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Introduction: With current goals of increased space exploration and travel to Mars, there has been great interest in understanding the long-term effects of high atomic number, high energy (HZE) ion exposure on various organ systems and the immune system. Little is known about late effects on the immune system after HZE exposure. Therefore, our objective was to determine how natural killer (NK) cell populations were affected in geriatric mice that were exposed to HZE particles during middle-age, thereby representing elderly retired astronauts that undertook deep space missions.
Methods: 10 month old male CBA/CaJ mice were whole-body irradiated: sham (control); 150-cGy gamma-rays (delivered in 1 fraction); 40-cGy 1-GeV/nu 28Si14+ ions (delivered in 3 fractions); 40-cGy 1-GeV/nu 16O8+ ions (1 fraction); and 40-cGy 1-GeV/nu 16O8+ ions (3 fractions). The mice were sacrificed 1–1.5 yr post-exposure, and the spleens harvested. Splenocyte effector (E) cells were harvested and added to 51Cr-labeled Yac-1 target (T) cells in E:T ratios of 12:1, 25:1, 50:1, and 100:1. NK cytotoxicity was measured with 51Cr release. In addition, 2 million splenocytes were aliquoted and stained with a seven-antibody cocktail, and flow cytometry was used to determine the percentage of NK, B lymphocytes, and T lymphocytes in the splenocyte population.
Results: Mice exposed to either a single fraction of 150-cGy gamma rays or 40-cGy 16O8+ ions in 3 fractions were found to have significant decreases in NK cytotoxicity of approximately 30% and 25%, respectively. No significant differences were observed in NK cytotoxicity for 40-cGy 16O8+ ions delivered in 1 fraction, or 40-cGy 28Si14+ ions delivered in 3 fractions. No significant differences were observed in the percentage of spleen cells that were NK (%NK) amongst the groups.
Conclusion: Fractionated HZE ion exposure has the potential to affect the innate arm of the immune system long after exposure, leading to decreases in NK cell function. Therefore, protective countermeasures may need to be considered to decrease the risk of reduced long-term immune function in elderly retired astronauts that undertook deep space missions.
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INTRODUCTION
The mission to Mars has been a key objective for NASA in recent years. One obstacle in achieving this objective is the high-Z, high-energy (HZE) ion radiation exposure astronauts will face during the voyage duration. Current NASA guidelines allow astronauts a permissible career exposure limit corresponding to 3% risk of radiation-exposure-induced death (REID) for cancer at a 95% confidence level to protect against uncertainties in risk projections (NASA, 2022). The average effective dose an astronaut receives while spending 6 months in the International Space Station is approximately 72 mSv (Cucinotta et al., 2008). An astronaut undergoing a journey to and from Mars is expected to be exposed to approximately 660 mSv (Cucinotta et al., 2012). It has been estimated that during the journey, every cell in the body will be traversed by a low LET proton once every 3–4 days, and an HZE ion every few months (Kerr, 2013). Despite the much lower traversal incidence of HZE particles, their high linear energy transfer (LET) nature produces more complex DNA damage along their trajectory, which is difficult for cellular DNA-repair mechanisms to repair. Potential consequences can include chronic oxidative stress within the cell and surrounding bystander cells (Buonanno et al., 2011), as well as permanent DNA damage which can lead to cell dysregulation and cancer (Bielefeldt-Ohmann et al., 2012).
Exposure to HZE-ions has been demonstrated to have effects in multiple organ systems, including the nervous system and cardiovascular systems (Boerma et al., 2015a; Boerma et al., 2015b; Klein et al., 2021). Another critical organ system that may be potentially affected from heavy ion exposure is the immune system. The immune system is involved in combating invasion from outside sources, such as bacteria, viruses, and parasites, as well as normal surveillance of host cells. Dysregulation of the immune system can lead to a myriad of both acute and chronic issues, including infection, autoimmune disease, and cancer (Ikeda and Togashi, 2022). One component of the immune system is the natural killer (NK) cell. While historically considered part of the innate arm of the immune response, NK cells interact with both the innate and adaptive arms of the immune response (Vivier et al., 2011). In conjunction with CD8+ T lymphocytes, NK cells are involved in the detection and elimination of cancer cells. Where CD8+ T lymphocytes require the expression of antigens on major histocompatibility complex (MHC) Class I receptors to carry out their function, NK cells are able to react to cells avoiding immunodetection through decreased MHC Class I surface expression (Karre et al., 1986). Additionally, NK cells can also recognize NKG2D ligands, a family of ligands that are expressed at low levels in healthy tissues but become elevated under cellular stress conditions, including ULBP1-6 and MICA/B (Zingoni et al., 2018). The NK cell’s cytotoxic function is activated upon recognition, causing cell death (Abel et al., 2018). Recent research has also demonstrated that NK cells may possess the ability to “remember,” similar to memory T cells (Beaulieu, 2021). When NK cell populations are depressed, both in size and function long-term, there is an elevated risk for viral infections (Orange, 2013; Mace and Orange, 2016) and cancer initiation and progression (Nakajima et al., 1987; Chiossone et al., 2018; Moon and Powis, 2019). In an 11-year study of a Japanese resident cohort, subjects in the lowest tertile for NK cytotoxic function were more likely to develop cancer (Imai et al., 2000). Other studies found that patients with poor NK cell infiltration had worse prognoses for multiple cancer types, highlighting the importance of the NK cell’s role in the immune system (Coca et al., 1997; Ishigami et al., 2000a; Ishigami et al., 2000b; Villegas et al., 2002).
