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Abstract This study aimed to assess effects of chronic

occupational exposure on immune status in Mayak workers

chronically exposed to ionizing radiation (IR). The study

cohort consists of 77 workers occupationally exposed to

external gamma-rays at total dose from 0.5 to 3.0 Gy (14

individuals) and workers with combined exposure (external

gamma-rays at total dose range 0.7–5.1 Gy and internal

alpha-radiation from incorporated plutonium with a body

burden of 0.3–16.4 kBq). The control group consists of 43

age- and sex-matched individuals who never were exposed

to IR, never involved in any cleanup operations following

radiation accidents and never resided at contaminated

areas. Enzyme-linked immunoassay and flow cytometry

were used to determine the relative concentration of lym-

phocytes and proteins. The concentrations of T-lympho-

cytes, interleukin-8 and immunoglobulins G were

decreased in external gamma-exposed workers relative to

control. Relative concentrations of NKT-lymphocytes,

concentrations of transforming growth factor-b, interferon

gamma, immunoglobulins A, immunoglobulins M and

matrix proteinase-9 were higher in this group as compared

with control. Relative concentrations of T-lymphocytes and

concentration of interleukin-8 were decreased, while both

the relative and absolute concentration of natural killers,

concentration of immunoglobulins A and M and matrix

proteinase-9 were increased in workers with combined

exposure as compared to control. An inverse linear relation

was revealed between absolute concentration of T-lym-

phocytes, relative and absolute concentration of T-helpers

cells, concentration of interferon gamma and total absorbed

dose from external gamma-rays in exposed workers. For

workers with incorporated plutonium, there was an inverse

linear relation of absolute concentration of T-helpers as

well as direct linear relation of relative concentration of

NKT-lymphocytes to total absorbed red bone marrow dose

from internal alpha-radiation. In all, chronic occupational

IR exposure of workers induced a depletion of immune

cells in peripheral blood of the individuals involved.
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Lymphocytes � Immunoglobulins � Cytokines

Introduction

Being one of the most radiosensitive human organ systems,

the immune system plays a critical role in the pathogenic

mechanisms of late effects induced by exposure to ionizing

radiation (IR). Thus, close attention is paid to studies on

IR-induced damages.

A large number of studies in this area are devoted to

acute radiation effects on animals (Courtade 2001; Liu

et al. 2003); acute exposure in Hiroshima and Nagasaki

populations (Akiyama 1995; Kusunoki et al. 1998, 1999,

2010; Hayashi et al. 2003, 2005; Neriishi et al. 2001);

chronic combined exposure (Akleyev 2007, 2012; Ov-

charova 2006; Tahauov et al. 2003, 2005; Voronova 2007;
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Kirillova et al. 2012); and effects of chronic external

gamma-rays on human immune status (Rees et al. 2004).

However, effects of low and moderate doses from

external gamma-rays in the delayed period after exposure

are rarely studied. In addition, not all of parameters of

immune and cytokine status were studied in workers with

combined exposure, so it calls for further research.

It was shown that in terms of acute and chronic exposure

apoptosis of immunocompetent progenitor cells, cytokine

balance shift to proinflammatory profile, mutations in

T-cell receptor (TCR), bystander effect, genome instability,

acceleration of immunosenescence, modification of antigen

presentation, autoimmune disorders and immune homeo-

stasis disorders may be possible mechanisms of immune

disorders (UNCEAR 2006).

Radiation-induced apoptosis, a key mechanism of radi-

ation damages, is well studied in lymphocytes. At least two

ways of radiation-induced apoptosis are known, the one is

mediated by mitochondrial factors and is p53 dependant,

the other is mediated by cell surface receptors Fas/CD95

(Shankar and Sainis 2005; Kolesnik and Fux 2003).

Gene mutations of TCR are dose-dependant mechanism

leading to formation of defective TCRs and to self–nonself

discrimination (Kyoizumi et al. 1992; Umeki et al. 1997).

There are a lot of conflicting data on cytokines secreted

into the blood due to radiation exposure, but most likely,

their balance is shifted to the proinflammatory profile

(Nikolic et al. 2000; Schaue et al. 2012). Inflammation is

supposed to be one of the mechanisms of delayed effects of

exposure, such as pneumofibrosis, cancer and cardiovas-

cular pathologies (Westermann et al. 1999; Kusunoki et al.

2004; Nakachi et al. 2004).

