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THE EFFECT OF CHRONIC EXPOSURE ON THE FOXP3 CONCENTRATION IN LYSATES

OF THE MITOGEN-STIMULATED MONONUCLEAR CELLS
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Disruptions of the Treg differentiation and functioning processes can play one of the crucial roles in the pathogenesis of radiation-induced malignant neoplasms in
residents of the Techa riverside villages, who were chronically exposed in the low-to-medium dose range with predominant damage to the red bone marrow (RBM).
This study aimed to determine the effect of radiation exposure, gender, age at the time of examination, and ethnicity on concentration of FOXP3 protein in lysates of
mitogen-stimulated peripheral blood mononuclear cells in chronically exposed individuals in the period of cancer effects development. The main group consisted of
30 people aged 67-80 years, predominantly female and Turks. The comparison group included 10 unexposed individuals of similar age, gender, and ethnicity. In the
main group, the mean dose to RBM was 867 mGr, to the thymus and peripheral lymphoid organs — 125 mGr. After 24-hour in vitro PHA stimulation, mononuclears
were lysed, and the concentrations of the total protein and FOXP3 (using quantitative enzyme immunoassay) were measured. Among the different dose groups,
there were no significant differences in FOXP3 concentration in mitogen-stimulated mononuclears (prior to the stimulation: O pg/ml in the comparison group and
3.50 + 1.50 (0-27.19) pg/ml in the main group at p = 0.349; after the stimulation, respectively: 1.54 + 1.51 (0-15.16) pg/ml and 9.71 + 3.86 (0-77.92) pg/ml,
p =0.512). The variability of individual values is slightly higher in the main group than in the comparison group. Preliminary results allow concluding that the dose to
RBM, thymus and peripheral lymphoid organs, age at the time of examination, gender, and ethnicity have no statistically significant effect on the concentration of
FOXP3 protein in the lysates of the mitogen-stimulated peripheral blood mononuclear cells of chronically exposed people.
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BINNAHUNE XPOHUYECKOI'O OBJTYHEHUA HA KOHLIEEHTPALIMIO BEJIKA FOXP3 B JIN3ATAX
MUTOIEH-CTUMYJTMPOBAHHbLIX MOHOHYKJIEAPOB KPOBU

E. A. KognHuesa'? =, A, A. Aknees®

T YpanbCKuin Hay4HO-NPaKTUHECKNIA LIEHTP paamaLoHHOM MeauLiHbl PefepanbHoro Meamnko-61onormiyeckoro areHTeTea, YensibuHek, Poccust