It has been well established that cells of the immune system are sensitive to ionizing radiation (Kajioka et al., 2000; Heylmann et al., 2014). Astronauts returning from spaceflight were shown to have considerable decreases in circulating immune cells as early as the 1960s (Crucian et al., 2020). Recovery to pre-flight levels have also been observed to be delayed, as long as 2 months post-return despite the relatively short flight duration. Previous studies in astronauts have shown alterations in the immune system after both short-term (<1 month) (Konstantinova et al., 1995; Crucian et al., 2013) and long-term (≥1 month) spaceflights (Buchheim et al., 2019). More recently, the monozygous twin study conducted by NASA also observed changes in both immune cell number and gene expression after spaceflight, again demonstrating alterations in both immune cell population size and function (Garrett-Bakelman et al., 2019). Studies on the cytotoxic function of NK cells of rat splenocytes after short-duration flights on COSMOS 2044 demonstrated decreased ability to kill target cells (Rykova et al., 1992; Lesnyak et al., 1996). NK cell function in astronauts has also been observed to be decreased upon return from spaceflight (Mehta et al., 2001), with substantial variability in the time required to return to normal function. However, these spaceflights were in low Earth orbit (LEO) where the magnetosphere provides some protection against HZE particles, a protection that will not be available to astronauts traveling to and from Mars. Furthermore, they did not follow NK function over time scales commensurate with an astronaut reaching a geriatric stage of life. Therefore, the present study was conducted to determine the long-term effects of HZE-ion exposure on splenic NK cell population size and function. Ten-month old mice were irradiated in our study to represent astronauts about 40 years of age. A 1–1.5-year postirradiation period between irradiation and NK assay was undertaken to simulate an elderly retired Mars astronaut.
MATERIALS AND METHODS
The overall experimental approach is depicted in Figure 1. Details regarding the individual steps are described below.
[image: Figure 1]FIGURE 1 | Experimental design.
Cell culture
YAC-1 mouse lymphoma cells (kindly provided by Drs. Vincent Tsiagbe and Nicholas Ponzio) were grown in suspension in a 75 cm2 flask containing 15 ml RPMI media (Sigma-Aldrich) supplemented with 2 mM l-glutamine (Gibco), 200 UI penicillin/200 μg/ml streptomycin (Corning), and 10% fetal bovine serum (Gibco) at 37°C with 5% CO2. Cells were passaged at a 1:10 ratio every 3 days. Cells used in the NK cytotoxic function assay were split 1:3 the day prior.
Animals
Male CBA/CaJ mice aged 10 months (Jackson Laboratories) were used for this study. They were raised at Jackson Laboratories prior to being shipped directly to the NSRL Animal Facility, where they were acclimated for 7–10 days. Mice were then irradiated as described below, and 4–10 days after irradiation they were shipped to the Rutgers RBHS Animal Facility in Newark, NJ, where they were housed on a 12 h light/dark cycle and given Purina chow and water ad libitum.
Irradiation
Irradiations were done at the NASA Space Radiation Laboratory (NSRL) located at Brookhaven National Laboratory (BNL). Groups of mice were placed in a multi-compartment ventilated chamber made of 5-mm thick Lucite (Figure 2). Each chamber held a single mouse and they were arranged one-deep along a rectangular grid containing many chambers. Unsedated mice were loaded quickly into their chambers and whole-body irradiated with 0 cGy (control), 40-cGy 1-GeV/u 28Si14+ ions (delivered in 3 consecutive fractions (3F), 1 per day), 40-cGy 1-GeV/u 16O8+ ions (delivered in 1 fraction (1F)), or 40-cGy 1-GeV/u 16O8+ ions (3F, 1 per day). The isovelocity (1 GeV/u) 16O8+ and 28Si14+ ions have LET values of 14 and 44 keV/μm in water, respectively. Calculations using the software application SRIM showed that the LETs of these ions changed by less than 1% and 3%, respectively, upon traversing 5 cm of water. Another group was whole-body irradiated at BNL with 1 fraction of 662-keV gamma rays using a JL Shepherd Mark I irradiator (1 Gy/min) and given an absorbed dose of 150 cGy. Details of the mouse groups are provided in Table 1. All animal studies were approved by the IACUC at both Rutgers and BNL.
