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CALCULATION OF REFERENCE INTERVALS OF BLOOD PARAMETERS IN CHILDREN
AND ADOLESCENTS: PROJECTS REVIEW

Grishina ZhV &, Klyuchnikov SO, Feshchenko VS, Zholinskiy AV

Federal Research and Clinical Center of Sports Medicine and Rehabilitation of the Federal Medical Biological Agency, Moscow, Russia

The review of the currently existing projects focused on calculating the reference intervals of blood parameters in large samples of children of different gender
and age discusses the urgent issues of calculating pediatric reference intervals of biochemical markers, the paper provides comparison of the reference intervals
established within the framework of different projects. The limitations, future prospects and harmonization of pediatric reference intervals, including for juvenile
athletes, are provided.

Keywords: reference intervals, blood parameters, pediatrics, children, juvenile athletes, sports medicine
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OB30P MNMPOEKTOB

XK. B. MpuwmHa =2, C. O. Kntourukos, B. C. ®elerko, A. B. XKonmHckui
GDenepaanbn?l HayHHO*KJ'Il/lHVIHeCKVM LIeHTP CI'IOpTMBHOl7I MeguLHbI 1 pea6v1nMTau,mm CDe,u,epaanoro Me,EI.MKO*6VIOJ'IOI'VHeCKOI'O areHTcTBa, MockBa, Poccus

B 0630pe CyLLIECTBYIOLLMX Ha CErOAHSILLHMIA AeHb NMPOEKTOB MO PacHeTy PeepeHTHbIX MHTEPBAIOB NOKAa3aTENen KPOBIM Ha BOMbLLMX BbIGOPKAaX AETEN PasHoro
riona 1 Bo3pacTa 06Cy»AeHbl aKTyasbHbIe BOMPOCh! pacHeTa neanuaTpuyeckix pedepeHTHbIX MHTEPBAIOB A1t GYOXMMUYECKIX MAPKEPOB, NMPOBEAEHO CpaBHEHE
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The child's organism is distinguished from the adult's organism
not only by physical condition, but also by the organs maturity,
features of metabolism, immune and endocrine responsiveness,
etc. The dynamics of physiological processes that take place
in the child’s organism are accompanied by changes in the
concentrations of many blood biomarkers, including hormones [1].
In fact, objective assessment and subsequent interpretation
of the results of laboratory and instrumental tests considering
certain age periods of the child are often complex and not
always unambiguous. This negatively affects selection of
the tactics for management of children and organization of
treatment and preventive care [2, 3]. The reference intervals,
being a fundamental medical instrument allowing one to
correctly interpret blood test results and distinguish between
normal physiological changes and the onset of the disease
process in the child’s organism, can help to solve this problem [2].
In terms of statistics, reference interval (RI) represents the
limits of the range that includes the percentage (usually 95%)
of values obtained from the healthy population. The reference
limits are determined by calculating the 2.5" and 97.5™

percentiles of the test results [2, 4, 5]. Hence, 5% of the results
may be interpreted as abnormal.

According to the regulation, statistical methods for
calculation of reference intervals are selected based on the
distribution of reference values: parametric methods are
used for the normally distributed data, while nonparametric
methods are used in case there is no null hypothesis of the
dataset distribution. Calculation of the 95% confidence interval
is possible when the distribution of reference values is normal;
conversely, nonparametric methods, specifically the rank test,
are used when calculating reference intervals for the samples
characterized by non-normal distribution of values obtained
from the reference groups of healthy subjects [5].

When using the conventional “direct” approach, Rl is usually
defined as an interval denoted by two reference limits (2.5 and
97.5" percentiles) obtained from the sample represented by
reference population [4, 5].

Currently, indirect methods of Rl calculation that involve
analysis of the laboratory parameter datasets have been
widely implemented. The complex statistical algorithms that

EXTREME MEDICINE | 1, 25, 2023 | MES.FMBA.PRESS
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Table. Projects focused on calculating the reference intervals of blood parameters in the populations of healthy children and adolescents

Statistical methods,
Project Country Age groups Gender calculated Assessed biomarkers References

parameters

AABC Australia and New All M, F Direct method, R Enzymes and ions 12,13
Zealand
Common blood analytes,
Caliper Canada Under 18 M, F Direct method, R endoctine markars, turmor 8,10, 14, 15-22
markers, vitamins, biomarkers of
metabolic disorders
Enzymes, hormones, vitamins,
CHILDx USA 0.5-17 years M, F Direct method, RI bone turnover markers, 23-28
coagulation indicators
COPENHAGEN Denmark 5-20 years M, F Direct method, RI Common blood analytes 29
Biochemical markers,
KiGGS Germany Under 18 M. F Direct met'hod, RI, immunological markers, tlhyr0|d 30-34
median hormones, noncommunicable
disease markers
LOOK Australia 8,10, 12 years M, F Direct me’fhod, RI, Cardiac markers, common blood 35,36
median analytes
Indirect method, Lipid profile, immunological and

NHANES USA all M, F 2,5; 25; 50; 75; 97.5 | hematological markers, vitamins, 37-44

percentiles inflammatory markers
NORIP Scandmgwan Under 18 M, F Direct method, RI Tumor markers, common blood 45-48

countries analytes
Professional Indirect method, RI; Gommon blood analytes

Referent-20 Russia athletes aged M, F 5; 10; 25; 50; 75; ) vies, 11, 49, 50

i . metabolic markers

1417 90; 95 percentiles

Note: AACB — Australasian Association of Clinical Biochemists; CALIPER — Canadian Laboratory Initiative on Paediatric Reference Intervals; CHILDx —Children’s
Health Improvement through Laboratory Diagnostics; COPENHAGEN — The Copenhagen Puberty Study; KIGGS — German Health Interview and Examination Survey
for Children and Adolescents; LOOK — Lifestyle of Our Kids; NHANES — National Health and Nutrition Examination Survey; NORIP —Nordic Reference Interval Project.

are essential for development and implementation of exclusion
criteria for unhealthy subjects have become the main problem
that restricts the use of indirect methods.

It should be noted that it is rather difficult to calculate and
verify Rls. In 2008, specialists of the Clinical and Laboratory
Standards Institute (CLSI) and International Federation of
Clinical Chemistry and Laboratory Medicine (IFCC) prepared
the guidelines (C28-A3) on the RI calculation and verification [6].
The accurately determined Rls are crucial for correct diagnosis
and selection of the treatment method, while the general
population-based Rls of blood parameters that have not
been adapted for children may result in erroneous diagnosis,
inadequate treatment, higher health expenditures, etc.

Analysis of the literature data on pediatric Rls has revealed
the main directions of contemporary research focused on
calculating Rls of blood parameters in children: bone markers
[7], markers of cardiovascular disorders and the risk of metabolic
syndrome [8], thyroid hormones and growth hormone [9],
inborn features of metabolism [10].

In foreign countries, the results of several large-scale
projects focused on calculating Rls of blood parameters in
multiple samples of healthy children have been published over
the recent years (Table). Unfortunately, there are still no such
projects in our country. An exception is the project involving
calculation of Rls of blood parameters in juvenile athletes that
was implemented at the Federal Research and Clinical Center
of Sports Medicine and Rehabilitation of FMBA in 2020. It is
comparable with the abovementioned foreign projects in terms
of the sample size [11].

KiGGS project
The KiGGS project launched at the Robert Koch Institute

(RKI) in Germany has become one of the largest projects
focused on calculating Rls of blood parameters in children and
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adolescents in Europe. Rls of multiple laboratory parameters
of blood serum and urine were defined withing the framework
of the KIGGS project using the sample of healthy children
[30-34]. The sample consisted of 17,641 blood and urine
samples obtained from children aged 0-17. A total of 43 blood
parameters were assessed that were divided into three major
categories based on the parameter association with nutrition,
the risk of noncommunicable diseases, and immune status.
The median values and Rls were calculated for such indicators,
as total cholesterol, low density lipoproteins (LDL), high density
lipoproteins (HDL), triglycerides, calcidiol. The median values,
25™M and 75" percentiles were defined for thyroid hormones in
12,756 subjects over the age of three. KiGGS was also focused
on studying the biomarker interplay. For example, a positive
correlation between the thyroid-stimulating hormone and the
concentrations of the lipid metabolism indicators, except HDL,
was revealed.

The important objective of the KiGGS project was to
enroll a large number of subjects (to obtain a representative
sample) to be able to divide them into age groups for differential
assessment with sufficient statistical significance. The fact that
the sample included children and adolescents of different
ethnic groups living in Germany was a challenge, since such
a large population of these individuals could skew the results
of the blood parameter Rl calculation for the European
population. After the sample was formed, the share of children
and adolescents without German citizenship in the sample was
8.4%, which was insignificant. The authors plan to resume
the project and calculate Rls of blood parameters in children
stratified by gender, age, German federal state, migrant status, etc.

NORIP project

The Scandinavian NORIP project launched as early as in
1998 was the other project focused on calculating pediatric
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reference standards [45-48]. The common inclusion criteria
for the sample used to calculate Rls of blood parameters was
healthy individuals under the age of 18. Blood serum, plasma
and whole blood samples were obtained from 3036 healthy
children in Denmark, Finland, Iceland, Norway, and Sweden.
Rls (central 95% range) were calculated for 25 blood serum
indicators, including enzymes. The sample was stratified by
age and gender.

COPENHAGEN project

In the COPENHAGEN project (2006-2008), the researchers
assessed 21 blood parameters using 1421 blood samples
obtained from healthy children (596 boys and 825 girls) aged
5-20 [29]. Nonparametric statistical methods were used
to calculate the 95% RIs. The Ris were obtained for both
genders and six age groups. Furthermore, Rls of the oldest
group of children, who took part in the COPENHAGEN
project, were compared with the results of the youngest group
of the NORIP project. Many RI values calculated in these
projects were similar. Some differences in such parameters,
as alkaline phosphatase, lactate dehydrogenase, and
creatinine levels were observed. These differences are quite
natural, since the listed levels increase or decrease with
age as the child grows. The feature of the COPENHAGEN
project was that the sample of children included healthy
school students with no complaints or deviations in health
status, while in other projects blood was collected from
children who were on outpatient treatment. Moreover, Rls
calculated in this project were compared taking into account
the measurement method.

CHILDx project

The CHILDx project had been implemented in the USA since
2002, in which pediatric RIs were calculated in the cohort
of healthy children 6 months to 17 years of age [23-28].
RlIs for a broad range of blood parameters were defined:
vitamins, enzymes, hormones, coagulation parameters, and
bone tissue markers. In 2005, blood samples of 902 healthy
children and adolescents aged 7-17 were used to determine
RlIs of the coagulation parameters (prothrombin time; partial
thromboplastin time; factors VI, IX and XI; von Wilebrand
factor) within the framework of the CHILDx project. Eventually,
several significant differences between the pediatric and adult
Rls of coagulation blood parameters were found, which once
again confirmed the need to calculate Rls adapted for children.
For example, the median prothrombin time in children was 14.0
s, which was almost 1 s more compared to the median value
obtained for adults (13.2 s).

The other CHILDx study conducted in 2011 was focused
on calculating Rls of such blood parameters, as enzyme,
prealbumin, and uric acid levels using blood serum samples
of 1765 healthy children and adolescents [25]. The sample
included different age groups. The mean values, median, and
significant differences between age and gender groups were
calculated (gender differences were defined for about 35% of
parmeters). For example, gender differences at the age of 6-8,
12-14, and 15-17 were determined for aldolase levels. Only
the levels of amylase enzyme showed no significant gender
differences in any of the studied age group. At the same time,
there were differences in the levels of ceruloplasmin and uric
acid between groups of children aged 12-14 and 15-17.
Significant gender differences in the creatine kinase levels were
revealed in all age groups, except for the group aged 6-8.

NHANES project

The NHANES project that was also executed in the USA
involved studying the impact of age, gender, body mass index,
socioeconomic background, and ethnicity on various health
parameters, including blood parameters. For that the data of
laboratory studies and questionnaire surveys were acquired,
and thousands of new participants were endolled every year
[37-44]. For example, the study published in 2000 considered
the upper 95th percentile of the C-reactive protein (CRP)
concentration for the sample of more than 22,000 healthy
children and adults taking into account their age, gender, and
ethicity [43]. Women usually had higher CRP levels than men.
CRP levels were also higher in older people than in children.
Furthermore, in 2004 Rls of blood parameters were calculated
using the sample of 25,000 healthy people aged 10-75,
stratified by age, gender, and ethnicity, as part of this project
[41]. Moreover, Rls of the levels of vitamins and lipid metabolism
were determined for various age groups.

LOOK project

The large-scale Lifestyle of Our Kids (LOOK) study conducted
in Australia was focused on assessing the impact of physical
activity on the health of 3528 healthy children and adolescents.
In of the most significant studies conducted as part of the
project, the central 95% RIs and median values of 37 blood
parameters were calculated using the sample of 852 healthy
children stratified by gender and age [36]. Blood was collected
from the same children at the age of 8, 10, and 12. The following
important patterns were revealed:

— the alkaline phosphatase (AP) activity was higher in girls
than in boys aged 8 and 10, however, in boys it became higher
by the age of 12;

—the creatine kinase activity was higher in boys than in girls
in all age groups;

— the cholesterol levels were higher in girls than in boys at
the age of 10 and 12, while HDL levels were higher in boys in
all age groups. The concentration of triglycerides was higher in
girls in all age groups;

— the urate levels were significantly higher in boys at the
age of 12;

— the ferritin levels were higher in boys than in girls at the
age of 12 (the differences can be explained by the fact that 50
girls out of 256 menstruated at the time of blood collection);

— the glucose concentrations in boys and girls were almost
the same, these progressively increased with age in children of
both genders. The insulin levels were higher in girls than in boys
and progressively increased with age.

In the LOOK study conducted in 2012, the data of 854
children were used to calculate the Rls of the blood NT-proBNP
(N-terminal pro-brain natriuretic peptide B-type) levels [36]. The
median, confidence intervals, and 95% RI were calculated
based on gender for three age groups (8, 10, and 12 years).
It was shown that the NT-proBNP concentration decreased
between the age of 8-12 in healthy children.

AACB project

In the project on harmonizing the common Rls calculated using
blood samples of healthy people at the hospitals of Australia
and New Zealand (AACB), 123 laboratories presented Rls
used by each laboratory and new test results stratified by
gender in 2014 [12, 13]. These data were used to reveal the
differences between Rls and analytical techniques applied in
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the laboratories. Linear regression was used to compare the
results of calculating the upper and lower Rl limits. The AACB
team defined the position of the values obtained for the new
sample relative to the RI of each laboratory and its position
relative to the upper and lower RI limits. Then the results of
different laboratories were compared with each other. The
project provided valuable information about the Rls of blood
parameters used in Australia and New Zealand.

CALIPER project

The Canadian Laboratory Initiative on Paediatric Reference
Intervals (CALIPER) is one of the large-scale projects
focused on calculating pediatric Rls of blood parameters and
aimed at building a database of pediatric Rls to be used
in pediatric centers of the country and all over the world
[8, 10, 14, 15-22]. In this prospective study involving thousands
of healthy children and adolescents, Rls stratified by gender
and age were calculated for many routinely assessed and
specific biochemical markers. During the initial phase, the
CALIPER project included 2809 blood plasma and serum
samples obtained from apparently healthy children with stable
metabolism who attended outpatient clinics. More than 50
blood parameters were assessed by biochemical methods and
enzyme-linked immunoassay. Preliminary Rls were developed
based on the data obtained in accordance with CLSI and the
IFCC C28-A3 guidelines.

Initially, Rls were determined for five age groups stratified by
gender. This phase provided the basis for further projects within
the framework of CALIPER. However, the CLSI/IFCC C28-A3
guidelines stipulate that the sample for the RI determination
must consist of at least 120 healthy people per parameter.
The CALIPER initial pilot studies involved apparently healthy
children who attended outpatient clinics and had some disease
that could affect their blood parameters. Furthermore, the
sample size was not enough for each parameter. Later the
researchers improved the sites of blood collection: along with
clinics, blood was collected in community centers, nursery
schools, churches, and schools. The first of these studies
was focused on determining Rls by age group for more than
40 most often assessed blood parameters. This phase of the
project that represented the first of multiple CALIPER studies
made it possible to start filling the gaps in pediatric Rls of blood
parameters, including bone tissue markers, cardiovascular risk
markers, and metabolic markers [8].

The study results showed that Rls of many blood
parameters varied between the age ranges. However, the age
ranges are not necessarily correlated to the generally accepted
age-related development staged. For example, Rl calculation
has shown that it is necessary to divide the sample into seven
age ranges for AP (0 to 14 days, 15 days to < 1 year, 1 year to
<10vyears, 10to < 13 years, 13to < 15 years, 15to < 17 years,
and 17 to < 19 years), while three age ranges are enough for
the alanine aminotransferase (ALT) (O to < 1 year, 1 year to
< 13 years, 13 to < 19 years) [8].

As for endocrine markers, a sample of healthy children was
formed in 2013 within the framework of the CALIPER project in
order to calculate Rls of seven reproductive hormones. In this
study, Rls of reproductive hormones specific for certain Tanner
stage (estradiol, testosterone, progesterone, sex hormone
binding globulin, prolactin, follicle stimulating hormone, and
luteinizing hormone) were determined. The Tanner stages
are used to monitor the child's pubertal development. It
is extremely important to have Rls of the hormones specific
for Tanner stages, since all children enter puberty at different
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age. The Tanner stages are a five-item scale, where stage
| corresponds to prepubertal stage, and stage V corresponds
to postpuberty. The Tanner stage was defined by a subjective
method: the study participants viewed the images of the Tanner
stages | to V and assessed their own development relative to
these images [14].

After determining the Rls of reproductive hormones,
pediatric Rls of other biochemical markers, age-specific Rls of
steroid hormones, and Rls of vitamins A, E [15], and D [16] were
defined. Along with these large studies performed as part of the
CALIPER project, some smaller but practically relevant studies
were conducted. These were aimed to analyze the effects of
freezing conditions on the samples and analyte stability, daily
fluctuations of marker concentration in blood, and the effects
of fasting on the concentrations of some biomarkers [17-19].

The age-specific and gender-specific Rls of tumor markers,
biomarkers of metabolic disorders, testosterone indices, and
specific biochemical markers were determined to further
expand the CALIPER database. To date, the CALIPER has built
a reliable comprehensive database of pediatric Rl of more than
100 blood parameters considering age and gender [20-22].

The reviewed projects aimed at calculating Rls of blood
parameters in children and adolescents explore a wide variety
of blood parameter concentrations depending on age and
gender. However, the impact of additional parameters, such as
ethnicity, body mass index (BMI), amount of physical activity,
etc., on the parameter concentrations is still poorly understood.

Childhood obesity in one more urgent issue related to
calculating Rls. It is necessary to consider how the blood
concentrations of substances change with BMI [51]. The reference
population should consist of subjects that are representative of
local population, however, some factors, such as BMI, change
constantly with time. This makes it more difficult to obtain a
representative sample. Blood parameters that depend on BMI
can change with the increase in the average BMI of the sample.
Therefore, it's important to know which blood parameters are
affected by BMI and whether such changes are physiological or
have some clinical significance (for example, as indicators of the
metabolic syndrome subclinical progression) [51].

Referent-20 project

Among projects focused on calculating pediatric Rls of blood
parameters, the Referent-20 project executed in 2020 at the
Federal Research and Clinical Center of Sports Medicine and
Rehabilitation of FMBA of Russia should be noted. The sample
of thousands of professional juvenile athletes (2986 boys and
2181 girls), formed based on the results of in-depth medical
examination of the Russian national team members that was
performed in 2015-2019 in the clinic of the Federal Research
and Clinical Center of Sports Medicine and Rehabilitation, was
studied [11, 49, 50]. RIs of blood markers typical for certain
components of metabolism and common blood analytes
(a total of 26 parameters) were calculated within the framework
of the project.

The athletes were divided into groups based on gender,
age (14-15 and 16-17 years), and sports specialization:
cyclic sports (the “endurance” group (distance runners) and
the “speed + endurance” group (sprinters), speed-sthrength
sports (technical types of track and field), complex coordination
sports, team sports, and martial arts. When calculating Rls of
the assessed blood parameters, the results of althletes not
admitted to training based on the results of in-depth medical
examination due to functional capabilities of the body and
health status were excluded [11, 49].
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After the sample was formed considering all exclusion
criteria, the distribution of data was tested, outliers were
excluded, and Rls of biochemical markers assessed during
the in-depth medical examination were calculated. Considering
the non-normal distribution of the data on multiple blood
parameters, the nonparametric percentile-based statistics was
used to determine appropriate Rls [11, 49].

Comparison of Rls of some blood parameters, for example,
exercise tolerance markers, calculated for the sample of juvenile
athletes, with Rls of the same parameters determined within
the framework of foreign pediatric projects has made it possible
to conclude that there are differences in both reference ranges
and their minimum and maximum values [11]. For example,
comparison of Rls of blood creatinine calculated for the sample
of juvenile athletes (sports RI) with Rls calculated within the
framework of the Caliper/Norip priject showed that in the
sample of male athletes aged 14-15 the maximum values of
Rls of this parameter were 30% higher than Rls in the Caliper/
Norip boys, while in boys aged 16-17 these values were almost
the same. In the sample of female athletes aged 14-15 the
maximum values of Rls of creatinine were 13% higher, and in
girls aged 16-17 these were 16% higher than Rls obtained in
the Caliper/Norip projects. In sports, blood levels of creatinine
are also used as an exercise tolerance marker. The increase
in maximum values of Rls of creatinine in juvenile athletes
compared to ordinary adolescents may be due to significant
physical exertion and increased intake of protein foods [11].

This project has also shown that the minimum and
maximum values of Rl of cortisol calculated for the sample of
juvenile athletes are 58-67% higher than in untrained children.
Moreover, the calculated Rls of cortisol in boys and girls of
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There is an inextricable link between exploration and development of the Arctic territories and emergence of associated problems of medical and biological nature.
It is necessary to design and develop emergency care and prevention drugs and medical devices for use in the Arctic. This review presents an analysis of additional
requirements for drugs intended for the Far North and compares methods of modeling extreme conditions in animals. We outline medical and biological problems
of the region highlight key areas of Arctic pharmacology: choice of pharmaceutical form, use of cryoprotectants and design of adaptogens. The study mainly
revolves around the search for information on modeling extreme environmental factors in animal experiments, as this is a key stage in preclinical studies of drugs
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METOANYECKUE ACNEKTbI PASPABOTKU U OKNTMHNYECKUX UCCNELOBAHUIN NEKAPCTBEHHbIX
MPEMAPATOB B UHTEPECAX APKTUYECKOW MEAULIVHBI

M. B. Bonkosa ™, C. A. Buptokos
MOCKOBCKMIN (hUSNKO-TEXHUHECKNIA MHCTUTYT (HAUMOHaNbHbIA NCCReaoBaTensCkmin yHnBepcmnTeT), Mockea, Poccunst

OCBOEHVIE apPKTUHECKNX TEPPUTOPUIA HEPA3PLIBHO CBSI3aHO C BO3HUKHOBEHMEM MeOMKO-OGMOoNorMieckrx npobneM. Heobxoouma paspabotka MeauLMHCKNX
N3OENNA 1 NEKAPCTBEHHbBIX CPEACTB A1 MPOMUIAKTVKIA UM OKa3aHst HEOTIIOXKHO MOMOLLIM B YCIOBUSIX APKTVKL. B 0630pe MpeacTaBneH aHanma AoMOfHUTEbHbIX
TpeboBaHWii K NeKapCTBEHHbIM Mpenaparam, npeaHasHadeHHbIM A5 MCnonb3oBaHUs B ycnosusx KpainHero Cesepa, v aHanMTUYeckoe CpaBHEeHNe METOLO0B
MOLENMPOBaHNS 9KCTPEMaTbHBIX COCTOSIHUI Y XKMBOTHbIX. OBG03HA4EHb! MeANKO-61oNorieckime Mpobembl PervioHa N akLEHTUPOBAHO BHYIMAHME Ha OCHOBHbIX
HanpaBneHVsX apKTUYECKON (hapMaKosorin: BbiIGOPE NEKAPCTBEHHOM (POPMbI, UCMONB30BaHUM KPUOMPOTEKTOPOB U pa3paboTke agantoreHoB. OCHOBHOE
BHMMaHVe yaeneHo nomncky MHhopmaumm no MOAENMPOBaHMIO aKCTPeMaslbHbIX (haKTOPOB OKPY>KatOLLE Cpefdbl B 9KCMEPUMEHTaX Ha XMBOTHbIX, Tak Kak 3TO
SABISIETCS KIIHOHYEBbIM 3BEHOM B [OKIMHNYECKNX NCCNedoBaHVsSIX MpenapaToB A1 apKTUYECKON MedyLMHbI. [okadaHbl akTyasbHble HanpaBneHVs aanbHenen
paboThl AN Pa3BUTUS JaHHOTO HanpaBeHVst: paspaboTka KPUTEPUEB OLEHKM COCTOSIHUST TUMOKCUM 1 TUMOTEPMUM, pa3paboTka METOA0B MOAENMPOBaHNs Ha
KPYMHbIX N1aGopaToOPHbIX XMBOTHbIX, COBEPLLIEHCTBOBAHNE TEXHUHYECKOrO OCHALLIEHNS.

