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Abstract 

The absolute lymphocyte count (ALC), lymphocyte-to-monocyte ratio (LMR), and neutrophil-to-lymphocyte ratio 

(NLR) offer convenient means to assess systemic inflammation post-cancer treatment, which influences treatment 

outcomes. Understanding these biomarker variations and leukocyte subpopulation interplay is crucial for optimizing 

radiotherapy. Herein, leukocyte subpopulations (T-CD4+, T-CD8+, B-cells, NK-cells, neutrophils, monocytes) during 

and after brain irradiation (using X-rays or Protons) in tumor-free mice were used to compute ALC, LMR, and NLR, on 

which radiation parameter influence was assessed by principal component analysis (PCA). NLR kinetics were further 

examined using modeling. Leukocyte subpopulations interplays and their response to radiation parameters were 

examined using PCA and correlation analysis. Under X-rays, ALC and LMR decreased, with ALC recovered to baseline 

after irradiation, but not LMR. Both X-rays and protons increased the NLR during irradiation, recovering in protons 

but not X-rays. Both irradiation volume and dose rate had a pronounced effect on the NLR. Leukocyte subpopulation 

interplay was observed under X-rays and protons, normalizing in the proton group by day 28. Lymphopenia was 

observed in all lymphocyte subpopulations under X-ray irradiation but not protons. The recovery patterns varied 

among the subpopulations. Neutrophil counts increased during irradiation, with the recovery of protons, but not X-

rays, by day 28. Interplays between NK-cells and myeloid subpopulations were evident under X-rays but not protons. 

Importantly, no interplay was detected between myeloid cells and T/B-cells, indicating that LMR and NLR variations 

were primarily due to independent responses to brain irradiation. A tumor-free experimental mouse model was used 

to study the effects of brain radiotherapy on systemic immunity. When administering fractionated irradiation with a 

total dose of 20 Gy using a vertical beam to either the whole brain or hemi-brain, proton irradiation had fewer adverse 

impacts on the immune system compared to X-rays in tumor-free rodents. 

Summary sentence 

Under fractionated irradiation with a total dose of 20 Gy delivered by a vertical beam to either the whole brain or 

hemi-brain, proton irradiation induces fewer adverse effects on the immune system compared to X-rays in tumor-

free rodents.  

Keywords: radiotherapy, immune response, brain irradiation, leukocyte subpopulations, neutrophil-to-lymphocyte 

ratio, proton therapy 
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1 Background 

Over the past decade, it has become evident that persistent systemic inflammation is closely linked to unfavorable 

outcomes in numerous solid malignancies [1]. Inflammation is difficult to measure and it is associated with poor 

prognosis in cancer treatment. Inflammation can be roughly estimated using the neutrophil-to-lymphocyte ratio 

(NLR) [2]. The NLR has been extensively studied as a prognostic marker in patients with solid tumors because it 

reflects the inflammatory response to cancer [3]. The NLR has also been used for the stratification of numerous 

cancers and is correlated with tumor size, stage, metastatic potential, and lymphatic invasion [4,5]. Several studies 

have reported associations between survival rates and the NLR, which is a representative marker of tumor immunity 

[5–7]. In the context of brain tumor treatment, the dynamic change in the NLR during radiochemotherapy has been 

shown to be a good prognostic factor in the treatment of glioblastoma and is more significant than the changes in 

the neutrophil and total lymphocyte counts [8]. In addition to the NLR, other inflammatory markers based on 

leukocytes, such as the absolute lymphocyte count (ALC) and lymphocyte–monocyte ratio (LMR), are clinically 

significant for assessing the impact of the inflammatory response on the prognosis of various solid tumors, including 

colorectal, gastric, and lung cancers [9]. These leukocyte-based inflammatory biomarkers are of particular interest 

because of their accessibility and ease of computation based on routine blood cell counts. Among these biomarkers, 

the ALC and NLR have frequently been studied as prognostic indicators for radiotherapy. 

Despite these advances, the precise mechanisms underlying leukocyte changes in response to radiotherapy remain 

unknown. Immune cells, especially lymphocytes, are among the most radiosensitive cells in the human body [10]. A 

common side effect of radiotherapy is the development of radiation-induced lymphopenia (RIL) [11]. RIL is 

characterized by the rapid depletion of circulating lymphocytes following irradiation and can be both profound and 

long-lasting. This condition affects more than 40% of patients undergoing radiotherapy for solid tumors, including 

brain tumors [12]. RIL has emerged as a robust adverse prognostic factor for patient outcomes, whether in the 

context of radiotherapy alone or in combination with radioimmunotherapy [13]. Moreover, the recovery of 

immunocompetence following periods of hematopoietic injury is vital not only for effective responses to pathogens 

and tumor antigens but also for optimal responses to cancer immunotherapy [14]. In contrast, the expansion of 

myeloid populations (such as neutrophils and monocytes) following radiation treatment has been found to be 

correlated with RIL and negatively correlated with the prognosis of cancer treatment. The balance between myeloid 

and lymphoid populations is critical for immune activity. A skewed myeloid-to-lymphoid balance, as indicated by the 
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NLR and LMR, signifies immune stimulation and inflammation [15,16]. During inflammation, interactions between 

myeloid and lymphoid populations contribute to the interplay between innate and adaptive immune responses. 

However, it remains unclear whether such interactions occur directly after radiotherapy [15]. 

