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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Although proton therapy is increasingly being used in the treatment of paediatric and

Photons adult brain tumours, there are still uncertainties surrounding the biological effect of protons on the normal brain.

}S)g)“ms Microglia, the brain-resident macrophages, have been shown to play a role in the development of radiation-

Bra}?: induced neurotoxicity. However, their molecular and hence functional response to proton irradiation remains

Neuroi . unknown. This study investigates the effect of protons on microglia by comparing the effect of photons and
euroinflammation . A A A

Microglia protons as well as the influence of age and different irradiated volumes.

Materials and methods: Rats were irradiated with 14 Gy to the whole brain with photons (X-rays), plateau protons,
spread-out Bragg peak (SOBP) protons or to 50 % anterior, or 50 % posterior brain sub-volumes with plateau
protons. RNA sequencing, validation of microglial priming gene expression using gPCR and high-content imaging
analysis of microglial morphology were performed in the cortex at 12 weeks post irradiation.

Results: Photons and plateau protons induced a shared transcriptomic response associated with neuro-
inflammation. This response was associated with a similar microglial priming gene expression signature and
distribution of microglial morphologies. Expression of the priming gene signature was less pronounced in ju-
venile rats compared to adults and slightly increased in rats irradiated with SOBP protons. High-precision partial
brain irradiation with protons induced a local microglial priming response and morphological changes.
Conclusion: Overall, our data indicate that the brain responds in a similar manner to photons and plateau protons
with a shared local upregulation of microglial priming-associated genes, potentially enhancing the immune
response to subsequent inflammatory challenges.

Innate immune memory

the co-irradiation of normal brain tissue [3]. Despite the introduction of
3D conformal radiotherapy and intensity-modulated radiotherapy,

Introduction

Neurocognitive sequelae are the leading cause of a reduced quality of
life in paediatric and adult primary brain and central nervous system
tumour patients [1]. In addition, patients with brain metastases also
experience debilitating neurocognitive impairment [2]. Although
radiotherapy is an integral part of the treatment of brain tumours, it is
associated with the development of neurocognitive side effects due to
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preventing or minimising radiotherapy-induced neurocognitive
sequelae remains a pressing need [4].

One such preventative effort is proton therapy, the use of which has
increased rapidly over the past decade, particularly in paediatric pa-
tients [5]. Unlike conventional photons (X-rays), protons deposit most of
their energy close to the end of the range in the so-called Bragg peak.
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This allows a substantial reduction in the dose to the normal brain tissue
outside the target tumour volume. While the spread-out Bragg peak
(SOBP) region covers the tumour volume, the normal tissue is mostly
exposed to plateau protons and only a small portion of normal tissue
might receive SOBP protons [6]. Despite the clear physical advantage of
proton therapy, there are still significant uncertainties as to whether
there is a differential biological response of the normal brain to protons
[7]. In the clinic, a relative biological effectiveness (RBE) of 1.1 is
currently used in proton treatment planning to account for the increased
Linear Energy Transfer (LET) in the SOBP. However, the RBE has been
shown to vary substantially between experiments depending on the
biological endpoint, dose and LET, and has been mostly based on clo-
nogenic survival data, which are not the only relevant indicator for late
side effects [7]. Moreover, a growing number of studies report an in-
crease in MRI contrast-enhancing brain lesions after proton therapy
[8-10]. These observations indicate that there might be differences in
underlying biological responses to photons and protons in the brain,
besides dose modification. This highlights the need for pre-clinical
studies comparing the responses to both radiation types.

Previous studies have shown that neuroinflammation and its
orchestration by microglia, the resident immune cells of the brain,
contribute significantly to cognitive decline after brain irradiation
[11-13]. Microglia can become reactive after radiation exposure, which
can disrupt neuroplasticity, among other responses [14]. Importantly,
we have recently shown that brain irradiation with single and frac-
tionated photon doses can modulate the innate immune memory (IIM)
of microglia by leading to persistent molecular reprogramming of
microglia into a primed state [15]. Primed microglia are characterised
by distinct molecular and morphological changes, which functionally
lead to an exaggerated immune response when exposed to secondary
inflammatory insults [16]. This exaggerated response is thought to
contribute to the pathogenesis of neurogenerative diseases [16,17].
However, whether proton irradiation induces microglial priming to the
same degree as photons and whether this radiation-induced microglial
response is local and can be spatially minimised by reducing the irra-
diated volume remain important questions to be addressed.