KntoyeBble cnosa: rmnokcus, rmnoTepmusi, (boToneproamnaM, sKCTpemanbHble akTopbl BHELLHEN cpeapbl, UCCNEA0BaHNS Ha XMBOTHbIX
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Almost 18% of the territory of the Russian Federation belongs to
the Arctic region (AR). These are the lands from the Franz Josef
Land to the Wrangel and Herald Islands, comprising about a
third of the entire area of the Arctic shelf. The important transport
corridors running through the AR condition the significance of
this territory for the Russian Federation. Another reason for
development of this region is production of hydrocarbons.
With all the other factors considered, the Arctic is significant
geopolitically on the global scale [1-4].

People permanently residing in the region back exploration
and development of the AR: they power social and economic
development, scientific research, infrastructural projects and
environmental safety [3-5]. At the same time, development of the
territories of the Far North is inextricably linked with problems of
medical and physiological character that stem from the impact
of severe natural and climatic conditions (cold, increased
electromagnetic activity, radiation, specific photoperiodism
etc) on the human body [4, 6-8]. Arctic medicine as a field of

medical science was delineated with the aim of development
of effective prevention and treatment measures; it studies the
internal mechanisms of adaptation of the human body, seeks
and describes specifics of the course of various diseases and
develops methods for their treatment [9].

This review made use of the PubMed and Google Scholar
resources. We gave preference to papers published over the past
10 years and indexed in the Scopus and Web of Science databases.
The key words cited above were used in the search for publications.

The purpose of this review is to present an analysis of additional
requirements for drugs intended for the Far North and compare
the methods of modeling extreme conditions in animals.

Medical and biological problems of the Arctic region
Climatic and geographic, psychological and physiological

factors peculiar to the AR have a significant impact on life of
people. They trigger involvement of all physiological reserves
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of the body and a complex restructuring of the homeostatic
systems [10-12].

Extremely low ambient temperatures exacerbate the need
for heating, the body produces more heat at the expense of
efficiency of physical work, which goes down [13]. Metabolism
of a human being changes: the need for proteins and fats,
fat-soluble vitamins (A, D, E etc) increases [6, 13]. This translates
into special nutrition and work/rest requirements [14].

In addition, conditions of the AR support development
of tissue hypoxia, which can have various physicochemical or
physiological causes (changes in the structure of membranes
of erythrocytes that deliver oxygen to tissues etc) [14-15]. The
increased need for oxygen on the part of tissues affects the
respiratory system and triggers adaptive changes aimed at
improvement of gas exchange, i.e., growth of the alveolar surface
of the lungs and volume of the pulmonary capillaries [14].

The influence of the Arctic's low temperatures and rarefied
atmosphere should be considered in combination, since these
two factors can be mutually potentiating [15]. In particular, cold
causes vasoconstriction and decreases the intensity of blood
flow in general and to the skin in particular, which results in
local cooling of hands and feet, face and upper respiratory
tract, a process that negatively affects physical performance
and changes the functions of external respiration [16-17]. In
addition, combined with cold stress, hypoxia contributes to
the development of ischemic changes in cardiomyocytes, thus
affecting the cardiovascular system [15].

Photoperiodism is another factor that, similarly to exposure
to low temperatures, significantly affects physiological state of
a person in the AR [18-19]. Almost all cellular functions and
physiological systems of the body are under circadian control, a
"mechanism" that keeps body's activity at the optimal level,
supports energy conservation and maintenance of internal
homeostasis [20]. The circadian rhythm (CR) is driven from
within, but it is synchronized with external stimuli, including, in
the first place, light of a certain portion of the spectrum and
intensity [21-22]. There is a pronounced seasonal asymmetry
of light availability and insufficient ultraviolet radiation in the polar
zone. Combined with the effects of the cold, stress associated
with the light alters functioning of the body's hormonal systems
[21, 28]. A mismatch between the CR and external signals can
lead to the development of metabolic, immune and mental
diseases, as well as undermine the effectiveness of wound
healing, body detoxification etc [24]. A person may start
suffering from desynchronosis, which manifests in deterioration
of physical and mental performance, sleep disturbances and
unpredictability of human behavior [10, 13, 25].

In the context of studying the AR-associated factors,
changes in the body's CR should be considered in conjunction
with hypothermia. Body temperature rises during the day and
goes down at night, which ensures the optimal course of
physiological processes. Various diseases and specifics of their
course are also associated with body temperature fluctuations,
e.g., high temperature typically indicates a significant systemic
inflammatory response [26].

In the AR, the light as direct solar radiation and as rays
reflected from the snow is an aggressive factor. The small
angle of incidence typical for the region reinforces the effect
of light in the visible and ultraviolet spectra. Lack of prevention
measures and protection equipment leads to burns of the eye's
conjunctiva and cornea, a condition called snow blindness [27].

Another medical and biological problem peculiar to the
AR is the wide spread of infectious diseases, including those
of emerging from the wilderness in a given location (anthrax,
etc.). The two key reasons behind this problem are the large
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hosts blood-sucking dipterans in the summer and crowded
accommodation conditions with people spending most of
their time in an artificial environment [6, 28]. Poor water quality
also plays a significant role. Meltwater contains heavy metals,
organic pollutants and various microorganisms. Consumed
for a long period of time, such water disrupts the water-salt
exchange in the body, contributes to the leaching of salts and
slows down tissue recovery in case of injuries [29].

The diseases that are more common in the AR and
less spread in the moderate climate belt deserve a special
mention [1]. General hypothermia and the resulting tissue
hypoxia and ischemia-reperfusion syndrome hinder healing of
various injuries of the skin and soft tissues, including frostbite.
Hypothermia aggravates the injuries by disrupting plasma
coagulation and platelet function, suppressing the immune
response and increasing the risk of sepsis. Damage to local
vessels worsens hypoxia in the injured tissues, which prevents
collagen synthesis and angiogenesis and slows down tissue
regeneration significantly. As a result, surgical intervention as
per the standard protocols may be delayed, with such a delay
increasing the risk of death of a seriously injured patient [30-31].

Extreme climatic conditions, low population density,
remoteness and inaccessibility of the areas comprising the
region affect the setup of medical care (MC) systems, including
those involved in rescue of people injured in emergency
situations [30]. The specifics of provision of MC is also a
reason behind the need for development of the new methods
of treatment.

Cold climate makes most medical manipulations impossible.
Therefore, design of modern equipment, medical devices/
items (MDI) and drugs suitable for use in the AR is strategically
important, with resistance to extreme low temperatures being
one of the key requirements and resistance to humidity and
radiation, wind loads and precipitation, as well as stability under
multiple cycles of exposure to adverse factors being additional
requirements.

The use of drugs and MDI for treatment of diseases in the
AR can be divided into three categories. The first group includes
drugs necessary for first aid when condition of the patient is life-
threatening. The drugs (and MDI) of this group relieve pain, stop
massive bleeding and prevent asphyxia; they are used outdoors
under the most aggressive conditions. The second group can
be considered comprised of drugs intended for use in a limited
space, e.g., a first-aid post. In this case, the impact of winds,
precipitation and low temperature is minimal, and it mainly
manifests during transportation. In addition to first-aid drugs,
preventive medicines can be also allocated to this group. The
third group includes drugs, MDI and, potentially, cell products
used in an in-patient hospital outside the AR. The selection
criteria for this group are conditioned by the combined effect of
the factors of the Far North on the body, which translates into
complication of the pathogenesis of diseases.

Prevention and treatment drugs

Prevention and first aid in the North require a certain set
of drugs and MDI. The following groups of essential drugs
can be distinguished: cardiovascular drugs, analgesics and
antispasmodics, antibiotics and antiviral drugs, drugs for
treatment of respiratory diseases and frostbite, adaptagens
adaptogens and preventive drugs (e.g., for eye protection),
vitamins.

There is a number of limiting factors to be taken into
account when selecting drugs for the AR. Many drugs cannot
be frozen. Liquid drugs are designed primarily for use at above-
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zero ambient temperatures. The stability of a drug can suffer
during transportation over hundreds of kilometers, which
is often done in vehicles not equipped specifically for the
purpose. Low temperatures, high humidity, bright lighting and
mechanical shocks, as well as uncontrolled freeze-thaw cycles
directly affect the quality of the drug. It is also necessary to
factor in the possible reinforcement of adverse effects the drug
may have on the body.

From the usability point of view, hard and soft liquid drugs
are the most convenient. Low temperatures make drugs more
fragile and violate the integrity of the fim shell of pills and
capsules. Various band aids and dressings, if exposed to low
temperatures, can lose their adhesive and functional properties.
If the patient needs care at the place of accident, it becomes
increasingly hard to apply them because of the many layers of
clothing. Also, it may be difficult to use powders and granules
to make liquid preparations.

For first aid, injectable drugs (e.g., painkillers) are most
effective. They are less resistant to repeated freeze-thaw cycles.
Cryoprotectants (alcohols, polymeric compounds etc) can be
used to reduce the defrosting time and/or prevent freezing, as
well as to protect the active component from degradation [32].
A cryoprotectant cannot be toxic, it should not accumulate in the
body and be quickly eliminable in order to prevent the development
of side effects [33]. Another important requirement for such
protection is lack of any negative influence on the active agent.

Propylene glycol, a polyhydric alcohol completely metabolized
by the body, is one of the promising cryoprotectants [33-34].
Today, itis used as an additive to diazepam (200 mg of propylene
glycol per 1 ml of the drug, which is 19% of the volume) and
other drugs for intramuscular or intravenous administration.
Preliminary studies have shown that propylene glycol added to
the anesthetic at a concentration below 40% decreases the
freezing point to values below minus 25 °C while not affecting
efficacy of the active ingredient in any way (unpublished data).

Another direction AR medicine takes in addition to the
path of improvement of the already existing drugs is design of
adaptogens, biologically active substances of plant or animal
origin intended to enable adaptation of the body (its cold
resistance and cognitive capabilities in particular) to extreme
conditions and reinforce its physical capacity. Design of
adaptogensis a difficult task: there is no specific pharmacological
target and it is necessary to produce a complex effect on various
organs and systems. Another problem with adaptogens is the
unpredictable intensity of their effect, which differs depending
on who made the drug [35].

Only a small number of drugs and MDI are produced
specifically for use in the Arctic. The reason behind this situation

Table 1. Methods of modeling hypothermia in rodents

is the set of additional requirements for such products that
condition their use when there is an impact from a combination
of external factors.

Simulation of extreme conditions in animal experiments

Climatic testing rigs and subsequent application of the advanced
physicochemical and biochemical methods can enable in vitro
assessment of stability of the drugs and MDI after exposure to
aggressive factors inherent in the Far North.

There are rigid limitations for in vivo studies. It is necessary
to develop and implement models that allow assessing the
functions of cardiovascular, nervous, endocrine and immune
systems of the body, as well as external respiration. Such
studies could support the methods of regulation of adaptive
capabilities of a person in the conditions of the AR [4, 36].

Hypoxia is a factor that significantly handicaps
performance. It was established experimentally that a gas
mixture with the content of oxygen at 10% alters the pulmonary
ventilation pattern from the first minutes it is breathed, with
hyperventilation and increased respiratory minute volume
being the compensatory mechanisms to manifest earliest [37].
Therefore, investigation of the body's adaptive capabilities
should start with experiments involving hypoxic hypoxia
associated with a change in the barometric pressure of the
inhaled air or a less oxygen-rich breathing mixture [38]. Rodents
are the main experimental animals in this context; they are
placed in hermetic chambers of various sizes with controlled
level of rarefaction of the atmosphere or gas mixture. However,
there is no single methodological approach to assessment
of severity of the induced hypoxia that would apply to all the
various models used by researchers. When used to evaluate
the action of a drug on the body, hypoxic hypoxia tests only
confirm the antihypoxic effect of the drug and describe its
intensity, but report no specific level thereof [38].

The range of variations is greater for simulation of
hypothermia in models. A body's temperature can be decreased
by cooling the air in the hermetic chamber, by immersion in cold
water [39-40], by wrapping the body of an immobilized animal
in ice or by placing it on a cold surface [41]. These methods can
also be combined. The specific conditions of the experiment
define how the decrease of the animal's body temperature and
specific features of the model affect experimental results (Table 1).

Physiological features of the rodents should be factored
in when aligning body temperatures and states, however,
there is no single classification developed for this purpose.
Some researchers consider body temperature below 37 °C
to be low and 35 °C — critical [46], some take into account

Animal Method to°C T N t.wC Additional factors Reference
Mice contact (metallic plate) 18 8h 1 33 anesthesia 42
cold water 12-14 10-20 min 1 34-35 immobilization
Rats 41
hermetic chamber 4-6 160 min 1 36-38 immobilization, humidity 75-80%

Rats hermetic chamber 1-2 3.5-4h 1 14-18 hypoxia (chamber 5 L) 43
. . 9 hypoxia

Rats hermetic chamber 2-6 2 days 10 36-37 (15% 0,) 44

Rats hermetic chamber minus 25 3-9h 1 30 no 45
. N hypoxia (30-50 mg/kg NaNO,), humidity 75-80%,

Rats hermetic chamber 4-6 14 days groups 33 stress factors (light, sound, food restriction) 23

Note: ¢ is ambient temperature; T is the time of keeping under simulated extreme conditions; N is the number of animals kept simultaneously under simulated

conditions (in one cage, if a hermetic chambers was used; group — the exact number of animals in a cage is not given); t

is the rectal temperature of the animals

rect

at the end of the keeping period or a limiting value the reaching of which triggered removal of the animal removed from simulated conditions; additional factors list the
conditions created while keeping animals in simulated extreme conditions, like immobilization of animals in a plastic case.
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the range of moderate hypothermia, 32-35 °C [23]. Thus,
modeling hypothermia requires development of the uniform
methodological recommendations based on the reference data
describing physiological characteristics of the selected animals.

Despite the fact that using cold air to lower the animal's
temperature to the desired level is a time-intensive approach,
hypothermia is mainly simulated in hermetic chambers (Table 1)
because they allow combining this state with other factors,
such as hypoxia [15]. High humidity created in the chamber
enhances the effect of cold on the animals. One paper reports
using light as an additional stress factor.

As mentioned above, same as hypothermia and hypoxia,
photoperiodism has a significant effect on living organisms in the
AR. Circadian rhythms should be factored in when calculating
dosing schedules and evaluating the efficacy of drugs and
measuring their blood levels. It has also been confirmed that
the acute symptoms of many diseases and conditions manifest
at certain times of the day (myocardial infarction, rheumatoid
arthritis). Thus, circadian regulation of the molecular processes
can affect condition of the patient and results of the therapy [20].

There are three ways of changing the CR in experimental
animals: with light, food and temperature. Ambient temperature
has a weak synchronizing effect, since animals have internal
mechanisms that ensure temperature compensation. It is
possible to "reset" the CR with a non-light stimulus. Time-
restricted feeding is a popular approach when the goal is to study
the CR proper, however, if the feeding period is less than 6 hours,
animals cannot eat as much food as they do ad libitum [44]. This
additional stressor must be taken into account in the experiment.

Table 2. Simulation of extreme conditions of the Arctic
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In our opinion, light is the preferable stress factor for
experiments designed to simulate conditions of the AR. As a
rule, standard animal keeping conditions imply a 12-hour day
and a 12-hour night. Increasing the daylight hours to 22 hours
or reducing their duration to 2 hours results in disruption of the
CR of animals. Rodents, for example, are night animals, so a
longer day translates into a stress for them.

Using the published data, we compared all the available
methods and assessed the possibility of combining them (Table 2).
Most of the methods are described in single publications
only, which highlights one of the main problems faced when
compiling guidelines for preclinical studies of drugs intended
for the AR: insufficient number of experimental studies. To date,
the only document is the antihypoxic drugs activity investigation
guidelines [38], which describe modeling of various hypoxic
conditions in animals. Unfortunately, we have not found similar
guidelines for hypothermia or photoperiodism.

Taking into account the advantages and disadvantages of
the methods and the possibility of combining them, the following
recommendations for modeling the Arctic factors in preclinical
small animal model studies can be formulated. Such research
requires keeping the rodents for a long time, therefore, to create
hypothermia, it is necessary to use a hermetic chamber. The
recommended temperature is 2 through 6 °C. The maximum
number of animals in a cage is five, because when the group
is larger, the animals huddle together and warm each other.
The preferred approach is to keep one animal per cage, but
that is not always possible. The humidity in the chamber can
be increased in order to amplify the effect of cold. If the study

§ Possible combinations Possibility of assessment of Experiment
9] Method Advantages Flaws . . . S .
= with other stressors physical or behavioral activity duration
Applicable to a Mainly for small laboratory
Use of a rorijp of animals: animals; restriction of Hypothermia (hermetic Tests that could be performed
hermetic 9 usg does not ’ manipulations with animals chamber, cold water), inside the chamber or other Several days
chamber require additional is necessary; the parameters photoperiodism (light, short-term (up to 5 minutes) tests or more
a skills are controlled in different food) outside the chamber
points of the chamber
8 i i
5 Inhalation Prgc_nse Maln_ly for_Iarge Iabgrgtory Hypothermia (all), .
o composition of the animals; wear training - ) Depending on the test Several hours
= (mask) B : : photoperiodism (light)
T inhaled air required
It is necessary to select
Hemic (IV concentration and pattern Hypothermia (all)
introduction Creating a certain of administration for each ho{g eriodism (i ’ht Carrying out any tests Several days
of hemoglobin level of hypoxia animal species due to P P food) gnt. (theoretically) or more
oxidizer) possible individual
intolerance
Appllcable_ toa . Mainly for small laboratory ) Tests that could be performed
Use of a group of animals; ) X Hypoxia (all), -
. animals; the parameters are o ) inside the chamber or other Several days
hermetic use does not S . photoperiodism (light, .
. . controlled in different points short-term (up to 5 minutes) tests or more
chamber require additional food) .
skills of the chamber outside the chamber
Rapid achievement
of the required
© body temperature,
g Immersion in possibility to Higher difference Hypoxia (hermetic Swimming or taking the animal
2 cold water combine with between cold-resistant c);pamber hemic) out of the water for a short period | Several hours
© physical activity and cold-sensitive animals ’ of time for other tests
S (swimming,
I D ;
swimming with a
load)
Convenience
of control over
Contact @Old physiological Reqwre_s angsthegla for each Hypoxia (mask, hemic) Impossible Several hours
surface, ice) parameters animal individually
when the body
temperature drops

Note: * — indicates the possibility of conducting tests while maintaining the impact of stress factors on the body.
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does not include behavioral or long-term experiments (more
than 5 minutes) involving removal of the animals from the
chamber, it is preferable to induce hypoxia through inhalation,
by maintaining a given oxygen level in the hermetic chamber.
In case the experimental phase of the study includes periodic
tests or repeated daily manipulations, it is advisable to use
smaller hermetic chambers containing 2-3 cages with several
animals, or individual hermetic chambers, or induce hemic
hypoxia. This is necessary to reduce the time spent by animals
outside hypoxia and the time needed to restore the required
level of oxygen in the air if hermetic chambers are used.

Lack of guidelines and standardized equipment, as well
as insufficient amount of practical research, necessitate
preliminary experiments with a specific rig before each study.
Firstly, this approach allows assessing the effect of hypoxia
and hypothermia on the animal's body in each case (with body
temperature taken at short intervals, blood sampling etc.) and
ensures significant reduction of the number of manipulations
during the main experiment while maintaining the value of the
resulting information; for example, in a preliminary experiment,
temperature of the animals can be measured (rectally) every
6-12 hours for several days, and during the main experiment, the
frequency of this operation can be reduced to once a day, with
the obtained values compared with the data registered during
the preliminary study. Secondly, a preliminary experiment allows
identifying animals that are resistant or sensitive to stressful
conditions, which is important. Studies [23, 41] have shown that
external stress factors affect animals differently: about 10-20%
of rats in the experiment proved to be resistant thereto as their
body temperature decreased much more slowly than in other
rodents. Thus, this approach, depending on the experimental
conditions, enables preliminary selection and formation of
experimental groups with equal numbers of sensitive and
resistant animals. The published data allows a conclusion that
identification of resistant animals and determination of the key
parameters of the animals' state can last 2-3 days, while the
main phase of the experiment can take up to two weeks. It
should also be noted that such a two-phase approach implies
using the same animals, which necessitates special attention
from the bioethical commission to the procedures implemented
during the preliminary test. It is extremely important to minimize
the negative effect the first phase has on the animals' condition
and establish the optimal period between the preliminary and
main experiments to ensure their full recovery.

The most popular animal models are rats. It is difficult to
plan an experiment and create AR conditions for larger species:
their resistance to hypoxia is lower than that of rodents [38]. In
this connection, one of the urgent tasks is to scale up existing
or develop new methods of modeling extreme environmental
conditions that would be suitable for other (larger) laboratory
animals.

Criteria of assessment of severity of factors is another area
that lacks the required sufficiency. There are physiological and
biochemical hypoxia severity assessment criteria described for
small animal models [38], but there is nothing of the kind for their
larger counterparts. As for hypothermia, it is typically evaluated
by rectal temperature alone, and its degree is established
based on the literature data that the researcher prefers. There
is, however, a consistency peculiar to these data, although
not a complete one, which enables comparison of the results
obtained. Addition of photoperiodism to the list of factors behind
the extreme conditions simulated necessitates development
of the main criteria of assessment of light-associated stress
in animals, as reflected by, for example, temperature and/or
cortisol and melatonin levels [20].

As Table 1 shows, hermetic chambers are a common
tool used for modeling the AR conditions. In this connection,
a technical problem should be noted: lack of specialized
equipment translates into custom rigs designed and made
for a given experiment. This problem is important because
reproducibility of the results largely depends on standardization
of the equipment. The chambers used should maintain values
of the parameters (temperature, oxygen level, etc.) uniformly
throughout the entire volume of the chamber. A separate task
is the selection of the optimal methods of registration of vital
signs of the animals since opening the hermetic chamber alters
the conditions therein and entails the need for restoration of
the required parameter values. Technological aspects should
be considered in development of the AR conditions simulation
methods designed for other animal species.

There are many factors (age, gender, etc) that shape the
body's resistance to extreme influences and diseases. For the
most part, simulations of extreme conditions employ healthy
animals, but in clinical practice, extreme factors have a greater
effect on people with chronic diseases. Therefore, to make
extrapolation objective, a group of researchers has suggested
[47] working with animals that have a persistent pathological
condition, for example, an unpaired variation of the organ that is
typically paired. We have not taken into account that study when
comparing methods of modeling hypothermia in rodents because
it offers insufficient data on the characteristics of the simulated
conditions in animals. However, the report confirms that viability
of the animals under extreme conditions after nephrectomy
decreases, and shows the possibility of implementing this
approach in the experiments designed to assess action of a drug.

In connection, modeling of pathological states is an
important aspect of preclinical research in the interests of
the Arctic medicine. Residents of the AR have their own
characteristic diseases, the most common of which is frostbite.
It is defined as a complex of pathological changes occurring
as a result of local and general cooling of the body. There are
several experimental models [48] used in the investigations of
the mechanisms of condition development and treatment,
as well as assessment of drugs and therapeutic methods.
It is possible to induce different degrees of frostbite, but
reproducibility for some of them is low. Moreover, in most cases
the damaged parts are the limbs, and in the animal experiments
it is the trunk that is injured. Therefore, it is necessary to further
develop the models in order to open the possibility of combining
cryoinjury with other effects and ensure reproducibility of wound
characteristics [48-49].

