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Abstract 

Epidemiological and experimental data indicate that low-level exposures to low-LET ionizing radiation may trigger the activity of natural anti-tumor immune mechanisms and inhibit tumor growth. Natural killer (NK) cells and activated macrophages play important roles in the anti-neoplastic defense of the host. In view of this, the aim of the present study was to assess the innate anti-tumor and inflammatory reactions in the less (BALB/c) and the more (C57BL/6) radio-resistant strains of mice exposed to low- and higher-level irradiations with X-rays.

Peritoneal macrophages (Mφ) and NK cell-enriched splenocytes (NK cells) were collected from the animals exposed to single (BALB/c mice) or fractionated (BALB/c and C57BL/6 mice) X-rays so that the total absorbed doses amounted to 0.1, 0.2, or 1.0 Gy. On the selected days after completion of the exposures the following parameters were assayed: a) cytotoxic activities of NK cells and Mφ, b) production of nitric oxide (NO) by Mφ, c) synthesis of cytokines in NK cells and Mφ. In addition, two hours after completion of the irradiations BALB/c or C57BL/6 mice were intravenously injected with L1 and LLC cells, respectively, and 14 days later the developed tumor colonies were counted on the surface of the lungs.

Single and fractionated exposures to total doses 0.1 or 0.2 Gy as well as the fractionated exposure of BALB/c mice to 1.0 Gy X-rays significantly stimulated the Mφ- and NK cell-mediated cytotoxicity which, in the case of the former animals, was associated with the elevated production of NO. Both single and fractionated irradiations of the mice with 0.1, 0.2, or 1.0 Gy X-rays stimulated secretion of IFN-γ and IL-2 by NK cells, and IL-1β, IL-12, TNF-α by Mφ. Both single and fractionated irradiations of BALB/c mice with 0.1 or 0.2 Gy X-rays led to reductions in the number of the pulmonary tumor colonies. Moreover, NK cells and Mφ collected from the BALB/c or C57BL/6 mice irradiated with fractionated X-rays demonstrated comparable up-regulation of the cytotoxic function of these cells associated, in the latter case, with the significantly stimulated production of NO. Finally, in both strains the repeated irradiations with X-rays significantly reduced the number of the induced tumor colonies in the lungs.

The obtained data indicate that: a) suppression of the development of the pulmonary tumor colonies by single or fractionated irradiations of mice with the two low doses of X-rays may result from stimulation of natural defense reactions mediated by NK lymphocytes and/or cytotoxic macrophages, and b) ten irradiations with low-level X-rays comparably stimulate the anti-tumor reactions in BALB/c and C57BL/6 mice.

1.0 Introduction

As we have been led to believe and according to the doctrine underlying the current radiation protection regulations each, no matter how small, absorption of  ionizing radiation may result in the increased incidence of cancer in the exposed population. On the other hand, a number of recent epidemiological studies indicate that both chronic and acute low-level exposures of humans to ionizing radiation: a) are not associated with the increased cancer incidence and mortality among inhabitants of the high-background radiation areas in China, India, Iran [1, 2, 3]; b) correlate with the lower incidence of leukemias and some solid tumors in nuclear industry and radiology workers in the USA, Canada, and Great Britain as well as in the Hiroshima and Nagasaki nuclear bomb survivors irradiated with ≤ 0.25 Gy [2, 4, 5, 6, 7, 8, 9, 10]; c) correlate with decreased lung cancer morbidity of fluoroscopic patients and residents of homes with the elevated indoor radon level [11, 12, 13, 14, 15]. 
Moreover, results of the emerging animal studies demonstrate that whole-body exposures to low doses of X- or (-rays coincide with prolonged life-span, decreased tumor progression in animals exposed before inoculation of tumor cells and inhibition of the development of metastases induced by the intravenous (i.v.) or subcutaneous (s.c.) injections of neoplastic cells [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38]. It has been suggested that these effects may be causatively related to stimulation of the immune system and not to the direct killing of neoplastic cells [21, 39]. 

