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Abstract

The aim of the present study is to assess the effects of low-dose occupational exposure on T helper response. One Hundred five
employees working in Nuclear Power Plant, Kozloduy, Bulgaria and control group of 32 persons are included in this investigation.
Flow cytometry measurements of T-cell populations and subpopulations and natural killer T cells are performed and levels of G,
A, and M immunoglobulins and interleukin 2 (IL-2), IL-4, and interferon y were determined. The data interpreted with regard to
cumulative doses, length of service, and age. The results of the present study are not enough to outline a clear impact of
occupational radiation exposure on T helper populations. Nevertheless, the observed even slight trends in some lymphocyte’s
populations and in cytokines profile give us the reason to assume a possibility of a gradual polarization of T helper | to T helper 2
immune response at dose range 100 to 200 mSv. The results of the present study indicate the need to perform a more detailed
epidemiological survey including potential confounding and misclassifying factors and possible selection bias that could influence

the results.
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Introduction

The radiation impact on the immune system as an integral part
of the body determines the alterations in the homeostasis and/or
in its components. Long-term epidemiologic studies demon-
strate that ionizing radiation may induce a dose-dependent
impartment of the immune system with a deregulation of cyto-
kine production and persistent inflammation, which is sup-
posed to increase the risk of both cancer and noncancerous
diseases.'” The radiation-induced oxidative stress leads to
higher expression of some markers of inflammation such as
adhesion molecules and cytokines, which when interacting
with cell’s surface receptors activate specific mechanisms and
stimulate immune response. T helper 1 (Thl) lymphocytes
producing pro-inflammatory cytokines are induced immedi-
ately after irradiations, while T helper 2 (Th2) lymphocytes
producers of anti-inflammatory cytokines restore homeostasis.
The balance between pro- and anti-inflammation tendencies
could fluctuate long after a radiation impact and will persist
until the elimination of the stress factor. The published results
on the effect of ionizing radiation on the Th1/Th2 balance and

its influence on human health are controversial. They suppose a
pronounced inflammatory effect of a high-dose exposure® and
an anti-inflammatory effect at low-dose irradiation (single
doses <1.0 Gy).7’8

The epidemiological studies of atomic bombing survivors
and Chernobyl emergency and clean-up workers found long-
term imbalance in Th1/Th2 responses shifted toward an inflam-
matory profile."**!! It is suggested'>° that doses in the range
of 10 to 100 mGy lead to the prevalence of T1 helper subpo-
pulation, while doses above 200 mGy switch to prevalence of
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T2 helper immune response. Experimental studies reveal a
decrease after low-dose exposure and an increase after high-
dose exposure of expression in both Thl and Th2 type
cytokines. '?

The assessment of low-dose radiation on changes in immu-
nological parameters and state of subclinical inflammation
requires a careful examination of the immune status of occu-
pationally exposed persons. Our previous data on lymphocyte
populations’ profiles in Nuclear Power Plant (NPP) work-
ers'>! raised the issue with respect to the prevalence of Thl
immune response at low-dose exposures and dominating of
Th2 with increasing cumulative doses above 100 to 200 mSv.
Therefore, the current study aims to extend the investigation on
NPP workers with special focus on cytokine profiles—inter-
leukin 2 (IL-2), interferon y (IFNy), IL-4, and T helper sub-
populations—in order to determine some imbalance in Th1 and
Th2 immune response.

Material and Methods

One Hundred five employees working in NPP, Kozloduy, Bul-
garia, were included in the study. The group of men occupa-
tionally exposed to external y radiation was selected from the
service personnel of units 5 and 6 of NPP Kozloduy. A control
group of 32 male participants was selected at similar age and
with similar length of service who do not have any work related
to ionizing radiation. The study was carried out thanks to a
contract between the National Centre of Radiobiology and
Radiation Protection of the Ministry of Health of Bulgaria and
the NPP Kozloduy. An informed verbal consent was obtained
from all participants. The study was performed within the
framework of a bilateral contract between the National Centre
of Radiobiology and Radiation Protection, part of the Ministry
of Health and NPP Kozloduy. The data for individual monitor-
ing exposure were submitted by NPP Kozloduy dosimetry ser-
vice, approved by the regulatory body. The determination of
the cumulative radiation doses is the part of NPP individual
exposure monitoring program.