In this study, we performed comparative transcriptomic and tissue
analysis of rats irradiated locally to the whole brain with photons,
plateau and SOBP protons. Irradiation with photons and plateau protons
induced comparable microglial priming gene expression and morpho-
logical changes. Microglial priming gene expression was slightly higher
after irradiation with SOBP protons and age dependent. Furthermore,
high-precision proton irradiation to the 50 % anterior or 50 % posterior
brain volumes showed that these microglial molecular and morpholog-
ical changes are local.

Methods
Animals

The study was performed on male Wistar (Hsd/Cpb:WU) rats that
were kept under environmentally controlled conditions (temperature:
21 °C, humidity: 55 %) and a 12 h light/dark cycle (light 08:00-20:00 in
winter and 07:00-19:00 in summer) with ad libitum chow and water.
The animals were housed in groups in open cages, except for the animals
irradiated at 4 weeks of age and their controls (juveniles), who were
housed in pairs in individually ventilated cages (IVC) during the whole
study. Animals were also housed in pairs in IVC from one week prior to
proton irradiation until 5 weeks after proton irradiation. The animal
procedures were performed at the UMCG Central Animal Facility ac-
cording to the guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific purposes. The
experiments were approved by the Central Authority for Scientific
Procedures on Animals (CCD) (license # AVD1050020184808) and the
Animal Care and Use Committee of the University of Groningen.
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Irradiation

Rats were irradiated with 14 Gy photons or protons. According to the
biologically effective dose equation [18], a 14 Gy single dose is equiv-
alent to a clinically relevant dose of 56 Gy given in 2 Gy fractions (o/B
value of 2). Photon irradiations were performed in the Central Animal
Facility of the UMCG and proton irradiations were performed at the
Particle Therapy Research Center (PARTREC) accelerator facility of the
UMCG. Proton irradiated animals and their controls were housed at
PARTREC from 1 week prior until 2 days post irradiation. Rats were
anesthetised using isoflurane (5 % induction, 1.5-2 % maintenance),
placed in a holder hanging on a positioning rod by their upper incisors
(for more details see [19-21]). This allowed for the precise irradiation of
the whole or partial brain through a specialised collimator located on
the dorsal side of the animal’s head (Fig. SIA-C) [22]. Rats were irra-
diated to the whole brain with 14 Gy X-ray photons (X-RAD 320, Pre-
cision X-Ray inc, operated at 200 kV at 1.559 Gy/min)[22,23], plateau
protons (scattered beam, 150 MeV shoot-through, operated at 15 Gy/
min) [20] or SOBP protons (4 Gy/min, Fig. S1D). The proton dose rates
were maximised under standard conditions to ensure efficient execution
of the experiment and to have a similar time under anaesthesia per
animal as during the photon irradiation. The plateau proton dose rate
was the highest we could achieve within radiation safety constraints and
the SOBP dose rate was the highest we could technically achieve while
still maintaining high uniformity of the dose distribution. Although the
plateau proton dose rate is slightly higher than clinical dose rates, the
biological response of normal tissues is expected to be similar within
these dose rate levels [24]. The SOBP with a 4 cm modulation length was
produced from the same beam by varying the thickness of an aluminium
range shifter (Table S1). Additional aluminium range shifter material
was used to position the SOBP so that it covered the entire brain of the
rats. 50 % Anterior or 50 % posterior brain sub-volumes were irradiated
with 14 Gy plateau protons (150 MeV, operated at 15 Gy/min). The
same anaesthesia procedure was followed for the sham-irradiated con-
trols. Adult rats were irradiated at 9 weeks of age (adult, mean weight:
310 g + SD 24.4). Juvenile rats were irradiated at 4 weeks of age (ju-
venile, age: P28, mean weight: 92 g + SD 7.0). We have previously
found that microglial priming is persistent up to a year after photon
irradiation [15] and have here conducted the study at 12 weeks post
irradiation. Animals were sacrificed at 12 weeks post irradiation by
saline perfusion under dexmedetomidine-ketamine anaesthesia. The
brains were isolated and divided in two hemispheres. These hemispheres
were either fixed in 4 % paraformaldehyde for 48 h and embedded in
paraffin or dissected and snap frozen.

