned
movements therefrom.

Alternatively, when avitria is complete, the vitreal cavity can
be tamponed with a perfluorocarbon liquid (PFCL), and all of
the above manipulations performed such conditions, with PFCL
replaced at the end of the operation.

Results of the control examination after 1 year: average
UCVA — 0.53 + 0.15, average BCVA — 0.66 + 0.05, average
IOP — 18 + 4.9 mmHg.
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Fig. 3. IOL implantation in the absence of capsular support. A. Two paracenteses (temporal and nasal) made in the limb, 2-3 mm from each other, with similar
paracenteses made at the opposite ends of the same meridians in symmetrical positions; next, microcolobomas made in the projection of each paracentesis (highlighted
pink). B. Top and bottom haptic elements with fixing threads (blue color) tied to them, outside the eye. C. IOL with sutures implanted into the anterior chamber, the
ends of the thread fixing top haptic element pulled through the respective microcoloboma and paracentesis (temporal and nasal). D. Similar manipulations done on the
bottom haptic element (opposite): with the help of a microhook, both ends of the fixing threads pulled through the upper and lower temporal paracenteses. E. The IOL
is positioned behind the iris, the ends of the fixing threads are pulled and knotted. F. The ends of the threads are cut off, viscoelastic washed, incisions hydrated

Pupils of the operated eyes round, active reaction to light,
suture knots solid, I0Ls fixed and centered as expected from
the suggested technique (Fig. 4A, B). Comparison to the fellow
eye: similar size and shape of pupils, direct and coordinated
reactions to light preserved in full.

Pupillography results: average pupil diameter in scotopic
conditions — 4.39 =+ 1.02 mm, in mesopic conditions —
3.98 + 0.97 mm, in photopic conditions — 3.53 + 1.04 mm.

Pupillography of the fellow eye: average pupil diameter in
scotopic conditions — 5.03 + 0.7 mm, in mesopic conditions —
4.89 + 0.73 mm, in photopic conditions — 4.61 + 0.62 mm.

Examination of group 3

The average UCVA — 0.35 + 0.27, average BCVA — 0.51 + 0.43,
average IOP — 13.6 = 1.52 mmHg. In two cases, we

registered total corruption of the ligaments and the lens
capsule (top segments), aggravated by damaged anterior
hyaloid membrane and partial loss of the vitreous body; in one
case, there was no lens capsule with the preserved anterior
hyaloid membrane of the vitreous body.

To implant the IOL with weak lacking capsular support in the
background, we applied the technique developed by us (patent
application No. 2809441 of 11.12.2023. Priority 07.04.2023).
Essentially, this technique combines the two described above.

In the 12-hour zone of the limb, we made two parallel
paracenteses, temporal and nasal, 2-3 mm apart, perpendicular
to the limb (it is desirable, but not mandatory, to select the zone
on the meridian opposite the best preserved remaining parts of
the capsular support, which can act as additional suspension
for the implanted IOL). The anterior chamber was filled with
viscoelastic. Using a 27G vitreotome, we made temporal and

Fig. 4. Anterior segment of the eye with lacking capsular support. A. Before surgery. B. After surgery: round pupil, active reaction to light, solid fixing suture knots,
IOL fixed and centered as expected from the suggested technique; red arrows point to the zones of suture knots and microcolobomas
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Fig. 5. IOL implantation and attachment to the iris against the background of weak capsular support (diagram). A. Two paracenteses (temporal and nasal)
made in the limb, 2-3 mm from each other, then microcolobomas made in the projection of each paracentesis (highlighted pink). B. Outside the eye, the fixing thread
is tied to the top haptic element (highlighted blue). C. The IOL with a suture is implanted into the anterior chamber, inner and outer ends of the thread fixing the lens
to the top haptic element pulled out with a microhook through the respective microcoloboma and paracentesis. D. Top haptic element positioned behind the iris; the
IOL is pulled up by the ends of the threads until the base of the bottom haptic element appears. E. Suture made on the bottom haptic element (blue line), needle with
a thread passed through the corneal edge of the limb, root of the iris (dotted line shows the position of the needle behind the iris and the haptic element), and brought
out; paracentesis made 2-3 mm from the needle injection point, microcoloboma made in the iris root in the projection of the paracentesis (highlighted pink). F. Bottom
haptic element positioned, output end of the thread pulled out through the microcoloboma and the paracentesis with a microhook. G. Both input second ends of the
threads pulled to the paracentesis and knotted. H. The ends of the threads are cut off, viscoelastic washed, incisions hydrated

nasal microcolobomas, 2-3 mm apart, in the projection of
each paracentesis (Fig. 5A). Outside the eye, the fixing thread
was tied to the top haptic element (Fig. 5B). The lens with the
thread tied to the top haptic element was inserted in the injector
and implanted into the anterior chamber through a pre-made
corneal tunnel. Thus, the IOL was positioned in the anterior
chamber and anchored there by the ends of the thread that
passed through the corneal tunnel and was tied to the top
haptic element.

Then, we introduced a microhook through the temporal
paracentesis and microcoloboma, moved it through the
posterior chamber parallel to the iris, reached the anterior
chamber through the pupil, captured the output end of the
thread fixing to the top haptic element there, and pulled it out in
reverse order. After that, in a similar way, the inner end of the top
haptic element's fixing thread was pulled outside through nasal
microcoloboma and paracentesis (Fig. 5C). Having positioned
the top haptic element behind the iris, we pulled both ends of
the fixing thread and thus moved the optical part of the I0OL
behind the plane of the iris until the base of the bottom haptic
element appeared in the pupil area, with the bottom haptic
element remaining in the anterior chamber (Fig. 5D).

The next step involved manipulations from the first technique
performed on the bottom haptic element. We injected the
needle into the cornea and made microcolobomas at the
opposite ends of the respective meridians, symmetrically in the
projection of the previously made microcolobomas.

The needle was introduced into the cornea at the limb, then
pierced the root of the iris, moved to the posterior chamber
parallel to the iris, and brought into the pupil area, wound
around the posterior surface of the base of the haptic element
visible in the pupillary zone, and pulled out into the anterior
chamber. The needle was passed over the iris in the direction

BECTHVIK PIMY | 6, 2024 | VESTNIKRGMU.RU

of the angle of the anterior chamber and brought out, piercing the
cornea; next, the thread was cut off above the eyeball (Fig. 5E).
Further, 2-3 mm from the needle injection point, we made a
paracentesis in the limb zone, and using a 27G vitreotome
created a microcoloboma in the root of the iris, then positioned
the bottom haptic element behind the iris, and pushed a
microhook through the paracentesis and the microcoloboma
behind the iris and into the posterior chamber, parallel to the
iris, through the pupil zone, and into the anterior chamber, over
the I0L, to capture the output end of the thread there, after
which the microhook with the thread was brought out through
the paracentesis in reverse order. Next, the microhook was
introduced to the anterior chamber through the paracentesis,
moved above the iris root by the needle injection point,
captured the second end of the thread and brought it out
reversely (Fig.5F). Thus, the resulting loop trapped the bottom
haptic element of the IOL. Once through with manipulations on
the bottom haptic element, we pulled both ends of the thread
fixing the top haptic element through a single paracentesis
(Fig. 5G). The ends of the threads were tied and cut off,
viscoelastic washed out of the anterior chamber, incisions
sealed by hydration (Fig. 5H).

Results of the control examination after 6 months: average
UCVA — 0.8 = 0.17, average BCVA — 0.9 + 0.17, average

IOP — 13.3 = 2.5 mmHg.

Pupils of the operated eyes round, active reaction to light,
suture knots solid, IOLs fixed and centered as expected from
the suggested technigue. Comparison to the fellow eye: similar
size and shape of pupils, direct and coordinated reactions to
light preserved in full.

Pupillography results: average pupil diameter in scotopic
conditions — 4.37 = 0.29 mm, in mesopic conditions —
3.54 + 0.58 mm, in photopic conditions — 3.09 + 0.3 mm.
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Pupillography of the fellow eye: average pupil diameter in
scotopic conditions — 4.53 + 0.44 mm, in mesopic conditions —
3.95 + 0.61 mm, in photopic conditions — 3.45 + 0.39 mm.

DISCUSSION

The problem of postoperative dislocation of the IOL—capsular
bag complex in ophthalmic surgery retains its relevancy. An
analysis of literature shows that today, there are no effective
solutions thereto. There are two approaches to remedying this
complication, one involving stitching the dislocated IOL to the
membranes of the eyeball (iris or sclera), another suggesting
replacement of the IOL with a lens attached differently; both
approaches have several significant drawbacks [33]. Suturing
to the iris offers the lowest risk of complications during and
after surgery, that of repeated dislocations, and also allows
positioning the IOL more centrally and stable relative to the
optical axis of the eye.

Several authors have proposed various original methods
of repositioning and stitching the I0L—capsular bag complex
to the iris [1, 17, 21, 28, 34, 35]. The drawbacks of these
methods include: lack of visualization during manipulations on
haptic elements; putting fixing sutures in the most mobile
areas of the iris stroma, which disrupts its diaphragmatic
function and creates cosmetic defects associated with the shape,
size and synchronicity of the pupils. Moreover, the suture area is
constantly pulled by the antagonist muscles (sphincter and dilator
of the pupil), which undermines strength, reliability, and durability
of the fixing sutures in the long-term. Such methods of stitching
jeopardize topographically accurate and symmetrical application
of sutures fixing IOL to the opposite haptic elements while involving
a similar, precisely measured volume of the iris tissue.

The microsurgery technique of stitching the I0L—capsular
bag complex to the iris described in this paper, has a number
of significant advantages over the said methods. Firstly,
all manipulations that involve IOL haptics capturing and
stitching to carried out under full visual microscopic control
in the area of the pupil or anterior chamber, ensuring the
process is accurate and atraumatic. The use of the iris root
microcolobomas in the projection of the limb at opposite ends
of the same meridian ensures topographically accurate and
symmetrical application of fixing sutures to the IOL's opposite
haptics, with the sutures placed on the said elements and
involving a precisely measures volume of the iris root tissue
(2-8 mm) at a planned location. This makes the centering of IOL
accurate, even for toric and multifocal models.

The location of the fixing suture knots in the projection of the
limb, where the iris root tissue, only 2-3 mm of which is used, is
not essential functionally, leaves the structure of the iris virtually
unchanged, and does not disrupt operation of its muscles,
thus allowing to fully retain functions and cosmetic properties
of the iris and the pupil. Moreover, the involved iris root tissue
is exposed to minimal dynamic forces, which ensures reliability,
strength, and durability of fixing sutures.

A positive feature of this technique is the possibility of
repeated and additional manipulations aimed at achieving the
set goals.

When removing cataracts, surgeons occasionally encounter
weak of lacking capsular support. The most common cause
of such weakness is the poor condition of the suspensory
ligaments of the lens. The most popular solution in such cases
is implantation of a capsule ring, which enables intraoperative
stabilization of the capsular bag and IOL implantation. However,
some authors note that the effectiveness of this technique is
low [33, 36]. Often, patients that underwent such manipulations

develop the IOL-capsular bag complex dislocation post-surgery.
In addition to the problems with ligaments, some of them also
suffer breaches of integrity of the lens capsule during surgery,
sometimes ending in the complete loss thereof. Patients with
aphakias of various origins (postoperative, traumatic, etc.) form
a separate group among those having problems with capsular
support. For most of them, it is necessary to anchor the I0L
during primary and delayed surgical interventions [37].

Back in the 1950s and 1960s, seamless fixation of IOLs to
the iris became a topic of interest, when two ophthalmologists
proposed similar techniques: E. Epstein with the "Maltese
cross" or "cufflinks", and C.D. Binkhorst with the iris-clips lens
[31, 38, 39].

Later, in 1968, S.N. Fedorov and V.D. Zakharov created
the Sputnik iris-clip lens, which was the base model in clinical
practice for several years. However, this type of fixation could
entail a severe complication: dislocation of the IOL into the
anterior chamber or into the vitreal cavity, triggered by any
planned or unplanned pupil dilation, further aggravated by
restriction of the diaphragmatic function of the iris [8, 40].

In 1970, J. Worst proposed an IOL model called "medallion,"
which had to be stitched to the iris beyond the equatorial zone of
the lens, and in 1973, he developed a lens model with seamless
attachment to the iris, the "claw lens." This method implied
pinching the iris stroma at two points at the distal ends of the IOL,
for which slits were made in the haptic part of the lens. The key
points of the operation are the use of myotics to maximize pupil
constriction and iris expansion, use of viscoelastics to minimize
injury to the corneal endothelium, and use of a second instrument
to hold the IOL during fixation [8, 41]. However, attaching the
IOL to the functionally active zone of the iris stroma violated
its functioning.

Most of the works covering stitching of IOLs to the iris
describe the process of suturing the haptic elements of the lens
to the mid-peripheral zone of the stroma of the iris using the
M.A. McCannel method and Siepser knots (dead loop knots).
The drawbacks of this technique include iris function impairment,
as well as a high risk of iris atrophy, pigment dispersion, uveitis,
and cystic macular edema [8, 42].

Some authors have demonstrated various ways of stitching
the IOL to the iris when the capsular support is weak of absent
[40, 43, 44]. The main disadvantage of the proposed techniques
is still the risk of unplanned IOL luxation into the vitreal cavity
during surgery, with all the consequences and complications
that follow. Technical drawbacks of the suggested methods:
suturing in functionally active areas of the iris stroma, which
leads to pupil deformation (violation of diaphragmatic and
cosmetic functions); lack of complete visual control over the
manipulations of capturing and stitching I0OL haptics; difficulties
with achievement of a topographically correct and symmetrical
positions of the seams on opposing haptic elements; increased
risk of unpredictable traumatism of the structures of the anterior
segment of the eye given the extremely limited room for a
maneuver available to the ophthalmic surgeon.

The technique of IOL implantation suggested in this
paper, that which was developed for the cases of lacking
capsular support, has a number of significant advantages over
the mentioned methods.

In addition to the advantages described above (first
technique), which are also useful in the context of similar
microsurgical techniques and manipulations, application of
fixing threads on both haptic elements of the IOL outside the eye
with subsequent implantation ensures a fully controlled position
thereof throughout the operation enabled by the threads pulled
out. The suggested technique solves the key problem: it allows
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full control over the IOL position inside the eye during surgery,
eliminating the risks of lens luxation to the fundus. Thus, the
surgeon feels confident and fully controls the process, and
also can do additional reconstructive manipulations in the eye
if necessary. Performing most steps in the anterior chamber
means full visual control over the work with seams and reliable
pulling of the threads' ends into the planned zones of knots.
The use of microhooks and microcolobomas to capture
and pull out fixing threads' ends makes the process completely
controllable, predictable, and atraumatic, ensuing accurate
localization of the knots and precise capturing of the volume of the
iris root tissue (2-3 mm) needed for the purpose. The symmetrical,
precise topographic positioning of the fixing suture knots in the
projection of the limb at opposite ends of the same meridian
ensures high-quality fixation and centering of the IOL, and the iris
retains its functions and anatomical and cosmetic properties in full.
The technique presented in this paper addresses cases of
weak capsular support (partial corruption of the suspensory
ligaments and/or capsular bag). Essentially, it is a combination
of the first two techniques, with the first stage involving a set
of manipulations from the second technique, and the second
stage employing manipulations from the first technique, the
former performed on one haptic element, the latter on the
opposite one. Thus, the advantages of both techniques are
realized. This combined technique is a preferred approach in
cases when some parts of capsular support remain and can be
used for IOL suspension during implantation. The technique is
a safe method for doubtful situations when there is a risk of the
IOL dropping into the vitreal cavity during surgery. Application
of a fixing suture outside the eye to one of the haptic elements,
followed by pulling its ends into the paracentesis, ensures
controlled behavior of the IOL inside the eye throughout the
operation and does not allow the lens to luxate onto the fundus.
With these techniques, the entire set of manipulations, which
is carried out through self-sealing micro-punctures and micro-
incisions with use of viscoelastics, creates conditions for anatomical
and topographic stability of the structures and microspaces of the
eye during surgery, thus enabling a more accurate, controlled,
atraumatic work inside the eye at the micro level.
Thus, the developed and proposed set of micro-constructive
techniques makes it possible to effectively stitch IOL to the iris
while preserving of its functions; the techniques are applicable
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COMPARATIVE ANALYSIS OF METHODS FOR CALCULATION OF TORIC INTRAOCULAR LENSES
IN PATIENTS AFTER PENETRATING KERATOPLASTY
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Calculation of toric intraocular lenses (tIOLs) in patients after penetrating keratoplasty (PK) is challenging. The study aimed to perform comparative retrospective
analysis of various methods for calculation of tlOL during phacoemulsification in patients after PK. We analyzed case reports of 36 eyes (36 patients) after PK,
which underwent phacoemulsification with tlOL implantation. All tIOLs were recalculated using four different methods. In group 1, tIOL calculation was performed
using keratometry data of the anterior surface of the corneal graft measured using a corneal topographer, and the posterior surface of the corneal graft measured
using optical coherence tomography of the cornea or the Scheimpflug keratotopographer. In group 2, keratometry of both corneal graft surfaces was measured
using the Scheimpflug keratotopographer, in group 3 — using OCT of the cornea, in group 4 — using the keratotopographer. The online Barrett True — K Toric
Calculator was used to calculate tIOLs in groups 1-3, and The Kane Formula was used in group 4. There were significant differences in the values of the spherical
and cylindrical components of refraction between the studied groups (o < 0.05). The highest predictability of tlOL calculation was reported for group 1: the ensured
postoperative refraction for the spherical component was within £0.5 D in 58% of eyes, within £1.0 D in 67% of eyes; postoperative refraction for the cylindrical
component was within =0.5 D in 56% of eyes, within -1.0 D in 89% of eyes. Thus, the highest predictability of tiIOL calculation is observed in patients of group 1.
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CPABHUTEJIbHbIA AHAJTIU3 CNOCOB0B PACHETA TOPUYECKON MHTPAOKYNAPHOMN JINH3bI
Y NAUMEHTOB MOCJIE CKBO3HOWN KEPATOMJIACTUKU

M. B. CuHunupiH B2, A, A. BockpeceHckas, H. A. INosgeesa

T Yebokcapckui ounvan PeepanbHOro rocyAapCTBEHHONO aBTOHOMHOIO YYPEXAEHMST «HaLmoHabHbIA MEAUUMHCKUIA UCCNefoBaTENbCKUIA LEHTP «MexoTpacnesoin
Hay4YHO-TEXHNHECKUIN KOMMNEKC «Mukpoxmpyprusa rmasa» uvenn C. H. ®énoposa» MuHaapasa Poccun, HYebokcapsl, Poccus

2 TocyapCTBEHHOE aBTOHOMHOE y4pexzaeHve HyBallckoin Pecnybnvki LONOMHUTENBHOIO NPOgeCCHOHaNBHOrO 06pa3oBaHunst «/IHCTUTYT YCOBEPLLEHCTBOBAHMS
Bpader» MuHagpasa Yysaiunm, Yebokcapbl, Poccust

PacyeT Topunyeckor nHTpaokynapHon nnHabl (TVIOST) y naumeHToB nocne ckBo3Hol kepatonnacTuku (CKIT) Bbi3biBAET psif, CNOXHOCTEN. Llensto nccnenosaHiist
Obl10 MNPOBECTN CPABHUTENBHBIA PETPOCNEKTVBHBIA aHaNm3 pasdnuyHbix cnocobos pacyeTta TVIOJ npu dakoamynbeudrkaummn katapakTsl (POK) y naumeHTos
nocne CKI1. Bbin nposedeH aHama nctopun 6onesHn 36 mas (36 nauveHTos) nocne CKI, Ha koTopbix 6biia BeinonHena PIK ¢ umnnartaumen TVIOJ. Bee TVION
Oblnv NepecyMTaHbl HYeTbipbMs cnocobamu. B rpynne 1 pacudeT TIOJ1 npoBoamnmn ¢ NpUMEHEHNEM [aHHbIX KePaTOMETPUM NEPEAHER MOBEPXHOCTU POrOBUHHOMO
TpaHcnnaHTara, M3MepeHHbIX MPK MOMOLLM kepaToTornorpada, 1 3aaHel MOBEPXHOCTU POroBUYHOIO TpaHCnaaHTaTa — MpuW MOMOLLW ONMTUYECKON KOrepeHTHOM
TOMOrpadum POroBuLbl MM LLanMndor-keparotonorpada). B rpynne 2 nsmepeHne kepatoMeTpumn obenx NoBEPXHOCTEN POrOBUMHHOIO TPaHCMiaHTara
BbIMOMHANN NpK NoMOLLM LwaimMndntor-kepatotonorpada, B rpynne 3 — Ha OKT poroBuubl, B rpynne 4 — npw rnomMoLy kepatotonorpada. [Ons pacyeta
TNON B rpynnax 1-3 npumeHsny oHnanH-kanbkynstop Barrett True — K Toric Calculator, B rpynne 4 — The Kane Formula. Bbina otmedeHa ctatmcTndeckin
3Ha4MMas pasHULIa MO 3Ha4eHNAM CAHEPNHECKOrO 1 LMMHAPUHECKOrO KOMMOHEHTOB PedpaKkLmn Mexay nccnegyemoivmn rpynnamu (p < 0,05). Hanbonsluas
npenckasyemocTb pacyeta TVIOJ obHapyxeHa B rpynne 1: nonagaHue B nocneonepauyvioHHyto pedpakumio no chepuHeckomy KOMMOHEHTY B npeaenax
+0,5 antp — B 58% ma3s u B npegenax +1,0 ontp — B 67% rnas, No uMnHAPNHeCKOMy KOMMOHeEHTY — B npeaenax —0,5 antp — B 56% rma3a v B npeaenax
—1,0 anTp — B 89% maa. Taknm 06pa3om, HanbosblLas NpeackasyeMocTs pacyeta TVIOS Gbina oTMeveHa y naumeHToB rpynmbl 1.

KnioyeBble CnoBa: CKBO3Has KEPaToMnIacTvka, NOCTKePaTonIacTn4eckas aMeTponyisi, TOPUYECKas MHTPaoKyYsipHas NMH3a, Ccnocob pacHeTa
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Penetrating keratoplasty (PK) leads to the development of post-
keratoplastic corneal astigmatism (CA) in almost all patients
[1-3]. In cases of cataract development in patients after PK
and the need for its extraction, the accuracy of the selected
intraocular lens (IOL) calculation method is of great importance
[4-6]. The best functional results are reported in patients with
regular CA, who are through cataract extraction with the toric
IOL (tIOL) implantation [7-9]. However, the method to calculate
tIOL is still a matter of debate. Not all authors consider the

posterior corneal graft curvature when calculating tlOL,
since they believe that its refraction is similar to refraction of
light by the anterior chamber fluid, like in the healthy cornea.
That is why keratometry values of the anterior corneal graft
surface only are often used [10, 11]. Currently, various online
calculators and calculators by tIOL manufacturers are used,
which consider curvature of both corneal graft surfaces.
However, postoperative results vary considerably even when
using keratometry data of both corneal graft surfaces due
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to the use of different diagnostic equipment [12, 13]. In view
of the above, selection of the most predictable method to
calculate tIOL during cataract extraction in patients after PK
has determined the relevance of the study.

The study aimed to perform comparative retrospective analysis
of various methods for calculation of tIOL during cataract
extraction in patients after PK.

METHODS

We performed retrospective analysis of case reports of 36 eyes
(86 patients) after PK, which underwent phacoemulsification
with tlOL implantation. All the patients were implanted the
RayOne Toric RAO610T tIOL (Rayner; UK). The age of patients
enrolled in clinical trial (12 males and 24 females) was 31-76
years (average age 57 + 13 years). Past PK was performed
due to congenital corneal dystrophy in six eyes, pellucid
corneal degeneration in eight eyes, central corneal scar in
six eyes, corneal opacity after the corneal ulcer in six eyes,
stage IV keratoconus in six eyes, secondary keratectasia in
four eyes. The interval between phacoemulsification and PK in
patients was 4-15 years. All corneal grafts were transparent.
The corneal graft diameter reached 7.5-8.5 mm (on average
8.14 £ 0.36 mm).

When calculating tIOL, the eye length, anterior chamber
depth, lens thickness, white-to-white distance were measured
by optical biometry using the IOL Master 500 system (Carl Zeiss
AG; Germany). The values of keratometry data and orientation
of the major meridians of the anterior corneal graft surface were
determined using the TMS-5 corneal topographer (Tomey;
Japan), Pentacam Scheimpflug keratotopographer (Oculus
Optikgerate GmbH; Germany), by optical coherence tomography
(OCT) of the cornea using the CASIA 2 system (Tomey; Japan).
The values of keratometry data and orientation of the major
meridians of the posterior corneal graft surface were determined
using the Pentacam Scheimpflug keratotopographer and the
CASIA 2 optical coherence tomography (OCT) system for the
cornea. Regular CA was reported in all patients based on the
keratotopography data before phacoemulsification.

When calculating tIOL, the following was entered in the
calculator: values of the RayOne Toric RAO610T tIOL A-constant
of 118.6, Lens Factor, induced astigmatism, orientation of the
main surgical incision, target refraction, central corneal graft
thickness. IOL was calculated using the online Barrett True-K
Toric Calculator and The Kane Formula.

According to case reports, discrepancies in the values of
the tIOL optical power and toric component were reported in
some patients when calculating tIOL due to differences in the
keratometry data of the anterior corneal graft surface measured
using the keratotopographer, by corneal OCT, or using the
Scheimpflug keratotopographer. In such cases, either mean
values of keratometry parameters measured using the above
diagnostic equipment, or mean values of similar keratometry
parameters based on the results were taken.

We also took the values of the spherical (Sph) and
cylindrical (Cyl) refraction components obtained three months
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and later after phacoemulsification, when stabilization of these
parameters was reported, from medical records.

To determine the most predictable tIOL calculation method,
we divided the methods into four groups depending on the
diagnostic equipment used to measure keratometry parameters
(Table 1).

In group 1, keratometry parameters of the anterior corneal
graft surface were measured using the keratotopographer
(TMS-5), while that of the posterior surface were measured
using the Scheimpflug keratotopographer (Pentacam) or
corneal OCT (CASIA 2), considering comparable keratometry
values reported for the posterior corneal graft surface when
using these devices. In group 2, keratometry parameters of both
corneal graft surfaces were measured with the Scheimpflug
keratotopographer (Pentacam), and in group 3 these were
measured by the corneal OCT (CASIA 2). In group 4, the
anterior corneal graft surface curvature only was measured
using the keratotopographer (TMS-5).

In groups 1-4, tIOLs were calculated using the online
Barrett True-K Toric Calculator, since it allows one to consider
keratometry data of both corneal graft surfaces. In group 4,
tIOL calculation was performed using the online The Kane
Formula calculator allowing one to analyze the anterior corneal
graft surface keratometry data only.

The tlIOL optical power was calculated for emmetropic target
refraction in all groups, toric component for full correction of
total CA in groups 1-3, and for correction of CA of the anterior
corneal graft surface in group 4.

Comparative analysis of predictability of tIOL calculation by
various methods was performed in groups 1-4 based on the
data on the implanted tIOL optic power, toric component, as
well as the postoperative refraction results.

Statistical data analysis was performed using IBM SPSS
Statistics 20. The Shapiro-Wilk test was used to test the data
distributions for normality. The values of the studied parameters
were normally distributed in all groups, so significance of
differences in the studied parameters between two groups were
assessed using the parametric Student’s t-test for independent
variables, and the differences between three groups were
assessed by one-way analysis of variance. The differences in
the studied parameters between two groups were considered
significant at p < 0.05, and the differences between three
groups were considered significant at p < 0.017. The values of
the studied parameters were presented as M + o, where M was
the mean, o was the standard deviation.

RESULTS

According to medical records, none of the patients had intra-
or postoperative complications of phacoemulsification. The
slit lamp examination performed on the next day after surgery
showed that the eye media were transparent, and tIOLs were
centered in all patients (Fig. 1).

Preoperative data on the average CA value and keratomery
data (Km) of the anterior corneal graft surface showed
significant differences based on the data obtained using the

Table 1. Methods for toric intraocular calculation during cataract extraction in patients after penetrating keratoplasty

Keratometry data measurement
Groups - -
Anterior corneal graft surface Posterior corneal graft surface
1 Keratotopographer (TMS-5) OCT (CASIA 2) or Scheimpflug keratotopographer (Pentacam)
2 Scheimpflug keratotopographer (Pentacam) Scheimpflug keratotopographer (Pentacam)
3 Corneal OCT (CASIA 2) Corneal OCT (CASIA 2)
4 Keratotopographer (TMS-5) Keratometry was not taken into account
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Fig. 1. View of the eye of patient N., 56 years, during slit lamp examination on day 1 after phacoemulsification with the toric intraocular lens implantation.
A. A transparent corneal graft can be seen, along with the optic part of the toric intraocular lens in the projection of the pupil. B. View of the eye against the
background of drug-induced mydriasis, a vertical mark of the intraocular lens toric axis (marked with a red arrow) located along the corneal graft keratometry strong

meridian can be seen

corneal topographer (TMS-5), Scheimpflug keratotopographer
(Pentacam), and OCT of the cornea (CASIA 2), while both
CA and Km of the posterior corneal graft surface were
comparable based on the data obtained using the Scheimpflug
keratotopographer and OCT of the cornea (Tables 1, 2).

The difference in orientation of the axes of the major
meridians of the corneal graft anterior and posterior surfaces
exceeding 5° based on the data obtained using the Scheimpflug
keratotopographer was reported for 12 eyes (33,3%), while
that based on the data obtained using OCT of the cornea was
reported for 15 eyes (41.7%).

The results of preoperative analysis of CA on the
posterior corneal graft surface based on the Scheimpflug
keratotopography and corneal OCT data are presented as a
chart (Fig. 2).

The rate of CA on the posterior corneal graft surface based
on the corneal OCT within < -0.3 D was 11%, within<-1.0D —
56% (Fig. 1). The rate of CA on the posterior surface based on
the Scheimpflug keratotopography data within < -0.3 D was
11%, within < =1.0 D — 44%. Thus, the average rate of CA on
the posterior surface based on the data obtained using both
devices within < -0.3 D was 11%.

When calculating the tIOL optic power, getting into the
planned target refraction for Sph in group 1 within +0.5 D was
reported for 58% of eyes, +1.0 D for 66% of eyes, in group 2
that within +0.5 D was reported for 33% of eyes, +1.0 D for
49% of eyes, in group 3 that within +0.5 D was reported for
17% of eyes, +£1.0 D for 25% of eyes, in group 4 that within
+0.5 D was not reported at all, +1.0 D was reported for 17%
of eyes (Fig. 3).

The highest predictability of getting into target refraction for Sph
was reported when calculating the tIOL optic power in group 1,
while the lowest predictability was reported for group 4 (Fig. 2).

When calculating the tIOL toric component, getting into
target refraction for Cyl in group 1 within 0.5 D was reported
for 56% of eyes, —=1.0 D for 89% of eyes, in group 2 that within
—0.5 D was reported for 22% of eyes, —1.0 D for 44% of eyes,
in group 3 that within 0.5 D was reported for 22% of eyes, —1.0 D
for 33% of eyes, in group 4 that within -0.5 was reported for
6% of eyes, —1.0 D for 17% of eyes (Fig. 4).

The highest predictability of getting into target refraction for
Cyl was reported when calculating the tIOL toric component in
group 1, while the lowest predictability was reported for group
4 (Fig. 3).

Table 2. Preoperative values of corneal astigmatism on both corneal graft surfaces measured using different equipment (M + o)

Equipment
Astigmatism on the corneal graft ’
~ Scheimpflug keratotopographer
Keratotopographer (TMS-5), D (Pentacam), D Corneal OCT (CASIA 2), D P
-6.15 + 3.28 -5.81 +2.89 -6.72 + 3.23
Anterior surface 0.0105
(from -2.5 to -10.5) (from -2.1 to -10.8) (from-1.8to -11.7)
-1.05 + 0.63 -1.04 + 0.60
Posterior surface no data 0.4115
(from -0.1 to -1.8) (from -0.3 to -1.9)
Table 3. Preoperative average keratometry values of both corneal graft surfaces measured using different equipment (M + o)
Equipment
Km of the corneal graft ; p
B Scheimpflug keratotopographer
Keratotopographer (TMS-5), D (Pentacam), D Corneal OCT (CASIA 2), D
. 44.07 + 4.20 44.69 + 4.14 45.89 + 4.34
Anterior surface (from 39.16 to 49.72) (from 39.5 to 49.1) (from 39.2 to 49.9) 0.0122
. 5.77 £ 0.75 7.24 +1.08
Posterior surface no data (from 4.4 10 6.8) (from 5.9 t0 8.6) 0.1225
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Fig. 2. Diagrams of the distribution of pre-operative values of corneal astigmatism on the posterior corneal graft surface based on the corneal OCT data (CASIA 2) (A),

Scheimpflug keratotopography data (Pentacam) (B)
DISCUSSION

Considering the fact that almost all patients develop CA after
PK, performing cataract extraction with tlOL implantation
allows one to solve a problem of cataract through one
surgical procedure and at the same time correct CA. However,
the accuracy of tlIOL calculation in patients after PK has a lot of
features. First, the tIOL calculation complexity results from trouble
selecting the most accurate calculator. Currently, there are two
types of tlIOL calculators: those considering curvature of the
anterior corneal surface only and those considering curvature of
both corneal surfaces. As is well known, refraction of the posterior
corneal surface is normally similar to light refraction of the anterior
chamber fluid, due to which many authors neglect keratometry of
the posterior corneal surface. However, keratometry parameters of
the posterior surface of the cornea can change when performing
corneal surgery. According to certain data, CA on the posterior
corneal surface is normally on average —0.3 D, and only 9% of
eyes have CA on the posterior comeal surface exceeding -0.5 D
[14]. In our study, patients after PK have shown the opposite. Only
11% of eyes have CA on the posterior corneal graft surface within
<-0.3D; CAexceeds—1.0Din44% of eyes based onthe OCT data
and in 56% of eyes based on the Scheimpflug keratotopography
data. That is why it should be considered to accurately select the
tIOL toric component.

The next thing that can lead to the tIOL calculation errors is
orientation of the major meridians of the corneal graft anterior
and posterior surfaces. As is well known, in case of matching
axes of the major meridians of both corneal graft surfaces, CA
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on the posterior surface compensates for the value of CA on
the anterior surface by its own value, which results in reduction
of total CA. This, along with the induced astigmatism value,
must be considered when calculating the tIOL toric component
in order not to overcorrect and not to flip the CA axis to the
opposite. Orientation of the major meridians of both corneal
graft surfaces is also very important. If these differ by no more
than 5°, tlOL can immediately correct the entire total CA,
otherwise CA on the posterior corneal surface will persist and
will be capable of affecting vision after surgery, depending on its
value (in our study the value reached 1.8-1.9 D). In this study,
the difference in orientation of the major meridians of both
corneal graft surfaces exceeded 5° based on the Scheimpflug
keratotopography data in 33.3% of eyes, based on the corneal
OCT in 41.7% of eyes. In such cases, CA on the posterior
surface persists after the tIOL implantation.

The next thing is selection of the device, the results of using
which will be most accurate when calculating tlOL. According to
the results of this study, keratometry parameters of the posterior
corneal graft surface are comparably measured by corneal
OCT and by using the Scheimpflug keratotopographer. The
difference is in measuring keratometry of the anterior corneal
graft surface. According to the findings, the highest predictability
for the spherical and cylindrical refraction components was
demonstrated by the tIOL calculation method used in group 1,
where keratometry parameters of the anterior corneal graft
surface were measured using the keratotopographer operating
based on the Placido ring principle, and that of the posterior
corneal graft surface were measured by corneal OCT or using
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Fig. 3. Predictability of the spherical refraction component when calculating the tIOL optic power in groups 1-4

the Scheimpflug keratotopographer. The lowest tIOL calculation
predictability was reported for group 4, which can be explained
by the fact that tIOL calculation did not take into account the
posterior corneal graft surface curvature.

Today, there are several tIOL calculators taking into account
keratometry of both corneal graft surfaces. In our study, the

value of one of the major meridians of the posterior corneal graft
surface exceeded 7.5 D in 12 eyes (34.3%), which made it possible
to enter these in the online Barrett True-K Toric Calculator only.
According to the literature data, the refraction results of the
cataract extraction with tlOL implantation differ due to the facts
that the authors used different tIOL calculators and keratometry
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Fig. 4. Predictability of the cylindrical refraction component when calculating the tlOL optic power in groups 1-4
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data obtained using different diagnostic devices. Thus, a
clinical trial was conducted focused on correction of post-PK
CA exceeding 2.25 D in 67 eyes (45 patients) with cataract by
phacoemulsification with the Acrysof Toric SN60T6- SNEOT9
tIOL implantation [15]. After surgery, UDVA was 0.61 + 0.26,
CDVA was 0.81 + 0.21. Postoperative cylindrical refraction
component (CRC) was below 0.75 D in 62% of eyes and below
1.00 D in 81% of eyes [15]. In 2021, the results of the clinical
trial focused on correction of high corneal astigmatism (610 D)
after PK in patients with cataract by phacoemulsification with
tIOL implantation were published. After surgery, the average
UDVA increased from 0.04 + 0.02 to 0.6 + 0.14, CRC reduced
from —9.0 + 1.80 to —1.1 = 0.45 D, and postoperative average
spherical equivalent was 0.75 + 0.5 D [7]. In 2022, the results
of phacoemulsification with tIOL implantation in patients after
PK with the regular form of corneal astigmatism exceeding
1.5 D were provided. After surgery, UDVA increased from
0.1 £ 0.02 t0 0.38 + 0.11, CDVA increased from 0.23 + 0.07
10 0.78 + 0.12, and postoperative CRC was 0.93 + 0.87 D [5].

Thus, the tIOL calculation method, in which the data
of the anterior corneal graft surface measured using the
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EFFECT OF ENDOILLUMINATION DURING VITRECTOMY ON OXIDATIVE PROCESSES IN RABBIT BLOOD

Yamgutdinov RR'25 Mukhamadeev TR', Ahmadeev RR', Mochalov KS'

" Bashkir State Medical University, Ufa, Russia
2 City Clinical Hospital No. 8, Ufa, Russia

Investigation of the mechanisms underlying retinal photodamage occurring during vitreoretinal interventions is a topical issue of ophtalmology. The study aimed to
assess the effect of endoillumination of varying intensity and duration on alteration of oxidative processes in rabbit blood. The experiment involved 16 rabbits, with
their retinas exposed to endoillumination of different duration (30 and 60 min) and intensity (8 and 16 cd/m?). Blood samples were collected from the rabbits’ ear
vein before and after light exposure. Whole blood and serum biochemiluminescence was measured in order to assess oxidative processes. The data were analyzed
using the Mann-Whitney U-test, and the results were considered significant at p < 0.05. A 30-minute light exposure resulted in a significant increase in whole
blood biochemiluminescence: 1.5-fold at the intensity of 8 cd/m? and 2.5-fold at the intensity of 16 cd/m? relative to control values (p < 0.05), indicating enhanced
reactive oxygen species generation by blood cells. In contrast, a significant decrease in serum biochemiluminescence was revealed: 1.2-fold at the intensity of
8 cd/m? and 2-fold at the intensity of 16 cd/m? compared to control (p < 0.05) , which likely indicates a compensatory increase in antioxidant activity in response
to hyperactivation of free radical processes. With the 60-minute exposure, the changes in biochemiluminescence were more pronounced: 3- and 7-fold increase in
whole blood biochemiluminescence and 2- and 3-fold decrease in serum biochemiluminescence, respectively. Thus, intense light exposure resulted in the oxidative
process alterations determined by the intensity and duration of exposure.
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BNMUAHUE 3HOOBUTPEANIbHOW ITMIOMUHALIMM HA OKCUOATUBHbIE MPOLIECCHI B KPOBU KPOJIMKOB
P. P. AmrytamHos'? B T, P. Myxamagees', P. P. Axmvagees’, K. C. Moyanos!

" BalUKMPCKWiA rocyAapCTBEHHbI MEOULIMHCKII yHMBEpCUTET, Ydha, Poccus
2 fopoackas knHnydeckas 6onbHMLa Ne 8, Ycba, Poccust

AKTyanbHoM Npobnemon oTanbMoNorMn SBAETCA UCCNEA0BaHNE MEXaHN3MOB (DOTOMOBPEXKAEHUIA CETHATKM, MPOVCXOAALLMX BO BPEMSA BUTPEOPETUHABHbBIX
BMeLLaTensCTB. Lienb necnefosaHns — OLEeHUTb BIUSHVE SHAOWIIIOMUHALMN Pa3INYHOM UHTEHCVMBHOCTY V1 MPOLOSKUTENBHOCTY Ha U3MEHEHME OKCUAATUBHBIX
NPOLIECCOB B KPOBW KPONMKOB. DKCMEPUMEHT NMPOBOAMIN Ha 16 Kponvkax, CeT4aTKy KOTOPbIX MoABeprany BO3AENCTBUIO IHAOWIIIOMUHALMN Pa3HOM
npofomkMTeNnsHoCTY (30 1 60 MUH) 1 MHTEHCKMBHOCTY (8 1 16 ka/M?). OBpasLibl KPOBW 13 YLLIHOW BeHbl Kponka 3abupani 4o 1 NMocie CBETOBOrO BO3LENCTBYS.
[N oLeHKV OKCUAATUBHBIX MPOLIECCOB U3MEPSIN B1OXEMUMIOMUHECLIEHLIIO B LIEIbHON KPOBU 11 CbIBOPOTKE KPOBW. [laHHble aHanMsvpoBai C UCTONb30BaHNEM
U-Tecta MaHHa-YWTHW, a pesynstaTbl CHUTanmM AOCTOBEPHbIMU NMpn p < 0,05. Mpr 30-MUHYTHO CBETOBOW 3KCMO3ULMM B LIEMbHON KPOBK BbIN0 3athKCpoBaHO
CTaTUCTUYECKIN 3HAYMMOE YBENMYEHVE BUOXEMUIIOMUHECLIEHL: B 1,5 pa3a Npu MHTEHCUBHOCTY 8 KI/M? 11 B 2,5 pasa Mpu MHTEHCUBHOCTM 16 K/M? MO CPaBHEHIO
C KOHTPOSbHbIMM MokasaTenamn (p < 0,05), Y4TO OTpaxKaeT yCuneHve reHepaLim akTBHbIX (DOPM K1CAopoda KneTkamm KposK. B CbIBOPOTKe, HAaNPOTUB, BbISBIEHO
[OCTOBEPHOE CHKEHME YPOBHEV O1OXEMUIIOMMHECLIEHLMM: B 1,2 pasa Npu MHTEHCMBHOCTK 8 KO/M? 1 B 2 pasa MpW MHTEHCMBHOCTU 16 KO/M? OTHOCUTENbHO
KOHTpons (p < 0,05), 4TO, O4EBUAHO, MOXKET CBUAETENBCTBOBATEL O KOMMEHCATOPHOM YBENMHEHV aHTUOKVCIUTENBHON aKTVBHOCTU B OTBET Ha rinepakTuBaLmio
cBO6OAHOPaANKANBHbLIX MPOLIECCOB. [Mpy B0-MVHYTHOW SKCMO3WLMN N3MEHEHNSI BUOXEMUMTIOMVHECLIEHLIMN MMEN 60Nee BbIPaXKEHHbI XapakTep: ycuneHme B
LielbHOM KPOoBW B 3 11 7 pas, U CHWKEHME B CbIBOPOTKE KPOBM B 2 1 3 pa3a COOTBETCTBEHHO. TakM 06pa3oM, NPy MHTEHCVBHOM CBETOBOM BO3AENCTBUN OTMEHEHO
N3MEHEeHNe OKCUAATUBHBIX MPOLIECCOB, OrnpefensieMoe BpeMeHeM ¥ AINTENbHOCTBIO BO3AENCTBIS.
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Adequate intraoperative visualization of intraocular structures
accomplished using external light sources for intraocular illumination

The following major parameters affecting phototoxicity of
the sources of endovitreal illumination are distinguished: light

is an important prerequisite for conducting vitreoretinal surgery
[1-3]. The development of new light sources for endaillumination (El)
is also associated with the transition to minor surgical approaches
(25 G, 27 G, 29 G), however, the luminous flux enhancement
accompanying such transition inevitably increases the risk of
phototoxic damage to the retina and pigment epithelium [4, 5].

source type, aphakic hazard indicator, brightness, numerical
aperture of a fiber (light cone), light exposure duration, working
distance (between endoilluminator and the retina), and the
retinal zone affected by the luminous flux [2, 3].

Thanks decades of experimental research, the key
components of pathogenesis of photodamage to the eye
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structures and tissues have been uncovered. Destructive
photochemical reactions can occur as a result of oxidative process
enhancement due to high concentrations of photosensitizers in
photoreceptors, high partial pressure of oxygen in the retina and
high polyunsaturated fatty acid levels [6-12]. It has been shown
that the retinal pigment epithelial cells contain lipofuscin granules
comprising bisretinoid fluorophores that begin to produce
reactive oxygen species when exposed to light, which leads
eventually to the formation of oxidized products [13].

First of all, photosensitizers, such as retinal and its
metabolites, are potentially dangerous in terms of phototoxicity.
These can generate singlet oxygen and superoxide radicals
when exposed to light [14]. Other pathogenetic factors include
high oxygen tension reaching 100 mmHg at the level of the
apices of the outer photoreceptor segments. Finally, it should
be noted that oxidative destruction of melanosomes can
result in formation of toxic aldehydes and ketones, as well as
in protein modification [15].

Thus, according to the published data, all the potentially
dangerous conditions for photodamage to the eye structures
and tissues, especially the photoreceptor—pigment epithelium
complex, arise during vitreoretinal interventions.

The study aimed to assess the effect of endoillumination of
varying intensity and duration on oxidative process alteration in
rabbit blood.

METHODS

The study involving 16 rabbits (males) aged 6-9 months
with the body weight of 2-3 kg was conducted at the Chair
of Ophtalmology and the Central Research Laboratory of the
Bashkir State Medical University. The animals were bought
from specialized breeding nursery (SP Tulupov; Russia).
Rabbits were kept in the controlled environment ensuring
optimal temperature, humidity, and illumination; these were
given a balanced diet including specialized foods and fresh
water. The animals were administered 2% xylazine solution
(Alfasan International B.V.; Netherlands) intramuscularly in a
dose of 1 mg per 1 kg of body weight half an hour before
surgery in order to ensure a pronounced sedative effect. Zoletil
100 (Virbac; France) in a dose of 7.5 mg per 1 kg of rabbit’s
body weight was used intramuscularly for general anesthesia.
The Mydrimax drops (Sentiss Pharma; India) were instilled
into the conjunctival sac 15-20 min before the procedure to
dilate pupils. Local anesthesia was achieved using the 0.5%
proxymetacaine hydrochloride solution.

The test samples were represented by blood collected from
the rabbits’ ear vein (EV). Such an approach was used due
to the fact that we collected samples from the central retinal
vein (CRV) using the 27-40 G MedOne cannula earlier, at the
pilot stage of the study. However, in our experiments, blood
collection directly from the CRV had serious methodological
limits, since the procedure is associated with further alteration
of intraocular media. The analysis of biochemiluminescence
(BCL) parameters involving samples collected from the rabbits’
CRV and EV revealed no significant differences, which allowed
us to use blood from EV as test samples.

A 25 G port installed in the projection of the pars plana
part of the ciliary body was used to model endovitreal
exposure. A xenon light source integrated into the Optimed
Profi ophtalmological miscrosurgical system (Optimedservice;
Russia) was used as an illuminator. The endoilluminator was
introduced via the port, and its tip was placed at a distance
of 8 mm (light cone 30°) from the retina in the direction of the
macular zone.
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The experimental animals were divided into two groups.

Group 1: exposure to light with the intensity of 8 cd/m? (50%)
for 30 min (4 rabbits, 4 eyes) and 60 min (4 rabbits, 4 eyes).

Group 2: exposure to light with the intensity of 16 cd/m? (100%)
for 30 min (4 rabbits, 4 eyes) and 60 min (4 rabbits, 4 eyes).

The follow-up collection of blood from the ear vein was
performed after the end of the light exposure.

The BHL recording method was used to assess the effects
of endoillumination during vitrectomy on oxidative processes.
The use of BCL in vitreoretinal surgery for estimation of
photodamage to the eye tissues is based on the fact that
biochemiluminescence reflects light emission from the
electronically excited atoms and molecules emerging during
chemical reactions. Furthermore, free radical processes are the
only biochemiluminescence sources [16].

We recorded blood BCL with the HLM-003 system (Ufa
State Aviation Technical University; Russia) measuring the light
sum S and maximum slow-flash amplitude Imax in quanta
per second for 3 min [17]. The whole blood BCL was used
as an indicator of the oxidative processes of reactive oxygen
species generation by blood cells, primarily neutrophils. We
used luminol (10-4 M) in the dimethyl sulfoxide (DMSO) solution
to record luminol-dependent chemiluminescence (LDBCL). A
total of 0.1 mL of blood were mixed with 2 mL of luminol
solution, then the mixture was put in the chamber of the unit
at 37 °C. In addition to LDBCL, we assessed iron-induced
biochemiluminescence (IIBCL) of blood serum in order to
determine the levels of oxidative processes of lipid peroxidation
(LPO). Blood was centrifuged to obtain serum, and serum was
diluted with phosphate buffer. Luminescence was indiced
by adding the FeSO,x7H,O solution, the intensity of which
reflected the LPO level.