Such delayed effects as genome instability and bystan-

der effect were revealed after radiation exposure to cells of

the immune system (Duhrsen and Metcalf 1990; Green-

berger et al. 1996).

Some studies shown that after radiation exposure cells

of the immune system have abnormalities similar to those

observed during physiological aging (Kusunoki et al.

1998). Changes in antigen presentation, probably, indicate

to immunosenescence due to ionizing radiation (Liao et al.

2004).

Ionizing radiation may induce failure of self-tolerance

and autoimmune disorders (Oldstone 1998).

Experimental and epidemiological data show that radi-

ation affects homeostasis of T cells, i.e., decreases the

ability of the immune system to produce new naı̈ve T cells

and reduces the repertoire of TCRs memory T cells. This

may lead to low immunity against new pathogens and to

decreased ability to control recurrent and latent infections

(Yamaoka et al. 2004; Kusunoki et al. 2003).

Chronic exposure is characterized by prolonged ionizing

radiation when effects as cell structure damages and

adaptive processes run in parallel (Akleyev 2012). Exper-

imental studies of chronic exposure in mice revealed

immunosuppression expressed in the reduced pool of plu-

ripotent lymphocytes precursors, stable moderate hypo-

plasia of central and peripheral organs of the immune

system, inhibition of antibody synthesis occurring long

after the end of irradiation (Kirillova et al. 1988). However,

elsewhere (Ishioka et al. 1997; Pandey et al. 2005), on the

contrary, there is evidence of immune reactions activation

in mice exposed to low-dose rate of chronic or fractionated

exposure.

This study aimed to assess immune status among indi-

viduals with chronic occupational exposure.

Materials and methods

The study was conducted in the Mayak Production Asso-

ciation (PA) workers cohort (Azizova et al. 2008). We

included 91 workers in the study cohort who were first

employed at one of the main facilities (reactors, radio-

chemical, plutonium production) in 1948–1972 as well as

43 individuals never employed at the Mayak PA (Table 1)

followed up to 31.12.2008. Three groups of workers were

formed to assess the immune status: (1) workers exposed to

external gamma-rays at total dose 0.5–3.0 Gy (14 indi-

viduals); (2) workers with combined exposure (external

gamma-rays of a total dose range 0.7–5.1 Gy) and internal

alpha-radiation from incorporated plutonium with a body

burden of 0.3–16.4 kBq (77 individuals); (3) the joint

group of Mayak workers consisted of all individuals of the

two groups mentioned above.

The control group (43 individuals) included individuals

matched by age and sex, but never exposed occupationally,

never involved in any cleanup operations following radia-

tion accidents and never resided at contaminated areas.

Characteristics of the study groups are given in Table 1.

The study was based on individual annual dose esti-

mates using Mayak Workers Dosimetry System 2008

(MWDS-2008) developed in framework of Russian-

American collaboration (Khohryakov et al. 2013). Indi-

vidual annual doses from external gamma-rays were

available for all Mayak workers. Plutonium body burden

was measured only in 30 % of cohort members (Azizova

et al. 2008); so, only those workers with measured

plutonium body burden were involved in the study.

Figure 1 demonstrates the distribution of Mayak workers

in relation to the doses from external and internal

exposure.

Of note, individuals with malignant neoplasms, acute

inflammatory processes and exacerbation of chronic dis-

eases registered at medical observation were excluded from

the study.
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The project was endorsed by the SUBI Supervisory

Board. All study participants signed the Informed Consent

to Voluntary Participation in the Study and the Informed

Consent to the Personal Data Treatment.

The study employed two methods: enzyme-linked

immunoassay (ELISA) and flow cytometry (FCM). ELISA

was used to analyze protein levels in peripheral blood

serum including the cytokines: transforming growth factor

Table 1 Characteristics of the study groups

Characteristics of the study groups Mayak

workers

Mayak workers with

external gamma-rays

Mayak workers

with combined

exposure

Controls

Mean age of workers at the moment of biosampling, years

(mean ± SE, median, range)

79.1 ± 0.55

79

(66–91)

78.2 ± 1.24

77.5

(69–85)

79.3 ± 0.60

79

(66–91)

77.4 ± 0.88

77

(63–92)

Mean age at exposure onset, years (mean ± SE, median, range) 21.4 ± 0. 36

21

(16–30)

22.4 ± 1.08

22

(16–30)

21.2 ± 0.38

20

(16–30)

