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INTRODUCTION
Lamirault, C., Brisebard, E., Patriarca, A., Juchaux, M., ) ) ) . o
Crepin, D., Labiod, D., Pouzoulet, F., Sebrie, C., Jourdain, L., There is an increasing body of evidence pointing toward

Le Dudal, M., Hardy, D., de Marzi, L., Dendale, R., Jouvion, the importance of the ‘‘non-targeted” effects in biological
G. and Prezado, Y. Spatially Modulated Proton Minibeams  responses to radiation (/-7). In addition, there is an
Results in the Same Increase of Lifespan as a Uniform Target  increasing number of published studies showing that the
Dose Coverage in F98-Glioma-Bearing Rats. Radiat. Rev. 194,  use of distinct temporal and spatial dose distributions can
715-723 (2020). activate cell signaling (7) and vascular changes (6) as well
Proton minibeam radiation therapy (pMBRT) is a new as stromal .and '%mmun(.)logical modifications (2, 3) in the
approach in proton radiotherapy, by which a significant tumor and its m%croenwronment. )
increase in the therapeutic index has already been demon- Along these lines, the use of highly modulated beams,
strated in RG2 glioma-bearing rats. In the current study we such as in microbeam (MRT) (8) and minibeam (MBRT)
investigated the response of other types of glioma (F98) and  radiation therapy (9, /0), appears to activate different
performed a comparative evaluation of tumor control biological mechanisms from those involved when direct
effectiveness by pMBRT (with different levels of dose  damage by ionizing radiation occurs (//—15). Normal tissue
heterogeneity) versus conventional proton therapy. The  sparing accompanied by tumor control has been demon-
r-esults of our study showed an equivalent in‘crease in the  girated in small animal experiments using both MRT and
lifespan for all evaluated groups (conventional proton  \rgRT (75 26). The need for complex requirements to
irradiation and pMBRT) and no significant differences in hi MRT conditions (very high-dose rates, low-kilo-
the histopathological analysis of the tumors or remaining achieve . y hig . ;
voltage energies (27) and challenging dosimetry) led to the

brain tissue. The reduced long-term toxicity observed with . . L ; .
PMBRT in previous evaluations at the same dose suggests a exploration of minibeam radiation therapy with slightly

possible use of pMBRT to treat glioma with less side effects larger (500-1,000 pum) beams. Being less vulnerable to
while ensuring the same tumor control achieved with  beam smearing than MRT (28), the implementation of
standard proton therapy. © 2020 by Radiation Research Society MBRT outside synchrotron sources to small animal
irradiators is feasible (29, 30).

A recently reported approach is proton minibeam

Editor’s note. The online version of this article (DOI: https://doi. radlatl,on thera.py (PMBRT) (31) In pMBRT, a negligible
org/10.1667/RADE-19-00013.1) contains supplementary information dose is deposited in normal tissues after the Bragg peak
that is available to all authorized users. . (tumor position), further reducing secondary effects. In

 Scholar-in-training, Radiation Research Society. addition, multiple Coulomb scattering of protons allows a

2 These authors contributed equally to this work. h d distribution in th ith onl

3 Previous address: Laboratoire Imagerie et Modelisation pour la omogeneous dose .IStrl ution in the t.umor. Wwith only one
Neurobiologie et la Cancerologie, CNRS-Paris 7-Paris 11, Campus array of proton minibeams to be obtained if needed (37).
d’Orsay, France. pMBRT has been shown to notably reduce toxicity in skin

4 Address for correspondence: CNRS, Campus Universitaire, Bat. . .
440, ler étage-15 Rue Georges Clemenceau, Orsay, Paris 91406 of mice and rats (32, 33) and normal rat brains (33)

France; email: Yolanda.prezado@curie.fr. compared to conventional broad beam irradiations.
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In RG2-bearing rats, pMBRT was found to have an
equivalent or superior effectiveness for tumor control
compared to standard proton irradiation (34, 35). RG2
tumors are considered a good model to mimic human high-
grade gliomas thanks to their aggressive and invasive nature
and the induction of important vascular alterations (36, 37).
A remarkable increase in mean survival was observed in the
PMBRT groups, ranging from 20-67% depending on the
level of dose heterogeneity in the target.

