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Early effects of different brain radiotherapy modalities on circulating 
leucocyte subpopulations in rodents
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aNormandie Univ, UNICAEN, CNRS, ISTCT, GIP Cyceron, Caen, France; bLaboratoire de physique corpusculaire UMR6534 IN2P3/ENSICAEN, France 
- Normandie Université, France; cUniv. Grenoble Alpes, CEA, CNRS, IRIG-LCBM-UMR5249, Grenoble, France; dCNRS, IPHC, UMR 7178, Strasbourg 
University, Strasbourg, France; eDepartment of Radiation Oncology, Centre François Baclesse, Caen, Normandy, France

ABSTRACT
Purposes:  Lymphopenia is extensively studied, but not circulating leucocyte subpopulations, which 
however have distinct roles in tumor tolerance. Proton therapy has been shown to have a lesser 
impact on the immune system than conventional X-ray radiotherapy through lower dose exposure 
to healthy tissues. We explored the differential effects of brain X-ray and proton irradiation on 
circulating leucocyte subpopulations.
Materials and methods:  Leucocyte subpopulation counts from tumor-free mice were obtained 
12 hours after 4 fractions of 2.5 Gy. The relationships between irradiation type (X-rays or protons), 
irradiated volume (whole-brain/hemi-brain) and dose rate (1 or 2 Gy/min) with circulating leucocyte 
subpopulations (T-CD4+, T-CD8+, B, and NK-cells, neutrophils, and monocytes) were investigated 
using linear regression and tree-based modeling approaches. Relationships between dose maps 
(brain, vessels, lymph nodes (LNs)) and leucocyte subpopulations were analyzed and applied to 
construct the blood dose model, assessing the hypothesis of a direct lymphocyte-killing effect in 
radiation-induced lymphopenia.
Results:  Radiation-induced lymphopenia occurred after X-ray but not proton brain irradiation in 
lymphoid subpopulations (T-CD4+, T-CD8+, B, and NK-cells). There was an increase in neutrophil 
counts following protons but not X-rays. Monocytes remained unchanged under both X-rays and 
protons. Besides irradiation type, irradiated volume and dose rate had a significant impact on 
NK-cell, neutrophil and monocyte levels but not T-CD4+, T-CD8+, and B-cells. The dose to the blood 
had a heterogeneous impact on leucocyte subpopulations: neutrophil counts remained stable with 
increasing dose to the blood, while lymphocyte counts decreased with increasing dose (T-CD8+-
cells > T-CD4+-cells > B-cells > NK-cells). Direct cell-killing effect of the dose to the blood mildly 
contributed to radiation-induced lymphopenia. LN exposure significantly contributed to lymphopenia 
and partially explained the distinct impact of irradiation type on circulating lymphocytes.
Conclusions:  Leucocyte subpopulations reacted differently to X-ray or proton brain irradiation. This 
difference could be partly explained by LN exposure to radiation dose. Further researches and 
analyses on other biological processes and interactions between leucocyte subpopulations are 
ongoing. The various mechanisms underlying leucocyte subpopulation changes under different 
irradiation modalities may have implications for the choice of radiotherapy modalities and their 
combination with immunotherapy in brain cancer treatment.

Introduction

Radiotherapy is a cornerstone of cancer treatment and is used 
in 60% of patients with solid tumors (Orth et al. 2014), includ-
ing brain tumors. In recent years, there has been renewed 
interest not only in immunotherapy but also in developing 
synergistic radiotherapy and immunotherapy combinations 
(Wu et  al. 2017). This means accounting for the stimulatory or 
suppressive immune effects of radiotherapy and its effects on 
immune cells at the tumor and tissue levels, including blood. 

For example, acute radiation-induced lymphopenia (RIL) 
(Ellsworth 2018; Holub et  al. 2020) has been associated with 
reduced tumor response to immune checkpoint inhibitors 
(Ménétrier-Caux et  al. 2019) and with an increased risk of 
recurrence and poorer survival. RIL may occur due to irradi-
ation of the circulating blood pool of lymphocytes. In addition 
to lymphocytes, myeloid cells can either promote or control 
tumor growth, depending on their subtypes. Neutrophils, the 
most abundant myeloid cells, have also emerged as regulators 
of cancer. High circulating neutrophil-to-lymphocyte ratios 
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have been shown to be a robust prognostic factor of poor clin-
ical outcome in various cancers undergoing different modali-
ties of cancer treatment, including radiotherapy, chemotherapy, 
and immunotherapy (Cho et  al. 2018).