RNA isolation and RNA sequencing

For total RNA isolation, 15 x 40 um thin sections were cut from the
snap frozen anterior cortex per animal and processed using the RNeasy
Lipid Tissue Mini kit (Qiagen, cat#74804) according to the manufac-
turer’s instructions. RNA sequencing (RNA-seq) was performed on 3
controls, 3 photon and 3 proton-irradiated animals at 12 weeks post
irradiation. Quality of the RNA was determined using Agilent Screen-
Tape System, all samples had a RIN > 7.7. Library preparation was
performed with the Lexogen QuantSeq 3' mRNA-Seq Library Prep Kit
(FWD) using 200 ng RNA per sample. All libraries were pooled equi-
molarly and sequenced on a NextSeq 500 at the research sequencing
facility of the UMCG.

RNA sequencing data analysis

The data was aligned to the rat genome Rnor 6.0.93 and pre-
processed using the Lexogen Quantseq 2.3.1 FWD UMI pipeline.
Downstream analysis was performed in Rstudio (v4.0.3) where the
package edgeR (v3.36.0) [25] was used for normalisation and differ-
ential gene expression analysis. Differentially expressed genes (DEGs)
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Table 1
Animal group size per experiment.
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Analysis Figures Treatment groups Animal number per group

RNA sequencing 1A-D Control, photon and proton 3

qPCR of microglial priming genes 1E, S2A Control, photon, plateau proton, SOBP proton 5

qPCR of microglial priming genes 1F, S2B Juvenile control, juvenile proton, adult control, adult 5

proton
Microglial density and morphology in the anterior 2,83 Control, photon, plateau proton 6
cortex

qPCR of microglial priming genes 3B, S4 Control, whole brain, 50 % anterior, 50 % posterior 5

Microglial density in the anterior cortex 3D Control, whole brain, 50 % anterior, 50 % posterior 6

Microglial morphology in the anterior cortex 3E-H,S5  Control, whole brain, 50 % anterior, 50 % posterior 5 for the control group, 6 for the other groups

Microglial density in the colliculus inferior S6C Control, whole brain, 50 % anterior, 50 % posterior 6 for the 50 % anterior group, 5 for the other
groups

Microglial morphology in the colliculus inferior S6D-G Control, whole brain, 50 % anterior, 50 % posterior 6 for the 50 % anterior group, 5 for the other
groups

were detected using a threshold of logoFC > 0.59 and FDR < 0.05. PCA
plots were generated in Rstudio using ggplot2 (v3.4.2) [26] and used to
check for correlation with library size. Plots were made with Pheatmap
(v1.0.12) [27] and ggplot2. Gene ontology (GO) enrichment analysis
and gene set enrichment analysis (GSEA) were performed by using
clusterProfiler (v3.0.4) [28] and the database “GO_Biological _Pro-
cess_2018” was used to find enriched GO terms, which were considered
significant if they had an adjusted P value < 0.05.

cDNA synthesis and gPCR

c¢DNA was transcribed from RNA using M—MLYV reverse transcriptase
(Invitrogen, cat#28025013) according to the manufacturer’s in-
structions. Quantitative PCR (qPCR) was performed in triplicate using
iQ SYBR Green Supermix (Bio-Rad, cat#170-8885) on a Bio-Rad real-
time PCR system. Relative mRNA expression was calculated with the 2
ALCT method using Ywhaz as internal control. Primer sequences are
listed in Table S2.