Workers were divided in groups according to cumulative
dose received as follows: controls, up to 25 mSv, up to 100
mSv, up to 200 mSv, and above 200 mSv (Table 1). As low
doses were defined those below 0.1 to 0.2 Sv, this was the main
criteria in determination of the groups, namely with very low
initial doses, low doses, and high doses above 0.2 Sv). Criteria
such as working condition with predominantly gamma ray
exposure and without having undergone medical exposure for
the past 3 years have been taken into account in the study.

All participants complete a questionnaire and undergo med-
ical examinations and basic hematological studies to assess
their health status. The individual variability in cytokine secre-
tion and its dependence on age, morbidity, and preexisting
diseases, which could confound the obtained results, were
taken into consideration. Cardiovascular diseases (hyperten-
sion, ischemic heart disease) and obesities in some of respon-
ders were mainly identified.

Table I. NPP “Kozloduy” Personnel Data According to Age, Length
of Service, and Cumulative Dose.

Mean Age Mean Length of Mean
(SD), Service (SD), Cumulative
Personnel years years Dose (SD), mSv
Control: 32 persons 45.6 (8) 19.5 (7) 0
I'st group: 27 47.9 (6) 21.5 (7) 11.8 (9)
persons—0.1-25
mSv
2nd group: 31 48.1 (8) 22.6 (8) 53.2 (21)
persons—25.1-100
mSv
3rd group: 19 48.5 (3) 252 (3) 132.0 (30)
persons—
100.1-200 mSv
4th group: 28 50.4 (6) 27.7 (5) 324.6 (89)

persons—above
200 mSv

Abbreviation: NPP, Nuclear Power Plant; SD, standard deviation.

Blood samples were collected from each participant by
venipuncture into Vacutainer EDTA tubes (Greiner Bio-One
GmbH, Kremsmunster, Austria). The total white blood cells
(WBCs) and lymphocytes were counted using an automatic
hematology analyzer ABX Pentra 60 C+ (HORIBA Group
ABX Diagnostics, Montpellier, France) operated in cell blood
count + 5 population differential count modes. Blood smears
were prepared to observe WBC morphology.

The lymphocyte subpopulations were determined using a 4-
parameter flow cytometry in whole blood after lysis of erythro-
cytes by the method of Jackson.'® The staining of lymphocytes
was carried out using the following kits: BD Multitest—CD3/
CD16"CD56"/CD45/CD19/; BD Multitest—CD3/CD8/
CD45/CD4/; BD Multitest—CD45RA/CD62 L/CD3/CD4/;
BD Simultest—CDS8/CD28 (Becton Dickinson Biosciences,
San Jose, California). The samples were acquired and analyzed
by FACSCalibur flow cytometer (Becton Dickinson Bios-
ciences, Software V 2.1) and Cell Quest software. The follow-
ing lymphocyte populations were examined: CD3™ (total T
lymphocytes), CD19" (B lymphocytes), CD3" CD4*
(helper-inducer T lymphocytes), CD4"™ CDRA™ CD62L" T
lymphocytes, CD4" CDRA* CD62L~ T lymphocytes, CD4"
CDRO™" CD62L* T lymphocytes, CD3" CD8* (cytotoxic sup-
pressor T lymphocytes), CD8" CD28" cytotoxic T lympho-
cytes, CD3~ CD16" CD56" (natural killer cells), CD3™
CD16" CD56™" (natural killer T [NKT] cell).

Serum immunoglobulin (Ig) G, M, and A were determined
by radial immunodiffusion using immunoplates (EASY RID,
Roseto, Italy). Plasma levels of IL-2, IL-4, and IFNy (Table 2)
were assessed by commercial enzyme-linked immunosorbent
assay (ELISA) kits (Gen-Probe Diaclone SAS, Besancon,
France) according to the manufacturer’s instructions following
the construction of standard curves for each ELISA system
protocols. Since there are no accepted reference standards for
ILs, we have prepared our own reference standards for the
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Table 2. Reference Values of Studied Interleukins.

Parameters Reference Values
IL-2 0-3 pg/mL
IFNy <15.6 pg/mL
IL-4 0-4 pg/mL

Abbreviations: IL, interleukin; IFNy, interferon .

studied ILs, based on data obtained for control group and taking
into account published data of measurement cytokines in the
same conditions.'®!” The generally low and no measurable
level of the investigated cytokines in healthy persons, obtained
using conventional ELISA methods, and their large dispersion
required the application of frequency analysis to compare the
percentage of individuals with values outside the accepted ref-
erence ranges by group and to outline a more clearly defined
trend.