An essential component of the defense system of the organism against cancer is the activity of natural cellular effectors of the non-specific anti-tumor surveillance system such as natural killer (NK) lymphocytes and cytotoxic macrophages (Mφ). The mechanism of the activity of these effectors consists in non-specific recognition and destruction of tumor cells by the synthesized and secreted cytocidal factors and cytokines. Indeed, NK cells produce perforins, granzymes, IFN-γ, and/or express a ligand for the Fas receptor, whereas primary cytotoxic products of Mφ include reactive oxygen and nitrogen species, IL-1β, TNF-α, IL-12, and various proteases [40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. 
Based on their post-irradiation survival rate and incidence of radiogenic neoplasms BALB/c mice are regarded as radiosensitive [53]. Indeed, some authors [54] demonstrated that primary mammary epithelial cells collected from BALB/c mice and exposed in vitro to 3.0 Gy of 137Cs γ-rays at 0.74 Gy/min. dose rate exhibited a marked increase in the frequency of radiation-induced genomic instability. Also, mammary epithelium of BALB/c mice appears to be inherently sensitive to the transforming effect of ionizing radiation, as measured by the induction of the ductal dysplasia [55]. Moreover, cells from these radiosensitive, cancer-prone mice showed inefficient non-homologous end joining of the γ-ray-induced double-strand breaks as compared with cells from other commonly used strains of mice [56]. In terms of immune responses BALB/c mice tend to display typical Th2 responses: their T lymphocytes produce macrophage-suppressive interleukins such as IL-4, IL-5, and IL-10. Moreover, Mills et al. [57] proposed to divide macrophages into M1 and M2 subtypes, which predominately express the nitric oxide synthase (iNOS) or arginase pathways of the arginine metabolism, respectively. These investigators also indicated that BALB/c mice express the anti-inflammatory Th2/M2 phenotypes. In turn, C57BL/6 mice are regarded as relatively radioresistant [53]. Indeed, it was demonstrated [54] that primary mammary epithelial cells collected from C57BL/6 mice and exposed in vitro to 3.0 Gy of 137Cs γ-rays at 0.74 Gy/min. dose rate, as compared to BALB/c strain showed no increase in the frequency of radiation-induced genomic instability; also, the frequency of the radiation-induced chromatid-type aberrations after rapid clearance of initial aberrations remained in these animals at or close to the level detected in non-irradiated controls. Furthermore, mammary epithelium of C57BL/6 mice appears to be inherently less sensitive to the transforming effect of ionizing radiation (as measured by the induction of the ductal dysplasia) than the same tissue in BALB/c mice [55]. Finally, compared to the latter strain, cells from C57BL/6 mice showed more efficient non-homologous end joining of the γ-ray-induced double-strand breaks (DSBs) [56]. In terms of immune responses C57BL/6 mice are regarded as a prototypical Th1 strain, i.e., T lymphocytes from these animals produce IFN-γ, which activates macrophages to produce NO. Moreover, Mills et al. [57] indicated that macrophages from C57BL/6 mice typically express the pro-inflammatory M1 phenotype whereas those from BALB/c mice are mostly of the anti-inflammatory M2 phenotype. However, it was also indicated that the M1 and M2 macrophage characteristics represent extremes of a phenotypic continuum not directly related to the clonally separable Th1 and Th2 lymphocytes [57, 58]
In view of the above, we have conducted investigations on anti-tumor activity of a low-dose, low-LET radiation. Specifically, we have evaluated the effects of low-level exposures of BALB/c and C57BL/6 mice to X-rays on the development of induced tumor colonies and the activities of cells involved in the innate anti-tumor surveillance.

2.0 Materials and Methods

2.1 Animals and irradiation

Male, 6–8 week-old, BALB/c or C57BL/6 mice were obtained from the Nofer Institute of Occupational Health (Lodz, Poland) or the Institute of Biochemistry and Biophysics (Warsaw, Poland), respectively. Whole bodies of the animals (whole-body-irradiation, WBI) were exposed: a) to single irradiation from the HS320 Pantak X-ray generator (230 kV, 20 mA) supplied with the Al and Cu filters, at 2.2 Gy/h dose rate to obtain the absorbed doses of 0.1 or 0.2 Gy per mouse; b) daily for 10 days (5 days per week for 2 weeks) to the WBI from the ANDREX X-ray generator (150 kV, 3 mA; Holger Andreasen, Denmark) at 2.16 Gy/h dose rate so that the absorbed doses per mouse per day were 0.01, 0.02 or 0.1 Gy and the total absorbed doses per mouse equaled to 0.1, 0.2 or 1.0 Gy X-rays, respectively.

Control mice were sham-exposed (generator at the off-mode) in identical conditions. The absorbed doses were verified using thermoluminescent dosimeters implanted s.c. in the middle abdominal region. All the mice were maintained under specific pathogen-free conditions. The investigations were carried out by permission of the Local Ethical Committee for Experimentation on Animals at the National Institute of Public Health in Warsaw.

2.2 Tumor cells

L1 sarcoma or Lewis Lung Carcinoma (LLC) cells were used for the induction of pulmonary tumor nodules. The L1 cells developed spontaneously in the lung of a BALB/c mouse and have since been maintained by serial s.c. passages in that strain [59]. YAC-1 lymphoma and P815 mastocytoma cells were used as targets in the NK cell- and macrophage-mediated cytotoxicity assays, respectively. The cells were maintained in the RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine (CM) at  standard conditions of 37ºC and  5% CO2 (SC). 