Radiotherapy technologies have improved toward more 
precise dose delivery (Thariat et  al. 2013; de Andrade 
Carvalho and Villar 2018). For instance, the use of protons 
instead of conventional radiotherapy using X-rays can 
achieve better normal tissue sparing using a smaller entrance 
dose, no exit dose, and small lateral beam penumbra, which 
could translate into a better therapeutic ratio (Murshed 
2019). Proton therapy is performed for various brain tumors 
(Lesueur et  al. 2019) and has shown less severe RIL com-
pared to X-rays (Mohan et  al. 2021). By lowering the immu-
nosuppressive effect, the use of proton beam might provide 
a better synergy with immunotherapy (Gaikwad et  al. 2023). 
However, the different effects of protons on myeloid cells 
and lymphocyte subpopulations have not yet been suffi-
ciently studied. In addition to irradiation type (X-rays or 
protons), other radiotherapy parameters, such as dose to the 
blood, fractionation, tumor and tissue volumes and timing, 
have a direct impact on leucocyte subpopulations (Yovino 
et  al. 2013; Ellsworth et  al. 2022). Beyond lymphocytes, the 
mechanisms underlying the effects of radiation on circulat-
ing leucocytes, including lymphoid and myeloid cells, are 
incompletely understood (Pham et  al. 2023).

Previous studies proposed that RIL is a result of the 
direct exposure of circulating lymphocytes to radiation 
during the irradiation period, i.e., direct cell-killing effect 
(Yovino et  al. 2013; Ladbury et  al. 2019; Hammi et  al. 2020; 
Chen et  al. 2022). This hypothesis is supported by the 
observed high radiosensitivity of lymphocytes in vitro, where 
a dose of 2 Gy leads to only 10% lymphocyte survival 
(Nakamura et  al. 1990). Protons have been shown to induce 
higher rates of radiation-induced cell death in lymphocytes 
compared to X-rays in vitro (Miszczyk et  al. 2018), suggest-
ing that the lymphocyte-sparing effects of protons are due to 
more spatially targeted irradiation.

This study aims at investigating the effects of different 
modalities of conventional radiotherapy (X-rays) and pro-
ton irradiation on circulating leucocyte subpopulations in 
rodent using statistical models. We designed an experi-
mental protocol using a murine model to investigate and 
understand the mechanisms of the differences between 
conventional radiotherapy (X-rays) and proton irradiation 
on leucocyte subpopulations. We incorporated physiologi-
cal data knowledge to further understand the effects 
(direct/indirect) of radiation beams on circulating leuco-
cyte subpopulations. Statistical regression models were 
applied to investigate the relationships between radiation 
parameters and physiology-based parameters and their 
impact on leucocyte subpopulations.

Materials and methods

Data

Animal experiments allow studies of many more parameters 
than human studies with replicability using subjects with 

identical characteristics. Tumor-free animal models can pro-
vide important mechanistic insights into the interactions 
between radiotherapy and leucocytes independent of the 
interaction between leucocytes and the tumor microenviron-
ment. Two preclinical experiments investigated the effects of 
X-ray or proton brain irradiation on leucocyte populations 
in 96 healthy, tumor-free C57BL/6 adult mice. Animal 
experiments were performed in accordance with the current 
European regulations, with permission of the regional com-
mittee on animal ethics CENOMEXA for the experiments 
carried out in Caen (#27343, for X-ray experiments) and 
CEEA035 for those performed in Strasbourg (#27413, for 
proton experiments). In each experiment, 40 mice received 
10 Gy in 4 twice-daily fractions (2.5 Gy) for 2 consecutive 
days of either X-ray or proton, and blood samples were col-
lected 12 hours after the last fraction. The choice of this 
time point aimed to study the acute effect of brain irradia-
tion on leukocyte subpopulations before the initiation of 
their recovery (Coupey et  al., 2024). Flow cytometry was 
used to quantify the frequency of leucocyte subpopulations 
in the blood, including T-CD4+-cells, T-CD8+-cells, B-cells, 
and NK-cells from the lymphoid population; neutrophils and 
monocytes from the myeloid population. Radiation parame-
ters included irradiation type (photon(X-ray)/proton), irradi-
ated volume (whole-brain or hemi-brain) and dose rate (1 
or 2 Gy/min). Eight non-irradiated mice were used as con-
trols in each experiment (Figure 1A).

The full detailed experimental protocol for mouse irradi-
ation, blood collection, flow cytometry and gating strategy 
are presented in supplementary and in Coupey et  al. 2024, 
submitted. Each cell population concentration was normal-
ized to the ratio over the control group in each experiment, 
with the reference baseline concentration fixed at value 1.