Mean duration of gamma-exposure, years (mean ± SE, median, range) 33.1 ± 1.41

36.0

(4–54)

38.6 ± 1.86

38.5

(24–51)

31.9 ± 1.61

34.5

(4–54)

Total absorbed dose from external gamma-rays, Gy

(mean ± SE, median, range)

1.76 ± 0.07

1.71

(0.47–5.09)

1.52 ± 0.21

1.77

(0.47–2.92)

1.82 ± 0.08

1.81

(0.73–5.09)

Total absorbed red bone marrow (RBM) dose from internal alpha-

radiation from incorporated 239Pu, Gy (mean ± SE, median, range)

0.10 ± 0.01

0.07

(0.01–1.01)

0.10 ± 0.01

0.07

(0.01–1.01)
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Fig. 1 Absorbed doses of Mayak workers. Note: a Distribution of all

examined Mayak workers in relation to external gamma-ray dose.

b Distribution of Mayak workers with external gamma-exposure in

relation external gamma-ray dose. c Distribution of Mayak workers

with combined exposure in relation to external gamma-ray dose;

d Distribution of Mayak workers with combined exposure in relation

to RBM dose from internal alpha-radiation due to incorporated

plutonium
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beta-1 (TGFb1), tumor necrosis factor (TNFa), interferon

gamma (IFNc), interleukin-1 beta (IL-1b), interleukin-8

(IL-8), interleukin-10 (IL-10), immunoglobulins (IgM,

IgG, IgA and IgE), transcription and apoptosis regulator

p53, heat-shock protein-70 (Hsp70) and matrix metallo-

proteinase-9 (MMP-9).

Expression of lymphocyte membrane proteins (differ-

entiation clusters) was determined by FCM according to

relative and absolute concentrations of T-lymphocytes

(CD3?CD19-), T-helpers (CD3?CD4?), cytoxic

T-lymphocytes (CD3? CD8?), B-lymphocytes (CD3-

CD19?), natural killer (NK) cells (CD3-CD16?CD56?),

natural killer T (NKT) cells (CD3?CD16?CD56?).

To perform ELISA, blood was drawn using 5-ml tubes

(Sarstedt, Germany). Blood serum was extracted by cen-

trifugation, portioned in 0.5-ml cryotubes (Sarstedt, Ger-

many) and stored at -80 �C before use. To study protein

levels in serum, we used sandwich ELISA according to the

manufacturer’s instructions of test systems, such as Bender

Medsystems (Austria), Biosourse (USA), Seramun (Ger-

many), Monobind (USA) and BD Biosciences (USA).

Results were interpreted using microplate photometer for

ELISA Stat Fax 2100 (Awareness Technology, Inc, USA).

For flow cytometry (FCM) analysis, blood was drawn

from all study participants into 5-ml tubes with lithium

heparin (Sarstedt, Germany). Lymphocytes differentiation

clusters were examined by flow cytometer Fc500 (Beck-

man Coulter, USA) and an automatic Q-PREP workstation

(Beckman Coulter, USA).

The FCM analysis was based on direct immune-fluo-

rescence in whole peripheral blood and washless technique

(Beckman Coulter, USA).

Statistical analysis of results was based on Spearman’s

rank correlation coefficient and linear regression. Statistical

significance of regression parameters was estimated using

Student’s t test, and significance of regression was esti-

mated by Fisher’s F test. Analysis of the distribution pat-

tern of investigated parameters showed that values do not

obey normal distribution. Null hypothesis was analyzed by

nonparametric Mann–Whitney test. A p value of\0.05 was

assumed to be statistically significant.

Results

Results of comparison of study parameters between Mayak

workers with chronic exposure and controls are given in

the ‘‘Appendix.’’

Statistically significant differences between parameters

within the study groups are presented in Figs. 2 and 4.

Relative concentrations of T-lymphocytes were decreased

in exposed Mayak workers of all study groups as compared

with controls (p \ 0.05) (Fig. 2a).

Absolute concentrations of T-lymphocytes were not

significant different in workers with chronic exposure as

compared to control (‘‘Appendix’’). However, this param-

eter significantly decreased with increasing total absorbed

dose from external gamma-rays (Table 2).