Statistical Methods

The following statistical methods were applied to process
the results.

Parametric methods. One-way analysis of variance (ANOVA)
was used to check the equality of more than 2 mean values in a
normal distribution.

Nonparametric methods. Kolmogorov-Smirnov and Shapiro-
Wilk tests were used to check the normality of distribution of
quantitative variables; Mann-Whitney test was used for com-
parison of averages in 2 groups of 1 quantitative variable when
the distribution is not normal; Kruskal-Wallis test was used for
comparison of averages in more than 2 groups of quantitative
variables when the distribution is not normal.

Variation analysis of quantitative variables. Mean, standard devia-
tion, standard error of the mean, and 95% confidence interval
of the mean were analyzed.

Correlation analysis. Coefficient of linear correlation included
parametric (Pearson) and nonparametric (Spearman); partial
correlation. The data are not presented in tables, but only cor-
relation coefficients were shown, where necessary. Frequency
analysis deals with the number of occurrences (frequency) and
analyzes measures of central tendency, dispersion, percentages.
SPSS version 11.0.1 for Windows was used for data
processing.'®!°

Results

The relative and absolute values of cell parameters were ana-
lyzed. Data from the variation analysis of the studied main
lymphocyte populations are presented in Table 3.

The parametric ANOVA test was applied to analyze CD3"
(percentage) and CD4™" (percentage) T lymphocytes. Mann-
Whitney u Kruskal-Wallis tests were used to analyze the

Table 3. Variation Analysis of Main Lymphocyte Populations Accord-
ing to Cumulative Dose.

X (SD),
Parameters Groups X (SD), % cells/pL
B lymphocytes Control 10.25 (3.3) 264.5 (131)
(CDI19%) Ist: 0.1-25 mSv 10.74 (3.9) 242.0 (100)
2nd: 25.1-100 mSv  10.22 (4.8) 248.1 (132)
3rd: 100.1- 200 mSv  9.16 (3.3) 227.5 (97)
4th: Above 200 mSv 10.17 (4.5) 260.3 (135)
Total T Control 72.97 (6.7) 1842.8 (594)
lymphocytes Ist: 0.1-25 mSv 70.63 (7.3) 1603.0 (494)
(CD3™%) 2nd: 25.1-100 mSv ~ 74.87 (7.1) 1806.8 (471)
3rd: 100.1-200 mSv  72.78 (8.0) 1816.2 (503)
4th: Above 200 mSv 72.79 (8.9) 1917.68 (789)
Helper-inducer T Control 43.4 (6.5) 1094.28 (353)
lymphocytes Ist: 0.1-25 mSv 42.67 (7.9)  969.52 (338)
(CD3" CD4") 2nd: 25.1-100 mSv  44.29 (6.9) 1074.9 (299)
3rd: 100.1-200 mSv ~ 43.0 (10.4) 1071.37 (404)
4th: Above 200 mSv 44.45 (9.3) 1168.48 (395
Cytotoxic- Control 2847 (7.1)  720.94 (288)
suppressor T Ist: 0.1-25 mSv 27.11 (8.6) 614.52 (272)
lymphocytes ~ 2nd: 25.1-100 mSv ~ 31.19 (7.6)  756.26 (260)
(CD3" CD8") 3rd: 100.1-200 mSv 28.95 (10.1) 727.95 (350)
4th: Above 200 mSv 27.59 (7.8)  694.41 (452)
CD4%/CD8" Control 1.64 (0.6)
index Ist: 0.1-25 mSv 1.77 (0.8)
2nd: 25.1-100 mSv 1.53 (0.5)
3rd: 100.1-200 mSv 1.69 (0.7)
4th: Above 200 mSv 1.79 (0.8)

Abbreviations: SD, standard deviation; X, mean.

parameters that lack normal distribution. There was no signifi-
cant difference for all parameters as shown in Table 3—between
the control and exposed individuals and between the 4 exposed
groups. The correlation analysis showed no dependence on age,
dose, or length of service for total T cells, helper-inducer T cells,
suppressor cytotoxic T cells, and B lymphocytes.