Impact of radiation parameters on leucocyte 
subpopulation levels

Analyses were performed separately for all six leucocyte 
subpopulations. Linear regression using univariable analy-
sis (UA) was first applied for the three radiation parame-
ters (irradiation type/irradiated volume/dose rate). 
Backward stepwise multivariable analysis (MA) was then 
performed to determine the most significant predictor(s) 
for each leucocyte subpopulation among variables obtained 
from UA and investigate the additive interaction between 
the predictors. Multiplicative interaction analysis (IA) was 
also performed. Multiple MA was applied to assess cor-
relations between parameters and leucocyte subpopulations 
following linear regression analysis. The model selection 
was based on the Akaike information criterion. All analy-
ses were performed using R studio version 4.1.2 (R Core 
Team 2021).

A tree-based approach was also used to analyze the 
existence of any hierarchical interactions between radia-
tion parameters and leucocyte subpopulations. The tree 
was built using the mean squared error (MSE) for split-
ting node decisions; specifically, the node splitting strat-
egy minimized the MSE. The splitting process stopped 
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when there was no further possible split. This procedure 
was performed using the rpart package version 4.1.19 
(Therneau et  al. 2022). A post-pruning process was per-
formed to remove nonsignificant branches. The MSE was 
calculated as

	 MSE
Prediction Observation

=
−( )

=i i

N
i N

2

1, �

Parameter importance ranking was obtained by random 
forest regression in terms of MSE increment (%IncMSE) 
when imputing the parameters from the model. A stronger 
impact of radiation parameters is reflected by a higher 
%IncMSE.

Effect of direct radiation exposure on circulating 
leucocyte subpopulations

The animal radiotherapy software (treatment planning sys-
tem SmaRT-PLAN, Precision X-ray, was applied to provide 
a brain irradiation dose map for each animal in the X-ray 
group. The proton treatment plan based on a CT scan was 
carried out using Monte Carlo simulation software GATE 
(Geant4 Application for Tomographic Emission) ver-
sion 9.1.

The total dose delivered to the mice was four fractions of 
2.5 Gy delivered to either the whole or hemi-brain. We esti-
mated the dose to the blood, using total blood flow and 
Vblood with 3 assumptions (0). First, the dose distribution 
was assumed to be distributed directly and uniformly from 
the radiation beam during irradiation without interaction 
with surrounding tissues. Second, each unit of Vblood spent 
the same amount of time crossing the radiation beam. There 
is no organ distribution or clearance of blood during irradi-
ation. Blood pressure fluctuations on Vblood and blood flow 
in the irradiated area were neglected (during our experi-
ments, mice were under anesthesia with a fixed breathing 
rate of 40 breaths/min to reduce inter-animal heterogeneity). 
Third, when entering the irradiated area, a unit of Vblood 
received a certain radiation dose equal to the product of the 
dose rate and mean transit time (MTT) in the irradiated 
area. After leaving the irradiated area, the irradiated volume 
will be diluted within the whole Vblood immediately. From 
those assumptions, it is possible to estimate the certain 
amount of blood receiving a dose higher than 0, 0.1, 0.2, 
0.3, or 0.4 Gy.

The model was separated into two compartments (Figure 
1C), including the blood in the irradiated area and blood in 
nonirradiated area, represented by their volumes and the 
MTT that a blood particle spends in the irradiated area; 
where the dose rate is denoted as RR (Gy/s) and the MTT 

Figure 1. G eneral structural model of radiation dose distribution in blood.
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is denoted as MTT (s). Each time passing through the irra-
diated area, each blood particle will receive RR*MTT (Gy). 
Let V

t s

Ir

( )
 and V

t s

Non ir

( )

−  be the vectors for the dose distribution 
in the irradiated area and non-irradiated area, respectively, 
at time t (s):
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At t t MTT= +
0

, the blood in the irradiated area receives 
x Gy and leaves the irradiated area, replaced by another vol-
ume from the non-irradiated area.
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At t = 0 (before irradiation), 100% of blood receives 0 Gy, 
so V

t s= = …( )0
1 0 0 0, , , , . After finishing the simulation, the 

overall radiation dose distribution in blood is calculated as

	 V q V q V= + −( )∗ ∗ −Irr Non irr
1 	

	 where
Volume

Volume Volu

Irradiated area

Non irradiated area

q =
+− mme

Irradiated area

	

The blood flow volume in the irradiated area is approx-
imately 0.26 mL/min (Hall et  al. 2012) for both X-ray and 
proton irradiation. For hemi-brain irradiation, the blood 
flow volume in the irradiated area was 0.13 mL/min. The 
mean transit dose to the blood (MTD) is the dose that 

blood receives when passing through the irradiated area. 
MTD is calculated as the product of the mean time of res-
idence of the blood in the irradiated area (MTT) and 
dose rate.