Immunohistochemistry

10 pm paraffin sections of rat brain samples were dewaxed and
rehydrated. Antigen retrieval was performed by boiling the sections for
12 min in 10 mM sodium citrate in demiwater at pH 6. After washing
three times with phosphate buffered saline (PBS) (identical for subse-
quent washing steps), endogenous peroxidase was blocked with 0.3 %
H305 for 30 min. The sections were washed and blocked with 5 %
donkey serum (Jackson Immuno Research, cat#017-000-121) in PBS+
(PBS with 0.3 % Triton X-100) for 1 h and were then incubated with the
primary antibody rabbit anti-ionized calcium-binding adapter molecule
1 (IBA1) (WAKO, cat#019-19741, 1:1000) overnight at 4 °C. After
washing, the samples were incubated with the biotinylated secondary
donkey-a-rabbit IgG antibody (1:400; Jackson Immuno Research,
cat#711-065-152) in PBS+ for 1 h. The sections were washed, incubated
with avidin-biotin complex solution (VECTASTAIN® ABC Kit, Vector
Laboratories, cat#PK-6100) for 30 min and washed again. The sections
were then stained with 0.04 % 3,3-Diaminobenzidine (Merck,
cat#D5637) in PBS with 0.01 % H20; for 10 min and subsequently
dehydrated with increasing ethanol concentrations. The slides were air-
dried for 30 min, mounted with coverslips using DePex (Serva,
cat#18243.01) and stored at room temperature.

Imaging and density measurement

The slides were scanned with the NanoZoomer 2HT 2.0 digital slide
scanner (Hamamatsu Photonics) at 40x magnification and saved as
user-blinded NDPI files. The staining was performed with 6 animals per
group; however, some blinded NDPI files were excluded when the
staining or imaging quality was not sufficient. Group sizes are provided

in Table 1. Microglia densities were determined in the frontal cortex and
the colliculus inferior. The number of IBA1-positive cells in these areas
were counted using ImageJ manual cell counting. For the anterior cor-
tex, three 1 mm? squares were assessed per animal and the average
microglia density per 1 mm? was calculated (n = 6 animals per group).
For the colliculus inferior, one 1 mm? square was assessed per animal (n
= 5-6 animals per group).

Morphometric analysis of microglia

The NDPI scans were user-blinded and single cell images of microglia
in the rat anterior cortex (which is irradiated in the 50 % anterior group)
and colliculus inferior (which is irradiated in the 50 % posterior group)
were extracted and processed for morphometric analysis as described
previously [29]. In total, 25 cells per region per animal were selected for
analysis, with 5 or 6 animals per group. Cells were randomly selected
with the following cell selection criteria: containing a soma and not
having clear interruptions in branches. The output of the morphometric
analyses consisted of 25 morphometric features, a Sholl analysis, and
two fractal analyses to determine the fractal dimension and lacunarity. A
list of features and definitions can be found in Table S3. A hierarchical
clustering on principal components (HCPC) approach was applied to
each morphometric data set to allow categorization and comparison of
microglia morphologies between experimental groups. In short, the
features were normalized to ensure close-to-normal distribution (-0.5 >
skewness > 0.5) and the data was subsequently scaled and centered by a
Z-transform. A principal component was applied on the normalized data
and principal components (PCs) with an eigenvalue > 1 were retained
for agglomerative hierarchical clustering following Ward’s method
[30]. The distribution of microglia over the respective clusters (in per-
centage) was determined and compared between experimental condi-
tions. The analyses were performed separately for Fig. 2, Fig. 3 and
Fig. S6.

Statistical analyses

Statistical analyses were performed with GraphPad Prism 8
(GraphPad Software Inc.). Animal numbers per group are also shown in
Table 1. For the microglial priming gene comparisons of Fig. 1E, 3B,
Fig. S2A and S4, a one-way ANOVA was used and for the comparison of
Fig. 1F and Fig. S2B, a two-way ANOVA was used. These ANOVAs were
followed by Tukey’s multiple comparisons tests with log2 transformed
data (n = 5). For the comparisons of microglial cell density (Fig. 3D,
Fig. S6, n = 5-6) and the contribution of homeostatic and reactive
clusters between groups (Fig. S3D, n = 6), a one-way ANOVA followed
by Tukey’s multiple comparisons test was used. All statistical details are
also provided in the relative Figure legends. We defined a p-value less
than 0.05 as statistically significant.
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Fig. 1. Identification of a shared neuroinflammatory response after photon and proton irradiation. (A) Rats were irradiated to the whole brain with 14 Gy X-
ray photons (photon) or plateau protons (proton) and bulk RNA sequencing in cortical samples was performed at 12 weeks post irradiation. The heatmap depicts the
differentially expressed genes (DEGs) (fold change (FC) > 1.5, false discovery rate (FDR) < 0.05) between the groups. n = 3 animals per group. (B) Venn diagram of
the number of DEGs between groups. (C) Four-way plot showing overlapping DEGs (dark grey) between photon vs control (green) and proton vs control (orange) data
sets, determined on the basis of FC > 1.5 and FDR < 0.05. Genes that are not differentially expressed between any of the groups are depicted in light grey. (D) Gene
ontology (GO) analysis of DEGs between control and all photon and proton samples combined. n = 3 animals per group for control, n = 6 animals per group for
irradiated. (E) Heatmap depicting gene expression of 9 microglial priming genes of rats irradiated to the whole brain with 14 Gy X-ray photons (photon), plateau
protons (proton), or SOBP protons (SOBP proton). n = 5 animals per group. (F) Animals irradiated as juvenile (4 week-old) or adult (9 week-old) to the whole brain
with 14 Gy plateau protons. Colours in panel E and F indicate log, transformed fold change relative to corresponding controls. n = 5 animals per group. See also
Fig. S2 for further details and statistics. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Results