2.3 The lung tumor colony assay

To obtain the L1 or LLC cells for the assays, 14 days after the s.c. transplantation of 106 L1 or LLC cells to three BALB/c or C57BL/6 mice, respectively, the developed tumors were removed, minced, and incubated for 30 min. at room temperature (RT) in 0.25% trypsin-EDTA (Gibco, Warsaw, Poland) and standard DNase I enzyme solution (Sigma). After that the cells were washed and resuspended in CM. For the assay, 2 h after cessation of the irradiations 2.5x105 L1 or LLC cells per mouse were i.v. injected (24 mice were used per group). Fourteen days later the animals were killed and total numbers of macroscopic colonies were counted on the surface of the dissected lungs [19]. 

2.4 Preparation of the NK cell-enriched splenocytes

On the selected days after the irradiation, mice were killed, single cell-suspensions obtained from the spleens were resuspended in CM and incubated on glass Petri dishes for 40 min. in SC; in each case the cells were collected and pooled from at least five mice. Non-adherent cells were then collected and erythrocytes present in the suspension were lysed. After washing and resuspending in CM the cells were passed through a nylon wool column and the wool-nonadherent cells were recovered as the NK cell enriched splenocytes (NK cells - a suspension containing approx. 12% of  NK lymphocytes, as estimated by the anti-mouse Pan-NK Cells DX5 antibody labeling; Becton Dickinson [BD], Warsaw, Poland) [19].

2.5 Preparation of peritoneal macrophages

Two days before the collection of peritoneal macrophages mice were intraperitoneally (i.p.) injected with 1 ml of 10% Sephadex G-25 (Pharmacia, Uppsala, Sweden) and peritoneal exudate cells were collected on the selected days after cessation of the irradiations (in each case the cells were collected and pooled from at least five mice), resuspended in CM, and incubated on glass Petri dishes for 2 h in SC. The glass-adherent cells containing approx. 80% cells with morphological features of a typical macrophage were then harvested and resuspended in CM [33].

2.6 NK cell-mediated cytotoxicity assay 

Cytolytic activity of the NK cell-enriched splenocytes was measured using the 51Cr-release assay [19]. Briefly, the YAC-1 target cells (T; 106 in 100 ml CM ) were incubated in SC for 1.5 h with 5.55 MBq of sodium chromate (Na251CrO4; Polatom, Otwock-Swierk, Poland). Then, the cells were washed with PBS (Biomed, Lublin, Poland) and added to the effector NK cells (E) at 100:1 E:T cell ratio; five samples were taken for each in vitro experimental group. After the 4-h incubation in SC, aliquots of the cell-free supernatants were harvested and the radioactivity of 51Cr released from T was measured in a γ-counter (Auto-Gamma Cobra II; Canberra-Packard, Warsaw, Poland). The ratio of cytolytic activity was calculated using the formula: % cytotoxicity = [(experimental release – spontaneous release)/(maximum release – spontaneous release)] x 100.

2.7 Macrophage-mediated cytotoxicity assay 

Cytolytic activity of macrophages was measured using the [3H]thymidine-uptake assay [33]. Briefly, the P815 target cells (T; 4x106 in 2.5 ml CM) were incubated in SC for 20 h with 0.3 MBq of [3H]thymidine (Polatom). Then, the cells were washed with PBS, added to macrophages (E) at 20:1 E:T ratio and incubated in SC with 50 U/ml IFN-γ (Sigma, Poznan, Poland) and 100 ng/ml LPS (Sigma); five samples were taken for each in vitro experimental group. After the 48-h incubation, viable adherent cells were harvested and lysed and the radioactivity released from T was monitored in a β-counter (Tri-Carb 2100TR Counter, Canberra-Packard). The rate of cytotoxicity was calculated using the formula: [(A - B)/A]x100%, where A indicates isotope disintegrations counted in T cultured alone, and B indicates the counts measured in T co-cultured with the IFN and LPS-stimulated cytotoxic macrophages (Mφ).

2.8 Production of nitric oxide by peritoneal macrophages

Nitric oxide (NO) synthesized in Mφ was quantitated by measuring the level of the nitrite ion (NO2-) in the incubation medium [33]. Mφ were suspended in CM, supplemented with 50 U/ml IFN-γ and 100 ng/ml LPS and incubated for 48 h in SC. After that, 100 μl of the supernatant was mixed with 100 μl of the Griess reagent and kept in the dark for 10 min at RT. Absorbance at 540 nm was then measured using the SpectraCountTM microplate reader (Canberra-Packard). 

2.9 Suppression of the perforin- and  FasL-dependent NK cell-mediated activity 

In order to suppress the cytolytic activity of the NK cell-enriched splenocytes mediated by the ligand for the Fas receptor (FasL) and/or perforin, the anti-mouse cluster of differentiation-178 (CD-178) antibody (Ab), clone MFL3 (anti-FasL Ab; BD) and concanamycin A (CMA; Sigma) were used, respectively [60, 61, 62]. CMA (10 mM) and the anti-FasL Ab (20 mg/ml) were added to the NK cell-enriched splenocytes 2 h before and at the beginning of the lytic assay, respectively. 