Beyond the blood, lymph nodes (LNs) also contain large 
amounts of lymphocytes and are where priming occurs to 
transform naïve lymphocytes into mature effector lympho-
cytes (Pham et  al. 2023). Nodal irradiation can interfere 
with lymphocyte survival and priming. The number of LNs 
in irradiated area was determined. Impact of the dose to the 
blood and number of LNs in the irradiated area on leuco-
cyte subpopulations was analyzed using linear regression 
analysis and parameter selection with the same method as 
mentioned in section 2.2.

Results

X-rays caused a significant reduction of 50% of circulating 
lymphocytes (T-CD4+, T-CD8+, B and NK-cells) as early as 
12 hours after the last fraction of irradiation. This early 
effect could be recovered since day 3 after the last irradi-
ated fractions till day 24. The change in lymphoid subpop-
ulations was not observed following proton irradiation. A 
significant increase in neutrophils and almost no change 
in monocytes were noticed after proton irradiation 
(Figure 2).

Impact of radiation parameters on leucocyte 
subpopulation counts

We analyzed the impact of radiation parameters (irradiation 
type, irradiated volume and dose rate) on the 6 leucocyte 
subpopulations (T-CD4+, T-CD8+, B, NK, neutrophils and 
monocytes) using linear regression and tree-based model-
ing. On univariable analysis, irradiation type and irradiated 
volume had a significant impact on lymphoid but not 
myeloid subpopulations. Dose rate alone did not have any 
significant impact on all leucocyte subpopulations. Multiple 
multivariable analysis provided the correlation between 

Figure 2. L eucocyte subpopulation counts in mice undergoing X-ray or proton irradiation. Leucocyte subpopulations include T-CD4+ cells, T-CD8+ cells, B-cells, 
NK-cells, neutrophils, and monocytes. Error bars represent the standard deviation (n = 8 for control and n = 40 for irradiated groups). The Mann–Whitney U test 
was used to test if there was a difference between the irradiated and non-irradiated groups.
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parameter estimation of leucocyte subpopulations following 
linear regression analysis (see supplementary Figure 4 for 
details). The correlation was weak between radiation param-
eters but high among the various leucocyte subpopulations. 
Specifically, between leucocyte subpopulations, there was a 
high correlation between either irradiation type, irradiated 
volume, or dose rate within the myeloid lineage (neutro-
phils and monocytes) and between T-CD4+, T-CD8+, and 
B cells. The impact on NK cells were independent of the 
effects on other leucocyte subpopulations. This correlation 
suggests that there is an interaction between leucocyte sub-
populations under brain irradiation. Using parameter step-
wise backward selection, only irradiation type had a 
significant impact on lymphoid subpopulations. Linear 
regression with interaction analysis showed a significant 
interaction of radiation parameters on B-cells, NK-cells and 
myeloid subpopulations. Interaction analysis showed a 

complex interplay between irradiation type, irradiated vol-
ume and dose rate for NK-cells and myeloid subpopula-
tions. This interplay could be further investigated using a 
tree-based model.

A tree-based model provided an easy-to-visualize model 
(Figure 3): The non-linear interaction between predictors 
appeared more pronounced for myeloid than lymphoid pop-
ulations. The tree-based models of myeloid subpopulations 
were more complex than those of lymphoid subpopulations. 
This is corresponding to the result of interaction analysis in 
the linear regression model. The splitting procedures were 
different between X-rays and protons arms in the myeloid 
cell model. With X-rays, the irradiated volume was more 
important than the dose rate, while the dose rate was more 
important than the irradiated volume with protons (Figure 
3A). This implied a difference in acute radiation-induced 
myeloid cell variation between the two irradiation types.

Figure 3. T ree-based analysis of radiation parameter importance of leucocyte subpopulations changes. Parameter importance was determined based on random 
forest regression analysis for the six leucocyte subpopulations, including (A) Myeloid subpopulations, (B) Lymphoid subpopulations, of which (B.1) NK-cells, and 
(B.2) T-CD4+ cells, T-CD8+ cells, and B-cells.

https://doi.org/10.1080/09553002.2024.2324471
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Among lymphocytes, the NK-cell’s tree-based model  
indicated that severe acute reduction occurred following 
irradiation when using X-rays on a small volume (hemi-brain) 
(Figure 3B.1). For the larger volume (whole-brain), an 
important NK-cell reduction was observed only when dose 
rate was high (2 Gy/min). For T and B-cells, lymphopenia 
could be simply explained by differences in irradiation type: 
X-rays induced lymphopenia, which did not occur with pro-
tons (for T-cells) or occurred only in a larger irradiated vol-
ume (for B-cells) with a lower severity than with X-rays 
(Figure 3B.2).