To determine the transcriptional changes induced by photon and
proton brain irradiation, bulk RNAseq was performed on cortical sam-
ples isolated from rats at 12 weeks after whole brain irradiation with
either 14 Gy of photons (X-rays) or plateau protons (150 MeV shoot-
through; for further details see Methods). We found a total of 378
differentially expressed genes (DEGs) between control, photon and
proton irradiated samples (Fig. 1A, B, Table S4). Photons and protons
induced a similar transcriptomic response with 148 shared DEGs when
compared to control, and only 1 DEG (Bpifal) found when comparing
photons and protons (Fig. 1B, C). Gene ontology (GO) analysis of the
DEGs between control and both irradiated groups showed enrichment
for biological processes related to the regulation of inflammatory

responses, and mitochondrial organization and transport (Fig. 1D). The
most significantly expressed DEG between irradiated and control ani-
mals was Clec7a, a previously established microglial priming gene
(Table S4) [31]. To further investigate the effect of protons and photons
on microglial priming, we performed qPCR using 9 known microglial
priming signature genes on cortical tissues isolated from photon, plateau
proton and SOBP proton irradiated animals. SOBP protons were gener-
ated as described in the Methods. Both photons and plateau protons
induced a similar increased expression of microglial priming genes.
Whereas SOBP proton irradiated animals showed a slight overall in-
crease in microglial priming gene expression compared to photon or
plateau proton irradiated animals, being statistically significant for
Slamf9 and Lgals3 (Fig. 1E, Fig. S2A).

Since age can affect this response [15] and paediatric brain tumour
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Fig. 2. Similar microglial cell density and morphologies after photon and proton irradiation. (A) Representative images and (B) density of microglia (IBA1,
brown) in the anterior cortex of control, 14 Gy photon irradiated (photon) and 14 Gy plateau proton irradiated (proton) animals. Bar graph shows mean + SEM. n =6
animals per group. (C) Dendrogram showing hierarchical clustering of all 450 microglia into 6 clusters. The dashed line indicates the cut-off for the clustering. The
horizontal axis shows the 3 different groups, with each line representing an individual cell. The vertical axis shows squared Euclidian distance to show the linkage
distance. The different clusters are indicated by colour. (D) Representative silhouettes of microglia from each of the 6 clusters. (E) Sholl plots, each coloured line
represents one cluster (mean =+ SD). (F) Relative proportion of the different clusters for the control, photon and proton groups. Cluster I-VI are indicated by colour
and stacked from top to bottom. n = 6 animals per group, with 25 microglia per animal. For the comparisons of microglial cell density, a one-way ANOVA followed
by Tukey’s multiple comparisons test (n = 6) was used. See also Fig. S3 for further details. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

patients are often treated with proton therapy [5], we also performed
this analysis on juvenile animals irradiated with plateau protons at post-
natal day 28 (P28). While there was a significant increase in some of the
microglial priming genes in juvenile irradiated animals compared to
control, the overall increase was less pronounced than in adults (Fig. 1F,
Fig. S2B). Together, these data suggest that brain irradiation with
plateau protons induces transcriptomic changes and microglial priming
to a similar degree as photons and that this priming response is age-
dependent and slightly increased after SOBP protons.