Recent advances in radiotherapy have led to the development of new irradiation methods. The choice between X-

ray and particle therapy may modify leukocyte subpopulations in the blood and alter the immunological effects of 

radiotherapy. For example, proton therapy has been reported to reduce the severe lymphopenia rate by 50% 

compared with X-ray radiotherapy in patients undergoing radiochemotherapy for esophageal carcinoma [17]. This 

difference was attributed to the lower doses delivered to critical organs at risk (body, spleen, liver, lungs, and heart) 

with proton therapy than with X-ray therapy [18]. Additionally, proton therapy was found to decrease the volume of 

the brain exposed to radiation and the likelihood of lymphopenia in glioblastoma patients undergoing 

radiochemotherapy [19]. 

Understanding how radiation parameters affect ALC, LMR, NLR, and the dynamics of leukocyte subpopulations is 

essential for optimizing radiotherapy treatments and their combination with immunotherapies. This study aimed to 

analyze the impact of brain irradiation using various radiation modalities on circulating leukocyte-based inflammatory 

biomarkers and the interplay between leukocyte subpopulations using a combination of computational methods. 

2 Methods 

2.1 Data 

This study utilized data from two preclinical experiments that investigated the effects of brain radiation on the 

immune population of healthy seven-week-old C57BL/6 female mice (16–20 g; Janvier Labs) [20]. The animal 

experiments were performed in accordance with current European regulations, with permission from the Regional 

Committee on Animal Ethics, CENOMEXA, for the experiments carried out in Caen (#27343) and CEEA035 for those 

performed in Strasbourg (#27413). All animals were genetically identical; thus, no blinding or randomization was 

performed to select irradiated and control mice. Daily surveillance and body weight follow-up were performed twice 

per week. 

Physical doses of 2.5 Gy per fraction in four fractions were delivered to the brain vertically on two consecutive days 

using either X-ray (XRad-225Cx, Cyceron, Caen, France) or proton (PRECy platform, CYRCé cyclotron, Strasbourg, 

France) beams. The dose applied to the brain was previously described [21]. Mice were irradiated under anesthesia 
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(1 L/min with 5% isoflurane for induction and 2% for maintenance in 70% N2O/30% O2). Irradiation was performed 

using a square (L=1 cm)/rectangular (L=1 cm; l=0.5 cm) collimator. For X-rays, the brain was located using an on-

board CT scan. For protons, the energy of the proton beam was set to 25 MeV to accurately target the brain (Gaussian 

distribution with an average value of 24.85 MeV with a standard deviation of 127 keV) [22]. To obtain a flat transverse 

dose profile, we used a 100-micron thick Al-scattering foil 340 cm upstream from the end of the beam line and to 

extract the beam from vacuum to air, it passes through a second 50-micron Al foil (4-5 cm before the target). Then 

we utilized a rotating wheel composed of 20 different thicknesses of aluminum foil as degrader to modulate the 

energy, thus managing the Spread-Out Bragg Peak (SOBP) [22]. The anesthetized mice were placed in a neck cradle. 

A laser pointer was used to calibrate the irradiated brain center and spare the olfactory bulbs, skull base nodes, and 

brainstem. 

Blood samples were collected at two time points: during irradiation on day 2 and after the final radiation fraction on 

day 28. Flow cytometry was used to quantify the blood concentrations of different leukocyte subpopulations, 

including T CD4+ cells, T CD8+ cells, B cells, and NK cells from the lymphoid population and neutrophils and monocytes 

from the myeloid population. The experimental conditions included different types of radiation beams (X-rays or 

protons), irradiated volumes (whole brain or left hemisphere), and dose rates (1 or 2 Gy/min). Non-irradiated mice 

were used as controls. The full detailed experimental protocol for mouse irradiation, blood collection, flow cytometry 

and gating strategy are presented in the supplementary material section 1 and in Coupey et al. 2024 [20]. 

To standardize the data, the concentration of each cell population was normalized to the ratio of the control group 

in each experiment using the baseline concentration as a reference fixed at a value of 1. Figure 1 illustrates the 

variations in leukocyte subpopulations during irradiation on day two and after irradiation on day 28. T cells (CD4+ 

and CD8+) and B cells exhibited a significant reduction in cell count during irradiation, with subsequent recovery 

within one month of irradiation. In contrast, there was a significant reduction in the percentage of NK cells, which 

persisted even one month after irradiation. However, the number of neutrophils increased in more than 50% of the 

mice during irradiation, and this increase continued to be evident on day 28. Compared with those in the control 

group, the number of monocytes in the treated group did not significantly change. Notably, there was greater 

variability in leukocyte counts postirradiation in the irradiated group than in the control group, indicating the 

presence of distinct immune response subgroups following irradiation. 

(Figure 1) 
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2.2 Leukocyte-based inflammatory biomarkers 

The absolute lymphocyte count (ALC), neutrophil–lymphocyte ratio (NLR) and lymphocyte–monocyte ratio (LMR) 

were calculated as follows: 

𝐴𝐿𝐶𝑖 = 𝐶𝑇−𝑐𝑒𝑙𝑙𝑠
𝑖 + 𝐶𝐵−𝑐𝑒𝑙𝑙𝑠

𝑖 + 𝐶𝑁𝐾−𝑐𝑒𝑙𝑙𝑠
𝑖  

𝑁𝐿𝑅𝑖 =
 𝐶𝑁𝑒𝑢𝑡𝑟𝑜𝑝ℎ𝑖𝑙𝑠

𝑖

𝐴𝐿𝐶𝑖

; 𝐿𝑀𝑅𝑖 =
𝐴𝐿𝐶𝑖  

𝐶𝑀𝑜𝑛𝑜𝑐𝑦𝑡𝑒
𝑖

 

where 𝐴𝐿𝐶𝑖 , 𝑁𝐿𝑅𝑖 , 𝐿𝑀𝑅𝑖 are the ALC, NLR, and LMR at time 𝑖; 𝐶𝑇−𝑐𝑒𝑙𝑙𝑠
𝑖 , 𝐶𝐵−𝑐𝑒𝑙𝑙𝑠

𝑖 , 𝐶𝑁𝐾−𝑐𝑒𝑙𝑙𝑠
𝑖 , 𝐶𝑁𝑒𝑢𝑡𝑟𝑜𝑝ℎ𝑖𝑙𝑠

𝑖 , and 

𝐶𝑀𝑜𝑛𝑜𝑐𝑦𝑡𝑒
𝑖  are the concentrations of T cells, B cells, NK cells, neutrophils, and monocytes at time 𝑖, respectively. 