The data were analyzed using the nonparametric Mann—=Whitney
U-test. The results were considered significant at p < 0.05 and
presented as median (Me) and interquartile range (IQR).

RESULTS

A significant increase in biochemiluminescence with luminol
was observed after the 30-min exposure to light with the 50%
intensity (8 cd/m?; group 1). During the experiment LDBCL
increased from the baseline level of 26.4 x 10° quanta/s to
38.2 x 10° quanta/s. This increase corresponds to the almost
50% intensity growth, which suggests a significant effect of
moderately intense radiation on this indicator. There was a
rather more pronounced increase in LDBCL (up to 62.2 x 10°
quanta/s) under exposure to radiation with greater intensity
100% (16 cd/m?; group 2). Such an increase is equivalent
to the almost 2.5-fold intensity growth relative to baseline.
The data obtained show that the more intense radiation has
a stronger effect on LDBCL. This confirms the fact that the
effect depends on the intensity of radiation used. We also
conducted appropriate measurement of LDBCL for the 60-min
exposure in order to assess the longer El. The data are provided
in Table 1.

According to the table, El leads to the LDBCL enchancement,
which reflects the increased generation of free radicals by blood
cells. The exposure time increase results in the LDBCL parameter
enchancement, which suggests intensification of oxidative
processes in blood.

The LDBCL value increased 3-fold after the 60-min exposure:
the control value was 26.4 x 10° quanta/s, and the value after
the exposure was 79.1 x 10° quanta/s. There was an almost
7-fold increase in LDBCL, when the intensity increased to
100% (16 cd/m?).
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Table 1. LDBCL parameters (Me (IQR)) before and after the 30-min and 60-min exposure to aphakic light of varying intensity, 10° quanta/s

30 min 60 min
Studied parameter Before
50% El intensity 100% El intensity 50% El intensity 100% El intensity
s 26.4 38.2 62.2 791 179.5
(21.4-29.2) (36.5-39.0) (61.4-64.7) (78.8-79.6)" (179.5-180.6)*
12.7 171 25.06 53.3
Imax 7.6(7.4-8.8) (11.2-14.3)" (16.1-17.9)" (24.9-25.5)" (52.5-53.5)"

Note: * — the difference from control is significant at p < 0.05.

Table 2. IIBCL parameters (Me (IQR)) before and after the 30-min and 60-min exposure to aphakic light of varying intensity, 10° quanta/s

30 min 60 min
Studied parameter Before
50% El intensity 100% El intensity 50% El intensity 100% El intensity
333.5 206.0 204.0 1371
S 408.2 (379.2-416.6) (327.2-335.8)" (188.7-220.8)" (197.9-209.8)" (136.4-138.7)"
170.9 127.5 102.1 68.1
Imax 2053 (197.9-213.7) (169.3-172.1)* (117.3-135.2)* (102.0-112.20) (66.8-74.2)*

Note *— the difference from control is significant at p < 0.05.

The following patterns were revealed when recording IIBCL
of the samples exposed to El: the 30-min El source exposure
resulted in the significantly decreased IIBCL parameters:
1.2-fold in the first group relative to control. The intensity
increase to the full value of 100% (16 cd/m?; group 2) resulted
in the 2-fold decrease in luminosity parameters. Control —
408.2 x 10° quanta/s, after the exposure — 206.1 x 10° quanta/s.

When the exposure duration increased to 60 min, the
decrease in IBCL parameters became more noticeable. At 50%
intensity (8 cd/m?; group 1) IIBCL decreased to 204.0 x 10°
quanta/s, which was 2 times lower. At 100% intensity (16 cd/m?;
group 2) IIBCL dropped to 137.1x10° quanta/s, which was
3 times lower. These findings demonstrate that the illumination
duration and intensity have a significant effect on blood serum
biochemiluminescence (Table 2).

DISCUSSION

Our findings show that alterations of oxidative processes in
blood are clearly of dose-dependent nature associated with
the endoillumination intensity and duration. With increasing
El intensity and duration, enhancement of LDBCL of the test
samples has been reported, which suggests enhancement of
oxidative processes in blood cells. It is clear that at first the
oxygen-dependent cellular mechanisms ensuring realization of
reactive oxygen species generation are activated.

The findings are in line with the general conclusions that
oxidative processes yielding the oxidative degradation products
are triggered in molecular structures of the eye under exposure
to light [13, 18].

The low IIBCL values revealed reflect the antioxidant activity
increase and lipid peroxidation decrease. This may be due
to the fact the enhancement of oxidative processes causes
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STRAINS OF MYCOBACTERIUM TUBERCULOSIS WITH MUTATIONS IN gyrA DIFFER
IN THEIR LEVEL OF COMPETITIVE FITNESS
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As M. tuberculosis strains develop resistance to fluoroquinolones, pools of M. tuberculosis sensitive to drugs of this group and pools of M. tuberculosis with different
resistance determinants can simultaneously coexist in the host organism. The goal of this research was to run an in vitro investigation of growth characteristics of
M. tuberculosis strains which have different genetic determinants of resistance to fluoroquinolones, in the setting of competition for nutrients. The research used five
clinical strains of multidrug-resistant M. tuberculosis differing in gyrA structure. Strains were cultured in pairs and individually under optimal conditions (Middlebrook
7H9 medium) and under conditions of multistress (50% Middlebrook 7H9 medium, 2 mM KNO,,, 0.02% H,0,). The experiment took 21 days. The number of cells of
each co-cultured strain was estimated from calibration curves. These curves showed the dependence of the threshold cycle of the polymerase chain reaction — respective
to the channel targeted by the mutation — on the concentration of M. tuberculosis cells. The competitive fitness value and specific growth rate were calculated
from the number of cells of each strain when co-cultured. M. tuberculosis strains with mutations in gyrA were found to be inferior in growth rate to the wild-type
gyrA strain, which was particularly pronounced under multistress conditions. The strain with the most common gyrA_D94G mutation had the lowest growth rate
of all strains examined. It has been hypothesised that the slow growth of M. tuberculosis with this mutation may lead to tolerance to anti-tuberculosis drugs, and
as a result, the strain gains an advantage under chemotherapy conditions compared to other gyrA mutant variants.
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LUTAMMbI MYCOBACTERIUM TUBERCULOSIS C MYTALIMSAAMWU B gyrA PASJTMHAIOTCA
MO YPOBHIO KOHKYPEHTHOIO ®UTHECA

C. H. AHpgpeesckan'™2, T. T. CmupHosa', J1. H. YepHoycosa', E. E. NapuoHosa', 3. B. CesacTtbaiHosa', B. B. YctuHosa', E. A. Kucenesa!,
A. OpreLuos'?

" LleHTpanbHbI Hay4HO-MCCNenoBaTenbCKuin UHCTUTYT Tybepkynesa, Mocksa, Poccust
2 MOCKOBCKMI rocyAapCTBEHHbIN MeaVKO-CTOMAaTONOrM4ecKnii yHuBepeuTeT uMmeHn A. V1. EBookumoBa, Mocksa, Poccuist

B npouecce dopmupoBanns yctonumsocTn M. tuberculosis k (TOPXMHONOHaM B OpraHnM3me Xo3snHa MOryT OLHOBPEMEHHO COCYLLEeCTBOBaTb Mysibl
M. tuberculosis, 4yBCTBUTENBHbIE K MpenapatamM 3Ton rpynnbl, 1 nynel M. tuberculosis ¢ pasnuyHbIMK AeTepMUHaHTaMy ycTondmeocTy. Llensto nccnegosanvs
ObINIO M3Y4NTb OCOOEHHOCTI POCTAa in Vitro WTammoB M. tuberculosis, OTNNHAIOLLMXCSA FEHETUHECKMU AETEPMUHAHTaMY YCTOMYMBOCTY K (DTOPXMHOMOHAM, B
YCNOBUSAX KOHKYPEHLMM 3a NUTaTenbHble BeLLecTsa. VlccnenoBanme NpoBeaeHO Ha NATU KIMHUHECKNX LTammax M. tuberculosis ¢ MHOXXECTBEHHON NEKapCTBEHHOM
YCTONHMBOCTBIO, PasfMYaloLLmXcst CTPYKTYPOK gyrA. LLITaMMbl KynsTYBMPOBany NONapHO 1 MHAMBUAYaNbHO B ONTUMaUbHbIX yenoBusix (cpega Middlebrook 7H9)
1 B ycnosusax Mmynstuctpecca (50% cpepa Middlebrook 7H9, 2 MM KNO,, 0,02% H,0,). Bpemsa akcrnieprMeHTa cocTaBuio 21 CyTKU. H1CNo KIETOK KaKAoro
13 COBMECTHO KYSNETUBMPYEMbIX LLITAMMOB OLIEHMBANM MO KaMGPOBOYHBIM KPUBLIM 3aBUCUMOCTYM MOPOroBOro LK/a NOSMMEpasHoi LEnHON peakumn no
LienesoMy AN MyTaLmy KaHaly OT KOHLEHTpaummn KneTok M. tuberculosis. Mo Yncny KNeTok KaxAoro LtammMa npy COBMECTHOM KYSIETUBMPOBAHUN BbIYUCISN
BENYMHY KOHKYPEHTHOrO (hUTHECa 1 yaenbHY0 CKOPOCTb POcTa. Bbino yCTaHOBNEHO, YTO WTamMbl M. tuberculosis ¢ MyTaumammn B gyrA ycTynanm B CKOPOCTH
pocTa WTaMMy C AUKUM TUMOM gyrA, 4TO 6bII0 OCOBEHHO CUMBHO BbIPaXKEHO B YCNOBUSIX MysnisTUCTpecca. LLitamm ¢ Havbonee pacnpocTpaHeHHoN MyTaumen
9yrA_D94G 1Men HaMMeHbLLYIO CKOPOCTb POCTa M3 BCEX MCCeaoBaHHbIX LWTaMMOB. bbina BbickasaHa rmnotesa, YTo MefneHHbln pocT M. tuberculosis ¢ 3Ton
MyTaLmen MOXET NPUBOOUTb K TOMEPaHTHOCTU K MPOTMBOTYOEPKYNe3HbIM Npenapartam 1 B pesynstate 3TOro LUTamMM MosyvaeT npenmMyLLecTBO B YCOBUSAX
XVMUOTEPANM MO CPABHEHWIO C APYIIMA MyTaHTHBIMU MO gyrA BapyaHTamu.

KntoueBble cnosa: Mycobacterium tuberculosis, gyrA, (TOPXMHONOHbI, KOHKYPEHTHbIA (PUTHEC, YCTOMHMBOCTb, METEPOPEVNCTEHTHOCTD
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Mycobacteria of a tuberculosis complex form a genetically
homogeneous group of bacteria with a low mutagenesis rate
compared to other bacteria [1]. Although the frequency of
mutations in Mycobacterium tuberculosis (MTB) is low, it must
be considered that tuberculosis disease lasts from several
months to several years, and the size of the bacterial population
in the host during this time can reach more than 1 billion
CFU. Over the course of the disease, there is an increased
likelihood of spontaneous mutations, including mutations in
genes associated with drug resistance, which may result in the
emergence of clones with new genotypes [2, 3].

The coexistence of drug-sensitive and drug-resistant MTB
pools in the same organism is called bacterial heteroresistance
[4, 5]. Heteroresistance can occur not only in the case
of microevolution of a single clone, as described above
(monoclonal heteroresistance), but also as a result of mixed
infection, when a person is infected with several MTB strains
with different drug resistance (polyclonal heteroresistance)
[6-8]. Monoclonal heteroresistance is considered one of the
major steps in the development of drug resistance in bacterial
isolates [5, 9]. Several studies have linked the presence of
heteroresistance to poor outcome of TB treatment [10, 11].

Multidrug-resistant tuberculosis (MDR TB) is currently on
the rise worldwide, when the pathogen is resistant to the two
main first-line drugs, Rifampicin and Isoniazid, at the same time
[12]. Fluoroquinolones are the most effective drugs for MDR TB
therapy [13-15]. According to different authors, the frequency
of MTB heteroresistance to fluoroquinolones varies from 1 to
35% depending on the region studied [16-20].

The already mentioned formation of drug resistance
through heteroresistance, failure of TB therapy in the
presence of pathogen heteroresistance, and fluoroquinolones
becoming the most effective drugs for MDR TB — all this
provides relevance to the studies aimed at understanding the
mechanisms of MTB heteroresistance to fluoroquinolones, also
helping to understand the evolutionary perspectives of MTBs
with different genetic determinants of resistance to drugs of
this group.

The goal of this research was to run an in vitro investigation
of growth characteristics of M. tuberculosis strains which have
different genetic determinants of resistance to fluoroquinolones,
in the setting of competition for nutrients.

METHODS
The subject of the study

The study was conducted on five clinical strains of MTBs that
were maximally similar in phenotypic resistance, had an identical
MDR genotype (rpoB_S531L + katG_S315T) and belonged
to the spoligygous SIT1 of Beijing sublineage, but differed

Table 1. Characteristics of MTB strains
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in genetic determinants of resistance to fluoroquinolones (four
strains with different mutations in the gyrA gene and one strain
with wild-type gyrA; Table 1).

Culturing MTB strains

MTB strains were cultured in pairs and individually on Middlebrook
7H9 liquid nutrient medium and under multistress conditions
(50% Middlebrook 7H9 medium, 2 mM KNO,, 0.02% H,0,).
The time of the experiment was 21 days.

Determining the number of MTB cells in a sample

To determine the number of cells of each strain in the
sample, we followed an approach using multiplex PCR using
the Amplitub-FQ-PV kit (Syntol, Russia), which detects key
mutations associated with fluoroquinolone resistance. For this
purpose, serial dilutions of each of the MTB strains from 102
to 108 CFU/ml were prepared and calibration curves were
plotted, showing the dependence of the threshold cycle of
amplification — respective to the channel targeted by the
mutation — on the concentration of MTB cells in the sample.
According to the calibration curves, the concentration of each
of the co-cultured mutants was determined by the value of the
threshold cycle. All studies were performed in triplicate.

Competitive fitness

Competitive fitness (W) of MTB strains, reflecting the total
culture growth of each strain during the experiment in paired
cultivation, was determined according to the formula [21]:

310
W = S1()
n-S20)
S2())

where W — Competitive fitness level;

S1(j) — initial concentration of strain 1;
S1(f) — final concentration of strain 1;
S2(j) — initial concentration of strain 2;
S2(f) — final concentration of strain 2.

When W > 1, the competitive fitness of strain 1 is higher
than that of strain 2;

W < 1, the competitive fithess of strain 1 is lower than that
of strain 2;

W =1, strains 1 and 2 have similar competitive fitness.

To compare the growth of MTB strains cultured in pairs with
individual growth on the medium, we determined the specific
growth rate of the culture (p), i.e. the accumulation of bacterial
mass per unit time during the exponential phase of growth,
according to the formula [22]:

)

Mutations in genes
Strain code Phenotypic resistance SIT
rpoB katG gyrA
oV HREZEthLfx S531L S315T A0V SIT1
94Y HREZLfx S531L S315T D94y SIT1
94G HREZEthLfx S531L S315T D94G SIT1
94A HREZEthLfx S531L S315T D94A SIT1
WT HREZEth S531L S315T WT SIT1

Note: the strain code was assigned based on the mutation in the gyrA gene (codon and amino acid substitution); WT — MTB strain with wild type gyrA; H —
isoniazid; R — rifampicin; E — ethambutol; Z — pyrazinamide; Eth — ethionamide; Lfx — levofloxacin; SIT (Spoligotype International Type) — international code of
the spoligotype as per the SITVIT2 database (http://www.pasteur-guadeloupe.fr:8081/SITVIT2/).
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Table 2. Competitive fitness (W) of MTB strains with different genetic determinants of resistance to pharmaceutical chemicals, determined on the 21st day of the experiment

Optimal conditions Multistress
Co-cultivated strains
W interpretation w interpretation
WT + 90V 1.34 WT > 90V 2.07 WT > 90V
WT + 94A 1.32 WT > 94A 1.42 WT > 94A
WT + 94G 1.13 WT > 94G 1.58 WT > 94G
WT + 94Y 0.87 WT < 94Y 1.28 WT > 94Y
94Y + 90V 1.29 94Y > 90V 0.96 94Y < 90V
94Y + 94A 1.16 94Y > 94A 0.86 94Y < 94A
94Y + 94G 1.3 94Y > 94G 1.05 94Y > 94G
94G + 90V 0.93 94G < 90V 0.93 94G < 90V
94G + 94A 0.99 94G = 94A 0.65 94G < 94A
94A + 90V 0.92 94A < 90V 1.01 94A = 90Va
Strains rating by competitive fitness, in ascending order
Optimal conditions 94A, 94G — 90V — WT — 94Y
Multistress 94G — 94Y — 90V, 94A — WT

Note: signs < and > indicate which strain has less/more fitness when co-cultivated, and sign = shows that the level of competitive fitness of a pair of strains is similar

_ In2

= )

where g — generation time, defined as:
t—t

_ oy
g n

where t, and t,— parameter estimation time during the exponential
growth phase; n — number of generations, defined as:

log, /N, log, /N,
n=—————m
log, 2

where N, and N, — number of CFU at time points t, and t,,
respectively.

RESULTS

The level of competitive fithess was determined for 10 pairs
of MTB strains with different determinants of resistance to
fluoroquinolones (Table 2). It was shown that under competition
for nutrients during growth under optimal conditions, MTB
strains with wild-type gyrA accumulated biomass more
intensively compared to strains 90V, 94A and 94G. Strain
94Y, when cultured under optimal conditions, had the highest
competitive fithess of all strains examined, including strain WT.
MTB strains 94A and 94G had the lowest competitive fithess
under optimal culture conditions.

Under multistress conditions on depleted Middlebrook
7H9 medium in the presence of active oxygen and nitrogen,
the ability of the studied MTB strains to compete for nutrients
differed from optimal culture conditions. Under multistress, the
wild-type gyrA strain was more competitive compared to MTB
strains with mutations in gyrA. The competitive fitness of strain
94Y decreased dramatically under multistress conditions, while
in contrast, strain 94A improved compared to optimal culturing
conditions. The competitive fitness of strain 94G under
multistress conditions, as well as under optimal conditions,
was the lowest among all strains studied.

The specific growth rate of MTB culture with different
genetic determinants of resistance to fluoroquinolones also
depended on the culture conditions (Table 3). When individually
cultured under optimal conditions, the wild-type gyrA strain and
the 94Y / 90V mutants had similar specific growth rates. The
specific growth rate of the 94G and 94A mutants was lower.

When paired culturing was performed under optimal
conditions, the specific growth rate of MTB strains was
generally the same as that of individual culturing. A lower
value of specific growth rate in paired culturing, compared to
individual culturing, was observed only for strain WT when co-
cultured with strain 94A and for strain 94G when co-cultured
with strain WT and with strain 94A.

Under multistress conditions of individual culturing, the
specific growth rate of MTB strains WT and 90V was at the
same level as under optimal conditions, while that of strain 94A
increased. The specific growth rate of strains 94G and 94Y was
lower under multistress conditions when individually cultured
than under optimal conditions.

When strains were co-cultured under multistress conditions,
the specific growth rate of strains WT, 90V, 94A, and 94Y did
not differ significantly from that of strains cultured under optimal
conditions, or, in some combinations, was higher. The specific
growth rate of strain 94G when cultured with other strains either
did not change compared to the optimal conditions, remaining
at the same low level, or decreased even more compared to
the optimal conditions.

The specific growth rate of strains when cultured individually
and when cultured under multistress conditions tended to
differ. Strain 94G when co-cultured with strains WT and 94A
and strain 94A when co-cultured with strain WT had a specific
rate more than 10% lower than that of individual cultivation.
But more often the specific rate was higher when strains were
co-cultured under multistress conditions than when they were
cultured individually (strain WT co-cultured with 94A; strain 90V
co-cultured with WT, 94G and 94A, strain 94A co-cultured with
94Y and 90V, strain 94G co-cultured with 90V and 94Y, strain
94Y co-cultured with 90V and WT).

It was also found that MTB strains with mutations in gyrA differed
in their ability to replicate when co-cultured, and this parameter for
most strains varied depending on the culture conditions.

Thus, under optimal conditions, MTB strain 94Y multiplied
more intensively than strains 94A and 94G, while under
multistress conditions, the best growth rates in pairs were
demonstrated by strain 94A, and the fission rate of strains 94Y
and 94G in paired cultivation was identical. Similarly, cultivation
conditions affected the level of competitive fitness in pairs
94G + 90V, 94G + 94A and 94A + 90V. The only exception
was the pair of strains 94Y + 90V, in which both under optimal
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Table 3. Specific growth rate (u) of MTB strains with different genetic determinants of resistance to pharmaceutical chemicals

u (hour-1)
Strain Co-cultivation with
optimal conditions multistress
- 0.021 0.024
94Y 0.021 0.024
WT 94G 0.021 0.024
94A 0.018* 0.029**
QMV 0.021 0.022
- 0.024 0.015
WT 0.023 0.018**
94Y 94G 0.024 0.017
94A 0.024 0.015
ooV 0.024 0.019**
- 0.016 0.012
WT 0.012* 0.008*
94G 94Y 0.016 0.014**
94A 0.012* 0.007*
o0V 0.016 0.014**
- 0.017 0.022
WT 0.016 0.015*
94A 94Y 0.015 0.026**
94G 0.017 0.02
o0V 0.015 0.025**
- 0.018 0.016
WT 0.016 0.019**
9oV 94Y 0.019 0.017
94G 0.018 0.02**
94A 0.02 0.02**

Note: * — pis more than 10% lower than in individual cultivation; ** — p is more than 10% higher than in individual cultivation

and multistress conditions the strain 94Y had a higher culture
growth rate.

DISCUSSION

The study examined the culture growth characteristics of five
MTB strains differing in genetic determinants of resistance to
fluoroquinolones, in individual and paired cultivation. The gyrA-
mutant MTB variants studied are represented in the population
as follows: strains with a mutation in gyrA D94G are the most
common (40%), followed by strains with mutation A9QV (20%),
then strains with mutation D94A (15%) and D94Y (5%). [20].
There are other gyrA-mutant variants of MTB, but they are very
rarely exuded by patients, which prevented us from including
these strains in the studly.

Heteroresistance of the MTB population in the host
organism can be considered as a special case of intraspecies
competition, as there is competition for a limited resource
between representatives of the same species with insignificant
differences (in our case, the different structure of the alpha
subunits of DNA gyrase encoded by the gyrA gene). The result
of such competition may be the disappearance of the least
adapted MTB pool and the proliferation of the most adapted
pool in the population. Since the competitiveness of mutant
MTB variants was to be studied, one of the parameters we
evaluated was the competitive fitness of MTB strains when co-
cultured. MTB competitive fitness is traditionally determined by
culturing a resistant strain together with a susceptible strain,
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followed by reinoculation of the strain mixture on medium with
an antituberculosis drug, thereby determining the number of
CFU of the resistant strain in the mixture. [23]. However, this
approach does not allow us to compare the competitive fithess
of two resistant strains, so for the first ime we used a multiplex
PCR method to determine competitive fitness, which allowed
us to quantify the number of CFU of each mutant variant in a
sample. Since the study was performed in dynamics rather than
by endpoint, the approach we used also allowed us to estimate
the specific growth rate of each mutant when co-cultured.

In addition, we studied the growth of co-cultured strains not
only under optimal conditions but also in a multistress model,
being able to create in vitro — to some extent — the conditions
that the pathogen encounters in the macroorganism: lack
of nutrients and presence of active nitrogen and oxygen as
bactericidal agents produced by macrophages [24].

We have demonstrated that the competitive fitness of
MTB strains with mutations in gyrA is lower than that of strains
with wild-type gyrA. The only exception when cultured under
optimal conditions was strain 94Y with a rare mutation, however
under conditions as close as possible to in vivo conditions in

the multistress model, its fission rate decreased significantly.

The low fission rate of gyrA-mutant MTB strains was
generally predictable, as the gene encodes the alpha-subunit
of DNA gyrase [25]. Changes in the structure of this enzyme
due to mutations in gyrA can inhibit DNA replication and
transcription in the MTB cell and lead to a decrease in the
growth rate of the pathogen.
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The frequency of gyrA-mutant MTB variants occurrence
in a population associates with the level of competitive fitness
in a multistress culturing model as follows: the strain with the
frequent mutation gyrA_A90V had high competitive fitness
values, while the strain with the rare mutation gyrA_D94Y
had low values. The fitness of the strain with the gyrA_D94A
mutation in the multistress model was comparable to that of
strain 90V, but was less frequent in the population, possibly
because the gyrA_D94A mutation is not strictly associated with
resistance to fluoroquinolones and, therefore, the pool of MTBs
carrying this mutation could be eliminated during chemotherapy
[20, 26, 27].

Surprisingly, the strain with the most common gyrA_D94G
mutation had the lowest competitive fitness and lowest specific
growth rate of all strains examined. However, a reduced rate
of fission in vivo is not always a disadvantage, especially under
selection pressure due to chemotherapy. Most TB drugs are
effective against MTBs demonstrating active fission, while
pools of slow fission pose a major challenge to the efficacy of
chemotherapy [28, 29].

Consequently, it can be assumed that the high prevalence of
fluoroquinolone-resistant MTBs with the gyrA_D94G mutation
is related to the low fission rate of such strains, which allows
them to avoid exposure to anti-TB drugs.

In summarising the results of this study, it appears that the
evolutionary success of the most common gyrA-mutant variant
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EFFECTS OF LYTIC BACTERIOPHAGES OF THE FAMILIES HERELLEVIRIDAE AND ROUNTREEVIRIDAE
ON THE STAPHYLOCOCCUS AUREUS BIOFILMS

Abdraimova NK =, Shitikov EA, Malakhova MV, Gorodnichev RB, Kornienko MA
Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine of the Federal Medical Biological Agency, Moscow, Russia

Staphylococcus aureus causes a broad range of infections and is often characterized by multidrug resistance (MDR). Treatment of staphylococcal infections is
further complicated by the ability of bacterium to form biofilms protecting it against antimicrobial agents and the immune system. The use of bacteriophages is one of
the promising strategies for combating the bacteria showing MDR and biofilm formation activity. The study aimed to assess the effects of the lytic phages vB_SauM-
515A1 (genus Kayvirus, family Herelleviridae) and vB_SauP-436A (genus Rosenblumvirus, family Rountreeviridae) on biofilms of the S. aureus clinical strains. The
study involved 20 strains of eight sequence types, among which 45% (9/20) belonged to MRSA, and 35% (7/20) showed MDR. All the strains demonstrated the
ability to form biofilms, and 65% (13/20) were strong biofilm producers. Genes of the icaADBC operon responsible for synthesis of polysaccharide intercellular
adhesin were found in genomes of all samples. The exposure of planktonic bacterial cells to bacteriophages showed that 70% (14/20) of strains were sensitive
to phage vB_SauM-515A1 and 50% (10/20) were sensitive to phage vB_SauP-436A. Furthermore, the 24-h treatment of biofilms of sensitive strains with phage
vB_SauM-515A1 led to the biofilm biomass increase in 64.3% (9/14) of cases, while phage vB_SauP-436A, on the contrary, significantly reduced the quantity of
biofilm in 40% (4/10) of strains. The results obtained highlight the ambiguity of interaction between bacteriophages and S. aureus biofilms and suggest the need
for further research aimed at optimizing phage therapy targeting the biofilm-forming strains.
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BO3OEWNCTBUE JIMTUYECKNX BAKTEPUO®ATOB CEMEWCTB HERELLEVIRIDAE
N ROUNTREEVIRIDAE HA BUOIJIEHKN STAPHYLOCOCCUS AUREUS

H. K. A6gpaimoa, E. A. LLintvkos, M. B. Manaxosa, P. B. fopoaHuyes, M. A. KopHueHko
PenepanbHbI HayYHO-KIMHNHECKNI LEHTP OUSUKO-XMMUHECKON MeamLmHb! veHn FO. M. JlonyxiHa PefepasnbHoro Meavko-61onorm4eckoro areHtceTaa, Mocksaa, Poccus

Staphylococcus aureus BbI3bIBAET LUMPOKNIN CMEKTP MHMEKLMI 1 HaCTO XapaKTepr3yeTca MHOXXECTBEHHOM NEKapCTBEHHOM yCTONYMBOCTBO (MITY). JledeHne
CTaNNOKOKKOBbIX MHAEKLMI LOMONHUTENBEHO OCNOXHEHO CMOCOBHOCTHIO 6akTepun hopM1poBaTh B1ONNEHKY, KOTopas 3aLLMLLAET ee OT aHTVMUKPOOHbIX
areHToB M MMYHHOI cucTeMbl. OOHON 13 NMepcneKTUBHbIX cTpaTervin 6opbbbl ¢ BakTepusimm, obnagatolmmmn MITY 1 6ronneHkoobpasytoLlent akTMBHOCTBIO,
SABAETCA NpUMeHeHre 6akTepurodaros. Lienbio nccnegosaHns 6e110 OLEHUTL BAMSHUE InTndecknx daros vB_SauM-515A1 (pop Kayvirus, cemencTso
Herelleviridae) n vB_SauP-436A (pon Rosenblumvirus, cemeicTBo Rountreeviridae) Ha BUONNEHKN KIMHUYECKMX LUITaMMOB S. aureus. ViccnenoBaHvie BKIOYano
20 WTaMMOB BOCbMM CUKBEHC-TMMOB, 13 KOTOpbIX 45% (9/20) otHocunmch kK MRSA, a 35% (7/20) obnagann MJTY. Bce wrammbl NpoaeMOHCTprpoBav
CMOCOBHOCTBL K BroNNIeHKoobpa3osaHnio, npudem 65% (13/20) aBnanmcb CuibHbIM NPOAYLEHTammn bronneHkn. B reHomax Bcex 06pasLoB O6Hapy>KeHb! reHbl
icaADBC-onepoHa, 0TBETCTBEHHOIO 3a CYHTE3 MOoMcaxapnaHOro MEXKIETOHHOro aareanHa. BosaencTare 6aktepnodaroB Ha NnaHKTOHHbIE KNETKN GakTepuii
nokasano, 4to 70% (14/20) wtammoB 6blnv HyBCTBUTENbHBI K dhary vB_SauM-515A1, a 50% (10/20) — k chary vB_SauP-436A. Npu aTom 24-4acoBast obpaboTka
OMOMNEHOK YyBCTBUTENBHBIX LTaMMOB harom vB_SauM-515A1 B 64,3% (9/14) cny4aes npnBoanna K yBenm4eHno brioMacchbl O1MonneHkn, Torga kak ar
vB_SauP-436A, HanpoTvB, JOCTOBEPHO CHIXKAN KOMM4eCTBO BronneHkn y 40% (4/10) wrammoB. MonyyeHHble pe3ynbTraTbl MoAYEPKMBAOT HEOAHO3HAYHOCTb
B3aMMOAENCTBINA HakTeproaros ¢ GronneHkamy S. aureus 1 yKasblBatoT Ha HEOOXOAMMOCTb AasbHENLLIMX UCCNEA0BaHUA AN ONTUMM3aLIMM haroBor Tepanum
B OTHOLLEHWI B1OMNIEHKOOOPA3YIOLLMX LLITAMMOB.

KntoueBble cnoBa: Staphylococcus aureus, 6akTepvodar, harosas Tepanus, 6uonneHkum, Herelleviridae, Rountreeviridae, Kayvirus, Rosenblumvirus
®duHaHCUpPoOBaHMe: 1ccnefoBaHmne BbiNoIHEHO 3a cYeT rpaHTa Poccuiickoro HaydHoro doHaa Ne 22-15-00443, https://rscf.ru/project/22-15-00443/
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Staphylococcus aureus is one of the leading bacterial pathogens
responsible for a broad range of infections: from superficial
inflammation of the skin to severe life-threatening conditions,
such as pneumonia, sepsis, and endocarditis [1]. The
microorganism attracts special attention due to its resistance
to a broad spectrum of antibiotics, and the most important are
methicillin-resistant S. aureus strains (MRSA).

Treatment of staphylococcal infections is hampered not only
by antibiotic resistance, but also by plenty of virulence factors,
among which is the ability of staphylococci to form biofims.
Like biofilms of other bacteria, the S. aureus biofilm consists
of two main components: water (about 97%) and organic
matter represented by extracellular polymers and colonies of
microorganisms. Extracellular polymers constitute 50-90%
of all organic mass of the biofilm and include a combination
of various compounds, such as extracellular DNA (eDNA),
proteins, and polysaccharides. The remainder of biofim is
represented by bacterial cells [2, 3].

The biofilm ensures firm attachment of bacteria to various
surfaces, including tissues of the body and medical equipment
[2]. Furthermore, biofilms considerably increase resistance of
bacteria to the immune system factors and antimicrobial drugs:
the minimum inhibitory concentrations (MICs) of antibiotics
necessary for disruption of bacteria in biofilms can 1000-fold
exceed the concentrations that are enough to destroy planktonic
cells [3, 4].

Bacteriophages increasingly considered as a promising
remedy to treat bacterial infections caused by antibiotic-
resistant strains. Only virulent bacteriophages that realize the
lytic cycle only are used in medical practice. Such phages
capable of infecting and destroying the S. aureus cells include
members of the families Herelleviridae and Rountreeviridae.
These demonstrate high efficacy in both in vitro experiments
and in vivo models, are successfully used for therapy, which
ensures reduction of bacterial load and improvement of clinical
outcomes [5].

In this context, of special interest are the studies focused
on assessing the effects of phages on biofims. It has been
shown that some S. aureus phages can effectively reduce the
biofilm biomass [6, 7]. Nevertheless, a number of studies show
that biofilm generation can be stimulated under exposure to
phages, which can be associated with the features of interplay
between phages and bacterial cells [8, 9]. Such effects are
likely to depend on a number of factors: bacterial strain itself,
bacteriophage used and its concentration, physiological state
of cells, as well as morphological and structural characteristics
of the biofilm.

The study aimed to assess the effects of the Iytic bacteriophages
vB_SauM-515A1 (family Herelleviridae) and vB_SauP-436A
(family Rountreeviridae) on biofilms formed by the S. aureus
clinical isolates.

METHODS
Bacterial strains and bacteriophages

In this study, we used 20 S. aureus strains, most different
based on the origin and isolation locus, from the collection of
the Lopukhin Federal Research and Clinical Center of Physical-
Chemical Medicine of the Federal Medical Biological Agency.
The strains were collected in 2015-2020 from hospitals in
various regions of Russia.

Bacterial culture was grown in the liquid LB (lysogeny broth)
medium (Oxoid; UK) or Miller LB agar (Oxoid) at 37 °C for
18 h. Cells grown in the liquid medium were used to produce

BECTHVIK PIMY | 6, 2024 | VESTNIKRGMU.RU

OPUIMHAJIbHOE NCCJIEQOBAHNE | MNKPOBWONOT NA

overnight cultures, which were later used for inoculation in both
experiments on determining antibiotic resistance and all the
tests related to assessment of biofilm formation and the effects
of antibacterial agents on biofilm formation. Bacteria were
cultured in LB agar in order to maintain the bacterial culture, as
well as to enumerate cells in the experiments on assessing the
effects of bacteriophages on the biofilms formed.

Sensitivity to oxacillin (beta-lactam antibiotic), vancomycin
(glycopeptide), gentamicin (aminoglycoside), tetracycline
(tetracycline antibiotic), levofloxacin (fluoroquinolone), and
erythromycin (macrolide) (all drugs manufactured by Sigma-
Aldrich, USA) was determined by the serial dilution method
in accordance with the EUCAST guidelines (v.14.0) [10]. The
strains showing multidrug resistance (MDR) were determined
as resistant to three or more antibiotics of different classes.

The study involved lytic bacteriophages vB_SauM-515A1
(genus Kayvirus, family Herelleviridae) and vB_SauP-436A
(genus Rosenblumvirus, family Rountreeviridae) used in the
form of sterile filtrates of phage lysates in the LB medium.
Bacteriophages were earlier isolated from the commercially
available combination phage product “Staphylococcal
Bacteriophage” of the series P332 (Microgen; Russia) in the
S. aureus SA515 (ST8 (ST, sequence type)) and SA436 (ST1)
strains and characterized in detail [11]. Phages were grown in
appropriate host strains.

Molecular genetic characteristics of bacterial strains

DNA was extracted using the DNA-Express kit (Lytech; Russia)
following the manufacturer's instructions. DNA samples were
stored at —20°C.

Strain typing was performed by multilocus sequence
typing (MLST) in accordance with the standard scheme [12].
The icaA, icaB, icaC, and icaD genes responsible for biofilm
formation were detected by polymerase chain reaction (PCR)
using the previously reported primers [13]. The PCR reaction
mixture (25 pL) contained 66 mM Tris-HCI (pH = 9), 16.6 mM
(NH,),S0O,, 2.5 mM MgCl,, 250 pM of each dNTP, 1 unit of
Tag DNA polymerase (Lytech; Russia) and 10 pmol of each
appropriate primer. Amplification was performed using the DNA
Engine Tetrad 2 kit (MJ Research; USA) in accordance with the
previously proposed regimes [13]. The amplification products
were assessed by horizontal 2% agarose gel electrophoresis
with ethidium bromide visualization.

Assessment of biofilm formation

Assessment was performed by the previously reported method
[14] with certain modifications. For that the suspension of
bacterial cells being in their exponential growth phase (optical
density (OD) at 620 nm was 0.12) was inoculated into the
wells of the uncoated 96-well flat bottom ventilated plate
(Thermo Scientific; USA) containing TSBg (tryptic soy broth
supplemented with 1% glucose) (Himedia; India) to the final
concentration of 10* cells per well and incubated at 37 °C
for 24 h without shaking. The final volume in each well was
200 pL. The sterile medium was used as a negative control. After
incubation the wells were carefully triple washed with the sterile
phosphate buffer (PBS, pH = 7.4) to remove planktonic cells,
then stained with the 0.1% crystal violet (CV) aqueous-alcohol
solution (Sigma-Aldrich; USA) for 30 min at room temperature.
After incubation the dye was triple washed with the sterile PBS.
To perform further analysis, the dye bound in each well was
eluted by adding 200 uL of 96% ethanol, and optical density
of the solution was measured using the Microplate Reader
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Table. Biofilm formation patterns of the S. aureus strains

Strain Origin Locus ST Antibiotic resistance Biofilm tproduction (vBEg:uM- (VBE(S):UP-
OXA | VAN | GEN | TET LFX ERY ype 515A1),% 436A),%
SA515 Novosibirsk Wound discharge 8 R | R R S S strong 100 -
SA64 Saint Petersburg Blood 8 R S S R R S strong 267 400
SA412 Lipetsk Skin and soft tissues 8 R S R | S R strong - 150
SA2242 Novosibirsk Bones and joints 239 R S R S S S strong 300 -
SA191 Moscow Cerebrospinal fluid 239 R S R R R R strong - -
SA364 Saint Petersburg Skin and soft tissues 764 R S R R n/d R strong - -
SA436 | Nizhny Novgorod Naﬁg”:ﬁgggea' 1 R S R R s S moderate - 100
SA402 Lipetsk Bones and joints 5 R S R R R R moderate 183 83
SA88 Krasnodar Wound discharge 25 R S S S S S moderate 183 167
SA103 Krasnodar Blood 1 S S S S S S strong 250 133
SA172 Moscow Wound discharge 1 S S S S S S strong - 200
SA2153 Smolensk Sputum 5 S S S S S R strong 250 -
SA2464 Yakutsk Skin and soft tissues 5 S S S S S S strong 190 -
SA54 Irkutsk Conjunctival discharge 25 S n/d S S S S strong 500 90
SA2003 Voronezh Skin and soft tissues 25 S S S S S S strong 245 -
SA837 Smolensk Skin and soft tissues 8 S S S S S S strong 200 -
SA117 Vologda Eyelid discharge 121 S n/d S S S S moderate 90 75
SA156 Smolensk Conjunctival discharge | 121 S n/d S S S S moderate 383 -
Sa226 Moscow Eyelid discharge 121 S n/d n/d n/d n/d n/d moderate 150 200
SA606 Oryol Skin and soft tissues 398 S S S S S S moderate - -
Note: «—» — the strain is resistant to the bacteriophage; S — the strain is sensitive to the antibiotic; R — the strain is resistant to the antibiotic; OXA — oxacillin; VAN —

vancomycin; GEN — gentamicin; TET — tetracycline; LFX — levofloxacin; ERY — erythromycin.

Flex-A (Allsheng; China) at 570 nm. All the experiments were
conducted in three biological replicates.

The ability of the bacterium to form biofilms was determined
in accordance with the earlier proposed criteria: OD < ODc —
the strain does not produce biofims; ODc < OD < 2 x ODc — the
strain is a weak biofilm producer; 2 x ODc < OD < 4 x ODc —
the strain is a moderate biofilm producer; 4 x ODc < OD — the
strain is a strong biofilm producer, where ODc — is the average
OD of the negative control + 3 x SD (standard deviation). The
sterile medium was used as a negative control [15].

Sensitivity of planktonic forms of strains to bacteriophages

The strains’ sensitivity to bacteriophages was determined when
assessing the efficiency of plating (EOP), as previously reported
[11]. EOP is a ratio of the bacteriophage titer in the test strain to
the bacteriophage titer in the host strain (S. aureus SA515 for
phage vB_SauM-515A1; S. aureus SA436 for phage vB_SauP-
436A) expressed as a percentage. Bacteriophage titer in the
test strain was determined by the Gracia titration method, as
previously reported [16]. For that aliquots (5 pL) of the 10-fold
serial dilutions of each bacteriophage product (stock of 2 x 10°
plague-forming units/mL or PFU/mL) were applied to the surface
of the plates with the semi-solid LB agar (0.6% agar) containing
0.1 mL of the test strain overnight culture (10° CFU/mL) and
incubated at 37 °C for 24 h. Concentration of phage particles
in PFU/mL was estimated for each strain. The efficacy of plating
was assessed in three replicates.

Assessment of the impact of bacteriophages
on the biofilms formed

The experiments involved the 24-h biofilms produced and
washed in accordance with the above method. After washing,
phage lysate in TSBg was added to the well to the final

concentration of 108 PFU/mL, the volume in each well was
200 pL. Sterile PBS was added to the control samples instead
of phage lysate. Incubation was carried out for 24 h at 37 °C.
Then CV staining was performed as described above, with
subsequent OD measurement at 570 nm. All the experiments
were conducted in three biological replicates.

In preliminary experiments, we determined the number of
cells in the biofilm by adding 200 L of sterile PBS to the pre-
washed biofilm and destroying the biofilm by active pipetting.
Serial dilutions of the cell suspension were sown on the LB agar.
Colonies were enumerated after the 24-h incubation at 37 °C.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
v. 8.0.1 software (GraphPad Software Inc.; USA) based on
the t-test data. During the analysis we compared optical density
values obtained after the 24-h incubation of the biofims treated
and not treated with the bacteriophage. The differences were
considered significant at p < 0.05. The Shapiro-Wilk test was used
to confirm normal distribution of data, the data on the samples
were considered to be almost normally distributed at p > 0.05.

Fisher’s exact test was used to reveal significant correlations
based on two nominal traits in small samples. The correlations
were considered significant at p < 0.05.

RESULTS

Characteristics of strains and their ability
to form biofilms

According to the MLST results, strains of the collection
belonged to eight sequence types, among which the most
abundant was ST8 (4/20, 20%) (Table). ST1, ST121, ST5,
and ST25 accounted for three strains each (15%). As for
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Fig. Effects of bacteriophages vB_SauM-515A1 and vB_SauP-436A on the biofilm biomass. Biofilms treated with bacteriophage vB_SauM-515A1 are highlighted in
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that the strain is resistant to the effects of appropriate bacteriophage. The ranges show standard deviation. * — p < 0.05; ** — p < 0.01; *** — p < 0.001

sensitivity to antibiotics, a large number of strains belonged
to MRSA (9/20, 45%). Furthermore, seven strains (35%) were
characterized by MDR.

All the tested strains were able to form biofilms, and more
than a half were strong biofilm producers (13/20, 65%). In
the remaining cases (7/20, 35%), the strains were moderate
biofilm producers. CFU enumeration showed that the number of
cells in the 24-h biofilms reached 108 CFU/mL for all the studied
strains. The amplification results demonstrated that all the
isolates contained a complete set of the icaADBC operon genes.

Effects of bacteriophages of various taxonomic groups on
the S. aureus planktonic cells and biofilms

Based on the results of assessing the effects of bacteriophages
vB_SauM-515A1 and vB_SauP-436A on the planktonic cells of
strains of the collection it was determined that 14 strains (70%)
were sensitive to phage vB_SauM-515A1, while 10 strains
(50%) were sensitive to phage vB_SauP-436A. Three strains of
the collection (15%) turned out to be resistant to both phages.
The phage vB_SauM-515A1 efficiency of plating in sensitive
strains varied between 90 and 500%, while that of phage vB_
SauP-436A varied between 75 and 400%.

The effect of bacteriophages on biofilm was assessed
only for strains sensitive to the corresponding bacteriophage,
based on data from experiments with planktonic cells. Biofilms
were treated with the bacteriophage titer of 10 PFU/mL,
which, based on CFU enumeration in the untreated biofilms,
corresponds to the multiplicity of infection (MOI) value of 1.

According to the experimental results (Figure), in the majority
of cases (9/14, 64.3%), the 24-h treatment with the vB_SauM-
515A1 bacteriophage did not cause reduction of the biofilm
biomass but, on the contrary, stimulated biomass production.
As for remaining five strains (5/14, 35.7%), the exposure to the
vB_SauM-515A1 bacteriophage had no significant effect on
the biofilm. The exposure to bacteriophage vB_SauP-436A, on
the contrary, significantly reduced the biofilm biomass in four
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strains (4/10, 40%). This bacteriophage had no effect on the
biofilms formed by other strains.

It should be noted that statistical analysis has revealed
no significant correlations between the fact that the strain
belongs to MRSA or certain sequence type and the ability of
bacteriophage to stimulate biofilm formation (in the case of
vB_SauM-515A1) or destroy biofims (in the case of vB_SauP-436A).
These effects also did not depend on the baseline strains’
ability to form biofilms.

DISCUSSION

In this study, the strains were considered isolated from the
heterogeneous clinical material that belonged to epidemiologically
significant sequence types (Table). Among them the most
abundant was ST8, one of the most common sequence
types in Russia and all over the world among hospital strains
[17, 18]. Strains of this sequence type include the pandemic
clones, such as USA300, causing multiple infection outbreaks
and often belonging to MRSA [19]. Along with ST8, the ST1,
ST5, and ST121 strains were identified, which, according to the
literature data, are characterized by antibiotic resistance and
are capable of causing severe infections [20-22].

The findings showed that all the studied samples could
form biofilms, regardless of the origin and sequence type.
Furthermore, all strains were characterized by the presence
of the icaADBC operon responsible for biosynthesis of
polysaccharide intercellular adhesin, the major and best
studied component of the S. aureus clinical strains’ biofilm
matrix, in the genome [23, 24]. It should also be noted that the
majority of strains turned out to be strong biofilm producers.
In combination with antibiotic resistance, this once again
emphasizes severity of the problem of treating the infections
caused by these strains.

Members of the families Herelleviridae and Rountreeviridae
were used to assess the efficacy of bacteriophages. Phages
were selected based on the differences in their morphological
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(myoviruses and podoviruses), microbiological (host spectrum,
parameters of infection based on the single-step growth curve),
and genetic (genome size and the number of genes encoded)
characteristics [11]. According to the findings, vB_SauM-515A1
(genus Kayvirus, family Herelleviridae) showed higher efficacy
against planktonic cells compared to vB_SauP-436A (genus
Rosenblumvirus, family Rountreeviridae), which is consistent
with the earlier reported data on these bacteriophages [11]. As
for other lytic bacteriophages of the family Herelleviridae (earlier
referred to as Myoviridae), it has been also shown that their
lytic spectrum varies between 85.3 and 99.2% depending on
the collection, while in members of the family Rountreeviridae
(earlier referred to as Podoviridae) this indicator is 64-68%
[11, 25, 26].

Asfor biofilms, it was shown that bacteriophage vB_SauM-515A1
stimulated the biofim biomass increase, while phage vB_SauP-436A
reduced its quantity (Figure). It was earlier reported that myovirus
philPLA-RODI belonging to the same genus, as vB_SauM-
515A1, could stimulate biofilm formation in S. aureus [9]. The
authors explain the findings by the increased eDNA content in
the matrix, which, in turn, is associated with high lytic activity
of bacteriophages of this family. The increased eDNA content
contributes to the biofilm structural integrity and stability, as
well as modulates formation of amyloid fibers essential for the
biofilm architecture maintenance [27]. In another study, the
researchers have shown that the use of phages of the genera
Kayvirus v Rosenblumvirus (separately or in combination) in
initial phases of biofim formation or in mature biofilms does
not result in the decrease in biofilm quantity [8]. The authors
observed such an effect when using phages at both low (0.1)
and high (10) MOI values. Furthermore, the increase in biofilm
quantity was observed after the 24-h incubation, except for the
case of treating the mature biofilm with the mixture of phages
at MOI 10.

