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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
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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
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" 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.
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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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Fig. 6. Relationship between the C14/3 coefficient and the dose for CD45°*CD34*

human cells in the model mice humanized with the peripheral blood HSCs isolated
from adult humans



OPUTMHAJIbHOE UCCJIEJOBAHNE | PAOVALUVMOHHAA MEOVLIMHA

References

1.

10.

11.

12.

13.

14.

XaitovRM, Akleev AV, KofiadilA. Individual'nayaradiochuvstvitel'nost'
i immunitet: nacional'noe rukovodstvo. Chelyabinsk: Kniga, 2018;
216 s. Russian.

Applegate KE, Ruhm W, Wojcik A, Bourguignon M, Brenner A,
Hamasaki K, et al Individual response of humans to ionising
radiation: governing factors and importance for radiological
protection. Radiat Environ Biophys. 2020; 59 (2): 185-209. DOI:
10.1007/500411-020-00837-y. PMID: 32146555.

Human Radiosensitivity. Report of the independent Advisory
Group on lonising Radiation Documents of the Health Protection
Agency. London, 2013; 164 p.

Ferlazzo ML, Bourguignon M, Foray N. Functional Assays for
Individual Radiosensitivity: A Critical Review. Semin Radiat Oncol.
2017; 27 (4): 310-5. DOI: 10.1016/j.semradonc.2017.04.008.
PMID: 28865513.

Kogarko IN, Akleev AV, Petushkova VV, Nejfax EA, Kogarko BS,
Ktitorova OV, i dr. Adaptivnyj otvet kak kriterij ocenki individual'noj
radiochuvstvitel'nosti cheloveka. Radiaciya i risk (Byulleten'
NREhR). 2022; 1. Dostupno po ssylke: https://cyberleninka.
ru/article/n/adaptivnyy-otvet-kak-kriteriy-otsenki-individualnoy-
radiochuvstvitelnosti-cheloveka-obzor (data obrashheniya:
08.11.2022). Russian.

Fliedner TM, Graessle DH. Hematopoietic cell renewal systems:
mechanisms of coping and failing after chronic exposure to
ionizing radiation. Radiat Environ Biophys. 2008; 47: 63-69. DOI:
org/10.1007/s00411-007-0148-6.

Shao L, Luo Y, Zhou D. Hematopoietic stem cell injury induced by
ionizing radiation. Antioxid Redox Signal. 2014; 20 (9): 1447-62.
DOI:10.1089/ars.2013.5635.

Fujiwara S. Humanized mice: a brief overview on their diverse
applications in biomedical research. J Cell Physiol. 2018; 233:
2889-901.

Ito R, Takahashi T, Ito M. Humanized mouse models: Application
to human diseases. J Cell Physiol. 2018; 233 (5): 3723-8.

Wang C, Oshima M, Sashida G, et al. Non-lethal ionizing radiation
promotes aging-like phenotypic changes of human hematopoietic
stem and progenitor cells in humanized mice. PLoS ONE. 2015;
10 (7): e0132041. DOI: org/10.1371/journal.pone.0132041.
Zhang L, Mack R, Breslin P, Zhang J. Molecular and cellular
mechanisms of aging in hematopoietic stem cells and their niches.
J Hematol Oncol. 2020; 13 (1): 157. DOI: 10.1186/513045-020-
00994-z. PMID: 33228751; PMCID: PMC7686726.

de Haan G, Lazare SS. Aging of hematopoietic stem cells. Blood.
2018; 131 (5): 479-87. DOI: 10.1182/blood-2017-06-746412.
PMID: 29141947,

Mejia-Ramirez E, Florian MC. Understanding intrinsic hematopoietic
stem cell aging. Haematologica. 2020; 105 (1): 22-37. DOI:
10.3324/haematol.2018.211342. PMID: 31806687; PMCID:
PMC6939535.

Shao L, Luo Y, Zhou D. Hematopoietic stem cell injury induced
by ionizing radiation. Antioxid Redox Signal. 2014; 20 (9): 1447-

NuTepatypa

1.