We have found no studies simulating other diseases that may
be complicated by the extreme environment factors peculiar to
the Arctic. This is another problem in further preclinical studies,
since the course of a pathological process without treatment
under extreme conditions will require additional modeling and
investigation. Assessment of efficacy of a drug will include
comparison with its action on animals kept under standard
conditions. We have designed models of a lacerated wound
[44], frostbite and chemical burn under conditions simulating
those of the AR. The latter mice model has shown that inflicting
a third-degree burn to animals kept in a climate chamber for a
day takes less time compared to animals that were not placed
in a hermetic chamber (unpublished data). A possible reason
therefor is the significant drop of skin temperature compared to
rectal temperature, since temperature of back and limbs of the
animals differs from temperature of their rectum by about 0.5
and 6 °C [46]. Similar nuances can also arise in other models
of diseases, primarily those related to the skin, musculoskeletal
system and respiratory system.
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CONCLUSION

Despite the accumulated knowledge and experience, there
is no tested and certified set of methods for assessment of
impact of cold on the body of an animal [37]. This is also true
for in vivo investigations of hypoxic conditions. The role of
the photoperiod in extreme conditions is often overlooked. In
general, the complexity and multitude of factors accounted for
in the designs of such experiments translate into lack of a unified
approach to them. Yet, hypoxia and hypothermia experiments
under controlled conditions are necessary not only for
pharmacological but also for physiological studies [37], which,
in turn, requires development of a theoretical and regulatory
framework, as well as methodological recommendations that,
combined, would enable development of reproducible models.
A matter of special importance in design of drugs for the
Arctic is their optimal form, improvement of properties of
injectable drugs with the help of cryoprotectants. Another topical
area that should be highlighted is development of adaptogens.
In our opinion, the most difficult task is modeling the extreme
conditions of the AR in animal experiments, with hypothermia,
hypoxia and photoperiodism being the key factors. Today, it
is possible to compile recommendations for conducting such
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IDENTIFICATION OF PHOSPHONYLATED PEPTIDES USING A MALDI TARGET FUNCTIONALIZED WITH
LANTHANUM STEARATE
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As markers of intoxication, adducts of blood proteins with organophosphorus compounds (OPs) allow establishing the fact of poisoning and, furthermore, enable
identification of the OPs by the attached residue. This study aimed to develop a method of specific and selective extraction of blood protein adducts carrying OPs
on the surface of a matrix-assisted laser desorption/ionization (MALDI) target functionalized with multimolecular structures based on lanthanum stearate using
metal affinity chromatography. We have shown the ability of adsorbent to retain both full-size and dealkylated adducts of blood proteins with OPs. The developed
method allowed extraction and identification of peptides of human serum albumin and human butyrylcholinesterase modified with various OPs (after incubation of
human blood plasma with OPs in concentrations from 1 to 100 ng/mL), which makes this approach applicable for the purposes of OPs identification in the context
of investigation of real cases of intoxication.
Keywords: Lanthanum stearate, Langmuir-Blodgett fims, serum albumin adducts, butyrylcholinesterase adducts, organophosphorus compounds

Acknowledgments: the authors express their gratitude for technical support to the resource centers Development of Molecular and Cellular Technologies and
Geomodel of the Research Park of St. Petersburg State University, and to A.A. Selyutin for the opportunity to use the MALDI mass spectrometer.

><] Correspondence should be addressed: Viadimir Nikolaevich Babakov
Kuzmolovsky, st. Kapitolovo, str. 93, Leningradsraja oblast, Russia; babakov@gpech.ru

Received: 11.11.2022 Accepted: 11.01.2023 Published online: 28.01.2023
DOI: 10.47183/mes.2023.002

MWAEHTUN®UKALNA ®OCPOHUITMPOBAHHDbIX MENTUAOB C NPUMEHEHUEM MAJTAN-MULLIEHWN,
®YHKUMOHANIM3UPOBAHHOW CTEAPATOM JIAHTAHA

B. H. Babakos' = A, tO. lTop6yHos', A. C. Mnaauyk®4, 4. K. KanHuHs?, B. B. LUunosckux?, H. B. Tomunun?, H. . Cyxoponos®*, A. C. Paaunos!,
E. M. Noponbckas?®

" Hay4Ho-1cCnenoBaTensCKuii MHCTUTYT rureHbl, MpodnaTonorimn 1 akonorm Yenoseka OeflepanbHoro Meanko-o1onorieckoro areHTcTea, CaHkT-MNeTepbypr, Poccus
2 Hay4HO-KITMHNYECKIIA LIEHTP Tokcukonorm uvenn C. H. fonrkosa ®efepanbHOro Meamko-brnonorndeckoro areHTcTaa, CankT-MNetepbypr, Poccus

3 VIHCTUTYT aHanmMT4ecKoro NprbopocTpoeHust Poccuiickon akaaemn Hayk, CankT-MNeTepbypr, Poccus

4 CaHkT-INeTepbyprekuii rocyaapcTBeHHbIN yHBepcuTeT, CaHkT-MeTepbypr, Poccus

ALAYKTbl 6eNKOB KpoBM ¢ hocdopopraHnieckumi coepnHernsmm (POC) Kak MapKepbl MHTOKCUKALMM NMO3BONSIOT He TOMbKO YCTaHOBUTL (hakT OTPaBMeHus,
HO 1 naeHTMdrumposate POC Mo NpucoeauHMBLLEMYCS OCTaTKy. Llensto paboTsl 6bi10 paspaboTaTe METOAMKY CMEeLMUYHON 1 CENEKTUBHON 3KCTPaKLN
anaykToB 6enkoB kposu ¢ POC Ha NOBEPXHOCTN MATPUYHO-aKTUBMPOBAHHOW NasepHor aAecopbumen/viormaaumen (MATON) MuweHn, yHKLMOHaIM3NPOBaHHOM
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Organophosphorus compounds (OPs) form a large class of
compounds used in industrial fabrication and agriculture that
can inhibit serine esterases and proteases [1]. Highly toxic
varieties of OPs are included in Schedule 1 of the Chemical
Weapons Convention [2].

OPs adducts to human serum albumin (SA) and human
butyrylcholinesterase (BChE) are the key long-lived biomarkers
of OPs intoxication. Their half-life is 20-25 days and 11-14
days (SA and BChE, respectively) [3, 4], makes them usable as
means of determining the agent in blood samples several weeks
after poisoning. The OPs adducts to BChE are the most reliable
biomarkers enabling establishing of poisoning with the degree of
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enzyme inhibition at less than 1% [5]. There have been developed
many approaches to determination of these adducts in complex
samples that are based on the targeted analysis performed by
means of high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS) [6-8]. However, MALDI mass
spectrometry (MS), although not used as frequently, has certain
advantages for screening of blood protein adducts to OPs when
the aim is to identify unknown BChE inhibitors. Determination of
the mass difference (AM) between modified and native peptides
allows compiling the gross formula of OPs.

MALDI-MS has grown popular due to its simplicity, reliability,
high sensitivity and capability to analyze a wide range of masses
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[9-11]. However, its applicability is limited significantly because
of the signal suppression effect that emerges when there is a
large number of components; it is major hindrance to successful
detection of trace amounts of substances. Therefore, this
method often requires preliminary sample preparation aimed at
either reduction of the number of components in the mixture or
analyte enrichment.

Recently, there have been suggested approaches that make
the MALDI target not only a sample carrier but also a factor in
the analysis protocol, giving it an additional functionality [12]. For
this purpose, the surface of the steel substrate is functionalized
and thus given the necessary properties [13, 14], which allows
conducting various analytical procedures on the target surface
before the MS analysis ("lab-on-a-plate"), with the end result
being a more effective analysis overall. The "lab-on-a-plate"
format reduces the amount of sample needed for the analysis,
cuts losses on the adsorbent during extraction, unlocks the
possibility of working with very small volume samples and
minimizes sample preparation to a few simple steps. A target
functionalized with an adsorbent can be used for direct in situ
enrichment of a sample followed by MALDI-MS.

Collapsed Langmuir monolayers are thin-film adsorbents
with unique surface build of metal atoms [15]. They are
both hydrophilic and hydrophobic [16] and show sufficient
resistance to external influences [17]. Earlier, it was suggested
that collapsed monolayers of lanthanum stearate (FLa) may
be used in spin columns for extraction of a number of organic
and bioorganic compounds [18], including human SA adducts
with 2-(fluoromethylphosphoryl)oxy-3.3-dimethylbutane. We
have proposed an approach that enables formation of both a
collapsed FLa monolayer and its multimolecular structures
directly on the MALDI target [19, 20]. The resulting material
has a well-developed surface with good adhesion properties. It
adheres well to a polished MALDI target and retains its qualities
as a metal-affinity adsorbent. The purpose of this study was to
investigate the possibility of specific extraction of blood protein
adducts with OPs on the surface of a MALDI target functionalized
with FLa multimolecular structures in the "lab-on-a-plate" format.

METHODS

Preparation of lanthanum stearate monolayers
on a MALDI target

A polished MALDI target (MTP 384 target plate polished steel
BC; Bruker Daltonics, Germany) was used as a substrate. We
added 0.6 pl (a drop) of lanthanum (lll) salt aqueous solution with
a concentration of 1 mM onto the surface of the MALDI target.
On top of the drop we added 0.6 pl of the saturated solution
of stearic acid in n-hexane. The procedure was repeated twice,
with three monolayers being the result thereof. After that, we
removed the remains of the lanthanum salt solution drop. A
drop of 0.6 pl of the lanthanum salt aqueous solution was
then again applied to the same target well, followed by three
applications of the stearic acid solution. As a result, the MALDI
target spot was modified with six FLa monolayers. Seeking to
completely remove the lanthanum salt, we washed the applied
adsorbent off three times with deionized water by adding
8 pl of water to the spot, leaving it there for 1 minute and then
removing with a dispenser.

Preparation of samples of proteins modified with OPs

To prepare the modified serum albumin samples, within two
hours after collection we supplemented samples of donated K2

EDTA human blood plasma with a series of isopropyl alcohol
dilutions of 2-(fluoromethylphosphoryl)oxy-3,3-dimethylbutane,
CAS Ne 96-64-0 (hereinafter PFMP) to final concentrations of
1 ng/mL — 1 pg/mL, as suggested in a previously published
article [5]. The first step of the process of producing samples
of modified BChE was to isolate the enzyme from the
donated human blood plasma by affinity chromatography on
procainamide sepharose. Then we added 1 mg/ml of PFMP to
the purified enzyme to the final concentration of 100 pg/ml, which
triggered inhibition of over 90% of the enzyme. The incubated
and control blood plasma was hydrolyzed with the pepsin, and
the incubated and control BChE enzyme was hydrolyzed with
trypsin. To assess the specificity and selectivity of adsorption of
modified peptides on FLa, we mixed the hydrolyzed incubated
and control blood plasma and BChE enzyme in various
proportions. With the aim to establish the limits of detection
of modified BChE in blood plasma, the enzyme was isolated
from 250 pL of plasma using immunoprecipitation [21]. All the
experiments were performed in four replicates.

MALDI mass spectrometry

The mass spectra were acquired by means of an UltrafleXtreme
tandem time-of-flight mass spectrometer (Bruker Daltonics;
Germany). The mass spectra were registered in the positive
reflectron mode in the m/z range of 1000-3200. The number
of shots accumulated per one spectrum was 20000, the shot
frequency — 2000 Hz. We used the Flex Control 3.4 and Flex
Analysis 3.4 software to register and interpret the spectral data.
The tandem mass spectra were obtained in the LIFT mode,
with precursor ions fragmented under the collision-induced
dissociation (CID) conditions.

Sample preparation and MALDI-MS of samples of the
Seventh Official OPCW Biomedical Proficiency Test

Samples from the OPCW (pooled human blood plasma) were
received in the context of participation of the Research Institute
of Hygiene, Occupational Pathology and Human Ecology in the
Seventh Official OPCW Biomedical Proficiency Test. VX agent
(O-ethyl-S-2-diisopropylaminoethyl  methylphosphonothiolate,
CAS Ne 50782-69-9) were added to the samples in the OPCW
laboratory to a final concentration of 10 ng/ml, and GE agent
(O-isopropy! ethyl phosphonofluoride, CAS Ne 1189-87-3) — to
a final concentration of 20 ng/ml.

BChE was isolated from the samples by immunoprecipitation,
with the help of magnetic microspheres of the Dynabeads
Antibody Coupling Kit (143.11D; Invitrogen, USA) that were
covalently coupled with BChE antibodies (Pierce BChE
monoclonal mouse antibody HAH 0020102; Thermo, USA).
The microspheres were prepared according to the Dynabeads
Antibody Coupling Kit manufacturer's protocol. An earlier
described technique enabled isolation of BChE from plasma [21].

Trypsin (Sigma-Aldrich; USA) was used for enzymatic
hydrolysis of BChE. We washed 100 pl of BChE-containing
eluate with water three times in the Amicon Ultra-0.5, 30K
centrifuge filters (UFC5030BK; Merck Millipore, USA). Next, the
volume of the sample was adjusted to 100 pl with 25 mM of
agueous ammonium bicarbonate solution, then supplemented
with 5 pl of trypsin (0.1 mg/ml) and incubated at 37 °C for 4 hours,
then we added another 5 pl of trypsin solution (0.1 mg /ml) and
incubated the sample at 37°C for 16 hours.

We performed metal affinity chromatography (IMAC) on the
FLa-containing adsorbent directly on the MALDI target with
deposited monolayers.
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Fig. 1. A. Drop of an agueous subphase. B. Application of the n-hexane stearic acid solution. C. Distribution of the organic phase over the substrate. D, E. Image of
MALDI target spots after deposition of one and six FLa layers (SMZ 1500 stereomicroscope with a DS-2MBWCc digital camera (Nikon; Japan)). F. SEM image of six FLa
layers formed on the MALDI target (scanning electron microscope S-3400N; Hitachi, Japan)

Samples of BChE tryptic hydrolyzate modified with OPs
were adsorbed in 2.5% aqueous ammonia solution. The
duration of this step was 20 minutes. To remove the unbound
fraction, we washed the adsorbent twice with 5 pl of 2.5%
agueous ammonia solution and 8 pl of water. To improve
desorption of phosphonylated peptides, we added 3 pl of 30%
acetonitrile with of 0.1% trifluoroacetic acid (TFA), and after that
2 pl of CHCA matrix (5 mg/ml in 70% aqueous acetonitrile) was
added to the target. After IMAC, the FLa monolayers retained
adsorbed phosphonylated peptides of blood proteins.

To perform the MALDI-MS analysis of samples of the
Seventh Official OPCW Biomedical Proficiency Test, we used
SolariX XR 7T (Bruker Daltonics; Germany), a Fourier transform
jon-cyclotron resonance mass spectrometer equipped with
SmartBeam-Il laser (355 nm). The mass spectra were acquired
in the positive ion mode in the m/z range of 1000-3200.
We used the Data Analysis 5.0 software (Bruker Daltonics;
Germany) to process the mass spectral data.

RESULTS
Functionalization of the MALDI target surface

For this work, we selected a polished MALDI target with
hydrophobic surface that can carry a drop of water without
altering its geometry (Fig. 1A); it was functionalized using the
technique published earlier [20]. The volume of solutions allowed
keeping n-hexane inside the spot when the solution of stearic
acid in n-hexane was applied to the aqueous drop (Fig. 1B),
which means the layers formed strictly inside it, too (Fig. 1C-F).
We discovered that after successive formation of six monolayers
the material no longer stays in the well, and seven or more
monolayers adversely affect adhesion of lanthanum stearate
fims to the MALDI target. The MALDI-MS analysis of the fims
formed on the target showed that the main structural unit of
the adsorbent is the lanthanum distearate ion, as evidenced by
the signal with m/z 705.46. The physicochemical parameters
of lanthanum stearate fims were described earlier [20]. The
MALDI target surface was functionalized through formation
of adsorbent on the spots based on the multimolecular FLa
structures consisting of six collapsed monolayers.

EXTREME MEDICINE | 1, 25, 2023 | MES.FMBA.PRESS

Evaluation of adsorption properties of FLa

Developing a '"lab-on-a-plate" approach to metal-affinity
extraction, we have shown that drops of widely used IMAC
solutions reliably stay on a spot of adsorbent consisting of
six collapsed FLa monolayers in the following volumes: 2.5%
agueous ammonia — 7-8 pl; water — 10-12 pl; 30% aqueous
acetonitrile — 3-5 pl. A peptic blood plasma hydrolyzate,
which has the serum albumin (SA) PFMP-modified by 90%
by tyrosine-411, was chosen as a model object. Afterwards, all
experiments that included IMAC followed the pattern described
below. To equillibrate the phase, we added a drop of 2.5% aqueous
ammonia to the adsorbent, kept it there for 5 minutes, then
discarded and applied again. Next, we added 1 pl of the sample
to the drop and allowed the adsorption process to progress for
20 minutes. The unbound fraction was transferred to an adjacent
spot for further MALDI-MS. FLa was washed successively with
2.5% aqueous ammonia, water and 0.1% aqueous TFA. Then we
dried the adsorbent and applied 3 pl of 30% aqueous acetonitrile
and 2 pL of 5 mg/ml CHCA matrix solution for desorption, which
was followed by MALDI mass spectrometry.

To investigate the adsorption capacity of FLa, we diluted
the human blood plasma peptic hydrolyzate containing 90%
modified serum albumin (initial concentration of SA — 1 mg/ml) with
distilled water to the following concentrations: 0.9, 0.8, 0.7, 0, 6,
0.5, 0.4, 0.3, 0.2 and 0.1 mg/mL. IMAC-MALDI-MS showed
that after IMAC the signal with m/z 1567.87, corresponding
to the VRY(PFMP)TKKVPQVST adduct, was not detected in
the mass spectrum of the unbound fraction after topping the
adsorbent with 1 pl of a 0.5 mg/ml protein solution. The highly
intense m/z 1567.87 signal was registered in the mass spectra
recorded for all adsorbent spots; fragment analysis confirmed
that this signal belongs to the VRY(PFMP)TKKVPQVST adduct.
Based on the degree of protein modification, which is 90%, and
with hydrolysis complete (as evidenced by the absence of the
LVRY(PFMP)TKKVPQVST signal, m/z 1680.89, that indicates
incomplete hydrolysis, in all mass spectra), we can conclude
that six layers of FLa are capable of retaining 0.012 pg of the
VRY(PFMP)TKKVPQVST adduct.

To assess the specificity and selectivity of the approach,
peptic hydrolyzates of modified and unmodified SA were mixed



METO[ | TOKCVKONOINA

1472.462

257 VRY(PFMP)TKKVPQVST

2.03
1.53

Intens. [a.u.]
1

T 1567.830
0.53 ]

1472.730

1318.889

Intens. [a.u.]

1653.045

1839.125
1740.874 :

| 1362.819 1435862

1782.019

1.00

0.75

Intens. [a.u.]

o

u

o
I

o

(]

3
I

1489.781
b

Yy

1567.876

VRY(PFMP)TKKVPQVST

™ i

0.00 .

O

1%

o

(=]

o
1

= 7795 o

Intens. [a.u.]

1483.706
] ' 1567.824

500 o :
1 1405.756 1503 835

—— 162.07 —|

OR,

0 \ :
l
RaHN OH + I—H-u

miz 1406 AM 162
-

AM 78

r
OR,
O
|
RN 0-p—0
Il
O

T 1 1 T T T T T T
1300 1400 1500

T I T T T T T T T T T T T I T
1600 1700 1800 1900

m/z

Fig. 2. Mass spectrum of human SA peptic hydrolyzate modified with PFMP at the modified-to-unmodified ratio of 1 : 10. A. Mass spectrum of the original sample. B. Mass
spectrum of the unbound fraction. C. Mass spectrum of the adsorbent spot after IMAC. D. PFMP modification identification by neutral loss

in such a way that the ratios of VRY(PFMP)TKKVPQVST/
VRYTKKVPQVST were 1 : 10, 1 : 100, 1 : 1000, and
1:10,000. We applied a sample with initial SA concentration
of 1 mg/ml to the formed and prepared FlLa spots in
accordance with the data presented in Table 1. The results
of the IMAC-MALDI-MS analysis (Table 1; Fig. 2) indicate the
high efficiency of the suggested approach to metal-affinity
extraction of SA adducts with PFMP in the "lab-on-a-plate"

format. We have not detected the adduct signal only in
case of application of 1 pl of the mixture at the VRY(PFMP)
TKKVPQVST/VRYTKKVPQVST ratio of 1 : 10,000. However,
application of even 5 pl of this solution yields detection of the
m/z 1567.87 signal with the signal-to-noise ratio (S/N) of 2-3
(various replicates). In case of 1 pl of a 1 : 1000 mixture, the
S/N ratio was 5-6. At higher concentrations, the adduct is
reproducibly and reliably detected.

Table 1. Results of investigation of selectivity of the developed technique with dilution of PFMP-modified SA with human blood plasma

Molar ratio . ’ . .
VRY(PFMP)TKKVPQVST/ VRYTKKVPQUST Volume of sample applied to the adsorbent, pl Signal-to-noise ratio
1:10 1 51
1:100 1 35
5 13
1:1000
1 5
5 3
1:10,000 ]
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Fig. 3. Results of IMAC(FLa)-MALDI-MS analysis of the tryptic hydrolyzate of BChE (1 mg/ml) modified with PFMP, modified-to-unmodified ratios of 100 : O (A); 1 : 10

(B); 1:100 (C)

At the next stage of the work, we studied the possibility
of extraction of BChE adducts with PFMP by IMAC on
FLa, followed by MALDI-MS. The BChE tryptic peptide
modified with OPs is a more convenient analyte for MALDI-MS
than BChE active site peptic nonapeptide, which is widely
used for HPLC-MS/MS analysis. The tryptic peptide
containing active site serine-198 consists of 29 amino acid
residues: SVTLFGES*AGAASVSLHLLSPGSHSLFTR (m/z
2928.521). However, unlike SA adducts with OPs, BChE
adducts are subject to dealkylation (aging) [22, 23], and MS
most often detects BChE adduct with a methylphosphonic
acid (MPA) residue. We experimented with BChE isolated
from human blood plasma that was incubated with PFMP
until complete inhibition of the enzyme. One pl of 1 mg/ml
tryptic hydrolyzate of the modified BChE protein was
applied to FlLa, the application followed by IMAC-MALDI-MS,
which allows drawing a conclusion (Fig. 3) that FlLa
formed on the target exhibit specificity towards BChE
adducts with both PFMP and MPA. The mass spectrum
contains signals at m/z 3006.51, which corresponds to
SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR adduct, and
at m/z 3090.61 which represents the SVTLFGES(PFMP)
AGAASVSLHLLSPGSHSLFTR adduct. When the hydrolyzate
of modified BChE is diluted with hydrolyzate of unmodified
BChE, specificity and selectivity of IMAC-MALDI-MS is
noticeably lower compared to the analysis of adducts of
human serum albumin with PFMP. However, at the 1 : 100
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ratio of the modified form to the unmodified form, signals of
BChE adducts with PFMP and MPA are reliably detected at
S/N = 6.

Detection of adducts in human blood plasma
samples incubated with PFMP

We used human blood plasma incubated with PFMP at
concentrations of 1 and 10 ng/ml as samples. The degree of
BChE inhibition was < 5 and 40%, respectively. The adduct
of SA with PFMP was searched for in the peptic hydrolyzate
of the total blood plasma protein; after protein precipitation
and reconstitution in distilled water, the concentration of SA
was 1 mg/ml. In case of BChE, it was important to isolate its
purest form possible, therefore, we resorted to a highly specific
method of immunoprecipitation and used 250 ul of blood
plasma for the purpose. For IMAC-MALDI-MS, a solution with
a BChE concentration of 1 mg/ml was used; Figure 4 and Table 2
show the results thereof. Applying the developed approach
to analyze the peptic hydrolyzate of the total blood plasma
protein, we encountered the VRY(PFMP)TKKVPQVST adduct
signal in the mass spectra of both samples. However, with
only 1 pl of the first sample, which was incubated with PFMP
at a concentration of 10 ng/ml, applied to the adsorbent, we
received S/N of 5 for the signal of VRY(PFMP)TKKVPQVST,
whereas the second sample, with the final concentration of
PFMP at 1 ng/ml, required enrichment, and we had to apply
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Fig. 4. Results of IMAC(FLa)-MALDI-MS analysis of blood plasma samples incubated with PFMP. The figure shows mass spectra of control samples (A, B); adducts
VRY(PFMP)TKKVPQVST and SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR, PFMP concentration 10 ng/ml (C, D); VRY(PFMP)TKKVPQVST and SVTLFGES(MPA)

AGAASVSLHLLSPGSHSLFTR adducts, PFMP concentration 1 ng/ml (E, F)

5 plthereof to the adsorbent, after which we registered the signal
with the S/N ratio of 4. Moreover, in both blood plasma samples
we identified SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR,
the BChE adduct isolated through immunoprecipitation with
dealkylated residue of PFMP. It exhibited good S/N value and
required no additional method optimization.

Detection of adducts of OPs with BChE
in human blood plasma samples

We applied the suggested approach to detect OPs adducts
with BChE when doing the Seventh Official OPCW Biomedical

Proficiency Test. Preliminarily, BChE was isolated from
250 pl of blood plasma supplemented with OPs. After
immunoprecipitation, we eluted BChE from the adsorbent with
0.6% formic acid, transferred the eluate into a bicarbonate
buffer and hydrolyzed it with trypsin. Subsequent IMAC-MALDI-MS
revealed a native peptide and modified peptides at m/z
3034.5397 (VX) and m/z 3062.5650 (GE) in the m/z range from
2880 to 3100 (Fig. 5). Other OPs, like VR and CVX, have the
molecular weight similar to that of the GE residue. In such a
case, a feasible approach to the task of agent identification
involves its reactivation from protein adducts and gas
chromatography — mass spectrometry as means of detection.