It should be noted that in the studies discussed the
authors confined themselves to testing one and two bacterial
isolates, which limits comprehensive comparison of the results.
Nevertheless, the available data suggest the trend towards
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EVALUATION OF THE EFFECTIVENESS OF ETIOTROPIC THERAPY WITH LINEZOLID AND
BACTERIOPHAGE IN A MOUSE MODEL FOR STAPHYLOCOCCAL INFECTION

Kornienko MA'= Kuzin VW2, Abdraimova NK!, Gorodnichev RB', Shitikov EA!

" Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine of Federal Medical Biological Agency, Moscow, Russia
2 State Research Center for Applied Microbiology and Biotechnology, Obolensk, u.d. Serpukhov, Moscow region, Russia

Staphylococcus aureus is the causative agent of a wide range of infections, including severe systemic diseases, which is often multidrug resistant. Given the
growing overall antibiotic resistance, a promising approach to treating staphylococcal infections is administration of bacteriophages, especially in combination with
antibiotics. This study aimed to evaluate the synergistic effect of linezolid and bacteriophage vB_SauM-515A1 in combating a systemic infection in BALB/c mice.
Using 36 animals, we established the optimal way of administration and the infecting dose of the microorganism (5 x 10 CFU/mouse intravenously), and identified
the threshold concentrations of antimicrobial agents for monotherapy. The evaluation was based on the revealed contamination of internal organs (kidneys, spleen)
and blood. To learn the etiotropic effect of linezolid (10 mg/kg animal weight) combined with the phage (2 x 10" PFU/mouse), we worked with a control group
and a test group, 12 mice in each; 2, 8, 18, and 24 hours after infection, the former received the drug only, the latter — the investigated combination. Combined
therapy had a more pronounced effect, decreasing the bacterial load in the kidneys by two to three orders of magnitude compared with monotherapy on the first
day of treatment. Thus, the combined use of linezolid and bacteriophages is promising for the treatment of infections caused by S. aureus, and may increase the
effectiveness of treatment and reduce the risk of side effects of high-dose antibiotics.
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OLIEHKA 3®®EKTUBHOCTW 3TUOTPOMHOW TEPAMUU JIMHE3ONINAOM N BAKTEPUODAIOM
HA MbILLMHOW MOJENN CTA®UTOKOKKOBOW UH®EKLIMA

M. A. KopHuerko'=, B, B. KysuH?, K. H. A6apaimoea’, P. 6. lopoaHuyes!, E. A. LLnTvkos!

T depepanbHbIA HayHHO-KIMHHECKUA LIEHTP (OUBNKO-XUMMHECKON MeauLHbI veHn KO. M. JlonyxmHa deneparnsHoro Meamyko-6ronorieckoro areHTeTsa, Mockea, Poccus
2 [ocyaapCTBEHHbIN Hay4HbI LEHTP NPUKNaaHoOM M1UKpobronorim 1 6ruotexHonorun PocnoTpebHansopa, O6oneHck, Poccust

Staphylococcus aureus — B0O30yOMTeNb LUMPOKOrO CreKTpa MHMEKLWIA, BKITKOHAS TSHKEble CUCTEMHbIE 3a00/1eBaHVIS, 1 HaCTO XapaKTepU3yeTCs MHOXECTBEHHO
NIEKapCTBEHHOWN YCTONYNBOCTbLIO. B yCnoBMsX pacTyLlel aHTMOUOTUKOPE3NCTEHTHOCTM NEPCMNEKTUBHBIM METOAO0M NleHeHNs CTadUIOKOKKOBBIX UH(EKLMIA
SABNSETCA NprMeHeHne 6akTeprodaroB, 0COOEHHO B COHETaHUN C aHTUBMOTUKaMK. Llenbio paboTsl ObI10 OLEHUTb CUHEPreTUdecKunii ahekT nuHesonuaoa
1 baktepurodara vB_SauM-515A1 npu neyeHnn cuctemHon nHdekummn y Mbitei BALB/c. C rcnonb3oBaHem 36 »MUBOTHbIX Obin NofobpaHbl onTuMaribHbiI
cnocob BBeAEHUS 1 MHULMPYtoLLIast 4038 MUKpoopraHmMamMa (BHyTprBeHHO 5 x 108 KOE/MbiLb), @ TakKe YCTaHOBMEHb! MOPOroBble KOHLEHTPaLM aHTUMMKPOBHBIX
areHToB NMpun MoHoTepanuy. OLeHKy NPoBOAMAM MO pedynsTaTaM UCCefoBaHNA 06CEMEHEHHOCTI BHYTPEHHKX OPraHoB (MOYKK, CeneseHka) 1 KpoBu. [1ns oueHku
KOMBUHUPOBaHHOIO athheKTa aTMOTPOMNHOro AercTBUS NnHe3onmaa (10 MI/Kr Macchl »KMBOTHOMO) 1 dara (2 x 107 BOE/MbILLb) 3KCNEPUMEHT NPOoBOAMIN Ha
KOHTPOSBHOM 1 3KCNepUMEHTasTbHbIX rpynnax (o 12 ocobeit B rpynne), nony4aBLInMX BHYTPUOPIOWMHHO MOHOTEpanuio 1 KOMBMHMPOBAHHOE NeveHre Yepes
2,8, 18, 24 4 nocne 3apaxxeHsi. KoMO1HMpoBaHHas Tepanusa NpoAeMOHCTPUpoBana 6osee BblpaXeHHbIN 3(dEKT: CHIDKEHNE BakTepranibHOM Harpy3ky B MoYKkax
Ha [1Ba—TpW NopsiKa Mo CPaBHEHWIO C MOHOTepanvelt B NepBble CyTKV Tepanunn. Takvm 06pa3oM, COBMECTHOE UCTONb30BaH1e NHe3onuaa 1 6akrepuodaros
NEepCNeKTUBHO A1 NeYeHVst MHAEKLNI, BbIBBaHHbIX S. aureus, 1 MOXXET NOBbICUTb 3P(EKTVBHOCTL NEYEHSI U CHU3UTL PUCK MOBOYHBIX 3HMHEKTOB MPUMEHEHIS
BbICOKMX 403 aHTVOVOTUKOB.
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Staphylococcus aureus is a major causative agent of both
hospital-acquired and community-acquired infections, ranging
from mild skin infections to life-threatening systemic diseases
[1, 2]. In 2019, S. aureus caused more than 1 million deaths
worldwide, largely because of the antibiotic resistance of strains
of this species [3]. Clinically, the most significant of them are
the methicillin-resistant strains of S. aureus (MRSA), which are
resistant to beta-lactam antibiotics and often exhibit multidrug
resistance (MDR) [2].

Recently, virulent bacteriophages, or phages, are
increasingly considered as agents against infections
caused by resistant bacteria [4]. One of the most
promising applications of the phages is in combination with
antibiotics. This approach promises incerased effectiveness
of etiotropic treatment, smaller doses of antibiotics,
minimized side effects, and reduced likelihood of acquired
resistance on the part of the pathogens because of the
intercomplementary effects of the antimicrobial agents [4].
There are two types of such effects, additive and synergistic.
The additive effect is defined as the cumulative action of drugs
equal to the sum of their individual effects. Synergism means
amplification of the combined antimicrobial effect to the level
exceeding that of the additive effect. However, the drugs
can also be antagonistic to each other, i.e., their combined
efficacy is below the effect achieved when they are use
separately [5, 6].

In vitro studies have shown that in most cases, combined
use of staphylophages and most antibiotics yields synergy [4].
Combining linezolid and staphylophages of the Herelleviridae
family is a particularly interesting approach. Phages of this
family have a wide lytic range, which supports their potential
therapeutic applications [7-9]. Linezolid is a drug used against
staphylococcal infections, those resistant to vancomycin in
particular [10].

Linezolid inhibits protein synthesis by disrupting the
formation of a functionally active complex needed to initiate the
translation [10]. However, its use is associated with a number of
limitations. First, prolonged administration of the antibiotic can
cause serious side effects [11]. Secondly, the use of linezolid
against microorganisms that require concentrations upwards
of 4 pgr/ml or higher to suppress their growth may lead to
deterioration of clinical efficacy [10] due to the peculiarities
of its administration and possible fluctuations in blood
plasma concentrations [12]. Thus, the combined linezolid-
staphylophages therapy can increase the effectiveness of
treatment and mitigate the risk of side effects by reducing the
dose of the antibiotic, which makes this approach promising
for clinical practice.

The synergy in the combination of linezolid and Herelleviridae
family bacteriophages was previously demonstrated in vitro
by us and other researchers [13-15]. The synergistic effect
has also been confirmed in mouse models of staphylococcal
infection [16-18]. Nevertheless, several studies describe
antagonistic interaction between phages and linezolid [19, 20],
which probably stems from the concentration of the antibiotic
and the sequence of administration of the agents (in case
of biofilms).

The purpose of this study was to expand knowledge of the
synergy of linezolid and the vB_SauM-515A1 bacteriophage
(Herelleviridae family) [13] by evaluating the effect of their
combined and separate use in the context of treatment
of systemic staphylococcal infection in BALB/c mice. The
resulting data may be key to optimizing combination therapy
for MRSA infections and may boost its effectiveness in clinical
practice.

METHODS
Bacterial strains, phages, storage and cultivation conditions

The study used S. aureus SA413, a previously described strain,
taken from the collection of Yu. M. Lopukhin Federal Research
and Clinical Center for Physical-Chemical Medicine. The strain,
isolated from purulent discharge of soft tissues, was classified
as methicillin-sensitive S. aureus sequence type 8 (ST8); the
minimum inhibitory concentration of linezolid for it was 8 pg/ml.
This strain was selected because a previous in vitro study has
shown the bacteriophage and linezolid to produce synergistic
effect when acting thereon [13]. The strain was cultured on a
meat peptone agar (MPA) nutrient medium (State Research
Center for Applied Biotechnology and Microbiology, Obolensk,
Russia).

The bacteriophage vB_SauM-515A1 was previously isolated
from the commercially available P332 series Staphylococcal
bacteriophage preparation (Microgen; Russia). Its detailed
description was given earlier. The bacteriophage was grown
on the SA413 strain of S. aureus, in an LB broth (Miller's
modification) (Oxoid; Great Britain), at 37 °C. The phage lysate
was then filtered through a 0.22 pm syringe filter with a hydrophilic
polyethersulfone membrane (Millipore, USA), and purified by
ultracentrifugation in a sucrose gradient as described earlier [7].
After purification, the bacteriophage was resuspended in a sterile
saline solution. The titer of the bacteriophage in the preparation
was assessed using the standard Grazia titration method [22].
The bacteriophage preparation was stored at 4 °C.

Animals

Female BALB/c mice weighing 18-22 g, 68 weeks old, were
used as model animals. They were taken from the laboratory
animal nursery of the Stolbovaya branch of the Research
Center for Biomedical Technologies (Series Certificate No.
20353 of 30.05.2024). The mice were kept in groups, under
standard conditions, as per the international standards and
requirements, with unrestricted access to water and feed
(Laboratorkorm; Russia). The animals were euthanized through
CO, inhalation.

Parenchymal organs (spleen, liver) from the dead mice were
examined for staphylococcal infection using the dense nutrient
surface imprinting method; the medium was Staphylococcagar
(State Research Center for Applied Microbiology and Biotechnology;
Russia).

Modeling of staphylococcal infection in mice

Modeling simulate staphylococcal infection, we tested various
infectious doses of the S. aureus SA413 strain and two
approaches of administration, intravenous and intraperitoneal.
The bacterial inoculum was grown in a liquid nutrient medium
to an optical density (OD,,) of 0.75 (6 x 10° CFU/mI), and
diluted with saline to the desired concentration. The animals
were divided into six groups, three mice in each: group 1 —
intravenous administration of 5 x 10° CFU/mouse; group 2 —
intravenous administration of 5 x 10" CFU/mouse; group 3 —
intravenous administration of 5 x 108 CFU/mouse; group 4 —
intraperitoneal administration of 5 x 10° CFU/mouse; group 5 —

intraperitoneal administration of 5 x 10 CFU/mouse;
group 6 — intraperitoneal administration of 5 x 108 CFU/mouse. The
volumes of the injected inoculum were 200 pl (intraperitoneal)
and 100 pl (intravenous). The animals were monitored for
three days to account for deaths. On the third day, bacterial
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Fig. 1. Identification of the minimum inhibitory and therapeutic doses of linezolid and bacteriophage against staphylococcal infection * — p < 0.05; ** — p < 0.001;

**__p < 0.0001

contamination of parenchymal organs and blood was assessed
in the surviving animals.

Selection of doses of antimicrobial agents

To assess the therapeutic and minimum inhibitory doses of
linezolid and the bacteriophage vB_SauM-515A1, we divided
the mice into 6 groups, three mice in each. Two, eight, eighteen,
and twenty-four hours after infection, mice were injected with
either linezolid (Sigma-Aldrich; USA) at concentrations of 10 mg/kg
of animal weight or 40 mg/kg of animal weight, or the vB_
SauM-515A1 bacteriophage at doses of 2 x 10°, 2 x 10°, and
2 x 107 PFU/mouse. Sterile saline solution was used to dilute the
preparations to the necessary concentrations. Control group
received saline solution without treatment, similar administration
patterns as the test groups. The preparations (200 pl) were
injected intraperitoneally. The animals were observed for three
days, then euthanized. Parenchymal organs (spleen, kidneys)
and blood were collected from them and examined for bacterial
contamination and phage content. Blood (1 ml) was sampled
from the heart through a puncture into sterile vacuum tubes
with sodium heparin (no gel) (Improvacuter; China) designed for
blood plasma testing.

Evaluation of the effectiveness of the combined effect of
linezolid and bacteriophage

To assess the effectiveness of the combination, we used the
antibacterial agents in minimal inhibitory doses. The experiment
employed four experimental groups of animals, 12 mice in
each, infected with the S. aureus SA413 strain. The infectious
dose and the pattern of administration were selected based
on the results of preliminary experiments. For the monotherapy
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stage, the animals received 200 pl of drugs intraperitoneally
2, 8, 18 and 24 hours post-infection. For the combined therapy
stage (similar to the monotherapy stage time-wise), the mice
were first injected with 200 pl of he antibiotic in one side of the
peritoneum, then with 200 pl of the phage in the other side
of the peritoneum. The first group of mice was treated with
linezolid; the second group was treated with bacteriophage;
the third group received the combination of the two; the fourth
group (control) was injected with saline solution. Subsequently,
three mice from each group were euthanized on the first and
second days, and six mice on the third day. Their organs anfd
blood were collected and examined for bacterial contamination.

Examination for bacterial contamination bacteriophages
in parenchymal organs and blood

The organs were homogenized in sterile mortars, with 1 ml
of saline solution added per organ. Next, blood samples and
suspension samples were diluted tenfold in saline solution and
plated on the Staphylococcagar dense nutrient medium (State
Research Center for Applied Microbiology and Biotechnology;
Russia). In parallel, we measured bacteriophage content
in the suspensions using the Grazia titration method and
Staphylococcagar medium (State Research Center for Applied
Microbiology and Biotechnology; Russia); the samples made
for the purpose were 100 pl serial dilutions. The measurements
were done in five technical repetitions.

Data presentation and statistical analysis
For statistical analysis, we used Prism software (GraphPad

Software 8; USA). The Shapiro-Wilk test allowed assessing the
normalcy of data distribution, and the Student's t-test was used
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Fig. 2. Evaluation of the effectiveness of the combined effect of linezolid and bacteriophage: experiment design and results. A. Experiment design. B-D. Contamination
of parenchymal organs and blood 24, 48, and 72 hours after infection, respectively. * — p < 0.05, ** — p < 0.001.
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to compare the means between the groups. The differences
were considered significant for p < 0.05.

Statement of compliance with ethical standards

All experiments with laboratory animals were approved by the
Bioethics Commission of the State Research Center for Applied
Microbiology and Biotechnology and conducted in accordance
with the Guide for the Care and Use of Laboratory Animals [23].

RESULTS
Staphylococcal infection model

To build an adequate model of staphylococcal infection in
laboratory animals, we conducted preliminary studies to select
and infecting dose that ensures contamination of parenchymal
organs (spleen, kidneys) and blood with the S. aureus strain
SA413 on the third day after infection while avoiding animal
mortality.

According to the results of those studies, intraperitoneal
administration of bacteria at a dose of 5 x 108 CFU/mouse
yielded death of all animals on the first day after infection, which
is presumably due to the high concentration of the investigated
strain in the area of administration and the subsequent toxic
shock. Intraperitoneal administration of the bacterial culture at
concentrations of 5 x 10° and 5 x 10" CFU/mouse, same as
intravenous administration at any of the concentrations studied,
left the mice alive three days after the infection. Only the mice
that received a dose of 5 x 108 CFU/mouse intravenously
exhibited downed motor activity and drowsiness, tousled hair
and eyelid hyperemia, which indicate the development of an
infectious process.

According to the autopsy, on the third day after intravenous
injection of 5 x 108 CFU/mouse the animals had staphylococci
in the kidneys (8.9 x 10° — 3.6 x 10° CFU/organ/ml) and a
small amount of the pathogen in the spleens (37-52 CFU/
organ/ml) and blood (8.4 x 10?2 — 1.3 x 10° CFU/ml). Smaller
doses produced either isolated bacterial colonies or none at all,
regardless of the method of infection.

Identification of the minimum inhibitory and therapeutic
doses of linezolid and bacteriophage against
staphylococcal infection

The minimum inhibitory and therapeutic doses of antimicrobial
agents were evaluated for two concentrations of linezolid and
three variants of bacteriophage doses. Eighteen mice were
used for the purpose (Fig. 1).

Visual examination showed physical depression, tousled
hair, and eyelid hyperemia in mice in the control group and four
of the five experimental groups (linezolid 10 mg/kg of animal
weight, and all doses of bacteriophage). No animals died
through the entire experiment. Animals that received linezolid
in the dose of 40 mg/kg of weight did not have the above
symptoms.

An autopsy on the third day revealed low spleen
contamination (0-25 CFU/organ/ml) in all groups and no
bacteria in the blood, with the exception of the control group
(0-8 CFU/mI) and the group that received the bacteriophage
in the dose of 2 x 10° PFU/mouse. Kidney contamination was
the most illustrative indicator. A dose of linezolid 40 mg/kg of
animal weight ensured the pathogen was eliminated from the
kidneys, indicating this was the therapeutic dose. A dose of
10 mg/kg of animal weight slowed formation of the bacterial
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colonies by one order of magnitude, made it a minimum
inhibitory dose. The doses of bacteriophage 2 x 10° and 2 x 10°
PFU/mouse did not deliver results significantly different from
those registered in the control group, and were considered
ineffective. The dose of bacteriophage 2 x 10" PFU/mouse
reduced kidney contamination by one order of magnitude, and
was recognized as the minimum inhibitory dose. An amount
that could constitute a therapeutic dose was not found.

We detected phage particles only in the kidneys of mice
that received a dose of 2 x 107 PFU/mouse (30-70 PFU/organ).
There were no bacteriophages found in the blood and spleens
of the animals.

Evaluation of the effectiveness of the combined effect of
linezolid and bacteriophage

We used 48 mice to assess the combined effect of antimicrobial
agents in minimum inhibitory concentrations (linezolid: 10 mg/
kg animal weight; bacteriophage: 2 x 10" PFU/mouse) (Fig. 2).

By visual indicators, animals in all groups had the infectious
process developing, and their condition was depressed, as
described in the previous experiment.

On the first day, we detected no differences in the
contamination of parenchymal organs between the monotherapy
groups and the control group (Fig. 2B). In the combined therapy
group, the spleen contamination dropped to almost zero values
(o = 0.0014), and that of the kidneys was by one to two orders
of magnitude lower than in the control group (p = 0.0318),
while blood contamination remained comparable to that in the
control group.

The results registered on the second day are shown in
Fig. 2B. There were insignificant amounts of staphylococci in
the spleens of animals of all groups, except those receiving
linezolid, where the spleens were clean of the bacteria. Kidney
contamination in the bacteriophage group remained at the level
of the control group, and in the antibiotic group it significantly
decreased by less than an order of magnitude (p = 0.0127);
combined therapy pushed the value of this indicator down
by two to three orders of magnitude compared to the control
group (p = 0.0028). Blood contamination in all groups remained
at the level of up to 102 CFU/m.

On the third day after infection, we registered insignificant
amounts of staphylococci in platings from spleen homogenates
sampled in all the groups, which points to this organ's ability
to independently eliminate the pathogen (Fig. 2D). Kidney
contamination in mice treated with linezolid returned to the
level peculiar to the control group, while in mice treated with
bacteriophage it remained at that level throughout. In the
combined therapy group, the contamination rate was an order
of magnitude lower than the control values (p = 0.0079). Blood
contamination in all groups remained at the control level.

As for the bacteriophage, its content was insignificant
during the entire experiment (20-250 PFU/organ/ml) in the
kidneys of the animals that received 2 x 10" PFU/mouse
thereof as monotherapy, and in the combined use scenario.
We registered no significant differences between the groups.
No bacteriophage was detected in the spleens and blood.

DISCUSSION

Combined bacteriophages and antibiotics therapy s,
presumably, one of the most promising approaches to the
treatment of MDR pathogens. Numerous in vitro studies show
promising results, demonstrating the synergistic effect of these
agents. However, it is important to conduct in vivo experiments



OPUTMHAJIbBHOE NCCJIEJOBAHNE | MUKPOBWOJIOI NA

to confirm their effectiveness and practical potential. Animal
model studies allow assessing the possibilities and limitations
of such therapy in conditions close to those of real-life clinical
practice, and enable identification of the aspects that require
further study before a full-fledged adoption.

To evaluate the effectiveness of the combined use of the
bacteriophage vB_SauM-515A1 and linezolid, we chose
a model of systemic infection in BALB/c mice, which aligns
with the approaches practiced in similar studies [24, 25]. In the
preliminary experiments, special attention was paid to the choice
of the method of administration, selection of the infecting dose,
and establishment of the minimum inhibitory concentrations of
active agents. Previously published studies have shown that the
infecting dose of S. aureus varies depending on the strain in the
range from 10° to 10® CFU/mouse [24, 26, 27]. For example, a
dose of 10° CFU/mouse was selected for the USA300 strain,
known for its high virulence; in this case, the observation period
was limited to 24 hours [28]. At the same time, a dose of 10°
CFU/mouse used in the studies dedicated to the MDR strains
partially killed the animals within 10-24 hours and, in some
cases, by the third day [24, 27]. We focused on the sequence
type 8 SA413 strain, one of the most common and associated
with hospital infections worldwide, and found the optimal dose
to be 5 x 108 CFU/mouse, administered intravenously. The
dose ensured stable organ contamination after three days,
thus creating adequate conditions for registration of the effects
of therapy. Consistent with the findings reported by other
authors, we have established that the results are most reliably
reproducible when the injections are intravenous [27, 29].

The identified minimum inhibitory concentration of linezolid
that does not cause pathogen elimination in monotherapy
regimens and, consequently, should be investigated further, is
10 mg/kg of animal weight. This concentration of the antibiotic
reduced bacterial contamination minimally, which is also
consistent with the results reported by other researchers [10].
The concentration of 40 mg/kg of animal weight completely
eliminated bacteria from the kidneys by the third day of the
experiment, which is also similar to the data registered by
other authors [29]. It should be noted that linezolid and
bacteriophage were administered intraperitoneally to avoid
vascular damage and the risk of hemorrhages associated with
repeated injections. In particular, the effectiveness of this way
was demonstrated in staphylococcal infection mice models
that have thus received K-like phage $SA039 [30].

According to the published data on therapeutic use of
bacteriophages in mouse models, the amount of antimicrobial
agent varies from 10° to 10" PFU/mouse [27, 31]. In our
study, the minimum inhibitory dose of the bacteriophage was
2 x 107" PFU/mouse. This dose only partially decreased the
level of bacterial contamination of kidneys, which underscores
the need to use high concentrations of bacteriophages in
monotherapy regimens. Moreover, lack of phages in blood and

References

1. Cheung GYC, Bae JS; Otto M. Pathogenicity and Virulence
of Staphylococcus Aureus. Virulence 2021; 12: 547-69, DOI:
10.1080/21505594.2021.1878688.

2. Guo Y, Song G, Sun M, Wang J, Wang Y. Prevalence and
Therapies of Antibiotic-Resistance in Staphylococcus Aureus. Front Cell
Infect Microbiol. 2020; 10: 107, DOI: 10.3389/fcimb.2020.00107.

3. |kuta KS, Swetschinski LR, Robles Aguilar G, Sharara F, Mestrovic T, et
al. Global Mortality Associated with 33 Bacterial Pathogens
in 2019: A Systematic Analysis for the Global Burden of

spleen indicates that there probably are some limitations to
the system-wide spread of bacteriophages, which once again
points to the need for an integrated approach in therapy.

Compared to monotherapy, combined use of linezolid
and bacteriophage in minimum inhibitory doses had a
more pronounced effect: within the first 24 hours, kidney
contamination level decreased by two to three orders of
magnitude versus the control values, a fact that backs the
synergistic potential of antimicrobial agents. However, by the
third day, bacterial contamination damping effect produced
by the combination was not as strong as initially, which may
indicate the need for a longer course of treatment to achieve
the full therapeutic effect.

The evidence of the greater effectiveness of combination
therapy compared with monotherapy are consistent with
a number of reports covering animal model studies that
investigated the effectiveness of the combined use of linezolid
and Herelleviridae bacteriophages against other types of
infections caused by S. aureus. Previously, it was demonstrated
in a mouse model of a diabetic foot staphylococcal infection
that a single injection of a Herelleviridae family phage delivers
results comparable to those produced by linezolid, and
combination therapy was much more effective in stopping the
entire infectious process (bacterial load, number of lesions,
foot myeloperoxidase activity, and histopathology), as well as
accelerating the general tissue healing process [16]. A study
that assessed the effectiveness of a linezolid and bacteriophage
MR-5 (family Herelleviridae) combination against a skin infection
modeled in mice has shown its potency: the agents, taken
together, have significantly decreased the bacterial load and,
consequently, boosted recovery [17]. There is also a report
describing a combined therapy success in a modeled S.
aureus infection case after arthroplasty. Mice were implanted
with a wire coated with phage (10° PFU/ml) and/or linezolid into
the intramedullary canal of the femur, and then inoculated with
MRSA. In the group that received wire with a combination of
agents, bacterial adhesion was reduced, and the limb's motor
functions restored faster [18].

CONCLUSIONS

This study confirmed the promise held by the combined
therapy with linezolid and bacteriophage vB_SauM-
515A1 for treatment of systemic infections caused by
S. aureus. Minimum inhibitory doses of the antibiotic and
the bacteriophage were established to significantly decrease
the level of bacterial contamination of parenchymal organs,
which indicates a synergistic effect. The results of this study
demonstrate that combination therapy is more effective than
monotherapy, especially at the early stages, and can help
reduce the dosage of the antibiotic, thus minimizing the
possible side effects.

Disease Study 2019. The Lancet. 2022; 400: 2221-48, DO
10.1016/S0140-6736(22)02185-7.

4.  husiak-Szelachowska M, Miedzybrodzki R, Drulis-Kawa Z, Cater K
Knezevi¢ P, Winogradow C, Amaro K, et al. Bacteriophages and
Antibiotic Interactions in Clinical Practice: What We Have Learned
so Far. J Biomed Sci. 2022; 29: 23, DOI: 10.1186/512929-022-00806-1.

5. Dickey J, Perrot V. Adjunct Phage Treatment Enhances
the Effectiveness of Low Antibiotic Concentration against
Staphylococcus Aureus Biofilms in Vitro. PLoS ONE. 2019; 14:

BECTHUK PIMY | 6, 2024 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | MICROBIOLOGY

10.

11.

12.

13.

14.

15.

16.

17.

18.

0209390, DOI: 10.1371/journal.pone.0209390.

Kumaran D, Taha M, Yi Q, Ramirez-Arcos S, Diallo J-S, Carli A, et
al. Does Treatment Order Matter? Investigating the Ability
of Bacteriophage to Augment Antibiotic Activity against
Staphylococcus Aureus Biofilms. Front Microbiol. 2018; 9: 127,
DOI: 10.3389/fmicb.2018.00127.

Kornienko M, Kuptsov N, Gorodnichev R, Bespiatykh D, Guliaev A,
Letarova M, et al. Contribution of Podoviridae and Myoviridae
Bacteriophages to the Effectiveness of Anti-Staphylococcal Therapeutic
Cocktails. Sci Rep. 2020; 10: 18612, DOI: 10.1038/s41598-020-75637-x.
Leskinen K, Tuomala H, Wicklund A, Horsma-Heikkinen J, Kuusela P,
Skurnik M, et al. Characterization of vB_SauM-fRuSau02, a
Twort-Like Bacteriophage Isolated from a Therapeutic Phage
Cocktail. Viruses. 2017; 9: 258, DOI: 10.3390/v9090258.
AbatangeloV, Peressutti BacciN, Boncompain CA, Amadio AF, Carrasco
S, Suérez CA, et al. Correction: Broad-Range Lytic Bacteriophages That
Kill Staphylococcus Aureus Local Field Strains. PLoS ONE. 2017; 12:
0187387, DOI: 10.1371/journal.pone.0187387.

Liu C, Bayer A, Cosgrove SE, Daum RS, Fridkin SK, Gorwitz RJ, et
al. Clinical practice guidelines by the infectious diseases society of
america for the treatment of methicillin-resistant Staphylococcus
aureus infections in adults and children: executive summary.
Clinical infectious diseases: an official publication of the Infectious
Diseases Society of America. 2011; 52 (3): 285-92. Available
from: https://doi.org/10.1093/cid/cir034.

Bozdogan B, Appelbaum PC. Oxazolidinones: Activity, Mode of Action,
and Mechanism of Resistance. International Journal of Antimicrobial
Agents. 2004; 23: 113-9. DOI: 10.1016/j.ijlantimicag.2003.11.003.
Hui L-A, Bodolea C, Vlase L, Hiriscau El, Popa A. Linezolid
Administration to Critically Ill Patients: Intermittent or Continuous
Infusion? A Systematic Literature Search and Review. Antibiotics.
2022; 11: 436. DOI: 10.3390/antibiotics11040436.

Abdraimova NK, Kornienko MA, Bespiatykh DA, Kuptsov NS,
Gorodnichev RB, Shitikov EA. Combined effects of bacteriophage vB_
SauM-515A1 and antibiotics on the Staphylococcus aureus clinical
isolates. Bulletin of RSMU. 2022; DOI: 10.24075/brsmu.2022.052.
Kaur S, Harjai K, Chhibber S. Bacteriophage Mediated Killing
of Staphylococcus Aureus In Vitro on Orthopaedic K Wires in
Presence of Linezolid Prevents Implant Colonization. PLoS ONE.
2014; 9: e90411. DOI:10.1371/journal.pone.0090411.

Wang B, Xu'Y, Zhao H, Wang X, Rao L, Guo Y, et al. Methicillin-
Resistant Staphylococcus Aureus in China: A Multicentre
Longitudinal Study and Whole-Genome Sequencing.
Emerging Microbes & Infections. 2022; 11: 532-42. DOl:
10.1080/22221751.2022.2032373.

Chhibber S, Kaur T. Sandeep Kaur Co-Therapy Using Lytic
Bacteriophage and Linezolid: Effective Treatment in Eliminating
Methicillin Resistant Staphylococcus Aureus (MRSA) from
Diabetic Foot Infections. PLoS ONE. 2013; 8: e56022. DOI:
10.1371/journal.pone.0056022.

Kaur S, Chhibber S. A Mouse Air Pouch Model for Evaluating
the Anti-Bacterial Efficacy of Phage MR-5 in Resolving Skin
and Soft Tissue Infection Induced by Methicillin-Resistant
Staphylococcus Aureus. Folia Microbiol. 2021; 66: 959-72, DOI:
10.1007/512223-021-00895-9.

Kaur S, Harjai K, Chhibber S. In Vivo Assessment of Phage and Linezolid
Based Implant Coatings for Treatment of Methicillin Resistant S. Aureus
(MRSA) Mediated Orthopaedic Device Related Infections. PLoS ONE.

Jlutepatypa

1.

Cheung GYC, Bae JS; Otto M. Pathogenicity and Virulence
of Staphylococcus Aureus. Virulence 2021; 12: 547-69, DOI:
10.1080/21505594.2021.1878688.

Guo Y, Song G, Sun M, Wang J, Wang Y. Prevalence and
Therapies of Antibiotic-Resistance in Staphylococcus Aureus. Front Cell
Infect Microbiol. 2020; 10: 107, DOI: 10.3389/fcimb.2020.00107.

lkuta KS, Swetschinski LR, Robles Aguilar G, Sharara F, Mestrovic T, et
al. Global Mortality Associated with 33 Bacterial Pathogens
in 2019: A Systematic Analysis for the Global Burden of
Disease Study 2019. The Lancet. 2022; 400: 2221-48, DOI:

BULLETIN OF RSMU | 6, 2024 | VESTNIKRGMU.RU

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

6.

2016; 11: e0157626, DOI: 10.1371/journal.pone.0157626.
Berryhill BA, Huseby DL, McCall IC, Hughes D, Levin BR.
Evaluating the Potential Efficacy and Limitations of a Phage for
Joint Antibiotic and Phage Therapy of Staphylococcus Aureus
Infections. Proc Natl Acad Sci USA. 2021; 118, e2008007118.
DOI: 10.1073/pnas.2008007118.

Kumaran D, Taha M, Yi Q, Ramirez-Arcos S, Diallo J-S, Carli A,
Abdelbary H. Does Treatment Order Matter? Investigating the
Ability of Bacteriophage to Augment Antibiotic Activity against
Staphylococcus Aureus Biofilms. Front Microbiol. 2018; 9: 127.
DOI: 10.3389/fmicb.2018.00127.

Kormnienko M, Fisunov G, Bespiatykh D, Kuptsov N, Gorodnichev R,
Klimina K, et al. Transcriptional Landscape of Staphylococcus
Aureus Kayvirus Bacteriophage vB_SauM-515A1. Viruses. 2020;
12: 1320. DOI: 10.3390/v12111320.

Mazzocco A, Waddell TE, Lingohr E, Johnson RP. Enumeration of
Bacteriophages Using the Small Drop Plaque Assay System. In:
Clokie MRJ, Kropinski AM, editors. Bacteriophages. Methods in
Molecular Biology. Humana Press: Totowa, NJ. 2009; p. 81-85.
Guide for the Care and Use of Laboratory Animals. National
Academies Press: Washington, D.C., 2011.

Garcia P, Moscoso M, Fernandez MC, Fuentes-Valverde V,
Pérez A, Bou G. Comparison of the in Vivo Efficacy of Ceftaroline
Fosamil, Vancomycin and Daptomycin in a Murine Model of
Methicillin-Resistant Staphylococcus Aureus Bacteraemia.
International Journal of Antimicrobial Agents. 2023; 62: 106836.
DOI: 10.1016/j.ijantimicag.2023.106836.

Suligoy CM, Diaz RE, Gehrke A-K, Ring N, Yebra G, Alves J,
et al. Acapsular Staphylococcus Aureus with a Non-Functional
Agr Regains Capsule Expression after Passage through the
Bloodstream in a Bacteremia Mouse Model. Sci Rep. 2020; 10:
14108 DOI: 10.1038/s41598-020-70671-1.

Kim HK, Missiakas D, Schneewind O. Mouse Models for Infectious
Diseases Caused by Staphylococcus Aureus. Journal of Immunological
Methods. 2014; 410: 88-99, DOI: 10.1016/.jm.2014.04.007.
Oduor JMO, Onkoba N, Maloba F, Arodi WO, Nyachieo A.
Efficacy of Lytic Staphylococcus Aureus Bacteriophage against
Multidrug-Resistant Staphylococcus Aureus in Mice. J Infect Dev
Ctries. 2016; 10: 1208-13. DOI: 10.3855/jidc.7931.
Sharma-Kuinkel BK, Zhang Y, Yan Q, Ahn SH, Fowler VG.
Host Gene Expression Profiling and In Vivo Cytokine Studies to
Characterize the Role of Linezolid and Vancomycin in Methicillin-
Resistant Staphylococcus Aureus (MRSA) Murine Sepsis Model.
PL0oS ONE. 2013; 8: e60463. DOI: 10.1371/journal.pone.0060463.
Gordon O, Dikeman DA, Ortines RV, Wang Y, Youn C, Mumtaz M,
et al. The Novel Oxazolidinone TBI-223 Is Effective in Three
Preclinical Mouse Models of Methicillin-Resistant Staphylococcus
Aureus Infection. Microbiol Spect. 2022; 10: e02451-21, DOI:
10.1128/spectrum.02451-21.

Fujiki J, Nakamura T, Nakamura K, Nishida K, Amano Y, Watanabe Y,
et al. Biological properties of Staphylococcus virus —SA012 for
phage therapy. Scientific reports. 2022; 12 (1): 21297. Available
from: https://doi.org/10.1038/s41598-022-25352-6.

Plumet L, Ahmad-Mansour N, Dunyach-Remy C, Kissa K, Sotto A,
Lavigne J-P, et al. Bacteriophage Therapy for Staphylococcus
Aureus Infections: A Review of Animal Models, Treatments, and
Clinical Trials. Front Cell Infect Microbiol. 2022; 12: 907314. DOI:
10.3389/fcimb.2022.907314.

10.1016/S0140-6736(22)02185-7.

Lusiak-Szelachowska M, Miedzybrodzki R, Drulis-Kawa Z, Cater K
Knezevi¢ P, Winogradow C, Amaro K, et al. Bacteriophages and
Antibiotic Interactions in Clinical Practice: What We Have Learned
so Far. J Biomed Sci. 2022; 29: 23, DOI: 10.1186/512929-022-00806-1.
Dickey J, Perrot V. Adjunct Phage Treatment Enhances
the Effectiveness of Low Antibiotic Concentration against
Staphylococcus Aureus Biofilms in Vitro. PLoS ONE. 2019; 14:
0209390, DOI: 10.1371/journal.pone.0209390.

Kumaran D, Taha M, Vi Q, Ramirez-Arcos S, Diallo J-S, Carli A, et



10.

11.

12.

13.

14.

15.

16.

17.

18.

OPUTMHAJIbBHOE NCCJIEJOBAHNE | MUKPOBWOJIOI NA

al. Does Treatment Order Matter? Investigating the Ability
of Bacteriophage to Augment Antibiotic Activity against
Staphylococcus Aureus Biofilms. Front Microbiol. 2018; 9: 127,
DOI: 10.3389/fmicb.2018.00127.

Kornienko M, Kuptsov N, Gorodnichev R, Bespiatykh D, Guliaev A,
Letarova M, et al. Contribution of Podoviridae and Myoviridae
Bacteriophages to the Effectiveness of Anti-Staphylococcal Therapeutic
Cocktails. Sci Rep. 2020; 10: 18612, DOI: 10.1038/541598-020-75637-x.
Leskinen K, Tuomala H, Wicklund A, Horsma-Heikkinen J, Kuusela P,
Skurnik M, et al. Characterization of vB_SauM-fRuSau02, a
Twort-Like Bacteriophage Isolated from a Therapeutic Phage
Cocktail. Viruses. 2017; 9: 258, DOI: 10.3390/v9090258.
Abatangelo V, Peressutti Bacci N, Boncompain CA, Amadio AF,
Carrasco S, Suarez CA, et al. Correction: Broad-Range
Lytic Bacteriophages That Kill Staphylococcus Aureus
Local Field Strains. PLoS ONE. 2017; 12: e0187387, DOI:
10.1371/journal.pone.0187387.

Liu C, Bayer A, Cosgrove SE, Daum RS, Fridkin SK, Gorwitz RJ, et
al. Clinical practice guidelines by the infectious diseases society of
america for the treatment of methicillin-resistant Staphylococcus
aureus infections in adults and children: executive summary.
Clinical infectious diseases: an official publication of the Infectious
Diseases Society of America. 2011; 52 (3): 285-92. Available
from: https://doi.org/10.1093/cid/cir034.

Bozdogan B, Appelbaum PC. Oxazolidinones: Activity, Mode of Action,
and Mechanism of Resistance. International Journal of Antimicrobial
Agents. 2004; 23: 113-9. DOI: 10.1016/j.ijlantimicag.2003.11.003.
Hui L-A, Bodolea C, Vlase L, Hiriscau El, Popa A. Linezolid
Administration to Critically Ill Patients: Intermittent or Continuous
Infusion? A Systematic Literature Search and Review. Antibiotics.
2022; 11: 436. DOI: 10.3390/antibiotics11040436.

Abppanvosa H. K., Koprrerko M. A. Becrniamsix . A., Kynuos H. C.,
[opoaHnyes P. B., LLnTnkos E. A. KoMOUHVpOBaHHOE BO3OENCTBYE
bakTepuodara VB_SAUM-515A1 1  aHTMOMOTUKOB Ha
KNnHMYeckme n3onatbl Staphylococcus aureus. BecTHuk PIMY.
2022; DOI: 10.24075/vrgmu.2022.052.

Kaur S, Harjai K, Chhibber S. Bacteriophage Mediated Killing
of Staphylococcus Aureus In Vitro on Orthopaedic K Wires in
Presence of Linezolid Prevents Implant Colonization. PLoS ONE.
2014; 9: e90411. DOI:10.1371/journal.pone.0090411.

Wang B, Xu'Y, Zhao H, Wang X, Rao L, Guo Y, et al. Methicillin-
Resistant Staphylococcus Aureus in China: A Multicentre
Longitudinal  Study and Whole-Genome Sequencing.
Emerging Microbes & Infections. 2022; 11: 532-42. DOI:
10.1080/22221751.2022.2032373.

Chhibber S, Kaur T. Sandeep Kaur Co-Therapy Using Lytic
Bacteriophage and Linezolid: Effective Treatment in Eliminating
Methicillin Resistant Staphylococcus Aureus (MRSA) from
Diabetic Foot Infections. PLoS ONE. 2013; 8: €56022. DOI:
10.1371/journal.pone.0056022.

Kaur S, Chhibber S. A Mouse Air Pouch Model for Evaluating
the Anti-Bacterial Efficacy of Phage MR-5 in Resolving Skin
and Soft Tissue Infection Induced by Methicillin-Resistant
Staphylococcus Aureus. Folia Microbiol. 2021; 66: 959-72, DOI:
10.1007/s12223-021-00895-9.

Kaur S, Harjai K, Chhibber S. In Vivo Assessment of Phage and Linezolid
Based Implant Coatings for Treatment of Methicilin Resistant S. Aureus
(MRSA) Mediated Orthopaedic Device Related Infections. PLoS ONE.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

2016; 11: e0157626, DOI: 10.1371/journal.pone.0157626.
Berryhill BA, Huseby DL, McCall IC, Hughes D, Levin BR.
Evaluating the Potential Efficacy and Limitations of a Phage for
Joint Antibiotic and Phage Therapy of Staphylococcus Aureus
Infections. Proc Natl Acad Sci USA. 2021; 118, e2008007118.
DOI: 10.1073/pnas.2008007118.

Kumaran D, Taha M, Yi Q, Ramirez-Arcos S, Diallo J-S, Carli A,
Abdelbary H. Does Treatment Order Matter? Investigating the
Ability of Bacteriophage to Augment Antibiotic Activity against
Staphylococcus Aureus Biofilms. Front Microbiol. 2018; 9: 127.
DOI: 10.3389/fmicb.2018.00127.

Kornienko M, Fisunov G, Bespiatykh D, Kuptsov N, Gorodnichev R,
Klimina K, et al. Transcriptional Landscape of Staphylococcus
Aureus Kayvirus Bacteriophage vB_SauM-515A1. Viruses. 2020;
12:1320. DOI: 10.3390/v12111320.

Mazzocco A, Waddell TE, Lingohr E, Johnson RP. Enumeration of
Bacteriophages Using the Small Drop Plague Assay System. In:
Clokie MRJ, Kropinski AM, editors. Bacteriophages. Methods in
Molecular Biology. Humana Press: Totowa, NJ. 2009; p. 81-85.
Guide for the Care and Use of Laboratory Animals. National
Academies Press: Washington, D.C., 2011.

Garcia P, Moscoso M, Fernandez MC, Fuentes-Valverde V,
Pérez A, Bou G. Comparison of the in Vivo Efficacy of Ceftaroline
Fosamil, Vancomycin and Daptomycin in a Murine Model of
Methicillin-Resistant Staphylococcus Aureus Bacteraemia.
International Journal of Antimicrobial Agents. 2023; 62: 106836.
DOI: 10.1016/j.ijantimicag.2023.106836.

Suligoy CM, Diaz RE, Gehrke A-K, Ring N, Yebra G, Alves J,
et al. Acapsular Staphylococcus Aureus with a Non-Functional
Agr Regains Capsule Expression after Passage through the
Bloodstream in a Bacteremia Mouse Model. Sci Rep. 2020; 10:
14108 DOI: 10.1038/s41598-020-70671-1.

Kim HK, Missiakas D, Schneewind O. Mouse Models for Infectious
Diseases Caused by Staphylococcus Aureus. Journal of Immunological
Methods. 2014; 410: 88-99, DOI: 10.1016/.jim.2014.04.007.
Oduor JMO, Onkoba N, Maloba F, Arodi WO, Nyachieo A.
Efficacy of Lytic Staphylococcus Aureus Bacteriophage against
Multidrug-Resistant Staphylococcus Aureus in Mice. J Infect Dev
Ctries. 2016; 10: 1208-13. DOI: 10.3855/jidc.7931.
Sharma-Kuinkel BK, Zhang Y, Yan Q, Ahn SH, Fowler VG.
Host Gene Expression Profiling and In Vivo Cytokine Studies to
Characterize the Role of Linezolid and Vancomycin in Methicillin-
Resistant Staphylococcus Aureus (MRSA) Murine Sepsis Model.
PL0S ONE. 2013; 8: e60463. DOI: 10.1371/journal.pone.0060463.
Gordon O, Dikeman DA, Ortines RV, Wang Y, Youn C, Mumtaz M,
et al. The Novel Oxazolidinone TBI-223 Is Effective in Three
Preclinical Mouse Models of Methicillin-Resistant Staphylococcus
Aureus Infection. Microbiol Spect. 2022; 10: e02451-21, DOI:
10.1128/spectrum.02451-21.

Fujiki J, Nakamura T, Nakamura K, Nishida K, Amano Y, Watanabe Y,
et al. Biological properties of Staphylococcus virus —SA012 for
phage therapy. Scientific reports. 2022; 12 (1): 21297. Available
from: https://doi.org/10.1038/s41598-022-25352-6.

Plumet L, Ahmad-Mansour N, Dunyach-Remy C, Kissa K, Sotto A,
Lavigne J-P, et al. Bacteriophage Therapy for Staphylococcus
Aureus Infections: A Review of Animal Models, Treatments, and
Clinical Trials. Front Cell Infect Microbiol. 2022; 12: 907314. DOI:
10.3389/fcimb.2022.907314.