The variables were compared with nonparametric Kruskal-
Wallis test because of the lack of normal distribution found by
Kolmogorov-Smirnov test. No statistically significant differ-
ence was found between groups for cytotoxic CD8" CD28*
T lymphocytes, but a tendency of decrease in their average was
observed in groups with cumulative doses above 100 mSyv,
confirmed by weak negative correlations with cumulative dose
(r = —0.249 at P = .003). These results are in accordance with
the reports of Liu et al**?! who established similar trend in the
values of cytotoxic T-cell subpopulation (CD8" CD28") with
the increase of cumulative doses.

The observed increase of NKT cells in groups with cumu-
lative doses up to 200 mSv, although insignificant (Table 4),
also was confirmed by the weak correlations with cumulative
dose (r = 0.171 at P = .045). The stimulatory effects of low
radiation doses on the innate immunity probably determined
the observed trend.?***

The tendency of dose-depended decrease of helper-inducer
CD3" CD4" T lymphocytes observed in our previous studies
supported further investigations of their subpopulations.
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Table 4. Variation Analysis of CD8% CD28" T Lymphocytes, NK,
and NKT Cells According to Cumulative Dose.

Table 6. Variation Analysis of Serum Levels of IgG, IgA, and IgM
According to Cumulative Dose.

X (SD), IgG (g/L), IgA (g/L), IgM (g/L),
Parameters Groups X (SD), %  cells/uL Groups X (SD) X (SD) X (SD)
cD8*cD28* Control 148 (4) 375.6 (148) Control 1081 (3.21) 258 (1.23)  1.54 (0.51)
I'st: 0.1-25 mSv 13.4 (4) 3054 (120) Ist: 0.1-25 mSv 1051 (2.04) 277 (091) 126 (0.49)
2nd: 25.1-100 mSv 142 (5) 337.5 (123)  2nd: 25.1-100 mSv 10.58 (2.34)  2.66 (1.18)  1.37 (0.55)
3rd: 100.1-200 mSv ~ 12.8 (3) 314.5 (94) 3rd: 100.1-200 mSv 10.26 (2.19) 2.81 (0.94) 1.36 (0.55)
4th: Above 200 mSv 123 (5) 336.9 (201)  4th: Above 200 mSv  10.72 (1.91)  2.91 (0.97)  1.19 (0.54)
NK (CD3- Control 16.1 (7) 413.1 (234)
CDI 6+CD56+) Ist: 0.1-25 mSv 17.7 (8) 4182 (262) Abbreviations: Ig, immunoglobulins; SD, standard deviation; X, mean.
2nd: 25.1-100 mSv  14.1 (7) 329 (153)
3:: L(t))(‘)).JeZZO(())On::;/V :Zg Eg; 42463§ 8223‘5‘; significance did not show statistical reliability either to control
NKT (CD3* CDIé* Control 6.5(5) 1745 (168) or between exposed groups. Exception was recorded for the
CD56™) Ist: 0.1-25 mSv 9.3(8) 2142 (185) absolute values of central memory CD4* CDRO™ CD62L*
2nd: 25.1-100 mSv 11.0(7) 266.6(173) T lymphocytes between the groups with lowest and highest
3rd: 100.1-200 mSv  10.6 (9) 2764 (273)  cymuylative doses (P = .012). For the same subpopulation, a
4th: Above 200 mSv 8.7 (5) 235.6 (174)

Abbreviations: NK, natural killer; NKT cells, natural killer T cells; SD, standard
deviation; X, mean.

Table 5. Variation Analysis of T Helper Lymphocyte Subpopulations
According to Cumulative Doses.

X (SD),
Parameters Groups X (SD), % cells/pL
Naive Control 24.15 (19.6) 280.2 (264)
CD4* Ist: 0.1-25 mSv 20.00 (17.4) 201.7 (190)
CDRA* 2nd: 25.1-100 mSv  16.58 (7.9) 178.8 (106)
CD62L* T 3rd: 100.1-200 mSv 19.68 (17.1) 213.9 (220)
lymphocytes  4th: above 200 mSv 16.28 (14.2) 177.2 (154)
Terminal Control 5.68 (9.6) 52.7 (84)
effector
CDh4* Ist: 0.1-25 mSv 579 (11.8) 66.1 (142)
CDRA* 2nd: 25.1-100 mSv ~ 3.49 (7.1) 45.7 (105)
CDé62L" T 3rd: 100.1-200 mSv ~ 5.62 (11.99) 49.9 (84)
lymphocytes  4th: Above 200 mSv  1.29 (2.0) 16.17 (19)
Central Control 52.1 (22.6)  631.35 (546)
memory
CD4" Ist: 0.1-25 mSv 53.56 (21.5) 529.96 (344)°
CDRO™ 2nd: 25.1-100 mSv  59.39 (13.8)  631.48 (241)
CD62L* T 3rd: 100.1-200 mSv 49.26 (20.9)  555.37 (329)
lymphocytes  4th: Above 200 mSv 62.38 (14.0) 726.62 (274)*

Abbreviations: SD, standard deviation; X, mean.