Alongside molecular changes, the response of microglia to damage is
often accompanied by changes in cell proliferation and morphology.
Therefore, we determined microglial cell densities and performed high-
content imaging analysis of microglial morphology in the frontal cortex
of photon and plateau proton irradiated rats. At 12 weeks post-
irradiation, microglial cell density in the cortex was similar in the
photon and proton irradiated groups when compared to controls
(Fig. 2A, B). Morphological categorization of cortical microglia by hi-
erarchical clustering on principal components [29] identified 6 clusters,
each represented by a distinct microglial morphology, here also called
morphologies (Fig. 2C). The majority of microglia in the control animals

were categorized in cluster I and II. Cells in these clusters are relatively
large and display elaborate branching, a shape which is indicative of
homeostatic microglia (Fig. 2D, E, F, Fig. S3). Photon- and proton-
irradiated cortical samples contained significantly higher proportions
of cells in clusters III-VI, which are characterized by cells with a rela-
tively large cell convexity and smaller cell spread and branch length,
indicative of reactive microglia (Fig. 2D, E, F, Fig. S3). No significant
differences in the distribution of microglial morphologies were observed
between photon and proton irradiated animals (Fig. S3D), indicating
that photons and protons lead to similar microglial morphological
changes.

To determine whether the observed radiation-induced microglial
molecular and morphological changes are local or extend outside the
irradiated volume, we performed high-precision proton partial brain
irradiation with 14 Gy to the whole brain, 50 % anterior and 50 %
posterior sub-volumes of the rat brain (Fig. 3A, Fig. S1A-C). Genes
associated with microglial priming were highly expressed in the anterior
cortex of the whole brain and 50 % anterior brain irradiated groups,
where the cortex was irradiated. Interestingly, 50 % anterior brain
irradiated animals also showed a significant increase in two priming
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Fig. 3. Local microglia-associated changes after partial brain proton irradiation. (A) Experimental setup. Animals were irradiated to the whole brain, 50 %
anterior or 50 % posterior sub-volumes of the brain with 14 Gy plateau protons. At 12 weeks post irradiation, gene expression analysis, microglial cell density and
morphometric analyses were performed in the anterior cortex. (B) Heatmap depicting gene expression of 9 microglial priming genes in the different groups. Colours
indicate log2 transformed fold change relative to control. n = 5 animals per group. (C) Representative images and (D) density of microglia (IBA1, brown) in the
anterior cortex of the different groups. Bar graph shows mean + SEM. n = 6 animals per group. (E) Dendrogram showing hierarchical clustering of all 575 microglia
into 6 clusters. The dashed line indicates the cut-off for the clustering. The horizontal axis shows the 4 different groups, with each line representing an individual cell.
The vertical axis shows squared Euclidian distance to show the linkage distance. The different clusters are indicated by colour. (F) Representative cell silhouettes of
microglia from each of the 6 clusters. (G) Sholl plots, each coloured line represents one cluster (mean + SD). (H) Relative proportion of the different clusters for
different groups. Cluster I-VI are indicated by colour and stacked from top to bottom. n = 5-6 animals per group, with 25 microglia per animal. For the comparisons
of microglial cell density, a one-way ANOVA followed by Tukey’s multiple comparisons test (n = 6) was used. See also Fig. S4 and S5 for further details and statistics.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



D.C. Voshart et al.

genes when compared to whole brain irradiated animals (Fig. 3B,
Fig. S4). This is consistent with the slightly higher, although not statis-
tically different, number of microglia in the cortex of the 50 % anterior
irradiated group compared to whole brain irradiated group (Fig. 3C, D).
In contrast, microglial priming gene expression was very similar in 50 %
posterior brain irradiated animals, of which the cortex was not irradi-
ated, in comparison to control (Fig. 3B, Fig. S4).

Microglial morphometric analysis of the anterior cortex revealed an
equal distribution of microglial morphologies in the cortex of whole
brain and 50 % anterior irradiated groups, indicating that these
morphological changes are not dependent on the size of the irradiated
volume (Fig. 3E-H, Fig. S5). The distribution of morphologies in the
cortex of the 50 % posterior irradiated group did not differ from control,
indicating that radiation-induced microglial morphological changes are
local to the irradiated area (Fig. 3H, Fig. S5). Similarly, the colliculus
inferior, a region irradiated in the whole brain and 50 % posterior
groups, showed morphological changes only in the groups where the
colliculus inferior was irradiated (Fig. S6). These results show that
protons lead to a neuroinflammatory response resulting in local micro-
glial molecular and morphological changes.