BECTHUK PIMY | 6, 2024 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | MICROBIOLOGY

COMPLEX ANTIBACTERIAL ACTION OF ENZYMES ACTING ON STAPHYLOCOCCUS AUREUS BIOFILMS
Zagoskin AA', Avakova RA', Rezvykh LF', Zakharova MV?, Mubarakshina EK?, lvanov RA', Nagornykh MQO"25

' Sirius University of Science and Technology, Sochi, Russia
2 Institute of Biochemistry and Physiology of Microorganisms, Russian Academy of Sciences, Pushchino, Russia

The widespread use of antibiotics in medicine and agriculture has significantly accelerated the emergence rate of bacterial infections showing multiple antibiotic
resistance. Since resistance to conventional antibiotics is developed rather quickly, designing alternative antimicrobial drugs with other mechanisms underlying their
effects on bacteria is a promising. The enzymes possessing bactericidal activity may be one option for such antibacterial agents. The study aimed to produce the
combination recombinant protein-based products active against bacteria and their biofilms. Soluble forms of five recombinant proteins were produced using the
genetic engineering approaches. Two of these have a bacteriolytic effect (endolysins LysK and PM9 from the Staphylococcus aureus bacteriophages), the other are
capable of disrupting extracellular DNA matrix in biofims (two nonspecific nucleases NucA, as well as the DNA-specific deoxyribonuclease |). It has been shown that
natural endolysin PM9 with the truncated catalytic domain shows 4 times lower bacteriolytic efficacy compared to the full-size LysK version. Comparative analysis
revealed 1.5-2 timed higher efficacy of nonspecific nucleases in terms of bacterial biofilm disruption compared to the DNA-specific deoxyribonuclease I. It has been
shown that simultaneous use of endolysins and nucleases has a synergistic antibacterial effect and disrupts biofilms of the pathogenic bacterium Staphylococcus
aureus. The findings show the prospects of developing the recombinant protein-based antibacterial drugs.
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KOMMJIEKCHOE AHTUBAKTEPUANIBHOE AENCTBUE ®EPMEHTOB HA BUOMJIEHKA
STAPHYLOCOCCUS AUREUS

A. A. BarockuH', P. A. Aeakosa', J1. ®. Pessbix!, M. B. 3axaposa?, 3. K. MybapakiumHa', P. A. MBaHos!, M. O. HaropHbix'254

" Hay4Ho-TexHonorn4eckmin yHmsepcuteT «Cupnyc», Coum, Poccust
2 VIHCTUTYT BUOXUMUM 1 (PU3MONOTN MUKPOOPraHM3MOoB Poccuiickol akagemmn Hayk, MywpmHo, Poccus

LLInpokoe 1ncnonb3oBaHre aHTUOMOTMKOB B MeAULIMHE U CENbCKOM XO3ANCTBE 3HAYUTENBHO YCKOPWIO TEMMbl BO3HUKHOBEHNS GaKTEPUIA CO MHOXECTBEHHOM
YCTONYMBOCTBIO K @HTUOMOTVKaM. [TOCKOMbKY K TPaaULMOHHBIM aHTUOMOTMKaM A0BOSIBHO ObICTPO BO3HWKAET PE3UCTEHTHOCTb, OAHVMM U3 NMEepCrneKTUBHbBIX
HanpaBneHun SBnseTca paspaboTka ansTepHaTVBHBbIX aHTUMUKPOOHBIX MpenapaTtos, 06nafaroLLmnX UHBIMA MeXaH3MaMn OeNCTBUS Ha GakTepum. PepMeHTbI
¢ 6aKTepULMAHbIM OEeNCTBMEM MOTYT ObITb OAHUM W3 BapUaHTOB TakUX aHTUOaKTepuanbHbix cpedcTs. Lienbto paboTbl 6610 NoAyHTh KOMOUHUPOBaHHbIE
npenapatbl PEKOMOVHAHTHBIX OEIKOB, aKTUBHbLIX B OTHOLLEHUW BakTepuin 1 1x 6uonfaeHok. C NMOMOLLBIO MOAXOA0B FEHHOW WHXEHepuy Oblan NonyYeHb!
pacTBOPUMbIE POPMbI MATN PEKOMOUHAHTHBIX OeKoB. [lBa 13 HUX 06nafatoT 6aKTePUOIMTUHECKM athdekToM (3HAoMM3MHbI LysK n PM9 13 6aktepurodaros
Staphylococcus aureus), ocTanbHble CNOCObHbI paspyLlaTh BHeKNeTouHbIn JHK-mMaTpuke y 6uonneHok (ase Hecneuududeckme Hykneasbl NUCA, a Takxe
OHK-cneundudHas nesokcrpnboHykneasa l). MNokadaHo, 4To NpUpPoAHbIA aHAoNM3NH PM9 ¢ yceveHHbIM KaTanuTu4ecknuM AOMeHOM obnafaeT MeHbluen
B 4 pasa 6aKTepUONUTNHECKON SPEPEKTUBHOCTLIO MO CPaBHEHMIO G MOHOPa3MeEPHbIM BapraHTOM LysK. C MOMOLLLIO CPaBHUTENBHOMO aHanv3a BbigBIeHa
B 1,5-2 pasa 6onblias aheKTMBHOCTb HECMeUMMUHECKNX HyKeas Ofs paspylueHus 6akTepmranbHbix 6ronneHoK no cpasHeHwno ¢ OHK-cneumnduyHomn
[E30KCUMPUOOHYKNeasoi |. MpoAeMoHCTPUPOBaHO, YTO OAHOBPEMEHHOE CMONL30BaHME SHAOMM3NHOB U HyKeas OkasblBaeT CUHEPrMYHOe aHTUbaKTepuansHoe
[OencTBre 1 pagpyllaeT O1onneHkn natoreHHon Gaktepun Staphylococcus aureus. onydeHHble pesynbTaThbl MOKasbiBAOT NEPCNEKTUBHOCTb pas3paboTkum
aHTVbaKTepyanbHbIX NPenapaToB Ha OCHOBE PEKOMOUHaHTHbLIX GENKOB.

KnioueBble cnoBa: 9HAOMM3MH, Hykneasa, buonneHku, Staphylococcus aureus
®uHaHcupoBaHue: paboTa BbiNoHeHa Npuv Nogaepxke nporpamMmmMbl MUHUCTEPCTBA BbicLIero obpasoBaHunst U Haykn PP (cornaweHne Ne. 075-10-2021-113,
YHUKaNbHbIN HOMep npoekTa RF----193021X0001).
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Drug resistance of pathogenic bacteria is growing rapidly,  (2023). However, there is the question about creating novel,
turning into a global issue of the world’s healthcare system.  innovative agents for treatment of infectious diseases caused
According to the last data of the World Health Organization, by antibiotic-resistant strains, which might complement the
the number of antimicrobial drugs being at various stages  existing antibiotics that lose their efficacy due to widespread
of their development has increased from 80 (2021) to 97  use [1].
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The drugs based on the enzymes possessing antibacterial
activity represent one such option. Today, the lytic enzymes
of bacteriophages (endolysins) that cause lysis of pathogenic
bacteria and can be used as therapeutic molecules are well-
known [2]. Endolysins are the enzymes encoded by the
bacteriophage genomes and used by bacteriophages for lysis
of bacterial cells during viral infection. Since all bacteria have
bacteriophages, and bacteriophage diversity is great, their
endolysins represent a very promising class of bacteriolytic
enzymes. Currently, there is a large amount of scientific
research and antibacterial drugs developed based on such
enzymes that are through pre-clinical and clinical trials [3].
Endolysins as therapeutic substances often have a broader
specificity spectrum, than phages, and their specificity is
manifested at the genus or species level. The endolysins’
selectivity for bacterial targets is due to the cell wall-binding
domain, which recognizes and binds receptors, regardless of
certain substrate in the cell wall of the target. Thus, the cell
wall-binding domain (CBD-domain) located usually in the
C-terminal part of the endolysin molecule is responsible for
specific recognition and binding. That is why gram-negative
lysins have a broader range of targets, while gram-positive
ones often have a narrow host range [4]. The catalytic domain
(CD-domain) is responsible for catalytic activity, and its activity
can be further enhanced by the presence of amidase domain
[6]. The fact that bacteria do not develop resistance and
the possibility of influencing various chemical bonds within
the cell wall represent one more advantage of bacteriolytic
enzymes over conventional antibiotics. However, endolysins
cannot effectively disrupt stable biofilms formed by many
pathogenic bacteria, which is one of the major challenges of
modern antibacterial therapy. Biofilms are complex extracellular
structures stabilized by multiple bonds between organic
molecules [6]. The enzymes that destroy biofilms also represent
a promising class of antibacterial agents that differ in enzyme
activity type depending on the target biofilm component [7]. In
particular, matrix of extracellular DNA that can be destroyed
by nucleases is typical for many bacterial biofilms. It has been
earlier shown that deoxyribonuclease | possessed such activity
[8]. In this regard, the search for and characterization of novel
nucleases possessing antibacterial activity are relevant. The
use of bacteriolytic enzymes and their combinations with the
enzymes having a destructing effect on biofilms can make it
possible to increase the effectiveness of bacterial infection
therapy. For example, such cumulative effect has been reported
for antibacterial activity against Mycobacterium tuberculosis [9].
The enzymes that disrupt bonds within biofilms can become
a component of the combination antibacterial drug together
with endolysins, having a synergistic antibacterial effect. That
is why the development of such antibacterial drugs based on
the recombinant proteins showing different catalytic activity
is a promising area. Such drugs are most effective against
gram-positive bacteria, in particular, methicillin-resistant
Staphylococcus aureus (MRSA), the fight against which in
clinical settings is a priority [10].

The study aimed to perform comparative analysis of antibacterial
effects of several combinations of the enzymes possessing
antibacterial activity or activity against bacterial biofilms.

METHODS
Constructing plasmids

All the plasmids used in this study were produced by restriction
enzyme DNA cloning. DNA sequences of the endolysin genes

and DNA nucleases were de novo synthesized; this involved
codon optimization of nucleotide sequences for E. coli (IDT,
https://www.idtdna.com/). The nucleotide sequences were
taken from the Phal.P (www.phalp.org) and Uniprot (www.
uniprot.org) databases. Amplification of all DNA sequences
involving the use of the Pfu high-fidelity polymerase (Takara,
USA) was performed in accordance with the manufacturer’s
protocol. The target genes were cloned into the pET21a vector
(Novagen, UK), as well as into the set of vectors with auxiliary
peptides [11] based on pET28a (Novagen, UK) at the Ndel and
Notl restriction sites through the enzyme reaction involving two
appropriate restriction endonucleases (SibEnzyme, Russia) for 1
h at 37 °C. After electrophoresis, DNA fragments were purified
from agarose gel using the commercially available Genedet Gel
Extraction Kit (Thermo Scientific, USA). Then the purified DNA
fragments were mixed and used in the ligation reaction with
the T4 DNA ligase (NEB, USA) for 30 min at room temperature.
After that the E. coli 10G competent cells (Lucigen, UK) were
transformed by electroporation (Bio-Rad, USA) in accordance
with the protocol of the device manufacturer. Plasmid DNA was
extracted from the clones comprising the correct inserts, and
correctness was confirmed by Sanger sequencing.

Recombinant protein production in E. coli

Proteins were produced in the following strains designed for
recombinant protein production: E. coli BL21 (DE3) (Novagen,
UK), E. coli Rosetta gami 2 (Novagen, UK), E. coli SHuffle
T7express (NEB, USA). Thus, plasmids comprising the genes
encoding nucleases or endolysins were used to transform the
selected strain by the heat shock method, the transformation
mixture (100 pL) was seeded in liquid LB medium contained
in the test tubes (83-5 mL) with selective antibiotics. Incubation
was performed for 12-14 h at 37 °C with mixing at 180 rpm.
Then the culture grown was passaged at the ratio of
1: 200 in the flasks containing appropriate amounts of the LB
culture medium (100-500 mL) with selective antibiotics. The cell
culture was grown to the optical density OD,,, = 0.5-0.6 on the
shaker at 180 rpm and 37 °C. After reaching the target optical
density, the culture was cooled on ice for 10 min, supplemented
the inducer to the final concentration of 1 mM IPTG, incubated
at different temperatures (18 °C and 37 °C) with mixing at
180 rpm for 18 h (18 °C) or 6 h (37 °C). The bacterial cells were
then precipitated by centrifugation for 20 min at 4000 g and 4 °C.
To assess solubility of the protein obtained, the cells
precipitated were transferred to buffer A for destruction (50 miM
Tris-HCI pH 7.5; 0.3 M NaCl; 0.005 M imidazole) and destructed
using the Qsonica Q700 ultrasonic homogenizer (Qsonica,
USA) until the cell suspension became clear on ice (ultrasonic
pulses 3 s, cooling 6 s, 40 cycles). The destructed cells were
precipitated by centrifugation (17,000 g) for 20 min at 4 C°. Then
supernatant containing the soluble form of the target protein was
sampled, and precipitate containing the aggregated form was
dissolved in the 2M urea for further analysis by electrophoresis.
Proteins were separated by PAGE (10%) electrophoresis under
denaturing conditions by standard methods. After the One-
Step Blue® staining (Biotium, USA) and washing off the dye, the
gels were imaged, and the distribution of soluble and insoluble
protein forms was quantified. Densitometry analysis of the gels
was performed using the Image Lab application (Bio-Rad, USA).

Purification of proteins by affinity chromatography

After ultrasonic destruction of biomass and cell debris
centrifugation, supernatant was filtered through the membrane
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with the pore size of 0.22 ym. Thus the preparation for
chromatographic purification was obtained that contained
soluble protein fraction in buffer A (50 mM Tris-HCI pH 7.5;
0.3 M NaCl; 0.005 M imidazole) for application onto the IMAC
chromatographic sorbent (Bio-Rad® Nuviatm IMAC Resin,
USA). Protein was eluted with the chromatographic buffer B
(50 mM Tris-HCI pH 7.5; 0.5 M imidazole). When necessary, the
preparation obtained by purification involving the use of IMAC was
concentrated using the Vivaspin® 500 centrifugal concentrator
(Sartorius, Germany) (pore size 3.5 kDa) 30-50 times. If
necessary, then the purified protein preparation was treated
with the TEV protease in accordance with the manufacturer’s
instructions overnight at 4 °C; after that chromatographic
purification was performed again, but the fraction not bound to
sorbent, which contained purified endolysin, was collected. The
resulting preparation was used to estimate antibacterial activity.

Testing of the resulting protein preparation antibacterial
activity against Staphylococcus aureus

The Staphylococcus aureus colony was taken and put in 3-5 mL
of liquid LB medium and incubated for 12-14 h at 37 °C with
mixing at 180 rpm. Then 1 mL of the overnight culture was
transferred to the test tube, centrifuged for 3 min at 4000 g;
the cell sediment was resuspended in PBS; the procedure was
repeated 3 times. The cells washed were diluted with PBS to
0.1 at OD,,,; 100 pL of the diluted cells were placed in the
96-well plate and added 100 pL of the test protein or 100 pL of
PBS in the positive control. The plate was incubated at room
temperature for 30 min with constant mixing at 200 rpm. After
incubation, the cells were 100-fold diluted with PBS, after which
100 pL of the resulting mixture were seeded on the agar plates
without any antibiotic. The plates were incubated overnight at
37 °C. On the next day colonies were enumerated in the control
plates and plates with test proteins; antibacterial activity was
calculated using the following formula:

X =100 - ((CFU of the sample x 100)/ CFU of the control),

where X is antibacterial activity of the test protein in %; CFU
of the sample is the number of colony-forming units per plate
after incubation of cells with the test protein; CFU of the control
is the number of plaque-forming units per plate untreated with
the test protein.

To assess anti-biofilm activity of the test proteins, the
S. aureus colony was placed in 3-5 mL of the liquid TBS
medium (glucose free) and incubated for 12-14 h at 37 °C
with mixing at 180 rpm. Then the overnight culture was diluted
with TBS supplemented with 1% glucose to the value of 0.08
at OD,,,. After that 200 pL of cell suspension were poured in
the 96-well plate and incubated at 37 °C without mixing for
48 h. After incubation, the resulting biofilms were triple washed
with PBS by pipetting. Thus planktonic cells were eliminated.
Then biofilms were added 200 pL of each studied enzyme and
incubated for 2 h at 37 °C without mixing. After incubation, the
wells were triple washed with PBS by pipetting and dried for
5 min at room temperature. The remaining biofilms were stained
by adding 200 pL of the 0.1% crystal violet and incubating for
15 min at room temperature. After staining, the cells were triple
washed with PBS by pipetting again and dried for 45 min. Then
these were added 200 pL of the 33% acetic acid and incubated
for 10 min at room temperature. The analysis performed using
the Multiskan SkyHigh system (Thermo Scientific, USA) involved
optical density measurement at OD, . The effectiveness of
biofilm destruction was calculated relative to control.
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RESULTS

Production of the enzyme-based combination antibacterial
drugs is a promising method to combine different enzyme
activities against bacterial pathogens in the same medicinal
product. This makes it possible to not only increase the efficacy of
antimicrobial activity, including against biofilms, but also reduce
the drug dose. To produce single components of such drugs, it
is necessary to produce homogenous protein preparations for
each enzyme. In this study we produced different recombinant
protein preparations and then tested their antibacterial activity
against single Staphylococcus aureus cells and biofilms. The
general scheme of the experimental study is provided in Fig. 1.
The first phase of the study involved production of the genetic
constructs encoding the following proteins: 1) endolysin LysK
of the staphylococcal phage K; 2) not previously annotated
endolysin PM9_074 of the staphylococcal phage PM9 with
the truncated catalytic domain; 3) human deoxyribonuclease
| (DNAse I); 4) nonspecific nuclease NucA1 from Serratia
marcescens; 5) nonspecific nuclease NucA2 from Anabaena sp.

All the nucleotide sequences were codon optimized for
expression in Escherichia coli and encoded the histidine
tag at the N-terminus for further purification by affinity
chromatography. After de novo synthesis of genes these were
cloned into the pET21a plasmid vector for further expression
of the genes encoding recombinant proteins. The genetic
constructs obtained were used to transform cells of the
E. coli BL21 (DE3) strain designed for recombinant protein
production. After induction and incubation, we estimated the
extent of target protein production in the soluble and insoluble
forms. Protein production at 37 °C and 20 °C failed to yield
positive results, since all the target enzymes formed insoluble
aggregates (inclusion bodies). Replacement of the strain with
two alternative ones (E. coli Rosetta gami 2, E. coli SHuffle
T7express) yielded no positive results (Table 1).

That is why later is was decided to turn to production involving
auxiliary polypeptides potentially increasing protein solubility and
ensuring their correct folding in space in order to obtain soluble
forms of proteins [12]. The nucleotide sequences encoding the
selected endolysins and nucleases were cloned into a number
of the earlier constructed vectors comprising various auxiliary
polypeptides. We had earlier used this approach in practice to
produce the homogenous ribonuclease inhibitor preparation in
the soluble form [13]. The system represents the set of plasmids,
each of which contains certain helper polypeptide and the TEV
protease cleavage site at the N-terminus of the target gene
nucleotide sequence. Production of chimeric protein using such
vector increases the likelihood of obtaining the soluble protein
preparation. The following auxiliary polypeptides were used in
the system: MBPR, GST, TIG, YrhB, PpiB, TRX, TSF, SUMO, FHS.
Verification of recombinant protein production using this set of
plasmids was also performed in the E. coli BL(DES) strain at two
temperatures, as earlier reported. Protein production at 37 °C,
regardless of the presence of partner polypeptide, yielded mainly
insoluble aggregates, in contrast to protein production at 18 °C,
where certain auxiliary polypeptides considerably increased yield of
the target protein soluble form (Fig. 2, Table 2).

Thus, the most productive “auxiliary polypeptide-target
protein” combinations were obtained; we also managed to
select appropriate production conditions that allowed us to
produce target proteins in the soluble form. The highest yield
of endolysins and nucleases was reported when using auxiliary
polypeptides MBP and TIG (Table 2).

Then we assessed antibacterial activity of the enzymes
obtained, as well as their ability to destroy the bacterial
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Fig. 1. Scheme of the experimental study involving production of enzybiotic drugs and testing their antibacterial activity

Staphylococcus aureus biofims both in the form of monodrugs
and in the form of enzyme activity combinations. First, we
compared activity of two endolysins against bacterial cells (Fig. 3).
The identical recognition domains of both endolysins allow one
to compare catalytic activity of these molecules in the direct
experiment. The findings demonstrate that both enzymes
possess antibacterial activity and can cause lysis of the
Staphylococcus aureus cells, but endolysin of bacteriophage
PM9 with the truncated catalytic domain yet shows lower
activity (almost four times lower relative to endolysin LysK).
Presumably, such variants are less evolutionarily advantageous
for viruses, so their number in the genome is significantly lower
compared to the number of full-size endolysin genes. It is
possible that the genes encoding such molecules represent
“evolutionary waste” in bacteriophage genomes, but their exact
biological role is poorly understood. These data suggest that it
is reasonable to select endolysins with the full-fledged catalytic

domain (or several molecules with the catalytic domains
showing different specificity) to create effective antibacterial drugs.
In the next phase we tested three nucleases obtained
for the ability to disrupt Staphylococcus aureus biofims via
destruction of the matrix consisting of extracellular DNA. It was
earlier shown that deoxyribonuclease | could destroy bacterial
biofilms [8], however, no such research was conducted for
nonspecific nucleases. All three nucleases, we have isolated
in the form of recombinant protein preparations, specifically
human deoxyribonuclease |, nonspecific nuclease NucA1
from Serratia marcescens, and nonspecific nuclease NucA2
from Anabaena sp., can degrade bacterial biofilms (Fig. 4).
The results obtained show that both nonspecific nucleases
show higher biofilm destruction effectiveness, which can
be due to their mechanism of action. Their higher nuclease
activity has led to broader use of nonspecific nucleases for
solving scientific and biotechnology tasks, specifically for the

Table 1. Estimation of the recombinant endolysin and nuclease production in E. coli strains
Temperatures of protein biosynthesis Escherichia coli Escherichia cg/i Escherichia coli
BL21 (DE3) Rosetta gami 2 SHuffle T7express
pET21-LysK
37°C (6 h) I I I
18 °C (16-18 h) I I S+
pET21-PM9
37 °C (6 h) I I I
18 °C (16-18 h) I S+ S+
pET21-Dnasel
37°C (6 h) | | I
18°C (16-18 h) | | I
PET21-NucA1
37 °C (6 h) I I I
18 °C (16-18 h) I I I
pET21-NucA2
37 °C (6 h) I I I
18 °C (16-18 h) I I S+
Note: S — soluble, | — insoluble, “+” — extent of soluble protein production.
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Fig. 2. Strategy of obtaining recombinant proteins prone to aggregation via production in the form of the chimeric molecule, in which there is an auxiliary polypeptide
increasing the target protein solubility at the N-terminus. In particular, PAGE electropherogram demonstrates the examples of the TIG auxiliary polypeptide effects on
the DNAse | solubility (A) and MBP auxiliary polypeptide effects on the endilysin PM9 solubility (B)

development of the commercially available Benzonase drug by
Merck. Thus, nonspecific nucleases can be appropriate for the
creation of antibacterial drugs capable of destroying bacterial
biofilms. That is why it is reasonable to focus on the physical
and chemical properties of such enzymes, as well as on the
results of pre-clinical trials during further development of the
combination antibacterial drug. Despite the fact that the DNAse
| enzyme shows lower activity, the advantage is its origin,
which potentially minimizes the drug immunogenicity. It should
be also noted that there are already commercially available
drugs based on this recombinant enzyme (Dornase Alfa and
analogues), which are used for treatment.

The last fundamental objective of this study was to test
the antibacterial activity effectiveness of the combination drug
combining at least two different catalytic activities against the
Staphylococcus aureus biofilms. Thus, we planned to test
various combinations of two endolysin molecules and three
nucleases. In our situation the best results were reported for the
combinations of full-size endolysin LysK and nucleases, which
can be explained by higher lytic activity of this enzyme compared

to endolysin PM9 with the truncated catalytic domain (Fig. 4).
All three nucleases used were active in the combination drug,
but the best results were shown by nonspecific nucleases.
This was possibly due to experimental conditions, and DNAse
| could show comparable efficacy in case of optimal reaction
buffer selection. However, the difference in the enzyme activity
mechanisms can play a major role during practical use of drugs.
Thus, nonspecific nucleases can be used in the recombinant
protein-based combination drugs or can potentiate the effects
of antibiotics on bacterial biofilms.

Summarizing the findings, we selected conditions for
production and chromatographic purification of two endolysins
(LysK and PM9) possessing activity against Staphylococcus
aureus, as well as of three nucleases (NucA1, NucA2, and
DNAse |) capable of destroying the bacterial biofilm DNA
matrix. For that we used a screening approach to production
of enzymes in combination with helper polypeptides. Then we
demonstrated antibacterial activity of these enzymes, as well
as their complex activity against the Staphylococcus aureus
biofilms.

Table 2. Estimation of the recombinant endolysin and nuclease production in E. coli strains

Temperatures of protein biosynthesis Protein solubility degree Yield of protein after purification (mg/L)

PET28MBP-LysK

37°C (6h) |

18 °C (16-18 h) S+ 2.55
pET28MBP-PM9

37°C (6 h) |

18 °C (16-18 h) S++ 4.95
pET28TIG-Dnasel

37°C (6h) |

18 °C (16-18 h) Sttt -4

pET28MBP-NucA1

37°C(6h) [
18 °C (16-18 h) Sttt 6.7
PET28TIG-NucA2
37°C (6h) [

18 °C (16-18 h) S++ 4.8

Note: S — soluble, | — insoluble, “+” — extent of soluble protein production.
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Fig. 3. Catalytic activity of two endolysins against the Staphylococcus aureus bacterial cell wall. Both recombinant enzymes possess antibacterial activity disrupting
the cell wall. Endolysin LysK having a full-fledged catalytic domain possess significantly higher antibacterial activity against the gram-positive Staphylococcus aureus

pathogen compared to endolysin PM9 having a truncated catalytic domain

DISCUSSION

The current antibiotic-resistance crisis caused by the
widespread use of antibiotics in medicine and agriculture
makes it necessary to seek for alternative therapeutic agents
to fight against pathogenic bacteria. Such drugs might be
used to support therapy with conventional antibiotics or as
monotherapy, precluding the use of antibiotics in certain cases.
Developing antibacterial drugs based on the recombinant
proteins possessing bacteriolytic activity is a promising area [14].
The most interesting are endolysins, the bacteriolytic proteins
used by bacteriophages to lyse infected bacterial cells during
viral infection. Endolysins have a modular structure and usually
comprise two or three domains responsible for recognition
of certain bacteria, as well as for catalytic activity against the
cell wall components. To date, these molecules are rather well
understood; attempts are made to develop antimicrobial drugs,
enzybiotics, based on these molecules [14]. As genomes
of bacteriophages are discovered and described, the data
on the uncharacterized viral proteins, including endolysins,
are accumulated. Some of these endolysins have truncated
catalytic domains, but biological meaning of this phenomenon
is poorly understood. In this study we compared two endolysins
encoded by two Staphylococcus aureus bacteriophages, K
and PM9. One of these is well-known, it has a full-fledged
three-domain structure, including catalytic domains (peptidase

and amidase), as well as the recognition domain [15], while
the second represents an uncharacterized endolysin with
the significantly truncated catalytic domain and the binding
domain with the identical sequence. When produced in the
E. coli heterologous system, both endolysins aggregate and
form the inclusion bodies. To obtain functional preparations of
such proteins possessing activity, we used a methodological
approach, in which solubility of the target recombinant protein
is ensured by auxiliary polypeptide located at the N-terminus of
the chimeric protein molecule (Fig. 2, Table 2). After successful
production of chimeric molecules in the soluble form, the
auxiliary peptide was cleaved using the TEV protease, and
the proteins were used to conduct tests for antimicrobial
activity against the Staphylococcus aureus cells. Our findings
suggest that the phage PM9 endolysin with the truncated
catalytic domain exerts significantly lower activity against
the Staphylococcus aureus cells (Fig. 3). Furthermore, both
endolysins have the recognition domains that are completely
identical based on the amino acid compositions, which
balances the differences when the molecules bind to receptors
of bacterial cells. The use of such enzymes is unjustified due to
low activity, regardless of their greater compactness and some
beneficial differences in physical and chemical properties from
full-size molecules. That is why it is necessary to select variants
with full-size domains for the development of endolysin-based

120

S 100

£ 8

o

® 60

C

o

=40

o]

. ' B f B e o
> N & x x x % x X
X% 3 5 3 N N & ¥ (o ¥ Q@
N o & S & ERS A8 Fe® T F F
5 S s ¢ FQ SCORNR:

Active agent

Fig. 4. Destruction of the Staphylococcus aureus bacterial biofims with the recombinant nuclease drugs and the combination drugs combining different catalytic
activities (endolysin + nuclease). Nonspecific nucleases show higher activity in terms of bacterial biofilm disruption compared to DNAse |. Combining the enzymes

showing different specificity in the same drug enhances antibacterial effects
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drugs. Research and development in the field of combinatorial
engineering of endolysins show the potential of such proteins
used as antibacterial agents [4, 14]. Endolysins with the
full-fledged catalytic domain predictably possess higher
antibacterial activity compared to variants with the truncated
catalytic domain. Furthermore, the binding domain of such
truncated endolysin variants is fully functional, which targets
these molecules towards cellular receptors of bacteria during
infection, but biological role of this phenomenon is poorly
understood. It can be assumed that such forms of endolysin
molecules represent either evolutionarily transitional variants, or
rudimentary enzymes, on which the life cycle of the virus no longer
depends very much, but they are preserved in the viral genome.

However, it should be noted that antibacterial activity of
endolysins against bacterial biofims that are often formed by
pathogenic bacteria is limited. Since the structure of bacterial
biofilms is stabilized by extracellular matrix consisting of various
bioorganic molecules, the bonds between molecules represent
a potential target for biofilm destruction [6]. Extracellular DNA
forming sustainable structures that stabilize biofilms represents
one component of such biofilm matrix [16, 17]. It has been earlier
shown that catalytic activity of deoxyribonuclease | (DNAse ),
hydrolyzing phosphodiester bonds between the nucleic acid
subunits, can ensure disruption of bacterial biofilms formed
in the presence of infection [8]. We decided to test two more
nucleases possessing nonspecific activity against DNA and
RNA (nuclease NucA from the bacterium Serratia marcescens
and nuclease NucA from Anabaena sp.) for similar activity and
compare their efficacy with that of human DNAse |. For that
we produced all three nucleases in the form of homogenous
protein preparations; since these proteins also aggregate when
produced in E. coli, we conducted screening and selected
appropriate auxiliary proteins for production of nucleases in
the soluble form (Fig. 2, Table 2). The proteins isolated show
activity against the Staphylococcus aureus biofims, and both
nonspecific nucleases, NucA1 from Serratia marcescens and
NucA2 from Anabaena sp., show the highest activity among
three in the biofilm destruction test (Fig. 4). Thus, any nucleases
could potentially be used to develop antibacterial drugs; in this
case, it is possible to focus on more suitable physical and
chemical properties of enzymes and the safety profile based
on the results of preclinical trials. Perhaps, human DNAse |
is preferable in such preparation, despite its lower catalytic
activity, because the immune response to it would be negligible,
in contrast to foreign recombinant proteins. Moreover, there are
already commercially available drugs based on this enzyme to
alleviate the symptoms of cystic fibrosis, as well as bacterial
complications of viral infections [18].
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COMPARATIVE ANALYSIS OF THE RESULTS OF TESTING CERVICAL EPITHELIAL SAMPLES
AND CERVICAL BIOPSY SPECIMENS FOR HPV

Bayramova GR =, Trofimov DYu, Andreev AO, Bourmenskaya OV, Asaturova AV, Piven VD
Kulakov National Medical Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russia

Currently, testing for human papillomavirus (HPV) DNA is more and more often used as a primary diagnosis method when conducting screening for cervical cancer.
However, HPV genotypes reported when assessing cervical smears can differ from the results of testing cervical biopsy specimens. The study aimed to assess the
features of detecting HPV DNA in the paired cervical canal epithelium samples and cervical biopsy specimens. HPV-positive patients (n = 99) underwent targeted
cervical biopsy. The HPV DNA was detected 175 times in biomaterial obtained from the cervical canal and 111 times in histologic blocks. In the group of patients
with chronic cervicitis, the rate of HPV DNA testing results match was 28.3%, in the group with LSIL it was 45%, and in the group with HSIL it was 67.7%. When
the HPV viral load was low, the results were matched in 27.1% of cases, when the viral load was moderate in 35.4%, and when the viral load was high these were
matched in 82.3% of cases. We revealed a relatively strong correlation between the viral load and the probability of the HPV test results match: the percentage of
HPV DNA test results match between paired samples increases by 9.3% with the increase in the HPV viral load by 1 Ig.

Keywords: HPV testing, HPV viral load, cervical pathology, cervical biopsy
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CPABHUTEJIbHbIA AHANTU3 PE3Y/IBTATOB BMNY-TECTUPOBAHUA B OBPA3LIAX LIEPBUKAJIBHOIO
ANUTENNSA U BUOMNCUNHOIO MATEPUAJIA LLIEVMKN MATKU

I. P. Bapamosa =, 1. tO. Tpodumos, A. O. AHapees, O. B. Bypmetrckas, A. B. Acatyposa, B. [. MNveeHb
HaumoHanbHbIn MeVLMHCKNA MCCNefoBaTeNnbCKUN LIEHTP akyLepcTBa, MMHEKONormmn 1 nepuHatonorim nmenn B. . Kynakosa, Mocksa, Poccust

B HacTosLLee Bpems Npu NPOBEAEHUN CKPVHMHIA Ha Pak LUEKN MaTK1 B Ka4eCTBE NEPBUYHOro MeTofa AMarHoCTUKM BCE Halle NPYMEHSIIOT TeCTUpOoBaHne
Ha OHK BIM4Y. OgHako reHoTunbl BUpyca nanunomel Yenoseka (BIMY), pernctpupyemblie npu nccnegoBaHnm LiepBrkabHbIX Ma3koB, MOMyT OTNYaTbCA OT
pEe3yNLTaTOB TECTMPOBAHMSA B BUMOMTUPOBaHHbLIX (DparmMeHTax ek MaTku. Lienbto ncenegoBaHms 6biio nayqnTb ocobeHHocT aetekummn OHK BMY napHbix
06pasLoB anNuTENVs LIePBUKANIbHOMO KaHana 1 B1MoNCUMnHOro Mateprana ek matki. BIMY-no3ntneHeIM nauyeHTkam (n = 99) 6bina BbiNoAHeHa npuLenbHas
6roncus wenkn matku. Pernctpauma OHK BIMY npowdowna 175 pas B buomatepuane, nofy4eHHOM 13 LiepBUKabHOro KaHana, v 111 pa3 B rmcTonornyeckux
6nokax. B rpynne nauveHToK ¢ XPOHNYECKUM LiEPBMLMTOM MokasaTtelb COBMafeHNs pesynstaTtoB TecTupoBanmnst Ha JHK BIMY cocTtasun 28,3%, ans rpynnel ¢
LSIL — 45%, onsa rpynnsl ¢ HSIL — 67,7%. MNpw H13Ko BUPYCHOW Harpy3ke BIMY cootBeTcTBME pesynsraTtoB Habnoganock B 27,1% cnyyaes, Npy yMepeHHom
BUPYCHOW Harpyske — B 35,4%, Npu BLICOKOW BUPYCHOM Harpyake — B 82,3%. OBHapy»keHa OTHOCUTENBHO CUMbHAS KOPPENALMOHHAA CBA3b MEX[y YPOBHEM
BVIPYCHOW Harpysku 1 BEPOSTHOCTbLIO COBMNaaeHnst peayntatoB BIMY-TecTrpoBaHus: Npy yBENMYEHW YPOBHS BUPYCHOW Harpy3kn BIMY Ha 1 |g HabniopaeTtcst
yBENM4eHre npoLieHTa COOTBETCTBUSA PesynsTaTtoB TecTupoBaHusa Ha JHK BIMY mexxay napHbIMm obpasuamu Ha 9,3%.

KnioueBble cnosa: Bl14-TecTnpoBanve, BupycHas Harpyaka BIM14, natonorvs wekn MaTky, G1MOoncus LWEenKK MaTku

®duHaHcupoBaHue: paboTa BbiNoSHEHA B pamkax rocyaapcTBeHHoro 3aganuns Ne 124040300006-2 «PadpaboTka TeCT-CUCTEMbI 4151 O6HAPYXKEHWS PAHHMX
NMPU3HAKOB paKa LUeNKN MaTKu 1 SHAOMETPUS Ha OCHOBE 3MnMreHeTudeckoro aHanmsa [JHK B LiepBrKanbHbIX Maskax».

BnarogapHocTu: aBTopbl 6narogapaT 3aseayroLLero nabopaTtoprein MonekynspHo oHkoreHeTkn OIrbY «HMVILL A1 um. B. 1. Kynakosa» A. P. 3apeukoro 3a
LieHHble 3aMeYaHst MO KOHLIEMNLWN CCNEA0BaHUs 1 aHanm3y ero pesynsraTos.
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Cervical cancer (CC) is the second most common tumor found
in women of reproductive age [1]. Human papillomavirus (HPV)
was proven be a mandatory prerequisite for most malignant
neoplasms (MN) of the cervix [2, 3]. In recent years, most
countries have changed the paradigm of national CC screening
programs and chose HPV testing over cytological examination
as a more sensitive method. Up to 90% of HPV infections
are transient: the virus self-eliminates within 1-2 years [3, 4].
However, in 10% of cases, it persists, and sometimes cause
development of a tumor [5, 6]. The global prevalence of HPV
varies from 43% to 72.8% [7, 8]. In the USA alone, more than
14 million new cases of HPV infection are registered every year
[9]. It should be noted that the development CC is preceded
by squamous intraepithelial lesions of the cervix. Among HPV-
positive women, low-grade squamous intraepithelial lesions
of the cervix (LSIL) occur in 11.5% of cases, while 10.3% of
them suffer from high-grade squamous intraepithelial lesions
(HSIL) [10].

Currently, the detection of DNA of HPV directly in the
affected cervical tissue is perceived as an important marker of
viral activity that is fundamentally important for the prognosis of
the likelihood of development of precancerous and cancerous
lesions of the cervix [11-13]. The detection of HPV in a
histological sample is a reliable sign of the level of contamination
because the said sample originates from the affected part of the
tissue, where the registered virus of a certain genotype and in a
certain amount acts as the etiological cause of the pathological
process. However, there is still no accurate understanding of
the difference between finding DNA of HPV in a cervical smear
and in a cervical biopsy.

This study aimed to investigate the specifics and patterns
peculiar to the detection of DNA of HPV in the paired cervical
canal smears and cervix histological samples.

METHODS

For this cross-sectional study, we used the biological material
from 99 HPV-positive patients who sought cervical pathology
diagnosing at the Scientific Outpatient Department of the
V. |. Kulakov National Medical Research Center for Obstetrics,
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Gynecology and Perinatology from January to December 2023.
In the context of the comparative analysis aimed at learning
the diagnostic value of detecting HPV DNA, the genotype of
the virus was identified in a pair of samples taken from each
participant, one being the secretions of the cervical canal,
another — cervix biopsy (colposcopy-guided). All patients
were divided into three groups depending on the histological
verification of the diagnosis:

1) Group 1 — diagnosed with LSIL (n = 34);

2) Group 2 — diagnosed with HSIL (n = 31);

3) Group 3 — diagnosed with chronic cervicitis (n
(control group).

The inclusion criteria were: age 18-65 years; HPV-positive
status confirmed by the cervical canal secretion test; LSIL,
HSIL, chronic cervicitis confirmed by the histopathological
examination of the cervix biopsy.

The exclusion criteria were: pregnancy, lactation; malignant
neoplasms of the cervix; non-specific inflammatory diseases at
the decompensation stage.

In the context of this single-stage cross-sectional study, all
patients underwent the following:

1) medical history taking, clinical examination (general and
bimanual examinations);

2) real-time PCR testing for DNA of HPV using a diagnostic
panel with 21 HPV genotypes (6, 11, 16, 18, 26, 31, 33, 35, 39,
44,45, 51, 52, 53, 56, 58, 59, 66, 68, 73, 82);

3) extended colposcopy to visualize a potentially pathological
area of the cervical epithelium for subsequent targeted cervical
biopsy;

4) cytological examination (liquid-based cytology);

5) colposcopy-guided cervical biopsy followed by histological
verification of the diagnosis;

6) identification of DNA of HPV, its genotyping and
assessment of the viral load by real-time PCR (in histological
samples).

For the real-time PCR test for DNA of HPV, we used an
array designed to detect 21 genotypes of HPV. The materials
for the test were cervical canal secretion samples and cervix
bioptates harvested under CT guidance. The bioptates were
fixed in neutral buffered formalin (pH = 7.0) for 24 hours. After

= 34)
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Fig. 1. Distribution of HPV genotypes in cervical canal smears
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Fig. 2. Distribution of HPV genotypes in the biopsy specimens

fixation, the samples were put into Histo-Tek VP1 (Sakura,
Japan) for tissue processing, and semi-automatic paraffin
embedding station (Leica HistoCore Arcadia, Germany) was
used to form paraffin blocks. Paraffin sections 5 um thick were
put into 1.5 ml dry tubes and transported for HPV DNA testing,
same as the tubes with the cervical canal secretion samples.
To prevent compromising of the results of comparison of HPV
DNA identification in smears and bioptates, all samples were
harvested within a single menstrual cycle. Before DNA isolation
from the bioptates, paraffin was removed and samples treated
with proteinase K using the Proba-PK kit (DNA Technology,
Russia), then we isolated the DNA with the help of the Proba-
NK kit that precipitates nucleic acids in alcohol. The viral load
in the range from 0 to 3.0 Ig was regarded as low, in the range
from 3.1 to 5 Ig — moderate, and values from 5.1 Ig and up
were considered to represent a high viral load [14].

Statistical data processing methods

For statistical data analysis, we used the IBM SPSS Statistics
Version 20 software package (IBM, USA). The normality of
distribution of the variables (under the Gaussian law) was
checked with the help of the Kolmogorov-Smirnov test. At this
step, it was established that most variables do not distribute
normally, therefore, as is customary for data violating the
Gaussian law, we used the median, which is less susceptible to
extreme variations. The dispersion measures were represented
by the upper and lower quartiles (Me (Q,; Q,)). Categorical data
were presented as a percentage with a 95% confidence interval
(95% Cl) calculated using the Wilson method. Nonparametric
Mantel-Haenszel chi-square value tests were used to compare
variables depending on their properties (quantitative or categorical).
The level of significance was set at p < 0.05.

RESULTS

Among the 99 pairs of samples, we registered DNA of HPV in
175 cervical canal smears and 111 biopsy specimens. In the
smears, the distribution was as follows: chronic cervicitis — 53/175
(30.3%), LSI — 60/175 (34.3%), HSIL — 62/175 (35.4%). In
the biopsy specimens, this characteristic was less uniform:
chronic cervicitis — 22/111 (19.8%), LSIL — 40/111 (36.0%),
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HSIL — 49/111 (44.1%). A noteworthy fact is that in the biopsy
samples from patients diagnosed with chronic cervicitis and
HSIL, we registered HPV DNA significantly less frequently than
in the secretion samples paired with the respective biopsy
specimens (p = 0.048 and p = 0.034, respectively). We have
also considered the distribution of HPV genotypes through
the lens of the method of sampling (Fig. 1, 2). For 25/111
(22.5%) cases of HPV DNA detection in the biopsy specimens,
we failed to find identify HPV genotypes in the paired smears.
In 8/25 (82%) of such cases, the registered genotype was
HPV-16, in 7/25 (28%) cases — HPV-33, and in 6/25 (24%)
cases — HPV-51. Itis important to note that HPV-16 was most
frequently identified in the biopsy specimens of the patients
from Group 1 (6/8, 75%).

The comparative analysis has revealed that in 49.1%
of cases HPV DNA was detected in both the cervical canal
smears and the paired cervical biopsy specimens. It is also
important to take into account the intra-group overlap of the
HPV testing data. In Group 3 (chronic cervicitis), the level of
coincidence of detection of HPV DNA in both samples of the
pair was 28.3%, in Group 1 *(LSIL) — 45%, in Group 2 (HSIL) —
67.7% (Fig. 3).

One of the important components of this study was the
assessment of the prevalence of simultaneous detection of
two or more HPV genotypes. Several HPV genotypes were
detected in 46/99 (46.5%) of the cervical canal smears.
However, the respective tests made on the biopsy specimens
returned only 13/99 (13.1%) of such cases. This difference is
statistically significant (o < 0.001).

Analyzing the correlations between HPV test results, we
discovered a noteworthy phenomenon. HPV-44, which is one
of the three most prevalent genotypes (14/175. 8%) and is more
associated with HSIL than with LSIL or chronic cervicitis (50%
vs 28.6% vs 21.4%, respectively), was not detected in of the
cervical biopsy specimens. At the same time, for other most
common types, the matches within the pairs were frequent:
HPV-16 — 30/32 (93.8%), HPV-33 — 13/16 (81.3%), HPV-31 —
11/16 (68.8%) (Fig. 4).

The aspects of the study that are of particular interest
are investigation of the effect of HPV viral load on the various
indicators, such as the incidence, frequency of simultaneous
detection of several genotypes, and the degree of cervical
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Fig. 3. Coincidence of registration of HPV DNA in both samples of a pair (comparative analysis)

lesion. In particular, we analyzed how the amounts of HPV
affect the frequency of matching results in sample pairs.
Among cervical canal smears, 62 exhibited high HPV viral
load, 65 — moderate, and 48 low viral load. Among the biopsy
specimens, the distribution was as follows: high viral load —
52 samples, moderate viral load — 37 samples, low viral load —
23 samples. It should be borne in mind that 22.5% of HPV
DNA detections in the biopsy specimens were first-time, which
means that these cases were not factored into the calculation of
correlations between quantitative HPV test results. The analysis
has shown that when the viral load is low, the results of the
HPV DNA detection tests matched in 27.1% of sample pairs,
when the load was moderate — in 35.4% of the pairs, and
when it was high, 82.3% of sample pairs exhibited matching
results (Fig. 5). It is important to note that the differences in the
amounts of matching results in high vs. moderate viral load,
and in high vs. low viral load cases was significant (o < 0.001
for both comparisons). Cramér's V showed a relatively strong
correlation between the level of viral load and the probability
of matching HPV test results (Table). Comparison of the
frequency of matching HPV DNA detections in moderate
and low viral load cases revealed no significant differences
(o = 0.456).

In addition, we calculated the correlation of HPV test
results depending on each viral load range, taking 1 Ig as the
increment. It was established that an increase of 1 Ig raises the
probability of confirmation of infection with the HPV genotype
detected in the cervical canal smear (in an initially determined
quantitative ratio) by 9.3%.

DISCUSSION

There are very few studies dedicated to this subject. For our
study, we took as a reference an experiment that paired 74
paired cytological and histological samples of cervical cancer
and tested them using a 51 HPV genotype diagnostic array
[13]. In that experiment, the HPV test results matched in 93%
of cases, but when the viral load was low, the results differed
in 78% of cases. In addition, two or more types of HPV were
detected significantly less often in bioptates than in smears
(14% vs 47%; p < 0.001). It should be noted that the results
of our study confirm and largely complement these findings.
In Group 2 (HSIL), the proportion of matching results of HPV
DNA tests was 67.7%, in Group 1 (LSIL) — 45%, and in Group 3
(chronic cervicitis) is was 28.3%. The values reported by the
authors of the mentioned experiment support the upward

[l Matching results of the HPV DNA
tests in sample pairs

[ | Mismatching results of the HPV DNA
tests in sample pairs

HPV-16
hpvss
wevar [
vevas [
| | |

o
(&)
_
o
_
&)

Fig. 4. Comparative analysis of the most common HPV genotypes, cervical canal smears and cervix biopsy specimens
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Table. Correlation of the level of viral load and the proportion of matching HPV DNA detections in the sample pairs

Gradation of HPV viral load Matching test results cases Mismatching test results cases Cramér's V p value
High/low viral load 51/13 11/35 0.555 p < 0.001
High/moderate viral load 51/23 11/42 0.445 p < 0.001
Moderate/low viral load 23/13 42/35 0.074 p = 0.456

trend reflecting the dependence of the amount of matching
results on the degree of damage to the cervix, which we
registered. Our analysis shows that when the HPV viral
load is low, the detection results in the sample pairs match
in 27.1% of cases, when the load is moderate, this value
goes up to 35.4%, and in high viral load circumstances, it
increases to 82.3%. This is also consistent with what was
reported in the foreign study. Another noteworthy aspect
in which our findings coincide with those reported in the
referenced experiment concerns registration of several
HPV genotypes in a single sample: we encountered such
situations significantly less often in cervix bioptates than in
the cervical canal smears (13.1% vs 46.5%; p < 0.001). It
is also important to note the specific distribution of HPV-44
we have identified: this genotype was the most common in

100 —
90 —
80 —
70 —

60 —

%

50 —
40 —
30 |
20 |

10 —

cervical canal smears, but it was not found in any of the
cervix bioptates. This probably indicates that HPV-44 has
a tropism for columnar epithelial cells. Given the results of
our retrospective study, which demonstrate the association
between this genotype and precancerous condition of the
cervix, HPV-44 should probably be studied further.

CONCLUSIONS

Thus, increasing HPV viral load translates into a growing
probability of detection of HPV genotypes in the diseased
cervical tissue. In addition, the amount of matching results of
HPV testsin paired samples depends onthe pathomorphological
conclusion: the more severe the cervical lesion, the more likely
HPV is to be detected in the bioptates.