Table 2. Sensitivity of IMAC-MALDI-MS for peptic SA peptides and BChE tryptic peptides modified with PFMP

. . Ratio PFMP / plasma, Volume of sample applied to . U, .
Ne Peptide (m/z) ng/mi the adsorbent, pl Signal-to-noise ratio
CA
VRY(PFMP)TKKVPQVST .
1 (1567,89) 10:1 1 5
VRY(PFMP)TKKVPQVST X
2 (1567,89) T ° 4
BX3
3 SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR 10:1 1 34
(3006,54) ’
4 SVTLFGES(PFMP)AGAASVSLHLLSPGSHSLFTR 10 1 1 _
(3090,56) '
5 SVTLFGES(MPA)AGAASVSLHLLSPGSHSLFTR 1- 1 14
(3006,54) :
6 SVTLFGES(PFMP)AGAASVSLHLLSPGSHSLFTR 1 1 _
(3090,56) :
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Fig. 5. Results of IMAC(FLa)-MALDI-MS analysis of samples from the Seventh Official OPCW Biomedical Proficiency Test. A. MALDI mass spectrum of tryptic
hydrolyzate of BChE modified with VX, signal at m/z 3034.5397, SVTLFGES(VX)AGAASVSLHLLSPGSHSLFTR. B. MALDI mass spectrum of tryptic hydrolyzate of BChE
modified with GE, signal at m/z 3062.5650 - SVTLFGES(GE)AGAASVSLHLLSPGSHSLFTR

Fourier transform ion-cyclotron resonance mass spectrometry
allowed determining the exact mass of the attached residue,
which translated into a significantly narrower list of candidate OPs.

DISCUSSION

The suggested approach enables screening for OPs-modified
SA and BChE peptides in an array of real blood plasma samples
when poisoning by this class of compounds is suspected. In
such cases, the concentration of these highly toxic OPs in
blood plasma can reach 100 ng/ml. Identification of the mass
of attached residue with the help of high resolution MS allows
reasonable assumptions about the parent compound.

A number of studies [24-27] take SA adducts with OPs
as markers of intoxication that allow not only establishing the
fact of poisoning but also enable identification of the OPs by
the attached residue. However, the majority of researchers
consider the adduct of BChE, which attaches the OPs residue
by serine-198, to be the main protein marker [28]. The reason
behind this fact is the great difference in concentrations of BChE
and SAin human blood plasma: 5 and 40000 ug/ml, respectively.
Even when the BChE is inhibited completely, the degree of SA
modification will be extremely low. At the same time, in contrast
to BChE, SA adducts with OPs do not undergo dealkylation,
which in most cases allows either identifying the OPs by AM
between modified and native peptides or selecting an empirical
formula, which greatly facilitates further identification by other
methods. Accordingly, the stage of sample enrichment with SA
adducts with OPs becomes a compulsory one. Serum albumin
is the main component of blood plasma, therefore, enzymatic
hydrolyzates of blood plasma can be used to identify SA
adducts without protein isolation. Indeed, IMAC on the surface
of a MALDI target functionalized with FLa allows specific and
selective extraction of adducts of SA with PFMP even from a
peptic hydrolyzate of the total blood plasma protein, with SA
concentration at 40% and the remaining protein components
enhancing suppression of the target signals. It should be noted
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that for incubation of plasma with OPs we selected PFMP
concentrations that do not imply a lethal outcome if OPs in such a
dose entered human body. With PFMP concentration of 1 ng/ml,
BChE inhibition was below 5%, which often does not even cause
clinical manifestations. The suggested "lab-on-a-plate" format
revealed presence of a dealkylated adduct, which signals of
BChE inhibition, and, furthermore, provided information enabling
identification of PFMP by AM = 162. Compared to extraction in
spin columns, the approach translates into significant reduction
of the reagent costs and time expenditures while noticeably
increasing sensitivity of the analysis, which is essential when
working with extremely limited amounts of biosamples.

Sequential isolation of the BChE enzyme from blood
plasma and subsequent IMAC on FLa of the enzyme's tryptic
hydrolyzate allow detecting potential covalent adducts of OPs
with BChE active site serine by MALDI-MS in the m/z range
of 3000-3100. Information about the mass of the attached
inhibitor significantly shortens the list of potential substances
that caused the poisoning. The probable structural isomers
that have similar molecular weight can be identified through
targeted chemical analysis by gas chromatography in
combination with MS after reactivation from protein adducts,
or by analysis of tyrosine adducts of blood plasma proteins that
do not dealkylate spontaneously.

The Research Institute of Hygiene, Occupational Pathology
and Human Ecology is an accredited laboratory of the
OPCW; the developed approach allows rapid screening of
potential organophosphorus toxicants in blood plasma when
investigating poisoning with this class of compounds.

CONCLUSIONS

We developed a technique of specific and selective extraction
of blood protein adducts with OPs on the surface of a MALDI
target functionalized with multimolecular structures based on
lanthanum stearate using MAC in the "lab-on-a-plate" format.
The study has shown that the adsorbent is capable of retaining
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both full-length and dealkylated adducts of blood proteins with
2-(fluoromethylphosphoryl)oxy-3.3-dimethylbutane (PFMP).
The technique allowed extraction and identification of peptides
of SA and BChE modified with PFMP and MPA (after incubation
of human blood plasma with OPs in concentrations from 1 to
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Reproductive organ transplantation was considered as a potential method for treatment of the ovarian factor, tubal factor, and uterine factor infertility before the
advent of advanced assisted reproductive technologies. Uterus transplantation can be considered as the method for treatment of absolute uterine factor infertility
similar to transplantation of non-vital organs. However, the clinical use of uterus transplantation in humans causes a lot of problems. The study was aimed to
develop a program for assessment of various surgical tissue revascularization techniques for restoration of reproductive function in experimental animals with
uterine factor infertility. Chinchilla rabbits (n = 20) were selected for experiments because of the fact that all mammals have similar structure of the organs. The
innovative technique involving the use of ovarian arteries instead of uterine arteries (as in the standard protocol) was used in laboratory animals to develop the
surgical protocol for transplantation of reproductive tissues. The animal study results show that hemodynamic characteristics of blood supply to the transplanted
uterus remain unchanged. This makes it possible to use the surgical method in the experiments on the uterus transplant from a deceased donor. The proposed
uterus transplantation protocol ensures high transplant survival rate and normal blood supply to the transplant, along with the reduced risk of injury to the donor
and reduced complexity of the surgical procedure.
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MOJOEJTb JIEMEHNA ABCOJIKOTHOIO MATOYHOI'O BECNOognA HA 3KCMNMEPUMEHTAJIbHbIX X)KUBOTHbIX
A. M. Monctaron'?, O. 0. Monctaras'?, W. B. PeHgawikun’, O. H. Aknmenko'?, K. O. TyueHko'?, M. I Cagosckuin'?2, A, A. YepHosa' 2B

T ®epepanbHbIi CUBMPCKUI HAYHHO-KIMHUHECKIA LeHTP PefepanbHOro Meavko-brnonoryieckoro areHTcTea Poccum, KpacHosipek, Poccust
2 KpacHosipCKuIA rocy0apCTBEHHbIN MEAVILIMHCKUI yHUBEPCUTET MMeH B. @. BoliHo-SceHeLkoro, KpacHosipek, Poccuist
3 PepepasibHbIA NCCnenoBaTeNbCKUin LEHTP «KpacHOSpCKMA HayYHbIn LeHTp CO PAH», KpacHosipek, Poccuist

[0 NosiBNEHVst COBPEMEHHbIX BCMOMOraTebHbIX PENPOAYKTUBHbBIX TEXHONOMMIA TpaHCMIaHTaUMIO PENPOAYKTVBHBIX OPraHOB pacCMaTpUBa/In Kak NoTeHUMaibHOe
NleYeHne AMYHUKOBOrO, TPYOHOIO M MaTo4YHOrO Becrnoams. TpaHCMIaHTaUMIO MaTKU MOXHO paccMaTpurBaTh Kak METOf, SIeHeHUst abCoMOTHOrO MaToYHOro
6ecnnoauns, NoAoOHbIN Nepecagke HEXMIHEHHO BaXKHbIX opraHoB. OfIHAKO KIIMHNYECKOe MPUMEHEHWE TpaHCMaHTaUum MaTky y YenoBeka Bbl3blBaeT MHOM
npobnem. Llenbto nccnepnoBaHns Ob1no paspaboTars NPorpaMmy no OLEHKE PasnyHbIX XMPYPrMYeCKIX METOAO0B PEBACKYNAPU3ALIAM TKAHEN 419 BOCCTAHOBEHNS
PENPOOYKTVBHOM (DYHKLMM MpW MaTo4HOM hopMe 6ecnnogys Ha aKCrepyMeHTaIbHbIX YKUBOTHbIX. BbIGOp KponnkoB nopodpl WwuHwmunna (1 = 20) ans
3KCrepuUMeHTanbHoM PaboTbl 0OYCNOBMNEH MAEHTUHHOCTLIO CTPOEHWST OPraHOKOMIIeKCa BCEX MeKOnUTaroLLmMX. [1ns paspaboTki XMpypriuiyeckoro NpoTokona
nepecagky TKaHel PenpodyKTUBHOM CUCTEMbI Ha NabopaTopHbIX XUBOTHBLIX MPUMEHNN MHHOBALMOHHYIO METOAMKY MO MCMONb30BaHMIO SUHHKOBBIX apTepuii
BMECTO MaTO4HbIX, Kak B CTaHAAPTHOM NpoTokone. CornacHo pesynsratam, NosyYeHHbIM Ha NabopaTopHbIX XKUBOTHBIX, rEMOLMHAMNYECKNE XapaKTEPUCTUKM
KPOBOCHaBXEHWSi NEPECaXEHHOI MaTKM He MEHSIOTCS, YTO MO3BOSISIET UMMNEMEHTUPOBATL AaHHYHO XUPYPIMYECKYHO METOAVKY A1 UCMOMb30BaHKS B 9KCMEpVIMEHTE
Ha TPyNHOM MaTepwvane ans nepecagky matku. [Npegnaraemblii MPOTOKON NPOBEAEHUS Onepauv No TpaHCIIaHTaumMmM MaTki 00ecne4nBaeT BbICOKUN YPOBEHb
NMPYXKMBAEMOCTI TPAHCTINAHTaHTa 1 er0 HOPMaslbHOE KPOBOCHAGXEHVE C MUHUMI3ALIMEN PYICKOB TPaBMaTV3aLMM OHOPA U CHKEHMEM CIIOXXHOCTI onepaLyn.

KnioyeBble cnoBa: nepecagka MaTky, fieHeHie MaTo4HOro 6ecnnoaysi, TpaHCnaHTaLys OpraHoB, OpraHHOe JOHOPCTBO, CPABHUTENbHBIN aHan3
DuHaHCMpoBaHue: cyocuans Ha BbINONHEHWE rocyaapcTBeHHoro 3agaHns PMBA Poccun.

Bkniag aBtopos: A. M. [MONCTAHON — CO3AaHVe Xvpyprimv4eckoro npoTokosa TpaHcrnaHTaumm matku; O. tO. MoncTaHas — nnaHnpoBaHe SKCNepUMEeHTa;
1. B. PeHpalukinH — aHanua nutepatypbil; O. H. AKUMEHKO — STUHeCKIe acreKTbl NiaHnpoBaHis nccnefosaxms, nateHtosaqme; K. O. TyLieHKO — CTAaTUCTUHECKII
aHanms; M. I CafloBCKMIN — CPaBHUTESbHBIN aHaNMS SKCMEePUMEHTasbHBIX AaHHbIX; A. A, YepHOBa — PYKOBOACTBO, MaHMPOBaHWE NCCNeaoBaHus!.

CobniofeHne 3TUHECKNX CTaHAAPTOB: 1CCNefoBaHNe NPOBOAMIN B COOTBETCTBUN C TpeboBaH/sMM «EBPONENCKON KOHBEHLMN MO 3aLLUTE NO3BOHOYHbIX
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Absolute uterine factor infertility (AUFI) have historically been
regarded as an incurable form of infertility, however, the first
case of a child born after allogeneic uterus transplantation
(UT) was reported in 2014 [1]. The success of this surgical
procedure was the substantial progress in treatment of AUFI.
AUFI may be caused by past surgical interventions preventing
embryo implantation or positive pregnancy outcome [2]. About
20 women per 100,000 female population of reproductive age
have AUFI [3, 4]. Uterus transplantation is associated with a
number of ethical challenges, which, in turn, can produce
medical, psychological, and legal risks for both genetic and
biological mothers of the unborn child [4].

Absolute uterine factor infertility (AUFI) can have various
causes: uterine agenesis, anomalies of uterine development,
congenital uterine anomalies or the history of organ retrieval
surgery preventing embryo implantation or positive pregnancy
outcome [2, 4].

The absent uterus is the most obvious cause of AUFI. The
uterus is most often absent due to the history of hysterectomy
used for treatment of such disorders as uterine fibroid, cervical
or endometrial cancer, severe adenomyosis [1, 3].

The Mayer—Rokitansky—Kuster—-Hauser (MRKH) syndrome
associated with abnormal formation of Mullerian ducts is the
cause of congenital aplasia of the uterus [4]. There is a number
of AUFI causes found in women with the preserved uterus,
such as congenital uterine anomalies with partial developmental
defects and fusion defects of the Mullerian ducts [5].

AUFI may result from complications of intrauterine
manipulation or severe endometritis [6]. UT can be the only
method for restoring fertility in this group of patients. The
estimated prevalence of AUFI is 20,000 cases in women of
reproductive age per 100 million population [4].

The cold or warm ischemia is one of the most important
issues to be dealt with when treating infertility using UT. Cells
of the transplant are damaged since the moment of artery
clamping in the donor's body to the moment of reperfusion
after revascularization in the recipient's body. The mouse study
has shown that spontaneous pregnancy is still possible after
24 h of cold ischemia; the loss of function occurs after 48 4
h of cold ischemia [7]. The sheep uterus that was as large as
the human uterus remained viable after 24 h of cold ischemia,
viability was assessed within 8 days after the organ auto-
transplantation [8]. Sensitivity to warm ischemia was studied
in rats [9], Macaca fascicularis macaques [10], and sheep [11].
The organ remained viable after 5, 4, and 3 h of ischemia,
respectively. The innate regenerative potential that includes,
among other things, organ-specific stem cells, ensures the
ability of the uterus to compensate possible ischemia injury
during transplantation [7-9, 12].

Immunosupression is one more important issue. The
rat studies show excellent results of using tacrolimus [13]
for prevention of rejection compared to cyclosporins [14].
Tacrolimus also proved effective in the rabbit study [15], and,
according to the findings, it effectively prevented rejection in pigs
for 12 months [16]. Cyclosporine monotherapy was effective in
the studies involving sheep [17]. These data combined show
that monotherapy with cyclosporins or tacrolimus is effective in
rodents and large domestic animals.

Organ transplantation is a complex surgical problem, the
main aspect of which is restoration of graft perfusion through
establishing arterial inflow and venous outflow [2, 15]. When
performing organ transplantation, blood flow restoration results
from performing anastomosis of the main artery responsible for
blood supply to the donated organ and the large main blood vessel
of the recipient; venous outflow is restored in the same way [18]. In
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this regard many authors report the development of complications
associated with abnormal venous outflow after transplantation.
These data have provided the basis for identification of several
major ways of blood flow restoration in the transplant, however,
the optimal method has not been defined [7, 11].

When preparing for the first living donor UT in human, the
surgical technique for retrieval of uterine arteries and veins in
patients who underwent surgery due to uterine cancer and
cervical cancer and lymphadenectomy was tested [19]. Later
the results of this study provided the basis for the development
of surgical protocol for the living donor UT in humans [20].

The study was based on the hypothesis that it was possible
not to use uterine veins in the transplantation method since
ovarian veins were enough. The other papers report the use of
both groups of veins during transplantation [21].

All the researchers point out that the use of uterine arteries
is associated with a number of complexities.

It is difficult to retrieve uterine veins when retrieving organ
from a living donor (it is difficult to separate these from the
ureter which is located in close proximity in terms of anatomy).

Uterine veins are intricately woven highly branched thin
blood vessels that present a challenge when performing surgery,
as a result, the surgical procedure is very time-consuming.

In case of multiorgan donation from a deceased donor the
uterus is not a priority (it is retrieved last, if necessary), therefore
it is difficult to retrieve the kidney: the kidney must be retrieved
with the ureter of maximum length, that is why the uterus
would be unusable (adjacent uterine blood vessels would be
destroyed).

To date, there is no approved protocol for surgical treatment
of AUFI by uterus transplantation in the Russian Federation.
The study was aimed to review the results of the studies of
uterus transplantation in model animals (rabbits) reported in the
world literature.

METHODS

The study was conducted in 2021 by the research team of the
Federal Siberian Research Clinical Center of the Federal Medical
Biological Agency of the Russian Federation. Laboratory
animals were used: 20 female rabbits of the Chinchilla breed
with the body weight of 1800-2000 g and the confirmed
normal reproductive function (parous rabbits).

The animals underwent a two-week quarantine in the
vivarium according to the animal housing requirements
before the experiment, they were given specialized wafers
supplemented with vegetables, cereals, hay, and dairy
products. The following light/dark cycle was used: 12 : 12 h, light
since 08:00 am. There was one rabbit per cage. The animals'
health status was assessed daily, and the data were recorded
in the measurement diary.

Blood flow parameters, vascular resistance index, and
blood pressure were measured by Doppler ultrasound (Hitachi
Aloka ProSound Alpha 6; Japan). All the experiments were
recorded, photographic evidence was provided. Statistical
data processing involved the use of the standard algorithm of
statistical procedures, and the methods of statistical analysis
were applied in accordance with the studied trait type and the
number of comparison groups. The Shapiro-Wilk test was
used to assess the distribution of quantitative indicators. In
case of non-normal distribution the descriptive statistics was
presented as median and percentiles. The Kruskal-Wallis test
was used for multiple comparisons to assess the significance
of differences, while the Mann-Whitney U test was used for
pairwise comparison.
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Table 1. Anatomic and hemodynamic parameters of the rabbit female reproductive blood vessels

Parameter Value
Weight 3700 g
Body length 37 cm
Right uterine artery length 52 mm
Left uterine artery length 54 mm
Right ovarian artery length 43 mm
Left ovarian artery length 45 mm
Doppler parameters
Vo 3,1
Right uterine artery Vi 297
PI 3,92
RI 0,89
Vioin 3,3
Left uterine artery — 278
PI 3,89
RI 0,88
Voo 1,42
i i max 22,78
Right ovarian artery ol 202
RI 0,77
Voo 1,53
Left ovarian artery - 28,62
PI 3,97
RI 0,69

In case of normal distribution the descriptive statistics was
presented as mean and standard error of the mean. Significance
of differences between the normally distributed indicators in the
studied groups was assessed using the Student's t-test.

Program of experimental studies

The experiment involved 20 model laboratory animals (rabbits),
divided into four study groups:

—group 1 (n = 5) — the animals underwent ligation of the
uterine veins;
— group 2 (n = 5) — the animals underwent ligation of the

ovarian veins;

— group 3, controls (n = 5) — intact animals;

—group 4, controls (n = 5) — the animals underwent ligation
of the uterine and ovarian veins.

The animal experiments were carried out in three phases.
Various vessels that supplied blood to the uterus were ligated,
a total of two blood vessel groups: the ovarian artery and
ovarian veins, the uterine artery and uterine veins. When the
uterine veins were ligated and the ovarian venous outflow was
preserved only, the animals were monitored for two weeks in
order to make sure that they had no dystrophy of the organ.

Experiment 1. Anatomical evaluation of the vascular territories
(inflow and outflow vessels) of female reproductive organs

Dissection of blood vessels of the uterus, ovaries, and vagina
was performed with subsequent labeling of the vessels to
determine the vessel length and the sites of anastomosis
with the main arteries and veins, reveal collateral circulation,
and identify shunts. After the blood vessel retrieval, the vessel
length and diameter were measured; Doppler ultrasound was

used to assess blood flow parameters, vascular resistance
index, and blood pressure.

Experiment 2. Assessment of the compensatory capabilities of
various venous vascular territories responsible for drainage of
reproductive organs

At this stage ligation of various main blood vessels providing
blood inflow and outflow from reproductive organs was
performed with subsequent immediate and delayed
assessement of their impact on blood flow and functional state
of the reproductive organs.

The animal was followed-up for 14 days during the
experiment. After 14 days, midline incision was performed
again in order to revise pelvic organs and the site of previous
surgery. Blood flow parameters were measured by Doppler
ultrasound in the pelvic blood vessels and the uterus once
again.

Experiment 3. Uterus transplantantation involving the use of
ovarian veins as the only venous outflow tract

The uterus was separated from the parametrial tissue, the urinary
bladder and the colon were separated from the uterus, and the
ligaments of those were transected. At the next stage vagina
was transected. Then ligation and transection of the uterine
veins was performed that was followed by clipping of the iliac
arteries and transection of those at the sites where the uterine
arteries arised. After that the donor animals were withdrawn
from the experiment by intravenous administration of the lethal
dose of magnesium sulfate. Cannulation of the uterine arteries
and ovarian veins of the transplant and the transplant perfusion
using the Custodiol solution (at least 200 mL, in accordance
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Fig. Doppler parameters of animal 1

with the transplant size) combined with heparin solution
(1 : 5000) were performed. After adequate washing (i.e. until
there were no blood components in the washing fluid) the
transplant vascular pedicles were prepared for transplantation.

After 14 days, midline incision was performed again in
order to revise pelvic organs, the site of previous surgery, the
transplant condition, and anastomoses. Blood flow parameters
were measured by Doppler ultrasound in the pelvic blood
vessels and the transplanted uterus once again.

RESULTS

The data obtained by assessing the anatomic parameters
and hemodynamic indicators of blood flow in the reproductive
organs of female rabbits by Doppler ultrasound are provided
in Table 1.

Comparative analysis of the parameters of anatomic
and substitutional curculation was performed for each of
20 animals. Consider these with an example of animal 1 (Figure).

The data provided in Figure show that the differences in
V. values between the uterine and ovarian arteries can be
explained by the differences between the anatomic vessel
diameters. Both the length and the diameter of these blood
vessels vary considerably (the uterine artery has a much
larger diameter) and, since the V = value represents blood
flow during diastole, it is obvious that blood flow is greated
in the vessel with the larger diameter, and the differences
between blood vessels may be considerable. That is why it
should be expected that the V . value of the uterine artery
would be significantly higher than that of the ovarian artery.
The measurements performed in 20 animals confirm that it is
2-2.5 times higher.

Comparative analysis of blood flow parameters was
performed in all experimental animals.

The V__. value represents blood flow during systole, it is
slightly higher in the uterine value than in the ovarian artery.
This can also be explained by anatomic features. The aorta
is divided into two common iliac arteries, which, in turn, are
divided into two external and internal iliac arteries. The uterine
artery arises from the internal iliac artery, while the ovarian artery
arises directly from the aorta.

In contrast to V__ , the differences between the V__ values
of the uterine and ovarian arteries should be insignificant
(15-30%). This was confirmed by measuring the Doppler
parameters in all 20 animals. In animal 6, minimum blood flow
velocity in the left UA was more than two times higher than in
the OA (227%). In animal 7, minimum blood flow velocity in the
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left UA was twice as high as in the left OA, the same differences
were observed in the right arteries. The differences between
V... values were insignificant: 26% for the left ovarian arteries,
22% for the right arteries.

Statistical processing of the results using the Student's
t-test is provided in Table 2.

A total of 20 surgeries were performed in model animals
(rabbits). Parameters of blood inflow/outflow were defined
in each animals for the following pairs: right and left uterine
arteries, right and left ovarian arteries (Table 2). No pairs showed
significant differences between the total blood flow values.

DISCUSSION

The criteria of successful transplantation and uterus removal
must be defined prior to transplantation. The uterus transplant
failure is determined by the following charateristics: no return
of menstruation within certain period after transplantation, no
pregnancy regardless of multiple embryo transfer procedures,
uterine atrophy. The time period for these outcomes has
not been defined, however, it must be determined prior to
transplantation, since the long-term use of immunosuppressive
drugs poses a risk to the recipient. The measures to counter
functional failure are as follows: assessment of the transplanted
uterus by echography with subsequent prescription of
immunosuppressors. No immunosuppression was used during
our study.

The uterus transplantation clinical use in humans
requires a thorough discussion of issues related to
reproductive ethics. Medical, ethical, social, and religious
background is different in the countries that have performed
such surgical procedures, such as Saudi Arabia, Turkey, and
Sweden, that is why transplantation of the uterus should be
thoroughly discussed taking into account all the provisions.
It is important to consider the question, whether uterus
transplantation is socially significant, i.e. whether the method of
uterus transplantation satisfies the need of patients with uterine
factor infertility for childbirth. The uterus transplantation method
contributes to improving the methods for treatment of such
patients and probably improves their health and quality of life.
Based on the urgent issues in the countries where surrogacy
is not allowed, the surgical procedure is not unnecessary or
excessive. However, a handful of gynecologists and a much
smaller number of patients and people in society are aware of
the issues of uterus transplantation, that is why it is important
for the surgical procedure to be widely perceived by the public.
The large-scale public opinion polls aimed at studying the
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Table 2. Student’s t-test for the comparison group

Comparison groups p
Right uterine artery V.
< 0,001
Right ovarian artery V..
Right uterine artery V__
< 0,001
Right ovarian artery V__
Right uterine artery Pl
0,032
Right ovarian artery Pl
Right uterine artery RI
0,003
Right ovarian artery Rl
Left uterine artery V.
< 0,001
Left ovarian artery V.
Left uterine artery V__
< 0,001
Left ovarian artery V__
Left uterine artery PI
0,491
Left ovarian artery Pl
Left uterine artery RI
0,01
Left ovarian artery RI

Note: p — significance level of the differences

social needs and attitude towards surgical procedure are the
next step.