From random forest analysis, parameter importance rank-
ing returned irradiation type as the most important predic-
tor, followed by irradiated volume and dose rate in all 
leucocyte subpopulations except for neutrophils (for which 
dose rate was more important than irradiated volume) 

(Figure 3). Irradiation type had a stronger impact on lym-
phocytes (strongest on T-CD8+ cells, followed by NK-cells, 
B-cells and T CD4+ cells) than on myeloid cells.

Explanation of the stronger effects of X-ray versus 
proton brain irradiation on circulating leucocytes 
through direct radiation exposure

Brain irradiation dose maps of X-rays or protons are pre-
sented in Figure 4. Supplying cerebral arteries (anterior cere-
bral arteries, middle cerebral arteries, internal carotid 
arteries, posterior cerebral arteries, superior cerebellar arter-
ies, and basilar arteries) contain circulating lymphoid/
myeloid cells. They were within the irradiated area using 
X-ray beams while proton beams spared internal carotid 

Figure 4. D ose distribution using Monte-Carlo simulation software of whole-brain irradiation using either an X-ray beam (A) or a proton beam (B). (C) Distinct 
effect of blood and lymph nodes exposure to radiation dose between X-rays and protons.
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arteries, posterior cerebral arteries, superior cerebellar arter-
ies, and basilar arteries (Figure 4C; volume of arteries in 
C57BL/6 mice (Ghanavati 2017) in Table 1).

These arteries supplied blood to the whole-brain, so 
the amount of blood passing through those arteries per 
time unit (total blood flow) was approximately equal to 
the total cerebral blood flow. Details of blood volume, 
blood flow, MTT and number of LNs in the irradiated 
area are described in Table 1. The total volume of blood 
in the supplying arteries was small compared to the total 
cerebral blood volume. Thus, total blood volume and 
blood flow in the irradiated area was not considerably 
different between X-Rays and protons. On the other 
hand, there was a smaller blood volume irradiated in 
hemi-brain compared to whole-brain irradiation, which 
however resulted in similar T-CD4+, TCD8+ and B lymph-
openia in the X-ray experiment. NK lymphopenia was 
even greater in hemi-brain compared to whole-brain irra-
diation. This implied that blood exposure to radiation 
dose had a modest role in causing RIL. Paired or single 
mandibular and accessory mandibular LNs were exposed 
to X-rays but not protons after whole or hemi-brain 
X-ray irradiation, respectively (Figure 4C). Thus, in X-ray 
irradiation, the number of irradiated LNs is 4 in 
whole-brain irradiation and 2 in hemi-brain irradiation. 
Those LNs were not irradiated when proton irradiation 
was delivered.

The delivery of 4 fractions of 2.5 Gy to the brain (X-rays/
protons) resulted in almost no blood volume receiving 
higher than 0.8 Gy (Figure 5A). We further extracted the 
volume of blood receiving a dose higher than a discretized 
dose threshold (V0, V0.1, V0.2, V0.3, V0.4) to analyze the 
impact of small radiation dose exposure on circulating leu-
cocyte subpopulation count.

Univariate analysis showed that all five discretized dose 
parameters were predictors of variations in the lymphoid 
subpopulations. None of these parameters were significant 
for the myeloid subpopulations. Figure 5B shows the varia-
tion in the percentage of the leucocyte subpopulation with 
each additional 1% of Vblood above a given dose threshold. 
Twelve hours after delivery of the last fraction, neutrophil 
levels were stable when exposing the blood to increasing 
doses. Lymphocyte levels decreased with increasing dose 

(T-CD8+-cells > T-CD4+-cells > B-cells > NK-cells), especially 
above 0.3 Gy (see supplementary Table 2 for details).

Vblood receiving no dose (V0) was chosen for regression 
analyses together with the number of LNs irradiated and 
MTD delivered to the blood. On UA, all physiology-based 
parameters (including irradiated blood volume and LNs 
exposure to radiation) were predictors of lymphocyte sub-
population levels. On backward stepwise MA, significant 
predictors only included the number of irradiated LNs. 
Thus, the differential effect of brain irradiation on leuco-
cytes could be explained by the different exposure of LNs 
and blood to radiation, with LN exposure the predominant 
factor (see supplementary Table 3 for details).