1 HPV DNA first detected in the biopsy
specimens

I Mismatching results

B Matching results

0
Moderate viral

Low load

High viral
load

Fig. 5. Comparative analysis of HPV test results based on the established viral loads
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ASSOCIATION BETWEEN THE NANOSYNBACTER LYTICUS EPIBIOTIC BACTERIA
AND INFLAMMATORY PERIODONTAL DISEASES

Pobozhieva LV B, Skvortsov-Igralov GA, Bocharova YuA, Kopetskiy IS, Chebotar IV
Pirogov Russian National Research Medical University, Moscow, Russia

The inflammatory periodontal disease pathogenesis is determined by microorganisms of the oral cavity. Along with the well-studied periodontopathogens, microbial
agents of unproven clinical significance, including epibiotic bacteria, are found in individuals with gingivitis and periodontitis. The study aimed to determine the
association between the Nanosynbacter lyticus epibiont and inflammatory periodontal diseases. Conservative DNA sequences specific for the genera Nanosynbacter,
Schaalia and the Bacteria domain were identified using PCR in 47 study participants (31 females and 16 males) aged 18-45 years. The results were expressed as
indices determining the quantitative relationships between N. lyticus and Schaalia spp. (NS index), as well as between N. lyticus and representatives of the Bacteria
domain (NB index). Schaalia spp. were not found in a large share (11/27, 40.7%) of patients with no periodontitis. All patients with moderate-to-severe periodontitis,
as well as 75% of patients with mild periodontitis were carriers of Schaalia spp. All the Schaalia-positive samples from patients with periodontitis showed higher
NS indices (p < 0.05) compared to Schaalia-positive samples from patients with no periodontitis: the median NS values were Me = 0.89 (0.79; 0.93) and
Me = 0.63 (0.00; 0.73), respectively. The patients suffering from chronic generalized periodontitis had significantly higher NB indices (Me = 0.83 (0.79; 0.85)) (o < 0.05)
compared to patients with no periodontitis, Me = 0.67 (0.00; 0.81).
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B3ANMOCBA3b MEXXAY BAKTEPUAMWN-3NMUBUOHTAMU NANOSYNBACTER LYTICUS
N BOCMNAJIUTENIbHbIMA 3ABOJIEBAHUAMU NMAPOOOHTA

1. B. Mo6oxbesa ™, . A. Ckesopuos-Urpanos, K. A. Bodaposa, W. C. Koneukui, V1. B. YeGotapb
Poccuiickunii HaumoHanbHbIN CCNeaoBaTENbCKNA MeANUMHCKNIA YHUBepcuTeT nvenn H. W. Muporosa, Mockea, Poccus

[NaToreHe3 BocnanmTesNbHbIx 3a60neBaHNin NapofoHTa AETEPMUHMPYETCS MUKPOOPraH1n3Mamm nonocTy pra. KpoMe XOpoLLO 13yHYeHHbIX MapofoHTONaToOreHoB,
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Inflammatory periodontal diseases are among the most common
diseases of the oral cavity. Severe forms of periodontitis are found
in more than 700 million people all over the world [1]. Despite
the fact that periodontitis is considered to be a multifaceted
process, the key role of microorganisms in the development
of periodontitis is indisputable. Contemporary metagenomic
studies show that periodontitis is not associated with the
presence of several specific periodontal pathogens, it results
from polymicrobial synergy of dozens of microbial species [2, 3].
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To date, pathogenetic significance of many representatives
of the Bacteria domain is poorly understood. Along with
typical periodontopathogens, which include Porphyromonas
gingivalis, Prevotella spp., Treponema denticola, Fusobacterium
nucleatum, Aggregatibacter actinomycetemcomitans, Filifactor
alocis, Peptostreptococcus spp., etc. [4-7], many resident
bacteria with poorly understood properties inhabit the oral
cavity. The group of nonculturable bacteria, specifically
epibionts living in symbiosis on the surface of other bacteria, is
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of special interest. Nanosynbacter lyticus is a typical example
of epibiotic bacterium of the oral cavity being an episymbiont
of the Schaalia odontolytica periodontopathogen (formerly
known as Actinomyces odontolyticus) [8]. Currently, N. lyticus
is the only species of the genus Nanosynbacter, the presence
of which in the oral cavity has been confirmed by certain
studies. There are very conflicting reports concerning the role of
N. lyticus in pathogenesis. According to some reports, the
number of N. lyticus is positively correlated to inflammatory
diseases of the oral cavity: periodontitis, pericoronitis [9, 10].
Other authors have discovered the opposite: the increase
in the number of N. lyticus is associated with reduction of
inflammation due to suppression of bacterial pathogens [11].

The study aimed to determine the association between the
presence of N. lyticus bacteria and inflammatory periodontal
diseases.

METHODS

The study involved 47 people (31 females and 16 males).
Inclusion criteria: individuals of both genders, age 18-45
years; no history of dental treatment within at least six months.
Exclusion criteria: taking antibiotics or using oral antiseptics
within the last three months; pregnancy, postpartum period;
age under 18 and over 45 years; acute inflammatory disorder;
exacerbation of chronic somatic disorder, decompensated
somatic disorder; cancer, refusal to participate in the study.
General information about the patients is provided in Table 1.
The informed consent to participation in the study was
submitted by all subjects.

The clinical part of the study included collection of
complaints, history taking, and oral cavity examination.
Diseases of hard dental tissues and periodontal tissues were
diagnosed based on ICD-10 (K05.31 — chronic periodontitis,
K05.10 — chronic gingivitis, K02.1 — dental caries), as well as
based on the Periodontal Disease Classification System of the
Russian Dental Association.

Among surveyed individuals, chronic generalized catarrhal
gingivitis (K05.10) was revealed in 21.3% of cases, mild
chronic generalized periodontitis (K05.31) in 8.5% of cases,
moderate chronic generalized periodontitis (K05.31) in 17%
of cases, severe chronic generalized periodontitis (K05.31) in
17% of cases. The share of individuals having no inflammatory
periodontal diseases in the entire surveyed population was
36.2%.

Subgingival samples were collected from the gingival sulcus
or periodontal pocket for laboratory testing. The samples were
transported to the laboratory for DNA extraction in a cold state
within 6 h.

The samples were incubated with the lysozyme solution
(Sisce Research Laborataries; India) with the final concentration
of 1 mg/m at 37 °C for 60 min prior to DNA extraction [12].
Genomic DNA was extracted from the samples using the
SKYAmp Micro DNA kit (SkyGene; Russia). The extraction
quality control was ensured using the Equalbit 1x dsDNA
HS Assay Kit (Vazyme; China) and the Fluo-200 fluorometer
(Allsheng; China).

Table 1. Gender and age distribution of subjects

The extracted DNA samples were analyzed by real-
time polymerase chain reaction (PCR). Conservative DNA
sequences specific for the genera Nanosynbacter, Schaalia
and the Bacteria domain were identified using three pairs of
primers and three probes in different fluorescence channels
(Table 2).

Nuclease-free Water (New England BiolLabs; USA) was
used as a negative control. The positive controls used were
represented by the following: 1) artificially synthesized oligo-DNA
identical to the fragment of the Nanosynbacter 23S rRNA (this
group of bacteria was earlier referred to as Saccharibacteria or
TM7) constructed based on the sequences from the GenBank
database [13]; 2) DNA of bacteria of the genus Schaalia
spp. (formerly known as Actinomyces spp.); 3) mixture of
bacterial DNA from the Staphylococcus aureus ATCC 29213;
Pseudomonas aeruginosa ATCC 27853; Escherichia coli ATCC
25922 cultures.

PCR mixture composition: 10 pL of BioMaster HS-gPCR
(HS-Tag DNA polymerase, mixture of dNTP, PCR buffer, Mg?*,
and sterile water) (Biolabmix; Russia); 2 pL of each specific
primer (5 uM), 1 L of specific probe (5 uM), 5 pL 0.1 ng/pL.
The PCR mixture was prepared in accordance with the
manufacturer’s instructions. Reaction protocol: 5 min activation
at 95 °C, then 35 cycles 15 s each at 94 °C, 15 s at 62 °C and
20 s at 72 °C. The reaction was carried out using the DT Prime
thermal cycler (DNA-Technology; Russia).

To estimate the amount of DNA of each studied species,
we determined the threshold cycle (Cp) value. Then we
used Microsoft Excel 2010 tools to calculate the conditional
indicators reflecting quantitative ratios of: 1) representatives of
Nanosynbacter and the genus Schaalia (NS index) based on
Cp values; 2) bacteria of the genus Nanosynbacter and the
Bacteria domain (NB index) based on Cp values. The NS and
NB values were calculated using the following formulae:

1 * 1 *
NS _ Cp— Nanosynbacter 1 00 / Cp— Schaalia 1 00
- 1 1
Cp;;ositive control Nanosynbacter Cp—positive control Schaalia
1 * 1 *
NB _ Cp— Nanosynbacter 1 00 / Cp—BacIeria 1 OO
"~ Cp; Cp}
positive control Nanosynbacter positive control Bacteria

Statistical analysis of the results was performed using IBM
SPSS Statistics for Windows, version 27.0 (IBM Corp.; USA).

RESULTS

When assessing 47 samples, no correlations between the
NS and NB indices and the patients’ age and gender were
revealed. No nucleotide sequences specific for the genus
Schaalia were found in 12 samples out of 47 (25.5%). All
the Schaalia-negative samples were obtained from patients
having no signs of moderate-to-severe periodontitis; only one
Schaalia-negative sample was obtained from the patient with
mild periodontitis. N. lyticus were found in 7 Schaalia-negative
samples out of 12.

No Schaalia spp. were found in a large share (11/27, 40.7%)
of patients having no periodontitis. All patients (100%) with
moderate-to-severe periodontitis, as well as 3 patients with
mild periodontitis out of 4 (75%) were carriers of Schaalia spp.

Total surveyed population, individuals

n=47

Average age of surveyed individuals, years

34.2 (+ 8.36) (Min 18 — max 45)

Gender distribution of surveyed population, individuals Males Females
n=16 n=231
Average age of surveyed individuals depending on gender, years 34.8 (+ 9.41) (min 20 — max 45) 32.6 (+ 8.54) (min 18 — max 43)
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Table 2. Primers and probes used in the study
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Oligonucleotide Nanosynbacter

Schaalia spp. Total bacterial DNA

Forward

primer 5'-GGCTTATAGCGCCCAATAG-3'

5

- GGTCTCTGGGCCGTTACTGA -3' 5'-TCCTACGGGAGGCAGCAGT-3'

Reverse primer 5'-CGGATATAAACCGAACTGTC-3'

I ——— 5'-GGACTACCAGGGTATCTAATCC

TGTT-3'
(FAM) (FAM)-5'- (ROX)-5'-
Probe -5'-CATAGACGGCGCTGTTTGGCAC- | CGTGGGGAGCGAACAGGATTAGATACC- | CGTATTACCGCGGCTGCTGGCAC-
3'-(RTQ1) 3'-(TAMRA) 3'-(RTQ2)
Reference [14] [15] [16]
The NS index reflecting the ratio of the genus Nanosynbacter ~ DISCUSSION

representatives and Schaalia spp. was zero in 8 samples
out of 47 (17%); none of these samples was obtained from
patient with periodontitis. High NS indices were reported for
all Schaalia-positive samples from patients with periodontitis
(K05.31): Me = 0.89 (0.79; 0.93), which is significantly higher
(o < 0.05) compared to other Schaalia-positive samples, for
which Me = 0.63 (0.00; 0.73) is reported.

Among 10 samples obtained from patients with chronic
generalized catarrhal gingivitis, three samples contained
no genetic markers specific for the genus Schaalia and one
sample contained no Nanosynbacter-specific markers. That is
why no positive correlation between the NS index values and
the diagnosis of chronic generalized catarrhal gingivitis (K05.10)
was revealed (p > 0.05).

More interesting results were obtained when assessing the
NB index (see Figure). The NB indices of patients suffering from
chronic generalized periodontitis (K05.31) (Me = 0.83 (0.79;
0.85)) were significantly higher (p < 0.05), than that of patients
with no periodontitis (Me = 0.67 (0.00; 0.81)). The samples from
patients with mild periodontitis showed the NB index values
(Me = 0.77 (0.38; 0.78)) that were not significantly different
(o > 0.05) from the NB values reported for the samples from
patients with no periodontitis, but were significantly lower (o < 0.05),
than the NB values reported for the samples from patients
with moderate-to-severe chronic generalized periodontitis (Me
0.85 (0.81; 0.85) and Me 0.84 (0.81; 0.88), respectively). The
NB values of patients with moderate-to-severe periodontitis
showed no significant differences (o > 0.05).

No significant correlations of the NB index with other groups
of patients (gingivitis, patients with no inflammatory diseases of
the oral cavity) were identified.

The first interesting observation made when assessing the
results is related to discrepancies in the presence of N. lyticus
and Schaalia spp. bacteria in the test samples. This proves
that S. odontolytica is not the only host of N. lyticus. The fact
of the N. lyticus symbiosis with representatives of other taxons,
including Actinomyces oris, Fusobacterium nucleatum, was
predicted earlier [17-19].

The second finding confirms a negative contribution of the
Schaalia spp. bacteria to pathogenesis of moderate-to-severe
periodontitis. Actually, 100% of patients with moderate-to-
severe chronic generalized periodontitis (K05.31) were carriers
of Schaalia spp., while a large share of patients (40.7%) with
no periodontitis were not carriers of this group of bacteria.
This finding complements the literature data suggesting that
S. odontolytica (formerly known as A. odontolyticus) actively
forms biofilms in periodontal pockets, but is not a significant
periodontopathogen [20].

The most important finding of our studly is related to positive
correlation between the NS index (showing the ratio between
representatives of Nanosynbacter and Schaalia spp.) and the
severity of chronic generalized periodontitis. The S. odontolytica
virulence increase under the influence of the increasing number
of N. lyticus epibionts secured on these bacteria can be the most
logical explanation of this fact. A similar observation was made by
other researchers, who reported increased biofilm formation by
A. odontolyticus (now named S. odontolytica) induced by epibionts
via regulators of the quorum sensing system [21].

An observation related to no relationship between the
number of Nanosynbacter and chronic generalized gingivitis
can be considered a useful result.

1
1.00 = 3 Me 0,83* ! o
00 (0.79;0.85) !
o? ( % i ®oq00d
o : Me 0.67*
0.75 — ! 09® (00,031
| —ov
» |
i) |
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@ : ®
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1
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Fig. NB index showing the ratio of representatives of the genus Nanosynbacter and the Bacteria domain in patients with chronic generalized periodontitis and

individuals with periodontitis. Mild periodontitis is highlighted in orange, moderate p

eriodontitis is highlighted in red, severe form is highlighted in maroon. Me — median

(lower and upper quartiles); * — significant differences between the values, p < 0.05
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CONCLUSION

N. lyticus are likely to be symbionts of not only bacteria of the
genus Schaalia, but also representatives of other taxons. Our
findings foster a conversation about conducting a prospective
study aimed to search for new N. lyticus hosts. Bacteria of the
genus Schaalia spp. are involved in pathogenesis of chronic
generalized forms of moderate-to-severe periodontitis. The NB
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ASSESSMENT OF THE EFFECT OF HYPOTHERMIA AFTER SIMULATED HYPOXIC ISCHEMIC
ENCEPHALOPATHY BASED ON BLOOD METABOLOME
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Hypoxic ischemic encephalopathy (HIE) is a severe neonatal condition causing various neurological disorders and one of the main causes of mortality among
full-term babies. Therapeutic hypothermia (TH), i.e. the newborn’s body temperature decrease that significantly reduces the risk of fatality and contributes to
improvement of long-term outcomes in infants with HIE is the key treatment method for moderate-to-severe HIE. However, the timely diagnosis and disease severity
determination are crucial for this method to be used, and the method has a number of limitations and requirements. Assessment of the mechanism underlying the
effects of TH and the search for the major metabolic pathways and potential targets for HIE therapy are relevant. The study aimed to assess metabolome of dried
blood spots by HPLC-MS, since it is the least invasive to patients test for the search for markers and metabolic pathways most active in TH that are likely to mediate
its positive effects. As a result, alterations in the class of phosphoglycerolipids were found, which suggests an important role of endocannabinoid metabolism in
protection of the body against HIE. Furthermore, metabolic pathways of ubiquinone, certain fatty acids, and bile acids were altered. The targeted quantitative studies
of these metabolites will make it possible to optimize HIE diagnosis and treatment based on the potential targets identified.
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OLIEHKA 3®®EKTA TMMNOTEPMWUN NOCE MOLESIMPOBAHHON NLLEMUYECKOWN MMNOKCUYECKOW
SHLEE®PANOMNATN NO METABOJIOMY KPOBH
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TMnokcn4ecku-meMmndeckas aHLedanonatvs (M13) — Tshkenas HeoHaTaslbHas NaTonorvs, Bbi3biBatoLLas pasnnyHble HEBPOOMMYECKME HAPYLLIEHNS, ogHa 13
OCHOBHbIX MPUYMH CMEPTHOCTI AOHOLLEHHbIX AeTen. KntoveBbIM METOLOM leHeHnst yMepeHHow 1 Tsxxenol NS senaetcs TepanesTuyeckas runotepmms (T1) —
CHVDKEHME TEMMNEPATYPbl Tena HOBOPOXXAEHHbIX, KOTOPast CYLLIECTBEHHO YMEHbBLLIAET PUCK IETA/IBHOMO UCXOAA U CrIOCOOCTBYET YAy LLEHNIO AONTOCPOYHBIX UCXOL0B
y petelt ¢ TS, OpHako ANst MPYMEHEHNs 3TOro MeToda KPUTUHECKIN BaXKHa CBOEBPEMEHHAS arHOCTNKa 1 ONPEeAeneHme TIXeCTV 3ab0eBaHst, KDOMe Toro
OH UMEET psif, OrpaHnYeHnin 1 TpeboBaHWN. AKTyaslbHbl U3yHeHne MexaHnama AecTBrs TI, MOUCK OCHOBHBIX METAOONMYECKIX MYyTEN 1 NOTEHLMANbHBIX MULLIEHEN
ong Tepanvn 3. Lienbto paboTbl 66110 ¢ nomoLLpto MeTogos BOXKX-MC ncecnegoBate METAO0IOM CyxUX NMATEH KPOBMU Kak MeHee MHBA3VBHOW AN naumeHTa
npoBbl A5 MOMCKa MapKepOoB 1 MeETaboNMYECKIX NyTel, Hanbonee akTUBHbIX NP TI 1, BEPOSITHO, OMOCPEAYHIOLLVX ee MONOXKUTENbHbIE 3ddeKTbI. B peaynsraTte
Obln OOHaPY>KEHbI M3MEHEHNS B Knacce (hochOornmLEPOIMMAOB, HTO MOXET CBUAETENLCTBOBATL O BaXKHOW PO METAb0M3Ma SHAOKaHHAOWHOMAOB B 3aluuTe
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Hypoxic ischemic encephalopathy (HIE) is a severe neurological
condition resulting from the lack of oxygen and insufficient
blood supply to the brain of a newborn before and during
labor. The rate of moderate-to-severe HIE forms is 1-8 cases
per 1000 live births in the countries with advanced medicine, it
shows no downward trend. HIE causes 6-9% of deaths among
newborns and 21-23% of deaths among full-term babies, and
25% affected individuals develop severe neurological disorders
(cerebral palsy, epilepsy, seizures, and developmental delay) [1].

The timely diagnosis and accurate determination of HIE
severity are crucial for improvement of outcomes and the
children’s quality of life [2]. Therapeutic hypothermia (TH) is the
key treatment method for moderate-to-severe HIE widely used
in intensive care units. This approach significantly decreases
the risk of fatality and contributes to improvement of long-term
outcomes in infants with HIE [3].

The body or head temperature decrease occurring during
TH slows down metabolic processes, reduces the neurons’
oxygen demands, as well as the levels of oxidative stress and
its mediators, i.e. glutamate and free radicals. Furthermore,
inflammatory response is suppressed and apoptosis is
prevented, which mitigates the effects of primary hypoxic
ischemic stroke [4]. However, it is necessary to start TH within
the first six hours of life (acute phase of hypoxic ischemic
injury), before activation of secondary injury mechanisms,
such as inflammation and apoptosis, for optimal results [5].
Unfortunately, despite proven efficacy of TH, about 20% of
newborns with moderate or severe HIE do not receive treatment
they need due to delayed diagnosis [6]. TH has a number of
limitations and the use of TH can be dangerous in cases of
erroneous diagnosis [7]. This emphasizes the importance of
rapid intervention and improvement of diagnostic procedures
in neonatology, including the analysis of biochemical markers
associated with brain damage.

The search for HIE markers is hampered by both low
prevalence of the disorder in the population and difficulty
distinguishing from concomitant disorders, such as sepsis and
congenital metabolic disorders [2, 8]. The use of noninvasive
(urine, feces) and minimally invasive (blood, dried blood spots)
samples makes it possible to effectively assess the dynamic
changes in molecular composition of body fluids. The samples
remaining after the routine procedures can be used for further
testing without any additional interventions.

Assessment under the controlled conditions in model
systems is performed to identify the markers associated
exclusively with brain damage [8, 9]. The Rice-Vannucci model
proposed in 1981 is most often used as a pre-clinical model
for HIE assessment; it is used in laboratory settings all over the
world over the last four decades [9, 10].

The omics technologies, including genomics, transcriptomics,
proteomics, and metabolomics, contributed greatly to clarification
of the pathophysiological mechanisms underlying HIE. These
processes include alterations in energy metabolism of brain cells,
oxidative stress, disturbed metabolism of neurotransmitters
and hormones, as well as apoptosis of neurons and activation
of neuroprotective (defensive) mechanisms [5, 8, 11-13].
The analysis of metabolic alterations in dried blood spots
by liquid chromatography—-mass spectrometry (HPLC-MS)
is a promising strategy for improving the diagnosis and
prediction of HIE in newborns. Together with multivariate analysis
techniques, HPLC-MS allows one to isolate the whole patterns
of biomolecules specific for hypoxic ischemic (HI) brain injury [5].

The study aimed to clarify the molecular mechanisms and
identify the brain damage markers triggered in hypothermia
during recovery after the HI brain injury using the modified
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Rice-Vannucci model by untargeted metabolomics (HPLC-MS)
of dried blood spots in negative mode.

METHODS
HIE simulation

The animal handling protocol was approved by the local Ethics
Committee in accordance with the principles of the Federation
of European Laboratory Animal Science Associations (FELASA).
The experiments involved outbred white rats obtained from the
animal facility of the Belozersky Institute Of Physico-Chemical
Biology, MSU.

The modified Rice-Vannucci model was used to simulate
HI brain injury [26-27]. The 7-day-old male and female
pups were anesthetized with 1% isoflurane, after which the
left carotid artery was surgically isolated and subjected to
electrocoagulation. After 1.5 h the pups were placed in the CO,
incubator (Binder; Tuttlingen, Germany) with the gas mixture
containing 8% of oxygen and 92% of nitrogen at 37 °C for 2 h.

Therapeutic hypothermia

Rats were randomly distributed into normothermic and
hypothermic groups immediately after the end of HI for 6 h, then
the dried blood spot samples were obtained. The experiment
involved three groups of animals: control group (n = 13), rats
with HIE and subsequent 6-h hypothermia (n = 16), rats with
HIE and subsequent 6-h normothermia (n = 14). Normothermia
was maintained at the level of 37 °C, hypothermic recovery
took place at 30 °C. Pups were placed in an open container
in a water bath in order to maintain the specified temperature.

Dried blood spot collection

The pups’ blood was collected from the subclavian artery 6 h
after normothermia/hypothermia, 40 pL of blood were applied
to the PerkinElmer 226 filter paper test sheet. When applying
blood to the sheet, we made sure that the tip of the syringe
did not touch the paper. Once dry, blood spots were tested
for suitability for analysis (the area of the paper impregnated
with blood had to be at least 3 mm in diameter). The samples
were considered unsuitable, when the blood spot area was
insufficient or, in case of small samples, when blood didn't
soak through the paper. The spots were also considered
to be unsuitable, when there were microclots in the sample
suggesting patchy distribution of the spot across the paper.

Sample preparation for HPLC-MS

Metabolites were extracted from the dried blood spots
by the Folch’s method [14]. Each sample (three circular
fragments of the dried blood spot, 5 mm in diameter each)
were added 480 pL of the chloroform and methanol mixture
(2 : 1 ratio) and 250 pL of water. The extraction mixture was
vortexed for 10 min, and then centrifuged at 15,000 g for
10 min. The organic phase (150 mL) from the lower part of
the Eppendorf tube was transferred to a separate tube. This
extraction phase was repeated with adding one more portion
of the chloroform—methanol mixture. A total of 100 pL of the
organic phase after the second centrifugation was mixed with
the previously collected organic phase. The resulting mixture
was dried under a nitrogen stream at room temperature, and
then dissolved in 100 mL of the acetonitrile and isopropanol
mixture (1 : 1 ratio) again.
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Fig. 1. Results of multivariate analysis by sPLS-DA for three studied groups of animals

HPLC-MS analysis and identification of substances

Further analysis was performed by HPLC-MS. The reverse-
phased Atlantis T3 C18 column (particle size 3 um, length 15 cm,
inner diameter 1 mm; Waters, Milford, Massachusetts, USA)
and the Ultimate 3000 Nano LC chromatography system
(Thermo Scientific; Waltham, Massachusetts, USA) were
used for chromatographic separation of the complex mixture
of substances [30-31]. The mobile phase A consisted of the
ACN : H,0 mixture (60 : 40), and the mobile phase B consisted
of IPA: ACN : H,0 (90 : 8 : 2). Both phases contained modifiers
(0.1% of formic acid and 5 mm of ammonium formate). Elution
was performed with the mobile phase B gradient at the flow rate
of 40 pL/min: 0-0.5 min at 10%, then the 20-minute gradient
from 10% to 99%. After that the 10-minute washing with the
99% phase B was performed, then the phase was returned to
its initial concentration (10% of phase B) within 1 min, and the
column was equilibrated for 3 min. The total chromatographic
run time per sample was 34.5 min at the flow rate of 40 pylL/min and
the column temperature of 50 °C. Metabolites were determined
using the Bruker MaXis Impact hybrid quadrupole time-of-flight
mass spectrometer (Bruker Daltoniks; Bremen, Germany),
with two repeats per sample and the following device settings:
capillary voltage 4500 V; nebulizer pressure 0.6 Pa, drying gas
flow rate 5.0 L/min at 200 °C. Mass spectra were acquired at
the 50,000 resolution within the range of 50-1700 m/z, with
negative polarity.

Peak detection and grouping, as well as retention time
adjustment were performed using the xcms software package.
The Centwave algorithm was used to detect peaks with certain
parameters: the maximum m/z deviation was 15 ppm, and
the peak width was 10-45 s. Peaks were grouped by the
Peak Density method with the default parameters [15-16].
Metabolites were identified based on the Human Metabolome
database (https://www.hmdb.ca).

Statistical methods

To identify and visualize the differences between groups, we
conducted multivariate analysis by the partial least squares
method (sPLS-DA) for multiple groups and the orthogonal partial
least squares method (OPLS-DA) for pairwise comparison
implemented in the Metaboanalyst 6.0.0 package (https://
metaboanalyst.ca). Significance of intergroup differences in
relative concentrations (average integrated peak areas) of certain
metabolites was estimated using the t-test, and p-value below
0.05 was considered to be significant. As an additional criterion
for identification of potential biomarkers, the fold change was
limited to the value of 1.5. The analysis of enrichment pathways
was performed using the over-representation analysis function
of the Metaboanalyst 6.0.0 package.

RESULTS

The analysis of mass spectra conducted in the negative ion
mode allowed us to identify 3425 molecular ions. To assess
the differences between the groups of animals, we used the
multivariate partial least squares method (sPLS-DA). According
to the results provided in Fig. 1, the groups can be clearly
distinguished, which is indicative of significant metabolic
alterations typical for each group. This highlights that there are
specific molecular differences underlying the dividing factors
(Fig. 2).

To search for potential biomarkers, we conducted univariate
statistical analysis of the normothermia-hypothermia pair
(Fig. 2). A total of 55 molecular ions were found, among which
27 showed the concentration increase in the samples of
animals subjected to hypothermia relative to the normothermic
group. At the same time, concentrations of 28 molecular ions
were decreased. We took into account significant differences in
concentrations only (at least 1.5-fold with the significance level
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Fig. 2. Results of pairwise univariate statistical analysis of the dried blood spot metabolome for hypothermic and normothermic animals

p < 0.05). The compounds detected were identified using the
LIPID MAPS and HMDB databases; the results are provided
in Table 1. The data obtained show significant changes in
metabolism of phosphoethanolamines and phosphatidic acids
in hypothermia compared to normothermia, while the fatty

acid levels remain relatively stable. Extensive analysis was
conducted using the multivariate statistical method (orthogonal
partial least squares (OPLS)), which allowed us to clearly
delineate normothermic and hypothermic groups. The findings
confirm that there are significant metabolic differences between

Table 1. List of potential biomarkers showing significant differences between the therapeutic hypothermia group and the control group

m/z Name Fold change Adduct
294.157 CAR 6:0 2.32 [M+CI]-
343.224 17-HDoHE -2.34 M-H
353.308 FA 22:1;0 -4.58 [M-H]-
611.385 PA 30:4 -2.78 [M-H]-
677.386 PA 32:3 -2.09 [M+ClIJ-
720.524 PS 0-32:0 -1.9 [M-H]-
750.475 PE 36:6-OH -2.42 M-H
802.503 PE 40:8-OH 2.26 M-H
812.523 PE 42:9 2.13 M-H
826.501 PE 42:10-OH 2.4 M-H
829.52 PG 38:4-20H 3.09 M-H
833.478 PA 40:5-30H -1.6 M+ClI
841.577 PG 38:0 -2.64 [M+ClI}-
856.601 PE 42:3-20H -3.16 M-H
873.621 PA 46:3 -2.14 M+Cl
878.53 PE 40:4-30H 4.01 M+CI
883.471 PGP 36:3-20H 3.68 M-H
885.485 Pl 16:2-20H 1.7 M-H
933.672 TG 56:5 -2.32 M+ClI
952.447 MIPC 29:2;05 -2.55 M+Cl
953.468 PGP 40:6-OH 1.71 M+Cl
1021.451 PIP 36:4-30H 1.68 M+ClI
627.343 LysoPI 20:0 0.63325 M-H
704.532 PE-Nme 32:0 0.66455 M-H
803.506 PA 40:3-O 1.9181 M+ClI
838.536 PE 44:10 3.5626 M-H
854.53 PE 44:10-OH 2.1599 M-H
902.476 PS 42:10-30H 0.59297 M-H
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Fig. 3. Delineation of groups based on multivariate statistical analysis by the orthogonal partial least squares (OPLS-DA) method

these physiological states (Fig. 3). We selected molecular ions
(top 200) that made the greatest contribution to delineation
of the groups (VIP score >1) based on the analysis results;
identification and search for the most involved metabolic
pathways in the SMPDB database were performed for these
ions. The changes in activity of biosynthesis pathways of bile
acids, ubiquinone and plasmalogens, as well as in metabolism
of a number of fatty acids, estrogens and androgens associated
with hypothermia were identified (Table 2).

DISCUSSION

HIE is a major cause of neurological disorders and neonatal
mortality. Ischemia followed by hypoxia leads to neuronal death
within 12-36 h, which makes the timely diagnosis of HIE and
estimation of injury severity one of the factors important for
successful prediction of outcomes and selection of adequate
therapy. MRI and aEEG of the brain that allow one to somehow
estimate physical and functional brain damage represent the
standard methods to diagnose HIE. However, these methods
have limited informative value: thus, MRI is often impossible
in newborns with severe conditions, it is associated with the
need for sedation and is conducted 24 h or more after birth,
while aEEG has insufficient sensitivity for early diagnosis.
Furthermore, these methods involve no quantitative markers

allowing one to reliably determine HIE severity. Therefore,
prediction of outcomes remains a challenging task.

At the same time, therapeutic hypothermia, during which
the newborn’s head is cooled to 32-35 °C for 48-72 h,
represents one of the main HIE therapy methods. To ensure
the neuroprotective effect, it is necessary to start the procedure
within the first 6 h of the newborn’s life. Assessment of blood
biomarkers represents one of the HIE early diagnosis methods,
since HIE is associated with not only brain damage, but also
damage to the heart, liver, and other organs causing alterations
of their metabolism. When assessing the dynamic changes in
blood biomarkers, it is possible to correlate the changes with
the developing injury and body’s response, later adapting the
therapy received by the patient to these changes. The use
of changes in pro-inflammatory and other blood markers
for the diagnosis of HIE has been previously reported. While
venous blood collection for further testing is a gold standard in
medicine, the use of this method is associated with a number
of nuisance due to its invasive nature, the need to teach
personnel, and difficulty ensuring conditions for storage and
transportation of the samples collected. This is particularly true
when working with newborns having severe disorders. In this
study we used dried blood spots to assess metabolome. This
method representing one of blood microsampling methods
is becoming increasingly common due to low invasiveness,

Table 2. Metabolic pathways to the greater extent determining the differences between the normothermia and therapeutic hypothermia groups based on the OPLS-DA data

Name Matches P-value
Bile acid biosynthesis 4 0.0016
Ubiquinone biosynthesis 2 0.0125
Metabolism of alpha-linolenic and linoleic acids 1 0.143
Plasmalogen synthesis 1 0.211
Metabolism of estrogens and androgens 1 0.261
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protocol simplicity, and easy storage of the acquired material
collections. To use the method, it is important to estimate
the effectiveness of its use for identification of early blood
biomarkers.

The use of multivariate statistical analysis methods
revealed significant differences both from the intact group
and between normothermic and hypothermic groups (Fig. 2),
which reflects metabolic changes associated with HIE and
HIE under conditions of normothermia. Pairwise statistical
analysis with subsequent identification made it possible
to reveal changes in the classes of phosphatidic acids (PA),
phosphatidylinositols (Pl) and phosphatidylethanolamines (PE)
that belong to glycerophospholipids, as well as triglycerides
and acylcarnitines. Furthermore, we revealed elevated PI
levels. According to the literature data, brain ischemia leads to
degradation of Pl and diacylglycerols. Thus, expansion of the
pool of Pl and phosphatidylinositol diphosphate in the group with
therapeutic hypothermia can indicate inhibition of its degradation
in hypothermia, which has a neuroprotective effect. The
hypothermic group also showed elevated levels of short-chain
acylcarnitines (C6). It has been earlier shown in the cell-based
model that short-chain acylcarnitines increase the expression of
genes associated with antioxidant activity under conditions
of oxidative stress [17]. As for phosphatidic acids, these are
messengers and intermediates of other glycerolipids, such as PE
and phosphatidylserines (PS) [18]. In the normothermic group
we can see the decreased levels of intermediates in the form of
phosphatidic acids, as well as the elevated PE and PS levels. In
turn, PE are precursors of a number of endocannabinoids, the
neuroprotective role of which is well known [19-22]. Thus, the use
of therapeutic hypothermia led to the increase in concentrations
of a number of metabolites associated with reduction of the
oxidative stress resulting from ischemia-reperfusion and
neuroprotectors, as well as their precursors, which definitely can
reduce the overall damage resulting from HIE.

During the study we also analyzed the major metabolic
pathways altered in hypothermia relative to the normothermic
group. For that we identified molecular ions that had made
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EXPERIENCE OF IMPLEMENTATION OF ECMM EQUAL SCORES IN TREATMENT OF CHILDREN
AT RISK OF INVASIVE MYCOSIS
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The ECMM EQUAL Scores tool was proposed in 2018 as a way to improve the quality of treatment of invasive mycoses and assess compliance with the diagnostic
algorithm. Currently, there are no reports of its practical application in pediatrics. This study aimed to assess the prevalence of invasive mycosis in a pediatric
hospital, the attributed mortality in children with invasive mycosis, and to analyze the dynamics of consumption of antifungal drugs. By design, the study was
multidirectional observational, and spanned two years, with retrospective part over the period from 01.01.2022 to 31.12.2022, and prospective part — from
01.01.2023 to 31.08.2024. We used ECMM EQUAL Scores to evaluate the conformity of the fungal infection prevention measures and the empirical therapy to
the established risk tier the patients were allocated to, and calculated the ATC/DDD index to measure the consumption of antifungal drugs. During the 20-month
follow-up period, 78 children survived, 20 died; supervision continues. The attributed mortality rate was 25.6%. The weighted average absolute ECMM EQUAL
Scores were as follows: for candidiasis — 8.4 (38%), for aspergillosis — 6.6 (24%), and for mucormycosis — 9.85 (31%). With the help of the ATC/DDD index, we
assessed the dynamics of consumption of antifungal drugs in 2022 and 2023, the "before" and "after" periods. It was concluded that introduction of the ECMM tool
into the invasive mycosis diagnostic routine significantly raised the number of detected cases (from 5 to 98 per year), and pushed down the attributed mortality from
60% to 25.6%. With ECMM EQUAL Scores, the NNT index was 2.9. Before introduction of the ECMM tool, in 2022, antifungal drugs were given for 30.3 DDD per
100 bed-days, after the introduction in 2023 — 54.7 DDD per 100 bed-days.
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OnMbIT BHEOQPEHUA MPOTOKOJNA Y AETEN C PUCKOM MHBA3UBHOIO
MMWKO3A ECMM EQUAL SCORES

Y. B. Jlykaw?, A. B. Bnacosa'? =, B. B. lopes', O. A. Turarosa', A. A. BbicTpoea', M. M. Kametes', K. A. XacaHosa', H. I. Oerncerko?, [. A. CbiHes?

" Mopo30BCKas AeTckasd ropoackas KnMHnyeckas 6onbHmua [enaptamerTta 3apasBooxpaHeHns ropoda Mocksbl, Mocksa, Poccus
2 Poccuinckas MemyuMHCKas akaaemMyist HenpepbIBHOTO NMPOoheccnoHaibHoro o6padoBaHns MyHCTepCTBa 3apaBooxpaHeHiist Poccuiickol depepaummn, Mockea, Poccust

Lnsa ynydlieHnst kad4ecTsa fleqeHnst MHBa3VBHbIX MUKO30B 1 OLIEHKM COBMIOAEHVS AnarHocTnydeckoro anroputma B 2018 . npegnoxxeH metog ECMM (EQUAL
Scores). [pakT4eCKUiA OMNbIT NMPUMEHEHVS Y AETel B HACTOsLLEee BpeMs He npeacTasneH. Liensto paboTbl Obi10 OLEHUTb PacnpoOCTPaHEHHOCTb MHBA3VBHOMO
MVKO3a B IETCKOM CTaLoHape, aTprbyTVBHYO NeTanbHOCTb Y AETEV C MHBA3MBHBIM MYKO30M Y MpoaHan!3vnpoBaThb AVHaMYIKY MOTPebIeHst MPOTUBOMPUOKOBBIX
npenapaToB. PagHoHanpasneHHoe HabnogatensHoe UCCneaoBaHve BbINOMHEHO B TeYeHVe ABYX NIET: PeTPOCneKTUBHas YacTb B nepvog ¢ 01.01.2022 no
31.12.2022 n npocnektneHas — ¢ 01.01.2023 no 31.08.2024. OueHKy COOTBETCTBIMS MPOTUBOMPUOKOBON NPOMUNIAKTUKIA 1 AMIMPUHECKON Tepanin MHBA3VIBHOIO
MMKO3a YCTaHOBMEHHOW rpynne pucka naupeHTa nposoann Metogom ECMM (EQUAL Scores), oLieHKy NoTpebiiennst MpoTVBOMPUOKOBbIX MPernapaToB — METOLOM
ATC/DDD-aHanmga. 3a nepuof HabnofaeHns B TedeHre 20 MecsiLeB Bbbkn 78 neten, ymepnn — 20, HabniofeHre npoaosmkaeTcs. ATprbyTrBHasS NeTanbHOCTb
coctauna 25,6%. CpegHeBaBeLLeHHas abc. oueHka no metony ECMM (EQUAL Scores) ans kaHanposa coctasuna 8,4 (38%), ana acneprunnesa — 6,6 (24%)
1N ons Mykopmmnkosa — 9,85 (81%) oT oonycTMoit. VsydeHa anHamvika noTtpebneHnst NpoTMBorprnoKoBbIx npenapaTtosB metogoM ATC/DDD-aHanmnsa 3a 2022 n
2023 r. «go» 1 «nocne». CaenaH BbIBOA, Y4TO BHeapeHve metoaa ECMM ang AmarHOCTVKM MHBA3MBHOMO MUKO3a MPYBENO K 3HAYUTENbHOMY YBENYEHNIO
4mcna BbIABNEHHbIX Clly4aeB C 5 cy4qaes B rof A0 98 Cy4aeB B rofl CO CHWKEHEM aTpnbyTBHOM neTanbHoCcTh ¢ 60% [0 25,6% COOTBETCTBEHHO. VHAEKC
NNT npwu ncnonbadoBanHun metoga ECMM coctasun 2,9. [lo BHeapeHus metoga ECMM notpebneHne npoTuBOrprnoKoBbIX NpenapaTtoB B 2022 . coCTaBNsNo
30,3 YAT (B cTaHZapTM30BaHHOM cyTo4HOWM A03€e) Ha 100 Konko-aHen, nocne BHeapeHns B 2023 r. — 54,7 YAT (B cTaHAAPTU30BaHHOM CYTOYHOW [03€)
Ha 100 KOWKO-OHEN.

KniouyeBble cnosa: negnaTtpusa, MMKO3, VNHBABWBHbINA, KIMHNYECKOe nccnenosaxHve, I'IpOTVIBOI'pI/IGKOBbIVI, PUCKN MUKO3a

®duHaHcupoBaHue: nybanKaumsa nogroToBeHa B pamMkax Hay4Horo rpaHta mpu nogaepkke AHO «MOCKOBCKNA LUEHTP UHHOBALWMOHHbLIX TEXHOMOMWA B
30PaBOOXPAHEHN».

CobniofeHne 3aTM4ECKNX CTaHAQAPTOB: 1CccnegoBaHe ogobpeHo atndecknum kommtetom OIrEO0Y AMNO PMAHMO Munsgpasa Poccun (npotokon Ne 10 ot
25 ceHTs6ps 2024 ).
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Invasive mycoses account for a significant part of complications Noinvasive mycoses management clinical recommendations
and deaths in patients with malignant neoplasms and impaired  have been published in Russia. Moreover, not every medical
immunity in the background, or in cases of allogeneic institution can verify an invasive mycosis diagnosis and
hematopoietic stem cell transplantation (HSCT) [1]. establish its etiology [2, 3]. "Crawling" antifungal therapy is the
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prescription of antifungal drugs that are not recommended for
empirical antifungal therapy to patients who have not went
through the complete diagnostic algorithm and thus have the
lesion loci unidentified and the etiology unclear [4]. In patients
with suspected invasive mycosis, such treatment regimen
increases the risk of adverse reactions and drug interactions
due overprescription of antifungal medications. Ultimately,
crawling antifungal therapy may prolong inpatient stay, adversely
affect the outcome of treatment of the underlying disease, and
decrease the survival rate of patients [1, 3].

In 2018, European Confederation of Medical Mycology
(ECMM) developed EQUAL Scores, a tool enabling systematic
approach to diagnosing and improving the quality of treatment
of patients with invasive mycoses. According to multicenter
studies, introduction of this tool into protocols designed for
adults helped raise the rate of invasive mycoses survival in
this population [5-7]. As for children, there are currently no
reports describing the use of ECMM EQUAL Scores in their
treatment. Optimized amounts of antifungal drugs prescribed is
one of the indicators of successful application of the principles
of adequate diagnosing. Earlier, optimization of consumption
of antibiotics confirmed this statement [8]. The degree of
optimization of prescription of antifungal drugs can be one of
the indicators in the dynamic assessment of the effectiveness
of ECMM EQUAL Scores [1-3]. This study was organized to
investigate applicability of ECMM EQUAL Scores in pediatrics,
where the tool has not been used before.

The purpose of this study was to assess the prevalence
of invasive mycosis in patients of a multidisciplinary pediatric
hospital, determine the attributed mortality in this group, and
analyze the dynamics of consumption of antifungal drugs
against the background of adoption of ECMM EQUAL Scores
as a tool to assess/categorize the risk of invasive mycosis in
patients.

METHODS
Protocol of the study

The observational multidirectional study consists of retrospective
and prospective parts. The retrospective component included
patients of both sexes, aged from one month to 18 years,
diagnosed with invasive mycosis, treated from 01.01.2022 to
31.12.2022. The prospective component includes 130 patients
aged from one month to 18 years, diagnosed with invasive
mycosis, treated from 01.01.2023 to 31.12.2025. Inclusion
criteria: invasive mycosis diagnosed as per the CDC criteria.
Non-inclusion criteria: terminal failure of organs and systems
as competing with the infection for the main diagnosis or
condition. Exclusion criteria: foster care; previous/concomitant
therapy is not relevant for inclusion in the study. The diagnosis
of invasive mycosis should be established under the CDC
guidelines, with at least one host factor meeting the clinical
and radiological criteria. The medical histories of inpatients
diagnosed with invasive mycosis were analyzed in KIS EMIAS,
a consolidated medical information system, and ECMM EQUAL
Scores enabled assessment of the adequacy of treatment and
invasive mycosis control to the diagnosis. The diagnosing
methods were microbiological and microscopy examinations
of liquid and dense substrates (tissue and fluid samples),
including calcofluor white staining that allows detecting septic and
unseptated mycelium. All patients had various organs, including
those in the chest, scanned with high-resolution computed
tomography, since typical signs of invasive pulmonary mycosis are
often lacking, and even atypical pulmonary infiltrates may indicate
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presence of this disease [4]. To diagnose aspergillosis, we tested
biological fluids for galactomannan antigen (GalMAg-ELISA).

All patients diagnosed with invasive mycosis underwent
a genetic study that employed iPLEX Pro PGx panel (Agena
Bioscience, USA) 68 SNP/INDEL. VeriDose® Core Panel allows
detecting of the relevant variants in the genes ABCB1, APOE,
CYP1A2, CYP2B6, CYP2C19, CYP2D6, CYP3A4, CYP3AS,
PNPLA5, SLCO1B1, SULI4A1, which can potentially affect
drug metabolism. In addition, using real-time allele-specific
PCR, we sought for clinically significant variants of the TPMT,
ATIC, and SLC19A7 genes in patients.

Throughout the study, up to 31.12.2025, we shall monitor
patients to register possible ineffectiveness of therapy, development
of adverse reactions, and deaths. Registration of an adverse
reaction includes assessment of the severity of manifestations, the
cause, and association with the antifungal drug.

It is planned to gather a control group of 30 patients with
oncological or oncohematological diseases but not diagnosed
with invasive mycosis; in this group, we shall also look for
the polymorphisms of candidate genes. The subsequent
analysis of the associations between such polymorphisms and
ineffectiveness of antimycotic therapy, development of adverse
reactions, and fatalities will be based on the results of this
genetic study.

The comprehensive observational study was conducted at
the Pediatric Oncology, Onco-Hematology and Hematopoietic
Stem Cell Transplantation (HSCT) Department of Morozovskaya
Children's City Clinical Hospital; it lasted two years, including
the retrospective analysis part from 01.01.2022 to 31.12.2022,
and the prospective analysis part 01.01.2023 to 31.08.2024.
In both parts, we used ECMM EQUAL Scores to assess the
adequacy of antifungal preventive measures and empirical
invasive mycosis therapy to the established risk tiers. DDD
analysis enabled assessment of the dynamics of antifungal
drug consumption over the 12 months of 2022 and 2023.
The effort to improve the invasive mycosis diagnostic methods
included development of internal protocols and algorithms
approved by the management order (Fig. 1). To diagnose
aspergillosis, we looked for galactomannan antigen in biological
fluids. In addition, microscopic examination of biological fluids
with calcofluor white staining was introduced [8-10].

A patient was diagnosed with invasive mycosis if there were
factors affecting the host and clinical and radiological criteria
were met [12-14]. The criteria confirming the presence of
invasive mycosis include at least one positive result returned
by the following studies: microscopic, histopathological,
cytopathological, microbiological, serological, or genetic,
followed by verification of the fungal agent [15-17]. We stratified
the patients into the invasive mycoses development risk tiers
based on host factors for mycelial and yeast invasive mycoses:

—grade 4 neutropenia (< 0.5 x 10° neutrophils for >10 days);

— hematological tumors;

— recipient of allo-HSCT or a solid organ transplant;

—over three weeks of taking glucocorticosteroids (GCS) at
an average minimum dose of 0.3 mg/kg/day (prednisone equivalent);

— treatment with T-cell immunosuppressants within the last
90 days;

— treatment with B-cell immunosuppressants (only for
mycelial invasive mycoses);

— hereditary severe immunodeficiency (chronic granulomatous
disease or severe combined immunodeficiency, deficiency of
signaling protein and activating transcription factor 3);

— acute graft-versus-host disease (grade Ill or IV) with
intestinal, lung, or liver damage, resistant to first-line therapy
with GCS [3, 8, 11].
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Table. ECMM EQUAL Scores assessment criteria

Invasive mycoses assessment criteria (98 patients)

Candidiasis
(n=198)

Aspergillosis
(n=198)

Mucormycosis
(n=198)

Maximum ECMM EQUAL Scores values, points

Patient's risk tier

Radiological studies

Platings

Microscopy, preferably using optical
brighteners

Molecular diagnostics

Histology

Galactomannan test (aspergillosis identification)

10 15 18

TREATMENT

Drug therapy (administration of an etiotropic antifungal
drug without or after prior mould prophylaxis)

Surgical treatment (removal of affected tissues
according to indications)

FOLLOW-UP

Radiological examination of the lesion locus (dynamical
registration)

Blood plating

Total

22 27 32

Using ECMM EQUAL Scores, we quantified the quality of
diagnosis and treatment of invasive mycosis of various types
based on medical records of inpatients. Table gives the
quality assessment criteria and maximum scores for each
section.

There is evidence of candidemia having the mortality rate
of up to 40% in the adult population despite antifungal therapy.
In case of Candida, the overall mortality rate varies significantly
depending on the species; it averages at 7.7% for C. albicans,
23.7% for C. glabrata, 7.7% for C. parapsilosis, and 63.6%
for C. tropicalis [18]. As for the paediatric population, there
is currently no general mortality rate data describing cases of

Urgent recommendations
Solid evidence base

candidemia and other types of mycosis. In this study, at the
time of introduction of the ECMM algorithms, the attributed
mortality was 25.6%

We analyzed (ATC/DDD approach) the consumption of
antifungal drugs in 2022 and 2023.

Figure 1 gives the principles of diagnosis of invasive mycoses
under this protocol.