The purpose of this study was to extend our evaluations to
other glioma cell lines with different characteristics (e.g.,
angiogenic capacity) which might affect the treatment
outcome. We chose to evaluate the response of F98
tumor-bearing rats to pMBRT and broad beam irradiations.
F98 is a widely used glioma cell line in oncology (36),
classified as an anaplastic malignant tumor and displaying
an infiltrative pattern of growth resembling human glio-
blastoma (GBM) (36). In contrast to RG2 tumors which are
angiogenic, F98 glioma models use pre-existing blood
vessels for their nutrient supply. In addition, F98 is mutant
of p53, while RG model is wild-type of p53.

MATERIALS AND METHODS

All animal experiments were conducted in accordance with the
animal welfare and ethical guidelines of our institutions. They were
approved by the Ethics Committee of the Institut Curie and French
Ministry of Research (permit no. 6361-201608101234488). Rats were
anesthetized with isoflurane (2.5% in air) during irradiation and
magnetic resonance imaging (MRI). At the end of the study, the rats
were terminally anesthetized for brain fixation by the intracardiac
perfusion of formalin zinc.

Tumor Cell Line and Tumor Implantation

The rat glioma cell line FO98 (ATCC-2397TM; ATCC®, Gaithers-
burg, MD), which was transfected with the luciferase gene, was used.
10,000 F98-Luc cells were suspended in 5 il DMEM and then injected
intracranially into 344 male Fischer rats (Janvier Labs, Le Genest-Saint-
Isle, France) using a Hamilton syringe through a burr hole in the right
caudate nucleus (5 mm anterior to the ear-bars, i.e., at the bregma site,
3.0 mm lateral to the midline and 5.5 mm depth from the skull).

The presence of a tumor was verified by bioluminescence imaging
(BLI) using an IVIS Spectrum (PerkinElmer® Inc., Waltham, MA). For
the BLI procedure, the rats were injected intraperitoneally with a
concentration of 150 mg/kg (P/N 122799) of D-luciferin (PerkinElmer)
in 500 pl. Irradiations were performed six days after tumor implantation.

Irradiations and Dosimetry

The irradiations were performed at one of the horizontal beamlines
(passive scattering) at the Orsay Proton Therapy Centre (ICPO; Orsay,
France) with a proton beam energy of 100 MeV. The dose rate was 2
Gy/min at a 1-cm depth. To generate the minibeam, a multislit brass
collimator was employed [400-um-wide slits, 3,200-um center-to-
center distance (38)] and positioned 7 cm away from the rat skin.
Gafchromic™ films were placed laterally on each side of the rat’s head
(beam entry and exit) and attached to the skin to allow for an
assessment of the irradiation quality.

The same two configurations used in our previously published
studies (34, 35) were employed. In the first experiment, four groups of
animals (7 weeks old at the time of irradiation) were considered. Three
of these groups were: 1. one control group (tumor-bearing rats,
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nonirradiated) (n =5); 2. one group of tumor-bearing rats that received
25 Gy in one fraction at the Bragg peak in standard (seamless) proton
irradiation (n =9); and 3. another group that received pMBRT with a
quasi-homogeneous dose distribution (25 Gy average) in the Bragg
peak position (n = 9). Polymethyl methacrylate (PMMA), 49 mm
thick, was placed in front of the rat’s head to get the Bragg peak in the
expected tumor position (34). This group is referred to as
PMBRT_homog. The peak-to-valley dose ratio in the tumor was
1.20 = 0.05. The peak, valley and mean dose at the Bragg peak
position were 26 = 2 Gy, 21.0 £ 1.0 Gy and 25 = 2 Gy,
respectively. The fourth group was comprised of tumor-bearing rats (n
= 8) that received very heterogeneous dose distributions in pMBRT
(58 = 4 Gy peak dose, 9.5 = 0.7 Gy valley dose, and 25 * 2 Gy
mean dose, at a depth of 1 cm). This group is referred to as
pMBRT_heterog.25Gy.

In the second experiment, the same configuration as described
elsewhere (35) was used. Two groups of animals were considered: 1. a
control group (tumor-bearing rats, nonirradiated) (n = 5); and 2. a
group of tumor-bearing rats (n =9) of the same dose distribution as in
experiment 1 (group 4) but with higher doses to assess whether an
increase in survival could be expected (70 = 5 Gy peak dose, 11.5 =
0.8 Gy valley dose and 30 = 2 Gy mean dose at a 1 cm depth). The
tumor was irradiated in the plateau region. This group is referred to as
PMBRT _heterog.30Gy.