2 YenabuHCKNIA rocyaapCTBeHHbIN YHMBEpcUTeT, HYenabuHek, Poccus

3 FOXKHO-YpanbCKumin rocyaapCTBEHHbI MeONLIMHCKUIA yHBEpCUTET MUHMCTEPCTBA 3apaBooxpaHeHns Poccuinckon ®epepaunn, YensbuHek, Poccurst
Hapywernsa npoueccoB AMdpdepeHUMpoBKA 1 HYHKUMOHUPOBaHUSA Treg MOryT OblTb OOHUM N3 BaXXHEWLMX 3BEHbEB B MaToreHese pagvaloHHO-
VNHIYLMPOBAHHbIX 3/10KA4ECTBEHHBIX HOBOOOPA3OBaHWIA y MOAEN U3 KOropTbl Pekn Teyn, XPOHMYECKM 0BMyHYeHHbIX B Auana3oHe MambiX U CPefHuX [03 C
NPENMyYLLIECTBEHHbBIM MOPaXKEHNEM KPacHOro KOCTHOro Mosra (KKM). Lienbto paboTsl 66110 onpeaen s BIUSHME paanaLmoHHOro BO3AENCTBISA, nona, Bo3pacTa
Ha MOMEHT 06CNefoBaHNs 1 STHUHECKOW NMPUHAANEXHOCTN Ha KOHLeHTpaumio 6enka FOXP3 B nusatax MUTOreH-CTUMYAMPOBaHHbIX MOHOHYKNEAPHBIX KNETOK
nepuepnyYecKoin KPoBM Y XPOHUYECKM 0ByYEHHbBIX NFoAer B Nepurop, peanmsaumm KaHueporeHHbIx achdekToB. OcHOBHYyO rpymny coctasuim 30 YenoBek
B Bo3pacTe 67-80 neT, cpean Hvx npeobnafanm »XeHLWWHbl 1 ILa TIOPKCKOM 3THUYECKO rpynnbl. B rpynny cpaBHeHust Bownm 10 HeobyYeHHbIX YenoBek
aHanorM4HOro BO3pacTta, Mona, STHUYECKON rpynnbl. B ocHOBHOM rpynne cpeaHsas fo3a obnydenns KKM coctasuna 867 MIp; TMyca 1 nepndeprHeckimx
nmmMdonaHbix opraHoB — 125 MIp. Mocne 24-4acosoi ctumynaumm ®rA in vitro MOHOHYKNeapbl NM3VPOBaNK, U3MEPSNN KOHLEHTpaLwmio obLero 6enka u
KOMMYECTBEHHBIM VMMYHO(EPMEHTHBIM aHanM3oM — KoHueHTpaunio FOXP3. KoHueHTpauws 6enka FOXP3 B MUTOrEH-CTUMYNIMPOBaHHbBIX MOHOHOYKleapax
CTaTUCTU4ECKM 3HAYMMO He pasnmyanach y nogen 13 pasHbix 4O30BbIX rpynn (4o ctumMynaumn: O n/mn B rpynne cpasHenua un 3,50 + 1,50 (0-27,19) n/mn B
OCHOBHOV rpynne npu p = 0,349; nocne CTUMyNSLWK, cooTBeTCTBEeHHO: 1,54 + 1,51 (0-15,16) nr/mn 1 9,71 + 3,86 (0-77,92) nr/mn, p = 0,512). BapunabensHocTb
MNHANBUAYANbHbIX 3HAYEHWIA HECKOSBKO BbILLE Y MIOAEN M3 OCHOBHOW rpyMrbl, YemM B rpynne cpaBHeHvs. 1o npeasapuTenbHbIM pesynbtataM, CTaTUCTUHECKN
3HAYMMOro BNMAHMSA f03bl 06nydeHns KKM, Tumyca 1 nepudepnyeckmx nnmhonaHbIx OpraHoB, BO3pacTa Ha MOMEHT 06CNef0BaHs, a Takxke nona, STHUHECKOM
NPUHaANEXHOCTN Ha KOHLeHTpauwmto 6enka FOXP3 B nM3atax MUTOreH-CTUMYIMPOBaHHbIX MOHOHOYKIEapOoB NepudepnyecKomn KpoBU XPOHUHECKI 061yHEHHbBIX
NHOAen He BbISIBEHO.

KnioyeBble cnoBa: XpOHMHECKOe paanaLioHHoe BO3AENCTBIE, peka Teva, BHYTPVKETOYHas KOHLEHTPaLWs, hakTop TpaHckpunumm FOXP3, MOHOHYKeapHble
KNETKV Neprdeprn4eckor Kposu, hutoremMarrtoTyHUH
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Today, the search for markers of individual radiosensitivity in
the context of realization of long-term effects of radiation
exposure is an urgent problem for modern radiobiology
[1-3]. Radiation-induced carcinogenesis is one of the most
significant effects of human exposure to ionizing radiation;
its pathogenetic mechanisms are being actively investigated.
There are various cohorts of people that run an increased long-
term oncopathology risk after radiation exposure: survivors
of atomic bombings [4], liquidators of radiation accidents [5],
professionals working with sources of radiation [6], population
living in radiation-contaminated areas [7, 8]. A particular cohort
that belongs to this list are the residents of the Techa riverside
villages. For them, the risks of morbidity and mortality from
malignant tumors and leukemias are increased [9].

In the context of ensuring the optimal medical monitoring for
persons running an increased risk of malignant neoplasms (MN),
it is important to identify and verify the markers of predisposition
to the development of radiation-induced oncopathology that
enables optimization of approaches to the formation of high-
risk groups in cohorts of people affected by radiation exposure
[2]. Immunity indicators, primarily those characterizing the state
of T-cells in the long term after radiation exposure, can be
considered as such markers. For example, many of the
mentioned residents of the Techa riverside villages had chronic
radiation syndrome (CRS), and 65 years after the start of the
exposure, they exhibited decreasing absolute numbers of CD3+,
CD4+ and CD8* lymphocytes in peripheral blood, and increasing
serum concentrations of IL4 and TNFa, compared to people of
the same age and gender who received comparable doses but
had no CRS in their medical histories [10].