?Statistical confidence between the first and fourth group for central memory T
cells (P = .012). There is significant statistical difference between the groups in
boldface. It is described within the text.

Reported differentiation of memory CD45RO" CD4™ cells in
helper 1 and helper 2 lymphocytes based on the expression of
L-selectin receptor (CD62 L)*>%¢ also suggested continuation
of research of CD4" T lymphocytes subpopulations.

The results of variation analysis on T helper lymphocyte
subpopulations are presented in Table 5. Mann-Whitney and
Kruskal-Wallis tests were applied for analysis, as variables
lacked Gauss distribution. The values of the coefficient of

slightly significant positive dependence on age (0.245 at P =
.007) and length of service (0.315 at P = .001) was found for
percentage values and on the dose (0.216 at P = .015) for its
absolute ones, by performing correlation analysis with Spear-
man test. Naive CD4" CDRA' CD62L" T lymphocytes have
shown a relative decrease, although no significant, in groups
with cumulative doses higher than 25 mSv, which could be
explained by the greater radio sensitivity of naive T cells, sub-
jected to apoptosis in a dose-dependent manner.>’* Low pos-
itive correlation of this subpopulation with length of service
(0.272 at P = .003) was found.

Table 6 present concentrations of serum immunoglobulins
IgG, IgA, and IgM expressing the functional activity of
B-lymphocytes. The variation analysis was done by nonpara-
metric Kruskal-Wallis test, for lack of normal distribution of
variables. There was no statistically significant difference for
the 3 tested immunoglobulins within groups. A tendency of an
increased average levels of IgA was observed by the established
low positive correlations with age ( = 0.037 at P = .185) and
length of service (» = 0.236 at P = .008). Contrarily, a trend of
decreasing values of IgM in comparison to the controls was
found, most pronounced in the group with doses above 200 mSv,
confirmed by low but significant negative correlation of IgM
with cumulative dose (r = —0.220 at P = .011).

Table 6 presents the results of variation analysis of
plasma levels of IL-2, IL-4, and IFNy. Cytokines, as the
most important mediators for immune cell communication,
could be up- or downregulated by low-dose radiation. Inter-
leukins IL-2, IL-4, and IFNy are associated with T-cell
growth and differentiation as well as with the distinction
between Thl and Th2 immune response. Inflammatory cyto-
kines, such as IFNvy, IL-2, IL-6, and TNF-o, increased
expression, providing evidence of persistent inflammatory
responses, while IL-4 is an antioxidant, anti-inflammatory
cytokine restoring homeostasis.

Interleukin 2 did not show any significant difference in
control or between groups of exposed persons by Kruskal-
Wallis test. Relatively higher plasma levels of IL-2 were
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Table 7. Frequency Analysis of Interleukins.

IL-2 (Out of IL-4 (Out of IFNy (Out of
Reference Reference Reference
Parameters Values) Values) Values)
Control 11.1% - 15.6%
0-25 mSv 11.1% - 33.3%
25.1-100 mSv 23.33% - 30%
100.1-200 mSv 11.1% - 27.78%
Above 200 mSv 6.82% - 20.6%

Abbreviations: IL, interleukin; IFNv, interferon .

Table 8. Variation Analysis of Plasma Levels of Interleukins According
to Cumulative Dose.