More details on the dosimetry can be found in a study by Guardiola
et al. (39). All the doses were delivered in one fraction to avoid any
possible blurring inter-fraction of the minibeam pattern due to
positioning errors.

Animal Follow-up

The animals were followed up for a maximum of six months. The
clinical status of the animals was checked five times per week.
Standard observations of animal well-being, namely weight gain,
grooming, absence of vocalizations, irritability, and activity, were
performed. Any rat showing classical adverse neurological signs
related to tumor growth in the brain was humanely killed. These signs
could be any of the following: loss of appetite and substantial weight
loss (>10% loss of body weight in 24 h), periorbital hemorrhages,
seizures or prostration.

The animals in the first experiment underwent an anatomical MRI
study one month after irradiation. For each imaging session, a contrast
agent (gadolinium) was administered by means of a catheter inserted
into the tail vein. A 7-Tesla preclinical magnet (Bruker Avance
Horizontal 7-T; Billerica, MA) equipped with a 35-mm-diameter
“bird-cage’’ antenna was employed. Three series were acquired:

1. Morphological T2-weighted (T2W) images with a repetition time
(TR) of 2,500 ms, an echo time (TE) of 33 ms, an echo spacing of
11 ms, rare factor 6, and a signal average of 2. In all, 21 slices
were acquired.

2. Tl-weighted (T1W) TurboRare sequences with a TR of 800 ms
and TE of 6.05 m. A signal averaging of 2 was employed. A total
of 21 slides were acquired. Three acquisitions were performed,
one before and two (at 1.3 and 8 min) after the intravenous
injection of a bolus of 100 umol/kg Gd-DOTA (Guerbet SA,
Villepinte, France).

3. T1 fast low-angle shot (FLASH) sequences with a TR and TE of
114.89 and 3.1 ms, respectively. A flip angle of 30° and a signal
averaging of 4 were used. A total of nine slides were acquired in a
total time of 1 min 28 s. Acquisitions were made just before,
immediately after starting, and 6.30 min after intravenous injection
of a bolus of 100 pmol/kg Gd-DOTA (Guerbet SA).

All experiments were acquired in axial orientation. The field of
view was 35 mm X 35 mm, the in-plane resolution amounted to 0.137
mm X 0.137 mm, and the slice thickness and gap were 0.8 and 0.3
mm, respectively.
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Histopathology and Immunohistochemistry

Animals from the first experiment, except for the pMBRT_heterog.
25Gy group, and animals from the second experiment were submitted to
Institut Pasteur for histopathology and immunohistochemistry. Due to the
sudden death of some rats, necropsy could not be carried out for all
animals; 29 brains were available for histopathology and 26 tumors
(histology is not a sensible method to detect microscopic focal lesion)
were evaluated. See Supplementary Table S1 (https://doi.org/10.1667/
RADE-19-00013.1.S1) for more details.

During necropsy, the brain was fixed by intracardiac perfusion of a
fixative solution (formalin zinc). It was then removed and placed in
the fixative before being embedded in paraffin. Several parasagittal
sections of the right side of the brain (between 1 and 5), separated by
200 to 800 pm, were cut and stained in hematoxylin and eosin (H&E)
to detect tumors. For rats that survived long-term (with no tumor
assessed in the MRI), three sections separated by 400 um each were
analyzed.

Tumor size was measured using Zen software (Carl Zeiss AG,
Oberkochen, Germany) on digitalized slides (whole-slide-scanning;
AxioScan Z1; Carl Zeiss).

Once the tumor was assessed on H&E slides, four serial tissue
sections (4 pum thick) were cut and used for immunohistochemistry
(IHC) analysis to assess microglial morphology (anti-Iba-1 antibody,
dilution: 1:500; Wako Chemicals, Richmond, VA) and the presence of
T cells and T-cell subtypes [anti-CD3 antibody, 1:400 (Dako Inc.,
Carpinteria, CA); anti-CD4 antibody, 1:150 (Cell Signaling Tech-
nology® Inc., Danvers, MA); and anti-CDS8 alpha antibody, 1:100
(Abcam®, Cambridge, MA)]. THC staining was performed using a
BOND RX Autostainer (Leica Biosystems, Nussloch, Germany) using
the BOND Intense R Detection Kit (Leica Biosystems).