The ALC, LMR, and NLR were normalized to the ratio of the control group in each experiment, with the reference 

baseline concentration fixed at 1. Statistical analyses were performed using RStudio version 4.1.2. The Mann–

Whitney U test (Wilcoxon test) was applied to test whether there was a difference in ALC, LMR, and NLR variations 

under brain irradiation between the irradiated and non-irradiated groups under the null hypothesis that the ALC, 

LMR, and NLR values were the same between the irradiated and control groups. The summary of all parameters used 

in the analysis was mentioned in Table 1.   

2.3 Impact of radiation parameters on leukocyte-based inflammatory biomarkers 

Exploratory data analysis 

The correlations between ALC, NLR, and LMR during and after irradiation were assessed. Principal component 

analysis (PCA) was then applied to summarize the influence of radiation parameters on the ALC, NLR or LMR during 

and after irradiation. The radiation parameters included the irradiation type employed (X-rays or protons), irradiated 

volume (whole brain or hemi-brain), and dose rate (1 or 2 Gy/min). 

Clustering NLR data into subgroups 

To discern the existence of subgroups within NLR kinetics and their distribution in response to specific radiation 

conditions (irradiation type: X-rays or protons; irradiated volume: whole brain or hemi-brain; dose rate: 1 Gy/min or 

2 Gy/min), longitudinal mixture modeling was performed. This clustering process was executed using the FlexMix 

package version 2.4.1 (20), with the Akaike information criterion (AIC) used as the criterion to identify the optimal 

number of clusters. The order of the polynomial model was selected between the 1st-, 2nd-, and 3rd-order polynomial 
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models based on the mean square error (MSE). The outcomes derived from longitudinal mixture modeling facilitated 

the identification of NLR kinetic subgroups based on common kinetic trends. 

Tree-based modeling 

A tree-based modeling approach was adopted to explore the hierarchical relationships between radiation parameters 

and NLR subgroups. A decision tree was constructed by minimizing the MSE during the node-splitting process, 

wherein the strategy sought to minimize the MSE. 

The splitting process terminated when no further splitting was observed. A post-pruning process was performed to 

remove non-significant branches. The analytical approach was executed using the rpart package version 4.1.19. 

2.4 Leukocyte subpopulation interplay during and after irradiation 

Leukocyte subpopulations were clustered into distinct groups based on cell count patterns during irradiation. 

Clustering was determined by calculating Pearson correlation coefficients and employing the k-means clustering 

algorithm. The results of this analysis are presented in the form of a heatmap, and hierarchical clustering was applied 

using the pheatmap package version 1.0.12 [23]. Correlations were examined at two specific time points: during 

irradiation on day two and after irradiation on day 28. 

PCA was applied to provide a summary and visual representation of the six leukocyte subpopulations during 

irradiation (day 2) and post-irradiation (day 28). This analysis allowed us to project the data onto a two-dimensional 

graph. In addition to leukocyte subpopulations, the supplementary parameters included three radiation-related 

factors: irradiation type, irradiation volume, and dose rate. PCA was performed using the FactoMineR package (for 

the analysis) and factoextra package (for data visualization) in R software [24]. 

3 Results 

3.1 Impact of brain irradiation on leukocyte kinetics 

Brain irradiation induced a significant reduction in the ALC and LMR on day 2, which demonstrated complete recovery 

by day 28. Conversely, the NLR increased during irradiation on day 2 (Figure 2A1), with no subsequent recovery 

observed after irradiation on day 28 (Figure 2A2). There was no significant correlation between the LMR during or 

after irradiation (Figure 2B1 and 2). Conversely, the ALC and NLR during irradiation were significantly correlated with 
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the ALC and NLR after irradiation (Figure 2B3). PCA was then applied to elucidate the variability in ALC, LMR, and NLR 

during and after brain irradiation (Figure 2C). 

(Figure 2) 

For both ALC and LMR, the primary principal component accounted for 56.6% of the data variance, whereas the 

second principal component accounted for 43.3%. Given the nearly equal contributions of both principal components 

to the data variance, it can be inferred that variations in ALC or LMR during irradiation were not strongly associated 

with variations in ALC or LMR after irradiation. The first component showed elevated ALC and LMR levels during and 

after irradiation. The second component indicated elevated levels of ALC or LMR during irradiation and diminished 

levels after irradiation. For ALC, the control (non-irradiated) group and protons exhibited positive correlations with 

both components. Conversely, X-rays and a dose rate of 1 Gy/min were negatively correlated with both components. 

Whole-brain irradiation displayed a negative correlation with the first component, whereas a dose rate of 2 Gy/min 

and hemi-brain irradiation showed a minimal correlation with both components. These findings suggest that the use 

of X-ray irradiation at a lower dose rate and with a larger irradiation volume is associated with lower lymphocyte 

counts during irradiation. The recovery of lymphocyte levels after irradiation was influenced by the irradiated volume, 

with smaller volumes showing better recovery. The recovery of lymphocyte levels after irradiation was influenced by 

the irradiated volume, with smaller volumes showing better recovery. 