2.10 Suppression of the NK cell-mediated activity in vivo
One day before the irradiation mice were i.p. treated with the anti-asialo GM1 Ab (GM1Ab; 20 μl Ab in 0.5 ml PBS per mouse). 14 days later the animals were used for the assessment of the numbers of the pulmonary tumor colonies.

2.11 Suppression of the NO-dependent Mφ-mediated activity

To suppress the synthesis of NO, aminoguanidine (AG; Sigma) was used as a classical inhibitor of the activity of inducible nitric oxide synthase (iNOS) [33]. Briefly, AG was added to the cultures of macrophages collected on the third day post-irradiation and incubated in wells of a microtiter plate for 48 h in SC with or without the addition of 50 U/ml IFN-γ (Sigma) and 100 ng/ml LPS (Sigma), the final concentration of AG equaled to 2 mM. After that the cytotoxic activity of and production of NO by Mφ were estimated as described above.

2.12 Suppression of the macrophage-mediated activity in vivo
One day before the irradiation mice were i.p. treated with carrageenan (CGN, 4 mg in 0.4 ml PBS per mouse) and three or 14 days later assayed for the cytotoxic activity of and production of NO by peritoneal Mφ or the number of the pulmonary tumor colonies, respectively.

2.13 Production of cytokines 

Production of IFN-γ and IL-2 by the NK cell-enriched and whole splenocytes, respectively, and IL-1β, IL-12 and TNF-α by Mφ was estimated after the 4- or 48-h incubation in SC of the 200 ml aliquots containing 106 NK cell-enriched splenocytes or 2x105 Mφ, respectively; in the latter case the medium was supplemented with 50 U/ml IFN-γ and 100 ng/ml LPS. After that, the cell-free supernatants were harvested and frozen in 70°C. Defrosted supernatants were assayed for the levels of IL-1β, IL-2, IL-12, and TNF-α using the respective BD OptEIA Mouse Sets (BD), and of IFN-γ using the Mouse Quantikine ELISA Kit (R&D, Warsaw, Poland) with the enzyme-linked immunosorbent (ELISA) methodology.

2.14 Statistical analysis

All the assays were repeated two or three times and mean values and SDs were calculated for the results thereof. For statistical analysis of the results, the Mann-Whitney U test for non-parametric trials was used and p values less than 0.05 were regarded as significant. 

3.0 RESULTS AND DISSCUSSION

3.1 Single irradiations

In our early experiments male BALB/c mice aged 6-8 weeks were exposed to single WBI at 0.1, 0.2, or 1.0 Gy per mouse. In a series of experiments we demonstrated that single WBI at 0.1 or 0.2 Gy led to the significant inhibition of the development of pulmonary tumor colonies expressed as percent of the control values measured in the sham-exposed animals. In contrast, no statistically significant reduction in the number of pulmonary tumor nodules could be detected when mice were pre-exposed to 1.0 Gy X-rays (Table 1). Injection of the NK cell- (GM1​Ab) or macrophage- (CGN) blocker almost totally eliminated the differences in the numbers of tumor colonies between the irradiated and control groups; this effect was markedly more pronounced in the CGN- than in the GM1​Ab-treated mice (Table 1). These results confirmed and extended observations of mostly Japanese and Chinese authors who had irradiated mice from other strains: in their pioneering study, Hosoi and Sakamoto [22] detected marked reductions in the numbers of both artificial and spontaneous pulmonary metastases after single WBI of WHT/Ht mice with 0.15, 0.2, or 0.5 Gy X-rays. In that study the inhibitory effect was expressed when tumor cells were inoculated either a few hours before or after the exposure. Likewise, Cai [16] and Ju et al. [27] who irradiated C57BL/6 mice at single doses of X-rays ranging from 0.05 to 0.15 Gy 24 hours before the i.v. injection of B16 melanoma or Lewis Lung Carcinoma cells reported a significant retardation of the development of pulmonary tumor nodules. 

Table 1. Relative numbers (percentage of the control value) of induced metastases in the lungs after single and fractionated WBI of mice with X-rays 
	
	single WBI
	fractionated WBI

	
	BALB/c mice
	BALB/c mice
	C57BL/6 mice

	
	PBS
	GM1Ab
	CGN
	PBS
	PBS

	C
	100 ± 12
	147 ± 24*
	401 ± 48*
	100 ± 25
	100 ± 20

	0.1 Gy
	64 ± 15*
	155 ± 21*
	352 ± 40*
	60 ± 14*
	82 ± 17*

	0.2 Gy
	68 ± 11*
	137 ± 13*
	387 ± 39*
	50 ± 12*
	74 ±15*

	1.0 Gy
	110 ± 20
	139 ± 15*
	401± 58*
	54 ± 15*
	66 ±13*


C – sham-exposed mice; 0.1 Gy – mice exposed to a total dose of 0.1 Gy; 0.2 Gy – mice exposed to a total dose of 0.2 Gy; 1.0 Gy – mice exposed to a total dose of 1.0 Gy; PBS – mice i.p. injected with PBS; GM1Ab – mice i.p. injected with GM1Ab; CGN – mice i.p. injected with CGN. The parameters were examined 14 days after single or the last fraction of the multiple WBI. *indicates statistically significant (p<0.05) difference from the control/PBS value.