Microglial cell morphology is linked to their physiological state.
Thus, neuroinflammation is characterized by ‘‘reactive’” microglial
cells displaying a larger cell body and thicker cell processes or little to
no cell processes, with amoeboid form. They can also be grouped as
clusters (microglial nodules) in the tissue. To evaluate neuro-
inflammation, a semi-quantitative method was used. Scores ranged
from O (“‘resting”” microglia with thin processes) to 5 (hyperplasia of
amoeboid microglial cells).

For T-cell infiltration, a semi-quantitative evaluation of CD3, CD4
and CD8 markers was performed, with the infiltration scored between
0 and 4 (0: none to minimal; 1: mild; 2: moderate; 3: marked; and 4:
severe) for tumoral tissues, and between 0 and 2 (0: none; 1:
representing less than 50% of the tumoral circumference; 2:
representing more than 50% of the tumoral circumference) for
peritumoral tissues. Histopathological analysis was carried out by
two trained veterinary pathologists in a blind study.

Statistical Analysis

The median survival time after implantation was calculated, and
Kaplan-Meier survival data were plotted versus time after tumor
implantation. The survival curves were compared using the log-rank
test between the irradiated group and controls (GraphPad Prism; La
Jolla, CA).

For the histopathological and immunohistochemical data, due to the
low number of animals in both control groups (n = 5), only a
descriptive statistical analysis was applied. R software (http//www.R-
project.org/) was used for the heatmap representation.

RESULTS
Survival

Concerning the MRI acquisitions performed one month
postirradiation, all the animals except those with long-term
survival exhibited large tumors. Figure 1 shows an example
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of an animal with a tumor and the other a long-term survival
animal without one.

Figure 2 shows the survival curves of tumor-bearing rats.
The curves corresponding to the irradiated animals are
significantly statistically different from those of the
nonirradiated controls (P < 0.0001 for experiment 1 and
P =0.0019 for experiment 2).

The survival curves are statistically equivalent for the
groups receiving the same average dose (25 Gy), standard
proton irradiation, pMBRT_homog and pMBRT_heter-
0g.25 Gy, despite the highly heterogenous dose coverage
in the latter group. One animal in the pMBRT_homog
group survived for the entire duration of the study and was
then censored.

The increase in lifespan (ILS) compared to the controls is
equivalent in the standard proton irradiation (108 = 17%),
pMBRT _homog (74 * 17%) and pMBRT _heterog.30Gy
(106 = 12%) groups. The ILS of the pMBRT_heter-
0g.25Gy group (58 * 10%) is significantly shorter and not
included in the in-depth evaluations.

Histopathology and Immunohistochemistry

For histological examination, tumors of 26 rats were
evaluated (16 from experiment 1; and 10 from experiment
2). No significant differences in cell morphology were
observed between the groups and experiments. Intratumoral
necrosis was common, significantly seen in 13/16 tumors in
experiment 1 (81%) and 7/10 in experiment 2 (70%). No
differences in the tumor cross-sectional area were observed
between groups in the histology slides. Specifically, in
experiment 1, these were: for controls, 10.0 = 7.4 mm?; for
pMBRT_homog, 13.0 £ 8.6 mm? and for standard proton
irradiation, 16.0 = 11.9 mm?. In experiment 2, these were:
for controls, 12.0 = 10.6 mm?* and for pMBRT_heter-
0g.30Gy, 17.0 = 8.7 mm®. These measurements correspond
to the tumor size at the moment animals were sacrificed.
Tumors were multifocal (except for one rat from experiment
2 in the pMBRT_heterog.30Gy group; the tumor was only
observed in the meninges), including predominantly
periventricular spaces (21/26 tumors, 81%), thalami (19/
26 tumors, 73%), meninges (18/26 tumors, 69%) and, less
frequently, hippocampi (5/26 tumors, 19%), cerebral
cortices (5/26 tumors, 19%) and cerebella (4/26 tumors,
15%) (see Fig. 3). In the remaining ‘‘normal” brain
parenchyma (around the tumors), we did not observe
significant lesions (no necrosis or large foci of mineraliza-
tion) except foci of ‘‘reactive’’ microglia with highly
heterogeneous severity between the rats, even for those in
the same groups. More details can be found in the
Supplementary Table S1 (https://doi.org/10.1667/RADE-
19-00013.1.S1).