Statistical procedures

The IBM SPSS Statistics v26 software package (IBM, USA) was
used for statistical processing of the research results.

e Chest
e Head

Suspected invasive mycosis
or confirmed

48 hours

CT/MRI Scan*

Staging of visualized

* Abdominal cavity
and small pelvis

e Sinuses
e Thoracic organs

case of mycosis = medical
emergency (!!!)

* Moderately urgent recommendation
Ultrasound examination (typical findings:
enlarged kidneys without hydronephrosis,
with slit-like areas of reduced density

in the cortical layer)

changes e Abdominal organs

e Pelvic organs

e Endoscopic biopsy, including under
CT control

! Careful treatment of samples
(mechanical processing makes

the pathogen inviable)

Fig. 1. Invasive mycoses diagnosing algorithm. Adapted from: Duane R. Hospenthal et al., 2023 [3]
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Anoxic brain damage (3; 3%)

Inflammatory bowel dlseases
(2; 2%)

Solid tumors (9; 9%)

Primary immunodeficiency
(10; 10%)

Severe hematological diseases _—
(11; 12%)

Juvenlle rheumatoid arthritis (1; 1%)

=\

Chronic lung diseases (2; 2%)

b Hemoblastoses (60; 61%)

Fig. 2. Characteristics of the main diseases in patients diagnosed with invasive mycosis

RESULTS

In 2022, invasive mycosis was diagnosed in five children aged
one month to 18 years (three boys and two girls), mean age
of 7.6 years. Of them, two children are being treated against
invasive aspergillosis, and three children have died (two
with invasive mucormycosis and one with aspergillosis). The
diagnosis of invasive mycosis was established in accordance
with the CDC criteria. All patients included in the retrospective
analysis had host factors characteristic of mycelial and yeast
invasive mycosis: two of them underwent allogeneic HSCT
in the first year without T-cell immunity restoration, and three
children suffered from oncohematological diseases and had
long-term neutropenia, receiving high doses of steroids.

Fluconazole

Posaconazole

Mikafungin

Caspofungin

ltraconazole

Isavuconazole

Voriconazole

Anidulafungin

Amphotericin B
(lipid complex and
liposomal)

0.00 5.00 10.00

15.00

From 01.01.2023 to 31.08.2024, the diagnosis of
invasive mycosis was established in 98 patients (56 boys
and 42 girls) aged from one month to 18 years, mean age
of 12.4 years (13.0 years). Of them, 36 patients underwent
allogeneic HSCT transplantation in the first year without
T-cell immunity restoration; they also took steroids or several
immunosuppressive drugs. 45 patients suffered from long
neutropenia, and 17 were taking high doses of steroids.
During the 20-month follow-up period, 78 children survived,
20 patients died; supervision continues. The attributed
mortality rate was 25.6%. In one case involving a prevented
fatality, the effectiveness of preventive intake of antifungal
drugs was assessed using the EQUAL Scores and the NNT
(number needed to treat) calculator, as described in [19].

DDD per 100 bed-days

32.99

20.00 25.00 30.00 35.00

Fig. 3. Dynamics of consumption of antifungal drugs before and after introduction of the ECMM EQUAL Scores tool in 2022-2023
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The median ECMM EQUAL Scores value for invasive
candidiasis was 8.4 points, which is equivalent to 38% of the
maximum. For invasive aspergillosis, this value was 6.6 points
(24% of the maximum), and for invasive mucormycosis — 9.85
points, which is 31% of the maximum. Figure 2 presents the
distribution of patients by main diseases.

Invasive mycosis was diagnosed in accordance with criteria
1-6 of the standard invasive mycosis case definition [3]. In real
practice, the process of diagnosing potential invasive mycosis
with clarification of its localization and etiology in a patient
exhibiting host factors begins almost simultaneously with
empirical and preventive (diagnostic) antifungal therapy, so the
key aspects that can be improved in this context are the current
diagnostic algorithms, which should be standardized, and
administration of antifungal drugs, which can be rationalized.
These changes will play an important role in ousting ineffective
approaches, including the irrational practice of crawling
antifungal therapy.

In 2022, voriconazole was the most consumed antifungal
drug (20.07 DDD per 100 bed-days) (Figure 3). It was followed by
fluconazole (4.59 DDD per 100 bed-days), amphotericin B liposome
and lipid complex (2.54 DDD per 100 bed-days), posaconazole
(2.05 DDD per bed-days), caspofungin (0.47 DDD per 100 bed-
days), and anidulafungin (0.10 DDD per 100 bed-days).

In 2023, after the introduction of the ECMM EQUAL Scores
tool, voriconazole consumption remained dominant (32.9 DDD
per 100 bed-days), followed by fluconazole (9.33 DDD per
100 bed-days), amphotericin B (liposomal and lipid complex)
(4.63 DDD per 100 bed-days), posaconazole (3.89 DDD per
100 bed-days), caspofungin (2.10 DDD per 100 bed-days),
isavuconazole (0.65 DDD per 100 bed-days), and micafungin
(0.28 DDD per 100 bed-days).

DISCUSSION

The retrospective part of this study has shown that before
adoption of the ECMM EQUAL Scores tool, the frequency of
inappropriate use of antifungal drugs in the context of crawling
therapy was 78%. After the said adoption, this figure decreased
to 32%, but overall consumption of the antifungal drugs has
grown significantly: in 2022, the total use was 30.3 DDD
per 100 bed-days, and in 2023, after introduction of ECMM
EQUAL Scores, this value increased to 54.7 therapy days per
100 bed-days. The growth of consumption of antifungal drugs
may be associated with improvements in the fungal infections
diagnosing routines or changes in clinical practice that boosted
preventive use of antifungal drugs.

While crawling therapy became less common, the total
consumption of antifungal drugs increased 1.8 times compared
102022, because they were prescribed for preventive purposes.
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ASSESSMENT OF LOWER URINARY TRACT DYSFUNCTION IN WOMEN WITH MULTIPLE SCLEROSIS
Luzanova EI'®, Karpova MI', Abramovskikh OS', Chetvernina EA', Kupriyanov SV'2, Zotova MA', Bershadskiy AV?
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Multiple sclerosis (MS) is a chronic disorder of the central nervous system affecting primarily young women. Neurogenic lower urinary tract dysfunction (NLUTD)
represents one of the disease manifestations creating the risk of infectious complications and kidney disease. Today, there is insufficient data on the urinary
microflora composition obtained by advanced high-tech diagnosis methods. The study aimed to perform clinical assessment of NLUTD associated with MS and
its impact on the quality of life (QOL), as well as to clarify the data on the urinary microflora composition. A total of 33 women with MS aged 36 [39.5; 30.5] years
were assessed using the customized questionnaires for estimation of the NLUTD prevalence and severity, as well as for QOL evaluation. Qualitative determination
and quantification of urinary opportunistic microflora (OM) were performed using the real-time polymerase chain reaction. A total of 19 (57.6%) women with MS
had symptoms of NLUTD: symptoms of the storage (15 individuals, 45.5%) and emptying (16 individuals, 48.5%) phases. In aimost half of women with MS, the
complaints included abnormalities of both bladder functioning phases (12 individuals, 36.4%); moderate abnormalities prevailed (12 individuals, 34.6%). Women
with MS and NLUTD were more disabled based on the EDSS score (3.5 [5.0; 3.0] points; p < 0.001) and had longer disease duration (13 [20.0; 5.0] years;
p < 0.001). The QOL index of women with NLUTD showed dissatisfaction with bladder function. The study revealed bacteriuria in patients with MS and NLUTD.
The data on the urinary microflora composition are provided: OM members (bacteria of the ESKAPE group) have been found in 8 samples obtained from women
with MS and NLUTD. Bacteriuria was asymptomatic.
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WCCNEOOBAHUE OUCOYHKLNN HUXKHUX MOYEBBLIBOAALLNX NYTEN
Y XKEHLWMWH C PACCEAAHHbIM CKJIEPO30M

E. V. NysaHosa' ™, M. . Kapnosa', O. C. Apamosckux', E. A. YetBepHuHa', C. B. KynpuaHos'?, M. A. 3oTosa’, A. B. Bepliaackuin®

T HOXHO-YpaibCKumii rocyAapCTBEHHbI MEANLIMHCKIIA YHUBEPCUTET, HYensabuHek, Poccus
2 HaupoHanbHbI nccnenoBaTenbCeKuin TOMCKUMIA rocyAapCTBEHHbI yHUBEPCUTET, ToMcK, Poccus
5 LeHTp MeamumHekoin peabunutaumm OO0 «KnuHuka HctutyTa Mosra», bepesosckuin, Poccus

PaccesaHHbin cknepos (PC) — xpoHuyeckoe 3aboneBaHve LeHTPanibHOM HEPBHOWM CUCTEMbI, MPENMYLLIECTBEHHO MOPaXKatoLLee MOOAbIX XXEHLLUWH. HeiporeHHas
OVCYHKUMS HXKHUX MOYeBbIBOASALLIMX MyTein (AHMI) — ogHO 13 NposiBneHnii 3aboneBaHisi, OHO CO34AeT PUCKN MHDEKLMIOHHBIX OCIOMXHEHWIA 1 MOpaKeHns
nouyek. B HacTosiLLiee Bpems He[oCTaTO4HO AaHHbIX O COCTaBe MUKPOQAOPbI MOYM, MOMYHEHHbIX COBPEMEHHBIMIN BbICOKOTEXHOMOMMYHBIMI METOAAMM ANArHOCTVIKM.
Llenbto nccnenoBarmns 6b110 Aathb KMHUHECKYo oueHky OHMIT npu PC, BinsHns ee Ha ka4ecTBo »uaHM (KXK), a Takke yTOHHUTb JaHHbIE O COCTaBe MUKPOMIOPb!
mMoum. [ns obeneposaHus 33 »eHwyH ¢ PC B BodpacTe 36 [39,5; 30,5] neT 1cnons3oBani cneumannanpoBaHHble ONPOCHUKA A5 OLEHKM YacTOTbl 1 CTEMNeHN
TskecTt HMI, oueHkn yposHa KXK. Kad4eCTBEHHDBIN 1 KONMYECTBEHHbIA COCTaB YCNOBHO-NATOrEeHHON Mukpodnops! (YIM) Mo4n onpenensnv Metonom
MOIMMEPa3HO LIEMHON peakLnn B PexXMMe peanbHoro Bpemenn. Y 19 (57,6%) »xeHwmH ¢ PC 6bin cumitomMbl JHMIT: cumnTomel dhasbl Hakonnenns (15 Yenosex,
45,5%) 1 hazbl onopoxHeHus (16 Yenosek, 48,5%). [Mo4TV y MONoBWHbI XXeHLLWH ¢ PC »anobbl BKIHOHanM CUMMTOMbI HapyLLeHKst 0benx a3 paboTbl MOYEBOMO
nysbips (12 Yenosek, 36,4%), Nnpeobnafanv cpegHeTsyKenble HapyleHus (12 Yenosek, 34,6%). XKeHwHbl ¢ PC 1 AHMI 6binn 6onee MHBanam3npoBaHb!
cornacHo wkane EDSS (3,5 [5,0; 3,0] 6annos; p < 0,001) n umenn 6onslumnii ctak 6onesnmn (13 [20,0; 5,0] neT; p < 0,001). Nnaekc KKy »xeHwmH ¢ IHMI otpaxxkan
HeynoBNEeTBOPEHHOCTb (yHKLMEN MOYEBOO My3blpst. B pesynkrarte nccnenoBanmns BoigBneHo Hannyme 6aktepuypum y nauveHtok ¢ PC n JHMI. MpeacTasneHb!
[aHHble O COCTaBe MUKPOMIIOPbI Mo4M: B 8 obpasLiax oT »xeHwuH ¢ PC 1 JHMI obHapy»xeHbl npeactasutenn YIM (6aktepun rpynnsl ESKAPE). BakTepuypus
1vena 6eCCUMNTOMHbIA XapakTep.
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Multiple sclerosis (MS) is a chronic demyelinating
neuroinflammatory and autoimmune disease of the central
nervous system (CNS) associated with degenerative phenomena
and having a variable course. It usually affects young people, has
a great effect on the quality of life (QOL), and places considerable
burden on public health services.

Lower urinary tract dysfunction (LUTD) is a common
symptom of multifocal CNS lesion underlying the development
of MS. Neurogenic lower urinary tract dysfunction (NLUTD)
develops on average 8 years after establishing the diagnosis
of MS; up to 10% of patients complain of alterations in
urination associated with the disease manifestation [1, 2].
In the course of the disease more than 80% of individuals with
MS experience NLUTD symptoms, up to 91% have appropriate
urodynamic abnormalities [2, 3]. In 35% of patients with MS, focal
lesions damaging reticulospinal tracts usually result in detrusor
sphincter dyssynergia [4-6]. This syndrome is characterized
by impaired coordination between detrusor contraction and
relaxation of bladder sphincters resulting urinary retention [7].
Clinical manifestations of such abnormal urodynamics are
uncontrolled overactive detrusor contractions with or without
urinary incontinence, sphincter dysfunction, which often result in
considerable residual urine volume and high intravesical bladder
pressure. Within the framework of obstructive symptoms the
most common manifestations are weak urine stream, difficulty
starting urinating, and the need to force urination. This creates
conditions for functional odstruction and abnormal urinary
outflow. Complete and partial urinary retention representing the
extreme forms of obstructive disorder results in residual urine
accumulation [4]. As a result, negative effects on the upper
and lower urinary tract can be expected. High intravesical
bladder pressure pressure contributes to reflux into the upper
urinary tract and secondary kidney injury. Urinary tract infections
(UTls) represent a major challenge of treatment of individuals
suffering from MS. Neurogenic urodynamic disturbances
worsen the patients’ QOL and ensure the increased risk of UTls
[8]. When discussing UTls in MS, it is important to consider
the issues of prevention. Risk factors of UTls in patients with
MS require thorough clinical assessment. The long-term
immunosuppressive therapy with disease-modifying drugs
for MS (DMDs), female sex, pelvic abnormalities and disability,
treatment with corticosteroids, dysbiotic processes in the
urogenital tract are discussed as predictors of UTls in individuals
with MS [1, 8]. To date, the composition of microflora of the lower
urinary tract (LUT) and adjacent loci in patients with MS is poorly
understood. The study aimed to perform clinical assessment of
lower urinary tract dysfunction to assess its impact on the QOL
using the customized questionnaires validated in Russia, as well
as to perform qualitative assessment and quantitatification of the
LUT microflora composition by molecular genetic methods in
women with MS.

METHODS

We performed observational clinical and laboratory study of
33 non-pregnant women. Inclusion criteria: definite diagnosis
of MS based on the McDonald criteria (2017); EDSS up to
6.5 points; age 18-45 years; no corticosteroid therapy and
antibacterial drugs at the moment of sample collection or within
a month before enrollment; no sexually transmitted infections;
no history of any urinary tract disorder or follow-up by urologist
or nephrologist. Exclusion criteria: pregnancy and lactation,
acute infection, history of surgery within a month before the
study, participation in other studies, mental disorders, refusal
of submitting the informed consent. Outpatients followed-
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up at the consulting and diagnostic clinics for demyelinating
disorders and MS in Chelyabinsk and Chelyabinsk Region
were randomly enrolled. Inclusion criteria for the control group
(n = 20): conditionally healthy non-pregnant women of fertile
age with no nervous system disorder, pelvic organ function
impairment or the history of urogenital infection; the median
age was 35 [37.5; 30.0] years. Clinical assessment of women
with MS involved the use of the generally accepted methods
available to neurologists: neurological status assessment
using the Expanded Disability Status Scale (EDSS), pelvic
organ function assessment using the Pelvic Organ Function
Questionnaire [9, 10], and the Neurogenic Bladder Symptom
Score (NBSS) [11]. The median age of women with MS was
36 [39.5; 30.5] years. The majority of patients received DMDs
for MS: 11 individuals (33.3%) used interferon beta, 11 (33.3%)
used ocrelizumab, 6 (18.2%) used cladribine, and 5 (15.2%)
were naive. The median EDSS was 2.5 [4.0; 2.0] points; all the
patients had the relapsing-remitting disease course.

Urinary microflora composition was assessed using the
reagent kit for detection of DNA of opportunistic bacteria of the
classes Bacilli, Betaproteobacteria and Gammaproteobacteria
(BacScreen; BacScreen OM REAL-TIME PCR Detection
Kit, DNA-Technology, Russia) by real-time polymerase chain
reaction. Bacterial contamination of urine (total bacterial mass
(TBM)) was quantified; the amount of DNA of the identified
microorganism was presented as a logarithm Lg, the values
of which were proportionate to microbial contamination of
the biotope. The kit used in this study enables detection of
25 bacterial representatives of opportunistic microflora (OM):
Enterococcus spp., Streptococcus spp., Streptococcus
agalactiae,  Streptococcus pyogenes, Streptococcus
pneumoniae, Staphylococcus spp., Staphylococcus aureus;
Achromobacter ruhlandii, Achromobacter xylosoxidans,
Burkholderia spp.,; Acinetobacter spp., Citrobacter freundii,
Citrobacter koseri, Enterobacteriales, Enterobacter cloacae,
Escherichia coli, Haemophilus spp., Haemophilus influenzae,
Klebsiella oxytoca, Klebsiella pneumoniae, Morganella morganii,
Proteus spp., Pseudomonas aeruginosa, Serratia marcescens,
Stenotrophomonas maltophilia. All the patients complaining
of LUTD and having the symptoms of LUTD were advised
to consult urologist, undergo bladder ultrasound involving
determination of post void residual urine. Statistical analysis
was performed using Windows 10, Excel 2016 (Microsoft;
USA), IBM SPSS Statistics 26 (IBM; USA). Descriptive statistics
included frequency indicators, median values, 25" and 75"
percentiles (Me [LQ; UQY]). The Mann-Whitney U test, Kruskal—
Wallis test, and x° test were used to compare the groups.
The correlation analysis was performed using the Spearman’s
rank correlation coefficient (p); the correlation strength was
estimated using the Chaddock scale. The differences were
considered significant at p < 0.05.

RESULTS

The use of the Pelvic Organ Function Questionnaire revealed
signs of urination disorder of varying severity in 19 individuals
(57.6%). Patients with MS and LUTD were included in the study
group; the age range was 21-45 years. The comparison group
included 14 women with MS having no bladder dysfunction
aged 19-42 years. The EDSS of patients with LUTD were
different from that of patients having preserved bladder function
(8.5[5.0; 3.0] and 2.0 [2.0; 1.0] points, respectively; p < 0.001);
there were no differences in age. Women with LUTD had longer
MS duration (13 [20.0; 5.0] years) compared to patients with no
urination disorder (4 [7.0; 2.75] years; p < 0.001).
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Fig. 1. Frequency of storage phase symptoms in women with remittent MS based on the Pelvic Organ Function Questionnaire

The storage symptoms were found in 15 individuals (45.5%),
while the voiding symptoms were reported in 16 individuals (48.5%)
(Fig. 1, 2). The combination of symptoms of abnormalities of
both urination phases was observed in 12 individuals (36.4%).
All the patients developed symptoms of bladder dysfunction
after the MS onset. The bladder symptoms were presented
near 3 [5.0; 2.0] years after the MS onset, the latest time of
the LUTD onset was 10 years since the diagnosis, and the
minimum duration of bladder disorder was 1 year. The urgency
more frequent than once a week was experienced by 12 women
(36.4%) with varying frequency, 12 women (36.4%) reported
they «can’t hold urine because of urgency». A total of 7 individuals
urinated 10 or more times per day (21.2%). Three women
(9.1%) complained of the storage symptoms only. Six women
with MS (18.2%) woke up to urinate more than once a night,
but all of them had other bladder disorder symptoms. Nocturia
was not found in patients having no symptoms of LUTD.

Persistent voiding symptoms occurring at least several
times per week was reperesented by complaints of slower
urine flow — in 14 individuals (42.4%), weak stream sensation,
increase in the time needed to urinate — in 13 (39.4%);
13 individuals (39.4%) described their interrupted urine flow,
11 (33.3%) felt the need to strain to empty the bladder, feeling
of incomplete bladder emptying after voiding was reported by
12 individuals (36.4%). Four women (12.1%) complained
of the voiding symptoms only. Stress incontinence was
experienced by 4 women with MS (12.1%), aged 35-46 years
(median age 40.5 [44.25; 36.0] years), furthermore, 3 women
had other bladder symptoms. One patient suffered from the
storage abnormalities, 2 other patients had a combination of
complaints. Among 19 women, 10 paients had a consultation
of urologist, all of them were diagnosed with LUTD based
on bladder ultrasound involving estimation of residual urine
volume, the volume of 160 mL was revealed in one case.

According to the QOL index, women with MS and bladder
disorder were dissatisfied with their bladder condition, in
contrast to women having no such symptoms, p < 0.05 (Fig. 3).
The median QOL index was 2.0 [2.0; 1.0] points. The worst
values of the urological QOL index were reported in patients
having the storage symptoms and a combination of bladder

dysfunction symptoms (2.0 [2.75; 2.0]; 2.0 [2.0; 1.0] points,
respectively; p > 0.05).

The bladder disorder severity assessment results are
provided in Table. The increased average scores were
reported for all NBSS domains. The total NBSS score exceeding
20 was reported in 12 women (34.6%), which suggests
moderate bladder dysfunction, 10-20 (mild form) — in 4 women
(12.1%), other patients had the values below 10. Weak positive
correlations between the LUTD severity based on the NBSS
score, disability score (p = 349; p > 0.05), and disease duration
(p = 145; p > 0.05) were revealed.

The QOL index reflected negative impact on the well-being
of patients with any clinical manifestations of bladder disorder;
the worst values were reported in women having a combination
of symptoms (3.0 [3.0; 2.0] points; p > 0.05). Aimost one third
of women with MS (9 individuals, 27.3%) and LUTD said that
they would feel unhappy and dissatisfied, “if the bladder would
function like now for the rest of life”.

Molecular genetic testing of urine in women with MS
revealed DNA of opportunistic microorganisms (OM) in
8 individuals (24.2%). We identified microorganisms of the
order Enterobacterales (4 individuals), including Enterobacter
cloacae (1 individual), Escherichia coli (1 individual), Klebsiella
pneumoniae + Klebsiella oxytoca (1 individual); species of the
order Pseudomonadales: Acinetobacter spp. (1 individual), and
species of the class Bacilli: Staphylococcus spp. (3 individuals)
and Streptococcus spp. (2 individuals). A combination of
members of all the bacterial classes indetified was found in
3 women (9%). Variation in the amount of OM detected was
2.5-5.7 Lg, which corresponded to 10%°-10%" GE/sample.
The questionnaire survey revealed obstructive symptoms
manifested by weak urine stream, the need to strain, and
intermittent urination, in all 8 patients, among them 5 (62.5%)
had a combination of the storage and emptying phase
symptoms, and 6 (75%) had episodes of cystitis in their
urological history. A total of 12 women (36.4%) had episodes
of UTls since the moment of establishing the diagnosis of MS:
cystitis, including recurrent form, and one case of pyelonephritis.
No microorganisms were found in urine of the control group
(p < 0.001).
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Fig. 2. Frequency of voiding symptoms in women with relapsing-remitting MS based on the Pelvic Organ Function Questionnaire

DISCUSSION

Patients with MS and healthcare professionals often face an
important interdisciplinary problem: neurourological disorders.
A number of foreign authors report that the type of bladder
disorder associated with MS varies between detrusor
hyperactivity (34-91% of patients) and areflexia (20-37% of
patients) [1, 2]. In the recent study focused on the epidemiology
and nature of bladder disorders associated with MS, NLUTD
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was found in 65% of patients [12]. Among our patients
more than a half (57.6%) had various symptoms of bladder
dysfunction. The most commmon neurourologic symptoms are
urinary frequency and detrusor overactivity [13]. In the surveyed
women with MS, the storage and voiding symptoms were
almost equally represented (45.5% and 48.5%, respectively),
which resulted primarily from the CNS lesion localization.
Perhaps, this can explain the lack of significant correlation
between the disease duration and the bladder dysfunction
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Fig. 3. Frequency of satisfaction with bladder functioning (QOL index) based on the Pelvic Organ Function Questionnaire. * — p < 0.05, x? test
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Table. Bladder disorder severity in women with remittent MS based on the Neurogenic Bladder Symptom Score (NBSS)

Average scores by domains

Women with MS and . Total score
NLUTD Incontinence Storage and voiding Complications Quality of life
n=19 (0-29)
6.05 + 5.43 10.08 + 2.93 4.95 + 4.36 2.1+1.07 2.1+8.85

severity. The severity of this or that MS symptom is determined
by localization of demyelination lesion, exacerbation severity,
and the quality of functional recovery after relapse. The bladder
disorder associated with MS contributes greatly to the patients’
disadaptation, increasing the disability score [12]. Women with
MS and LUTD were more disabled compared to women with
normal voiding. At the same time, they had mild-to-moderate
bladder dysfunction, and no correlation between the EDSS and
NBSS scores was found. This is consistent with the features
of using the bladder and gut functional system scale and the
algorithm to determine the total EDSS score.

It is important that a large share of women (39.4%) had
bladder disorders, in which the symptoms associated with
both urine retention and bladder voiding occur. Such variant of
neurogenic bladder disorder develops in case of focal spinal
cord lesion below the pons (or medulla oblongata) and above
the sacral region [14]. It should be noted that about 80% of
patients with MS have lesion in the spinal cord, mostly in the
cervical region, which are more often symptomatic compared
to brain lesions and can cause considerable disadaptation in
the form of the gait, coordination, bladder and gut function
disturbances [3, 15, 16]. The patients having a combination
of the storage and voiding symptoms usually pay attention
to the increase in urinary frequency and episodes of urge
incontinence, while voiding symptoms remain out of sight, and
the conditions for the upper urinary tract injury are preserved.
Impossibility of adequate severity estimation based on the
patient’s subjective complaints represents one of the major
challenges of the diagnosis of urinary hesitancy. In this regard,
it is feasible to regularly conduct screening aimed to identify
the voiding disturbances, ensure timely referral for urological
counseling, perform uroflowmetry to quantify urine flow rate
and bladder ultrasound to determine residual urine volume [5, 6].

In turn, the storage symptoms that usually reflect neurogenic
detrusor overactivity can also lead to the upper urinary tract
injury, as well as to the development of nonreflux pyelonephritis.
This is associated with the detrusor tissue fibrosis, impaired
bladder dynamics [7, 17].

The increase in the rate of urination at night in individuals
with MS is one more manifestation of the urine storage and
voiding dysfunction. Nocturia disturbes night sleep, leads to
fatigue, daytime drowsiness, decreases the QOL [18, 19]. The
prevalence of nocturia in individuals with MS is higher, than in
general population, it varies between 20.9% and 48.8% [18]. We
noted that 18.2% of women with MS woke up more than once
a night and went to the bathroom for voiding. Currently, three
various mechanisms underlying the development of nocturia
(reduced bladder capacity, general polyuria and nocturnal
polyuria) are discussed [20, 21]. The range of causes underlying
these three pathogenetic variants of nocturia is well-known; the
MS-associated specific factors not observed in patients having
no neurological disorders have been reported [20, 21].

Specific questionnaires determining the QOL index have
been developed to assess QOL in individuals with neurogenic
bladder dysfunction. The majority of MS researchers agree
that the symptoms of bladder dysfunction have a significant
impact on the patients’ QOL, regardless of the assessment
tool used [2, 12]. In the Russian population of individuals with

MS the issue of the impact of bladder dysfunction on the QOL
is still poorly understood, which is likely to be due to the fact
that specific questionnaires have been translated into Russian
and validated not so long ago [9, 11]. According to the data
of the Russian study focused on validation of the short QOL
questionnaire for patients with neurogenic bladder dysfunction
(SF-Qualiveen), patients with MS and neurogenic LUTD had
much worse QOL scores [22]. In our study, every third woman
with MS having bladder dysfunction reported that the issue
was very important for her. The QOL index from the Pelvic
Organ Function Questionnaire also reflected low satisfaction
with the urination quality in women with LUTD compared to
patients having no such disorder.

Not only primary disease, but also comorbidities and
lifestyle factors affect the QOL and mortality in individuals with
MS. A large share of such factors is constituted by infections,
especially pneumonia, influenza, and UTls [2]. UTls in patients
with MS are strongly associated with bladder dysfunction. UTls
are among three major causes of hospital admission in patients
with MS and reach 30-50% of all indications for hospitalization
[2, 8]. According to the data of epidemiological study of MS
comorbidity, among 815 patients 3.5% had UTls [23]. In our
patients, the reported rate of the history of UTls was 36.4%.
In the large-scale retrospective study of the causes of death
in people with MS conducted in Canada in 1986-2013, UTls
were noted in 8% of 2153 death cases as one of the major
causes of death, while in general population UTls constituted
only 2% of the causes of death [24].

Testing of the MS patients’ urine by culture-based microbiological
diagnosis methods showed that Escherichia coli, Streptococcus
beta-hemolytic B, Klebsiella pneumoniae, Proteus mirabilis,
and Staphylococcus coagulase-negative were the most
common causative agents of UTls [8, 25]. We have found no
scientific literature data obtained by modern methods that
would allow one to determine nonculturable bacteria in urine
of patients with MS and neurogenic dysfunction. In this study
we performed molecular genetic identification of OM in women
with MS using the BacScreen OM test system. Asymptomatic
bacteriuria was observed in 24.2% of cases. The following
representatives were found: Enterobacter cloacae, Escherichia
coli; Klebsiella pneumonia, Klebsiella oxytoca, Acinetobacter
spp, as well as Staphylococcus spp., and Streptococcus spp.
All these microorganisms can cause UTls [25, 26]. Moreover,
Enterobacter spp., Klebsiella pneumonia, Staphylococcus spp.
found in the urine of women with MS belong to the group of
most important bacteria referred to as ESKAPE: Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp. [27]. These bacteria that often cause severe
infections show multidrug resistance to various classes of
antibiotics [28, 29]. ESKAPE pathogens were included in the
WHO priority list of pathogens for the development of new
antibacterial drugs or alternative treatment methods [27-29]. The
range of the quantity of OM revealed was 1025-1057 GE/sample.
The microbiological pattern associated with NLUTD changed
depending on the urine drainage method [30]. All the women
we examined urinated unaided. Despite the limited number
of patients with the OM detected, we performed in-depth
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analysis of bladder dysfunction symptoms in this group.
This approach turned out to be relevant in the context of
understanding the relationship between UTls and various LUT
dysfunction types. In our study, all women with MS and bacteriuria
detected had urination disturbances with obstructive symptoms,
as well as the history of UTI episodes. These symptoms can
indicate disturbances of the mechanism underlying urination,
which, according to modern studies can be associated with
detrusor sphincter dyssynergia. Such a bladder disorder form
conbines the storage symptoms and the signs of obstruction,
including residual urine volume. While urinary retention and weak
urine stream can attract the patient’s attention, post-void residual
volume often remains unnoticed. That is why it is important to timely
detect the signs of voiding disturbances. To estimate the severity
of such disturbances more accurately, it is necessary to conduct
comprehensive urodynamic assessment allowing one to obtain
detailed information abour the LUT functional state, including the
dynamics of intra-bladder pressure and bladder volume [2]. It is
impossible to draw definitive conclusion about the disease severity
and nature without such assessment. In one of the studied cases,
significant residual urine volume (160 mL) and pseudodiverticula
were revealed in patient with bacteriuria based on ultrasound
data. These findings can suggest a prolonged course of chronic
urinary retention, which, in turn, can negatively affect the patient’s
health and ensure susceptibility to infectious complications. Joint
monitoring of patients with NLUTD by neurologist and urologist is
important for preservation of renal function and prevention of
severe, often fatal, urological complications [2, 8].
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CONCLUSIONS

Bladder disorders were found in 57.6% of women with
relapsing-remitting MS. Clinical assessment of this category
of patients involved the use of specific Pelvic Organ Function
Questionnaire allowing the neurologist to thoroughly assess the
system functioning quality and perform diagnostic screening.
The storage and voiding symptoms were equally frequent, and
the majority of patients had a combination of those. Moderate
LUTD significantly affecting the QOL prevailed. The use of the
diagnostic kit enabling comprehensive qualitative assessment
and quantification of microflora composition with the emphasis
on detection of the broad spectrum of OM of three classes
(Bacilli, Betaproteobacteria, and Gammaproteobacteria) most
often causing community-acquired and hospital-acquired
infections was the feature of the study. Preliminary results of
urinary microflora assessment suggest the presence of not only
well-known Escherichia coli, but also other OM representatives,
including those belonging to the ESKAPE group of most
important bacteria that are often resistant to antibacterial
drugs. Symptoms of obstruction prevailed in women with
the OM detected. This emphasizes the importance of timely
detection and adjustment of functional LUT disorders aimed at
preventing infectious inflammatory diseases. Bladder voiding
disturbances are likely to be one of the causes of intense
bacterial growth. Further research is required to determine
additional risk factors of infectious complications affecting
LUT in individuals with MS.
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SYNERGISTIC EFFICACY OF LOW-INTENSITY EXTRACORPOREAL SHOCK WAVE
AND PLATELET-RICH PLASMA ON ERECTILE DYSFUNCTION
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Erectile dysfunction (ED), an unusual sexual condition in which the person fails to attain or sustain an erectile penis, severely impacts personal relationships, confidence, and
efficiency. To date, low-intensity extracorporeal shock wave therapy (Li-ESWT) is an option to manage ED; however, it is associated with adverse events such as bruising,
redness, and pain. Hence, in this study, we applied platelet-rich plasma (PRP), a blood-derived biomaterial containing cargo of growth factors, to enhance the therapeutic
efficacy of LI-ESWT on ED. We assessed the synergistic effect of PRP+Li-ESWT, in which Li-ESWT was extracorporeally applied simultaneously with PRP. They were evaluated
clinically at 22 + 2, 50 + 2 and 78 + 2 days. Statistical analysis was performed using a non-parametric test, Friedman repeated measures as an alternative non-parametric test
of ANOVA test. The international index of erectile function (IIEF-5) and erection hardness score (EHS) were recorded. IIEF-5 score in the pre-treated group was 8.36 + 1.44.
After 22 + 2 days of synergistic PRP+Li-ESWT treatment, the score was 14.45 + 2.12 (p < 0.028). This score further increased to 15.45 + 1.93 (p < 0.008) and 16.18 + 1.48
(o < 0.001) after 50 + 2 days and 78 + 2 days of treatment, respectively. The mean pre-treated EHS was 1.64 + 0.20 (p < 0.002), which increased to 2.81 + 0.26 (p < 0.002),
3.09 + 0.25 (p < 0.0002) and 3.18 + 0.12 (p < 0.000) on day 22 + 2, 50 + 2 and 78 + 2 days, respectively. Conclusively, our study demonstrated potent synergistic therapy of
PRP+Li-ESWT in ED treatment by improving llEF-5 and EHS scores. However, extensive mechanism-based clinical studies are needed to reach a consensus.
Keywords: erectile dysfunction, Li-ESWT, platelet-rich plasma (PRP), IIEF-5, EHS
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OpeKTrnbHas ANCHYHKLMS (L) — natonoryyeckoe COCTOSIHVE PEMPOAYKTUBHOM CHCTEMBI, MPU KOTOPOM HapyLLAETCst CNOCOBHOCTL AOCTVKEHUS U NOAAepKaHst apekumn. OHO
ryOuUTENbHO CKa3bIBAETCS Ha B3AVIMOOTHOLLIEHVISIX, YBEPEHHOCTU B cebe 1 adpchekTvBHOCTY. MeTop, neverst S — HU3KOMHTEHCVBHAS YAAPHO-BONHOBas Teparist (HUSKOMHTEHCUBHAS
YBT). OfHako ee MpUMEHeHVIe CBA3aHO C HeXXenaTebHbIMN SBIEHVAMY, TaKMI KaK CUHAKI, MOKPacHeHUs 1 60b. B xofe HacTosALLEro necnefosaHns NpYMEHANM oboralLeHHyo
TpoMbOLMTaMy nnaamy (PRP) — nonyyeHHbIn 13 Kposw Bromarepuan, ConepalLivii 6ombLIoe KOMmMHecTBo (hakTopoB POCTa, A1 MOBbILLIEHNS TepaneBTUHeCKom SPheKTUBHOCTH
HM3kouHTeHevBHOM YBT npu 3. OueHnBanm cuHeprdecknin achdektT PRP 1 HU3KomHTeHCBHOM YBT, Mpy 9TOM HU3KOMHTEHCVBHYIO YBT MpUMeHsIM aKkCTpakopriopasibHo
opHospeMeHHO ¢ PRP. OLeHKy KNMHUHYECKMX nokasaTtenei MpoBoavm Yepes 22 + 2, 50 + 2 1 78 + 2 anHeit. CTaTUCTUHECKNIA aHanu3 BbIMOMHANM C MOMOLLIBKO HenapameTpr4eckoro
KpuTepus PpramMaHa 41 NOBTOPHbIX M3MEePEeHUii (ansTepHaTvBa AnCrepcroHHoMy aHanmay (ANOVA)). drikcrposany nokasateni MexxayHapoaHOro VHAEKCa 3PEKTUNbHOM
dyHKUMM (MINSD-5) 1 nokadaTeny TBEPAOCTM MONOBOro HneHa npu apekummn (EHS). Mokasatens no wkane MN3®-5 no neveHust coctasun 8,36 + 1,44 6annos. Yepes
22 + 2 OHA KOMOWHMPOBAHHOIO NnedeHns ¢ npumereHnem PRP 1 HudkouHTeHcuBHo YBT nokasatens coctasun 14,45 + 2,12 6annos (p < 0,028), a B ganbHenwem
yBenmyuncs fo 15,45 + 1,93 (p < 0,008) 1 16,18 + 1,48 (p < 0,001) 6annos — yepe3 50 + 2 1 78 + 2 [He NeyeHns COOTBETCTBEHHO. CpefHUiA nokasaTesb No LwKane
EHS po neyennst coctasun 1,64 + 0,20 (p < 0,002). OH yBenuumncsa 1o 2,81 + 0,26 (p < 0,002), 3,09 + 0,25 (p < 0,0002) n 3,18 + 0,12 (p < 0,000) 4epe3d 22 + 2, 50 + 2 1
78 + 2 [iHe COOTBETCTBEHHO. KOMOUHMPOBaHHOE neveHvie ¢ nprmeHeHnem PRP 1 HuskouHTeHcuBHOM YBT NpoaeMOoHCTPUPOBano MOLLHBIN CUHEPTUHECKU aDheKT,

ynyyLme nokasatenn MNO®-5 n EHS. OpnHako Ans JOCTWKEHNUS KOHCEHCYCa HEOBX0AUMbI LUMPOKOMACLUTabHbIE KNMHUYECKME NCCNEN0BaHMS MEXaHN3MOB STOM0 SBMEHNS.
KnioueBble cnoBa: apekTuibHas ANCAYHKLUMS, HU3KOUHTeHcuBHas YBT, oborallleHHast Tpomboumtamm nnasma (PRP), MNO®-5, EHS

BnaropapHocTu: asTopbl Hnarogapst TCM Biotech International Corp. (Hosbiln Tanbain, TavisaHb) 3a npegocTasneHHyto yctaHosky VertePLT Plus Platelet Concentrate Separator
(VertePLT) anst npurotosnenust PRP ans nocneaytoLLero NpUMEHeHst B TepaneBTUHECKMX Lensx y nauyeHTos ¢ O/,
Bknag asTopos: V1. Y. [, T. [. 9Hr — viaes uccrefosaqiis, METoaoMoms, aHanna AaHHbIX, MPOBepKa, BaaaLms, HanicaHme PyKomnvcw (* BKnaj, aBTopoB paBHO3HauHbIN);

Y. Y. Yen, H. K. Oybu, X. Hatypseawn, A. Y. Xyarr, H. X. Hanr, Y. Y. JInH — aHanna gaHHbIX, npoBepka, Banuaaumns; M. Y. Jllo — aHanua faHHbIX, NpoBepka, Bannaauus,
HanvcaHvie nuTepaTypHoOro 063opa, peaakTupoBaHue, obLLee PyKOBOLACTBO.

CobniofieHNe 3TUHECKUX CTaHAAPTOB: VCCE0BaHNE Of00PEHO 06 BEANHEHHBIM MHCTUTYLIVIOHANBHBIM HaGMoAaTENbHBIM COBETOM MeamLmHCKOro yHuBepcuTeTa Tainbes (IRB
Ne N201907013) 1 YnpasneHnem no Haa30py 3a Ka4eCcTBOM MULLEBbLIX MPOAYKTOB 1 lekapcTBeHHbIX cpeAcTs TarBans (TFDA: neno Ne 1086614281), 3aperncTprpoBaHo Ha
ClinicalTrials.gov (nata obpatlerust 04 noHs 2020 r.) (NCT04416802). VIHhopM1poBaHHOE cornacue Noanmcan Bce YHacTHUKM.

><] Onsa koppecnoHgeHuumn: MuHr-He Jlio
Tanbew, Tasare 11031; d204097002@tmu.edu.tw

Cratbsi nony4eHa: 21.09.2024 Ctatbs npuHaTa K nevatu: 20.11.2024 Ony6nmkoBaHa oHnaiH: 05.12.2024
DOI: 10.24075/vrgmu.2024.054

-EI BULLETIN OF RSMU | 6, 2024 | VESTNIKRGMU.RU



Erectile dysfunction (ED) is an unusual sexual condition in
which the person fails to attain or sustain an erectile penis
[1]. It could severely affect sexual health and activity, which
negatively impacts personal relationships, psychological status,
and quality of life [1, 2]. Penile erection is regulated by oxygen
tension, and its lower levels decrease cavernous trabecular
smooth muscle content, resulting in venous leakage, oxidative
stress, inflammation, structural change in the penile interstitium
and neural structures due to vasoconstriction, endothelial
dysfunction, veno-occlusive disease, and in the long-term may
cause initiation and progression of ED [3].

It has been projected that the incidence of ED may
influence the population of 322 million by 2025 [1, 4]. Recent
longitudinal epidemiological data suggest that the prevalence
of ED could range from 32-80%, depending on the age [5]. As
the age increases, the risk and incidence of ED also elevate,
particularly in the age group of 40-70 years [5]. To date, though
various traditional ED therapies, including pharmaceutical and
surgical alternatives, have been employed, the results either
demonstrated an inadequate efficacy or adverse events.
Hence, a complete therapeutic solution is urgently needed.

Low-intensity extracorporeal shockwave therapy (Li-ESWT)
is a therapeutic approach that has the potential to regenerate
endothelium, smooth muscle cells, and neuronal nitric oxide
synthase-positive nerves [6]. Shock waves are acoustic waves
with a frequency range of 16-20 MHz with a period of up to 10
microseconds and are collected in the focal zone, which could
be a targeted tissue or organ for therapeutic purposes [7].
Low-intensity shockwaves are low-energy waves of less than
0.1mJ/mm? energy flux density (EFD), though no consensus
has yet been reached on the EFD range [8]. Additional changes
include the proliferation of T cells, recruitment of stem cells,
increase in endothelial capillary connections, regeneration of
nerve and axonal cells, collagen matrix alteration, and decrease
in inflammation and oxidative stress [9].

PRP is a blood-derived product rich in growth factors such
as vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), transforming growth factor B-1 (TGF-1),
platelet-derived growth factors (PDGF), hepatocyte growth
factor (HGF), insulin-like growth factor-1 (IGF-1), epidermal
growth factor (EGF), and various cytokines. These factors
participate in tissue growth and healing through activation
and the proliferation of fibroblasts, smooth muscle cells, and
neutrophils, in addition to mesenchymal stem cell differentiation
[1, 10]. PRP also contains biomolecules such as adenosine
triphosphate, adenosine diphosphate, dopamine, serotonin,
histamine, and Ca*? ions, which play a crucial role in tissue
homeostasis [11]. Based on the above-mentioned therapeutic
activities, the potential of PRP is being explored in ED treatment.
However, a few studies have suggested that PRP therapeutic
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efficacy could be enhanced by supplementing other alternative
therapies, such as low-intensity extracorporeal shockwave
therapy (Li-ESWT). Moreover, pre-clinical and clinical studies
limit their wide therapeutic applications in ED. Therefore, we
examined the synergistic impact of PRP and Li-ESWT-based
regenerative treatment for ED.

METHODS
Patients

Between 20 May 2020 and 22 Feb 2022, 11 ED patients
underwent a combination therapy of Li-ESWT and PRP for
78 + 2 days. All patients were informed in detail about the
synergistic treatment of Li-ESWT and PRP, as illustrated in the
schematic design of the study (Fig. 1).

The patients’ demographic characteristics such as age,
material status, ED duration, mean body mass index (BMI),
triglyceride level, high-density lipoprotein (HDL), prostate
serum antigen (PSA), and testosterone levels were evaluated.
Additionally, hypertension, diabetes mellitus (DM), BPH,
dyslipidemia, and antiplatelet therapy use were also recorded.

Inclusion and exclusion criteria

This study included patients suffering from impotence for more
than 3 months, with an international index of erectile function
(IIEF) less or equal to 21, erectile hardness score (EHS) of 0, < 3,
and age over 30 years old. Whereas the patients were excluded
if they patients have characteristics such as hypogonadism,
bleeding tendency, could not cooperate with the treatment,
AIDS, syphilis, condyloma victim, received radical prostatectomy,
prostate cancer or pelvis malignant tumor victim, gonad
dysfunction, penis deformities, penile prosthesis implantation,
psychiatric disease victim, neural disease (multiple myeloma,
brain atrophy, etc.), pacemaker implantation, not suitable to join
this trial judged by the investigation, alcohol or drug abuse.

Li-ESWT application

Treatment of Li-ESWT using PiezoWave 2 (Richard Wolf GmbH,
Knittlingen, Germany) machine was performed on days 1, 8,
15, 29, 36, and 43. In each treatment, 2,000 shockwaves (SW)
(0.16 mJ/ mm?, 6-8 hertz (Hz) were applied to the penile shafts
and 2,000 SW to the perineal corpus cavernosum.

Preparation and injection of human platelet-rich plasma (PRP)

To prepare PRP, we employed a specialized platelet concentrate
separator containing ACD-A as an anticoagulant and a specific
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Fig. 1. The experimental schedule. ED — Erectile dysfunction. Li-ESWT — Extracorporeal shockwave therapy. PRP — Platelet-rich plasma.
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Table 1. Patients’ demographics. ED — Erectile dysfunction, BMI — Body mass index, DM — Diabetes melli-tus, HDL — High-density lipoprotein, TG — Triglycerides,

BPH — Benign prostate hyperplasia, PSA — Prostate-specific antigen

Variable N Value p-value (Shapiro-Wilk)
Age (years) 11 60.3 £ 10.4 0.154
Duration ED (year) 11 2 [1-8] 0.001
Mean BMI (kg/m?) 11 25.2 + 3.06 0.391
TG (mg/dl) 9 187 £ 119 0.198
HDL (mg/dl) 8 47.3+10.8 0.524
PSA 10 1.10 [0.925-2.60] 0.005
Testosterone level 11 5.02 +1.55 0.322
Marital status (y/n) 11 8d/3n
Hypertension (y/n) 11 5d/6n
DM 11 5d/6n
Dyslipidemia 11 4d/7n
Usage antiplatelets 11 3d/8n
BPH 1 10d/1n

separator gel to harvest platelets and plasma to prevent
contamination from other blood components, including red
blood cells and leukocytes. In brief, we collected 7 milliliters
(mL) of autologous human peripheral blood into a PLTenus PLUS
Platelet Concentrate Separator (TCM Biotech International
Corp., Taipei, Taiwan) through a sterile venipuncture. Then, the
collected blood was centrifuged at 500~1200G for 8 minutes.
Thereafter, approximately 4 mL of mixed plasma and platelets,
which remained over the thixotropic gel layer, were isolated and
then collected in a falcon tube for therapeutic application. The
0.5 ml PRP was then injected intracorporeally at 6 sites on the
penile shaft, and the therapeutic efficacy was evaluated using
IIEF-5 and EHS scores.

Outcome measurements

We evaluated treatment outcomes using the IlEF-5 and EHS
scores. lIEF-5 is a self-assessment score-based questionnaire
to determine the erectile function and severity of ED [12]. It

20

specifically employs five domains to measure erectile function,
sexual desire, orgasmic function, intercourse satisfaction, and
overall satisfaction. Erection hardness is assessed through EHS,
a four-point scale self-report based on a single item [13]. This
reliable score system also indicates a direct relation between
erection hardness and intercourse. Pre-treatment scores were
compared with post-treatment scores to assess the efficacy
of this synergistic treatment. The post-treatment scores were
measured at 22 + 2 and 50 + 2 days and 78 + 2 days.