In the context of pathogenetic mechanisms of radiation-
induced carcinogenesis, a heterogeneous subpopulation of
T-regulatory cells (Treg or CD3*CD4+CD25*FOXP3* lymphocytes
[11]) is particularly interesting. The FOXP3 transcription factor
is specific to Treg; it supports control of differentiation and
functioning of this subpopulation of lymphocytes [12]. It may
be feasible to establish the level of this protein as one of the
potential markers of predisposition to radiation-induced human
oncopathology in the long term after chronic radiation exposure
that predominantly involved damage to the central organ of
hematopoiesis, the red bone marrow (RBM). The FOXP3 gene
dominantly controls the function of Treg, and its continuous
expression guarantees that these cells fully preserve their
suppressive ability [11]. The FOXP3 transcription factor
represses L2 transcription, increases expression of CD25
and other Treg markers. The mechanisms of Treg-mediated
suppression are still a subject of discussion, but it is known that
the regulation of FOXP3 protein expression is crucial for the
control over immune responses, including antitumor immune
surveillance [12].

Normally, FOXP3 protein interacts with the key transcription
factors of T-lymphocytes, including NFAT, NFkB and AML1/
Runxi, and others. Transcriptional and epigenetic regulation
enables control over the FOXP3 gene expression; a change

therein entails alterations in the phenotype of T-cells and their
functions [12]. In humans, expression of the FOXP3 gene in
most CD4+-T-cells can be caused by prolonged stimulation
of the T-cell receptor, with most FOXP3* T-cells having a low
level of FOXP3 factor [12]. Transcription of the FOXP3 gene can
be initiated in effector T-cells upon antigen recognition during
inflammation [13]. Due to their ability to inhibit antitumorimmunity,
Tregs promote development and progression of tumors. High
infiltration of tumor tissue by Treg cells is associated with poor
survival rate among patients with various types of MN [14]. The
regulatory functions of Tregs infiltrating a tumor are realized via
the COX2/PGE2 signalling pathway [15]. Currently, Tregs are
being actively investigated as potential targets for oncotherapy
[14], but there are few studies that cover modulating effects of
ionizing radiation on the Treg cells' phenotype and functions,
including expression of the FOXP3 gene, concentrations and
functional activity of the FOXP3 transcription factor [16].

The plasticity of Treg subpopulation, participation of the
FOXP3 transcription factor in Treg differentiation, as well as the
role of regulatory T-cells in radiation-induced carcinogenesis
underpin the relevance of counting the FOXP3 protein in
peripheral blood mononuclears donated by people from the
Techa river cohort.

This study aimed to investigate the effect of radiation
exposure, gender, age at the time of examination, and ethnicity,
on concentration of the FOXP3 protein in lysates of mitogen-
stimulated peripheral blood mononuclear cells sampled from
chronically exposed residents of the Techa riverside villages at
the time of realization of carcinogenic effects.

METHODS

We studied the blood samples donated by permanent residents
of the Techa riverside villages that were chronically exposed to
low dose rate radiation mainly from bone-seeking radionuclides
(targeting RBM) at the premises of the Urals Research Center
for Radiation Medicine of the FMBA of Russia. The dose of
radiation received by each patient was assessed using the
TRDS-2016 dosimetry system [17].

Before donating the blood, all patients underwent a medical
examination in accordance with the established procedure.
The inclusion criteria were: absence of acute inflammatory
diseases, absence of exacerbations of chronic inflammatory
diseases; absence of renal or hepatic insufficiency. The
exclusion criteria were: acute cerebral circulation disruption
incidents or traumatic brain injuries within three months before
the study; confirmed oncological and autoimmune diseases;
courses of hormone, antibiotic, chemo- and (or) radiotherapy;
medical procedures using ionizing radiation within six months
before the study.