Discussion

Radiotherapy has been identified as a potential partner for 
immunotherapy owing to its immunostimulatory effects 
(Galluzzi et  al. 2023). On the other hand, radiotherapy also 
promotes immunosuppression, noticeably through its effect 
on circulating leucocytes (Zhang et  al. 2022), which highly 
impacts the effectiveness of immunotherapy. Understanding 
the factors underlying radiation-induced variations in circu-
lating leucocytes is essential to optimize radiotherapy- 
immunotherapy combinations. As a first approach, we used 
tumor-free animal models to provide mechanistic insights 
into the interactions between ionizing radiation delivery and 
leucocytes independently on the interaction between leuco-
cyte and the tumor microenvironment.

In addition to irradiation type, irradiated volume 
(including the number of LNs) and dose rate have a direct 
impact on leucocyte subpopulation counts in the blood. 
Pioneer clinical studies showed a correlation between irra-
diated volume and lymphocyte nadir in brain, lung, and 
esophageal cancers (Tang et  al. 2014; Huang et  al. 2015), 
which is also in line with the importance of the irradiated 
volume on lymphopenia detected in our results. The type 
of irradiation impacts the size of the irradiated area. Using 
vertical X-ray irradiation of the mouse brain, the chin and 
neck (which contain large arteries supplying the brain) 
were also included in the irradiated area. These structures 
are not irradiated with proton beam ballistics due to the 
absence of an exit dose after the Bragg peak. The 

Table 1. E stimated supplying brain artery volume in the irradiated area and physiology-based parameters for radiation subgroups.

Supplying artery volume in irradiated area

Particle X-ray Proton

Volume (mL)

Total cerebral blood 0.0200 0.0200
Internal carotid arteries 0.0002 0
Basilar artery 0.0002 0
Total 0.0204 0.0200

Physiology-based parameters for radiation subgroups

Particle X-ray Proton

Irradiated volume Whole-brain Hemi brain Whole-brain Hemi brain
Dose rate (Gy/min) 1 2 1 2 1 2 1 2
Total blood volume in irradiated area (mL) 0.0204 0.0204 0.0102 0.0102 0.0200 0.0200 0.0100 0.0100
Blood flow volume in irradiated area (mL/min) 0.26 0.26 0.13 0.13 0.26 0.26 0.13 0.13
Mean transit time in irradiated area (s) 4.71 4.71 4.71 4.71 4.62 4.62 4.62 4.62
Mean transit dose (Gy) 0.08 0.16 0.08 0.16 0.07 0.15 0.07 0.15
Number of lymph nodes irradiated 4 4 2 2 0 0 0 0

https://doi.org/10.1080/09553002.2024.2324471
https://doi.org/10.1080/09553002.2024.2324471
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difference between blood vessel volumes in the irradiated 
area led to a higher fraction of irradiated blood with 
X-rays compared to protons. Similarly, X-ray beams irradi-
ate the chin/neck LNs, structures rich in lymphocytes. LNs 
are critical for activation of naïve lymphocytes, before acti-
vated lymphocytes recirculate and exert their immune 
functions. In fact, only a small number of lymphocytes are 
circulating lymphocytes (Blum and Pabst 2007), and most 
peripheral blood lymphocytes were only exposed to a very 
small radiation dose (Figure 5A). These data are in line 
with our results, showing that blood irradiation could not 
solely explain the lymphocyte drop of nearly 50% that we 
observed.

Most of the previous blood dose simulations showed that 
increasing the dose rate would reduce the amount of blood, 
and circulating lymphocytes, exposed to radiation (Yovino 
et  al. 2013; Hammi et  al. 2020). Here, the dose rate alone 
did not show a significant effect on leucocyte subpopula-
tions. However, there were significant interactions with other 
radiation parameters for innate immune cell subpopulations 
(NK cells, neutrophils, and monocytes). The dose rate was 
positively correlated with the MTD and negatively correlated 
with radiation exposure time. Radiation parameter manipu-
lation might reveal some potential for high-dose rate irradi-
ation, or ultra-fast radiation treatment (FLASH) to spare 
circulating lymphocytes and reduce the likelihood of 

Figure 5.  (A) Dose volume histogram of blood after delivery of four fractions of 2.5 Gy to the brain. The blood dose simulation was based on a cerebral blood 
volume of 0.02 mL and cerebral blood flow volume of 0.26 mL/min (Hall et  al. 2012). Simulation details are provided in 0. The y-axis represents the percentage of 
blood volume, and the x-axis represents the dose. The figures show the percentage of blood volume receiving at least a given dose. (B) Blood dose parameters 
in relationship with leucocyte.
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radiation-induced lymphopenia (Jin et  al. 2020). Due to the 
modest direct effect of dose rate on RIL, increasing dose 
rate to investigate whether it results in lower lymphopenia 
rates might not be sufficient. A recent study on cardiac and 
splenic irradiation in rodents showed that an ultra-high dose 
rate (35 Gy/s) did not protect lymphocyte subpopulations 
from the effects of X-ray irradiation (Venkatesulu et  al. 
2019). Herein, the dose rate only ranged from 1 to 2 Gy/
min, and further studies using high or ultra-high dose rates 
are warranted.