XaunToB P. M., Aknees A. B., Kocuragun . A. HonBmnayanbHasn
PaavoHyBCTBATENBHOCTL U IMMYHUTET: HALMOHaIHOE PYKOBOACTBO.
YenabuHek: Khura, 2018; 216 ¢.

Applegate KE, Ruhm W, Wojcik A, Bourguignon M, Brenner A,
Hamasaki K, et al Individual response of humans to ionising
radiation: governing factors and importance for radiological
protection. Radiat Environ Biophys. 2020; 59 (2): 185-209. DOI:
10.1007/s00411-020-00837-y. PMID: 32146555.

Human Radiosensitivity. Report of the independent Advisory
Group on lonising Radiation Documents of the Health Protection
Agency. London, 2013; 164 p.

Ferlazzo ML, Bourguignon M, Foray N. Functional Assays for
Individual Radiosensitivity: A Critical Review. Semin Radiat Oncol.
2017; 27 (4): 310-5. DOI: 10.1016/j.semradonc.2017.04.008.
PMID: 28865513.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

7.

62. DOI: 10.1089/ars.2013.5635. PMID: 24124731; PMCID:
PMC3936513.

Yoshida K, Satoh Y, Uchimura A, Misumi M, Kyoizumi S, Taga M, et al.
Massive expansion of multiple clones in the mouse hematopoietic
system long after whole-body X-irradiation. Sci Rep. 2022; 12 (1):
17276. DOI: 10.1038/s41598-022-21621-6. PMID: 36241679;
PMCID: PMC9568546.

Brojakowska A, Kour A, Thel MC, et al. Retrospective analysis
of somatic mutations and clonal hematopoiesis in astronauts.
Commun Biol. 2022; 5: 828. Available from: https://doi.
org/10.1038/s42003-022-03777-z.

Atamanyuk NI, Pryaxin EA, Andreev SS, Aldibekova AE, Tryapicyna GA,
Shaposhnikova IA, i dr. Ispol'zovanie ksenotransplantacii
gemopoehticheskix kletok cheloveka, vydelennyx iz perifericheskoj
krovi vzroslyx lyudej i pupovinnoj krovi, immunodeficitnym
mysham dlya izucheniya dejstviya ioniziruyushhego izlucheniya.
Voprosy radiacionnoj bezopasnosti. 2021; 1: 72-83. Russian.
Atamanyuk NI, Styazhkina EV, Obvinceva NA, Tryapicyna GA,
Shaposhnikova |A, Andreev SS, i dr. Kinetika gibeli i
vosstanovieniya kletok kostnogo mozga u myshej dvux linij s
raznoj radiochuvstvitel'nost'yu posle ostrogo y-oblucheniya.
Voprosy radiacionnoj bezopasnosti. 2021; 4: 62—-72. Russian.
Biancotti J-C, Town T. Increasing hematopoietic stem cell yield to
develop mice with human immune systems. BioMed Research
International. 2013; 11. DOI: 10.1155/2013/740892.
Brzozowska K, Pinkawa M, Eble MJ, et all. In vivo versus in
vitro individual radiosensitivity analysed in healthy donors and in
prostate cancer patients with and without severe side effects after
radiotherapy. Int J Radiat Biol. 2012; 88: 405-13.

Kisonas J, Venius J, Sevriukova O, Grybauskas M, Dabkeviciené D,
Burneckis A, et al. Individual Radiosensitivity as a Risk Factor for
the Radiation-Induced Acute Radiodermatitis. Life. 2022; 12 (1):
20. Available from: https://doi.org/10.3390/life12010020.

Yip H, Haupt C, Maresh G, Zhang X, Li L. Humanized mice
for immune checkpoint blockade in human solid tumors. Am
J Clin Exp Urol. 2019; 7 (5): 313-20. PMID: 31763362; PMCID:
PMC6872471.

Golebiewska A, Hau AC, Oudin A, Stieber D, Yabo YA, Baus V,
et al. Patient-derived organoids and orthotopic xenografts of
primary and recurrent gliomas represent relevant patient avatars
for precision oncology. Acta Neuropathol. 2020; 140 (6): 919-49.
DOI: 10.1007/s00401-020-02226-7. PMID: 33009951; PMCID:
PMC7666297.