CONCLUSIONS

The main idea of the study is that it is possible to artificially
change the nature of blood flow in the implanted organ during
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MOLECULAR MODELING AND EXPERIMENTAL CONFIRMATION OF THE SEARCH FOR AGENTS
MITIGATING TOXIC ACTION OF HYDROGEN SULFIDE

Golovatskaya LI, Trizno EV?, Smirnova YuA?®, Trizno MN? &

" Apraksin Caspian Institute of Sea and River Transport — branch of the Volga State University of Water Transport of the Federal Agency for Sea and Inland Water
Transport, Astrakhan, Russia

2 Astrakhan State Medical University, Astrakhan, Russia

3 Tatishchev Astrakhan State University, Astrakhan, Russia

Mathematical modeling is a promising method enabling in silico calculations with subsequent suggestion of cell membrane protective agents used to reduce
the consequences of exposure to hydrogen sulfide-containing gas in emergency situations. This study aimed to investigate the nature of interaction of hydrogen
sulfide (H,S) and N-Acetyl-L-Cycteine (NAC) with the components of cell membranes. We built a mathematical model of interatomic interactions of cell membrane
components with H,S and NAC (two separate models), then made the quantum-chemical calculations using our proprietary technique and set up GAMESS
Z-matrices reflecting type and position of atoms in the molecules. The structure of the molecules was optimized with the help of MOPAC package built into
ChemOffice. Lecithin-based liposomes in a sulfide solution (with Na,S being the donor of H and HS ions) were used as an experimental model of the biological
membrane. Redox potential in mV was the comparison parameter in assessment of interaction of the H,S system components and NAC with phospholipid. The
results include patterns showing the phospholipid reactive centers blocked by NAC under toxic exposure to H,S. Liposomal models of cell membranes were formed
and redox parameters measured. Biological experiment confirmed the acceptable accuracy of the designed method of calculation of intermolecular interactions when
used as a basis for further selection of agents capable of adjusting toxic doses of hydrogen sulfide. Membrane models of H_,S interaction with protein and lecithin
were visualized in silico and in vitro. The possibility of using NAC as an H,S inhibitor has been confirmed.

Keywords: mathematical modeling, hydrogen sulfide, phospholipid, lecithin, liposomes, redox potential
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MOJNEKYNAPHOE MOAENMPOBAHUE N SKCNEPUMEHTAJIbHOE NMOATBEP>XXAEHUE MOUCKA
CPEACTB KOPPEKLIMM TOKCUYECKOIO BO3AENCTBUSA CEPOBOAOPOA

1. . Tonosaukas', E. B. TonsHo?, HO. A. CmunpHosa®, M. H. TpuaHo?=

T Kacnuickumin MHCTUTYT MOPCKOIo 1 pe4Horo TpaHcnopTa umeHn @. M. AnpakcrHa — dunvan BomKkeKoro rocydapcTBEHHOMO YHUBEPCUTETA BOAHOMO TpaHcrnopTa
defepanbHOro areHTCTBa MOPCKOrO W PeYHOro TpaHcnopTa, AcTpaxaHb, Poccus

2 ACTpaxaHCKuIA rocyAapCTBEHHbIN MeVLMHCKNIA YHUBEPCUTET, ACTpaxaHb, Poccus

3 ACTpaxaHCKUIn roCcyAapCTBEHHbIN yHMBEPCUTET UMeHn B. H. Tatuiiesa, AcTpaxaHb, Poccuns

B ka4ecTBe Mepbl MO CHYXEHWIO MOCNEACTBUIA BO3AENCTBYSA Ha OPraHi3M CepOBOAOPOACOAEKALLErO rasa B pesynsrare aBapuinHbIX CUTyaLin NePCNeKTUBHO
1CMOMb30BATb MAaTEMAaTUHECKOE MOAEMPOBaHMe, NO3BONAOLLEE in Silico paccyHnTaTb 1 MPEANIOKUTE CPEACTBA 3aLlUUThl KNETOYHbIX MeMbpaH. Llensto paboTbl
6bI/10 OLIEHUTL XapakTep B3aMmoaencTsra ceposopopoaa (H,S) v auetnnumcTenHa (ALILY ¢ KOMMOHEeHTaMm1 KNETOUHbIX MemGpaH. C MOMOLLIBIO MaTeMaTUHECKOro
MO[E/MPOBAHMS MEXATOMHbIX B3AVMOZECTBIA KOMMOHEHTOB KIIETOYHOM MembpaHbl cHadasia ¢ H,S, a satem ¢ ALILL ocylecTBneHbl KBaHTOBO-XVIMUYECKIE
pacyeTbl C MCNOMb30BaHNEM aBTOPCKON MeToanKM. Co3aaHbl Z-MaTpuLbl MPOrpamMMHOro Kommiekca Gamess — metoga PM3, oTpaxkatoLume T1n 1 nonoXeHne
atoma B Mornekyne. OnTuMmsaumio CTPYKTYPbl MOSEKYSbl MPOV3BOAMM ¢ nomMolbto Mopac, BcTpoeHHoro B ChemOffice. B kadecTBe akcrnepumeHTanbHowm
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sogpeictena H,S. CchopMrpoBaHbl NIMMOCOMHbIE MOLENN KIETOHHbIX MeMOpaH v damepeHbl Redox-nokasarenu. BUonornieckuii skCreprMeHT NoaTeepam
NPVYEMNEMOCTb aBTOPCKOM METOAVKM pacHeTa MEXMONEKYNAPHOro B3aMMOAENCTBYA B KadecTBe 6asvca Ans JanbHenwero nogbopa CpefacTs KOppeKumm
TOKCMYECKMX 103 CepoBoaopoaa. BuayanisnposaHsl MembpaHHble Mogeny BaauMoaencTemns H,S ¢ 6enkom 1 neuutviHoM in silico v in vitro. MoateepxxaeHa
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In the era of industrialization, hazardous emissions from plants
and factories are a possibility. For example, at hydrogen sulfide-
containing (H,S) gas production and processing facilities, well
equipment depressurization may lead to accidents involving
combustion or spread of gas fluid without combustion. Today,
it is necessary to be prepared for such accidents with gas.
Among other things, violations of the production technology,
like overspeeding during drilling of gas-saturated strata, make
them more probable [1-6].

In such cases, hydrogen sulfide is a pathogenic factor that
promotes disruption of the energy metabolism and boosts
processes associated with the activity of free radicals in cells
[7, 8]. The results of the said disruption and processes are
damaged membranes and energy deficiency. Subsequently,
on the one hand, the level of macroerg compounds goes
down and content of Ca?* ions in the cells goes up, and, on
the other hand, the level of adenosine triphosphoric acid (ATP)
decreases, which promotes shutdown of ion pumps and
prevents ingress of Ca?* ions from the intercellular medium,
activation of membrane-binding phospholipases, hydrolysis of
some phospholipids and reinforcement of permeability of the
membranes [9, 10].

It can be assumed that development of various pathological
conditions and diseases is associated with molecular changes
in cell plasmalemmas. Being a target for H,S, membranes are
involved in the pathological process that activates universal cell
damage mechanisms associated with increased oxidation with
free radicals and disruption of ion homeostasis [11-13].

In the recent years, active investigation of the molecular
basis behind cell damage has boosted interest in the
features of biological functioning of phospholipids [14, 15]. In
biomembranes, lipid component is a functionally active matrix
that integrates external influences and launches cellular control
programs. There are three classes of membrane lipids: neutral
lipids (30%), glycolipids (10%) and phospholipids (60%), the
most widely represented class. The chemical energy of oxidized
substrates or ATP is converted into electrical energy, namely,
into a transmembrane difference in electrical potentials or into
the energy of difference between concentration of substances
contained in solutions separated by the membrane, and
vice versa. Membranes can convert one form of energy into
another. Retention of enzymes in mitochondria and oxidative
phosphorylation, enzyme activity and cell sensitivity to hormonal
and nervous regulation, as well as spatial identity depend on
the state of the lipid component of the membrane [16-19].

The complexity of identification of the role of individual
molecular mechanisms in realization of the processes
that destroy membranes results from the closeness of
their relationship. In this connection, deriving generalized
descriptions of the cumulative patterns of cellular systems'
reactions to pathological impulses of various origins not only
promises better understanding of the general biological laws
and how they function, but also allows re-evaluation of the
methodology enabling adjustment thereof.

It is impossible to understand the actual behavior of a
molecule without knowing its structure. Any change in the set
of coordinates of the nuclei, as infinitesimal as it may be, builds
a new geometry. The spatial structure of a molecule is not an
inherent characteristic property of the system. Still, molecular
structure allows pinpointing a certain temporary position
of the molecule and grants understanding of the concept
of its change. Mathematical modeling enables sequential
investigation of various external factors. To determine the
equilibrium spatial structure of the molecules, it is necessary to
optimize the mutual arrangement of their atoms. Optimization
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of geometry means a search for atomic coordinates at which
the system has the lowest energy value [20-22]. As a result
of optimization, individual groups of atoms of a molecular
system change their spatial position to a more favorable one
in relation to neighboring atoms. Parametric method 3 (PM3)
is one of the most consistent methods, carefully calibrated for
a wide range of compounds, including organic and inorganic
molecules of atoms of the main subgroups and hydrogen-
bonded systems. It conveys the structure, thermodynamics,
dipole moments, ionization potentials, vibrational frequencies
well. In case of simple organic compounds, it approaches
the density functional theory (DFT) in accuracy but surpasses
it in performance by dozens of times. The average error in
determining the enthalpy of a formation is about 5 kcal/mol.
The advantages of other semi-empirical methods over PM3
are mainly seen in evaluation of electronic, magnetic resonance
parameters and electronic excitation spectra [21, 22].

From the chemical point of view, intermolecular electron
transfer is a reduction/oxidation reaction, or RedOx. The
processes of electron transfer in mitochondrial membranes
form the physicochemical basis for the mechanisms of energy
storing in a cell. Currently, it is assumed that the transfer of
electrons between the cell's liquid phase components and
intracellular proteins regulates the activity of cell proteins.
Development of many diseases is associated with the
increased levels of oxidants in the body; the list of such
disorders includes atherosclerosis, liver cirrhosis, cataracts,
arthritis, coronary heart disease, bronchial asthma, hepatitis,
and diabetes. Albert Szent-Gy-rgyi, a Nobel Prize winner,
wrote: "Balance between electron donors and acceptors with
different biopotentials is one of the main parameters of life..." In
the course of a redox reaction, the reduced form of one redox
pair (reductant) donates electrons to the oxidized form (oxidizer)
of another pair [23-25]. H,S is a known active ion exchange
participant capable of binding copper atoms in cytochrome
oxidase and thereby blocking the transfer of electrons from this
mitochondrial respiratory chain enzyme to oxygen. Since body
fluids are open systems constantly exchanging electrons with
the environment, we discretized possible cross-reactions and
used the liposomal membrane model in an aqueous medium.

The purpose of this work is to compare the degree of
intermolecular interaction of two-component systems with a
biomembrane (liposomal model thereof) in the reaction with
hydrogen sulfide and acetylcysteine with the aim of adjusting
the membrane's redox potential.

METHODS

Mathematical calculations were performed in GAMESS using
the PM3 method (GBASIS=PM3), the gradient norm accuracy
was up to the fourth decimal place inclusive (OPTTOL=1.0E-4).
The results enabled building the z-matrix, the configuration
of which is quite close to the point of global minimum of the
potential energy surface. The calculation yielded the gradient
value of 0.0000327 kcal/mol/angstrom, which makes the
computational capabilities of GAMESS rather high compared
to ChemOffice. The total energy value for the resulting
configuration of molecules is calculated in atomic energy units
and given in kd/mol.

We use three criteria to increase the accuracy of the
adsorption interactions model: the magnitude of charge transfer
(Aq), the distance between atoms (&) and thermal effects of the
adsorption complexes (AEads).

Protein and phospholipid components were chosen as
components of the cell membrane. The structure of the protein
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Table 1. Values of energy characteristics and bond lengths in the adsorption complexes of interaction of a pentapeptide molecule in vapors with hydrogen sulfide and
ACC, results of application of PM3

ponapentto+ [, SIDITIRLIN | songingn 4 | OPmelmdramonnt | Enery et

Hoy--Syr 2.582 135 -5.833

Hey---Nog 1.007 211 -13.448

Fiverogen sulfide H,gSsr 1.293 -0.0167 -16.101
Hyg-S,r 1.291 -0.0182 -3.469

Heor--S, 2.62 % -38.38

Hyo---S, 2.73 28 -36.89

Ace H,,.--S, 2.53 % -34.46
Hes---S, 1.75 985 -34.39

was a simple pentapeptide resulting from the calculation of
the optimal equilibrium of the system from the viewpoint of
the minimum total atomic energy. Given that phospholipid
molecules can move from one side of the membrane to
another, the in vitro model excludes variation in the biological
response to pathogenic factors and minimizes the asymmetry
of phospholipids in the membrane. As the base of liposomes,
we used lecithin that was two-thirds phospholipids.

The liposomes were prepared as described below.

We prepared the sulfide solution within the first stage of
hydrolysis as per the following molecular equation:

Na,S + HOH <=> NaHS + NaOH,
and the complete ionic equation for this reaction was as follows:
2Na* + S* + HOH <=> Na* + HS + Na* + OH-.

We stopped the reactions before the second stage of hydrolysis
since that would imply formation of volatile forms of hydrogen
sulfide, which is toxic. Another reason behind this decision is
the specific dosage approach adopted for this experiment.

We used a weighing unit (Conzept; Italy) with a weighing
accuracy of 0.1 mg, a redox potential meter (in millivolts, mV)
(Russia), a magnetic stirrer, chemical beakers and a cylinder
(graduated, with a volume of 100 ml), pipettes, automatic
dispensers, an ultrasonic disperser (China), powdered sodium
sulfide, a fume hood.

The prepared solution of sodium sulfide (10%) had the
sulfide concentration of 88 mg/l. Twelve grams of Na,S were
mixed with 80 ml of distilled water (introduced thereto). We
determined the exposure factoring in achievement of a stable
change of the parameter at a constant level. The measurements
were taken thrice, with subsequent derivation of the average
values.

The liposome solution was prepared from soy lecithin
(Protein company; Russia) based on isopropanol at the ratio
of 30:70. Having added a 0.1% solution of methylene blue (for
better visualization), we treated the solution with ultrasonic (US)
waves for 10 minutes, and then added the liposome solution
to the sulfide solution at the ratio of 1:1. The saturated solution
of lecithin (1 g + 25 ml of isopropanol) was supplemented with
10 ml of ACC solution (10 mg/ml) and then exposed to ultrasonic
waves. The redox potential was measured in solutions of
liposomes with lecithin and ACC before and after immersion
in a sulfide medium 15 minutes after preparation of the media.

Abnormalities of distribution were detected with the help
of the Kolmogorov-Smirnov and Shapiro-Wilk tests. Numerical
values are given as median and P5-, P95-percentiles. The
differences were considered significant at p < 0.05. For the

analysis, we used descriptive statistical methods of Statistica
11.0 (StatSoft; USA).

RESULTS

Modeling the hydrogen sulfide's effect on a biological
membrane includes generation of a mathematical model and
a visual structure of the elements of the membrane and the
toxicant. The plan implies a search for the sites of sorbate
molecule that play a part in interactions resulting in the release
of the greatest amount of energy. The energy of the activated
complex should be at the minimum level possible. With the
given structures, the interactions occur mainly in the amino
group (NH,), sulfide (SH), carbonyl (CO), hydroxyl (OH), and
methyl (CH,) groups, and may also involve hydrogen atoms of
the benzene ring. Hydrogen sulfide can be bound both with
hydrogen in amino and sulfide groups and with sulfur in amino,
sulfide and hydroxyl groups. The strongest bonds include a
hydrogen atom of the protein's SH group.

The tables below present the results of calculations of
energy and geometric properties of the most significant
molecular adsorption complexes (AC) with pentapeptide (Table 1)
and lecithin (Table 2). The investigated amino acid sequence
in the protein peptide was as follows: cysteine—phenylalanine—
alanine—cysteine-tyrosine.

The tables show active sites of hydrogen bond formation
under the influence of ACC and hydrogen sulfide on the
components of the cell membrane. Transfer of the charge
confirms that the interaction takes place, and the magnitude
of the charge transfered indicates the direction in which
the electrons move between the atoms of the interacting
substances. The sign of the charge reflects the molecule
acting on the membrane (H,S or ACC). Positive sign means the
charge is redistributed from hydrogen in the substance to the
more electronegative atoms of the membrane (Fig. 1). Negative
sign indicates the electrons move from the membrane's
hydrogen to the "implanted" substances. The strongest
interactions are observed between the lecithin's H,,...S, and
ACC, in contrast to the hydrogen bonds of protein molecules
and ACC (Fig. 2). Participation of proton of the ACC's SH
group in formation of the hydrogen bond translates into
greater density of electrons of the sulfur atom, which boosts
its nucleophilic properties. Active SH group in the molecule of
ACC conditions the properties of this substance. The length
of the formed bond is most typical for this type of interaction,
and the adsorption energy value reflects the robustness of the
adsorption complexes. In this case, lecithin is the preferred
target (Fig. 3).

Any change of interatomic positions affects the molecule's
geometry as a whole, and hence alters the properties of the
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Table 2. Values of energy characteristics and bond lengths in the adsorption complexes of interaction of a lecithin molecule in vapors with hydrogen sulfide and ACC,

results of application of PM3

o By hydrogen (...) bond o Charge transfer amount Energy characteristic
Lecithin + between the indicated atoms Bond length, A Aqg, e AEads, KJ/mol
H,...S, 3.04 -0.0136 -74.75
O, -.H, 1.8 -0.0209 —65.13
ACC
H,...S, 3.05 221 -57.48
H, ...S, 2.57 -0.0311 -56.87
HygerS, 2.62 172 -51.52
0,,--H, 1.76 -0.0429 -49.7
Hydrogen sulfide
H,-S, 2.43 294 -48.85
H,, -5, 3.03 293 —46.85

system, but a structured calculation allows registering the
molecule's position in time and helps understand the principle
of changes as they are shaped by external factors. As a
result, the following tasks become more simple: establishing
individual geometric positions of the molecules relative to each
other; learning the peculiarities of the effect produced by the
attacking substance; mapping active atoms of the membrane
components; analyzing and showing the competitive
replaceability of the antidote.

As shown, interactions of hydrogen sulfide and ACC have
a lower minimum of the adsorption energy when reacting with
lecithin than with peptide. This means we characterize such
interactions as structures with more stable positions from
the energy viewpoint. Therefore, the in vitro model is the lipid
component of the membrane, and the liposomes formed have
the diameter of 36.92 [27.98; 54.39] um (Fig. 4).

The redox potential of the sulfide solution was —718 [699; 723] mV.
This is an extremely low value, which indicates the strength of
reduction capabilities of the hydrogen sulfide ions. The redox
potential of the saturated lecithin solution was =77 [-72; -81] mV.
After ultrasonic treatment and preparation of the liposome
solution with ACC, the redox potential was —54 [-41; -59] mV.
The redox potential of the final solution of sulfides + lecithin +
ACC has grown to —122 [-120; —131] mV.

Thus, introduction of liposomes with ACC (acting as an
oxidizer) restored the redox potential. Consequently, when
interacting with hydrogen sulfide ions, active SH groups of the
ACC give the solution properties of a buffer.

DISCUSSION

Currently, researchers rely on quantum chemical calculations
when studying models of systems of molecular complexes.
Their works include models of complexes consisting of two
or more molecules that were described (with underlying tasks

2797 4405 4685 4077

executed manually) earlier. One of such works presented
a model of interaction in a three component system of oil,
water and demulsifier [26]. The inclusion of water as one of
the molecular system's components can only be justified if
the purpose is to investigate the details of the demulsification
process in a specific case of a possibility randomly set by
the user. An alternative approach is accounting for solvation
[27], a feature available in any quantum chemistry program,
like GAMESS. The research efforts in this field target specific
problems and mainly focus on determining the 3D structure
of the molecules, distribution of charge and electron density
of each atom of a molecule, total energy of the molecules,
energies and heat accompanying formation of molecules,
energies of electrons, energies of nuclei and dipole moments
of atoms that make up the molecule [28, 29].

This study focuses on a systematic consideration of the
possible adsorption complexes emerging as the molecules form
a hydrogen bond between them. The focus enabled sequential
investigation of the process of immersion of membrane's
components in a hydrogen sulfide environment with
subsequent evaluation of introduction of ACC as a competitor
for hydrogen sulfide. With the help of quantum chemical
modeling, we established the key values of energy peculiar
to the formation of reacting molecules and their systems. To
establish the stable positions of adsorption complexes we have
additionally determined and calculated three criteria for each of
them: the adsorption energy, the charge transfered from one
molecule to another and the size of the formed hydrogen bond.
Having eliminated the structures that did not meet the criteria,
we learned the signatures of active atoms on the molecular
surfaces specific to this kind of interactions [21].

We prepared the liposomes using generally recognized
methods [16-18]. Isopropyl alcohol was used as a solvent, as
it is less toxic (3600 — 5740 mg/kg) compared to other organic
solvents (xylene, chloroform) [30] and more economically
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Fig. 1. Active sites signature pattern example, interaction of lecithin and hydrogen
sulfide
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Fig. 2. Active sites signature pattern example, interaction of pentapeptide
and ACC
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Fig. 3. Active sites signature pattern example, interaction of lecithin and ACC

sound compared to, for example, ethyl alcohol. We used a
flow of gaseous nitrogen instead of a rotary alcohol evaporator,
which greatly simplified the experiment.

CONCLUSIONS

In general, the suggested in silico method of mathematical
modeling of action of toxic blockers on a cell membrane
model can complement in vitro experiments. The results of this
study allow a detailed description of the mechanism of events
occurring on the cell membrane's surface. Further research will
help improve understanding of the structure and properties of
potential antidotes for a number of cytotoxic substances. Our
data indicate that reaction sites for this type of interactions may
form, and they predominantly appear on the atoms represented
in the interaction signatures (Fig. 1-3). The studied interaction
between molecular components of biomembranes — protein
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ASSESSMENT OF INDIVIDUAL HEMATOPOIETIC STEM CELL RESPONSE
TO GAMMA EXPOSURE USING HUMANIZED MICE
Atamanyuk NI'B, Pryakhin EA', Styazhkina EV'?, Obvintseva NA!, Tryapitsyna GA'?, Peretykin AA', Andreev SS', Aldibekova AE', Akleyev AV'?

" Urals Research Center for Radiation Medicine of the Federal Medical Biological Agency, Chelyabinsk, Russia

2 Chelyabinsk State University, Chelyabinsk, Russia

Assessment of individual responses of cells, tissues and the whole body to radiation exposure is an important challenge for radiobiology and radiation safety. The study
was aimed to develop the method for estimation of the human hematopietic stem cell (HSC) individual response in the humanized mouse model. The cord blood or
peripheral blood HSCs were administered to the NOD SCID immunodeficient mice. The number of maturing HSCs (CD34* cells) and mature CD45* leukocytes was
assesed after the acute gamma exposure to the doses of 0.5 Gy, 1 Gy, and 1.5 Gy, along with the HSC share among all CD45°+ cells within three days (period of
maximum mortality) and 14 days (period of active restoration) after exposure. The relationship between the indicato values and the exposure dose was calculated by
regression analysis. There was exponential relationship between the human HSC survival rate in humanized mice and the dose on day three after exposure (R? = 0.93;
F =211; p < 0.01), while the relationship between the number of HSCs and the dose on day 14 after exposure was linear (R? = 0.65; F = 12.9; p = 0.01). The C14/3
coefficient calculated as a ratio of the HSC share among all human CD45°*+ cells on day 14 after exposure to the same parameter on day three after exposure was
proposed as an indicator of HSC mortality and HSC number restoration. C14/3 negatively correlated with the exposure dose (R? = 0.57; F = 13.3; p = 0.004), it was
higher in radioresistant mice and the model of cysteamine-induced radioresistance in humanized mice. The model mice humanized using the peripheral blood HSCs
can be used to assess individual HSC response to acute external gamma exposure based on C14/3 and the data on the HSC survival and restoration.

Keywords: hematopoietic stem cells, acute radiation syndrome, humanized mice, individual radiosensitivity
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OLIEHKA MEPCOHU®ULIMPOBAHHOW PEAKLIM FTEMOMNO3TUYECKUX CTBOJIOBbIX KITIETOK HA
FAMMA-OBJTYSEHUE C UCMNOJIb3OBAHVUEM N'YMAHU3NPOBAHHBIX MbILLIEN

H. V. Atamariok' =5, E. A, TpsixvH', E. B. CtspkkuHa'2, H. A, O6suHuesa’, T. A. TpsanvupiHa'2, A. A. MepetbikvH!, C. C. AHapees’, A. E. Ananbexosa’,
A. B. Aknees'?