Similarly to lymphopenia, an expansion in myeloid sub-
populations before and following cancer treatment is consid-
ered to have a negative impact on overall survival and 
treatment benefits of either radiotherapy, chemotherapy, or 
immunotherapy (Cho et  al. 2018; Bilen et  al. 2019). Unlike 
lymphocytes, myeloid cells are radioresistant (Pham et  al. 
2023). The impact of brain radiotherapy on myeloid cells has 
been less studied than on lymphocytes. In theory, radiation 
should exert a cell-killing effect on all cell lineages. However, 
a strong impact of cell killing through direct exposure to 
radiation is unlikely to be visible on myeloid cells due to their 
short half-life and high renewal rate (Pham et  al. 2023). It 
was reported that granulocyte function in vitro was unaf-
fected by doses of up to 400 Gy (Holley et  al. 1974), and most 
studies investigating the impact of radiation on monocytes in 
vitro delivered > 25 Gy (Buescher and Gallin 1984). Thus, 
four fractionated doses of 2.5 Gy were unlikely to cause any 
large direct killing effect for neutrophils and monocytes, as 
observed in our study. It was previously reported that macro-
phages present in the tumor bulk are resistant to X-rays 
(Leblond et  al. 2017). Radiation-induced neutropenia or 
monocytopenia was mostly reported in cases where bone 
marrow was highly exposed to radiation (Farese et  al. 2015; 
Macintyre et  al. 2021). In brain irradiation, a very small 
amount of bone marrow in the skull is exposed to radiation; 
thus, neutropenia or monocytopenia is unlikely to appear. In 
contrast, in our analysis, proton brain irradiation caused a 
significant increase in neutrophil counts. The sudden and 
early increase in neutrophil numbers following irradiation has 
already been observed in rhesus macaques after a single dose 
(6 Gy) of total body X-ray irradiation before the neutropenia 
caused by bone marrow dysfunction became apparent (Farese 
et  al. 2015; Macintyre et  al. 2021). An increase in neutrophil 
count could be caused either by stimulated granulopoiesis as 
a feedback function for acute neutropenia, which is unlikely 
to occur here as explained above (Holley et  al. 1974), or in 
response to injury (Widick and Winer 2016). Since the data 
we used were from fractionated irradiation, the observed 
increase in neutrophil counts most likely results from the 
rebound in granulopoiesis that takes place after each fraction.

The high rate of cell depletion in all lymphoid populations 
after X-rays but not protons n vivo in our results is in line 
with simulation data (Hammi et  al. 2020) and with clinical 
data reporting that the use of proton beams in radiotherapy 
could reduce the likelihood of lymphopenia compared to 
photon beams (Mohan et  al. 2021). In fact, lymphocytes are 
among the most radiosensitive cells in mammals (Pham et  al. 
2023). Lymphocyte depletion following radiation exposure 
could be due to either a direct cell-killing effect or cell-killing 

mediated by local/systemic inflammation or interactions 
between irradiated tissues, including the tumors and the 
immune system. The difference between each subpopulation’s 
response to brain irradiation could be linked to intrinsic cel-
lular radiosensitivity or to interactions between cell subtypes. 
Using preclinical data, we derived knowledge on tumor-free 
individuals, thus ignoring the interactions of tumors and the 
immune system. This allowed us to further understand the 
mechanisms behind radiation-induced variations in circulat-
ing leucocyte counts.

Initially, our modeling setup assumed a similar biological 
effect of X-rays and protons, using the common correction 
factor of 1.1 for relative biological effectiveness (Murshed 
2019). Differences in early cell-killing following n vitro irra-
diation of lymphocytes with X-rays or protons have, how-
ever, been reported: 4 hours after irradiation, protons caused 
a higher rate of necrotic cell death than X-rays (Miszczyk 
et  al. 2018). The radiosensitivity of lymphocytes as they 
pass through the treated area has long been known (Shohan 
1916) and prior studies have shown that RIL is correlated 
to the dose delivered to the circulating blood (Yovino et  al. 
2013). Our UA of blood dose parameters suggest that the 
dose received by a given volume is likely to be a significant 
predictor of reduced lymphocyte subpopulation counts. 
However, analysis of the dose to the blood data revealed 
that lymphocyte loss following irradiation in vivo is higher 
than lymphocyte loss from direct exposure to radiation. In 
fact, the amount of blood exposed to radiation during brain 
irradiation is small (approximately 1% of the total blood 
volume) and insignificantly different between X-ray and 
proton experiments. Also, within our X-ray experiments, 
lymphopenia occurred similarly between whole-brain and 
hemi-brain irradiation, where there is a considerable differ-
ence in blood volume exposed to radiation dose. The four 
LNs in the irradiated area were also small LNs. These 
observations suggest that direct lymphocyte exposure to 
radiation in the blood was not enough to explain the high 
reduction in lymphocytes following brain X-ray irradiation.