[image: Figure 2]FIGURE 2 | Setup for irradiating mice with 1 GeV/u 28Si14+ or 16O8+ ions. The 9 × 8 structure holds 72 mice in individual compartments. Ventilation holes and a high-speed fan kept animals at comfortable temperature.
TABLE 1 | Animal groups, absorbed doses and irradiation protocols.
[image: Table 1]Spleen harvest and splenocyte isolation
The spleen plays significant roles in hematopoiesis, red blood cell clearance, and immunological functions. Its immunological functions are conducted primarily be the splenocytes (white blood cells in the spleen). There are many subpopulations of splenocytes such as T cells, B cells, and NK cells, each playing different roles in the immune system. Spleens were harvested from animals 1–1.5 yr after radiation exposure. Animals were given a ketamine/xylazine anesthetic cocktail, followed by cervical dislocation. Splenocytes were manually separated from the spleen by scraping the spleens over a wire mesh in RPMI medium with a rubber policeman, layered onto Histopaque® (Sigma-Aldrich) and centrifuged at 400 g for 30 min. The buffy coat layer containing splenocytes was carefully removed with a pipet, and the cells were washed and centrifuged in culture media twice at 400 g for 10 min and cell concentrations were then determined with a Coulter ZM cell counter.
Natural killer cytotoxic function assay
To assess the NK cell activity, YAC-1 cells were suspended in 1 ml fresh medium and labeled with 9.25 MBq (250 μCi) of 51Cr sodium chromate (Perkin Elmer, NEZ30001MC (185 MBq/mL)) for 1 h at 37°C. Two washes with media were done to remove extracellular activity. After labeling, 5000 YAC-1 cells (targets, T) were seeded into wells of a 96 well plate in 0.1 ml medium. Splenocytes (effectors, E) were then seeded into the wells at effector:target (E:T) ratios of 12.5:1, 25:1, 50:1, and 100:1. The plate was then incubated for 5 h at 37°C and 95% air, 5% CO2. After incubation, the plate was spun at 500 g for 5 min, and 100 µl aliquots of the supernatant were aliquoted in triplicate to 12 X 75 tubes for 51Cr release measurement with a Cobra gamma counter (Packard). The intracellular 51Cr is released when the NK cells lyse the target YAC-1 cells and therefore 51Cr in the supernatant is used as a measure of cell kill. Accordingly, the 51Cr gamma ray counts per minute (cpm) were recorded for each sample. The % Kill was calculated for each group, i, according to the standard chromium release assay as per Eq. 1.
[image: image]
where cpmi is for the supernatant of the test sample (targets + effectors), cpmspontaneous release is for the supernatant of the target cell only sample (no effectors), and cpmtotal release is for the supernatant of lysed sample (targets + effectors).
Splenic cell subpopulation characterization
To characterize radiation-induced changes in the representation of key subpopulations of the splenocytes, two million splenocytes were aliquoted into a 5-ml tube and stained with an antibody cocktail containing the following: BUV395 anti-CD3e (clone 145-2C11 BD Horizon™), Alexa Fluor 700 anti-CD4 (clone RM4-5 BioLegend®), PE/Cy7 anti-CD8a (clone 53–6.7 BioLegend®), FITC anti-CD45R/B220 (clone RA3-6 B2 BioLegend®), PE anti-IgM (clone RMM-1 BioLegend®), and Pacific blue anti-CD49b (clone DX5 BioLegend®). The stained cells were analyzed by flow cytometry using 6 color analysis on a BD LSRFortessa™ X-20 equipped with 5 lasers (355, 405, 488, 561, and 642 nm). Compensation parameters were set using single-stained OneComp® control beads (eBioScience) prior to samples being run. NK cells were identified as being CD4 negative (CD4–), CD8 negative (CD8–), IgM negative (IgM–), B220R negative (B220R–), CD49b positive (CD49b+), and CD3 negative (CD3–). The resulting FCS files were imported into FlowJo™ (BD) for gating analysis. Identification of splenocyte subpopulations is given in Table 2.