The exposed group (main group) comprised 30 persons
aged 67-80 years, the mean age being 72.4 + 0.5 years.
The mean accumulated RBM dose in this group was 876 +
136 mGr, with the values ranging from 87 to 3716 mGr. The

Table. Concentrations of FOXP3 transcription factor in MNC lysates after mitogenic stimulation

Subgroups of the main group,
Comparison group, Main group, RBM dose: RBM dose:
Concentration, pg/ml RBM: less than 0.07 (0.07-3.72) Gy,
Gy, n=10 n=130 from 0.07 to 0.49 from 0.50 to 0.84 from 0.85 to 3.72

Gy, n=10 Gy, n=10 Gy, n=10
without 0 3.50 + 1.50 2.63 +2.63 6.78 + 3.52 1.09 £ 0.78

FOXP3 after 24 PHA (0-27.19) (0-26.33) (0-27.19) (0-7.32)
hours of incubation ith PHA 1.54 + 1.51 9.71 + 3.86 5.97 + 4.88 13.42 + 8.00 9.73+7.28

wi (0-15.16) (0-77.92) (0-48.84) (0-77.92) (0-73.2)

Note: The data are presented as M + SE (min—-max).
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mean dose accumulated by thymus and peripheral lymphoid
organs was 125 + 20 mGr, the range of values spanning from
28 10 446 mGr.

To study dose dependencies, we divided the main group
into three subgroups similar in age, gender and ethnic makeup
but different in the RBM doses received: minimal (0.07 through
0.49 Gy), moderate (0.50 through 0.84 Gy) and high (0.85
through 3.72 Gy). These subgroups were called dose groups;
there were no statistically significant differences in qualitative
characteristics between them and the comparison group.

The comparison group consisted of 10 people aged
63-82 years, none of whom was exposed to radiation in the
context of industrial activities. The mean age in this group was
71.2 + 2.0 years, mean accumulated RBM dose — 27 + 4 mGr
(values from 15 to 49 mGr), and the mean dose accumulated
by thymus and peripheral lymphoid organs — 12 + 3 mGr
(values from 2 to 34 mGi).

Women were more numerous in both groups: 73.3%
(22 persons) in the main group and 90.0% (9 people) in the
comparison group. Eighty percent (24 individuals) of the main
group participants were of Turkic origin, and in the comparison
group this value was 70.0% (7 people). We found no significant
differences in the age, gender, and ethnic composition of the
main and comparison groups.

Fasting blood samples (4 ml) were taken under a standard
protocol [18], from the ulnar vein, in the morning, into vacuettes
containing sodium heparin. The fraction of mononuclear cells
(MNCs) was isolated at the density gradient of 1.077 g/cm?®
(Biolot; Russia), washed twice with the modified Dulbecco’s
phosphate buffered saline (Biolot; Russia). The incubation
of MNGCs lasted 24 hours at 37.0 + 0.5 °C; for the process,
we used the RPMI-1640 medium (HEPES 25 mM, NaHCO,
24 mM) (Paneco; Russia) with vitamins (Paneco; Russia) and
L-glutamine 2 mM (Paneco; Russia), to which 10% fetal calf
serum (Biolot; Russia) was added. Phytohemagglutinin-P
(PHA) (Paneco; Russia) was added to the test sample of MNCs
at the final concentration of 20 ug/ml, and the control sample
of MNCs was completed with purified water in the amount
equal to that of the mitogen solution. After stimulation, MNCs
were precipitated, supernatant removed, and the samples
were stored at minus 80 °C until the next stage. The thawing
temperature was 2-8 °C; we induced hemolysis of erythrocyte
impurities with a cooled ammonium chloride solution with pH
7.2-7.4 [19]. MNCs were washed with a cold phosphate-
salt buffer (pH 7.4) (Sigma-Aldrich; USA). The concentration
of cells was estimated using the Countess Il FL (Thermo
Scientific; USA) cell counter. We lysed the MNCs by freezing
the samples three times at minus 20 °C and then defrosting
them at room temperature as per recommendations of the
manufacturer of the enzyme immunoassay test system (ELISA).
Total protein content in cell lysates was determined in reaction
with bicynchonicic acid (Merck test system; USA) in a 96-well
tablet, with the help of a Lazurite analyzer (Dynex Technologies
Inc.; USA). We relied on quantitative ELISA (Blue gene test
system; China) to establish the content of FOXP3 transcription
factor in the samples; the counting enabled by the same
analyzer and followed by recalculation of the result for 1 ug of
total protein in the sample. SigmaPlot software (demo version;
SYSTAT Software, USA) was used for statistical data analysis.
The normality of frequency distribution in the samples was
checked with the help of the Kolmogorov-Smirnov test. The
actual distribution was abnormal in all samples. For maximum
clarity (the median value is zero in cases when concentration
of the FOXP3 transcription factor in all or most of the samples
is below the minimum detection limit of the ELISA system),
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we expressed the descriptive statistics data as arithmetic
mean (M), error of mean (m) and a range of values (min-max).
Datasets were compared using the Mann Whitney U-test, and
for quality indicators we used the chi-squared test. Spearman's
rank correlation coefficient enabled correlation analysis; the
differences or relationships were considered significant at 95%
confidence level.