Relative concentrations of T-helpers were not signifi-

cant different between workers with only chronic

gamma-exposure and the control group (‘‘Appendix’’),

and this parameter was found to be related to total

absorbed dose from external gamma-rays. The relation

between dose and T-helper counts was linear and

inverse, both in workers with only gamma-exposure

(r = -0.66, p = 0.01; Fig. 3) and in all workers with

chronic exposure (Table 2). In addition, absolute con-

centrations of T-helpers in all groups of Mayak workers

showed no significant differences as compared to con-

trols (‘‘Appendix’’). However, the concentrations

decreased (p \ 0.05) with increasing either total absor-

bed dose from external gamma-rays or total absorbed red

bone marrow (RBM) dose from internal alpha-radiation

(Table 2). Relative concentration of NKT-lymphocytes in

workers with external exposure significantly increased as

compared with controls (Fig. 2b; ‘‘Appendix’’). Relative

concentration of NKT-lymphocytes increased with

increasing total absorbed RBM dose from internal alpha-

radiation (Table 2).

Relative and absolute concentrations of natural killer

cells were increased relative to control (p \ 0.05) in Ma-

yak workers with chronic exposure as well as in workers

with combined exposures (Fig. 2c, d).

For B-lymphocytes and T-cytotoxic lymphocytes, the

relative and absolute concentrations were not different

between controls and Mayak workers, irrespective whether

the latter had been exposed to external gamma-rays nor

internal alpha-radiation (‘‘Appendix’’).

For the cytokines, the concentration of TGFb was

increased (p \ 0.05) in all Mayak workers as well as in

workers with external gamma-exposure as compared

with controls (Fig. 4a). There was a significant

decrease of IL-8 concentration (p \ 0.05) in all groups

of Mayak workers as compared with controls (Fig. 4b).

For IFNc, there was an increase in workers with

external gamma-exposure (p \ 0.05; Fig. 4c) relative to

control, while there was an inversely correlated

decrease (p \ 0.05) with the total absorbed dose from

external gamma-exposure (Table 2). Concentrations of

immunoglobulins A and M and MMP-9 were increased

in all groups of Mayak workers as compared with

control (Fig. 4d–f).

Concentrations of IL-1b, IL-6, IL-10, TNFa, VEGF,

IgE, p53 and Hsp 70 in blood serum were similar in

workers with occupational exposure and controls

(‘‘Appendix’’).
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Discussion

Lymphocytes are one of the most radiosensitive cells

(Anderson and Warner 1976; Hendry 1988; Eidus et al.

1990), while their radiosensitivity varies between different

subsets (Kwan and Norman 1977). This study showed that

absolute concentrations of T-lymphocytes in a cohort of

previously occupationally exposed Mayak workers

decreased with increasing total absorbed dose from exter-

nal gamma-rays, even years after the initial exposures.

Absolute concentrations of T-helpers decreased with

increasing dose both from external and internal exposure of

the workers. The results obtained in this study are in

accordance with data from the analogous study in workers

of reactors and plutonium production facilities of Seversk

Chemical Combine (nuclear enterprise similar to Mayak

PA; Tahauov et al. 2003, 2005; Voronova 2007), as well as

in Hiroshima and Nagasaki A-bomb survivors (Akiyama

1995). The dose-dependant decrease in concentration of

T-lymphocytes and T-helpers, especially years after

external gamma-exposure, has not been explained yet. In

workers with combined exposures, lymphocytes and their

stem cells are still continuously exposed to internal alpha-

radiation after nuclide incorporation and, probably, ongo-

ing cell death depletes their numbers. For external gamma-

rays, the chronic exposure stopped several decades ago still
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Fig. 2 Concentration of different lymphocyte subsets in workers with chronic exposure. Note: a Relative concentration of T-lymphocytes,

b relative concentration of NKT-lymphocytes, c relative concentration of NK-cells, d absolute concentration of NK-cells

Table 2 Parameters of regression equations

Parameter N r p a b

Linear relations of study parameters to total absorbed dose from external gamma-rays (Gy)

T-lymphocytes (absolute concentration, 106 cell/l) 91 -0.26 0.049 1,920.40 ± 77.63 246.16 ± 97.15

T-helpers (relative concentration, %) 91 -0.22 0.04 46.81 ± 2.63 3.07 ± 1.44

T-helpers (absolute concentration, 106 cell/l) 91 -0.29 0.0056 1,095.61 ± 88.76 138.01 ± 48.55

IFN (pg/ml) 91 -0.28 0.007 2.19 ± 0.48 0.73 ± 0.26

Linear relations of study parameters to total absorbed RBM dose from internal alpha-radiation (Gy)

T-helpers (absolute concentration, 106 cell/l) 77 -0.27 0.02 991.55 ± 58.96 1,333.70 ± 562.88

NKT-lymphocytes (relative concentration, %) 77 0.27 0.02 1.95 ± 0.73 16.80 ± 6.97

N number of examined individuals, r correlation rate, p significance level of regression equation, a intercept of regression equation, b slope

coefficient
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leaving an imprint on the lymphocyte subtype composition.