TABLE 2 | Cell surface markers used to identify splenocyte subpopulations.
[image: Table 2]Analysis
Figures and statistical analysis for subpopulation characterization were done in SigmaPlot 14.5. One-way ANOVA using Bonferroni’s method was used to determine if subpopulations were significantly affected. When the one-way ANOVA arrived at no significance (p > 0.05), then two-tailed t-tests for each treatment relative to control were conducted. Figures for NK cytotoxic function were created in SigmaPlot 14.5. The NK cytotoxicity data was analyzed for statistical significance in OriginPro® (OriginLab®) using F tests that compared unweighted linear least-squares fits for each dataset with that of control.
RESULTS
Changes in CD4+ and natural killer cell populations
The relative number of splenocytes that were harvested from each group is plotted in Figure 3A. The number of splenocytes in the spleens of irradiated mice were not significantly different than controls when tested with the one-way ANOVA. However, t-tests between individual groups and control indicated that the 150-cGy gamma-ray treated mice had significantly more splenocytes compared to unirradiated control (p = 0.023, Figure 3A). In contrast, mice exposed to a single fraction or fractionated schedule of the selected ions showed no significant changes in splenocyte number compared to control (Figure 3A).
[image: Figure 3]FIGURE 3 | Changes in splenocyte numbers and splenocyte subpopulation percentages relative to unirradiated controls at 1–1.5 yr after irradiation of 10-month old mice with 0 cGy (Control, n = 13), 150-cGy gamma-rays in a single fraction [Gamma (1F), n = 6], 40-cGy 28Si14+ given in three fractions [28Si14+ (3F), n = 6], 40-cGy 16O8+ given in three fractions [16O8+ (3F), n = 12], and 40-cGy 16O8+ given as a single fraction [16O8+ (1F), n = 12]. (A) splenocytes, (B) CD4+ Th lymphocytes, (C) CD8+ Tc lymphocytes, (D) B lymphocytes, (E) NK cells. Error bars are standard error of the mean. The cross-hatched bars indicate a statistically significant difference (p < 0.05) from control.
A one-way ANOVA indicated that the percentages of CD4+ Th lymphocytes in each group of irradiated animals were not significantly different than in the control group. However, it did give significance when irradiated groups taken together were compared to the control group (p = 0.026, Figure 3B). Finally, a one-way ANOVA did give significance when pairwise comparing the 16O8+ single-fraction treated animals and the gamma-ray treated animals (p = 0.038). No significant changes were found among the CD8+ Tc lymphocyte and B lymphocyte populations among any of the groups (Figures 3C,D).
Finally, a one-way ANOVA indicated that the percentages of NK cells in each group of irradiated animals were not significantly different than in the control group. However, a t-test indicated that the 150-cGy gamma-ray treated mice demonstrated a decrease in percentage of NK cells when compared to unirradiated control (p = 0.052, Figure 3E).
Cytotoxic function of natural killer cells
The %Kill are plotted as a function of E:T ratios for each irradiation condition (Figure 4). The 150-cGy gamma-ray treated mice were shown to have significantly decreased NK cytotoxic function compared to sham-irradiated control (p = 7.55 × 10−4). The fractionated 40-cGy 28Si14+ treated mice showed no significant difference (p = 0.74). The single-fraction 40-cGy 16O8+ treated mice also did not show any significant difference compared to control (p = 0.63), however the fractionated 40-cGy 16O8+ treated mice showed significant decreases in NK cytotoxic function compared to control (p = 0.0036).
[image: Figure 4]FIGURE 4 | Effects of heavy ion exposure on NK cell cytotoxic function 1–1.5 yr after irradiation of 10-month old mice. Unirradiated controls (•, n = 13) are shown in each plot. (A) 150-cGy gamma rays given in a single fraction [Gamma (1F), n = 6], (B) 40-cGy 28Si14+ given in three fractions [28Si14+ (3F), n = 6], (C) 40-cGy 16O8+ given in three fractions [16O8+ (3F), n = 12], and (D) 40-cGy 16O8+ given as a single fraction (16O8+ (1F), n = 12). Linear least squares fits to the data are indicated by the solid lines. The slopes and their standard error are provided for each fit. Significance relative to controls is denoted by the red lines for p < 0.05. Both gamma (1F) and 16O8+ (3F) treatment groups demonstrated decreased NK cytotoxic function compared to control. Error bars are standard error of the mean.