Nilsson JA, Olofsson Bagge R, Ny L. Mouse avatars take off as
cancer models. Nature. 2018; 562 (7726): 192. DOI: 10.1038/
d41586-018-06982-1. PMID: 30305752.

Rottstegge M, Tipton T, Oestereich L, Ruibal B, Nelson EV, Olal C, et
al. Avatar Mice Underscore the Role of the T Cell-Dendritic Cell
Crosstalk in Ebola Virus Disease and Reveal Mechanisms of
Protection in Survivors. J Virol. 2022; 96 (18): e0057422. DOI:
10.1128/jvi.00574-22. PMID: 36073921; PM.

Korapko . H., Aknees A. B., MNeTtywkosa B. B., Hendax E. A,
Korapko B. C., Ktutoposa O. B., n ap. AnanTmsHbIl OTBET Kak
KPUTEPUI OLEHKM MHANBUAYANbHOM PaanoYyBCTBUTENBHOCTH
yenoseka. Pagnauva n  puck (bionneteHs  HPSP).
2022; 1. [HoctynHo no ccbinke: https://cyberleninka.ru/
article/n/adaptivnyy-otvet-kak-kriteriy-otsenki-individualnoy-
radiochuvstvitelnosti-cheloveka-obzor (gata ob6paweHus:
08.11.2022).

Fliedner TM, Graessle DH. Hematopoietic cell renewal systems:
mechanisms of coping and failing after chronic exposure to
ionizing radiation. Radiat Environ Biophys. 2008; 47: 63-69. DOI:
org/10.1007/s00411-007-0148-6.

Shao L, Luo 'Y, Zhou D. Hematopoietic stem cell injury induced by
ionizing radiation. Antioxid Redox Signal. 2014; 20 (9): 1447-62.
DOI:10.1089/ars.2013.5635.

MEOVILIMHA SKCTPEMATbHBIX CUTYALIW | 1, 25, 2023 | MES.FMBA.PRESS



ORIGINAL RESEARCH | RADIATION MEDICINE

10.

11.

12.

13.

14.

15.

16.

17.

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

Fujiwara S. Humanized mice: a brief overview on their diverse
applications in biomedical research. J Cell Physiol. 2018; 233:
2889-901.

Ito R, Takahashi T, Ito M. Humanized mouse models: Application
to human diseases. J Cell Physiol. 2018; 233 (5): 3723-8.

Wang C, Oshima M, Sashida G, et al. Non-lethal ionizing radiation
promotes aging-like phenotypic changes of human hematopoietic
stem and progenitor cells in humanized mice. PLoS ONE. 2015;
10 (7): e0132041. DOI: org/10.1371/journal.pone.0132041.
Zhang L, Mack R, Breslin P, Zhang J. Molecular and cellular
mechanisms of aging in hematopoietic stem cells and their niches.
J Hematol Oncol. 2020; 13 (1): 157. DOI: 10.1186/s13045-020-
00994-z. PMID: 33228751; PMCID: PMC7686726.

de Haan G, Lazare SS. Aging of hematopoietic stem cells. Blood.
2018; 131 (5): 479-87. DOI: 10.1182/blood-2017-06-746412.
PMID: 29141947.

Mejia-Ramirez E, Florian MC. Understanding intrinsic hematopoietic
stem cell aging. Haematologica. 2020; 105 (1): 22-37. DOI:
10.3324/haematol.2018.211342. PMID: 31806687; PMCID:
PMC6939535.

Shao L, Luo Y, Zhou D. Hematopoietic stem cell injury induced
by ionizing radiation. Antioxid Redox Signal. 2014; 20 (9): 1447-
62. DOI: 10.1089/ars.2013.5635. PMID: 24124731; PMCID:
PMC3936513.

Yoshida K, Satoh'Y, Uchimura A, Misumi M, Kyoizumi S, Taga M, et al.
Massive expansion of multiple clones in the mouse hematopoietic
system long after whole-body X-irradiation. Sci Rep. 2022; 12 (1):
17276. DOI: 10.1038/s41598-022-21621-6. PMID: 36241679;
PMCID: PMC9568546.