As indicated in Figure 1A, the tumor-inhibitory effect was accompanied by the markedly stimulated cytotoxic activity of NK cells manifested between the first and third days post-irradiation; the effect was most pronounced two days after the exposure and occurred in all the irradiated groups of BALB/c mice as compared to the sham exposed, control mice. As suggested by our previous studies (data not shown), the stimulatory effect of the exposure to 1.0 Gy X-rays demonstrated in the present investigation may be explained by the possible elimination of radiosensitive T and B cells from the spleen leading to a relative increase in the percentage of the NK-type effectors in the cytotoxic assay. The NK lymphocyte-mediated cytolysis of a susceptible target cell is primarily mediated by secretion of a perforin and granzymes, of which the former makes a pore in the target cell membrane whereby the latter enter the target and trigger the apoptotic pathway [47, 51]. Another potential cytotoxic mechanism consists in binding of a specific ligand for the Fas receptor (FasL) expressed on activated NK lymphocytes, while its receptor is expressed on the target cells’ surface [41, 50]. Indeed, our investigations demonstrated that exposure of mice to 0.1 or 0.2 Gy led to the significant increase of the FasL-dependent cytolytic activity of NK cells, while no such effect was demonstrated after irradiation with 1.0 Gy regardless of the fact that the perforin-dependent function was elevated after irradiation of mice at all the three doses of X-rays. When the two blockers (i.e., anti-FasL and CMA) were used concurrently cytotoxic activity was almost totally suppressed in all the tested groups (Fig. 1D). We also assessed production of IFN-γ and IL-2, the two important cytokines secreted by NK lymphocytes-enriched or total splenocytes. IL-2 is a prominent activator of cytotoxic T and NK lymphocytes, whereas IFN-γ, although usually not directly cytocidal for tumor cells, stimulates cytolytic functions of Mφ and together with the Mφ-derived TNF-α and IL-1β can exert a strong anti-neoplastic effect [40, 42, 44, 48]. As shown in Table 2, the single WBI of BALB/c mice with 0.1, 0.2, or 1.0 Gy of X-rays markedly stimulated synthesis of IFN-γ. Interestingly, the time course of the changes in the production of IFN-γ closely resembles the kinetics of the previously demonstrated enhanced cytotoxicity of the NK cells obtained from the similarly exposed animals (data not shown). Likewise, all the three doses of single WBI of mice with X-rays significantly stimulated synthesis of IL-2 by splenocytes. Once again, our data obtained in BALB/c mice concur with those reported by other authors who used different mouse strains. Stimulation of the NK cell-mediated cytotoxicity after a single WBI was described by Liu et al. [63] and Kojima et al. [64, 65]. The former group detected the effect 24 h after exposure of C57BL/6 mice at 0.075 Gy X-rays and the latter – between the fourth and sixth hours post-irradiation of ICR mice at 0.5 Gy γ-rays. Other authors [27] reviewed the enhanced cytocidal function of murine NK-type lymphocytes 2-6 days after a single exposure of the C57BL/6 mice to 0.075 Gy X-rays. It was also shown that a single irradiation of C57BL/6 mice at 0.075 Gy X-rays 24 h before implantation of the LLC cells significantly enhanced synthesis of IL-2 detectable between the second and eighth days post-exposure [66, 67]. Similar results were obtained by Zhang et al. [68] who demonstrated that 18 h after WBI at 0.075 Gy of X-rays production of IL-2 was significantly up-regulated in splenocytes obtained from the C57BL/6J mice implanted with LLC cells and 10 days later exposed to radiation. In turn, Liu et al. [63] detected the boosted production of IFN-γ in splenocytes collected 24 h after a single exposure of mice to 0.075 Gy of X-rays. Also, Ibuki and Goto [69] showed that a single irradiation of C57BL/6 mice at 0.04 Gy of γ-rays markedly stimulated production of IFN-γ by splenocytes isolated 4 h after the exposure and incubated in the presence of peritoneal macrophages and ConA; the effect was accompanied by the enhanced expression of mRNA for this cytokine.