" Ypanbckuii Hay4HO-NPaKTUHECKNIA LEHTP paanaLVoHHO MeauLHbl PefepanbHoro Meaviko-61onoryieckoro areHTcTea, YensabuHek, Poccus

2 YensibUHCKMIA roCcyAapCTBEHHBIN YHUBEPCUTET, HensouHek, Poccus

OueHKa NepCoOHNMULIMPOBAHHOM peakLnn KIETOK, TKaHen 1 OpraHvMaMa Ha paamalvoHHOe BO3OENCTBUE SBSETCSH BaKHOM MPOGAEMOn paamoononorn u
paanaLpoHHon sawmTbl. Liensto nccnenoBaHnsa Obino padpaboTaTb METOL, OLEHKW MEePCOHMMULIMPOBAHHON PeakLA reMOroSTUHECKIMX CTBOMOBbIX KNEToK (TCK)
Yenoseka B MOAENM ryMaHU3npoBaHHbIX Mbiwen. MCK nynoBUHHOM 1 nepndeprHeckoin KpoBy BBOAMIN UMMYHoAedMLMTHBIM Mbitwam NOD SCID. Mocne
OCTPOro BHELLHEro ramma-obnyyenns B gosax 0,5 p, 1 Mp n 1,5 Ip ouennsann 4ncno MCK (CD34*-KneTok), CO3PeBatoLLMX 1 3PENbIX NENKOLMTAPHBIX KITETOK
CD45*, nonto TCK cpeay Bcex CD45°V+-kneTok Yepes Tpoe CyTOoK (Nepriof, MakcMmasbHOM rméenm) n 14 cyTok (Neprof akTMBHOMO BOCCTAHOBMEHMS) nocne
0bny4eHns. MeToooM perpeccMOHHOMO aHamsa paccHMTbiBany 3aBMCUMOCTb MokasaTenel oT [03bl 06ny4eHns. OnmcaHa aKCMoHeHLmManbHash 3aBMCMMOCTb
Bbbk1BaemMocTy 'CK yenoBeka y ryMaH/3npoBaHHbIX MbILLEI Yepes Tpoe CyTok rnocne obnyderns (R? = 0,93; F = 211; p < 0,01), nnHeHast 3aBUCMMOCTb OT
no3bl konndectsa 'CK Ha 14-e cyTku nocne obnyydeHus (R? = 0,65; F = 12,9; p = 0,01). B ka4ecTBe nokasarens, oTpaxatoLero rnbens 'CK 1 BocctaHoBneHne
1X Ymcna n (hyHKLMOHABHOM aKTUBHOCTW, NMpeanoxeH KoahduumeHT K14/3, pasHblin oTHolueHno fonm CK cpeay Bcex CD45°"+-kneTok Yenoseka Ha 14-e
CYTKM nocne obny4eHrst K 3TOMy mapameTpy Ha TpeTbi CyTku. K14/3 nven obparHyio 3aBUCMMOCTb OT A03bl 006nydeHns (R? = 0,57; F = 13,3; p = 0,004),
6biN BbILLIE Y PAAVIOPE3NCTEHTHBIX MbILLEN 1 B MOAENW MHOYLIMPOBAHHOW LIMCTEAMUHOM PafVopesnCTEHTHOCTY Y NyMaHN3MPOBaHHbIX Mbilei. Mogenb Mblllei,
ryMaHnanpoBaHHbix FCK neprthepnyeckort KpoBU, MOXET ObiTb MCMONb30BaHa A1 OLEHKM NepCoHNMULMPOBaHHbIX peakumin 'CK Ha ocTpoe BHeLLHee ramma-

06ny4eHre Ha OCHOBE MPUMEHeHNA nokasatens K14/3, faHHbIX O BbDKMBAEMOCTUN 1 BOCCTaHoBNeHnn 'CK.
Knto4yeBble cnoBa: reMonosTU4ECKYIE CTBOMOBbIE KNETKM, OCTPbIV PaAaMaLOHHbIN CUHAPOM, 'YMaHWU3MPOBaHHbIE MbILLN, MHOVBULYaIbHAS PafVIoHyBCTBUTENBHOCTD
®durHaHcMpoBaHue: paboTa BbINoHEHA B Pamkax rocyAapcTBeHHoro 3agaHms PMBA Poccum.

BnarogapHocTtu: astopbl 6narogapat A. B. LLepctobutosa (MBY3 «ObnactHom nepuHaTasnibHbI LEHTP» . HenabuHcka) 3a NOMOLLb B OpraHu3aumm 1 otbop
npo6 MynoOBMHHON KPOBW.

Bknap aBTopoB: H. 1. ATamaHioOk — MnaHMpoBaHve 1 NPOBEAEHNE SKCMEPUMEHTOB, HanvcaHve ctaten; E. A. TpsaxvH — nnaHvpoBaHve 1 PyKOBOACTBO
paboTon, Hanmcanne ctaten; E. B. CtaxknHa — BbigeneHve I'CK, aHanuad gaHHbix; H. A. O6BMHUEBA — BbINONHEHVE U3MEPEHWIA, MPOTOYHAA LUTOMETPUS;
I A. TpsanuupiHa — aHanua gaHHbix; A. A. FNepeTbikinH — 0BnyHeHne XXMBOTHbIX, A03UMETpUHeckime nccnegoBanns; C. C. AHAPEeeB — MaHWMyNALMN C XKUBOTHbIMU,
namepenns; A. E. AngrnbexkoBa — MaHunynsiumm ¢ XXmBoTHbIMU; A. B. AkneeB — obLLiee pyKOBOACTBO.
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Developing the approaches to estimation of individual
radiosensitivity remains a priority of human radiation biology
due to rapid development of nuclear technologies, nuclear
medicine technologies and the perspectives of long-term
interplanetary spaceflights [1, 2]. Assessment of individual
response 1o exposure is necessary to identify the groups with
high risk of exposure effects. This would be useful for both
selection of staff to work with the sources of ionizing radiation
and cosmonauts, and personalization of the risk of health
effects of human exposure to radiation.

The phenomenon of radiosensitivity is assessed by the
researchers at various levels, from radiosensitivity of the
whole body manifested in survival or death after exposure, to
radiosensitivity of tissues and cells and their susceptibility to
the long-term adverse exposure effects [1-3]. However, there
is no uniform system of determining individual radiosensitivity
in humans. Intensive research focused on studying molecular
genetic, immunological, hematological and other markers, the
personalized predictors of the tissue response and the long-
term effects of both acute and chronic exposure to radiation, is
under way [1, 2, 4, 5].

Red bone marrow is one of the most radiosensitive tissues
in the human body. The red bone marrow resistance to radiation
exposure depends on the DNA damage repair, cell repopulation
in the tissue on the accounts of proliferating revenant cells, the
ability of the tissue to form the functional reserve of cells, etc.
[1]. In the bone marrow form of acute radiation syndrome, the
effects on the body (the chance of death) result largely from
the hematopoietic stem cell (HSC) survival rate and the kinetics
of the revenant cell populations [6, 7]. lonizing radiation has a
suppressive effect on the HSC proliferative and regenerative
potential. Furthermore, the issue of the relationship between
the HSC response to exposure and individual radiosensitivity
remains unresolved.

The use of humanized mice for assessment of individual
human HSC response to ionizing radiation is promising [8, 9.
The following types of response to radiation exposure have
been reported in the model mice humanized by transplantation
of human HSCs: enhanced yH2AX foci, increased expression
of the p16INK4a gene, loss of HSC capability of repopulation
after transplantation to secondary recipients, and reduced
differentiation repertoir [10]. Similar processes that are typical
for the HSC natural ageing [11-13] are also observed in cases
of human or animal external exposure [14]. In particular, clonal
expansion of hematopoietic cells was reported in exposed
animals [15] and astronauts who experienced high levels of
radiation exposure during spaceflights [16].

The above defines the relevance and validity of such task as
the development of methods for estimation of the HSC individual
response to exposure and its relation to radiosensitivity.

The study was aimed to develop the technology for
estimation of the human HSC individual response to exposure
based on the HSC xenotransplantation to immunodeficient
mice in order to determine radiosensitivity in terms of the
hematopoietic tissue response to acute radiation exposure.

METHODS

The NOD SCID immunodeficient mice (breeding nursery of
the SPF vivarium, Institute of Cytology and Genetics, Siberian
Branch of Russian Academy of Sciences; Novosibirsk,
Russia) were used to obtain humanized mice. Animals were
housed in the specific pathogen free (SPF) environment with a
temperature of 22 + 2 °C and humidity of 50-60% and fed with
the autoclaved SPF pellets for stock mice. They were given free

access to food and water, the 12-hour light cycle was used.
Cervical dislocation was used to withdraw animals from the
experiment.

Animals were administered peripheral blood and cord blood
HSCs [17]. HSCs were obtained from the cord blood samples
collected in the Regional Perinatal Center and from the donor
peripheral blood product, the buffy coat (Blood Transfusion
Station of FMBA of Russia; Chelyabinsk, Russia). HSCs were
isolated from blood by innumomagnetic separation using the
EasySep Human Cord Blood CD34 Positive Selection Kit I
(Stem Cell Technologies; Canada). HSCs were identified as the
CD45"°"CD34+ cells.

The mice received intravenous lateral tail vein injections
of the cord blood HSCs after acute exposure to the external
gamma dose of 2.5 Gy. The HSC engraftment in the murine bone
marrow and the development of human lymphogranulopoiesis
occurred within nine weeks. Equal amounts of HSCs collected
from each cord blood donor were administered to at least three
mice (the number of administered HSCs was 30,000-200,000
cells per animal). One mouse was left as a control, while the
other two were exposed to the doses of 0.5, 1.0, and 1.5 Gy
nine weeks after the HSC transplantation (three HSC donors per
dose). The number of human and murine cells was measured in
the femurs of the control mouse and other mice three days and
14 days after exposure.

HSCs isolated from peripheral blood were administered to
mice by intraosseous tibia injection after applying isoflurane
anesthesia. Equal amounts of HSCs collected from each
peripheral blood donor were administered to at least four mice
(the number of administered HSCs was 30,000-115,000 cells
per animal). Two animals that received cells isolated from one
donor were exposed before HSC administration (non-exposed
human cells), and two mice that received cells isolated from the
same donor were exposed after HSC administration (exposed
human cells). The same exposure doses, 0.5, 1.0, and 1.5 Gy,
were used (three donors per dose). Human and murine cells
were enumerated three days and 14 days after exposure (one
mouse with non-exposed human HSCs and another one with
exposed cells for each timepoint).

The exposure was provided using the IGUR-1M
radiobiological research gamma-unit (Quantum; Russia). The
unit was equipped with the sources of '¥’Cs, the dose rate
was 0.91 Gy/min, and the gamma field non-uniformity did not
exceed 10%.

The number of murine CD45+ cells (stained with the
PE-conjugated rat anti-CD45 monoclonal antibody, clone
30-F11; BD Pharmingen, USA), human CD45* leukocytes
(stained with the FITC-conjugated mouse anti-CD45
monoclonal antibody, clone HI30; Stem Cell Technologies,
Canada), and CD45°“CD34+ human stem cells (stained with the
APC-conjugated mouse anti-CD34 monoclonal antibody, clone
581; Stem Cell Technologies, Canada) in the bone marrow
of mice was measured by flow cytometry. The Accuri C6
cytometer was used for measurement (BD Biosciences; USA).
We calculated the number of cells per milliliter of suspension
containing cells isolated from one bone.

The survival rate of exposed cells was calculated as a
ratio of the number of exposed cells measured within three
days and 14 days to the number of cells of the same donor
in the control non-exposed mouse (for cord blood HSCs) or
as a ratio of the number of exposed cells to the number of
non-exposed cells of the same donor measured in the same
timepoint after exposure (for peripheral blood HSCs). The HSC
share was calculated as a percentage of the total number of
human CD45°%/CD45* cells for each humanized animal. We
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Fig. 1. Survival rate of the CD45°*CD34+ human cells in the model mice humanized with the cord blood HSCs as a function of the acute external gamma exposure
dose. A. HSC survival rate three days after exposure. B. HSC number relative to the non-exposed control 14 days after exposure

also determined a coefficient that was calculated as a ratio of
the HSC share on day 14 after exposure to the HSC share on
day three after exposure (C14/3), since it was previously shown
that this indicator was associated with the animal survival rate
and cell repopulation in the bone marrow of non-humanized
mice in in vivo studies [18].

Two experiments were conducted to assess the C14/3
coefficient prognostic properties in order to define the human
HSC individual response to radiation exposure and the
relationship between this indicator and radiosensitivity. The
first experiment involved measuring the C14/3 coefficient for
the fraction of murine CD117* hematopoietic stem cells after
exposure to the dose of 1 Gy in animals of two lines with
different radiosensitivity: the radiosensitive NOD SCID line
(LD = 3.5 Gy) and the relatively radioresistant C57BI/6 line
(LD,,4, = 6.0 Gy) [18].

In the second experiment, HSCs obtained from three cord
blood donors were used for humanization in five humanized
mice instead of three. These three additional humanized animals
were administered the drug with a known radioprotective
effect, mercaptoethylamine (cysteamine) at a dose of 200 mg/kg
of body weight (Serva; USA), by intraperitoneal route 30 min
before the exposure. The animals that received cells from two
donors were exposed to a dose of 0.5 Gy, while the animals
that received cells from the third donor were exposed to a
dose of 1 Gy. We compared C14/3 coefficients in humanized
mice not administered cysteamine and mice with increased
radioresistance due to cysteamine.

The mean and standard error of the mean were calculated
for the studied parameters. Regression analysis was performed
using Microsoft Office Excel (Microsoft; USA) to reveal the
relationship between the studied indicators and the dose.
Student's t-test was used to compare regression coefficients.
The results were considered significant at the probability that
the null hypothesis was true (p < 0.05).

50/30

RESULTS

After administration of the cord blood HSCs to mice with
severe combined immunodeficiency (NOD SCID) human cells
colonize the murine bone marrow and form a self-sustaining
pool of HSCs and a pool of maturing cells, mostly lymphocytes/
granulocytes [17, 19]. This model makes it possible to study
the radiation-induced apoptosis and repopulation of human
stem cells, as well as their potential for maintaining the pool of
maturing human cells in vivo in the humanized animal model.
Our experiments have shown that the humanized mice
exposure results in the dose-dependent decrease in the
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survival rate of the CD45°*CD34* human cells three days after
exposure (Fig. 1A). Exponential dose dependence is observed
(R>=0.67; F = 38.65; p < 0.001).

On day 14 after exposure the number of HSCs in exposed
mice increased. In different donors, it could exceed or fall below
the baseline reference levels that corresponded to no exposure
(Fig. 1B). No significant correlation between the exposure dose
and the decrease in the number of HSCs was observed on
day 14 after exposure (R? = 0.34; F = 4.01; p = 0.079 for linear
relationship).

After exposure the share of stem cells among all human cells
in the bone marrow of humanized mice decreased compared to
baseline (25 + 8%). There was a linear relationship between the
dose within the range of 0.5-1.5 Gy and the C14/3 coefficient
calculated as the ratio of the share of stem cells on day 14 after
exposure to the share of stem cells on day three after exposure
(Fig. 2). This indicator decreased with increasing dose (R? = 0.57;
F =18.26; p = 0.004). The indicator reflects the stem cells'
survival rate, their regeneration 14 days after exposure, and
ability to produce differentiating cells.

The experiment involving the use of radioprotective drug,
cysteamine, showed that the humanized mice that were
protected with radioprotector had a higher C14/3 coefficient
than the non-protected mice exposed to the same dose (Fig. 3).
Thus, the increased coefficient indicates higher radioresistance.

The same pattern was revealed when comparing C14/3
coefficients in mice of the lines with different radiosensitivity
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Fig. 2. Relationship between the C14/3 coefficient and the dose for CD45°*CD34*
human cells in the model mice humanized with the cord blood HSCs
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Fig. 3. C14/3 coefficient for the CD45°“CD34+ human cells in the model mice humanized with the cord blood HSCs isolated from three donors. Responses of human
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(Fig. 4). Thus, C14/3 coefficient in radiosensitive NOD SCID mice
(LD, = 3.5 Gy, 95% Cl 3.4-3.8 Gy) exposed to a dose of
1 Gy was 0.23 + 0.06, which represented a significant difference
(t = 3.9; p = 0.003) from the C14/3 coefficient (0.98 + 0.18) of
the C57BI/6 mice with normal radiosensitivity (LD, ., = 6.0 Gy,
95% CI 5.8-6.2 Gy). This proves that the coefficient can reflect
the differences in hematopoietic responses between mice with
different radiosensitivity in vivo.

After administration of peripheral blood HSCs of adult
humans, HSCs are unable to function in the bone marrow
of mice for a long time, but can maintain the HSC pool and
produce maturing cells for at least 14 days [17]. Just as in
the model mice humanized with the cord blood HSCs, there
is exponential relationship between the human HSC survival
rate and the external gamma exposure dose on day three after
exposure (R? = 0.93; F = 211; p < 0.001; Fig. 5A).

On day 14 after exposure, the number of HSCs increased
and exceeded the control level (no exposure) in the animals
exposed to a dose of 0.5 Gy; in the animals exposed to doses
of 1.0 and 1.5 Gy, the number of cells remained low compared
to the number of HSCs observed on day 14 in the non-exposed
animals (Fig. 5B). The linear model of the relationship between
the dose and the number of HSCs relative to the non-exposed
control 14 days after exposure was described (R> = 0.65;
F=12.90; p = 0.009).

It is important to note that the models describing dose
dependence of the cell survival rate that were obtained for
the cord blood and peripheral blood HSCs were similar: no
significant differences were revealed when comparing the
coefficients (t = 1.18; p = 0.24) and the constant terms (t = 0.15;
p = 0.88) of the equations that related the HSC survival rate
and the dose on day three after exposure or when comparing
the slope (t = 0.19; p = 0.85) and the constant terms (t = 0.34;
p = 0.74) of the equations that related the relative cell number
and the dose on day 14 after exposure.

Just like in the model mice humanized with the cord blood
HSCs, C14/3 coefficient in the short-term model of mouse
humanization with the peripheral blood HSCs was a function
of dose (R? = 0.45; F = 5.67; p = 0.048) and reflected individual
characteristics of the HSC donors (Fig. 6).

DISCUSSION
Assessment of individual radiosensitivity in terms of both

severity of early tissue reactions and the risk of delayed
exposure effects is necessary to identify the groups with high

risk of adverse exposure effects (in case of high radiosensitivity)
and to select staff (individuals with high radioresistance).

Individual response to radiation exposure can be measured
at different levels of organization of the organism based on
estimation of various final effects of exposure, such as death of the
organism, cancer, non-cancerous disorders, tissue reactions after
exposure, chromosomal aberrations, and molecular alterations
[2, 3]. Not all studies succeed in determining the relationship
between the molecular and cellular responses in vitro and the
severity of tissue reactions to acute exposure [4, 20, 21].

It seems that clonogenic cell survival can be considered
as a good predictor of radiosensitivity [4]. HSCs can be
considered as a representational model for assessment of the
hematopoietic system radiosensitivity. Obtaining humanized
mice may be a promising method for assessment of the HSC
individual response [8, 9], since these humanized mice may be
considered as “avatars” reflecting the entire range of features
of the cellular response inherent to the donor of cells. Such
an approach is being developed within the framework of
introducing personalized care for cancer patients and studying
individual features of the immune system [22-25].

When human HSCs are transplanted to mice with severe
combined immunodeficiency previously exposed to sublethal
radiation dose, human cells can colonize the niches in the
animal bone marrow that have become vacant after exposure
and exist in the body of the mouse for a long time (2-12 months
after administration). Moreover, HSCs not only maintain their
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Fig. 4. C14/3 coefficient for hematopoietic CD117+ cells of the lines of mice with
high (NOD SCID) and normal (C57BI/6) radiosensitivity. * — significant differences
between groups, p < 0.05
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pool of multipotent stem cells, but also give rise to the mature
and functionally active blood cells, mostly myeloid cells.

The mice humanized by adminisration of the cord blood
HSCs can be used for development of the acute radiation
syndrome model, since these mice provide an opportunity to
assess the effects of exposure on the HSC mortality, subsequent
repopulation, and functional activity. Our study shows the the
HSC survival rate in the short term after exposure (within three
days) and the number of HSCs 14 days after exposure (during
the period of restoring the population) depend on the dose in
case of exposure to the doses of 0.5-1.5 Gy.

The C14/3 coefficient proposed by the authors that
characterizes the change in the HSC share relative to
other human CD45°"+ cells within 14 days after exposure
is considered as an integrated indicator that reflects the HSC
survival, subsequent restoration, and functional activity. The
earlier studies show the relationship between this indicator
and survival rates in mice of various lines, i.e. the association
with radiosensitivity at the organism level [18]. The negative
relationship between the C14/3 coefficient and the exposure
dose has been revealed in the model mice humanized with the
cord blood HSCs. This indicates the possibility of using this
parameter for assessment of the severity of the tissue response
to ionizing radiation. The experiments that involve comparison of
these indicators in the organisms that obviously have different
radiosensitivity (NOD SCID and C57BI/6 mice, humanized mice
administered or not administered radioprotector) have revealed
unidirectional differences: the coefficient was higher in more
radioresistant subjects. The association of higher C14/3 with the
lower doses and higher radioresistance may be due to the more
effective HSC repopulation after exposure, higher proliferative
potential, and more effective restoration of the stem cell pool
before triggering proliferation and maturation of the CD45* cells.

When administering peripheral blood HSCs to mice with
immunodeficiency, we have failed to obtain a long-lasting
pool of stem cells in the animal bone marrow [17], however,
simultaneous use of radiation exposure during transplantation
of human cells and enumeration of HSCs and maturing
hematopoietic cells within 14 days after transplantation is
possible. The study shows that the dose dependence of the
HSC survival rate and the HSC number 14 days after exposure
is the same in the humanized mouse models with the sustained
cord blood and peripheral blood HSCs. Therefore, the model
obtained using peripheral blood HSCs that does not involve
prolonged repopulation can be also used for simulation of acute
radiation syndrome, as well as for assessment of the radiation-
induced cell death and cell restoration. The calculated C14/3
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coefficient has also shown negative correlation with the dose in
the model obtained using peripheral blood HSCs.

It is important to note the fact that the HSC survival on day
three after exposure in different donors of both cord blood and
peripheral blood has shown much smaller individual differences
than the number of HSCs that has raised within 14 days, the
number of maturing CD45* cells, and, consequently, the share
of HSCs among all human cells and the C14/3 coefficient. It is
clear that individual characteristics are less likely to affect the
differences in the radiation-induced cell death and are more
likely to affect the possibility of repair, subsequent restoration of
the stem cell pool, and the HSC clonogenic activity.

The largest individual differences were observed in the
humanized mice exposed to a dose of 0.5 Gy. Such exposure
level may be recommended for assessment of individual
HSC response that indicates individual radiosensitivity in the
humanized mouse model obtained using peripheral blood HSCs.