The evaluation of microglial cell morphology using Iba-1
IHC did not reveal any clear difference between the groups.
In experiment 1, the density of microglial cells infiltrating
the tumors appeared slightly more important in the standard
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FIG. 1. MRI images of two animals included in experiment 1. The top row shows T2 (left side) and T1 RARE
after contrast injection (right side) acquisitions with one of the animals showing a large tumor one month after
irradiation. The bottom row shows the same sequences for a long-term survival animal.

proton irradiated group than in the pMBRT_homog group.
Yet, because of an important variability, no significant
differences could be found (see Fig. 3).

Tumoral and peritumoral T-cell infiltration was mild to
moderate (Fig. 4). There was a wide individual variability in
the two experiments. In experiment 1, no difference was
seen for CD3, CD4 and CD8 expressions. In experiment 2,
there appeared to be less intratumoral T cells in the
pPMBRT _heterog.30Gy group than in the control group.

DISCUSSION

Tumor dose conformation has significantly improved in
the last decades owing to technological advancements such
as image-guidance radiotherapy and particle therapy, among
others. However, the treatment of some radioresistant
tumors, tumors close to a sensitive structure (e.g., the
central nervous system) and pediatric cancers, is still
compromised due to the tolerance of normal tissues. This
is especially critical in the case of brain tumors, such as
GBM, which is the most common and most aggressive
primary brain tumor in humans. Currently, the standard-of-
care treatment for GBM patients is surgery followed by a
combination of radiation and adjuvant chemotherapy with
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temozolomide (TMZ) (40). The median survival is still 14
months, largely due to GBM resistance to current radio- and
chemotherapies (4/). The benefit of proton therapy for
GBM was evaluated in a phase II clinical trial (42) in which
a total dose equivalent to 90 Gy was delivered. An increased
overall survival (of 20 months) was achieved at the price of
high rates of symptomatic necrosis necessitating neurosur-
gical intervention. Therefore, an effective treatment strategy
could be to minimize normal tissue toxicity to further
escalate the dose. Along this line, proton minibeam
radiation therapy is an innovative approach which has
already proven its ability in rats to reduce neurotoxicity with
average doses of 25 Gy (58 Gy peak dose, plateau region)
and 30 Gy (70 Gy peak dose, plateau region) in a single
fraction (33-35). This contrasts with conventional proton
irradiation where severe damage has been observed (33—
35). In previously published work, we have shown that this
increase of normal brain tolerance provided by pMBRT
could be used to widen the therapeutic window for RG2
glioma-bearing rats (34, 35).

In this new study, we assessed the response of a different
type of rat glioma, F98, to determine how different tumor
features might affect treatment outcomes. The differences
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FIG. 2. Irradiation significantly increases the mean survival time of
the treated animals with respect to the controls independent of the
configuration. The survival curves of experiment 1 are shown on the
left side. The curves of the irradiated groups [standard proton
treatment (blue line), pMBRT with quasi_homog tumor dose coverage
(red line) and pMBRT _heterog.25 Gy (green line)] are equivalent and
statistically different from the control group (P < 0.0001). One animal
in the pMBRT_homog group survived for the entire duration of the
study and was then censored. The survival curves of experiment 2 are
shown on the right side. pMBRT _heterog 30 Gy (green line) exhibits
an increased lifespan compared to the controls.

could also provide some insights about the mechanisms of
pMBRT.

A statistically significant increase in mean survival time
was achieved in all irradiated series with respect to
nonirradiated controls. The survival curves were equivalent
in the three groups (standard_PT, pMBRT_homog, and
PMBRT_heterog.25Gy), which received the same average
dose (25 Gy) despite different dose distributions. However,
the main limitation of our study is the lack of an individual
treatment plan for each animal receiving irradiation, which
would include an accurate delineation of the tumor volume
based on an MRI performed on the day of the irradiation.
This results in an increased uncertainty in the dose
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distributions delivered to the actual tumor volume and
hinders our ability to establish a sound relationship between
biological response and dosimetry parameters.

Our results appear to challenge the generally accepted
assumption that the valley dose is the most relevant
dosimetry parameter for tumor control in MRT. As of
today, only a few studies have compared the biological
effects of MRT against standard seamless irradiations (/5,
20, 43). Most of those studies assessed the response of
animals which received MRT with the valley dose equaling
the dose delivered in standard irradiation (/5, 20). The
higher corresponding average doses in MRT with respect to
standard irradiation in those studies might (partially) explain
the higher tumor control rate in MRT. Systematic
evaluations on the correlation between the different
dosimetric parameters and biological response in SFRT
are still needed to establish a sound method for dose
prescription. Interestingly, the ILS is also equivalent to the
standard_PT, pMBRT_homog, and pMBRT_heterog.30Gy
groups. The fact that the same ILS could be obtained with a
standard homogeneous dose distribution and highly hetero-
geneous dose coverage (pMBRT_heterog) seems to chal-
lenge the paradigms of classical radiotherapy and points at
the participation of some non-targeted effects (/—7), such as
immune system involvement, bystander effects, and/or other
currently unknown mechanisms.