IL-2 (pg/mL), IL-4 (pg/mL), IFNYy (pg/mL),
Groups X (SD) X (SD) X (SD)
Control 0.28 (1.2) 0.26 (0.4) 15.3 (4.9)
Ist: 0.1-25 mSv 0.32 (1.1) 0.18 (0.2) 14.1 (5.9)
2nd: 25.1-100 mSv 1.04 (2.9) 0.33 (0.6) 13.4 (4.7)
3rd: 100.1-200 mSv 0.62 (1.9) 0.07 (0.1)* 14.8 (7.2)
4th: Above 200 mSv 0.69 (1.8) 0.15 (0.2)* 14.1 (5.6)

Abbreviations: IL, interleukin; IFNY, interferon y; SD, standard deviation; X,
mean.
*Statistical confidence between the third and fourth group for IL-4 (P < .05).

observed in all exposed groups compared to control, more
pronounced in the group with cumulative doses 25 to 100
mSv. Frequency analysis confirmed the highest percentage
of persons with elevated values in the same group—23.3%
as their number gradually decreased, reaching the lowest
percentage of persons with deviations in the group with a
dose over 200 mSv (6.82%; Table 7). No significant corre-
lation for IL-2 was found with age, length of service, or
cumulative dose as well as with increased frequency of
chronic diseases.

For the other pro-inflammatory cytokine, IFN-y, crucial
for immunity against intracellular pathogens and for tumor
control, no significant difference, either between groups or
to control, was established (Table 8). This cytokine also
showed lack of dependence on age, dose, length of service,
viral, and chronic diseases. However, the frequency analysis
established the highest percentage (33.3%) above the refer-
ence in the group with cumulative doses 0.1 to 25 mSv, which
gradually decline with increasing the cumulative dose, reach-
ing 20.6% in the group with cumulative dose above 200 mSv
(Table 7). The analysis of the anti-inflammatory cytokine
IL-4 by Kruskal-Wallis test did not show any significant dif-
ference between groups of NPP workers and the control.
However, comparison within exposed groups by Mann-
Whitney test showed a significant difference with cumulative
doses 100 to 200 mSv and above 200 mSv. The obtained
results in all groups were within reference values, and there
was no correlation of IL-4 with age, cumulative dose, and
length of service, or chronic diseases.

Discussion

The present study on the effects of occupational radiation dose
at the immune system did not register any statistical differences
within the main lymphocyte populations and their subpopula-
tions. The results varied widely and only a few of studied
parameters showed weak correlation with cumulative dose,
age, or length of service. Other surveys on such contin-
reported similar results. However, the established
slight deviation of some of studied subpopulations and their
low correlation with cumulative radiation dose and age could
be discussed.

The observed trend of increasing of NKT cells is similar to
the one reported by Kuzmenok et al,!' who found increased
number of NKT cells as late effects in Chernobyl liquidators.
According to Subleski et al,>*>* NKT levels increase with
increasing the total dose as they could rapidly express pro- and
anti-inflammatory cytokines determining the type and the mag-
nitude of the immune response.

Probably, the reduction of cytotoxic CD8" CD28™ T cells
with increasing of cumulative doses established in studied con-
tingent reflected an activation of suppressor regulatory
mechanisms. This presumption was based on studies of Liu
et al*® who supposed that while the low doses upregulate the
expression of CD28 molecule, leading to immune enhance-
ment, higher doses upregulate the CTLA-4 expression and lead
to immunosuppression. In the present research on CD3" CD4*
subpopulations, data for increasing of central memory CD4™
CDRO™ CD62L" T lymphocytes, cells with anti-inflammatory
cytokine production were obtained. This suggested some
impact of low-dose radiation on CD3" CD4" subpopulation
and it could be assumed that they reflect the gradual polariza-
tion of helper 1 to helper 2 balances. The trend of the decreas-
ing naive CD4" CDRA™ CD62L" T lymphocytes with
increasing cumulative dose could be in confirm of Kusunoki
et al'® report for similar variation in memory and naive CD4 ™"
T-cell populations at atomic bombings survivors, interpreted as
an expression of radiation-induced accelerated aging of the
immune system. It could be suggested that the obtained discrete
deviation in some of studied lymphocyte’s populations demon-
strated a gradual tendency of polarization of helper 1 to helper
2 immune response, but the insufficient number of respondents
did not allow us of making a general conclusion.