CONCLUSIONS

The model humanized with human HSCs isolated from cord
blood and peripheral blood can be used to assess the HSC
response to radiation exposure in vivo. The C14/3 coefficient
calculated as a ratio of the HSC share among all human CD45°v+
cells on day 14 after exposure to the same parameter on day
three after exposure is the most effective integrated indicator
that reflects the HSC radiation-induced death, restoration of
the HSC number, and HSC functional activity. This coefficient
can be used to estimate the human HSC individual response
to radiation exposure.
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human cells in the model mice humanized with the peripheral blood HSCs isolated
from adult humans
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RESULTS OF EPIDEMIOLOGICAL SURVEILLANCE FOR COVID-19 AMONG STUDENTS

AND TEACHING STAFF OF THE UNIVERSITY
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" Mechnikov North-Western State Medical University, Saint Petersburg, Russia

2 Pirogov Russian National Research Medical University, Moscow, Russia

Organization of training in the context of COVID-19 pandemic demanded the development and implementation of active epidemiological surveillance for acute
respiratory infections in students and teaching staff of the Medical University. The study was aimed to identify the features of the COVID-19 epidemic process
among students and teaching staff in 2020-2022. The analysis of COVID-19 incidence among students and teaching staff in the academic years 2020-2021 and
2021-2022 was carried out. The study was conducted on 6293 students enrolled in the academic year 2020-2021, 6148 students enrolled in the academic year
2021-2022, and 772 teaching staff members. In the academic year 2020-2021, COVID-19 was detected in 681 students, among whom the cumulative incidence
(Cl) was 10.83 (95% Cl: 10.08-11.61) per 100 students, and 79 teaching staff members, among whom the Cl was 10.23 (95% ClI: 8.09-12.37); in the academic
year 2021-2022 infection was detected in 690 students, the Cl was 11.44 (95% Cl: 10.64-12.24) per 100 students, and 75 teaching staff members, the Cl was
9.71 (95% Cl: 7.62%-11.80%). In 26.3% affected individuals, COVID-19 was detected when contacting the University outpatient clinic. The incidence among
students living in the dormitories did not exceed that among students living in private apartments (o = 0.36), and no outbreaks were reported. There was a strong
positive correlation between the incidence among residents of St. Petersburg and the incidence among students (- = 0.77). Over the entire period, probable setting
of transmission was determined in 39.9% of infected individuals, contact most often (15.2%) occurred when working in the health care facilities. The incidence of
novel coronavirus infection (COVID-19) among students and teaching staff members in the academic years 2020-2021 and 2021-2022 is directly related to their
involvement in the COVID-19 epidemic process in St. Petersburg.
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PE3YNbTATbI 3NMNMAEMUONOIMMMYECKOIO HA3O0PA 3A COVID-19 CPEOU OBYYAKOLLINXCA
N NMPOPECCOPCKO-IMPEMNOOABATEJIbCKOIMO COCTABA YHUBEPCUTETA

C. A. Canraros’, A. B. Jlio6rmosa' = . M. lacan6exos?, A. B. Mernbuep', 3. B. JlonatuH!, B. V. AcnaHos!

" CeBepo-3anaaHbliii rocyAapCTBEHHbIN MEAUUMHCKIIA yHBEPCUTET MeHu . V1. MevHnkoBa MyHMCTepCTBa 3apaBooxpaHeHms Poccuickorn ®epepauin, CankT-INetepbypr,
Poccus

2 POCCUNCKUIA HAUMOHaUTBHBIA MCCNEn0BaTENbCKUN MEAVMLIMHCKIMA yHMBEpcUTeT uMmenn H. . TMinporoea, Mockea, Poccus

Opranuaaumsa oby4veHus B ycnosusix naHaoemu COVID-19 notpebosana paspaboTki 1 BHEAPEHNS akTUBHOMO 3NMAEMMONIONMHECKOro Haa3opa 3a OCTPbIMM
pecnupaTopHbIMK 3ab0neBaHNIMN cpeamn 0byHatoLLMXCs 1 Npodeccopcko-npenoaasatensckoro coctasa (MMC) MeanumHckoro yHuBepcuteTa. Llensto
paboTbl 6bIIO BbISBUTL OCOOEHHOCTMN anuaemmyeckoro npouecca COVID-19 cpeam obyqatowmxes n MMNC yHneepcuteTa B 2020-2022 rT. MNpoBeaeH aHanna
3abonesaemocTt COVID-19 cpeaun obyyatomxest 1 MIMC 3a 2020-2021 1 2021-2022 y4ebHble roapl. Mog HabnoaeHnem Haxoamnice 6293 obyyatoLyxest B
2020-2021 y4ebHoM rogy 1 6148 B 2021-2022 y4ebHom rogy, MMNC — 772 yenoseka. B 2020-2021 y4ebHom rogy COVID-19 BbisiBneH y 681 obydatoLerocs,
KyMynATVBHasA MHUMAeHTHOCTb (KI) 10,83 (95% A1 10,08-11,61) Ha 100 oby4atormxcsa n 79 venosek MMC — KN 10,23 (95% AW 8,09-12,37), B 2021-2022
y4ebHoM rogy — y 690 obyqatowmxesi, K/ 11,44 (95% [ 10,64-12,24) Ha 100 obyHatoxcs n 75 Yenosek MMC — KN 9,71 (95% AN 7,62%-11,80%). Y
26,3% 3aboneswmx COVID-19 mHdekuma Obina BbisiBneHa npu obpalleHn B NONMKIMHUKY YHBepcuTeTa. 3ab60n1eBaeMoCTb 0ByHaroLLMXCS, MPOXKUBAOLLIX
B OOLLEXUTUSAX, HE MpeBbilLasia 3ab0M1eBaeMOCTb Cpean Tex, KTO MPOXMBas Ha YacTHbIX adpecax (0 = 0,36), Takke He Oblo 3apEerncTPUPOBaHO BCrbILLEK.
HarpeHa cunbHas nonoxuTenbHas CBsidb Mexxy 3abonesaemocTbto xutenen CaHkT-INeTepbypra 1 3a6oneBaeMocTbio 0byHatoLmxes (r = 0,77). 3a BeCb nepunog,
BEPOSITHOE MECTO 3apakeHst ycTaHoBNeHO y 39,9% 3aboneBLunx, Havbonee HacTo (15,2%) — B MeaNLMHCKOM OpraH13aumm no Mecty paboTbl. 3aboneBaeMoCTb
HOBOW KOpoHaBupycHo nHdekupmer (COVID-19) cpeam obyHaroLmxcs 1 NpodeccopcKo-npenofaBaTensckoro coctasa 3a 2020-2021 n 2021-2022 y4ebHble
rofbl HanNpsiMyto 0OycroBneHa Nx BoBneyeHnemM B anvaemmyeckuii npouecc COVID-19 B CaHkT-lNeTepbypre.

KrntoueBble cnoBa: HoBasi KOPOHaBUPYCHas MHAEKLKIS, MPorakTUHeECKe MepONPUATAS, y4eOHbI MPOLECC, MEAUUMHCKAs OpraHn3aumst, anuaeMnosorm4eckimii
Haa3op
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This paper is a continuation of a series of articles on prevention
of the novel coronavirus infection spread among students and
teaching staff of the Mechnikov North-Western State Medical
University(hereinafter University) [1, 2].

During the COVID-19 pandemic many higher education
institutions were forced to switch to distance learning. However,
medical education cannot be effective without practical skills.
That is why it was decided to conduct workshop-type classes
and practical classes in the face-to-face format in the University's
classrooms since September 2020 in case the classes involved
developing practical skills. This resulted in the need to develop
and implement a number of preventive and anti-epidemic
measures taking into account the fact that medical students were
engaged in providing care to COVID-19 patients in both outpatient
and inpatient settings. Despite the fact that there are many
publications discussing the COVID-19 rate among students,
all these publications are based on the results of the questionnaire
surveys of students, not on the objective morbidity data.

The study was aimed to identify the features of the
CQVID-19 novel coronavirus infection epidemic process among
students and teaching staff of the University in the academic
years 2020-2021 and 2021-2022 based on the implemented
epidemiological surveillance.

METHODS

Active epidemiological surveillance for acute respiratory
infections in students and teaching staff was developed and
implemented in the University in order to carry out and adjust
anti-epidemic measures in the context of face-to-face training
during the ongoing COVID-19 pandemic. The detailed scheme
of epidemiological surveillance was reported earlier [1].

Analysis of morbidity was performed every week to ensure
the timely adjustment of anti-epidemic measures.

The measures recommended by Rospotrebnadzor [3] and
some additional measures were implemented to prevent the
spread of novel coronavirus infection:

— outreach activities (movies, video lectures, posters,
newsletters);

— active detection of individuals showing signs of acute
respiratory infection (ARI);

—setting up an isolation ward for admission and assessment
of students and employees with symptoms of ARI in the
University outpatient clinic;

- switching individuals with symptoms of ARI and confirmed
COVID-19 or exposed people to distance learning;

— withdrawing individuals with symptoms of ARl and
confirmed COVID-19 or contact persons from the dormitory;

Table. Number of students of different fields by year

OPUIMMHAJTIbHOE NCCJIEQOBAHNE | SMNMOEMWONOTINA

The incidence of COVID-19 for the mentioned above
academic years (between September 1 and June 30) was
assessed. All students and teachers were included in the
study. During the studied period, a total of 4879 students were
followed-up in the academic year 2020-2021 and 4703 were
followed-up in 2021-2022; 1414 residents were followed-up
in the academic year 2020-2021 and 1445 were followed-
up in 2021-2022; a total of 772 teaching staff members were
followed-up. The number of students of different fields by year
is provided in Table.

The disease was detected when contacting local medical
institution, ambulance or University outpatient clinic. Clinical
diagnosis and laboratory confirmation were provided in
accordance with the version of regulatory documents that
was valid at the time of seeking medical care [4]. Cumulative
incidence of COVID-19 (the ratio of the number of diagnosed
cases in the studied group to the total number of individuals in
the group within the studied period multiplied by 100) among
students of various faculties and teaching staff and its monthly
trends were calculated. The Pearson correlation coefficient
for the relationship between the weekly trends in the number
of cases diagnosed among residents of St. Petersburg and
University students ©® was calculated.

All the infected people were interviewed in order to reveal
probable places of infection and contact persons. The place of
infection was considered to be determined, when the student
reported the contact with the confirmed case of COVID-19
within 14 days since the emergence of symptoms in the years
2020-2021 and within 7 days in the year 2022. Cumulative
incidence of COVID-19 among students enrolled in different
semesters was calculated based on the probable setting of
transmission infection. The structure of junior and senior students
of various faculties and residents (share of all disease cases) was
also calculated based on the probable place of infection.

The 95% confidence intervals were calculated using the
Wilson score. The differences were considered significant
when p-value was below 0.05.

RESULTS

A total of 1371 students and 155 teaching staff members
were diagnosed with COVID-19 during the studied period.
Furthermore, in the academic year 2020-2021, COVID-19
was detected in 681 students, the cumulative incidence
(Cl) was 10.83 (95% ClI: 10.08-11.61) per 100 students,
and 79 teaching staff members, the Cl was 10.23 (95% Cl:
8.09-12.37); in the academic year 2021-2022, infection was
detected in 690 students, the Cl was 11.44 (95% Cl: 10.64-12.24)

Medical specialty (faculty)
Nursing care General medicine Preventive medicine Dentistry
Year
Academic year
2020-2021 2021-2022 2020-2021 2021-2022 2020-2021 2021-2022 2020-2021 2021-2022

1 19 13 695 786 156 156 95 70
2 10 11 718 586 160 125 90 66
3 8 7 581 607 142 140 72 56
4 8 556 505 127 114 66 61
5 581 535 116 123 72 58
6 480 563 135 113

Total 37 39 3611 3582 836 771 395 311
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Fig. 1. Cumulative incidence of COVID-19 among students and teaching staff in 2020-2021 and 2021-2022. FGM — Faculty of General Medicine, FPM — Faculty of
Preventive Medicine, FD — Faculty of Dentistry, NC — Nursing Care, TS — teaching staff

per 100 students, and 75 teaching staff members, the Cl was
9.71 (95% ClI: 7.62-11.80%).

It should be noted that almost every fifth COVID-19 case
(19%) was revealed in the University outpatient clinic, where
the isolation ward for admission and assessment of students
and employees with symptoms of ARI was set up. A total of
1058 contacted the clinic, of them the diagnosis of COVID-19
was confirmed in 278 individuals (26.3%). Among those who
contacted the clinic, 487 students (46%) lived in the University
dormitories, and COVID-19 was detected in 124 (25.4%) of
them. The diagnosis was confirmed by PCR within 12 h after
seeking medical care. Information was immediately sent to the
coordinator of anti-epidemic measures, to head of the service
for accommodation and socio-household arrangements, and
the deputy deans of the faculties. This enabled earlier isolation of
infected individuals and timely implementation of anti-epidemic
measures. The incidence among students living in the
dormitories reported over the entire research period did not
exceed that among students living in private apartments, it was
19.1 and 18.9 per 100 students, respectively. No outbreaks
among students living in the dormitories were reported.

7

Cumulative incidence (per 100)
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In the year 2020-2021, the incidence among students
of different faculties, residents, and teaching stuff was at the
same level. In 2021-2022, the highest incidence was revealed
in students of the Faculty of Preventive Medicine due to the
greatest engagement in the outbreak caused by the SARS-CoV-2
Omicron strain (Fig. 1, 2).

The highest incidence was observed in senior students
(years 4-6) in 2021-2022, it was 12.60 per 100 students (95%
Cl: 11.24-14.09). The incidence in junior students (years 1-3)
was 11.52 per 100 students (95% Cl: 10.33-12.76). In 2020-
2021 these indicators were lower: 9.67 (95% Cl: 8.61-10.84;
p = 0.03) in junior students and 9.28 (95% ClI: 8.12-10.59;
p = 0.0006) in senior students.

The COVID-19 incidence peaks were revealed in autumn
2020 and winter 2022. In autumn 2020, a quarter of all disease
cases detected among students resulted from exposure in
health care facilities related to the students' and residents'
work in the COVID centers. Furthermore, multiple cases of non-
compliance with the self-isolation regime after the emergence
of ARI symptoms were revealed. When the SARS-CoV-2
Delta strain prevailed, the highest incidence was observed in

IX21 X 21 XI21X1121 122 1122 In221v22vaz2

— FD Residency — TS

Fig. 2. Monthly trends in cumulative incidence of COVID-19 among students and teaching staff in 2020-2021 and 2021-2022. FGM — Faculty of General Medicine,
FPM — Faculty of Preventive Medicine, FD — Faculty of Dentistry, TS — teaching staff
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Fig. 3. Trends in the number of COVID-19 cases revealed among the University students and teaching staff and the residents of St. Petersburg

the teaching staff members, which was probably due to the
age-related factor. The rise of incidence during weeks 40-41
(May 31-dune 13, 2021) was caused by the students' non-
compliance with the self-isolation regime in cases of infection
during the end-of-semester examinations: 70% of infected
students having symptoms of ARI continued attending the
University. Furthermore, testing students for SARS-CoV-2
performed prior to summer internship revealed 30% of the total
number of cases [1]. In winter 2022, when the SARS-CoV-2
Omicron strain prevailed, the teaching staff and residents were
maximally involved as early as January 2022, while students
were involved in February, which was due to student holidays.

The COVID-19 epidemic process among students and
teaching staff members in the University depended on the
epidemic process among residents of St. Petersburg: a strong
positive correlation was revealed (correlation coefficient r = 0.77)
(Fig. 3).

Re-infection was detected in 58 students (4.3% of the total
number of infected individuals). The peak number of re-infection
was revealed during the spread of SARS-CoV-2 Omicron strain
in February 2022.

We managed to determine the probable setting of
transmission infection in 39.9% of affected individuals over
the entire period. The students most often reported contacting
persons with confirmed COVID-19 at work or during their
internship in the health care facilities (15.2% of affected
individuals), 12.1% were contact in the group during face-to-
face training, contact in the family at home was reported by
6.6%, contact in the dormitory was mentioned by 2.2%, 2.5%
reported contact in other circumstances, and 1.3% noted they
were contact to multiple sources of infection. The incidence
among students who contacted persons with confirmed
COVID-19 over the entire observation period was 8.8 per
100 students, while the incidence among students had contact
to undefined sources of infection was 13.3 per 100 students.
However, the incidence rates in individuals with various types
of contact were different in the epidemic process intensity and
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were higher during the incidence peaks compared to periods
with lower incidence (47.8 and 28.9%, respectively; p << 0.01)
mostly due to infection resulting from exposure at work or
during internship in the medical institution or University. Multiple
contact, i.e. contact to multiple sources of infection during the
incubation period, were reported in 2021-2022 (Fig. 4).

The infected senior students of the Faculties of General
Medicine and Preventive Medicine and residents most often
reported contacting persons with confirmed COVID-19 at work
or during internship in the health care facilities (p << 0.01). This
is not surprising, since it is senior students and residents who
work and do internships in health care facilities. Infection due
to contact in the University prevailed among junior students
(o = 0.0004). The largest share of contacts with persons having
confirmed COVID-19 under different circumstances outside the
University was reported by students of the Faculty of Dentistry
(Fig. 5).

DISCUSSION

The risk of infection increases during face-to-face training
at universities. Thus, a dramatic increase in the COVID-19
incidence among students was observed in the USA in early
2020-2021. The survey performed by New York Times in more
than 1600 colleges revealed more than 26,000 COVID-19
cases in more than 750 colleges across the country by August
26, more than 51,000 cases in more than 1020 US colleges by
September 3, and more than 130,000 cases in 1300 colleges
by September 25 [5]. In the other university 528 students
(24.1%) out of 2187 were diagnosed with COVID-19 during
the fall semester 2020, which was 8 times higher compared
to the values obtained during our study [6]. The SARS-CoV-2
seroprevalence in 2905 students of five universities in the UK
was 17.8% (95% Cl: 16.5-19.3) in December 2020, it was
within the range of 7.6-29.7% [7]. The incidence among
students of one more university in 2020-2021 was 15.7 per
100 students [8].
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In our study, the rapid growth of incidence in early
2020-2021 was also observed. The analysis of the causes of
COVID-19 spread in September 2020 showed that students
who attended the University while having ARI symptoms
were the main cause. Thus, in September 2020, 25.4% of
infected individuals came to the university on the day of
symptom onset and 32.7% of individuals with COVID-19
continued attending face-to-face classes for more than one
day after the disease onset. The studies conducted in other
Russian universities have also shown that about a quarter of
students having symptoms of COVID-19 do not seek medical
care [9, 10]. This is usually due to the fear of making up

missed classes. University administration decided to switch
the infected individuals to distance learning, i.e. the classes
were not marked as missed and the infected students did
not have to make up any classes. Furthermore, a poster
was created with a message not to attend classes after the
emergence of ARI signs. Such posters were stationed at the
entrance to each department. These measures reduced twice
the attendance rate of individuals showing ARI symptoms,
which made it possible to reduce the incidence rate when
used along with implementation of other preventive and anti-
epidemic measures. Rapid detection and isolation of infected
people and exposed individuals along with strict compliance
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Fig. 5. Probable setting of transmission infection (share of all disease cases) of junior and senior students of various faculties and residents
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with the face mask requirements are the key measures to
control the spread of coronavirus infection.

During the pandemic (September-June 2020-2021 and
2021-2022), the incidence among the University students
and teaching staff generally resulted from their involvement in
the COVID-19 epidemic process in St. Petersburg, however,
it was lower compared to that observed in the aggregate
population of St. Petersburg. More than 1,350,000 COVID-19
cases were reported in St. Petersburg over the studied period,
and the incidence that constituted 25 per 100 residents was
higher than the incidence reported in the University. The
highest incidence values were reported during the period of
peak incidence in St. Petersburg. The relationships between
the incidence rates of students and residents of settlements
were described by some other researchers [11]. For example,
the lower number of COVID-19 cases was registered among
residents of Pennsylvania, who were not students, than among
students [12].

Working in health care facilities was the main risk factor of
morbidity in students. Active questioning of infected individuals
made it possible to define the probable setting of transmission
infection in more than a third of cases. Aimost a half of them
were contact when working in the health care facilities , which
to a great extent determined the incidence among senior
students and residents. Thus, the incidence among students
working in health care facilities of Barnaul exceeded the regional
average by 4.7 times. The share of infected 4-6-year students
was 75.3% [13]. The students of Smolensk medical university
also noted that health care facilities were among the major
probable setting of transmission infection [14]. This is due to
the clear COVID-19 status of patients in health care facilities
and, probably, to the higher risk of infection in the context of
medical care. Predominance of infection cases among junior
University students is probably due to less knowledge and low
adherence to preventive measures [15, 16].

The implemented measures made it possible to prevent
high incidence among the University teaching staff members,
which was extremely important, since many of them had some
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CLINICAL AND VIROLOGICAL CHARACTERISTICS OF CHRONIC HEPATITIS B AND RESPONSE
TO ANTIVIRAL THERAPY

Nguyen Thi-Hanh' &, Melnikova LI?, lichenko LYu'?, Kyuregyan KK*, Gordeychuk V3, Bondarenko NL?

' Pirogov Russian National Research Medical University, Moscow, Russia

2 Clinical hospital Ne 85 of the Federal Medical Biological Agency, Moscow, Russia

¢ Chumakov Federal Scientific Center for Research and Development of Immune and Biological Products, Moscow, Russia
4 Mechnikov Research Institute of Vaccines and Sera, Moscow, Russia

Chronic hepatitis B (CHB) is a common infectious disease that represents one of the main causes of liver cirrhosis (LC) and hepatocellular carcinoma (HCC). CHB
is still difficult to treat due to the lack of drugs that completely eliminate hepatitis B virus (HBV) from hepatocytes. The study was aimed to describe the CHB clinical
and laboratory features, assess the efficiency of antiviral therapy and identify the factors associated with the response to antiviral therapy. The results of clinical and
laboratory assessment, instrumental examination, serological and molecular testing of the patients (n = 201) followed up between 2007-2021 in the Viral Hepatitis
Diagnosis and Treatment Center at the Clinical Hospital No. 85 of FMBA of Russia were assessed based on primary sources. Most of the patients in the group
were males (56.7%); the HBeAg-negative patients predominated (93%). LC was diagnosed in nine patients (4.5%), among them one patient had HCC. The HBV
D genotype was determined in 95.4% of cases, A genotype in 3.1% of cases, and C genotype in 1.5% of cases. After a year of treatment with the nucleos(t)ide
analogues (entecavir or tenofovir) 88% of patients showed no viremia and their biochemical parameters were back to normal (88%). The overall seroconversion
rate was 41.7% for HBeAg and 3% for HBsAg. Thus, high rates of virological response and enzyme activity normalization were obtained. Low baseline viremia
level is an independent prognostic factor of achieving a virological response. The HBsAg level in the end of therapy makes it possible to predict relapse after the
treatment cessation.
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Chronic hepatitis B (CHB) which is widespread throughout the
world represents a serious global public health issue. According
to the World Health Organization, there are 296 million people
with CHB all over the world, up to 1.5 million new cases of
infection are reported annually. In 2019, a total of 820,000 died,
mostly from such complications, as liver cirrhosis (LC) and
hepatocellular carcinoma (HCC) [1].

In the Russian Federation (RF) the CHB incidence rate
stabilized at around 14.0-16.0 per 100,000 population in
2000-2009. There had been a decreasing trend of CHB
incidence since 2010. In 2020, the incidence rate was 4.4
per 100,000 population, which was three times lower than in
2010 (18.3 per 100,000 population). This was probably due to
active immunization of the population. However, the incidence
of CHB in some regions of the RF remains high. Thus, in
2019, the CHB incidence in St. Petersburg was 44.0 per
100,000 population, while it was 54.3 per 100,000 population
in the Republic of Tuva, 25.0 per 100,000 population in the
Sakha Republic (Yakutia), and 13.0 per 100,000 population in
Moscow. The prevalence of CHB in some regions is close to
1000 per 100,000 population, i.e. it constitutes about 1% of
the total population [2—4].

The chronic infection caused by hepatitis B virus (HBV)
is a dynamic process that reflects interaction between HBV
replication and the patient's immune response. Five phases are
conventionally distinguished in the natural course of chronic
HBV infection based on the presence of HBeAg, HBV DNA
levels, alanine aminotransferase (ALT) levels, and the absence
or presence of the hepatic inflammation components [5].
Despite the variability in the course of chronic HBV infection,
one third of patients eventually develop LC and 5-10% of
patients develop HCC [6].

Antiviral therapy (AVT) slows down the disease progression,
thereby reducing morbidity and mortality. However, regardless
of the advances in therapy, recovery from CHB remains a
challenging task, since antiviral drugs that are currently used
in actual practice make it possible to achieve clinical remission,
but do not eliminate HBV. Improving the survival rate by
preventing the disease progression, LC decompensation, and
HCC development is a final goal of the CHB treatment.

The study was aimed to describe the CHB clinical and
laboratory features, assess the efficiency of AVT and identify
the factors associated with the response to AVT.

METHODS

Primary sources (medical records) were analyzed in the Viral
Hepatitis Diagnosis and Treatment Center. Among 989 medical
records a total of 224 records of all patients infected with
HBV who had been followed up between January 2007 and
December 2021 were selected to provide the basis for the
database.

The results of clinical and laboratory assessment, serological
and molecular testing, and instrumental examination were
analyzed based on the primary sources.

Inclusion criteria for the retrospective observational study:
male and female HBsAg-positive patients; age 18-75 years;
availability of the informed consent.

Exclusion criteria: patients having incomplete records;
patients with human immunodeficiency virus (HIV), hepatitis C
virus (HCV), hepatitis D virus (HDV) co-infection; no informed
consent available.

A total of 23 patients were excluded due to non-compliance
with the inclusion criteria; the clinical group included 201
people. The follow-up period was 1-15 years. The vast majority

of patients (75.1%) were followed up during the first three
years, a quarter of patients (23.4%) were followed up for 3-10
years, and three patients (1.5%) were followed up for more than
10 years.

All the patients attached to the medical institutions of
FMBA of Russia underwent a comprehensive examination that
included analysis of complaints and the disease history along
with physical examination when contacting the Center. The
following data were recorded when performing examination:
gender, age (at the time of the first visit), the date when HBsAg
were first detected, and duration of HBV infection. Laboratory
and instrumental tests were performed in accordance with the
clinical guidelines [2, 7]. The complete blood count (red blood
cells, hemoglobin, platelets, white blood cells), biochemical
profile (total protein, albumin, cholesterol, ALT, aspartate
aminotransferase (AST), total bilirubin (TB), direct bilirubin,
alkaline phosphatase (ALP), gamma-glutamyl transferase
(GGT)), coagulation profile (partial thromboplastin time (PTT),
international normalized ratio (INR), fibrinogen, prothrombin
index (PTI), prothrombin time) tests were performed with the
analyzers used in the laboratory of the Clinical Hospital Ne 85
of FMBA of Russia.