The primary principal component explained 71% of the variance in the NLR, while the second principal component 

accounted for 29%. Both the NLR during and after irradiation exhibited strong positive associations with the major 

components. The first component denoted heightened NLR levels during and after irradiation, whereas the second 

component indicated low NLR levels during irradiation and elevated NLR levels after irradiation. The control group 

exhibited a negative correlation with the first component, whereas whole-brain irradiation displayed a positive 

correlation with the first component, with hemi-brain irradiation resembling the behavior of the control group. A 

dose rate of 1 Gy/min exhibited a negative correlation with the second component, whereas a dose rate of 2 Gy/min 

displayed minimal correlation with both components. The first component represents the effect of the irradiated 

volume, and the second component represents the dose rate. X-rays demonstrated a positive correlation, and 

protons exhibited a negative correlation with both components. This suggests that both X-rays and protons induced 

an increase in the NLR during irradiation, with this increase being more pronounced with larger irradiation volumes 
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and lower dose rates. The recovery of the NLR after irradiation was observed for protons but not for X-rays, and 

higher dose rates led to better recovery after 28 days. 

Hence, the radiation type of X-rays or protons is an important parameter for ALC, LMR, and NLR variations. These 

variations, stratified by irradiation type, are shown in Figure 3. Compared with those in the control group, the ALC 

and NLR in the X-ray irradiation group were significantly lower (Figure 3A.1). However, the reduction in the LMR 

during irradiation did not reach statistical significance. The ALC fully recovered to baseline levels after irradiation 

(Figure 3A.2). Conversely, the NLR remained elevated even after irradiation, with 75% of X-ray-treated mice exhibiting 

NLR values greater than those in the control group (Figure 3A.2). Notably, no statistically significant changes were 

observed in the ALC, LMR, or NLR during proton irradiation. Nevertheless, more than 50% of the mice exhibited NLR 

values exceeding the baseline, and more than 50% displayed LMR values lower than the baseline (Figure 3C.1). This 

change was reversed for the NLR but not for the LMR after 28 days (Figure 3C.2). In summary, ALC reduction was 

observed in response to X-rays but not to protons. The LMR and NLR exhibited similar trends under both X-ray and 

proton irradiation but to a lesser extent under proton irradiation than under X-ray irradiation. These findings suggest 

that both lymphoid and myeloid cells contribute to the systemic inflammatory response during X-ray irradiation, 

whereas only myeloid cells are involved in the response to proton irradiation. NLR recovery was observed for protons 

but not for X-rays, while the LMR remained consistent between the early and late phases post-irradiation. 

(Figure 3) 

3.2 Neutrophil-to-lymphocyte kinetics following brain irradiation 

Given the association between the NLR during and after irradiation, as revealed by PCA (Figure 2B), a more detailed 

analysis of NLR kinetics was performed using a mixture model. The 2nd-order polynomial model was chosen because 

it resulted in a lower MSE than the 1st- and 3rd-order models. This approach resulted in the classification of NLR 

kinetics into 5 distinct clusters. These five clusters were subsequently regrouped into three categories based on their 

patterns (Figure 4A; for details, see the supplementary figure 1 and supplementary figure 2). 

1. Group 1, which included cluster 2, was characterized by stable NLR values over time. 

2. Group 2 included clusters 1 and 3, in which the NLR increased during irradiation and gradually decreased 

(recovered) over time. 
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3. Group 3, consisting of clusters 4 and 5, exhibited an increase in the NLR during irradiation, followed by 

recovery and a subsequent late increase on day 28. 

Quantitative assessment using a tree-based separation method (Figure 4B) further confirmed that the primary factor 

influencing NLR kinetics was the irradiation type used, followed by the irradiated volume and dose rate in the X-ray 

arm. In the case of X-ray irradiation, only 20% of the mice displayed stable NLR kinetics following whole-brain 

irradiation, whereas 45% exhibited stable NLR kinetics after hemi-brain irradiation. Under X-ray hemi-brain 

irradiation, a dose rate of 2 Gy/min led to a greater incidence of late increases in NLR kinetics than did a dose rate of 

1 Gy/min. In contrast, under proton irradiation, 70% of the mice exhibited stable NLR kinetics. The observed 

differences in NLR kinetics between X-ray and proton irradiation were statistically significant, as determined by 

Fisher’s exact test (p =0.004, see Figure 4C). No significant difference in NLR kinetics was observed when different 

irradiated volumes (whole-brain or hemi-brain) or dose rates (1 or 2 Gy/min) were applied (Figure 4D, E). 

(Figure 4) 

3.3 X-rays and protons have different impacts on the interplay of leukocyte subpopulations 

PCA revealed that the variance within the six leukocyte subpopulations could be effectively captured within a two-

dimensional plane, accounting for approximately 70% of the variance both during and after irradiation (Figure 5). 

On day 2, regarding the leukocyte subpopulations during irradiation, the first principal component accounted for 

54.7% of the variance, whereas the second principal component explained 25.5% of the variance (Figure 5A). The 

first principal component was positively correlated with variations in lymphoid subpopulations (T CD4+, T CD8+, B, 

and NK cells). Conversely, the second principal component exhibited a positive correlation with variations in myeloid 

cell subpopulations (neutrophils and monocytes). This implies that the first principal component characterizes the 

variation in lymphoid subpopulations, whereas the second principal component characterizes the variation in 

myeloid subpopulations during irradiation. The first principal component exhibited a negative correlation with X-rays 

and a positive correlation with protons, with the latter exhibiting a stronger correlation than that of the control group. 