The results of the plasma immunoglobulins confirmed the
data of our previous studies.'*'* Epidemiology investiga-
tions®*>> of radiology and X-ray department workers estab-
lished reduction of IgM, which was also registered in our
study. Contrarily, Japanese authors,**® who performed a
long-term study of atomic bomb survivors, reported elevated
serum concentration of IgM due to compromised immune sys-
tem. Similar to our results, an increasing of I[gA were found by
Rybkina et al*” in Mayak workers chronically exposed to exter-
nal radiation, which authors explained by switches of immu-
noglobulins biosynthesis to IgA isotype. Klucifiski et al,*® on
other hand, consider that smoking amplified the suppressive
effect of occupational exposure on the production of IgA and
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IgG. It is obvious that no consistent position exists in concern
to the effects of chronic low-dose radiation on the immunoglo-
bulins concentration. Such discrepancies could be due both to
confounding lifestyle/environmental risk factors and to epide-
miological situation during the survey because of the short
half-life of immunoglobulins.

In our survey, we observed higher percentage of persons
with above the normal values of IL-2, in the group with cumu-
lative dose 25 to 100 mSyv, that gradually decline in groups with
increasing cumulative dose. These results were in accordance
with studies of Xu et al* and Zakeri et al*' who also reported
increased secretion of IL-2 at occupational radiation exposure
in the same dose interval, namely in the range of 30.5 (24.3)
mSv. The results for IFNy, other representative of pro-
inflammatory ILs demonstrated similar dynamic—a gradual
reduction in percentage of persons with higher than normal
values with increasing the cumulative dose. While the results
of pro-inflammatory IL-2 and IFNy cytokines showed a slight
trend of decreasing with increasing of cumulative dose, those
for anti-inflammatory cytokine IL-4 were very dispersed, with
no clear dependency to cumulative doses. The established sig-
nificant difference for IL-4 between the group with cumulative
doses of 100 to 200 mSv and cumulative doses higher than 200
mSv raises the question of the cause for obtained results. As
known, production of IL-4 is carried out by several cells: mast
cells and basophils, y/8 T cells, subpopulation of NKT cells,
and naive CD4" T cells, but Th2 cells are particularly the most
important producer of IL-4, required for their own develop-
ment. Although NKT cells could secrete large amounts of IL-
4 immediately after T-cell receptor stimulation, there are
reports* about their important role in the immune balance at
late stage after radiation, when their removal is associated with
enhanced production of IL-4 and IgE. That could be one of the
reasons about the lower average of IL-4 in the group, with
doses from 100 to 200 mSv, where the relative higher number
of NKT cells was obtained. On the other hand, the increase of
IL-4 in group with cumulative dose above 200 mSv could be
explained with the significant increase in the number of central
memory cells, representing characteristic of cells with anti-
inflammatory cytokine production.

Based on the observed insignificant deviations in studied
cytokines levels, more likely trends of decreasing of pro-
inflammatory cytokines IL-2 and IFNy, and the obtained
results for IL-4, we could speculate for gradual switch from
Thl to Th2 immune response at dose interval of 100 to 200
mSv. Such an idea launched Attar et al*' who found higher
lymphocyte-induced IL-4 and IL-10 production and lower IL-2
and IFN-y production in the exposed inhabitants of high back-
ground area of Ramsar. The authors suggested that the immune
system of individuals exposed to high-dose ionizing radiation
has adapted to its environment by shifting from a type 1 to a
type 2 response to promote anti-inflammation. Based on
obtained results for plasma concentration of these proteins,
we could suggest that there is some prevalence of pro-
inflammatory immune response to cumulative dose 200 mSv,

which gradually switch to type 2 at doses above 200 mSv,
confirmed in other studies.

The secretion and activity of cytokines is very individual
depending on many confounding social, genetic, and epige-
netic factors and especially health status of individuals, so that
it is necessary to precise the impact of other factors on radiation
effects.

Finally, we could summarize that the results of the present
study are not able to outline clear conclusions about the impact
of occupational radiation doses on Th1/Th2 immune balance.
We consider that testing such parameters, whose normal values
vary in a relatively wide range and which are too sensitive to
environmental impact, require carrying out a number of studies
to monitor any statistical reliability. The relatively small num-
ber of respondents within each group of our survey does not
allow us to draw definite conclusions. Nevertheless, the
observed even slight trends in some lymphocyte’s populations
(NKT, CD8"28", and CD4" CDRO™ CD62L" T lympho-
cytes) and in cytokines profile give us the reason to assume a
possibility of a gradual polarization of Thl to Th2 immune
response at dose range of 100 to 200 mSv. The evidence pre-
sented in this study indicates a need to conduct more detailed
epidemiological studies that are capable of addressing potential
confounding and misclassifying factors and possible selection
bias that could influence the results.
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