Statistical analysis

The statistical analysis was performed using non-parametric
test, Friedman repeated measures as an alternative non-
parametric test of ANOVA test, which is suitable for non-normal
distribution data/small sample. Further, pairwise comparison by
Durbin-Conovar tests was done as post-hoc test (alternative
non-parametric test of student t-test). The values were
considered significant only when less than 0.05.
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Fig. 2. IIEF-5 score at pre-treatment, 22 + 2, 50 + 2, and 78 + 2 days post-treatment. IIEF-5 — International index erectile function-5. * p < 0.05 and *** p < 0.001
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Table 2. Pre-treatment and post-treatment scores of IlEF-5 and EHS
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Timeline 1 t2 3 t4 Significant
median [q1-q3]; median [q1-qg3]; median [q1-q3]; median [q1-q3]; Q (p-value) post-hoc
Variable mean + SD mean + SD mean + SD mean + SD (p-value)
t1-t2 (<0.001).
t2-t3 (<0.001).
7 [56-10.5]; 13 [10-20.5]; 15 [13-20.5]; 17 [13-19.5]; ~
IIEF-5 8.36 + 4.80 14.5+7.05 15,5+ 6.42 16.2+ 492 22.5<0.001) 1114 (=0.000).
(0.011)
t1-t2 (<0.001).
t2-t3 (<0.001).
2 [1-2]; 3[2.5-3]; 3[3-3.5]; 3 [3-3]; B
EHS 1.64 + 0.674 2.82 +0.874 3.09 + 0.831 3.18 £ 0.405 22.2 (0.001) t t4té<_?4001)'
(0.043)
RESULTS t1-2, 1118 and t1-t4 (p < 0.001), indicating the efficacy

Demographics of patients

The study involved 11 patients treated with a combination
of Li-ESWT and PRP. As shown in Table 1, no significant
difference was observed for the age, BMI, TG, HDL, PSA, and
testosterone; however, ED duration was significant. Out of 11
patients, 8 (72.73%) were married, and 5 (45.46%) suffered
from hypertension and DM. Three patients (27.27%) had been
using antiplatelets. After the treatment, the IIEF-5 and EHS
scores were assessed.

Effect of PRP+Li-ESWT on IIEF-5 scores

The median [q1-g3] and mean+SD value of lIEF-5 (Fig. 2) at
different time points are shown in Table 2 for the two groups
(pre-treatement and PRP+LI-ESWT treatment). In the PRP+Li-
ESWT group, the median [q1-g3] IIEF-5 scores significantly
increased during t1-t2, t1-t3 and t1-t4 (o < 0.001).

Impact of PRP+Li-ESWT on erection hardness

Further, erection hardness score (EHS) (Fig. 3) also showed
similar pattern the median [q1-g3] values significantly during

of PRP+LI-ESWT in gaining erection hardness, which is a
fundamental component of erectile function.

DISCUSSION

Li-ESWT is considered a safer alternative in ED treatment,
especially in the case of mild vasculogenic ED or when patients
are less responsive to PDE-5i [6]. It promotes neo-angiogenesis,
improves blood circulation in cavernosal tissues, and suppresses
inflammation and stress [14]. In DM patients, Li-ESWT mimics
shear stress, affects membrane permeabilization, and regulates
signal cascades, resulting in an inhibited inflammatory response,
secretion of nitric oxide, mobilization of endothelial and stem
cells, and improved NNOS-positive nerves in corpora cavernosa
and endothelial content in cavernous arteries and sinusoids [15].
Based on this evidence, we anticipate that all the therapeutic
impacts, particularly neovascularization, could be elevated
through supplementing PRP.

PRP is rich in trophic growth factors and regenerative
molecules, which may promote stem cell recruitment,
angiogenesis, nitric oxide synthesis, and cavernosal nerve
regeneration. In the murine model, PRP has been demonstrated
with neuroprotective and neuro-regenerative effects by lowering
the expression of caspase-3 and TGF-B1, resulting in PDGF
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Fig. 3. EHS at pre-treatment, 22 + 2, 50 + 2, and 78 + 2 days post-treatment. EHS: Erection hardness score
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from the corona sulcus to the penoscrotal junction, and a black dot indicates the injection sites. PRP — Platelet-rich plasma, Li-ESWT — Low-intensity extracorporeal

shock wave

levels [16]. The PRP-contained VEGF and BDNF promote nerve
regeneration, upregulation of nNOS, and axon growth [17].
Li-ESWT also induces the expression of VEGF and its receptor
FIt-1(vascular endothelial growth factor receptor-1)[18], which
could be further accelerated through PRP-contained VEGF. In
addition, BDNF activates the Janus kinase signal transducer
and activator of the transcription (JAK-STAT) pathway, which
promotes neurite growth in the pelvic ganglion region [17, 19].
The BDNF, IGF-1, VEGF, and bFGF present in PRP have
effectively restored penile hemodynamics in the pre-clinical
models [20].

In our study, some of the patients showed characteristics
of hypertension, diabetes, and high triglyceride levels (Table 1).
[t has been evident that 25% and 60% of patients treated for
hypertension and diabetes, respectively, suffered from ED [21].
Aging reduces the level of testosterone, smooth muscle cells in the
penis, and elastic fibers in tunica albuginea, which results in ED [22].
Endothelial dysfunction due to dyslipidemia is a prominent cause
of ED [23]. It has been further observed that ED is associated with
at least one of the co-morbidities such as depression (11.1%), DM
(20.2%), hyperlipidemia (42.4%), and hypertension (41.6%). Thus,
the presence of above-mentioned characteristics/demographics
in our patients is associated with ED.

Our study combined both Li-ESWT and PRP therapies to
evaluate the synergistic effect of the combination therapy. The
therapeutic outcomes, i.e., erectile function and hardness, were
assessed using IlEF-5 and EHS scores, respectively (Table 2).
The median changes in IIEF-5 score using Li-ESWT among ED
patients are +3.5 (p = 0.0049) and +1 (p = 0.046) after 1 month
and 1 year post-treatment [24]. Li-ESWT improved the baseline
IIEF-5 score from 8.27+2.741 1o 10.43 + 8.43 after one month
of the treatment, and the therapeutic effect was sustained for
6 months at a similar level [25]. Another randomized clinical
study indicates that weekly Li-ESWT treatment for five weeks
of courses improves EHS and IIEF-5 scores. The EHS score
increases by 0.35 and 0.50, whereas the lIEF-5 score improves
by 2.40 and 3.45 after 4 and 12 weeks of treatment [26].
A 14-week Li-ESWT treatment (once a week), which includes
a gap of 4 weeks after 5 weeks, reported improvement in
IIEF-EF score from baseline 11.5 to 13 and 12.6 after 5 and

10 sessions, respectively [27]. The above-mentioned studies
showed an improvement in IIEF-5 and EHS in the range of
2-5 and 0.3-2 points, respectively. However, our study has
recorded an increment of 6-8 points in the mean baseline
IIEF-5 score of 8.36 + 1.44, which was significantly elevated
to 14.45 + 212, 15.45 + 1.93, and 16.18 +1.48 after 22 + 2,
50 + 2 and 78 + 2 days post-treatment, respectively. Similarly,
the mean EHS baseline score of 1.64 + 0.20 increased to
2.81+0.26,3.09 +0.25,and 3.18 + 0.12 at22 + 2,50 + 2, and
78 + 2 days post-treatment, respectively. This data indicates
improvement in erectile function in our combined treatment of
Li-ESWT+PRP, which is comparatively better than previously
reported monotherapy of Li-ESWT.

The enhanced therapeutic impact may be attributed
to PRP, which promotes natural healing. The IIEF score is
improved without adverse events when used to treat ED [28].
A prospective study showed the significant efficacy of PRP in
improving IIEF score after treatment (p = 0.02)[1]. However, a
fibrotic plaque develops on the ventral side in the middle of
the penile shaft. However, intravaginal ejaculatory latency
time significantly improved due to the combination treatment.
The regenerative therapeutic efficacy of PRP has been widely
evaluated among various disorders and is linked to the growth
factor and other bioactive molecules present in the PRP.
VEGF, a PRP component, has shown that it could effectively
recover erectile function among CN injury animal models [29]. In
coherence, a double-blinded, randomized, placebo-controlled
clinical trial evidenced that PRP significantly attained minimal
clinically important difference (MCID) in the IIEF-EF (erectile domain)
post 6 months of treatment [30]. Moreover, the satisfaction level
was evident without any hemorrhagic adverse events.

It has been demonstrated that PRP improves erectile
function among diabetic rat models by inhibiting the atrophy
of corporal smooth muscle cells, corpus cavernosum safety,
and regenerating CN fiber [16]. In addition, PRP also restores
tissue and improves all parameters of erectile function and
myelinated nerve regeneration among DM rats [16]. Thus, PRP
could effectively minimize post-surgical complications due to
DM in ED treatment. Similarly, the PRP treatment significantly
improves intracavernous pressure, mean arterial pressure, IGF-1,
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BDNF, and VEGF levels among hyperlipidemia-associated
ED rats [31]. Moreover, the PRP treatment also improves
endothelial cells, neuronal nitric oxide synthase, and endothelial
nitric oxide synthase in the corporal tissues, resulting in lower
oxidative stress and apoptotic index. Based on our results, we
infer that PRP could improve the Li-ESWT-treated ED owing to
its wound-healing potential for microtrauma developed during
Li-ESWT (Fig. 4).

Limitations of the study

Apart from various positive therapeutic outcomes, our study
includes limitations like the lack of a control group such as
Li-ESWT, which will be investigated in the future. However, a
previous study on monotherapy of Li-ESWT [32] demonstrated
an effective and safer profile for diabetic as well as non-diabetic
ED patients. Hence, combined Li-ESWT and PRP treatment is
anticipated to offer an enhanced therapeutic efficacy on ED. The
pain score while injecting PRP was not recorded, which will also be
the focus of our future study. Small sample size is another limitation
of the study; however, we have conducted statistical analysis using
non-parametric test, Friedman repeated measures as alternative
non-parametric test of ANOVA test, which is suitable for non-
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DYNAMIC CHANGES OF INFLAMMATORY MARKERS IN THE EARLY STAGES OF CHRONIC KIDNEY
DISEASE IN PATIENTS WITH TYPE 1 DIABETES MELLITUS
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" South Ural State Medical University, Chelyabinsk, Russia
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Diabetes mellitus (DM) is one of the major factors contributing to the development and aggravation of chronic kidney disease (CKD). The accurate and convenient
markers for early detection, estimation of progression, and adequate control of CKD therapy in individuals with DM are limited to glomerular filtration rate (GFR) and
albuminuria. Given the role of chronic inflammation in the pathogenesis of DM and CKD, the study aimed to assess indicators of inflammation and the correlation
of those with GFR in patients with type 1 DM (T1D) and early stage CKD. The study involved healthy individuals (n = 14), patients with T1D showing no signs of
CKD (n = 30), as well as patients with T1D and stage 1 CKD (n = 60), stage 2 CKD (n = 38), and stage 3 CKD (n = 31). GFR was calculated using the formula
CKD-EPI (€GFRY); serum levels of IL1B and TNFa, C-reactive protein (CRP), and ceruloplasmin (CP) were determined by enzyme immunoassay; the neutrophil-to-
lymphocyte index and the leukocyte intoxication index (LIl) were calculated. It has been found that serum concentrations of IL18, TNFa, CRP, and CP are elevated;
LIl and the neutrophil-to-lymphocyte index are increased. The inflammation and acute phase response severity progresses and reaches its maximum in stage 3b
CKD, when the serum concentration of IL1B is increased 2.4-fold (p = 0.042), TNFa concentration by 34% (p = 0.005), CRP concentration 33-fold (p < 0.000),
CP concentration by 73% (p = 0.008), LIl 8.4-fold (p < 0.000), neutrophil-to-lymphocyte index 5-fold (p = 0.013). The integral kidney function indicator, eGFR,
decreases with increasing serum levels of the above indicators. Thus, IL18, TNFa, CRP, CP, LI, and the neutrophil-to-lymphocyte index can be considered as
affordable and informative indicators for estimation of inflammation, the levels of which increase with progression of early stage CKD in patients with T1D.
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ANHAMUKA MAPKEPOB BOCIAJIEHMSA HA HAHAJTbHBIX CTAAUAX
XPOHU4YECKOW BONE3HU NMO4EK NPU CAXAPHOM AWABETE 1-I'0 TUNA

M. B. Ocuko'?, J1. A. Scbpoc'?, J1. tO. XKypasnesa'?=<, A, A. ®epocos®

" FOXKHO-YpanbCKui rocyaapCTBEHHbIN MEAVLIMHCKUIA yHUBEpCUTET MHMCTepCTBa 3apaBooxpaHeHist Poccurickon ®egepaumm, YensbuHcek, Poccus
? YenabuHckaa obnacTHas KnMHnydeckas 6onbHuLa, YensouHek, Poccurst
3 POCCUINCKMIA YHUBEPCUTET ApY>XObl HAPOLoB UMeHW MaTpuca Jlymym6el, Mocksa, Poccusi

CaxapHbii anabeT (CL) — oavH 13 OCHOBHbBIX (haKTOPOB, CMOCOBCTBYIOLLMX Pa3BUTUIO N YCyryOneHmo XpoHnieckoin 6oneaHi nodek (XBI). TouHble 1 yaobHble
MapKepbl A5 PAHHEro BbISBEHNS, OLEHKM MPOrPecCupoBaHis 1 Hapnexatlero koHTponsa Tepanun XBIMy mmuy, ¢ CLI orpaHuyeHbl nokasaTensmMn CKopocTu
knyboykoson unstpauum (CK®) n ansbymvHypren. B cBsS3n ¢ ponbio XpoHMHYeckoro BocnaneHus B natoreHese CL v XBI1 uensto paboTbl 6bi10 U3ydnTb
rokasarenn BocnanmMTenbHOro npotecca 1 nx B3avmocssadb ¢ CK® y 6onbHbix G, 1-ro tuna (CO1) npu paHHux ctagusax XBI1. B nccneposaHumn y4actBoBan
3noposble nogy (n = 14), 6onbHble CO1 6e3 npusHakos XBI1 (n = 30), a Takke 6onbHble CA1 ¢ 1-i ctagnent XBI (n = 60), 2-in ctagnen XBI (0 = 38) n 3-i
ctaguen XBI1 (n = 31). CK® paccuntbiBann no opmyne CKD-EPI (pCK®), B CbIBOPOTKE MMMYHO(EPMEHTHBIM METOAOM OMpeaensnn KoHueHTpauwo L1
n TNFa, C-peaxtnsHoro tenka (C-PB), a Takxke koHueHTpauuo LepynonnadmuHa (LUIM), paccyntbiBanv nHOEKC HelTpoubl/MMMAOLUTbI, NeKoLUTapHbIA
MNHAEKC MHTOKCUKaLn (JINW). YcTaHOBNEHO, YTO B CbIBOPOTKE MOBbILLAaeTcs koHUeHTpaums IL18, TNFa, C-PB 1 LM, yBennumsaetca JIN, nHaekc Hertpodunel/
MM OLUTI. BbIpaykeHHOCTb BOCMaNMTENBHOIO NpoLecca 1 0cTpoda3oBoro OTBETa NPOrpeccupyeT 1 MakcumMansHa npu 36 ctagmm XBI, korga KoHUeHTpaums
B cbiBopoTKe IL1B yBenm4maeTcs B 2,4 pasa (p = 0,042), TNFa — Ha 34% (p = 0,005), C-Pb — B 33 pa3a (p < 0,000), LIl — Ha 73% (p = 0,008), NN — B 8,4
pasa (p < 0,000), nHaekc HerTpounbl/MmpounTsl — B 5 pas (p = 0,013). VHTerpanbHbii nokasaTenb yHKUMM novek pCK® cHvkaeTcst No Mepe yBenm-ieHnst
COAEPXKaHVs B CbIBOPOTKE BblLLenepevncneHHblix nokasarenen. Takum obpasom L1, TNFa, C-PB, LM, JIMIV 1 nHaexc HemTpodhunsl/ammMdoLmTsl MOXKHO CHUTaTb
LOCTYMHBIMU 1 MHEPOPMATUBHBIMY NOKA3aTENSMY OLIEHKY BOCMANUTENBHOMO MPOLECCa, BO3PACTAIOLLMMI MO Mepe MPOrpeccupoBaHis HaqaibHbIX cTaaui XBI
y 60nbHbIX CO1.

KntoueBble cnoBa: caxapHbii avabeTt 1-ro Tmna, XxpoHndeckasi 6one3Hb No4ek, nporpeccrposBaHmne, C-peakTnBHbIN 6enok, uepynonnasamuH, IL1B, TNFa, Herpodubl
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Diabetes mellitus (DM) is one of the main causes of premature
death from chronic non-communicable disorders; it accounts
for about 1.5 million deaths annually. In 2023, the total number
of patients with DM in Russia was 4.9 million or 3.31% of the
population, among them 277.1 thousand had type 1 DM (T1D).
Despite advances in diagnosis and treatment, the increase in
the prevalence of T1D by about 2-3% a year is observed; in
2022, the prevalence was 191 cases per 100,000 population [1].

The majority of patients with T1D are in their prime work years
(80-39 years); the average age of death from T1D is 53.2 years.
Diabetic nephropathy is a common microvascular complication
of DM, it occurs on average in 40% of affected individuals, and
the rate of diabetic nephropathy associated with T1D is 50%
after 10 years and 75% after 20 years [2]. According to the
United Nations, chronic kidney disease (CKD) requires special
attention and represents one of the indicators of progress in
achieving global goals of reducing premature mortality from
non-communicable diseases by 2030 [1, 3]. The importance
of risk factor detection aimed at CKD progression prevention
is emphasized considering the growing influence of CKD on
public health [4]. It has been proven that targeted interventions
in early-stage CKD associated with T1D effectively prevent
kidney failure progression and improve treatment outcomes in
patients; regular CKD screening represents the basic principle
of the DM patient management [5]. To date, pathogenesis of
CKD associated with DM is poorly understood, it includes such
mechanisms, as endothelial dysfunction, chronic inflammation
and thrombosis, mitochondrial dysfunction and oxidative
stress, histone hypermethylation, DNA methylation, atherogenic
dyslipidemia and arterial hypertension, etc. Understanding
synergetic cellular molecular mechanisms underlying DM and
CKD is crucial for assessment of the DM-associated CKD
progression and development of effective diagnostic and
therapeutic approaches [3, 6].

Inflammation is a standard disease process underlying many
disorders and syndromes, including DM and CKD. Special
attention is paid to low-grade chronic systemic inflammation
and its markers: pro-inflammatory cytokines (interleukin 18
(IL1B) and tumor necrosis factor a (TNFa), IL6, etc.), acute
phase reactant (highly sensitive C-reactive protein (CRP),
serum amyloid A, ceruloplasmin (CP), etc.) [7, 8]. Chronic
inflaonmation is considered as a key factor of pathogenesis of
macrovascular and microvascular DM complications, including
CKD [9]. At the same time, in clinical settings, calculation of
the white blood cell differential (increased immature neutrophils)
and its derivatives (leukocyte intoxication index (LIl), neutrophil-
to-lymphocyte index) remains the most affordable method to
assess severity of inflammatory and acute phase response,
which is very informative in terms of predicting the long-term
survival, mortality, as well as ranking the factors contributing
to cardiovascular disorders [10]. Most information about the
relationship between inflammatory markers in blood and
diabetic nephropathy worsening was acquired from patients
suffering from T2D, which was due to its high prevalence.

The study aimed to assess indicators of inflammation and
their correlation with the glomerular filtration rate in patients
with T1D and early stage chronic kidney disease.

METHODS

The study was conducted at the Chelyabinsk Regional Clinical
Hospital. The study involved females aged 18-54, males
aged 18-60. Inclusion criteria: 1) having T1D for more than
6 months in accordance with the national clinical guidelines [11];
2) informed consent to participation in the study. Exclusion
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criteria: 1) age over 60; 2) eGFR < 29 mL/min/1.73 m?; 2) T2D
or other endocrine disorder; 3) severe concomitant diseases of
the liver, lung, tuberculosis, rheumatic diseases, autoimmune
kidney diseases, postmenopausal osteoporosis, cancer;
4) taking glucocorticoids, cytostatics, vitamin D products,
phosphate binders; 5) patients with inflammatory diseases
affecting kidneys and other organs and systems. Group 1 is
represented by clinically healthy individuals matched by age
and sex to the index group (n =14): 42.9% males, 57.1%
females, average age 30.6 + 4.2 years, body mass index,
systolic and diastolic blood pressure, lipid profile within normal.
Group 2 includes patients with T1D showing no signs of CKD
(n = 30). Group 3 is represented by patients with T1D showing
signs of CKD (n = 129), including stage 1 CKD (group 3.1;
n = 60), stage 2 CKD (group 3.2; n = 38), stage 3a CKD (group 3.3;
n = 21), stage 3b CKD (group 3.3; n = 10). CKD was staged
in accordance with the national clinical guidelines [12]. At
admission, the patients had compensated (n = 12; 7.5%),
subcompensated, and decompensated T1D; compensation
was achieved against the background of therapy in hospital
settings; the inflammatory markers were collected before
discharge (n = 147; 92.5%). Clinical characteristics of the
groups of patients with T1D having and not having CKD are
provided in Table 1.

Analysis of the results showed that the group of patients
with CKD showed significantly lower eGFR compared to
patients with no CKD (p = 0.037). In patients with CKD, the
diabetes duration was 13 years, while in the group of patients
with no CKD this indicator was significantly lower (o = 0.000).
We revealed significant differences in the average glycated
hemoglobin levels in patients having and not having CKD (9.8%
and 8.1%, respectively). The average systolic and diastolic
blood pressure was higher in the group of patients with CKD
(o = 0.000); higher total cholesterol levels were reported for the
group of patients with CKD (p = 0.035).

Analysis of the results showed that the DM duration was
longer in patients with stage 1 CKD compared to patients with
no CKD (p < 0.001). The average systolic blood pressure turned
out to be significantly higher in the group of patients with stage
1 CKD (p = 0.001). Patients with T1D and stage 2 CKD had
lower eGFR compared to patients with no CKD (p = 0.000).
The diabetes duration was longer in patients with stage 2 CKD
(o = 0.000). Patients with stage 2 CKD had significantly higher
average glycated hemoglobin (p = 0.012) and average total
cholesterol (p = 0.007) levels. The average systolic and diastolic
blood pressure in the group with stage 2 CKD turned out to
be significantly higher compared to the group with no CKD
(o =0.001 and p < 0.001). Significant differences were revealed
when comparing the groups of patients with stage 3 CKD and
no CKD. The average age was higher in the group of patients
with stage 3 CKD (p = 0.015). Longer diabetes duration was
reported for patients with stage 3 CKD (p = 0.001). The average
systolic and diastolic blood pressure turned out to be higher
in the group of patients with stage 3 CKD (p < 0.001), the
glycated hemoglobin levels were higher in patients with stage
3 CKD (p = 0.010). The results of comparative analysis of the
group of patients with stage 2 CKD and the group of patients
with stage 3 CKD showed a significant decrease in glomerular
filtration rate (o < 0.001).

Albuminuria indicators, as CKD markers, are provided in
Table 2.

It was found that patients with stage 1 CKD more often
had stage A1 albuminuria (o = 0.031), while patients with stage
3a and 3b stage CKD more often had stage A3 albuminuria
(o = 0.022).
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Table 1. Clinical characteristics and comparative analysis of the groups of patients with T1D having and not having CKD (n = 159)

Indicator Group with CKD (n = 129) Group without CKD (n = 30) P
Sex, abs. (%) Males 47 (36.4) 12 (40.0) 0.834
Females 82 (63.6) 18 (60.0)

Age, years, Me [Q,; Q,] [25.?)?'20.0] [22%?'??0.0] 0.001*
Body mass index, kg/m?, Me [Q;; Q] 21 .%?.276.0] [20_%?'274_3] 0.163
Systolic blood pressure, mm Hg, Me [Q;; Q,] [1101_5_);01'%0_0] 1 001_3;01'20_01 0.000*
Diastolic blood pressure, mm Hg, Me [Q;; Q,] [70_%?'20_0] [60.2[;).?0.0] 0.000*
Glomerular filtration rate, mL/min/1.73 m?, Me [Q,; Q] 87 [62.0; 111.0] [96.102;1124.0] 0.000*
Diabetes duration, years, Me [Q,; Q,] 13 [8.0; 20.0] 4.0 [2.0; 8.0] 0.000*
Glycated hemoglobin, %, Me [Q,; Q] 85 116 [7.2;'18.8] 0.000°
Total cholesterol, mmol/L, Me [Q,; Q] [4.2-6.3] [4.14;'55_5] 0.035"
Triglycerides, mmol/L, Me [Q,; Q] [0.8; 1.8] [0.81;.11.6] 0.388
LDL cholesterol, mmol/L, Me [Q,; Q,] [2.2: 4.0] [2_12;'%_5] 0.34
LDL cholesterol, mmol/L, Me [Q;; Q,] [0.3%;53.76] [0.4(()).;55.69] 0.631

Note: * — significant intergroup differences (o < 0.05). Categorical indicators were compared using the Pearson’s chi-squared test (x?), Mann-Whitney U test was used

in other cases.

To calculate GFR using the formula CKD-EPI (eGFR),
we determined serum creatinine concentrations by the
kinetic colorimetric method using the Cobas Integra 400
analyzer (Switzerland) [2]. Total white blood cell counts were
determined using the CoulterLH 500 hematology analyzer
(BeckmanCoulter; USA), while the white blood cell differential
was determined by microscopy of the Romanowsky-Giemsa-
stained blood smears involving enumeration of 200 cells. The
leukocyte intoxication index (LIl) was calculated using the
following formula:

4 x myelocytes+ 3 x immature + 2 x band + segmented neutrophils x (plasma cells +1),

[13).

lymphocytes+monocytes x (eosinophils+1)

Moreover, we determined the ratio of the quantities of all
neutrophil and lymphocyte populations in blood (neutrophils/
lymphocytes). Serum IL18 and TNFa concentrations were
determined using the Personal LAB automated ELISA testing
platform (Adaltis Italia; Italy) and the Vector-Best test systems
(Novosibirsk); the results were expressed in pg/mL. Serum
concentrations of the highly sensitive CRP were determined
using the ChemWell 2910 automated ELISA testing system
(Awareness Technology; USA) and the Vector-Best test system
(Novosibirsk); the results were expressed in IU/L. Serum
concentrations of ceruloplasmin (CP) were determined using
the SF-56 spectrophotometer (LOMO-Spectrum; Russia) by
the modified method by Revin based on p-phenylenediamine

Table 2. Albuminuria indicators in patients with T1D and CKD, abs. (%)

oxidation; the results were expressed in mg/L [14]. The results
obtained were processed using the IBM SPSS Statistics v.
23 software package (SPSS: An IBM Company; USA). The
quantitative indicator distribution in the group of patients with
stage 1 CKD was tested for normality using the Kolmogorov-
Smirnov test, while in the groups with stage 2, 3a and 3b
CKD, as well as in healthy individuals and patients with no
CKD, the Shapiro-Wilk test was used for this purpose. The
data are presented as Me (Q,; Q,), where Me is the median,
Q, and Q, are the lower (25) and upper (75) quartiles,
respectively. Verification of statistical hypotheses in the groups
was performed using the Mann-Whitney U test. Spearman’s
rank correlation coefficient (R) was used to reveal correlations
between the studied parameters, and the Chaddock scale was
used to estimate the correlation strength.

RESULTS

The eGFR values for the studied groups of patients are provided
in Table 3. It has been found that eGFR significantly increases
in the group of patients with T1D showing no signs of CKD
(group 2) compared to the group of healthy individuals and
naturally decreases in the group of patients with CKD (group 3).
Furthermore, the increase in group 2 is 17% based on the
median relative to the values of the group of healthy individuals,
while there is a decrease by 10% in group 3.1 (stage 1 CKD),
by 28% in group 3.2 (stage 1 CKD), by 46% in group 3.3 (stage

Group 3
Albuminuria stage P
Stage 1 CKD (3.1) Stage 2 CKD (3.2) Stage 3a CKD (3.3) Stage 3b CKD (3.4)
Al 24 (40.0) 13 (34.2) 6 (28.6) 0 0.031*
A2 17 (28.3) 12 (31.6) 4(19.0) 4 (40.0) 0.649
A3 19 (31.7) 13 (34.2) 11 (52.4) 6 (60.0) 0.022*

Note: * — significant intergroup differences (p < 0.05). Categorical indicators were compared using the Pearson’s chi-squared test (x?).
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Table 3. eGFR (mL/min/1.73 m?) in patients with T1D and CKD, Me [Q,; Q,]
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Group 3

Healthy
(group 1)

No CKD

(group 2) Stage 1 CKD

(group 3.1) (group 3.2)

Stage 2 CKD

Stage 3a CKD p-values with p < 0.05

(group 3.3)

Stage 3b CKD
(group 3.4)

105.000
[91.000; 118.000]

123.000
[120.000; 134.000]

94.000
[92.000; 126.000]

76.000

[67.000; 78.000]

p,, <0.001

Py, < 0.001
Py, < 0.001
Py45 < 0.001
Py, < 0.001
P,4,=0.016
< 0.001
< 0.001
< 0.001
<0.001
< 0.001
< 0.001
< 0.001
< 0.001
<0.001

p24.2

56.000
[50.000; 58.000]

37.000
[31.000; 40.000]

Pogs
Pogs
P35z
Psias
Psis4
Pszas
Psosa

p3A3—3.4

Note: Mann-Whitney U test was used to compare the values.

3a CKD), by 65% in group 3.4 (stage 3b CKD). Moreover, eGFR
is significantly decreased in groups 3.1, 3.2, 3.3, 3.4 compared
to group 2. The eGFR values of the groups 3.1, 3.2, 3.3, and
3.4 match the criteria of stage 1, stage 2, stage 3a, stage 3b
CKD, respectively [12]. The eGFR value of patients with stage
2 CKD is significantly different from the values of the group of
patients with stage 1 CKD, the value of patients with stage 3a
CKD is significantly different from the values of the group of
patients with stage 1 and 2 CKD, the value of patients with
stage 3b CKD is significantly different from the values of the
groups of patients with stage 1, 2, and 3a CKD.

The results of assessing inflammation severity in patients
with T1D and CKD are provided in Table 4. First of all, the changes
in serum concentrations of pro-inflammatory cytokines should
be noted. Thus, the IL1B concentration in the group of patients
with T1D showing no signs of CKD significantly increased (by
31% based on the median) relative to the values of the group of
healthy individuals; in the group of patients with T1D and CKD,
the IL1B concentration progressively increased from stage 1 to
stage 3b: by 40% based on the median relative to the group of
healthy individuals in group 3.1, by 91% in group 3.2, 1.8-fold
in group 3.3, and 2.4-fold in group 3.4. We revealed significant
changes in serum concentrations of IL1f in patients with stage
2, 3a, and 3b CKD compared to the group of patients with T1D
showing no signs of CKD and the group of patients with stage 1
CKD, as well as in individuals with stage 3a CKD compared
to those with stage 2 CKD, stage 3b CKD compared to those
with stage 2 and 3a CKD. Serum concentrations of TNFa were
not significantly different from those of the group of healthy
individuals, patients with T1D showing no signs of CKD, and
patients with T1D and stage 1 and 2 CKD; in patients with T1D
and stage 3a and 3b CKD, these increased by 34% based on
the median. We revealed changes in serum concentrations of
TNFa in patients with stage 2, 3a, and 3b CKD compared to
patients with T1D showing no signs of CKD and the group of
patients with stage 1 CKD, as well as in patients with stage 3b
CKD compared to those with stage 2 CKD.

The severity of the acute phase response associated with
T1D, including combined with CKD, was associated with
the changes in the content of white blood cell populations in
peripheral blood, which, in particular, was reflected in the LIl and
neutrophil-to-lymphocyte index changes. Thus, LIl significantly
increased in the groups of patients with T1D and stage 2, 3a,
and 3b CKD (2.3-fold, 7.8-fold, and 8.4-fold based on the
median, respectively) relative to the values of the group of healthy
individuals. Moreover, LIl significantly increased in the groups
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of patients with T1D and stage 2, 3a, and 3b CKD relative to
patients with T1D showing no signs of CKD and stage 1 CKD.
In patients with T1D and stage 3a and 3b CKD, LIl increased
relative to the group with stage 2 CKD. More prominent
changes in the population spectrum of white blood cells were
reported when assessing the neutrophil-to-lymphocyte index.
In patients with T1D and CKD, the index significantly increased
relative to the group of healthy individuals: by 22% based on
the median in group 3.1, by 81% in group 3.2, 2.3-fold in group
3.3, 5-fold in group 3.4. We noted a significant increase in the
neutrophil-to-lymphocyte index in patients with T1D and stage
1, 2, 3a, and 3b CKD relative to the group of patients with T1D
showing no signs of CKD, as well as in patients with T1D and
stage 3a and 3b CKD relative to the group of patients with T1D
and stage 1 and 2 CKD; in patients with T1D and 3b stage
relative to patients with 3a stage CKD. We noted the increase
in the IL1B and TNFa levels with CKD progression in patients
with T1D, but within normal range, which requires continuous
monitoring of these indicators.

In the next phase we assessed serum concentrations of
the acute phase reactants, CRP and CP (Table 5). Elevated
CRP concentrations were found in patients with T1D showing
no signs of CKD, as well as in patients with T1D and stage
1, 2, 3a, 3b CKD relative to the group of healthy individuals:
2.7-fold, 3.5-fold, 5.1-fold, 9.9-fold, 33-fold based on the
median, respectively. In all groups of patients showing signs of
CKD, serum CRP levels were increased relative to the group of
patients with T1D showing no signs of CKD; in the groups with
T1D and stage 3a and 3b CKD relative to those with T1D and
stage 1, 2 CKD, in the group with T1D and stage 3b CKD relative
to the group with T1D and stage 3a CKD. We revealed elevated
serum concentrations of CP in patients with T1D showing no
signs of CKD, as well as in patients with T1D and stage 1, 2,
3a, 3b CKD relative to the group of healthy individuals: by 31%,
16%, 24%, 41%, and 73% based on the median, respectively.
Serum CP levels were increased in the groups with T1D and
stage 3a and 3b CKD relative to the group of patients with
T1D showing no signs of CKD, as well as with T1D and stage
1 CKD; in the group with T1D and stage 3a CKD relative to
the group with T1D and stage 2 CKD; in the group with T1D
and stage 3b CKD relative to the group with T1D and stage 3a
CKD. The increase in CP levels with increasing CKD stage was
reported, due to which the dynamic monitoring of this marker
is necessary.

We performed analysis of the correlation between eGRF
being one of the key kidney function parameters essential for
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Table 4. Inflammatory markers in patients with T1D and CKD, Me [Q;; Q]

Indicators

Healthy
(group 1)

No CKD
(group 2)

Group 3

Stage 1 CKD
3.1)

Stage 2 CKD
3.2

Stage 3a CKD
3.3)

Stage 3b CKD
(3.4)

p-values with
p<0.05

IL1B,
pg/mL

1.724
[1.553; 2.931]

2.226
[1.410; 2.941]

2.405
[1.930; 3.600]

3.276
[2.590; 6.650]

4.879
[2.241; 7.379)]

5.824
[4.793; 8.031]

p,, = 0.021
Py, =0.009
Py, =0.003
Py, = 0.003

Py, = 0.003
Py, = 0-301

TNFa,
pg/mL

2.264
[1.981; 2.642]

2.170
[1.415; 3.019]

2.264
[1.604; 2.736]

2.443
[2.358; 3.113]

3.019
[2.547; 3.491]

3.019
[2.311; 3.490]

P, = 0.001
Pyas < 0.000
P, = 0.005

0.320
[0.170; 0.690]

0.560
[0.450; 0.750]

0.485

Lil, AU [0.200; 0.800]

3.000 .
[1.520; 6.400] .

1.050
[0.690; 1.350]

2.800
[1.860; 8.700]

Neutrophils/
lymphocytes,
AU

1.720
[1.020; 1.930]

1.680
[1.200; 2.100]

2.100
[1.530; 5.700]

P, =0.021
P4, < 0.000
P45 < 0.000
P4, < 0.000
P, = 0.001
P4, < 0.000

10.295 - 0,003

[2.390; 12.680]

3.160
[2.800; 3.900]

5.600
[3.200; 5.700]

p3.3—3:4 =0.020

Note: Mann-Whitney U test was used to compare the values.

assessment of CKD progression, CKD staging in accordance
with the national and international criteria and the signs of
inflammation in patients with T1D and early stage CKD (Table 6). The
use of the Chaddock scale in stage 1 CKD revealed a moderate
correlation with serum concentrations of TNFa, marked
correlation with LIl and the neutrophil-to-lymphocyte index,
very strong correlation with serum concentrations of IL18, CRP,
and CP; all the correlations were negative. In stage 2 CKD,
we revealed a marked correlation with serum concentrations
of TNFa, strong correlation with LIl and the neutrophil-
to-lymphocyte index, very strong correlation with serum
concentrations of IL13, CRP, and CP; all the correlations
were negative. In stage 3a CKD, we found a strong correlation
with LIl and serum CP concentrations, very strong correlation
with serum concentrations of IL1B, TNFa, CRP and the
neutrophil-to-lymphocyte index. In stage 3b CKD, we revealed
a strong correlation with serum concentrations of TNFa, CRP,
and CP, very strong correlation with serum concentrations of
IL1B, LIl and the neutrophil-to-lymphocyte index; the correlation
was negative.

DISCUSSION

Assessment of eGFR showed that eGFR was increased in the
group of patients with T1D showing no signs of CKD (group 2).
Elevated eGFR and hyperfiltration associated with T1D (with the
maximum values up to 162 mL/min/1.73 m?) found in 10-67%
of patients are considered to result from compensatory renal
hypertrophy and hyperfunction in response to hyperglycemia,
effects of pro-inflammatory cytokines and growth factors, local
angiotensin (Il), imbalance of vasoactive factors regulating
pre- and postglomerular blood flow, alteration of reabsorption
of sodium, glucose, and H* in proximal parts of the nephron
[15, 16]. Currently, glomerular hyperfiltration is considered as
one of the main mechanisms underlying the emergence and
progression of diabetic kidney disease (DKD) [16, 17].
Pathogenesis of the signs of inflammation in the form of
increased serum concentrations of IL1B, TNFa, CRP, CP,
increased LIl and the neutrophil-to-lymphocyte index, found
by us in patients with T1D and CKD, is multifactorial [18]. The
mechanism underlying formation of phlogogenic potential
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Table 5. Markers, acute phase reactants, in patients with T1D and CKD, Me [Q,; Q]

Healthy No CKD

Group 3

Indicators
(group 1) (group 2) Stage 1 CKD (3.1)

Stage 2 CKD (3.2)

p-values with

Stage 3a CKD p<0.05

3.3)

Stage 3b CKD
(3.4)

172.050
[132.100; 217.000]

225.800
[183.800; 317.000]

200.150

CP, mg/L [181.100; 245.000]

[198.000; 289.300]

p,,=0.014

214.400 242.300

[152.300; 245.000]

297.550
[268.400; 311.000]

0.335
[0.280; 1.820]

1.260
[0.140; 2.300]

1.540

CRP, IU/L [1.000; 3.050]

2.050
[1.450; 3.170]

3.675
[2.800; 4.150]

11.625 a7
[6.010; 15.395] 52~

Note: Mann-Whitney U test was used to compare the values.

in DM includes primarily hyperglycemia resulting in protein
glycosylation, formation of advanced glycation end products
causing tissue damage and immune cell activation, as well as
the release of pro-inflammatory cytokines. Secondly, in DM,
excess amounts of glucose result in the increased production
of reactive oxygen species, oxidative stress, which causes
further damage to the kidney cells and provokes inflammation.
Thirdly, in diabetic nephropathy, hyperactivation of the renin-
angiotensin system is observed that not only contributes to
arterial hypertension, but also increases renal inflammation
through production of pro-inflammatory cytokines, such as
IL6 and TNFa. Finally, local immune response is activated
in response to renal cell damage, when lymphocytes,
macrophages and other cells enter the kidney tissue, secrete
inflamnmatory mediators, thereby exacerbating kidney damage.

Activation of myeloid lineage in the bone marrow with
the increase in proliferation and differentiation of precursor
cells, increase in peripheral blood neutrophil (including
myelocyte and metamyelocyte) counts occurs in response to
the synthesis, secretion, and increase in blood levels of pro-

inflammatory mediators, including the reported IL13, TNFa.
We have reported this fact in the form of the increased LIl and
neutrophil-to-lymphocyte index. Neutrophils represent a white
blood cell population that is most common in humans; their
degranulation, phagocytosis, generation of reactive oxygen
and nitrogen active species, release of extracellular traps initiate
and prolong inflammation, take part in the pathogenesis of
myocardial ischemia, heart failure, stroke, and other disorders
[19]. It is believed that neutrophil counts and functional activity
are associated with chronic inflammation, development
of micro- and macroalbuminuria associated with DM, while
the increase in neutrophil counts in blood is an early marker
of the DM-associated renal damage, DKD progression, along
with microalbuminuria and eGFR, as well as shows a nonlinear
relationship with the risk of death from DKD [10, 20]. According
to the data provided by other researchers, the circulating
neutrophil counts positively correlate with DKD-associated
proteinuria [21].

The neutrophil-to-lymphocyte ratio of blood indicating
systemic inflammation is associated with the prevalence of DKD

Table 6. Correlation between eGFR (mL/min/1.73 m?) and inflammatory markers in patients with T1D and CKD

Group 3
i No CKD
ndicators (group 2) Stage 1 CKD Stage 2 CKD Stage 3a CKD Stage 3b CKD
(group 3.1) (group 3.2) (group 3.3) (group 3.4)
18, pa/mL R=-0.576 R=-0.992 R=-0.922 R=-0.956 R=-0.916
B, pg/m p=0.031 p < 0.000 p < 0.000 p=0.003 p = 0.001
TNFa o/ R=0.559 R=-0.448 R=-0.616 R=-0.986 R=-0.842
« P9 p=0.038 p=0.002 p=0.019 p < 0.000 p = 0.009
Ll AU R=-0.018 R=-0.566 R=-0.801 R=-0.750 R=-0.955
’ p=0.951 p < 0.000 p < 0.000 p=0.003 p < 0.000
Neutronhils/vmohocvies R=-0.054 R=-0.698 R=-0.769 R=-0.957 R=-0.902
phils/lymphocy p =0.854 p=0.045 p=0.028 p < 0.000 p=0.035
CRP IU/L R=0.581 R=-0.951 R=-0.911 R=-0.945 R=-0.849
' p=0.030 p < 0.000 p < 0.000 p=0.009 p=0.008
— R=-0.413 R=-0.927 R=-0.964 R=-0.846 R=-0.854
- Mg p=0.143 p < 0.000 p < 0.000 p=0.003 p=0.007

Note: Spearman’s rank correlation coefficients (R) are provided.
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and cardiovascular disorders, all-cause mortality in DM [22, 23].
The neutrophil-to-lymphocyte index is considered as a reliable
measure of the systemic inflammation severity, given the role of
neutrophils as nonspecific contributors to inflammation (innate
immunity) and lymphocytes as regulators of all inflammatory
responses and contributors to adaptive immunity [24]. Positive
correlation between the neutrophil-to-lymphocyte index and
serum concentrations of IL13 and CRP has been shown [25].
The results of several meta-analyses of clinical trials have shown
higher neutrophil-to-lymphocyte index values in patients with
diabetic nephropathy compared to patients with DM having no
kidney disease, as well as the prospects of using the index
for stratification and prediction of the risk of all-cause mortality,
cardiovascular mortality [21, 26, 27]. At the same time, CKD
also can cause chronic inflammation, worsening damage to
organs and tissues and leading to escalation of inflammatory
responses [8]. However, all these data are related to the role of
neutrophils in patients with T2D. It should be also noted that
LIl and the neutrophil-to-lymphocyte index have some benefits
in terms of affordability, economy and information content
compared to other inflammatory markers. According to our
data these have shown a strong negative correlation with eGFR
in stage 2 CKD and a very strong correlation in stage 3a and
3b CKD.

When blood levels of pro-inflammatory cytokines increase,
the synthesis of the inflammation acute phase reactants
(APRs) is triggered in hepatocytes, including CRP and CP as
members of the first wave (blood levels are increased within
the first 6-12 h reaching their maximum after 24 h) and third
wave (maximum concentration is achieved within 48-72 h)
APRs [28]. APRs are widely used in clinical practice to monitor
the course of inflammatory disorders and control treatment.
CRP is represented by the native pentameric and monomeric
forms showing pleiotropic activity, except for the marker role
of inflammation severity and the risk factor of cardiovascular
disorders (for highly sensitive CRP fraction) it is directly
involved in the pathogenesis of diabetic nephropathy via
several mechanisms. The data on the role of CRP in regulation
of complement activation via suppression of podocyte
autophagy and inhibition of the C3a/C3aR axis signaling are
provided, reported in clinical and experimental settings for
kidney damage under conditions of DM [29]. Furthermore, in
DM, CRP activates the TGFB/SMAD and kB nuclear factor
signaling pathways involved in realization of inflammation in
the kidneys and nephrosclerosis associated with diabetic
nephropathy via synthesis of IL13, TNFa, monocyte
chemoattractant protein-1, TGFB1 [27, 30]. The experimental
study of streptozotocin-induced DM and the human kidney
epithelial cell line has demonstrated CRP involvement in the
pathogenesis of diabetic nephropathy via interaction with
the FcyRIl receptors on the kidney cells, activation of the
Whnt/B-catenin, ERK1/2 signaling pathways, and disruption of
epithelial-mesenchymal interactions [31]. CRP can cause cell
death and progressive renal fibrosis via NF-kB and Smad3-
dependent mechanisms [32]. The experimentally induced
CRP deficiency inhibits the diabetic nephropathy development
[29]. Serum CRP levels are associated with microvascular
complications of T2D, including kidney disease [33, 34]. The
use of the two-stage regression model in more than 2000
patients with T2D involving assessment of single nucleotide
polymorphisms of the CRP gene in the chromosome 1 (1g21-g23)
showed a high-level causative relationship between serum
CRP levels and the emergence of diabetic nephropathy [35].
Some researchers believe that the serum CRP/albumin index is
a more informative independent predictor of the development

of diabetic nephropathy associated with T2D [36]. Furthermore,
serum CRP levels are associated with the urinary albumin/
creatinine ratio in patients with T2D [37].

Ceruloplasmin not only reflects acute and chronic
inflamsmation in the body, but also represents a metalloprotein
possessing antioxidant properties due to its ferroxidase activity,
and under conditions of oxidative stress it can function as a
pro-oxidant taking part in generation of ROCs and oxidated
LDL; it is the latter fact that is considered to be related to its
pathogenetic role in the development of DM complications.
[t has been shown that patients with T2D, microalbuminuria,
and diabetic nephropathy show the increased elimination
of copper as part of CP with urine, which results in the
decreased synthesis of Cu, Zn-superoxide dismutase and
the development of oxidative stress [38]. Elevated CP levels
are reported for T1D and T2D, including under conditions of
diabetic nephropathy [39, 40]. In T2D, CP is considered to be
a promising sensitive marker involved in the development of
oxidative stress, insulin resistance, lipid metabolism disorders
associated with this disease [41]. The role of serum CP as
an independent prognostic factor of diabetic nephropathy
progression in patients with T2D has been defined. We have
clearly shown the increase in serum concentrations of CP in
patients with CKD under conditions of T1D, progressing from
the 16% increase based on the median in stage 1 CKD of the
values of the group of healthy individuals to the 73% increase in
stage 3b CKD. A strong negative correlation between CP and
the CKD stage based on the eGRF values has been proven.
Determination of serum CP concentrations is not widely used
in clinical practice, however, it can be useful as a marker of
diabetic nephropathy in cases of multiple definitions and growth
in dynamics, especially when there is no albuminuria.

[t is important to note that chronic inflammation in the
kidneys results in damage to small blood vessels and glomeruli,
proteinuria and decreased renal filtration capacity. Moreover,
chronic inflammation is accompanied by activation of
fibroblasts and generation of the extracellular matrix products,
which causes interstitial fibrosis and loss of renal function.
These mechanisms, as well as the mechanisms underlying
inflammation initiation in DM and CKD are intertwined,
these enhance one another, creating vicious circles, and
lead to progression of diabetic nephropathy, loss of renal
function, and the need for substitution therapy. Understanding
pathophysiology of inflammation associated with diabetic
nephropathy opens up prospects for the development of
effective methods for the diagnosis and treatment of this severe
condition. The issue of the search for sensitive specific diabetic
nephropathy markers is relevant for practical medicine in terms
of the DM-associated CKD diagnosis, treatment control, and
progression [42]. Of primary importance are the currently used
clinical biomarkers, such as eGRF, proteinuria, albuminuria,
being the most important predictors of progression of kidney
diseases, cardiovascular complications, and mortality in
patients with diabetic nephropathy [43]. According to the
results of the study, serum levels of IL1B, TNFa, CRP and
CP, LI, neutrophil-to-lymphocyte index claim to be promising
biomarkers of the kidney damage initiation and progression in
patients with T1D and early stage CKD.