On day 28, regarding the leukocyte subpopulations post-irradiation, the first principal component accounted for 

44.6% of the variance, whereas the second principal component accounted for 29.3% (Figure 5B). The first principal 

component demonstrated a positive correlation with variations in T and B cells, whereas the second principal 

component showed a positive correlation with myeloid subpopulations (neutrophils and monocytes) and a negative 
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correlation with NK cell variation. This suggests that the first principal component characterizes changes in leukocyte 

populations associated with adaptive immunity, whereas the second principal component describes changes in 

leukocyte populations associated with innate immunity. X-rays exhibited a positive correlation with the second 

principal component, whereas proton irradiation exhibited a negative correlation with the second principal 

component, demonstrating a stronger correlation than in the control group. 

These findings suggest that lymphoid subpopulations mount an early response following irradiation, with distinct 

responses observed in relation to X-rays but not proton irradiation. Although the reduction in lymphoid 

subpopulation levels induced by X-ray exposure can be reversed, this is not the case for NK cells. Conversely, brain 

irradiation has a delayed effect on myeloid subpopulations, with an expansion observed specifically in response to X-

ray exposure but not proton irradiation. 

The lymphocyte subpopulations exhibited divergent responses to radiation exposure. T CD4+, T CD8+, and B cells 

demonstrated similar response patterns during irradiation, which was marked by a negative correlation with X-ray 

exposure. These correlations diminished post-irradiation on day 28 and exhibited disparities between T cells (CD4+ 

and CD8+) and B cells. Notably, the number of B cells after irradiation appeared to be independent of the type of 

irradiation (Figure 5B). Conversely, NK cell levels were negatively correlated with X-rays and positively correlated with 

proton irradiation during and after irradiation. These observations suggest that X-ray radiation causes acute 

lymphopenia across all lymphocyte subpopulations, with full recovery observed within 28 days for B cells, partial 

recovery of T cells (CD4+ and CD8+), and no recovery of NK cells. Protons exerted minimal influence on lymphoid cell 

subpopulations. 

Neutrophils and monocytes showed a strong correlation with myeloid cell subpopulations. Variations in these 

subpopulations during irradiation appeared to be largely independent of X-ray exposure and exhibited a more 

pronounced positive correlation with protons than with X-rays (Figure 5A). After irradiation, the variation was 

positively correlated with X-rays and negatively correlated with protons (Figure 5B). This suggests an early effect of 

proton irradiation and a delayed effect of X-ray irradiation on myeloid subpopulations. 

(Figure 5) 

The data were subsequently stratified based on the irradiation type and subjected to correlation analysis and PCA 

(Figure 6). X-rays and protons induced distinct correlations among leukocyte subpopulations during brain irradiation. 
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For both X-rays and protons, leukocyte subpopulations can be effectively categorized into two distinct clusters based 

on their correlated responses during irradiation. 

Under X-ray irradiation, these two groups consisted of (1) T CD4+, T CD8+, and cells and (2) NK cells, neutrophils, and 

monocytes (Figure 6A, supplementary figure 3). During irradiation on day 2, PCA revealed two primary components, 

PC1 and PC2, which accounted for 51.6% and 22.4% of the variance in the data, respectively. PC1 exhibited a positive 

correlation with all leukocyte subpopulations, indicating a general immune response. PC2 was positively correlated 

with T and B cells but negatively correlated with other subpopulations, suggesting a unique response in these 

lymphoid cells. Compared with hemi-brain irradiation, whole-brain irradiation was positively correlated with PC1 but 

negatively correlated with PC2. This indicated that larger irradiated volumes led to greater expansion of myeloid and 

NK cells, regardless of dose-rate effects, which appeared to be less relevant. After irradiation on day 28, PC1 and PC2 

explained 52% and 20.6% of the variance, respectively (Figure 6B, supplementary figure 4). PC1 maintained a positive 

correlation with all leukocyte subpopulations except for NK cells. PC2 was positively correlated with lymphoid cell 

subpopulations and negatively correlated with myeloid cell subpopulations. Whole-brain irradiation was negatively 

correlated with both components, whereas hemi-brain irradiation exhibited positive correlations with both 

components, suggesting that larger irradiated volumes resulted in lower T and B cell levels post-irradiation, possibly 

due to slower recovery rates or changes in homeostatic levels. Additionally, a third component, PC3 (15.2% of the 

variance in the data; see the supplementary information), was strongly correlated with NK cells and increased 

irradiated volume, indicating that larger irradiated volumes might lead to higher NK cell concentrations (less NK 

lymphopenia) in the blood post-irradiation. 

Conversely, under proton irradiation, the two distinct groups comprised (1) TCD4+, TCD8+, B cells, and NK cells and 

(2) neutrophils and monocytes (Figure 6C, supplementary figure 5). On day 2 of irradiation, PCA revealed two 

significant components. PC1 (49.7%) was positively correlated with all lymphoid subpopulations, whereas PC2 

(27.2%) was positively correlated with all myeloid subpopulations. In terms of irradiated volume, whole-brain 

irradiation showed a positive correlation with PC1 and a negative correlation with PC2 (in contrast to hemi-brain 

irradiation). This suggests that a larger irradiated volume leads to the expansion of myeloid cells and lower levels of 

lymphoid cells. Regarding the dose rate, 1 Gy/min was positively correlated with PC2 and negatively correlated with 

PC1 (inversely correlated with 2 Gy/min). This indicates that a lower dose rate is associated with smaller lymphoid 

subpopulations and higher myeloid cell counts, potentially resulting in a greater NLR and a lower ALC and LMR. 
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Additionally, PC3 (15% data variance; for details, see supplementary figure 4) was strongly correlated with NK cells, 

with an increased irradiation volume positively affecting this component. The dose rate had a lesser effect on PC3 

cells. After irradiation on day 28, PCA demonstrated that PC1 (56.3%) was positively correlated with all lymphoid 

subpopulations, whereas PC2 (28.3%) was positively correlated with all myeloid subpopulations (Figure 6D, 

supplementary figure 6). Whole-brain irradiation was negatively correlated with PC1, whereas hemi-brain irradiation 

was positively correlated with PC1. The irradiated volume did not significantly correlate with PC2. This suggests that 

larger irradiation volumes result in fewer lymphoid subpopulations after irradiation. In terms of the dose rate, 1 

Gy/min was positively correlated with PC1 and inversely correlated with PC2. This indicated that a lower dose led to 

higher lymphoid subpopulation levels. Neither the irradiation volume nor the dose rate had a long-term impact on 

the myeloid subpopulations. 