DISCUSSION
Given that alterations in size and function of NK populations can have a significant impact on long-term health, our studies on HZE-radiation-induced changes in NK cells are important for risk assessment for astronauts that conduct extended missions in space. The mice used in this study were 10 months old at irradiation, corresponding to a typical middle-aged adult astronaut, while the 1–1.5 yr assay timepoint was intended to correspond to the time required for a retired astronaut to reach a geriatric stage of life. This timepoint was selected to determine whether an astronaut’s radiation exposure during their career would have lasting effects on NK cells, at a stage of life where overall immunity has decreased with age and cancer susceptibility has increased. Our 150-cGy gamma-ray positive control group showed a depressed splenic NK cell population percentage even 1–1.5 yr post-exposure when compared to the sham-irradiated negative control (Figure 3E). Additionally, these mice demonstrated significantly decreased NK cytotoxic function (Figure 4A), which would translate to impaired ability to combat both viral infections as well as precancerous cells. Interestingly, despite an unaltered splenic NK cell population percentage (Figure 3E), the fractionated 40-cGy 16O8+ treated mice also demonstrated a significant decrease in NK cytotoxic function (Figure 4C). This contrasts the response to single-fraction 40-cGy 16O8+ (Figure 4D) and fractionated 40-cGy 28Si14+ treated mice (Figure 4B), which both demonstrated no significant differences in either splenic NK population size or NK cytotoxic function. Curiously, despite their lower LET, fractionated 16O8+ ions (14 keV/μm) had a greater impact on NK cytotoxic function than 28Si14+ ions (44 keV/μm). These results suggest that NK cytotoxic function may be altered by exposure to HZE particles on a specific heavy ion basis rather than simply on an LET basis, although it should be noted that the sample size for 28Si14+ ions is small (n = 6). Furthermore, the exposure schedule may also play a role in determining whether NK cell function is impacted. Given that in deep space every cell in the body will be traversed by a low-LET proton once every 3–4 days, and an HZE ion every few months (Kerr, 2013), the fractionated regimens used in this work are more akin to space exposures than the single fraction. Therefore, the fact that NK cytotoxic function was affected long after exposure to fractionated 40-cGy 16O8+ and not by the single-fraction 40-cGy 16O8+ is significant and warrants further exploration with this and other HZE particles. Furthermore, it is notable that the NK cell population percentage was similar to control in this case (Figure 3E), yet the NK cells demonstrated impaired cytotoxic function (Figure 4C). When taking into consideration that the radiation exposure will be a fractionated mix of HZE particles during spaceflight, these results suggest long-term overall suppression and decreased function of the NK cells, which in turn may lead to elevated risk to both cancer and viral infections. This conclusion is tempered by the fact that animals were not irradiated with a mixture of protons and HZE ions. As stated above, a given cell in the astronaut’s body will be traversed by low-LET protons before being traversed by an HZE ion. It has been demonstrated that pre-exposure with protons can mitigate adverse effects of a subsequent exposure to HZE particles (Buonanno et al., 2015; Fornalski et al., 2022). As summarized in a recent report from the National Aeronautics and Space Agency (NASA), there is considerable experimental evidence for adaptive responses (Huff et al., 2016). Others have discussed the data from astronauts on the International Space Station (ISS) who were tested for chromosome aberrations before, after 1 mission, and then again after a 2nd mission (Chancellor et al., 2014). Aberrations were increased after the first mission but decreased over time to an above pre-mission level, and then did not increase further after the second mission. The evidence for adaptive responses has prompted proposals to select astronauts for deep space missions based on their intrinsic capacity for robust adaptive responses (Mortazavi et al., 2003; Bevelacqua and Mortazavi, 2017). Their adaptive responses for a variety of biological endpoints could be tested in vitro in ground-based studies using tissues from prospective astronauts (Mortazavi et al., 2003). Such an approach could use exposure sequences comprised of protons and HZE ions using the NSRL galactic cosmic ray simulator for rapid sequences of the different radiations, or spaced further in time using protons first, followed by HZE ions.
One area of note is that the mice used in this study were male. Differences in immune response due to sexual dimorphism have been well documented; for instance, females were found to have lower incidences of bacterial, viral, and parasitic infections, but higher incidences of autoimmune diseases when compared to males (Shepherd et al., 2020). A study on NK degranulation activity in response to Hepatitis B viral infection also found higher levels of spontaneous degranulation in female patients compared to their male counterparts, despite identical degranulation capacity (Macek Jilkova et al., 2017). Hirokawa et al. showed greater rate of decline in NK cell number in aging males (Hirokawa et al., 2013). Additionally, better NK cell function was observed in healthy elderly females by Al-Attar et al. (2016). Therefore, additional studies of how NK cell function is affected after space radiation exposure in females must be considered.
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