As shown in Figure 2A a WBI of BALB/c mice at 0.1 or 0.2 Gy X-rays significantly stimulated the cytotoxic activity of peritoneal Mφ. This activity was detectable between the first and seventh day post-exposure. Activated macrophages kill susceptible tumor cells by means of a number of cytotoxic factors of which NO plays a prominent role [43, 45, 46, 49, 52]. In our hands, production of NO by Mφ exhibited similar kinetics as cytotoxic activity of these cells, i.e., both activities were most pronounced on the third day post-irradiation (Fig 2B). We also demonstrated (Table 2) that single irradiations of mice at 0.1, 0.2 or 1.0 Gy X-rays significantly stimulated peritoneal Mφ to produce IL-1β, a potentially anti-neoplastic cytokine which induces T lymphocytes to secrete IL-2 and IFN-γ, B lymphocytes to produce immunoglobulins, and macrophages to synthesize TNF-α and IL-1β. This cytokine can also be directly cytostatic or even cytotoxic against some tumor cells [40]. Interestingly, in our hands the kinetics of the low-level X-ray-induced production of IL-1β was similar to that detected earlier by us for the cytotoxic activity and production of NO by peritoneal Mφ obtained after single irradiations of mice (data not shown). Stimulation of the synthesis of IL-1β coincided, in our studies, with the enhanced production of TNF-α, an important anti-neoplastic factor in vitro and in vivo which can induce its own synthesis in macrophages and, synergistically with IL-1β, kill tumor cells [40], as well as with the elevated secretion of IL-12, a cytokine responsible for stimulated proliferation and activation of cytotoxic functions of T and NK lymphocytes and the elevated production of IFN-γ and TNF-α by these cells (Table 2). Indeed, as demonstrated by Ibuki and Goto [69], a single irradiation of the C57BL/6 mice at 0.04 Gy γ-rays up-regulated expression of mRNA for IL-1β and boosted the secretion of this cytokine in peritoneal macrophages collected from the animals 4 h after the exposure. Moreover, Zhang et al. [70] showed that the transcriptional levels of mRNA for both IL-1β and TNF-α in peritoneal macrophages collected from the C57BL/6J mice implanted with the LLC cells and exposed to 0.075 Gy of X-rays were much higher than in the counterpart cells obtained form sham-irradiated animals.
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Figure 1: Cytotoxic activity of NK cells against YAC-1 target cells and its suppression after single and fractionated WBI of mice with X-rays. 
Suppression of cytotoxic activity of NK cells was examined on the 2nd and 3rd days after single or fractionated WBI, respectively. A – Cytotoxic activity of NK cells obtained from BALB/c mice after single WBI; B – Cytotoxic activity of NK cells obtained from BALB/c mice after fractionated WBI;  C – Cytotoxic activity of NK cells obtained from C57BL/6 mice after fractionated WBI;  D – Suppression of cytotoxic activity of NK cells obtained from BALB/c mice after single WBI; E – Suppression of cytotoxic activity of NK cells obtained from BALB/c mice after fractionated WBI; Control – sham-exposed mice; 0.1 Gy – mice exposed to a total dose of 0.1 Gy; 0.2 Gy – mice exposed to a total dose of 0.2 Gy; 1.0 Gy – mice exposed to a total dose of 1.0 Gy; NK – NK cells incubated without blockers; NK+CMA – NK cells incubated with CMA; NK+anti-FasL – NK cells incubated with anti-FasL Ab; NK+CMA+anti-FasL – NK cells incubated with CMA and anti-FasL Ab. ^indicates statistically significant (p<0.05) difference between NK cells collected from irradiated mice and the respective NK cells obtained from non-irradiated mice. *indicates statistically significant (p<0.05) difference within each sham-irradiated or irradiated group between NK cells incubated with CMA and/or anti-FasL Ab and NK cells incubated without blockers (NK group). 

3.2 Fractionated irradiations

In further experiments we compared the effects observed in BALB/c and C57BL/6 mice exposed to fractionated low-level irradiations with X-rays. To our knowledge this is the first study to demonstrate that WBI of BALB/c mice at 10 daily doses of 0.01, 0.02, and 0.1 Gy X-rays prior to i.v. injection of L1 cells resulted in the significantly reduced number of the developed tumor colonies in the lungs (Table 1). Since in all the irradiated groups of the mice the numbers of the colonies were reduced by approx. 45% the effect seemed to be dose-independent. In contrast, although ten daily exposures of C57BL/6 mice to 0.01, 0.02, or 0.1 Gy X-rays also markedly inhibited the development of the pulmonary tumor colonies produced by injection of the syngeneic LLC cells, the effect seemed to be dose-dependent: the strongest reduction was detected after irradiations at 0.1 Gy daily (about 34%) while in the animals exposed daily to 0.01 or 0.02 Gy the number of the colonies decreased by about 18% and 26%, respectively. In contrast to the above described single irradiation of BALB/c mice at 1.0 Gy of X-rays [20, 32], exposure of these animals to the same total dose delivered in 10 equal fractions of 0.1 Gy significantly retarded the growth of the induced tumor colonies (Table 1). Apparently, splitting of the relatively large 1.0 Gy bolus into several low-level portions might have stimulated rather than inhibited mechanisms responsible for keeping the tumor metastases in check.

Table 2. Production of IFN-γ by NK cells, IL-2 by splenocytes, IL-1β, IL-12, and TNF-α by macrophages incubated with IFN-γ and LPS, after single or fractionated WBI of BALB/c mice with X-rays. 