For lymphocytes, the contribution of the direct cell-killing 
effect to overall lymphopenia is also modest. Following a 
sudden drop, blood lymphocyte counts nearly reached their 
initial levels in less than 3 hours by lymphocyte recruitment 
from lymphatic organs, according to simulation from recir-
culation models (Pham et  al. 2023). Thus, a reduction in 
lymphocytes 6 hours after the last irradiation fraction could 
be due to the depletion of both circulating and homing lym-
phocytes. This is the result of a combination of direct 
radiation-induced death and the depletion of lymphocyte 
reserves in secondary organ stores after four consecutive 
exposures. Indeed, our results demonstrated that the pres-
ence of LNs in the irradiated area is an important predictor 
of circulating lymphocyte depletion.

On the other hand, radiotherapy can deplete circulating 
lymphocytes indirectly through its effects on innate and 
adaptive immunity by various mechanisms: radiotherapy 
elicits tumor cell death and subsequent release of tumor 
antigens, which induce the immune response; radiotherapy 
is a potent inducer of cytokines, which alter the profile and 
function of immune infiltrates; and radiotherapy can 
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remodel the stromal and vascular compartments of the 
tumor microenvironment (Ahmed et  al. 2013). The induc-
tion of cytokines is a potential explanation for RIL in a 
tumor-free model. The effects of irradiated plasma on 
non-irradiated lymphocytes have been investigated since 
1968 (Hollowell and Littlefield 1968). The frequency of 
chromosome and chromatid breaks increased when lym-
phocytes were co-cultured with irradiated plasma of 
radiotherapy-treated cancerous patients compared to 
non-irradiated plasma from either cancerous or healthy 
patients (Hollowell and Littlefield 1968). Thus, the mecha-
nisms of RIL include mechanisms other than direct cell 
exposure to radiation. A modest contribution of direct cell 
exposure to RIL was observed in blood irradiation ex vivo 
in rodents, in which severe lymphopenia occurred even 
when only 10% of blood was directly exposed to a radia-
tion beam outside the body and then reinjected into the 
mice. (Kapoor et  al. 2015).

Unlike T/B-cells, NK-cells were reported to be a radio-
resistant population both in vitro and in vivo, even after 
whole-body irradiation (Park and Jung 2021). Therefore, 
the reduction in NK-cells following fractionated brain irra-
diation in these experiments was less likely to result from 
the same mechanisms as other lymphocyte populations. 
Brain injury/neuroinflammation could be an explanation 
for the depletion of NK-cells following X-ray irradiation. 
NK-cell reduction at the systemic level was reported in 
glioblastoma patients following chemoradiotherapy treat-
ment (Fadul et  al. 2011) due to the secretion of mediators 
that induced NK-cell infiltration. At the tissue level during 
neuroinflammation, NK-cell infiltration was reported to 
attract and control neutrophil and monocyte infiltration of 
the brain by chemokine secretion (He et  al. 2016). In fact, 
our results demonstrated that the impact of radiation on 
NK-cells was more complicated than that on T/B-cells as 
observed in the interaction linear regression and tree-based 
analysis.

Conclusions

The modeling of our results in the context of physiology-based 
parameters provided new insights into the effects of radiation 
on the immune system. Brain irradiation with X-rays or pro-
tons exerts different effects on circulating leucocyte levels. 
The irradiated volume and dose rate impact myeloid cells dif-
ferently between X-rays and protons. The conservative effect 
of proton brain irradiation compared to X-rays explained by 
the direct cell-killing effect of the radiation dose to the blood 
is modest. The existence of LNs in the irradiated area signifi-
cantly explained the different impacts of irradiation type on 
circulating lymphocytes. Tuning the physiology-based param-
eters could be a potential approach to building a predictive 
model in humans. Parameters might need to be re-estimated 
to fit with effects in humans. Further research and analysis on 
interactions between leucocyte subpopulations is an area of 
investigation and may have implications for the choice of 
radiotherapy modalities and their combination with immuno-
therapy in brain cancer treatment.
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