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Abstract. One of the major problems derived from the exposure to ionizing radiation is the impairment of the 
immune system. The consequent immune-depression increases the risk of infections and may lead to immune-
mediated disorders. The intensity and duration of the immune-compromised phase and its recovery depend on the 
dose, dose-rate and quality of radiation. In recent years, there has been a great interest in the effects induced by 
protons, both for a better assessment of the health risks in astronauts exposed to solar wind and cosmic radiations 
and for a better understanding of their effects in radiotherapy for oncologic patients. In the present study, we 
investigated the effects of the in vivo exposure to 2 Gy of integral dose absorbed by medium energy proton beams on 
mouse lymphoid spleen cells. The TOP-IMPLART accelerator was used as proton source. Irradiations were performed 
in air with pulsed (3.4 s, 10Hz) 27 MeV proton beams. During the exposure, mice were anesthetized in order to keep 
them in the right position. Sham-exposed anesthetized age/gender/strain-matched mice were used as controls. 
Twenty-four hours and 1 week after irradiation, each mouse was individually analyzed for several parameters  
(5 mice/group). Results showed that the number of nucleated cells in the spleen was not significantly affected. Flow 
cytometry analyses revealed that the percentages of helper T (CD4), cytotoxic T (CD8) and B (CD19) cells within the 
spleen lymphocytes were not altered 24 hours after the exposure. At variance, 1 week after the exposure the frequency 
of CD4 (14% vs. 9%) and CD19 (37% vs. 26%) cells reduced. Spleen cells were stimulated with an anti-CD3 antibody 
and LPS to induce T cell and B cell activation, respectively. Both T and B cells were functionally impaired by the 
exposure. Twenty-four hours after irradiation, T cell proliferation was indeed reduced by 50% in exposed mice 
compared with controls. B cells also displayed a reduced cell proliferation in response to the mitogenic stimulus  
(-33%). Interestingly, 1 week after irradiation proliferative responses of T and B cells were still compromised. This 
first study allowed the conclusion that, in vivo local exposure to protons induced small changes in total spleen cell 
number, the frequency of CD4 and B cells being reduced 1 week after the exposure. More interesting, functional 
responses, such as T and B cell proliferation were partially compromised. These effects, in spite of the limited area of 
exposure, were not recovered after 1 week. 
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1. INTRODUCTION 

During space flights and/or extravehicular activity, 
astronauts are exposed to several stressors having the 
potential to alter immune responses (microgravity, 
radiations, psychological stress, and others) [1]. 
Ionizing radiations include galactic/cosmic radiation 
and solar wind. Solar radiation is mainly composed of 
protons with a minor contribution from heavy ions and 
electrons. Ionizing radiation is very well known to 
affect several immune system parameters, primarily 
due to its effects on immune-hematopoietic cell 
survival. The effects include alterations in cell number, 
leukocyte subpopulation frequencies, cytokine 
production, and antibody production. While the large 

majority of these results were obtained exposing cells 
and animals to X or  rays, data on the effects of 
exposure to protons are still limited [2-7]. Weakening 
of the immune system might represent a serious threat 
for astronauts as it could expose them not only to the 
action of genuine pathogens but it could also allow the 
opportunistic pathogens or latent virus to infect the 
host. 

Besides, there is also a great interest in 
understanding the effects on the immune system of the 
exposure to protons due to radiotherapy. Proton 
therapy is very promising as it allows a more focused 
action on targeted tumors, sparing healthy tissues. 
Interestingly, in recent years, systemic effects on the 
immune system of patients exposed to local 
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radiotherapy were described, resulting in both, 
therapeutic beneficial effects or harmful side effects  
[8-9]. 

In the present study, we investigated the effects of 
the in vivo exposure to 2 Gy of integral dose absorbed 
by medium energy proton beams on mouse lymphoid 
spleen cells. The proton accelerator, under 
implementation in the framework of the Italian  
TOP-IMPLART project, was used [10].  

2. MATERIALS AND METHODS 

The proton accelerator, which is under construction 
in the framework of the Italian TOP-IMPLART project, 
consists of a low radiofrequency (425 MHz) and low 
energy (7 MeV) injector and linear structures operating 
at high radio-frequency (3 GHz) to accelerate protons 
to medium (35 MeV) and high energy (150 MeV). 
Irradiations were performed in air with pulsed (3.4 s, 
10Hz) 27 MeV proton beams, choosing a particular 
setup at 100 cm from the accelerator to have a uniform 
(98.5%) coverage of the selected area. The protons, 
having 24.5 MeV residual energy, penetrate 6 mm in 
tissue. Under these conditions, lymphoid spleen cells of 
twelve-week-old C57BL/6 male mice adsorbed 2 Gy of 
integral dose by medium energy proton beams. During 
the exposure, mice were anesthetized to ensure 
immobilization and to be placed in the appropriate 
position for the proton beam to target the spleen. 
Sham-exposed mice, which underwent the same 
treatments as exposed mice except for the proton 
beam, were used as controls. Preliminary experiments 
were performed to measure the dimensions and 
position of the spleen in mice from the same lot to 
ensure the correct targeting of this organ. 