Serological markers of HBV infection (HBsAg), antibodies
against HBsAg (anti-HBs), antibodies of the immunoglobulin G
and M classes against the hepatitis B core antigen (anti-HBcore
IgG, anti-HBcore IgM), HBeAg, antibodies against HBeAg
(anti-HBe) were defined. The levels of HBsAg and anti-HBs
were estimated by ensyme immunoassay (EIA). The HBV DNA
was detected by polymerase chain reaction (PCR; sensitivity
of the method was at least 50 IU/mL). The HBV genotypes
were determined by the PCR amplification and sequencing of
the viral genome fragment encoding the small surface protein
(HBsAg).

All patients underwent hepatobiliary and spleen ultrasonography
(AIXPLORER; France) and esophagogastoduodenoscopy (EGD)
according to the indications (OLYMPUS GIF-ES3; Japan). The liver
stiffness was measured using the Fibroscan 502 Touch system
(Echosens; France) according to the standard procedure. The
fibrosis stage was determined in accordance with the METAVIR
scoring system [8].

The virological response (VR) during treatment with the
nucleos(t)ide analogues (NAs) was defined as achieving
undetectable viremia (HBV DNA < 50 1U/mL), while VR
during treatment with pegylated interferon — (PEG-IFN-a)
for 12 months was defined as HBV DNA level < 2000 1U/mL;
sustained virological response (SVR) was defined as the
serum HBV DNA level < 2000 IU/mL 12 months after the end
of therapy. Biochemical response (BR) was characterized by
normal ALT activity (< 40 U/L).

The following was diagnosed based on the asessment
performed during the first visit: four (2%) patients had HBeAg(+)
chronic HBV infection, 10 (5%) — HBeAg(+) CHB, 37 (18.4%)
— HBeAg(-) CHB, and 150 (74.6%) — HBeAg(-) chronic HBV
infection (inactive HBsAg carriers).

Progression of infection was detected in 31 patients during
the follow-up in the Center (within 1-10 years after the first
visit): HBeAg(+) CHB in three cases and HBeAg(-) CHB in 19
cases. Furthermore, nine HBeAg(-) patients (4.5%) developed
LC, among them one patient developed HCC. Probably, this
was due to no AVT.

Statistical analysis

Statistical processing was performed using the SPSS
25.0 software package (SPSS: An IBM Company; USA).
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Table 1. Comparative characteristics of HBeAg(+) and HBeAg(-) patients
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Parameters HBeAg(-), n=187 HBeAg(+), n=14 P
Gender
Males 103 (55.1%) 11 (78.6%) 0.152
Females 84 (44.9%) 3 (21.4%)
Age, years 50.0 [36.0-58.0] 28.5 [20.5-45.5] 0.001
Red blood cells, 10'%/L 4.7 [4.3-5.0] 4.8[4.5-5.1] 0.488
Hemoglobin, g/L 144.0 [135.0-152.0] 147.5 [138.0-155.0] 0.268
White blood cells, 10%/L 5.9 [4.9-6.8] 5.7 [4.3-6.3] 0.329
Platelets, 10%/L 222.0 [194.0-256.0] 224.0 [201.0-267.0] 0.683
Total cholesterol, mmol/L 4.98 [4.3-5.8] 4.78 [4.1-5.2] 0.149
Total bilirubin, pmol/L 14.0[10.25-18.9] 12.7 [9.1-18.0] 0.39
GGT, U/L 22.2[15.9-35.1] 24.3[18.6-43.0] 0.307
ALT, U/L 24.0[18.0-36.0] 57.6 [34.9-78.0] 0.001
>40.0 U/L 37 (19.8%) 10 (71.4%) <0.001"
AST, U/L 23.8 [19.9-34.0] 35.3 [30.3-46.0] 0.020
>40.0 U/L 32 (17.1%) 6 (42.9%) 0.029
Fibrosis, kPa 5.4[4.5-7.2] 5.7 [5.4-6.9] 0.427
HBV DNA, log,, IU/mL 3.4[1.0-4.1] 7.5[3.2-7.8] 0.001
HBsAg, log,, IU/mL 3.4[2.2-3.7] 4.11[2.1-4.6] 0.259
Disease duration, years 5.0 [1.0-11.0] 5.0 [1.0-7.0] 0.726

Note: the data are presented as ME [25" and 75" percentiles] or n/N (%); *p — significance level.

Quantitative indicators were presented as median (ME) [25"
and 75" percentiles], and the qualitative data were presented
as percentage. The chi-squared test and the Fisher's exact
test were used to compare qualitative clinical data between
groups, while the numerical data were compared using
the Mann-Whitney U test. Logistic regression was used to
assess the factors related to undetectable HBV DNA levels.
The cumulative rates of virologic relapse were estimated by
the Kaplan-Meier method and compared using the log-rank
test. The Cox regression analysis was used to assess the
relationship between the risk factors and the virologic relapse.
Log transformation was applied to the HBV DNA and HBsAg
levels. A p-value lower than 0.05 was considered statistically
significant.

RESULTS
Characteristics of patients

Atotal of 201 patients were enrolled (114 males and 87 females,
the male-to-female ratio was 1.3 : 1.0). The patients' median
age at the time of the first visit was 50.0 [33.5-58.0] years and
the median disease duration was 5.0 [1.0-11.0] years. The
majority of patients had minimal clinical manifestations: fatique
and the right upper quadrant pain. The patients were divided
into two groups in accordance with their baseline HBeAg
status: HBeAg positive (HBeAg(+)) and HBeAg negative
(HBeAg(-)). The HBeAg(-) patients predominated (187/201;
93%). The patients' demographic and clinical characteristics
are provided in Table 1.

The median age of the HBeAg(-) patients was higher
than that of the HBeAg(+) patients: 50.0 [36.0-58.0] years
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and 28.5 [20.5-45.5] years, respectively; p = 0.001. The
HBeAg(+) patients showed higher median ALT activity than
the HBeAg(-) patients (57.6 U/L and 24.0 U/L, respectively;
p = 0.001). Furthermore, elevated ALT was reported in 19.8%
of the HBeAg(-) patients and 71.4% of the HBeAg(+) patients
(o < 0.001).

Among 37 HBeAg(-) patients (19.8%), ALT activity was
three times higher than the upper limit of normal (ULN) in
28 cases, 3-5 times higher than the ULN in four cases, up
to 5-10 times higher than the ULN in four cases, and more
than 10 times higher than the ULN in one patient. A total of 10
HBeAg(+) patients (71.4%) with elevated ALT were reported
(ALT was three times higher than the ULN in eight of them and
five times higher than the ULN in in two of them).

Likewise, the median AST level was higher in the HBeAg(+)
patients than in the HBeAg(-) patients (35.3 U/L and 23.8 U/L,
respectively; p = 0.020). The rate of the HBeAg(+) patients with
elevated AST was 42.9% compared to the HBeAg(-) patients
(17.1%) at p = 0.029.

Assessment of liver fibrosis by transient elastography was
performed in 151/201 patients (75.1%). The body mass index
did not exceed 25 kg/m?. The following fibrosis stages were
determined at the time of the first visit: FO/F1/F2 in 133/151
cases (88.1%), F3/F4 in 18/151 cases (11.9%). The HBV DNA
levels were defined in 194 patients: these were 7.5 [3.2-7.8]
log IU/mL in the group of HBeAg(+) patients and 3.4 [1.0-4,1]
log IU/mL in the group of HBeAg(-) patients (p = 0.001).

The HBV genotype was studied in 65/201 patients (32.3%).
Predominance of D genotype (62/65 (95.4%)) over the A
(2/65 (3.1%)) and C (1/65 (1.5%)) genotypes was noted. HBV
genotyping was performed in two HBeAg(+) patients, the HBV
A and C genotypes were determined.
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Table 2. Antiviral drugs used for treatment of CHB (n = 66)

Drugs HBeAg(-) patients HBeAg(+) patients
ETV 37 6
TDF 1 3
TBV* 10 2
LAM* 2 0
PEG-IFN-a-2a 0 1
ETV, TDF 3 0
TBV*, ETV 1 0

Note: ETV — entecavir; TBV — telbivudine; TDF — tenofovir disoproxil fumarate; LAM — lamivudine; PEG-IFN-a-2a — pegylated interferon a-2a; * — AVT in 2009-

2011; * — TBV for 12 months in 2009-2010, then ETV.
Efficacy of AVT for CHB

Currently, AVT for CHB approved in the RF involves the use
of the nucleos(t)ide analogues (NAs) and pegylated interferons —
(PEG-IFN-a). The NAs that are registered in Russia and are
preferred for treatment of CHB include the drugs showing high
antiviral activity: entecavir (ETV), tenofovir disoproxil fumarate
(TDF), and tenofovir alafenamide (TAF). Since the patients
followed up in the Center in 2007-2021 were enrolled, some
patients received lamivudine (LAM) or telbivudine (TBV) during
the first years of follow-up.

A total of 66 patients (32.8%) in the studied group who
bought the drugs themselves received AVT. ETV was most
often used by both HBeAg(-) and HBeAg(+) patients: 43/66
(65.2%) received this drug only, while the others (23) received
other antiviral medications (Table 2).

A total of 65 patients were prescribed NAs. Among them
61 patients received only one drug, the treatment regimen was
changed in four HBeAg(-) patients (antiviral drug was replaced by
another one), that is why the total number of observations was 69
(58 HBeAg(-) and 11 HBeAg(+) patients). Three patients received
ETV for 21-36 months, then switched to TDF, one patient received
TBV for 12 months, then switched to ETV (Table 3).

The HBeAg(+) patients were younger and had higher ALT,
AST, and viremia compared to the HBeAg(-) patients (Table 3).
The median duration of therapy was 12.0 [11.0-30.0] months.
The results of AVT with NAs (ETV, TDF, TBV, LAM) are provided
in Table 4.

AVT efficiency in the HBeAg(+) patients

No viremia after 24, 48, 96 weeks of taking ETV was reported in
3/6, 4/5, and 1/1 patients, respectively. In patients who received

TDF, VR was achieved after 24, 48, 96 weeks in 0/3, 1/3, and
1/3 patients, respectively. Two patients had been taking TBV
for about two years; no viremia was detected in one of them
after 24 and 48 weeks.

SVR after discontinuation of treatment was achieved in 3/3
patients. Among them one patient received TBV and the others
received ETV.

The HBeAg seroconversion was reported in 4/11 patients
(36.4%): it was associated with ETV therapy (two cases) or with
TDF and TBV therapy (single cases).

When taking NAs, 2/11 HBeAg(+) patients (18.2%) who
received ETV showed the HBsAg clearance, anti-HBs were
found in 1/11 patient (9.1%). The HBsAg seroconversion was
reported in this patient 27 months after the ETV discontinuation.

ALT activity back to normal after 24, 48, 96 weeks of taking
ETV was reported in 1/6, 3/5, and 1/1 patients, respectively. As
for patients who received TDF, no BR was observed after 24
and 48 weeks of therapy; one patient out of three showed BR
after 96 weeks. ALT activity back to normal was observed in
one patient treated with TBV out of two after 24 weeks, such
ALT activity persisted at week 48 of therapy.

Only one HBeAg(+) patient had been taking PEG-IFN-a-2a
in a dose of 180 mg/week for 48 weeks; HBsAg and HBeAg
seroconversion together with undetectable HBV DNA were
reported in the end of therapy.

AVT efficiency in the HBeAg(-) patients

After 24, 48, 96 weeks of taking ETV no HBV DNA was reported
in 78%, 92.1%, and 94.1% of patients, respectively. In patients
who received TDF, VR was achieved after 24, 48, 96 weeks in
3/4, 4/4, and 4/4 cases, respectively. A total of 11 patients had
been taking TBV for about two years; VR was reported after 24

Table 3. Comparative characteristics of HBeAg(+) and HBeAg(-) patients who received NAs

Parameters HBeAg(-) patients, n =58 HBeAg(+) patients, n= 11 P

Gender

Males 28/58 (48.3%) 8/11 (72.7%) 0.137
Females 30/58 (51.7%) 3/11 (27.3%)

Age, years 48.0 [32.0-57.0] 30.0 [25.0-52.0] 0.028
ALT, U/L 27.7 [18.1-48.4] 60.6 [43.3-90.4] 0.006
> 40.0 U/L 20/58 (34.5%) 9/11 (81.8%) 0.006
AST, U/L 25.3[19.1-43.4] 44.8 [28.2-70.0] 0.016
> 40.0 U/L 15/58 (25.9%) 6/11 (54.5%) 0.078
Platelets, 10%/L 227.5[179.0-269.0] 228.0 [201.0-255.0] 0.670
> 180 x 10%L 43/58 (74.1%) 11/11 (100.0%) 0.105
Fibrosis, kPa 6.6 [5.3-10.4] 6.1 [5.4-7.6] 0.649
HBV DNA, log,, IU/mL 4.0 [3.3-4.8] 7.0 [3.6-8.0] 0.016
HBsAg, log,, IU/mL 3.3 [3.0-3.8] 4.3 [3.8-4.5] 0.105

Note: the data are presented as ME [ 25" and 75" percentiles] or n/N (%); *p — significance level.
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Table 4. Comparative efficiency of antiviral therapy with NAs
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ETV TDF BV LAM
Virological response HBeAg(-) HBeAg(+) HBeAg(-) HBeAg(+) HBeAg() HBeAg(+) HBeAg()
patients patients patients patients patients patients patients
Virological response
24 weeks 32/41 3/6 0/3 9/11 172 2/2
(78.0%) (50.0%) (75.0%) (0.0%) (81.8%) (50.0%) (100.0%)
48 weeks 35/38 4/5 1/3 9/10 1/2 2/2
(92.1%) (80.0%) (100.0%) (33.3%) (90.0%) (50.0%) (100.0%)
96 weeks 16/17 11 1/3
(94.1%) (100.0%) (100.0%) (33.3%)
Biochemical response
2 39/41 1/6 0/3 11/11 1/2 2/2
weeks
(95.1%) (16.7%) (75.0%) (0.0%) (100.0% (50.0%) (100.0%)
48 weeks 37/38 3/5 0/3 10/10 1/2 2/2
(97.4%) (60.0%) (100.0%) (0.0%) (100.0%) (50.0%) (100.0%)
96 weeks 16/17 1 1/3
(94.1%) (100.0%) (100.0%) (33.3%)

Note: the data are presented as n/N (%).

and 48 weeks in 9/11 and 9/10 patients. VR was achieved after
24 and 48 weeks of taking LAM in 2/2 patients.

SVR was achieved in 11/24 patients (45.8%). Among them
three patients received TBV and eight patients received ETV.
Virological relapse was reported in 13/24 patients (54.2%) after
discontinuation of treatment with NAs, the median time was 6.0
[6.0-11.0] months.

No HBsAg clearance was reported in any of the HBeAg(-)
patients who had been taking NAs.

ALT activity back to normal after 24, 48, 96 weeks of taking
ETV was reported in 95.1%, 97.4%, and 94.1% of patients,
respectively. As for patients who received TDF, BR was
achieved after 24, 48, 96 weeks in 3/4, 4/4, and 4/4 patients,
respectively, while in patients treated with TBV and LAM it was
achieved after 24 and 48 weeks.

Thus, in patients who received NAs with a high barrier
to drug resistance (ETV and TDF), VR was achieved after 24
and 48 weeks of treatment in 70.4 and 88.0%, while BR was
achieved in 79.6 and 88.0%, respectively. It was shown that
the rate of achieving VR and BR after 24 and 48 weeks of
treatment with NAs was higher in the HBeAg(-) patients than in
the HBeAg(+) patients, however, no differences were observed
after 96 weeks of taking NAs (Table 5). After discontinuation
of treatment with NAs, SVR was achieved in 14/27 patients
(561.9%). When comparing the rates of achieving SVR, no
significant differences were revealed between the HBeAg(+) and
HBeAg(-) patients (p = 0.222). The HBeAg seroconversion was
achieved in five cases (41.7%): after treatment with PEG-IFN-a
(one case), ETV (two cases), TDF (one case), and TBV (one
case). The HBsAg clearance was observed in three patients
(4.5%): the patient who received PEG-IFN-a and two patients

who received ETV. The HBsAg seroconversion was reported in
two cases (3.0%) of treatment with PEG-IFN-a and ETV.

Factors affecting the ARV efficiency
Factors predictive of virological response

The univariate and multivariate logistic regression models were
used to analyze the factors associated with VR at week 48 of
the NA therapy. The univariate regression analysis identified the
following factors associated with undetectable HBV DNA levels
after 48 weeks of therapy: HBeAg status (p = 0.011); HBV
DNA (p = 0.001) and ALT (p = 0.042) levels. The multivariate
regression analysis showed that the baseline HBV DNA level
(relative risk (RR) 0.411; 95% confidence interval (Cl) 0.211-
0.800; p = 0.009) was an independent prognostic factor of
aviremia (Table 6).

HBsAg as a predictor of SVR after discontinuation
of NA therapy

After discontinuation of NA therapy in 27 patients who had
achieved VR, virological relapse was reported in 13/27
individuals (48.1%). The cumulative rate of virological relapse
6, 12, 24, and 36 months after discontinuation of NAs reached
25.9%, 40.7%, 44.4%, and 48.1%, respectively. Most cases of
virological relapse were detected during the first 12 months of
follow-up (11/13; 84.6%). The Cox regression analysis taking
into account gender, age, HBV DNA levels before treatment,
HBeAg status, and the HBsAg levels in the end of therapy
showed that higher HBsAg levels in the end of therapy were

Table 5. Comparative efficiency of antiviral therapy with NAs in the HBeAg(+) and HBeAg(-) patients

Virological response HBeAg(-) patients HBeAg(+) patients P
24 weeks 46/58 (79.3%) 4/11 (36.4%) 0.007
48 weeks 50/54 (92.6%) 6/10 (60.0%) 0.016
96 weeks 20/21 (95.2%) 2/4 (50.0%) 0.057
24 weeks 55/58 (94.8%) 2/11 (18.2%) < 0.001
48 weeks 53/54 (98.1%) 4/10 (40.0%) < 0.001
96 weeks 20/21 (95.2%) 2/4 (50.0%) 0.057
SVR 3/3 (100.0%) 11/24 (45.8%) 0.222

Note: the data are presented as n/N (%); *p — significance level.

EXTREME MEDICINE | 1, 25, 2023 | MES.FMBA.PRESS




OPUTMHAJIbBHOE NCCJIEOOBAHME | TEMATONOIMMA

Table 6. Univariate and multivariate analysis of the raw factors associated with VR after 48 weeks of therapy with the nucleos(t)ide analogues

Univariate analysis Multivariate analysis
Indicators
OP 95% ClI p* OP 95% ClI p*
Gender (female) 0.931 0.212-4.097 0.925
Age (increment 1 year) 1 0.954-1.049 0.988
HBeAg(+) status 0.12 0.024-0.609 0.011 0.248 0.027-2.249 0.215
HBV DNA (increment 1 log,, IU/mL) 0.336 0.180-0.627 0.001 0.411 0.211-0.800 0.009
ALT (increment 1 U/L) 0.993 0.986-1.000 0.042 0.996 0.986-1.005 0.392
AST (increment 1 U/L) 0.991 0.980-1.001 0.083
Platelets (less than 180 x 10%L) 0.818 0.146-4.582 0.819
Liver fibrosis (F3/F4) 0.485 0.072-3.290 0.459

Note: *p — significance level.

predictive of virological relapse after discontinuation of NAs
(RR: 3.909; 95% CI: 1.729-8.835; p = 0.001).

The patients with SVR had lower HBsAg levels in the end of
therapy than the patients with virological relapse (1.9 [1.4-2.6]
and 3.5 [3.3-4.0] log10 IU/mL, respectively; p < 0.001).

The patients were divided into three groups based on the
HBsAg levels in the end of therapy:

Group 1: HBsAg < 100 IU/mL (n = 8);

Group 2: HBsAg — 100-1000 IU/mL (n = 6);

Group 3: HBsAg > 1000 IU/mL (n = 13).

No virological relapse was observed in patients of group 1,
however, it was observed in 33.3% of group 2 (2/6) and 84.6%
of group 3 (11/13). Significant intergroup differences in the
virological relapse rate were revealed (log rank X2 = 12,280;
p = 0.02). The HBsAg level < 100 IU/mL in the end of therapy
was a significant predictor of SVR after discontinuation of NAs.

DISCUSSION

The clinical presentation of chronic HBV infectionis characterized
by the long term mildly symptomatic or asymptomatic disease
with rare exacerbations or no exacerbations at all. However, the
main danger related to this infection is the high risk of LC and
HCC that reaches 8-20% within 5 years after the diagnosis in
individuals with chronic HBV infection [2]. Our study explains
the CHB course in patients who have been followed up in the
Center for 1-15 years. The majority of patients had minimal
clinical manifestations: fatique and the right upper quadrant
pain predominated. However, among them LC was diagnosed
in nine patients (4.5%), one of these patients developed HCC.

Currently, the HBeAg(-) form of this infection predominates
in many countries of the world, including the RF. According to
the reference center of surveillance for viral hepatitis of the
Central Research Institute of Epidemiology of Rospotrebnadzor,
in 2015 the share of HBeAg(-) patients was 90%. Our study
yielded the same result: the HBeAg(-) patients constututed
93%. Predominance of the HBV D genotype (95.4%) was
detected that was in line with the data of other studies focused
on the HBV genotype distribution in Russia [7, 9].

The group of the HBeAg(+) patients is represented by
younger individuals with the higher viremia and higher rate of
hyperenzymemia compared to the HBeAg(-) patients.

Suppression of virus replication is an important goal of AVT
and the basic premise of the CHB progression prevention.
Currently, NAs are used for treatment of CHB in the world,
including the RF, due to their high antiviral activity, low rate of
side effects and the ease of use (1 tablet per day). Furthermore,

NAs with a high barrier to drug resistance (ETV and TDF) are
the top-priority drugs to be used for AVT.

The data obtained confirm high efficiency of the ETV and
TDF therapy in patients with CHB. Aviremia after 48 weeks of
treatment with ETV or TDF was achieved in 88% of cases. This,
some papers report aviremia in 89.4% [10] and 88% [11] of
patients who received ETV for a year. The other authors also
observed aviremia in 86.2% of patients after a year of treatment
with TDF [12].

Our findings showed the differences in achieving aviremia
between the HBeAg(-) and HBeAg(+) patients. The patients
with the HBeAg(-) CHB had a higher rate of VR after 24 and
48 weeks of treatment with NAs than the HBeAg(+) patients.
Earlier it was shown that no HBV DNA was detected within the
year of treatment in 75% of the HBeAg(+) patients and 99%
of the HBeAg(-) patients who received ETV [10]. However, no
differences in VR between patients of the Center were observed
when performing treatment with NAs for 96 weeks.

Achieving BR defined as ALT activity back to normal can
be considered as the desired therapy outcome. In the analyzed
group of patients, BR was reported in 88% of cases after 48
weeks of treatment with ETV or TDF. The other researchers
also demonstrate high rate of the ALT activity normalization
during treatment with ETV and TDF [13-15]. Furthermore,
we have shown the differences in the BR rate between the
HBeAg(-) and HBeAg(+) patients after 24 and 48 weeks of
treatment with NAs, which is consistent with the data provided
by other authors [12, 16, 17]. It has been shown that the
presence of HBeAg before treatment can be predictive of the
ALT normalization failure [18].

The HBsAg clearance with or without seroconversion
is considered an optimal treatment outcome and recovery
from CHB. In the analyzed group, the HBsAg clearance was
observed only in three HBeAg(+) patients (4.5%): in one patient
who received PEG-IFN-a and two patients who received ETV.
The HBsAg seroconversion was reported in two cases (3%).

The literature data suggest the higher rate of HBsAg
clearance in patients with the HBeAg(+) hepatitis B. Thus,
when performing treatment with TDF for 48 weeks, the HBsAg
clearance after seven years was observed in 3.2% and 11.8%
of patients with HBeAg(+) CHB and in 0% and 0.3% of patients
with HBeAg(-) CHB, respectively [12, 19]. In general, very
few (about 1%) of HBeAg(-) patients achieved the HBsAg
clearance, even in case of the long term NA therapy (> 5 years)
[11, 20]. The HBsAg clearance and seroconversion are more
often reported in the HBeAg(+) CHB patients: 5-10% of the
long term treatment cases [21, 22].
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As for patients of the Center, the lower baseline HBV DNA
level was an independent factor associated with aviremia after 48
weeks of treatment with NAs, which was consistent with the data
reported by other authors [10]. They showed that the baseline HBV
DNA level <7.6 log,, copies/mL was an independent prognostic
factor of developing VR by year three of treatment. Similar results
were obtained in a number of studies [23-25].

The virological relapse after the NA therapy discontinuation
was observed in 13/27 patients of the Center (48.1%), while
the higher HBsAg level in the end of therapy was predictive
of virological relapse after the NA discontinuation. It has been
shown that high baseline HBV DNA level and high HBsAg
level in the end of treatment are the independent predictors
of virological relapse [26]. In the analyzed group, no virological
relapse was observed in patients with the HBsAg level in the
end of therapy of less than 100 IU/mL, in contrast to patients
with the levels of 100-1000 IU/mL (33.3%) and more than
1000 IU/mL (86,4%), respectively.
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