It can be assumed that the depletion of T-lymphocyte

precursor cells in Mayak workers during their early

adulthood (C21a).

Recovery of a depleted T-lymphocyte pool from stem

cells among exposed individuals could not fully occur as

their thymus already functioned poorly due to its age-

related involution. It has been known that T-lymphocytes

mature in thymus which starts degrading soon after birth

(Kusunoki et al. 1998). Decreased numbers of CD4?

lymphocytes were also observed among Hiroshima and

Nagasaki A-bomb survivors 42–46 years after acute

exposure (Kusunoki et al. 1998, 1999), in residents of

Techa riverside villages 53–56 years after exposure onset

(Ovcharova 2006; Akleyev 2007); relation of CD4? lym-

phocytes to dose was revealed both in this study and the

Japanese one (Kusunoki et al. 1998) and in gamma radia-

tion-exposed individuals of the Lilo accident (Scherthan

et al. 2007). Relative and absolute concentration of CD8?

subset of T-lymphocytes was altered neither in this study

nor in Japanese cohort (Kusunoki et al. 1998). No altera-

tions in concentration of B-lymphocytes were found in

Hiroshima and Nagasaki A-bomb survivors; this study

revealed increased concentration of immunoglobulins A

and M consistent with the Japanese data (Akiyama 1995).

Increased relative concentrations of NKT cells were

found in workers with external gamma-exposure. However,

no difference between workers with combined exposure

and control was found, but there was a significant increase

with increasing total RBM dose from internal alpha-radi-

ation, which is in agreement with the studies on individuals

with combined exposure (Kirillova et al. 2012).

Increase in concentrations of cytokines and immuno-

globulins in the delayed period after occupational chronic

radiation exposure remains unexplained. Proinflammatory

cytokines can be activated soon after tissue exposure.

Ionizing radiation produces free reactive oxygen and

nitrogen species, which may activate and stimulate the

production of proinflammatory cytokines that themselves

generate reactive oxygen species. As a result, this chain of

interactions sustains tissue inflammation, able to persist for

a long time (Schaue et al. 2012). Japanese studies on

immune and cytokine status in Hiroshima and Nagasaki

A-bomb survivors revealed that increased expression of

proinflammatory cytokines in the delayed period after

exposure was associated with a decreased concentration of

Tn subsets of T-lymphocytes in blood (Kusunoki et al.

2010). Another explanation is that an immune system

affected by radiation is less able to control microbial

infections, which in turn can cause chronic inflammation

and non-cancer diseases that are fostered due to unregu-

lated and permanent inflammation. Radiation-induced

genome instability or bystander effect is also assumed to

initiate inflammatory response, which can last for years

(Hayashi et al. 2003, 2005, 2012; Lorimore et al. 2003;

Neriishi et al. 2001). In this study, the increased concen-

trations of proinflammatory cytokines IFNc and immuno-

globulins M and A in exposed workers indicated

enhancement of inflammatory response, both in terms of

external and combined exposure, while there also was a

decrease in the concentration of proinflammatory inter-

leukin-8 and increase in concentration of cytokine TGFb in

the worker’s blood serum.

\ This study also shows that the concentration of inter-

feron gamma increased in exposed workers due to radiation

exposure, which is consistent with studies in A-bomb

survivors (Hayashi et al. 2003).

The concentration of TGFb increases after radiation

therapy and its increase can persist (Dancea et al. 2009),

which is consistent with the results from the current study.