(Figure 6) 

4 Discussion 

Our study provides information regarding the complex relationship between brain irradiation and inflammation, 

particularly in the context of the immune response to X-rays and proton therapy. 

Our findings indicate that X-ray irradiation led to a uniform degree of lymphopenia in all lymphocyte subpopulations. 

T cells (CD4+ and CD8+) and B cells displayed varying recovery patterns within 28 days post-irradiation. Conversely, 

NK cells demonstrate limited capacity for recovery within the same timeframe. In fact, lymphopenia is a well-

documented consequence of RT. The severity of lymphopenia is closely linked to the administered dose [25,26]. 

Importantly, radiation-induced lymphocyte count reduction and subsequent lymphocyte infiltration into tumors have 

an impact on overall survival outcomes [13]. Lymphocytes are heterogeneous populations of T cells, B cells, NK cells, 

and their subpopulations. These subpopulations exhibit varying responses to radiation doses due to differences in 

radiosensitivity, maturation stage, homeostasis, and interactions between themselves [15]. Moreover, they play 

distinct roles in the tumor response and treatment efficacy. NK cells are part of the innate immune system and can 

either kill tumor cells directly or promote the differentiation of cytotoxic T cells into effective cytotoxic T cells that 

eliminate tumor cells. NK cells exhibit radioresistance both in vitro and in vivo, even after whole-body irradiation [27]. 

Therefore, the reduction in NK cell counts following fractionated brain irradiation is likely driven by mechanisms 

distinct from those affecting other lymphocyte populations. 
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Brain injury and neuroinflammation may explain the depletion of NK cells after X-ray irradiation. Systemic reductions 

in NK cell levels have been reported in glioblastoma patients undergoing chemoradiotherapy, primarily due to the 

secretion of mediators that induce NK cell infiltration [28]. Additionally, during neuroinflammation at the tissue level, 

NK cell infiltration attracts and regulates neutrophil and monocyte infiltration into the brain through chemokine 

secretion [29]. The strong correlation observed between NK cells and myeloid subpopulations following X-ray 

irradiation further supports the existence of neuroinflammation involving the activation of the innate immune 

system. This finding aligns with previous findings highlighting the activation of innate immune cells by 

proinflammatory cytokines following irradiation [30]. Following radiochemotherapy treatment of pancreatic cancer, 

NK cells play a role in the radiation-induced immune response via an interleukin-8–dependent mechanism, and a 

reduction in circulating NK cells following treatment is associated with poorer overall survival [31]. 

Our results suggest that brain irradiation induces an increase in the NLR and that proton therapy may prevent long-

term increases in the NLR after irradiation. This finding has significant implications for both radiotherapy treatments 

and future modalities, such as immunotherapy, particularly for multimodal therapeutic approaches. NLR components 

(neutrophils and lymphocytes) have been identified as important factors for the prognosis of patients receiving 

radiotherapy. Neutrophils are the most abundant circulating white blood cells and are known for their rapid response 

to acute inflammation. They play a critical role in initiating and sustaining immune reactions throughout the body 

[32]. Emerging evidence supports their role in regulating both the innate and adaptive immune systems during tumor 

development [33]. Studies have shown that neutrophil depletion through anti-Ly6G antibody-mediated effects can 

enhance the efficacy of radiation therapy [34]. Moreover, retrospective analyses of large patient cohorts have 

demonstrated a robust correlation between baseline blood neutrophil counts and three-year overall survival rates in 

patients with various types of cancer [33]. Additionally, an early increase in neutrophil count during irradiation has 

been associated with higher recurrence rates and reduced survival in patients with cervical cancer [35]. In addition, 

we demonstrated that the change in the NLR after brain irradiation did not depend on the irradiation volume or dose. 

This suggests that the systemic inflammation detected by the NLR following brain irradiation was likely due to the 

systemic response of the body when part of the brain was exposed to radiation, independent of how much and how 

fast it was irradiated. It is widely documented that radiation causes inflammation in the brain by activating microglia 

and endothelial cells, which triggers a chain of events that alter the levels of cytokines and chemokines in the brain 

and perturb the systemic immune system [36]. 
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Our results showed that the LMR and ALC decreased during X-ray irradiation. However, while the ALC fully recovered 

by day 28, the LMR exhibited poor recovery. Given that both ALC and monocyte levels on day 28 were significantly 

different from those in the control group, the limited recovery of LMR suggested an interaction between lymphocytes 

and monocytes following irradiation. This interaction could serve as a more informative marker than examining 

lymphocyte or monocyte levels alone. High pretreatment monocyte counts and low pretreatment LMR are poor 

prognostic factors in patients with solid tumors [37,38]. In patients with metastatic renal cell carcinoma treated with 

immune checkpoint inhibitors, an elevated LMR before treatment initiation and an increase during treatment 

correlated with improved outcomes [39]. However, there has been limited research on the association between the 

LMR and the response to radiotherapy. Additionally, whether variations in the LMR following radiotherapy are 

correlated with treatment efficacy remains unclear. Monocytes, as a type of myeloid subpopulation, play a significant 

role in the tumor response. Elevated monocyte counts may facilitate cancer progression by recruiting these cells to 

the tumor microenvironment, where they promote immune suppression and angiogenesis [40]. At the cellular level, 

circulating lymphocytes and monocytes are sources of tumor-infiltrating lymphocytes (TILs) and tumor-associated 

macrophages (TAMs), respectively [41,42]. TILs are responsible for mounting anti-tumor immune responses, whereas 

TAMs play a role in accelerating tumor progression and contributing to immune responses [40,43]. Consequently, a 

low circulation level may reflect a weakened anti-tumor immune response and a microenvironment conducive to 

tumor growth. Tracking the LMR after radiotherapy may offer valuable insights into the impact of radiation on the 

immune system. 