	Groups
	Control
	single WBI
	fractionated WBI

	
	
	0.1 Gy
	0.2 Gy
	1.0 Gy
	0.1 Gy
	0.2 Gy
	1.0 Gy

	IFN-γ1
[pg/ml]
	46 ± 5
	75 ± 5*
	75 ± 5*
	86 ± 6*
	87 ± 6*
	89 ± 6*
	96 ± 7*

	IL-22
[pg/ml]
	19 ± 2
	31 ± 2*
	35 ± 2*
	29 ± 2*
	30 ± 2*
	41 ± 3*
	39 ± 3*

	IL-1β3
[pg/ml]
	584 ± 58
	1005 
± 70*
	1168 

± 82*
	823 
± 58*
	768 

± 54*
	897 
± 63*
	1049
 ± 73*

	IL-123
[pg/ml]
	400 ± 40
	1881 
± 132*
	1844 
± 129*
	2248 
± 157*
	2342 

± 164*
	2898 
± 203*
	2440 
± 171*

	TNF-α3
[pg/ml]
	6600 ± 660
	8320 

± 582*
	9570 
± 670*
	9540 
± 668*
	33783 
± 2365*
	44810 
± 3137*
	16104 

± 1127*


Control – sham-exposed mice; 0.1 Gy – mice exposed to a total dose of 0.1 Gy; 0.2 Gy – mice exposed to a total dose of 0.2 Gy; 1.0 Gy – mice exposed to a total dose of 1.0 Gy. 1production of IFN-γ by NK-cells collected on the 2nd and 4th day after single and fractionated WBI, respectively, and incubated with YAC-1 cells; 2production of IL-2 by splenocytes collected  on the 3rd day after single or fractionated WBI and incubated with PHA; 3production of IL-1β, IL-12, and TNF-α by macrophages collected on the 5th day after single or  fractionated WBI, and incubated with IFN-γ and LPS. *indicates statistically significant (p<0.05) difference from the results obtained in Control group.

In view of the recognized roles of both NK lymphocytes and activated macrophages in the innate anti-neoplastic surveillance system [40, 41, 45, 49, 63, 71] and the differences between radiosensitive BALB/c and radioresistant C57BL/6 mice we compared the effects of fractionated low-level exposures to X-rays on the anti-neoplastic activities of Mφ and NK lymphocytes in the two strains of the animals. The results demonstrated that 10 daily doses of 0.01, 0.02 or 0.1 Gy X-rays led to the significant and comparable, i.e., dose-independent, enhancement of the cytolytic function of the NK cells obtained from all the three groups of the exposed BALB/c mice (Fig. 1B). This effect became visible already on the first day after cessation of the irradiations and remained pronounced for the next three days; between the fifth and seventh days post-exposure the cytotoxic activity of the NK cells declined to the control level. The cytotoxic activity of NK cells collected from C57BL/6 mice after ten daily irradiations with 0.01, 0.02, or 0.1 Gy X-rays was also significantly stimulated, but the kinetics of this activity was different from that demonstrated in BALB/c mice: the effect cropped up on the third day after cessation of the exposures and carried on for at least four next days (Fig. 1C).
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Figure 2: Cytotoxic activity against P815 target cells and production of NO by the IFN-- and LPS-treated macrophages after single or fractionated WBI of mice with X-rays. 
A – Cytotoxic activity of macrophages obtained from BALB/c mice after single WBI; B – Production of NO by macrophages obtained from BALB/c mice after single WBI; C – Cytotoxic activity of macrophages obtained from BALB/c mice after fractionated WBI;  D – Production of NO by macrophages obtained from BALB/c mice after fractionated WBI; E – Cytotoxic activity of macrophages obtained from C57BL/6 mice after fractionated WBI;  F – Production of NO by macrophages obtained from C57BL/6 mice after fractionated WBI; Control – sham-exposed mice; 0.1 Gy – mice exposed to a total dose of 0.1 Gy; 0.2 Gy – mice exposed to a total dose of 0.2 Gy; 1.0 Gy – mice exposed to a total dose of 1.0 Gy. 