RESULTS

The table below shows the results of quantification of the
FOXP3 transcription factor in lymphocyte lysates after 24-hour
incubation with PHA and without mitogen.

Comparing the main group, the three dose groups and the
comparison group, we identified no significant differences in
concentrations of the FOXP3 protein in MNC lysates incubated
for 24 hours with PHA and without mitogen. The respective
values were as follows: main group — p = 0.349 before
stimulation, p = 0.512 after stimulation; three dose subgroups —
p = 0.706, p = 0.257, p = 0.450 before stimulation, and
p = 0.940, p = 0.326, p = 0.597 after stimulation (ascending
order by the RBM dose).

In the groups of chronically exposed individuals with
different accumulated doses, intracellular concentration of the
FOXP3 transcription factor after in vitro mitogenic stimulation
of the MNCs was slightly higher than in the comparison group.

Analyzing dose dependencies, we found no significant
relationships between concentration of the FOXP3 transcription
factor in the MNC lysates (stimulated (SR = 0.13; p = 0.414)
and not stimulated (SR = 0.18; p = 0.263) with mitogen for 24
hours) and RBM and thymus/peripheral lymphoid organ doses
(before stimulation: SR = 0.23, p = 0.183; after stimulation:
SR =0.09, p = 0.602).

We detected no effect of gender (before stimulation:
SR =-0.08, p =0.609, after stimulation: SR =-0.03, p = 0.856),
age at the time of examination (before stimulation: SR = 0.02,
p = 0.915; after stimulation: SR = 0.11, p = 0.484), ethnicity
(before stimulation: SR = 0.05, p = 0.767; after stimulation:
SR = -0.01, p = 0.966) on the studied indicators neither in
the main group nor in the control group. Spearman's rank
correlation was used for this analysis.

DISCUSSION

Radiation-induced carcinogenesis implies long-term realization
of the effects. The reason behind this specificity is the
complex of factors of non-radiation nature that affect the
exposed individual, including the MN risk factors. A body that
received sublethal doses activates compensatory adaptive
mechanisms, which, when they function adequately, prevent
oncotransformation of normal cells [10]. Immunocompetent
cells are the main effectors of antitumor immune surveillance;
MN pathogenesis largely depends on the disruptions of their
activity [20].

The Techa floodplain was contaminated with radionuclides
as a result of the Mayak Production Association activity;
practically healthy residents of that area have been exposed
to low dose rate ionizing radiation for many years and in the
long term, they have persistent changes in the immune status,
with such in the T-cell component of the immunity being most
drastic. Accordingly, previous studies have reported decreased
quantities of peripheral blood leukocytes (mainly because
of neutrophils and lymphocytes), higher lysosomal activity of
neutrophils, some suppression of the intracellular oxygen-
dependent monocyte metabolism [1], and inclination of the
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cytokine system towards a pro-inflammatory response [21].

On the one hand, regulatory T-cells can directly inhibit
activity of cytotoxic T-cells, and on the other hand, they can be
recruited or induced by the oncotransformed cells and cells of
the tumor microenvironment, which allows them to avoid attack
from the immune system. Treg lymphocytes can interfere with
the activation and differentiation of CD4* and CD8* T cells,
induce reactivity against autologous and tumor antigens [11].