CONCLUSIONS
Serum concentrations of IL18, TNFa, CRP and CP, LII,
neutrophil-to-lymphocyte index are increased in patients with

T1D and early stage CKD. Serum levels of IL1B, neutrophil-
to-lymphocyte index, and CRP and CP concentrations are the
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most important indicators of inflammatory activity in patients
with T1D and early stage CKD. It is reasonable to measure
the dynamics of those, if diabetes is compensated and the
patient has no active inflammation, starting from stage 1
CKD. The inflammation and acute phase response severity
in patients with T1D and early stage CKD progresses to
reach its maximum in stage 3b CKD, when the serum IL1B
concentration is increased 2.4-fold, TNFa concentration by
34%, CRP concentration 33-fold, CP concentration by 73%,
LIl 8.4-fold, neutrophil-to-lymphocyte index 5-fold. It has been
found that eGRF, the integral renal function indicator, decreases
with increasing serum levels of inflammatory markers in patients
with T1D and early stage CKD. The maximum number of
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ESTIMATION OF THE IMPACT OF CHRONIC RADIATION EXPOSURE ON TELOMERE LOSS
IN WOMEN’S T LYMPHOCYTES

Krivoshchapova laV &
Urals Research Center for Radiation Medicine of the Federal Medical Biological Agency, Chelyabinsk, Russia

Residents of the Techa Riverside villages were chronically exposed to the wide range of doses more than 60 years ago. Telomeric regions of metaphase
chromosomes in the cultured peripheral blood T-lymphocytes were the subject of the research. The study aimed to assess the impact of chronic exposure on
telomere loss in exposed women of the Southern Urals using a fluorescent staining method. Chromatid and chromosome telomere loss was determined in three
dose subgroups: comparison group (0-0.01 Gy), group of exposed individuals with the dose of 0.2-0.9 Gy, and group of the exposed individuals with the dose of
1-4.6 Gy. In the sample of female residents of the Southern Urals chronically exposed in the range of absorbed doses to RBM of 0-4.6 Gy, it was shown that there
were no differences in telomere loss between the comparison group and the group exposed to the dose exceeding 1 Gy (o > 0.33), while the group of individuals
exposed to medium doses of 0.2-0.9 Gy was statistically significantly different (o < 0.05). Statistically significant differences between all groups were reported for
chromosome telomere loss (p < 0.05). According to the data obtained, telomere loss was found in 99.85% of donor cells. The loss of telomere region on one of
the chromatids occurred statistically significantly more often in all the groups. Thus, in the group exposed to the dose of 0.2-0.9 Gy, the average rate of chromatid
telomere loss was higher, it was statistically significantly different from that of the other groups of females of the studied age.
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OLIEHKA BNIMAHNA XPOHUYECKOIO PAOVUALIMOHHOIO BOSAENCTBUA HA NOTEPHO TEJTOMEPHbIX
YHACTKOB XPOMOCOM B T-JINMM®OLINTAX Y XKEHLLIH

4. B. KpusoLanosa ™
YpanbCkuii Hay4HO-MPaKTUHECKUI LEHTP PaanaLmoHHON MeaguLmHbl, YenabuHek, Poccus

Bonee 60 net Hasap »WUTeNn NpUOPEXHbIX cen peku Teya Obinn NOABEPXKEHbI XPOHNYECKOMY OOMyYEHUIO B LUMPOKOM [AManas3oHe [03. pegMeToMm
1CCnefoBaHnst Oblav TENOMEPHbIE PaioHbl B MeTadasdHbIX XPOMOCOMaX KyMBTVBUPOBAHHbIX T-MMAOLMTOB nepudepnyeckolt kKposu. Llensto nccnenosaHmst
6bIN10 OLEHNUTb BAVSIHME XPOHNHYECKOrO 061yHeHVs Ha MOTEPU TENOMEPHbBIX YHaCTKOB XPOMOCOM Y 06/1yHEHHbIX XXEHLLH KOXHOro Ypana ¢ npvMmeHeHrem Metoga
hnyopecLeHTHOro okpalLvsaHuns. Onpenensnm xpoMaTuaHble 1 XPOMOCOMHbIE NMOTEPU TETOMEPHBIX YHaCTKOB XPOMOCOM B TPEeX [030BbIX MoArpynnax: rpynna
cpasHeHus (0-0,01 Ip), rpynna obnyyeruns noson 0,2-0,9 p n rpynna obnyyvernst gosot 1-4,6 p. B Bbibopke »utenein KOKHOro Ypana »xeHckoro rona,
NoABEPILUMXCS XPOHNHECKOMY 06/1yHeHMIO B AvanadoHe nornoLeHHbIx 403 Ha KKM ot 0 0o 4,6 Ip, Bb110 yCTaHOBAEHO, HTO XpoMaTvaHble NOTepU TenoMep Ans
rpynnbl CPaBHEHUS 1 PYNMbl 06MyHYeHHbIX B 1036 6onee 1 [p cTaTucTU4ecky He paznuummel (p > 0,33), B TO »e BpeMsi rpynna 06y4eHHbIX CPEeAHVMI Lo3amu
0,2-0,9 l'p cTatncT4eckn otnnyaeTcs oT HX (o < 0,05). [ns XpOMOCOMHbIX MOTEePb YCTAHOBIEHO CTATUCTUHECKI 3HAYVMMOE Padnnyme Mexay BCemu rpyrnnamm
(o < 0,05). CornacHo Nosy4eHHbIM AaHHbIM, TENOMEPHbIE MOTEPU NPUCYTCTBYIOT B 99,85% KNeTok AOHOPOB. [JOCTOBEPHO Halle BO BCEX rpymnnax BCTpeYach
roTepun TENOMEPHOIO y4acTka Ha OfHOM 13 xpomaTtua,. Takum obpasom, B rpynne ¢ fo3sor 0,2-0,9 p cpefHee 1vcno noTepb XpoMaTug, BbiLLE U CTATUCTUHECKM
3HAYMMO OTNIMYAETCS OT APYrMX MPYMNM »KEHCKOro nona B UCCeAyeMOM BO3PACTHOM Anana3oHe.

KnioueBble cnoBa: VoHM3MpytoLlee nanyydenne, T-numMdoumTbl, TeNoOMepbI, XPOMOCOMbI, NOTEPK TenomMep, yopecueHTHast in situ rmbpuansaumns

®uHaHcMpoBaHue: rocygapcteeHHoe 3agaHve ®PMBA P® Ha BbinonHeHMe NpPUKNagHON Hay4YHO-UCCnenoBaTenbCkon paboTel No Teme «OTaaneHHble
LMTOreHeTn4eckme adeKTbl XPOHNHECKOrO 00y4eHns y xxuTeneit KoxxHoro Ypana.
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lonizing radiation affects human life everywhere: diagnostic  accidents and incidents involving the ionizing radiation sources.
medical procedures, travelling by planes, exposure to natural  Investigation of mechanisms underlying the effects of radiation
ionizing radiation in the areas with elevated background  on human health is an important and relevant task.

radiation. In addition to the planned and controlled radiation More than 60 years ago more than 100,000 people who
exposure, there is also accidental radiation exposure due to lived in the Southern Urals were chronically exposed at a wide
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range of cumulative doses. Intake of 8°Sr radionuclides
with food and water caused internal exposure, while external
exposure resulted from the proximity to the banks of the Techa
River contaminated due to liquid radioactive waste discharges
(y exposure). Changes in the status of multiple body systems
were reported after the long-term follow-up of individuals
exposed in the Southern Urals [1, 2].

The effects of ionizing radiation on chromosomal
rearrangements have been proven by many studies. DNA
structure in the cell is altered under exposure to ionizing
radiation yielding the compounds capable of damaging DNA.
For example, reactive oxygen species, lipid peroxidation
products, etc. As a result, interatomic bonds are broken
in the sugar-phosphate backbone, which leads to the DNA
molecule continuity impairment. When there is no or insufficient
repair, such breaks can become an event initiating aging and
carcinogenesis [3, 4]. There can be single-strand breaks (when
one DNA strand is broken) and double-strand ones (when
both strands are broken).

Telomeres, the repeated nucleotide sequences, are
responsible for maintaining stability of chromosomes and
genome in the nucleus. The study of human chromosome
telomeric regions is a pressing scientific issue due to proven
involvement of telomeres in such processes, as aging, malignant
transformation of cells. A number of genetic disorders are
associated with alteration of chromosome telomeric regions.

The earlier studies of chromosome telomeric regions using
fluorescence in situ hybridization (FISH) revealed qualitative
chromatin changes in exposed individuals. It was reported that
telomeric signals were observed in the chromosome arms,
which resulted from inversions involving telomeric regions [5].
Significant telomere length reduction in some chromosome
arms was also reported in exposed individuals compared
with non-exposed ones [6]. When conducting research, the
fact was noticed that not all metaphase chromosomes in the
cell had four telomeres at the ends; in some chromosomes,
telomere regions were not visible at all.

Telomere loss can occur due to gradual telomere shortening
during cell division, or as a result of stochastic events, during
which the repeated telomere sequences are lost, for example,
as a result of terminal deletion or double-strand break within
the subtelomeric region [7]. Some studies of tumor cell lines
show that such spontaneous telomere deletions are typical of
cancer cells [8, 9].

Telomere loss is important for human evolution. Many
genetic disorders, such as mental retardation and muscular
dystrophy, result from alterations occurring near the ends of
chromosomes [10]. Furthermore, women with infertility showed
a more pronounced telomere loss, than patients of the control
group [11].

lonizing radiation can also cause loss of chromosome
telomeric regions. The underlying mechanism is still a matter of
debate for scientists and cannot be clearly defined. Due to the
fact that telomeres constitute only 0.02% of the entire human
genome, the direct effect of radiation causing chromatid break
and telomere loss is unlikely. The literature review suggests that
the effects of reactive oxygen species can lead to formation of
modified bases and breaks in certain DNA strands, including
in telomeric regions [12]. The guanine-rich telomeric DNA
sequences (-TTAGGG-) become a target of oxidative damage,
since it is guanine that has the lowest oxidation/reduction
potential among all nitrogenous bases. Guanine is easily
oxidized to 8-oxoguanin considered to be a major oxidative
stress biomarker [13]. Single-strand breaks in the G-rich
strands regenerate poorly and persist in telomeres for longer
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period of time [14]. The double-strand breaks can occur near
the telomeres under exposure to ionizing radiation, which can
result in chromosomal rearrangements. This represents one of
the mechanisms underlying replicative aging of normal human
cells caused by ionizing radiation. Cellular alterations affecting
the effeciency of the DNA replication mechanism can contribute
to replication fork stalling in telomeres and telomere loss [15].

There are also studies showing that chromosome telomeric
region losses can result from the effects of different proteins,
such as TZAP (telomeric zinc finger-associated protein) with
11 zinc fingers able to bind specifically to telomeres of the
chromosomes and truncate them [16].

The use of FISH and locus-specific probes makes it possible
to find alterations in telomeric regions of chromosomes.
Telomere loss can affect one arm or both arms (chromosome
telomere loss in sister chromatids).

The objective of the pilot study was the assessment of the
telomere loss in peripheral blood lymphocytes of women exposed
on the Techa River using the fluorescent staining method.

METHODS
Characteristics of examined individuals

Since the study of telomere loss was a pilot study conducted in
the Urals Research Center for Radiation Medicine of FMBA of
Russia for the first time, it was decided to limit the groups based
on sex and assess the studied effect in the groups of women
only at the initial stage. Inclusion criteria: female residents of the
territories contaminated with radionuclides born in 1939-1959,
who were chronically exposed at a wide dose range; women
of the comparison group, who were not accidentally exposed.

Information about the studied sample and health status
of the exposed individuals was provided by the “Database
“Man” Department. Individualized cumulative external and
internal doses (hereinafter referred to as doses) to RBM were
calculated using the TRDS-2016 in the Biophysics laboratory
[17]. The data on the history of cancer in the examined
individuals were provided by the Epidemiological laboratory of
the Urals Research Center for Radiation Medicine. Exclusion
criteria: history of autoimmune diseases, cancer, exacerbation
of chronic inflammatory diseases; history of taking cytostatics,
antibiotics; individuals born in 1961 and later.

A total of 32 women were examined. The comparison group
(hereinafter referred to as group 1) consisted of 10 individuals,
among them six women had the absorbed doses to RBM within
the range of 0.0001-0.01 Gy and four ones were not accidentally
exposed. A total of 10 women were chronically exposed to the
radiation doses of 0.2-0.9 Gy (hereinafter, group 2); the average
dose was 0.64 + 0.21 Gy. The group of individuals exposed
to high doses (hereinafter referred to as group 3) included
12 women with the cumulative doses to RBM exceeding 1 Gy,
since cytogenetic effects most often emerge under high-dose
exposure [1]. The range was 1.01-4.6 Gy, and the mean dose
was 1.7 + 0.9 Gy (Table 1).

Obtaining the peripheral blood T-lymphocyte metaphase
chromosome preparations

The cytogenetic study involved metaphases of the peripheral
blood T lymphocytes stimulated with phytohemagglutinin (PHA).
The chromosome preparations were obtained in accordance
with the protocol accepted in the laboratory: cells were cultured
for 54 h. Colcemid was added to a final concentration of
0.1 mg/mL three hours before the end of the cultivation period.
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Table 1. Characteristics of examined women

Group Number of donors, n Mean age, years Mean Dose, Gy
(range)
Group 1 (comparison) 65.4 + 3.3
(0-0.01 Gy) 10 62-71) 0.003 + 0.003
Group 2 (exposed) 745 + 4.6
(0.2-0.9 Gy) 10 (69-81) 0.64 + 0.21
Group 3 (exposed) 74 £2.6
(1-4.6 Gy) 12 (71-80) 1.7+09
All donors 30 714 +54
(0-4.6 Gy) (62-81)

Hypotonic treatment of metaphase cells was performed 40-50 min
before fixation with warm (37 °C) KCI solution (0.55%). Then
the mixture was centrifuged. After that the metaphase plate
fixation was performed (three parts of 95% ethanol: one part
of glacial acetic acid) and chromosome preparations were
made [18].

When pipetting the cell suspension on the glass slides,
we sought to minimize excess spreading and overlap of
chromosomes to achieve the best results, for each metaphase
to be suitable for analysis. After the cell suspension was
pipetted, the glass slides were heated on the slide dryer at
42 °C and then fluorescent staining was performed.

Method of telomere region staining by fluorescence in situ
hybridization (FISH) with locus-specific probes

Probes from the Telomere FISH Kit/Cy3 (Dako; Denmark) were
used. Chromosomes were stained in accordance with the probe
manufacturer’s protocol. The probe stains telomeric regions
of chromosomes only, it does not recognize subtelomeric
sequences [19]. The manufacturer produces this probe using
the Cy3-conjugated peptide nucleic acid being a synthetic
DNA analog capable of binding to DNA of chromosomes in
accordance with the base pairing rules.

Fluorescently stained preparations were analyzed using the
Axio Imager Z2 microscope (Zeiss; Germany) with the DAPI
and SpO filters and the Isis software. The Metafer system for
metaphase plate search and digitization was configured to
automatically acquire images of five frames for the SpO channel,
which would differ in height from each other by half a micron.
After Metafer took five frames, areas with the highest contrast
were automatically selected in each frame in the background
mode. This resulted in the final image, where all signals were
sharp and high contrast, which improved accuracy of the
analysis results. Thus, features of the ISIS software allow one to
reliably determine the lack of telomeric signal in any chromatid.
For that the digitized image is viewed using the DAPI-SpO
filters, along with the black and white inverted image of the
chromosome of interest.

When conducting analysis, telomere losses were divided
into two types: chromatid and chromosome. Chromatid

telomere loss was determined, when there was no telomeric
signal in one of sister chromatids, while the other one was
intact. Fig. 1 presents the chromosome 5 pair: all four telomeres
can be seen in the left chromosome; in the right chromosome
it can be seen that one g arm telomeric region is absent. When
there were no telomeric signals in both sister chromatids, the
telomere loss was considered to be chromosomal (Fig. 2). The
lack of two signals in unpaired chromatids or in different arms of
the same chromatid were considered as two single chromatid
telomere losses.

Metaphases containing 46 chromosomes without overlapping
or artifacts were included in the analysis. All the chromosomes
were analyzed in each cell. A total of 25-100 cells per donor
were counted. The data on telomere loss were entered in the
analysis record.

Statistical data processing

Thus, the results of assessing 1,560 cells of 32 individuals
aged 62-81 divided into three groups based on the exposure
dose were used as baseline data for statistical analysis. All
46 chromosomes were examined in each cell, and the facts
of chromatid or chromosome telomere loss were reported for
the cell. The results were analyzed using the STATISTICA 10
software package (StatSoft; USA).

RESULTS

Baseline data by dose groups for both telomere loss variants
(chromatid and chromosome) are provided in Fig. 3. The
studied phenomenon (telomere loss in various dose groups)
cannot be represented using normal distribution (Fig. 4), so the
nonparametric Mann-Whitney U test was used for intergroup
comparison of obtained results.

The lack of differences in the number of telomere losses
(chromosome or chromatid) in individual cells between the
dose groups was accepted as the null hypothesis. It was
found that chromatid losses in the comparison group (group 1)
and the group exposed to high radiation doses (group 3)
were statistically significantly similar (o > 0.33), while the
group exposed to medium doses (group 2) was statistically

Fig. 1. Example of finding telomere loss in the red-blue filter and inverted image. All four telomeres are visible in the left cnromosome. An example of telomere loss in

one g arm chromatid is provided on the right

174

BULLETIN OF RSMU | 6, 2024 | VESTNIKRGMU.RU



OPUIMHAJTIbHOE NCCJIEQOBAHNE | PAOVALIMOHHAA MEOVLIMHA

Fig. 2. Example of finding chromosome telomere loss in the red-blue filter and inverted image. No telomeres can be seen in both g arms

significantly different from these two groups (p < 0.05).
Statistically significant differences between all groups were
reported for chromosome telomere loss (p < 0.05). Thus, it can
be concluded that the average number of chromatid losses
in the second group is higher and is statistically significantly
different from that in other groups.

Fig. 5 presents box plots of baseline data for each exposure
group (rectangles represent the 5" and 95™ percentiles, the
central point represents the median, and whiskers correspond
to minimum and maximum values). Table 2 contains the data
of each studied subgroup for the chromatid and chromosome
telomere loss: relative content in the cells, median, percentiles
5%-95%, minimum and maximum.

Loss of at least one telomeric region was found in 99.85%
of the assessed cells.

Telomere loss in one of the chromatids was significantly
more common, than chromosome telomere loss, in all groups
(o <0.05).

DISCUSSION
One function of the telomere is ensuring stability of the

chromosome. That is why understanding the causes of
changes in telomeric regions will shed light on the mechanisms
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Fig. 3. Baseline data by dose groups
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underlying the development of cancer, human genetic disorders,
infertility, and aging of the body [20]. The ionizing radiation
effects on human cells can cause alterations at chromatin level,
such as DNA strand breaks, improper reunion of which can
result in chromosomal rearanngements. These events lead to
redistribution of chromatin across the arms of chromosomes
and can affect distribution of genes in chromosomes, alter
gene expression and, therefore, lead to development of
various biomedical effects, which will eventually influence
human health [21].

The pilot project presented in this paper is part of the study
focused on assessing the telomeric regions of chromosomes
conducted at the Laboratory of Radiation Genetics of the Urals
Research Center for Radiation Medicine. Such parameters, as
the telomere length and rate of inversions involving telomeric
regions, were estimated previously in individuals chronically
exposed at the Techa River [5, 6]. In this study, telomere loss
in metaphase chromosomes of cultured peripheral blood T
lymphocytes of the exposed residents of the Southern Urals
was the research subject. Fluorescent staining of telomeric
chromosome regions was used for this purpose. Analysis
of the impact of radiation factor on the loss of chromosome
telomeric regions was conducted. According to the data
obtained, telomere loss is found in 99.85% of donor cells. It
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Fig. 4. Rate of chromatid and chromosome telomere loss observations in various exposed groups

has turned out that telomere loss in one of the two chromatids
is statistically significantly more common in all groups. The loss
of one sister telomere can result from replication defects in the
S phase of the cell cycle, while chromosome telomere loss is
likely to result from the loss in the pre-synthetic phase, when the
chromosome represents one chromatid that is subsequently
duplicated in the synthetic phase (consequently, the region
with telomere loss is also duplicated yielding chromosome
telomere loss) [22, 23]. Furthermore, low rate of chromosome
telomere loss compared to chromatid telomere loss can be
explained by the fact that these events occur with different
probabilities. The chromosome occupies a certain space in
the nucleus and normally does not overlap with chromatin of
other chromosomes, therefore, the most common alterations
are reported within the same chromatid. The ends of arms of
sister chromatids lacking telomeric regions can be a marker of
cell death. This means that the cell with the large number of
telomere losses will be eliminated during cell division in order to
preserve genome integrity.

Our study showed that single chromatid losses in the
comparison group and the group exposed to high radiation
doses were statistically significantly similar (p > 0.33), while the
group exposed to medium doses was statistically significantly
different from these two groups (p < 0.05). Statistically
significant differences between all dose groups were reported
for chromosome telomere loss (p < 0.05). Thus, it can be
concluded that the average number of chromatid losses in the
second group is higher and is statistically significantly different
from that in other groups.

Against all expectations, the rate of telomere loss in the
group of women exposed to the highest radiation doses
showed no statistically significant differences from that in the
comparison group. Yet we see that chronic exposure has some
effect on the number of telomere losses, based on the results
reported for group 2 showing a statistically significantly higher
rate of chromosome and chromatid telomere loss compared
to women of the comparison group who lived in similar socio-
economic conditions but did not have doses of chronic exposure
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Fig. 5. Median, 5" and 95" percentiles, minima and maxima of baseline data for different exposure groups
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Table 2. Median (5% and 95%) telomere loss in T-lymphocytes of exposed women of the Southern Urals

Chromatid telomere loss

Group Loss rate, % Median Minimum Maximum 5% 95%
1 7 11 1 43 3 245
2 9 15 0 48 5 34
3 6 11 0 39 2 23

Chromosome telomere loss

1 2 2 0 24 0 8
2 5 4 0 30 0 18
3 3 2 0 18 0 10

exceeding 0.01 Gy. It is likely that damaged chromosomes are
eliminated from the cell after certain critical level is reached, As
a result, the values of the comparison group and the group of
donors exposed to the doses exceeding 1 Gy are at the same
level and show no significant differences.

Such paradoxical data actually do not contradict the results
of other cytogenetic studies, in which it was assumed that
the criteria for selection of donors for cytogenetic testing can
contribute to selection of the most radioresistant donors among
exposed individuals, who have no autoimmune diseases,
cancer or diabetes mellitus in their old age and do not take
medicinal drugs that can affect the cytogenetic testing results.
This is indirectly confirmed by the studies reporting that the rate
of chromosomal aberrations in exposed individuals was equal
to that calculated for non-exposed donors [24].

Thus, understanding the mechanisms responsible for the
susceptibility of telomeric regions to the effects of external
factors will provide new insights into the causes of human genetic
disorders, infertility, aging, and cancer. Further investigation of
chromosome structure using cytogenetic methods is important
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to understand the interplay between genes. It is necessary to
continue this study and increase the size of the sample in order
to confirm the findings, as well as to assess the impact of non-
radiation factors.

CONCLUSIONS

In the sample of female residents of the Southern Urals with
the combined chronic exposure within the range of absorbed
doses to RBM of 0-4.6 Gy, it was shown that chromatid
telomere losses reported for the comparison group and the
group exposed to high radiation doses exceeding 1 Gy were
statistically significantly similar (o > 0.33), while the group
exposed to medium doses of 0.2-0.9 Gy was statistically
significantly different from these two groups (p < 0.05).
Statistically significant differences between all dose groups
were reported for chromosome telomere loss (p < 0.05). Thus,
the average telomere loss in the second group was higher and
was statistically significantly different from that reported for the
other groups of females of the same age range.
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ANALYSIS OF THE POSSIBILITIES OF THE FLOW-VOLUME CURVE ASSESSMENT BY THE CHANGES
IN ITS SHAPE IN PATIENTS WITH OBSTRUCTIVE AIRWAY DISEASES

Desyatskova EM &, Grechenko VV, Soboleva VW
Pirogov Russian National Research Medical University, Moscow, Russia

In case of obstructive disorders, the flow—volume curve has a concave shape, but this feature is not given due attention. The analysis of the velocity
indicators of the respiratory function (such as the peak expiratory flow (PEF) and forced expiratory flows (FEFs)) will significantly expand the diagnostic
capabilities of the spirometry method. This paper aims to perform a comparative analysis of the diagnostic strength of the methods of the flow-volume
curve assessment by the changes in its shape in patients with obstructive airway diseases to determine the most reliable one. The respiratory function of
540 patients was tested (234 are men (57 [36; 67] years) and 306 are women (59 [44; 69] years)), with the ratio of areas under the actual curve and the predicted
curve calculated for each one, as well as the angle formed by the curve; the ratio of the actual FEF (henceforth referred to as FEF) to the predicted FEF, cut-off points
to differentiate between obstructive diseases and health. On the basis of these results, we concluded whether the patient’s bronchi were blocked. The results were
then compared to the Knudson reference equations, with the test’s operational characteristics calculated compared to the standard. The methods of assessing
the angle B and the total concavity of the flow-volume curve have high diagnostic sensitivity (87.8% and 95.6% respectively). The assessment of the area under the
curve (AEX-FV) has high diagnostic specificity (88.6%). The results obtained show sufficient diagnostic efficiency of the methods of flow-volume curve estimation
by the changes in its shape. However, the use of these methods in isolation from the reference equations does not currently seem reasonable for clinical practice.
It appears reasonable to use the reference equations and one of the methods of curve shape assessment together.
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AHANN3 BOSMO>XHOCTEN METOA OLIEHKN KPUBOW «MOTOK-OBBEM» NO USMEHEHUIO
EE ®OPMbI NP OBCTPYKLINN BPOHXOB

E. M. Oecsiukosa®™2, B. B. lpeuyeHko, B. B. Cobonesa
Poccuiickuin HaumoHanbHbI MCCReoBaTensCKni MEAULIMHCKI YHuBepcuTeT nmenn H. V1. Mnporosa, Mockea, Poccus

IMpun 06CTPYKLMM BPOHXOB KpYBast «MOTOK—00bEM» UMEET XapakTepHYIO BOrHYTYIO (DOPMyY, OAHAKO AaHHOMY MPY3HaKY He yOensitoT JOMKHOMO BHUMaHMS. AHann3
CKOPOCTHbIX NokagaTenei (yHKUMK BHeLLHero ApixaHns (PBL), Takmx kak nukoBas obbemHasa ckopocTb Bblaoxa (MOC) 1 MakcumMarnbHble 06beMHble CKOPOCTU
Bblgoxa (MOC), No3BoNUT pacLlUMpUTb AMArHOCTUHECKME BO3MOXHOCTI crivpoMeTpum. Llenb paboTbl — NPOBECTM CPaBHUTENbHbIN aHaIN3 AMarHOCTUYECKOM
3 HEKTUBHOCTU METOLOB OLIEHKN KPUBOW «MOTOK—06BEM» MO N3MEHEHMIO ee (POPMbI Ha hOHE 0BCTPYKTUBHBIX HapyLleHuid. OueHeHo 540 npob ®BLl nauyieHToB
(234 My>kunHbl 57 [36; 67] neT 1 306 >keHWWH 59 [44; 69] neT), ANa KaxKOoro onpeneneHo NPOLEHTHOE OTHOLLEHWE niollafeln Nog hakTUHeCcKom KpUBoW 1
KPUBOW MpeanonaraeMoi HOPMbI, PaccHUTaH yrosf, 0bpa3oBaHHbIN KPUBOWM, ONpeaeneHo NPoLEeHTHoe oTHoLeHne (haxktnydeckux MOC ¢ npeanonoxntensHO
HOPMarbHbIMK, PacCHWTaHbl OTPE3Hble TOYKM C LieNbto pasrpaHndeHnst 06CTPYKTUBHBIX HapyLleHU 1 HopMbl. COOPMMPOBAHO 3aKJloHeHNe O Hanmyum
VM OTCYTCTBUK Yy MaumeHTa 06CTpyKumn BPOHXOB. PedynbTaThl CpaBHMBaNM C 3aKMKOHEHAMI, MOYHYeHHbIMU C MOMOLLbIO cucTembl Knudson, ¢ pac4eToM
OnepauyoHHbIX XapakTepUCTUK TeCTa OTHOCUTENBHO CTaHAapTa. [MokasaHo, YTo MeTodbl OLEHKM yrna 3 1 OBLLen BOrHyTOCTU KPUBOW 061a4atoT BbICOKMMM
3HAYEHUAMN HyBCTBUTENBHOCTA (87,8% 1 95,6% COOTBETCTBEHHO), @ OLieHKa MIoLLaay Mo, KPUBOKN «MOTOK—00bemM» (AEX-FV) obnagaeT BbICOKM 3HaYeHNEM
cneumudHocTI (88,6%). Takmm 06pa3oM, MPOAEMOHCTPUPOBaHA AOCTaTOHHas AnarHoCTuHeckas atheKTVBHOCTb METOLOB OLIEHKM KPUBOW MO U3MEHEHUIO ee
hopmbl. OpHaKO 1CMoNb30BaHME 3TUX METOLOB B OTPbIBE OT MPUHSTLIX CUCTEM pacyeTa OMKHbIX He BUOUTCS LenecoobpasHbiM. JIorvuHbIM NMpeacTaBnseTcs
COBMECTHOE 1CMOsb30BaH1e CUCTEMbI pacHeTa AOMKHbIX 1 OQHOMO 13 METOAOB OLEHKM KP1BOW MO hopme.

KnioueBble cnosa: cnvpometpus, PBL, kpreas «MOTOK—06beM»
BnaropapHoCTH: KONNEKTVB aBTOPOB BblpavkaeT barogapHocTb T. [. BonbLuakoBov 3a MOMOLLb B MOATOTOBKE HAy4HO-TEXHUHECKOrO NepeBoaa HACTOSALLEN CTaTbu.

Ans koppecnoHaeHuum: Enena MyxainosHa Jecsukosa
yn. OctposutaHoBa, 4. 1, . Mocksa, 117997, Poccus; panielenadesat@gmail.com

Cratbsl nonyyeHa: 08.10.2024 Ctatbs npuHaATa K nevatu: 10.11.2024 Ony6nukoBaHa oHnaiiH: 27.11.2024
DOI: 10.24075/vrgmu.2024.051

In patients with obstructive airway diseases the flow-volume
curve is characteristically concave to the X axis, with the level of
concavity correlating with the severity of the airway obstruction
[1-3]. In practice, however, the changes in the shape of the
curve are often ignored when interpreting the results, with
only the difference between the patient’s respiratory function
test results and the approximated values taken into account
[1]. Even if the shape is assessed, it is assessed visually, as
proper mathematical parameters for assessing concavity have
not yet been accepted into clinical practice. Eye estimates
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are obviously very subjective, because the method requires a
certain level of experience and qualifications from the medical
professional. Furthermore, it's not rare for the concavity to still
be present even when the the patient’s respiratory function
score falls over 100% of the predicted score, showing a lack
of any respiratory dysfunction. If that’s the case, even though
the patient’s life history together with the characteristic shape
of the curve might suggest otherwise, these points will not be
reflected in the diagnosis, making it impossible to objectively
evaluate the patient’s condition.
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It is also worth noting that diagnosing the patient using
only some of the respiratory function scores (including the
forced expiratory volume in one second (henceforth referred
to as FEV1) decrease rate, the FVC or VC (vital and forced vital
capacities) decrease rate and the Tiffno and Gensler indices),
on the one hand, decreases the time needed to interpret the
results of one test, but, on the other, artificially narrows the
clinical possibilities of spirometry. In routine practice, the air flow
rate is often not considered, even though it shows the condition
of the bronchial tree by levels [3] and could provide a clearer
understanding of the patient's condition without resorting to the
use of expensive and time-consuming diagnostic procedures
(such as chest X-ray or bronchoscopy).

Attempts have been made to make the visual assessment
of the curve more objective through analysing additional
parameters calculated from the flow-volume curve. For
example, one review paper considers several parameters, i.e.
evaluation of the angle formed by the curve, evaluation of the
area ratio (AEX-FV) and evaluation of the degree of deviation
of the actual FEF values from the ones approximated by the
authors [4]. However, despite the scientific community’s
interest in the methods described [5-8], as of today, there is
still no definitive understanding of their effectiveness in clinical
practice. Therefore, this study aims to conduct a comparative
analysis of the diagnostic efficiency of the methods of the flow-
volume curve assessment based on changes in its shape in
patients with obstructive airway diseases in order to determine
the most reliable one.

METHODS

The materials for this study were collected from patients of the
Research and Clinical Centre No. 2 of the Petrovsky Russian
National Research Center. The following criteria for inclusion
in the study were used: seeking medical attention due to
conditions included in the JO0-J99 (‘Diseases of the respiratory
system’) and Z00-299 (‘Factors influencing health status and
contact with health services’) ICD-10 code ranges; the patient’s
consent to tests; the spirometry test complies with the quality
standards required by the European Respiratory Society and the
American Thoracic Society (ATS/ERS standards) [9], adopted by
the Russian Respiratory Society [1]; the patient is over 18.

540 patients were selected, of whom 234 (43.3%) were
male and 306 (56.7%) were female. The mean age was 57 [36; 67]

5 Y-component of PEF

Flow (I/s)

0 500 1000 1500

years in men and 59 [44; 69] years in women. To understand
the efficiency of the considered methods in patients of different
ages, the sample group was divided into 10-year age intervals.
The 18-30 years group included 76 patients, the 31-40 years
group included 50 patients, the 41-50 years group included
57 patients, the 51-60 years group included 109 patients, the
61-70 years group included 134 patients, the 71-80 years group
included 93 patients, and the 81-90 years group included
21 patients.

For each patient:

1) the presence or absence of bronchial obstruction was
determined (by calculating the Tiffno or Gensler index);

2) if obstruction was present, its the degree was determined
(by the decrease in the patient's FEV1 relative to the Knudson
reference equations);

3) the percentage ratio of areas under the actual flow-
volume curve and the assumed normal curve was determined;

4) the angle formed by the curve was calculated;

5) the percentage ratio of the actual and estimated normal
FEF was determined.

Respiratory function test results were saved in MS Excel
software (USA). The following patient data were recorded: sex
and age; height and weight; results of slow vital capacity tests
(VC); results of forced vital capacity tests (forced air flow volume
and rate, as well as calculated Tiffno and Gensler indices).

Lagrange interpolation was used to calculate the
function for the downward part of the flow-volume curve. It
was demonstrated that for a curve with interpolation nodes at
PEF, FEF,, FEF,, FEF_ , and FVC, the interpolation function is
the following:

507

P.x)=ax*+bx®+cx2 + dx +e, (1)

where a, b, ¢, d, e are the coefficients of the interpolation
polynomial calculated individually for each patient.

The numerical integration of the above function was used to
calculate the AEX-FV. The definite integral of the type

B
(ax* + bx® + cx2 + dx + e)dx, ©
o
where a, $ are the boundaries of the definite integral, was
approximately calculated using the left Riemann sum.
The angle B was calculated using the formula for determining
the angle between two vectors with the vector dot product

FvC

2000 2500 3000 3500

Volume (ml)

Fig. 1. Calculating angle f (using FEF, angle as example).
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Fig. 2. Determining the degree of deviation of actual FEF values from the predicted values (using a difference of over 200 ml between FVC and VC as example).

and vector length in coordinate form. The two vectors used
for calculating the angle were vector a, defined as (FEF, -PEF
projection on the Y axis) and vector b, defined as (FEF_-FVC)
(Fig.1) [4], with FEF_ or FEF__ taken as FEFx. For each patient,
the FEF,, angle was calculated, with the angle centered on
FEF,, considered to be the angle B, if the actual FEF_ exceeded
the estimated value of the index.

Therefore, the formula for determining the angle between
two vectors is the following:

- %FVC x (FVC - %FVC) —~(PEF-FEF) x FEF,
cos(ab) = ,

J@Rver + (PEF-FEF ) x (FVC - IPVOF + (FEF

©)

with FEF,  or FEF , taken as FEF .

Approximate values of the air flow rate for general concavity
assessment were determined using the equation of the straight
line connecting the PEF and FVC points. If the difference
between FVC and VC is greater than 200 ml, it is more viable
to replace FVC with VC and construct a straight line connecting
the PEF and VC points. Like in the previous case, the approximate
values of the air flow rate will presumably be located on this straight
line, but in this case they will be %4, % 1 34 FVC (not VC), because
otherwise the logic of the calculations will contradict FEF,, FEF_ 1
FEF_, as defined by the Russian Respiratory Society [1], according
to which each of these values is equal to the respective fraction
of FVC (not VC). This method is visually represented in Fig. 2.

Our assessment of the respiratory function is based on
the accepted spirometry results interpreting system, namely,
calculating the percentage of the deviation of the actual
value from the reference value [1, 2]. This provides for further
comparison of the obtained ratio with reference intervals.
Because the population size of this study was insufficient to define
comparison intervals, it was decided to calculate cut-off points
for each method of flow-volume curve assessment by shape

that could unambiguously differentiate between healthy patients
and patients with obstructive disorders in the test sample. To
determine cut-off points, patients (n = 81) were selected from
the primary analysis sample who were considered healthy for the
purposes of this study, meaning their Tiffno index was greater
than 70% [1, 2] and the visual assessment by the functional
diagnosis physician did not reveal any abnormalities. The mean
values of AEX-FV, angle B, and the percentages of deviation of
the actual FEF values from the predicted values were calculated
for the obtained test sample. These values were taken as cut-
off points. Obstructive disorders were considered confirmed in
patients with FEF values smaller than the cut-off points.

The testing of respiratory function by spirometry was
performed on a SpiroS-100 spirometer manufactured by the
Russian company AltoMedica [10]. Statistical analysis was
performed by calculating the absolute and relative frequencies of
occurrence of presence and absence of obstruction for each of
the described methods of assessing the flow-volume curve shape
with further calculation of the operational characteristics of the test
relative to the standard (using contingency tables). The Knudson
reference equations for respiratory function were chosen as
reference in the calculation of operational characteristics because
they do not have any restrictions on patients’ characteristics
(unlike, for example, the Clement [11, 12], GLI [13], and ECCS
[14] reference equations). Statistical analysis was performed in
IBM SPSS Statistics for Windows v.27.0 (USA), and MedCalc by
MedCalc Software Ltd v.23.0.6 (Belguim).

RESULTS
AEX-FV

For each patient in the training sample, the area under the
actual flow-volume curve (AEX-FV) was calculated by numerical

Table 1. Cut-off points for AEX-FV evaluation, calculated for the age ranges in question

Age range Mean area ratio, % Cut-off point, %
18-30 years 91.7+59 86
31-40 years 91.6 +5.1 87
41-50 years 91.7+27 89
51-60 years 88.9+3.6 85
61-70 years 90.5 + 4.5 86
71-90 years 822+7.8 74

Note: mean area ratios are presented as (mean value + standard deviation), cut-off point values are rounded to the next integer.
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Table 2. Cut-off points for angle B, calculated for the considered age ranges

Age range +B at FEF, ° £ cut-off point at FEF, © <Bat FEF ,° £ cut-off point at FEF , ©
18-30 years 166.9 + 8.9 158 162.3 + 6.9 155
31-40 years 170.5+ 8.7 162 157.5+8.5 149
41-50 years 170.0 + 8.7 161 1558 + 7.4 148
51-60 years 169.7 + 11.5 158 152.7 + 5.8 147
61-70 years 169.5 + 6.4 163 148.2 + 6.8 141
71-90 years 171.6 £ 9.4 162 148.2 + 6.4 142

Note: mean angle values are presented as (mean value + standard deviation), cut-off point values are rounded to the next integer.

integration. The area under the predicted values curve was
defined as the area of a right-angled triangle equal to half of the
product of its cathetes, i.e.

S (AEX Normal) = & x PEF x FVC. 4)
In order to come to a conclusion about the reference figure for
the percentage ratio of AEX-FV to AEX-Normal, which will allow
unambiguous differentiation between healthy patients and
patients with obstructive disorders, the mean value for the ratio
of AEX-FV to AEX-Normal was calculated (see Table 1). Given
the close cut-off point values for all age groups except patients
over 70 years of age, an area ratio of 85% was taken as the
single cut-off point for these age ranges (calculated as the
average between the cut-off point values for the age ranges).
Using the AEX-FV evaluation method, 38.1% of patients (206)
were found to be healthy and 61.9% of patients (334) were
found to have obstructive disorders, whereas with the Knudson
reference equations the results were 31.1% of patients (168)
and 68.9% of patients (372) respectively.

Angle

The preliminary calculation of the mean angle showed that
in some cases, even though the angle is within normal range
and the diagnostic conclusion states the patient is healthy,
the concavity of the flow-volume curve towards the X axis is
characteristic of obstructive airway diseases. This is caused
by a decrease in the FEF, . index, which was not previously
taken into account in research papers on this issue [4,5].
For this reason, we also calculated the mean angle centred
on FEF,., provided that the actual FEF,  value exceeds the
predicted value. The cut-off points that allow unambiguous
differentiation between healthy patients and patients with
obstructive disorders are presented in Table 2. Using the angle 8
evaluation method, 26.9% of patients (145) were found healthy
and 73.1% of patients (395) were found to have obstructive
disorders, whereas with the Knudson reference equations the
results were 31.1% of patients (168) and 68.9% of patients
(872) respectively.

Assessment of the general concavity

As per the accepted procedure of generating an assessment
report, predicted maximum flow rate values at 25%, 50% and
75% FVC were calculated for each patient, and the percentage
deviation of the actual values from the approximate ones was
determined. The approximate values were calculated using the
following two-point form:
XX

X=X,

SN
Yo=Y,
Therefore, FEF was determined at the given levels using the
following equation:
(FEF —PEF), x(FVC -PEF)
FVC -PEF,
where x and y are the point’s positions on the X and Y axis,
respectively. It should be noted that in cases where the patient’s
actual FEF exceeded the predicted value, the actual value was
considered normal, and the values’ ratios were considered to
be 100%. This does not contradict the Russian Spirometry
Standards, as the approved algorithm for the evaluation of
spirometry indicators allows for a percentage ratio of the actual
values to predicted ones greater than 100%, with the value
exceeding this mark taken as 100% and considered normal.
We analysed the entire test sample in this manner, determining
cut-off points for each considered age range (Table 3). Using
the general concavity method, 18.5% of patients (100) were
found to be healthy and 81.5% of patients (440) were found
to have obstructive disorders, whereas with the Knudson
reference equations the results were 31.1% of patients (168)
and 68.9% of patients (372) respectively. More obstructive
disorders can be detected using the general concavity method
compared to the Knudson reference equations (Table 4).

©)

FEF, = + PEF,, ®)

DISCUSSION

The operational characteristics of AEX-FV evaluation are,
in general, quite balanced, with the maximum and minimum
sensitivity of the test recorded in patients from 61 to 70 years

Table 3. Cut-off points for maximum flow rate at the given FVC percentages calculated for the considered age ranges.

Age range FEF,, FEF,, FEF,,

18-30 years 0.00 [0.00; 1.61] 0.00 [0.00; 1.36] 0.00 [0.00; 2.75]
31-40 years 0.00 [0.00; 4.69] 0.00 [0.00; 11.84] 0.39 [0.00; 13.07]
41-50 years 1.51[0.00; 7.74] 1.79[0.00; 5.22] 10.66 [0.00; 21.19]
51-60 years 0.00 [0.00; 6.71] 0.05 [0.00; 12.36] 13.21 [1.98; 20.34]
61-70 years 0.50 [0.00; 5.35] 0.00 [0.00; 5.67] 23.53 [13.96; 36.71]
71-90 years 0.00 [0.00; 3.48] 4.86 [0.00; 14.09] 26.55[11.08; 32.28]

Note: cut-off point values are presented as Me [Q,; Q].
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Table 4. Results of the diagnostic efficiency evaluation of the methods of estimating the flow-volume curve by shape change in the considered age ranges

GS Diagnosis in the patient's medical history
RE AEX-FV Angle B General concavity
18-30 years
n=76
S 0.824. 95% CI (0.792; 0.831) 0.880. 95% ClI (0.711; 0.967) 1.000. 95% CI (0.857; 1.000)
Sp 0.933. 95% ClI (0.682; 0.997) 0.706. 95% ClI (0.623; 0.749) 0.529. 95% ClI (0.459; 0.529)
31-40 years
n=>50
S 0.679. 95% ClI (0.544; 0.755) 0.821. 95% ClI (0.685; 0.917) 0.929. 95% ClI (0.801; 0.987)
Sp 0.864. 95% CI (0.692; 0.961) 0.727. 95% CI (0.554; 0.848) 0.636. 95% CI (0.474; 0.711)
41-50 years
n=>57
S 0.694. 95% ClI (0.586; 0.754) 0.833. 95% ClI (0.725; 0.916) 0.917.95% Cl (0.818; 0.976)
Sp 0.857. 95% ClI (0.671; 0.960) 0.619. 95% ClI (0.434; 0.761) 0.476. 95% ClI (0.307; 0.579)
51-60 years
n=109
S 0.805. 95% CI (0.751; 0.832) 0.854. 95% ClI (0.797; 0.899) 0.890. 95% ClI (0.836; 0.935)
Sp 0.889. 95% ClI (0.726; 0.970) 0.667. 95% ClI (0.495; 0.805) 0.556. 95% ClI (0.390; 0.693)
61-70 years
n=134
S 0.916. 95% ClI (0.884; 0.934) 0.899. 95% ClI (0.867; 0.923) 0.975. 95% ClI (0.946; 0.992)
Sp 0.800. 95% ClI (0.546; 0.944) 0.667. 95% CI (0.412; 0.860) 0.667. 95% CI (0.435; 0.806)
71-80 years
n=93
S 0.674. 95% ClI (0.640; 0.685) 0.930. 95% ClI (0.899; 0.949) 0.965. 95% Cl (0.941; 0.988)
Sp 0.857. 95% ClI (0.434; 0.992) 0.714. 95% CI (0.325; 0.946) 0.429. 95% CI (0.128; 0.714)
81-90 years
n=21
S 0.789. 95% ClI (0.706; 0.789) 0.947. 95% ClI (0.865; 0.947) 1.000. 95% CI (0.950; 1.000)
Sp 1.000. 95% CI (0.209; 1.000) 1.000. 95% CI (0.218; 1.000) 0.500. 95% ClI (0.028; 0.500)

Note: GS — gold standard, RE — reference equations, S — diagnostic sensitivity, Sp — diagnostic specificity.

old (0.916) and from 71 to 80 years old (0.674) respectively, and
the maximum and minimum specificity recorded in patients from
18 to 30 years old (0.933) and from 61 to 70 years old (0.800)
respectively. In elderly patients there is a gradual weakening of
respiratory muscles, diagnosed in spirometric examination as a
degree of obstruction, while the normal triangular flow-volume
curve is almost never found. Thus, in elderly patients there is
a characteristic difference between AEX-FV and AEX-Normal,
which is natural. Given this age-specific pattern, screening for
respiratory pathologies in this age range is somewhat difficult.
The results can also be explained by the structure of the test
sample used in this study, which included predominantly
patients with confirmed respiratory pathologies, whereas
to assess the screening power of the test, a large sample
of healthy patients is required. In this case, it is reasonable
to increase the sample heterogeneity, but due to the limited
research capacity of this study, this was not possible.

The method of calculating the angle 8 formed by the flow-
volume curve has a sufficiently high diagnostic sensitivity for all
age ranges in question, indicating the significant potential of
this method for diagnostics. Additionally, it has the advantage
of disorder assessment by levels, unlike, for example, the
previously discussed AEX-FV assessment, which evaluates
the state of the bronchial tree as a whole. As for specificity,
the AEX-FV values were informative in all age groups (except
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for the elderly and senile), while the B-angle values were
not informative in most age groups. Similarly to the AEX-FV
evaluation method, this can be explained by the structure
of the analysed data and the higher number of sick patients
compared to healthy patients.

As for the assessment of the general flow-volume curve
concavity, the sensitivity of this method, similarly to the sensitivity
of angle B evaluation, is consistently high for all age groups,
indicating a significant quality of diagnostic conclusions based
on this method. The specificity, similarly to angle evaluation, is
uninformative in all considered age groups.

Therefore, all considered methods of flow-volume curve
evaluation by its shape change can be used as clarifying
parameters in complicated or ambiguous clinical cases due to
their substantial diagnostic capabilities. To improve the quality
of spirometric screening for respiratory diseases, the calculation
of the ratio of the area under the actual curve to the area under
the predicted curve, i.e. AEX-FV, can be used as a clarifying
criterion for patients under 70 years of age.

It reasonable to be concerned that the evaluation logic
inherent for the methods considered may lead to more frequent
false positives compared to the traditional methodology.
However, in our opinion, a false positive in the context of this
Russian Respiratory Society method [1] will be understood as
a hidden obstruction that is not directly detected by reference
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equations, Tiffno or Gensler indices, or new parameters for
assessing FVC indices (in particular, the lower limit of normality
(LLN) [15-17] and z-score [1, 2, 15]). It is our opinion that in this
case, heightened obstructive ventilation disorder vigilance of
methods of flow-volume curve assessment based on changes
in its shape is justified, since hidden obstruction is considered
a preclinical stage of COPD and may subsequently lead to
respiratory failure [18].

CONCLUSIONS

Today, the percentage of respiratory diseases in the global
mortality rate remains significant. For example, COPD, a
disease with a pronounced obstructive syndrome, is the third
most frequent cause of death in the world. Pathologies of this
kind can be diagnosed using various methods, but the simplest
and most accessible one is spirometry with the flow-volume
curve tracked. Spirometry is based on comparing the obtained
values of the patient's respiratory function with the predicted
values calculated according to a given system. This approach
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