As described above, the NK lymphocyte-mediated cytolysis of susceptible target cells is primarily mediated by secretion of perforin and granzymes or binding of FasL. Thus, we assessed both pathways with use of the specific blockers and found that a) suppression of perforin by CMA markedly inhibited the cytolytic activity of the NK cells collected from both irradiated and non-irradiated mice, and b) the suppression was less, but still significantly, pronounced when the anti-FasL Ab was added to the incubation medium. Concurrent addition of the two blockers to the medium almost totally suppressed the cytocidal function of the NK cells collected from all the three groups of the irradiated animals. These results collectively indicate that both the perforin- and FasL-mediated cytolytic mechanisms are responsible, if to a different extent, for the enhanced cytotoxicity of the NK cells demonstrated by us after cessation of the ten low-level irradiations of mice with X-rays (Fig. 1E). Our investigation also demonstrated that ten exposures of mice at 0.01, 0.02, or 0.1 Gy X-rays significantly stimulated the NK cell-enriched and total splenocytes to secrete IFN-γ and IL-2, respectively (Table 2). In case of the latter cytokine, the stimulatory effect of ten daily exposures to 0.02 and 0.1 Gy of X-rays was slightly more pronounced than that of 0.01 Gy. Thus far, the authors of the only available report in which fractionated irradiations were used were unable to detect any stimulation of the secretion of IFN-γ from the ConA-stimulated splenocytes collected and assayed on the third day after completion of five consecutive exposures of C57BL/6 mice to 0.04 Gy g-rays [72].

As shown in Figure 2C, ten WBIs of BALB/c mice at equal doses of 0.01, 0.02 or 0.1 Gy X-rays resulted in the significant, dose-independent stimulation of the cytolytic activity of Mφ. Enhanced cytocidal function of these cells was detected on the second day after cessation of the exposures, reached the highest values on the fourth day – in the case of the daily irradiations at 0.1 Gy – or fifth day – in the case of the daily irradiations at 0.01 or 0.02 Gy, and then, after a transient decline to the control level on the seventh day, began rising again until at least the 13th day post-exposure. In turn, ten daily exposures of C57BL/6 mice to 0.01, 0.02, or 0.1 Gy led to the significant and comparable stimulation of cytotoxic activity of Mφ, although the effect seemed to be slightly less pronounced after the daily irradiations at 0.02 Gy compared to 0.01 or 0.1 Gy (Fig. 2E). As in BALB/c mice, the stimulation was also biphasic with a transient decline to the control values on the seventh day, but the boosted cytocidal function of the C57BL/6 Mφ was detectable already on the first day after cessation of the exposures and, after a drop to the control level on the seventh day, raised again until the 11th day post-irradiation. 

In our study, the kinetics of the enhanced production of NO, a molecule associated with the induction of tumor cell death in vitro [43, 45, 49] and inhibition of tumor progression in vivo [46, 52], by Mφ collected from both BALB/c (Fig. 2D) and C57BL/6 (Fig. 2F) mice exposed to ten daily doses of 0.01, 0.02 or 0.1 Gy X-rays closely followed the biphasic changes in the cytocidal activities of these cells. Interestingly, the two effects (i.e., the enhanced cytotoxic activity and production of NO) showed a biphasic response to radiation, the phenomenon to which we can currently offer no clear explanation and which certainly needs to be explored in future investigations. We also showed that irradiations of the mice with ten equal doses of 0.01, 0.02 or 0.1 Gy of X-rays led to the significant enhancement of the production of IL-1β, IL-12, and TNF-α by Mφ (Table 2); the effect was most pronounced on the fifth day after cessation of the exposures (data not shown). Notably, in contrast to the rather dose-independent stimulation of the production of IL-1β and IL-12, the enhanced synthesis of TNF-α was significantly more pronounced after the repeated irradiations at 0.01 and 0.02 Gy than at 0.1 Gy X-rays. Moreover, stimulation of the secretion of IL-12 and TNF-α by each of the three fractionated irradiations was much more pronounced than the same effect detected previously by us after single exposures to 0.1 or 0.2 Gy X-rays [73].
Based on the results of other authors [58] it can be speculated that the in vivo irradiations employed in our study and/or the in vitro manipulations of the assayed cells might have shifted the phenotypes of the activated macrophages along the M1-M2 and the M2-M1 spectra. Thus, the expressed effects may be similar in both strains. Although no directly comparable data are available, a few reports have indicated that the effect of the low-level irradiation of mice is independent of the strain used [74, 75].
3.3 Conclusions

Taken together, our data indicate that:

· suppression of the pulmonary tumor colonies by single irradiations of mice at 0.1 or 0.2 Gy X-rays may result from stimulation of defense reactions mediated by NK lymphocytes and/or cytotoxic macrophages;

· boosting of the cytolytic functions of these anti-tumor effectors by single low-level exposures to X-rays requires cooperation of other cells and their products available in vivo but not in vitro;

· despite some differences between the relatively radiosensitive BALB/c and radioresistant C57BL/6 mice in the NK cell- and Mφ-mediated responses to repeated irradiations with X-rays at 0.01, 0.02 or 0.1 Gy daily, the final tumor-inhibitory effects of such exposures were comparable in the two strains;

· similar anti-metastatic immune mechanisms may operate in the irradiated BALB/c and C57BL/6 mice.

Whether or not the observed variations in the kinetics and magnitude of the stimulation of the functions of Mφ and NK cells derived from BALB/c and C57BL/6 mice relate to the higher tumor-proneness of the former compared to the latter mice and/or to the differently determined default M1/M2 phenotypes in the two strains remains to be resolved in future studies.
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