In the tumor microenvironment, Tregs induction and
differentiation occurs from T-lymphocytes with a strong
immunosuppressive function, which suppress antitumor
immunity and thus support tumor appearance and
development. Tregs from the tumor microenvironment, in
turn, can suppress the function of immune effector cells
(using various mechanisms); they play an important part in the
tumor's effort to elude immune surveillance [22-25]. Such Tregs
can secrete TGFR, IL10, and IL35 [26], which inhibit antitumor
immune response, suppress antigenic presentation in the
dendritic cells as well as the T-helper function, and generate
tumor-specific CD8* cytotoxic T-lymphocytes. The expression
of IL10 and IL35 cytokines differs among subpopulations
of the tumor microenvironment Treg cells; synergistically,
they promote depletion of intratumor T-cells by regulating
the expression of several inhibitory receptors [27]. Tregs are
capable of direct cytolysis of other cells through secretion of
perforin and granzymes, and they also synthesize and produce
cyclic adenosine phosphate, thus affecting the metabolism of
other cells [11, 14].

Data from mice experiments show that the share of tumor
and splenic Tges grows after local irradiation at doses of 10 and
20 Gy, and the dose of 1.25 Gy (whole irradiation) brings down
the total amount of CD4*FOXP3*-Treg in the lymph nodes [28].

In humans, ionizing radiation decreased the viability of
human CD4* lymphocytes, and this effect is dose-dependent.
There is evidence of a higher radioresistance of Tregs compared
to CD4+ lymphocytes, as well as of a dose-dependent
reduction of expression of the FOXP3 gene in Treg when the
received doses are 0.940 Gy and 1.875 Gy. Compared to
regular CD4+ lymphocytes, natural (nTreg) and TGF#-induced
(iTreg) regulatory T-cells exhibit increased resistance to
radiation at a dose of 10 Gy. Forty-eight hours after exposure
to this dose, the expression of FOXP3 gene decreases in nTreg
and in iTreg (more pronounced). After in vitro irradiation, the
expression of FOXP3 gene in iTreg goes down, but it does
not affect differentiation into T-helpers of the first or second
type. In CD4+*CD25*-iTreg, the expression of the T-BET gene
involved in the differentiation of cells into first type T-helpers
was low before and after irradiation at a dose of 10 Gy, and the
expression of the GATA3 gene involved in the differentiation of
lymphocytes into second type T-helpers decreased 48 hours
after such exposure. Irradiation changes the expression of
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characteristic iTreg molecules. Exposed to ionizing radiation,
iTregs increase the expression of LAG-3 gene, decrease that
of CD25 and CTLA-4 molecules and the ability of the cells to
inhibit proliferation of CD3+*CD8+* lymphocytes weakens [16].

The data from this study allow assuming functional integrity
of the peripheral blood Tregs (in practically or conditionally
healthy individuals) in the long term; inter alia, they preserve
the ability to differentiate effected by the FOXP3 gene and its
key transcription factor, FOXP3 protein. The possible reason
therefor is the high adaptive potential of the human immune
and hematopoietic system, which realizes in the long term
after chronic low-intensity radiation exposure with RBM as
the primary target [1, 10, 21]. However, the presented data
disallow excluding the possibility of aberrant local immune
responses with participation of Tregs at the MN initiation stage
in the exposed patients from the high oncological risk cohort.
This problem requires a more thorough investigation.

The results of this study are generally consistent with
the current scientific knowledge; its contribution thereto is
information about the reaction of MNCs isolated from the
peripheral blood of the chronically exposed people to in vitro
mitogenic stimulation at the time of realization of carcinogenic
effects of radiation in the studied population cohort.

CONCLUSIONS

Comparison of the main (chronically exposed) and comparison
(not exposed) groups revealed no significant differences in
the concentrations of the FOXP3 transcription factors in MNC
lysates after 24 hours of incubation with mitogen and without
PHA. Likewise, we found no evidence of the effect of RBM
doses and doses to thymus and peripheral lymphoid organs
to intracellular concentrations of the FOXP3 transcription factor
in human peripheral blood MNCs after mitogen stimulation.
There were no significant correlations between gender, age
at the time of examination, ethnicity of the examined people
and concentration of the FOXP3 protein in lysates of mitogen-
stimulated MNCs. In the samples from practically healthy
chronically irradiated people, we registered high variability
of intracellular concentrations of the FOXP3 transcription
factor after in vitro MNCs stimulation by mitogen, which
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