It has been known that different subsets of lymphocytes

together with cytokines may play critical role in patho-

genesis of many diseases. In particular, higher incidence of

myocardial infarction was revealed in Hiroshima and

Nagasaki A-bomb survivors with decreased concentration

of CD4? lymphocytes as compared with those with

increased CD4? concentration (Kusunoki et al. 1999).
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external gamma-rays in Gy
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TGFb effects on the immune system are predominantly

of inhibitory nature. At the same time, it is important for

humoral response as it switches immunoglobulins biosyn-

thesis to IgA-isotype, which, probably, explains increased

IgA synthesis in exposed individuals. Some cytokines, such

as TGFb1 and IL-1 beta, can stimulate radiation-induced

proliferation of endothelium, fibroblasts, collagen deposi-

tion and fibrosis leading to increase in arteriosclerosis area

(Basavaraju and Easterly 2002; Border and Noble 1994;

Grainger 2007).

In terms of external gamma-exposure in Mayak workers,

absolute and relative concentrations of NKT cells were

increased in those with external gamma-rays only, while

there was no significant difference between workers with

combined exposure and control. However, NKT concen-

trations increased with increasing total RBM dose from
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internal alpha-radiation. NKT cells are heterogeneous

subset of specific autoreactive T cells with innate and

adaptive immune features allowing combination of innate

and adaptive immunity to prevent from autoimmune and

malignant diseases. NKT cells can rapidly express pro- and

anti-inflammatory cytokines determining the type and the

magnitude of the immune response (Subleski et al. 2006;

Klucinski et al. 2011).

Within the immune system, cytoxic T-lymphocytes and

T-helper type 1 cells together with their interferon gamma

act as antitumor effectors. Interferon gamma is produced

by T cells and natural killers in response to allogenic

antigens or mitogens, as well as other factors including

radiation exposure. In addition to decreased concentration

of T-lymphocytes and T-helpers, this study revealed

increased interferon gamma synthesis probably due to

increased concentration of natural killers, which may also

be due to interferon effects. Hence, in spite of the reduction

of T-lymphocytes and T-helpers concentrations, this effect

on the antitumor defense can be compensated to some

extent by an increased concentration of natural killers and

interferon. While TGFb plays an ambiguous role in tumor

development and survival, an increased concentration of

TGFb revealed in the current study may have the potential

to promote fibrosis (Biswas et al. 2007; Border and Noble

1994).

The matrix metalloproteinase MMP-9 can degrade

extracellular matrix proteins and plays a role in tumor

invasion (e.g., Merdad et al. 2014). MMP-9 degrades

denatured collagen and collagen type 4, a major compo-

nent of basal membrane. This function facilitates lym-

phocytes and other leukocytes entering and exiting the

blood and lymphatic channels as well as their contribution

to inflammatory process. In most cell types, transcription

of MMP-9 gene is induced by cytokines such as IFNc the

concentration of which was increased in Mayak workers;

thus, MMP-9 increased transcription reveled in this study

may relate to increased inflammatory processes in the

RBM of the exposed individuals. In addition, TGFb
suppresses the function of metalloproteinase inhibitors,

which also may lead to increased concentration of MMP-9

in blood serum. Metalloproteinases play a role in patho-

logical inflammatory processes including arthritis, car-

diovascular diseases, pulmonary diseases and cancer (Ram

et al. 2006).

Conclusions

Our current study of serum protein expression and cell

composition of the peripheral blood of aged and previously

chronically radiation-exposed Mayak workers showed that

the main alterations were related to T-components of the

immune system and associated with dose-dependent

decrease of the concentrations of T-lymphocytes and

T-helpers as well as increased tumor-supporting protein

concentrations (IgM, IgA and MMP-9).

An inverse linear relationship of absolute concentration

of T-lymphocytes, relative and absolute concentrations of

T-helpers, concentration of interferon gamma to total

absorbed dose from external gamma-rays were revealed in

exposed individuals. Inverse linear relation of absolute

concentration of T-helpers and direct linear relation of

relative concentration of NKT-lymphocytes to total

absorbed RBM dose from internal alpha-radiation due to

incorporated plutonium were established.

It should be noted that relations established in this study

between immune system components and total absorbed

doses from external gamma-rays and internal alpha-radia-

tion due to incorporated plutonium were small but statis-

tically significant; group changes in these components did

not exceed control ones.

Alterations in T and B components of immune system in

cytokine status revealed in this study may sustain chronic

inflammation and partially contribute to cardiovascular,

malignant and other diseases (Kusunoki et al. 2010;

Packard et al. 2009; Zamarron and Chen 2011). The study

on changes in expression of the immune system proteins

allows a better understanding of the mechanisms of late

radiation effects. In the future, we plan to refine the data

obtained by increasing the statistical power of the study.
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