Discussion

Microglia have been shown to play a significant role in the devel-
opment of radiation-induced neurotoxicity and consequential neuro-
cognitive dysfunction [11,12,14]. However, the effect of protons on the
molecular and functional state of microglia remains unclear. Here, we
found that photons and plateau protons induce similar transcriptomic
and microglial morphological changes in the rat cortex. Analogously to
photons [15], proton irradiation leads to an immunological response
referred to as priming, in which microglia develop IIM and show a
stronger immune response to subsequent inflammatory stimuli. The
exaggerated response of primed microglia to systemic inflammation is
thought to contribute to the pathogenesis of neurogenerative diseases
[16,17], and might therefore also mediate the development of radiation-
induced side effects and worsening of pre-existing neuro-toxicities. The
microglial priming gene signature depends on the age at the time of
irradiation with lower expressions in juvenile animals irradiated with
protons in line with our previous study using photons [15]. Importantly,
partial brain proton irradiation showed that the observed microglial
changes are local to the irradiated area.

Several clinical studies have investigated the effects of proton ther-
apy in brain cancer patients, largely focusing on imaging changes and
cognitive outcome [8-10,32-34], highlighting the many biological un-
certainties on the effect of protons on the normal brain. In contrast, the
number of preclinical studies directly comparing the biological effects of
both photons and protons on the normal brain tissue is very limited.
Tang et al. [35] irradiated juvenile rats to the brain with 10 Gy photon
and the same RBE-weighted dose of SOBP proton irradiation and found
no significant differences in cognitive, imaging and histological changes,
including microglial cell density. Our data show a slight increase in
microglial priming gene signature expression in SOBP proton-irradiated
animals compared to animals irradiated with photons using the same
physical, non RBE-weighted dose. This finding supports RBE adjust-
ments for the SOBP. The radiobiological effect of protons in the plateau
region, which is most relevant for the normal tissue, is generally not
considered to be different from photons [36]. Our observations con-
cerning microglia are in line with these previous findings. The present
difference between plateau and SOBP protons, together with evidence
that microglial priming also happens in cancer patients [15], further
highlights the potential of proton therapy with a variable RBE-optimised
treatment plan.

Protons allow for greater precision in dose delivery and hence better
sparing of normal brain tissue. Here, we found that proton-induced
microglial priming and morphological changes are present only in the
irradiated field and are likely determined by changes in the
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microenvironment. This indicates that microglia-associated neurotox-
icity could be avoided in the parts of the normal brain that are not
irradiated and thus the better dose distribution of proton therapy could
potentially translate into a distinct biological advantage over conven-
tional photon-based radiotherapy. Additionally, proton therapy can
allow selective sparing of brain structures especially vulnerable to
radiation-induced toxicities or associated with cognitive outcome, for
example the hippocampus [37,38]. This emphasises the importance of
further investigation into which brain regions contribute most to
radiation-induced cognitive decline.

Although microglial priming does not seem to occur in non-
irradiated areas, this research also indicates that the degree of local
microglial priming is not decreased when the radiation volume is
reduced, underlining the importance of further research into decreasing
radiation-induced microglial priming. This closely relates to current
immunotherapy efforts, aimed at decreasing the number and activation
status of tumour-associated microglia and macrophages, for which
several strategies are presently being tested [39]. Moreover, in vivo
research into the functional effect of an exaggerated immune response
and the possible rescue by temporarily using anti-inflammatory agents
during an inflammatory insult should be investigated. As an exaggerated
immune response of previously primed microglia could possibly
contribute to the worsening of side effects in brain cancer patients, we
propose that inflammatory insults, such as infections, and the presence
of immune-related diseases should be closely monitored during the long
term follow up of brain cancer patients as well as in clinical trials
investigating the neurocognitive effect of brain irradiation with proton
therapy.

Together, our results show that proton brain irradiation induces a
similar molecular and morphological microglial response as photons
and, importantly, that this is localised to the irradiated region. This
underscores the importance of proton therapy, the development of ef-
forts to spare more of the normal brain and therapeutic approaches to
ameliorate microglia-induced neurotoxicity.
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