Spleen cells from sham-exposed mice and mice 
exposed to proton beam 24 hours or 1 week before 
sacrifice (5 mice/group) were collected, counted, 
analyzed by flow cytometry and stimulated in vitro to 
induce cell proliferation. Briefly, cells were stained with 
fluorochrome-conjugated anti-CD4, anti-CD8 and anti-
CD19 antibodies (Miltenyi Biotec) to identify helper T, 
cytotoxic T and B cells, respectively. Optimal 
concentrations of antibodies and reagents were 
assessed in previous experiments. Fluorescence signals 
were collected in the log mode using a FACSCalibur 
(BD Biosciences). Analyses of cell populations were 
performed on events gated according to forward 
scatter/side scatter light parameters. 

Spleen cells were stimulated with anti-CD3 mAb or 
LPS to induce T and B cell proliferation, respectively. 
After 48 hour stimulation, cell proliferation was 
assessed by adding the Cell Titer 96TM Aqueous one 
solution (Promega G3580) to culture plates according 
the producer’s instructions. Six hours later, the 
absorbance was read at 490 nm using an ELISA 
microtiter plate reader. 

Mice were individually analyzed for all of the 
parameters considered. All data are shown as means ± 
standard error of mean (SEM) obtained by averaging 
the values of mice belonging to the same group. The 
Mann–Whitney U-test was used, with p<0.05 as the 
criterion for significance for all statistical comparisons. 
A post hoc power calculation was completed for each 

statistical comparison. The 2 test was applied to 
compare sham-exposed and exposed groups for 
proportions. A p<0.05 was considered as significant. 

 

Figure 1. Spleen cell number and percentage of T- and B-
lymphocytes, in irradiated and sham-exposed (white 

columns) mice. Twenty-four hours (gray columns) and 1 week 
(black columns) after exposure, spleen cells were collected, 

counted and analyzed by flow cytometry. A. Number of 
nucleated cells/spleen. B. Percentage of CD4 T, CD8 T and B 

(CD19) cells. Values represent mean ± Standard Error (5 
mice/group), *, p<0.05 for all comparisons. 

 
Figure 2. Twenty-four hours (gray columns) and 1 week (black 
columns) after irradiation, animals were sacrificed and their 
spleen cells were stimulated for 48 hours either with an anti-
CD3 monoclonal antibody at 0.1 or 1 g/ml (A) or with LPS at 

1 g/ml (B). Spleen cells from sham-exposed mice (white 
columns) were used as controls. Values represent mean ± 

Standard Error (5 mice/group); *, p<0.05.  
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3. RESULTS 

Results showed that the number of nucleated cells 
in the spleen was not significantly reduced 24 hours 
and 1 week after the local exposure to 2Gy (Fig. 1A). 
Flow cytometry analyses revealed that the percentages 
of helper T (CD4), cytotoxic T (CD8) and B (CD19) cells 
within the spleen lymphocytes were not altered 24 
hours after the exposure. At variance, 1 week after the 
exposure the frequency of CD4 (14% vs. 9%) and CD19 
(37% vs. 26%) cells was reduced (Fig. 1B). 

Spleen cells were stimulated with an anti-CD3 
monoclonal antibody to induce T cell activation. 
Results showed that the exposure reduced the T cell 
proliferative response to both optimal (1 g/ml) and 
sub-optimal (0.1 g/ml) concentrations of anti-CD3 
antibody. One week after irradiation the T cell 
proliferation was still compromised, showing only a 
partial recover (Fig. 2A) as compared to proliferative 
response of T cells from sham-exposed mice. 

Spleen cells were also stimulated with LPS 
(lipopolysaccharide, 1 g/ml) to induce B cell 
proliferation. Results showed that the B cell 
proliferative response 24 hours and 1 week after the 
exposure was also significantly reduced (Fig. 2B).  

4. CONCLUSIONS 

With this first explorative study we can conclude 
that in vivo local exposure to protons induces small 
changes in total spleen cell number, the frequency of 
CD4 and B cells being reduced 1 week after the 
exposure. More interesting, functional responses, such 
as T and B cell proliferation were partially 
compromised. These effects, in spite of the limited area 
of exposure, were not recovered after 1 week. 
Additional experiments are ongoing to investigate the 
effects of protons at further time points after the 
irradiation and on other immunologic parameters 
including cytokine secretion and antibody production. 
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