In addition, interactions between myeloid and lymphoid lineages have also been described as interactions between 

lymphocytes and myeloid-derived suppressor cells (MDSCs); in particular, RILs have been shown to be induced by 

MDSCs. MDSCs constitute a population of immature myeloid cells that includes monocytes and granulocytes, such 

as neutrophils. MDSCs can indeed exert suppressive effects on various immune effector cells, such as T cells, by 

inhibiting their proliferation [44] and myelopoiesis. Brain irradiation can increase the levels of circulating MDSCs and 

further suppress T cells in glioblastoma patients [45]. Glioblastoma mouse models have further shown a cause-and-

effect relationship between radiation-induced MDSCs and RILs [45]. Inhibition of MDSCs using pharmaceutical agents 

has demonstrated promising results in reducing RILs, increasing the presence of TILs, and enhancing the effector 

functions of T cells in preclinical and clinical settings [45,46]. Finally, the expansion of myeloid cells may underlie the 
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suppressive effect of radiation on lymphocytes, as suggested by our observations of neutrophilia following 

irradiation. 

Our study illustrated the differences between X-ray and proton therapies in the context of RILs. While RILs induced 

by X-rays displayed the potential for recovery within 28 days post-irradiation, it coincided with changes in lymphocyte 

subpopulations, reflecting heterogeneous radiosensitivity. In contrast, proton therapy minimized these 

subpopulation changes, suggesting an advantage in preserving lymphocyte diversity. The ability of proton therapy to 

deliver radiation with a smaller entrance dose and negligible exit dose permits the reduction of radiation doses to 

normal structures. This effect is advantageous for sparing lymphatic organs and circulating blood [21,47], thus 

effectively mitigating RILs. However, neutrophils have a short lifespan and a high renewal rate [15]. It is also essential 

to acknowledge that proton therapy may not confer the same benefits to neutrophils owing to their short lifespans 

and rapid renewal rates. Furthermore, our findings revealed distinctions in the interplay between the leukocyte 

subpopulations induced by X-rays and protons. These differences suggest divergent systemic effects driven by 

irradiation type, consistent with previous reports [48,49]. The variations in leukocyte interactions following X-rays 

and protons suggest a potential dissimilarity in the biological effects of these two irradiation types on the immune 

system. These findings emphasize the complex interplay between radiation parameters and immune responses, 

shedding light on how different factors influence leukocyte subpopulations during and after brain irradiation. 

Our findings illustrate a correlation between increased irradiated brain volume and decreased dose rate with 

elevated myeloid cell concentration and reduced lymphoid cell concentration during irradiation. In our earlier 

investigation, we established that variations in the irradiation volume and dose rate significantly influence early 

changes in myeloid cell subpopulations following brain irradiation [21]. Additionally, a previous simulation study 

suggested that higher irradiated brain volume and lower dose rates result in increased blood exposure to radiation 

[47]. Given their heightened radiosensitivity [50,51], circulating lymphocytes are particularly susceptible to adverse 

effects when a larger blood volume is exposed to radiation. In addition to X-rays or protons, factors such as dose rate 

and irradiated brain volume, other radiation-related variables should also be taken into account. Previous research 

has indicated that the configuration of dynamic beam delivery affects the radiation dose absorbed by circulating 

blood, even when the fractionated dose and dose rate remain constant [52]. 

There were species differences between the results from studies on tumor-free rodents and the clinical context of 

brain cancer patients undergoing radiotherapy. Research involving glioblastoma patients revealed prolonged 
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radiation-induced lymphopenia without recovery for months following radiotherapy [19,53]. This finding contrasts 

with our findings, where changes in lymphocyte subpopulations during brain irradiation recovered within one month. 

In fact, glioblastoma itself can create an immunosuppressive environment at the systemic level and cause 

lymphopenia [54], independent of cancer treatment. Therefore, the discrepancy in lymphopenia recovery observed 

in our studies compared to clinical data could be due to the absence of the tumor. For this reason, it is crucial to 

understand the effects of radiation-induced lymphopenia and its recovery in tumor-free individuals, as it reflects the 

isolated impact of radiotherapy on systemic immunity. To prevent long-term lymphopenia, the focus should be more 

on controlling the tumor rather than modifying the treatment to avoid lymphopenia. Furthermore, the greater thymic 

output of newly matured lymphocytes in rodents than in humans could also partly explain the more rapid recovery 

observed in mice [55].  

5 Conclusion 

A tumor-free experimental model was used to isolate the effects of brain radiotherapy on systemic immunity, given 

the complex interactions between the tumor microenvironment, systemic immunity and radiotherapy. Using 

fractionated irradiation with a total dose of 20 Gy delivered by a vertical beam to either the whole brain or hemi-

brain, proton irradiation induces fewer adverse effects on the immune system compared to X-rays in tumor-free 

rodents. Both X-ray and proton brain irradiation influenced systemic inflammation, as evidenced by changes in the 

NLR. X-ray therapy caused an early reduction in ALC and a prolonged increase in NLR, effects that were not observed 

with proton therapy. Additionally, X-ray brain irradiation delayed the increase in neutrophil levels, whereas 

neutrophilia induced by proton therapy reduced post-irradiation. At the lymphocyte subpopulation level, X-ray brain 

irradiation impacted not only the total lymphocyte count but also the proportions of lymphocyte subpopulations. 