Concerning experiment 1 (quasi-homogeneous dose
distributions), in contrast to RG2-bearing rats that had
long-term survival rates of 2/9 and 5/9 in the standard
proton irradiation and pMBRT_homog groups, respectively,
only one long-term survival was achieved in the pMBRT
series of F98 glioma-bearing rats. The different results
obtained in the conventional irradiations of the two tumor
types (see Fig. 5), indicate the different level of radiosen-
sitivity of the two cell lines. F98 has been reported to be
more radioresistant (44). However, while pMBRT_homog
leads to a much larger proportion of long-term survivals
than standard proton treatment for RG2-bearing rats, the
response of the pMBRT group is equivalent to the broad
beam treatment for F98 tumors. We could speculate that this
could be linked to the fact that F98 is a mutant of p53. It has
been suggested that the p53 pathway is involved in cell
responses to bystander signals and that cells mutant to p53
are not able to respond to bystander signals (/3, 45). Thus,
cell signaling effects would be somehow reduced in F98
tumors. We could also hypothesize that pMBRT has a
preferential effect to damage the newly formed (less mature)
tumor vessels, of which RG2 tumors are more dependent,
while F98 has a higher ability to hijack normal vasculature
of the brain for its supply (36).

Regarding experiment 2 (highly heterogeneous dose
distributions), while it holds true that no long-term survivals
were seen in F98-bearing animals, the mean survival time
was slightly longer than that of RG2-bearing animals.
However, the differences are not pronounced enough to
infer any conclusion. The results of this study are
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FIG. 3. Microscopic appearance of F98 rat glioma. Panel A: Representative microscopic aspect of tumors with central necrosis (*) in H&E.
Panel B: Higher magnification showing neoplastic cells, with some mitotic figures (arrows) and necrosis (*) in H&E. Panel C: Ring of microglial
cells (arrows) around the tumor (T), anti-Iba-1 IHC. Panels D—F: Intratumoral T-cell infiltration scoring, score 1 (panel D), score 3 (panel E) and
score 4 (panel F), anti-CD3 IHC.
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FIG. 4. Heatmap of T-cell infiltration in experiment

2. Distribution of the T-cell infiltrate scoring in the

tumors and peritumoral brain tissue was obtained using R software for statistical analysis. Minimal infiltration is
visualized in intense cyan, moderate infiltration in pale colors, and more severe infiltration in intense pink.
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FIG. 5. Comparison of survival curves for RG2 and F98 tumor-
bearing animals receiving standard broad beam irradiations (left) and
PMBRT (right).
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comparable to those of Deman et al. (24), who treated a
series of F98-bearing rats with interlaced synchrotron
MBRT at 54 Gy. They obtained an ILS of 113%, which
is equivalent to our results at a lower dose and without the
complexity required for interlaced MBRT.

Concerning the histo-immunohistochemical analysis, no
significant differences among the analyzed groups in the
two experiments were observed. This might be due to the
fact that the animals were sacrificed when the end points
associated with tumor growth were observed. This could
explain the similarity in tumor cross-sectional areas and
microglial and lymphocyte reactions. Additional short-
term evaluations are needed to better characterize these
effects. In addition, the optimization of irradiation
parameters, such as beam spacing, doses, and the use of
several entry ports, might further increase the therapeutic
index.

CONCLUSIONS

This study showed that proton minibeam treatment
increases the therapeutic index in F98 glioma-bearing
animals. The same increase in lifespan was achieved in
animals receiving standard proton treatment and pMBRT
with different levels of dose heterogeneity in the target.
No differences in microglial and lymphocyte infiltration
were found among the groups. Future research may
include a personalized treatment plan for each animal,
short-term evaluations, further optimization in terms of
beam widths, spacing, and doses as well as mechanistic
evaluations.

SUPPLEMENTARY INFORMATION

Table S1. Histopathology and microglial activation data.
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