Brojakowska A, Kour A, Thel MC, et al. Retrospective analysis
of somatic mutations and clonal hematopoiesis in astronauts.
Commun Biol. 2022; 5: 828. Available from: https://doi.
org/10.1038/s42003-022-03777-z.

Atamariok H. W., Mpsixun E. A., AHgpees C. C., Angunbekosa A. E.,
TpsanuuypiHa I A., LLanowHukosa . A., n gp. Vicnone3osaHne
KCEeHOTpaHCnNaHTaLUmM reMomnoaTU4ECKNX KIETOK 4YenoBeka,
BbIAENEHHbBIX M3 MepUpEPNHECKON KPOBM B3POCHbIX JIOAEN U

18.

19.

20.

21.

22.

23.

24.

25.

MyNOBVHHOW KPOBW, UMMYHOLAEMDULINTHBIM MbILLaM 15 U3yHeHVs)
[OEVICTBUSA MOHN3VPYIOLLLErO 13MyHeHnst. Bonpock! pagmaLoHHoN
6esonacHocTn. 2021; 1: 72-83.

Atamantok H. ., Ctspkkmna E. B., O6erHUeBa H. A., TpsmvupiHa T A.,
LWanownwukosa W. A., AHppees C. C., n ap. KuHeTvka rubenu un
BOCCTaHOBJIEHS KIETOK KOCTHOMO MO3ra Y MbiLLe ABYX JIMHWIA C
pasHo pPaaVioHyBCTBUTENBHOCTBIO MOCAE OCTPOrO Y-001y4eHs.
Bonpocek! paguaumorHon 6esonacHoct. 2021; 4: 62-72.
Biancotti J-C, Town T. Increasing hematopoietic stem cell yield to
develop mice with human immune systems. BioMed Research
International. 2013; 11. DOI: 10.1155/2013/740892.
Brzozowska K, Pinkawa M, Eble MJ, et all. In vivo versus in
vitro individual radiosensitivity analysed in healthy donors and in
prostate cancer patients with and without severe side effects after
radiotherapy. Int J Radiat Biol. 2012; 88: 405-13.

Kisonas J, Venius J, Sevriukova O, Grybauskas M, Dabkeviciené D,
Burneckis A, et al. Individual Radiosensitivity as a Risk Factor for
the Radiation-Induced Acute Radiodermatitis. Life. 2022; 12 (1):
20. Available from: https://doi.org/10.3390/life12010020.

Yip H, Haupt C, Maresh G, Zhang X, Li L. Humanized mice
for immune checkpoint blockade in human solid tumors. Am
J Clin Exp Urol. 2019; 7 (5): 313-20. PMID: 31763362; PMCID:
PMC6872471.

Golebiewska A, Hau AC, Oudin A, Stieber D, Yabo YA, Baus V,
et al. Patient-derived organoids and orthotopic xenografts of
primary and recurrent gliomas represent relevant patient avatars
for precision oncology. Acta Neuropathol. 2020; 140 (6): 919-49.
DOI: 10.1007/s00401-020-02226-7. PMID: 33009951; PMCID:
PMC7666297.

Nilsson JA, Olofsson Bagge R, Ny L. Mouse avatars take off as
cancer models. Nature. 2018; 562 (7726): 192. DOI: 10.1038/
d41586-018-06982-1. PMID: 30305752.

Rottstegge M, Tipton T, Oestereich L, Ruibal P, Nelson EV, Olal C, et
al. Avatar Mice Underscore the Role of the T Cell-Dendritic Cell
Crosstalk in Ebola Virus Disease and Reveal Mechanisms of
Protection in Survivors. J Virol. 2022; 96 (18): e0057422. DOI:
10.1128/jvi.00574-22. PMID: 36073921; PM.




ORIGINAL RESEARCH | EPIDEMIOLOGY

RESULTS OF EPIDEMIOLOGICAL SURVEILLANCE FOR COVID-19 AMONG STUDENTS

AND TEACHING STAFF OF THE UNIVERSITY

Sayganov SA', Liubimova AV, Gasanbekov IM?, Meltser AV', Lopatin ZV*, Aslanov BI'

" 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. MTio6rmosa' = . M. lacan6ekos?, 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
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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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