This effect was mitigated with proton irradiation. These findings may be relevant to combining radiotherapy with 

immunotherapy. However, due to interspecies differences between humans and rodents and the absence of tumors 

in this study, further research is needed to confirm and understand the mechanisms behind the potential benefits of 

proton therapy in brain irradiation. 
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Figure 

A. 

 
B. 

  

 Leukocyte subpopulation levels during irradiation on day 2 (A) and late after irradiation on day 28 (B) in 

mice (n=16 for control and n=80 for irradiated groups: n=10 * 2 irradiation type (X-rays or protons) * 2 volumes 

(whole brain or hemi brain) * 2 dose rates (1 Gy/min or 2 Gy/min)). The red points represent the means of the data. 

Comparisons between control and irradiated mice for each cell subpopulation were performed using the Wilcoxon 

test. 
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A.1. 

 

A.2. 

 

 
B.1. 

 

B.2. 

 

B.3. 

 
C.1. 

 

C.2. 

 

C.3. 

 
1. X-rays  2. Protons  3. Control (Non-irradiated)  4. Whole brain irradiation 5. Hemi-brain irradiation 

6. Dose rate of 1 Gy/min  7. Dose rate of 2 Gy/min 

 (A) ALC, LMR, and NLR variations under brain irradiation compared with those in the control group. Red 

points represent the mean values of the data. (B) Correlations between ALC (B.1), LMR (B.2), and NLR (B.3) during 

irradiation on day 2 and after irradiation on day 28. (C) Principal component analysis of leukocyte-based 

inflammatory biomarkers, including ALC (C.1), LMR (C.2), and NLR (C.3), during irradiation on day 2 and after 
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irradiation on day 28 according to the radiation parameters. The blue arrow and text indicate the impact of 

radiation parameters, including irradiation type (X-rays, protons, or control group), irradiated volume (whole brain 

or hemi-brain (hemispheres)), and dose rate (1 Gy/min or 2 Gy/min). Comparisons between control and irradiated 

mice for each leukocyte-based inflammatory biomarker were performed using the Wilcoxon test. 
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A.1. 

 

A.2. 

 

 
B.1. 

 

B.2. 

 

 
 Leukocyte-based inflammatory biomarkers (ALC, LMR, NLR) stratified by irradiation type: (A) X-rays, 

including (A.1) during irradiation on day 2, (A.2) after irradiation on day 28, and (B) protons, including (B.1) during 

irradiation on day 2 and (B.2) after irradiation on day 28. Red points represent the mean values of the data. 

Comparisons between control and irradiated mice for each leukocyte-based inflammatory biomarker were 

performed using the Wilcoxon test. 
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A. 

 
B. 

 

C. 

 
D. 

 

E. 

 
 Neutrophil-to-lymphocyte ratio kinetics following brain irradiation. (A) Three clusters were detected using 

a 2nd-order polynomial mixture model. (B) Tree-based model for classifying NLR kinetic clusters based on radiation 

parameters. (C) Proportion of NLR clusters in the X-ray and proton irradiation groups. Proportion of NLR clusters 
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within X-rays (D) or protons (E) stratified by irradiated volume (whole brain or hemi-brain) and dose rate (1 or 2 

Gy/min). 
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A. 

 
B. 

 
 

 Modifications of leukocyte interplay during irradiation on day 2 (A) and after irradiation on day 28 (B) using 

principal component analysis. The scree plot represents the percentage of the explained variance for each principal 

component (dimension). The biplot (round plot) represents the correlation between leukocyte subpopulations 

(CD4+, T CD8+, B cells, NK cells, neutrophils, and monocytes) and the two principal components. The blue arrow 
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and text indicate the impact of X-rays, protons, or the control group. The legend “cos2” represents the 

contributions (on a scale of zero to one) of the variables to the two main principal components. 
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A. 

 
B.1 

 

B.2 

 
C.1 

 

C.2 

 
 Modifications of leukocyte interplay during and after irradiation stratified by irradiation type: control, X-

rays, and protons using (A) correlation analysis and (B, C) principal component analysis of either X-rays (B, including 

B.1: during irradiation on day 2; and B.2: after irradiation on day 28) or protons (C, including C.1: during irradiation 

on day 2; and C.2: after irradiation on day 28). The blue arrow and text in the latter figure indicate the impact of 
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radiation parameters, irradiated volume (whole-brain or hemi-brain (hemisphere)), and dose rate (1 or 2 Gy/min). 

The legend “cos2” represents the contributions (on a scale of zero to one) of the variables to the two major 

principal components.   
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Table 

Table 1. Summary of parameters used for analysis 

Leukocyte subpopulations Leukocyte-based inflammatory biomarkers Radiation-based parameters 

T-CD4+ lymphocytes Absolute lymphocyte count (ALC) Beam types: X-rays or protons 

T-CD8+ lymphocytes Neutrophil-to-lymphocyte ratio (NLR) Irradiated brain volume 

B lymphocytes Monocyte-lymphocyte ratio (MLR) Dose rate 

NK lymphocytes   

Neutrophils   

Monocytes   

Legend: the parameters include 6 leukocyte subpopulations, 3 leukocyte-based inflammatory biomarkers, and 

radiation-based parameters 

 

 


