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Synchrotron X-ray boost delivered by Microbeam Radiation Therapy after conventional X-ray therapy

fractionated in time improves F98 glioma control

Running title: Synchrotron MRT-Boost for brain tumor

ABSTRACT
Purpose: Synchrotron microbeam radiation therapy (MRT) is based on the spatial fractionation of the

incident, highly collimated synchrotron beam into arrays of parallel microbeams depositing several hundred grays.
It appears relevant to combine MRT with a conventional treatment course, preparing a treatment scheme for
future patients in clinical trials. The efficiency of MRT delivered after several broad beam (BB) fractions to palliate
of F98 brain tumors in rats in comparison with BB fractions alone was evaluated in this study.

Materials/Methods. Rats bearing 106 F98 cells implanted in the caudate nucleus were irradiated by 5
fractions in broad beam (BB) mode (3x6Gy + 2x8Gy BB) or by 2 boost fractions in MRT mode, of a total of 5
fractions (3x6Gy BB + MRT 2x8Gy valley dose; peak dose 181Gy (50/200um)). Tumor growth was evaluated in
vivo by MRI follow up at T.1, T7, T12 Ts, Tao, Tos ¢ays, after radiotherapy, and by histology and FACS studies.

Results. MRT-boosted tumors displayed lower cell density and cell proliferation compared with BB-
irradiated tumors. The MRT boost completely stopped tumor growth during ~4 weeks and led to a significant
increase in MST, while tumors treated with BB alone recurred within few days after the last radiation fraction.

Conclusions. The first evidence is presented that MRT, delivered as a boost of a conventional
fractionated irradiation by orthovoltage broad X-ray beams, is feasible and more efficient than a conventional

radiotherapy alone.

Key words: Synchrotron Microbeam Radiation Therapy — MRT-Boost - Conventional radiotherapy - Brain tumor

- F98 glioma.
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Purpose

Glioblastoma multiforme (GBM) is the most common lethal primary malignancy of the central nervous
system (CNS). Radiation therapy with an external beam irradiation is effective against newly diagnosed GBM
(1,2). Based on international recommendations, the optimal administered radiation dose is 30 to 35 fractions of
1.8 to 2.0 Gy (58 to 60 Gy total dose), 5 days a week. The delivery of 40 Gy as a focal dose to the tumor area,
including the surrounding edema, with an additional boost of 20 Gy given to the tumor plus margins, is currently
the recommended radiotherapeutic scheme (3). Despite surgical resection and aggressive chemo- and
radiotherapy, the prognosis remains very poor: The median survival increases from 5 months to 9 months with

adjuvant RT compared to surgery alone (4).

Development of a promising new treatment called Microbeam Radiation Therapy (MRT) has been
ongoing for the past 25 years. MRT uses synchrotron X-rays collimated into wafers of few tens of microns wide
parallel microbeams, separated by a few hundred microns (5,6). This geometry allows a very high dose
(hectogray) deposition in the microbeam paths (peak dose) while tissue slices located between microbeams (i.e.,
in the “valleys”) receive only 5-10% of the peak dose (valley dose) (5,6). Promising experimental results obtained
over the last decade have allowed the preparation of veterinary therapeutic trials on pet animals (dogs, cats)
bearing spontaneous tumors, for the ultimate evaluation step of MRT efficiency and tolerance on brain tumors
before the clinical transfer of MRT. The latter might also be applied after a conventional fractionated irradiation.
First preclinical results on technical feasibility and therapeutic relevance of such fractionated MRT have been
published (7).

Preclinically, few rats survive for a long term after a unique irradiation dose, mainly because the dose
required for complete tumor control exceeds normal brain radiotolerance. However, the special irradiation
geometry of MRT limits the number of coplanar irradiation ports: The exact patient repositioning required for
delivery of successive MRT fractions is impossible because of the submillimetric scale of microbeams. Therefore,
it appears rational to combine MRT with conventional multifractionated treatments. Here, the delivery to a brain
tumor of only 2 out of 5 fractions in the MRT mode was expected to be more efficient than application of all
fractions in the broad beam (BB) mode.

Thus, we evaluated the efficiency of MRT delivered after several BB fractions to palliate F98 brain
tumors in rats. Tumor volumes were determined by MRI follow-up. The proliferative activity of tumor cells was
analyzed using FACS, histological sections, and immunohistology for dynamic changes of the tumor vascular
network. Survival curves showed an increase in median survival time (MST) of BB/MRT treated rats compared

with BB/BB group, indicating that MRT is a realistic and efficient contribution for brain tumor palliation.
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Methods and Materials
Procedures related to animal care conformed to the Guidelines of the French Government (licenses
380325 and 380321: authorized lab A3818510002 and A3851610004). Rats were anesthetized with a shot of

isoflurane 5% in air before maintenance under isoflurane 2.5% for tumor implantation.

Tumor inoculation

Ten-week-old (180-220 g) male rats (Fisher344, Charles River laboratories, France) were housed in a
controlled environment at 21°C with a day/night cycle of 12 hours, no more than 3 rats per cage; they all had
access ad libitum to water and standard laboratory food.

FI8 glioblastoma cell line was obtained from American Type Culture Collection (ATCC® CRL-2397™,
Rockville, MD, USA). The F98 glioblastoma is a tumor model commonly used in neuro-oncology (8); it is poorly
vascularized and has an infiltrating profile.

F98 cells, p53 mutated (8), were cultured in DMEM (Gibco, 31966-021) supplemented with 10% fetal
bovine serum (FBS; Gibco, 16000-036) and 1% penicillin-streptomycin solution (Gibco, 15070-063) in a
humidified atmosphere of 5% CO2 in air. F98 cells were implanted in 83 rats following the protocol described in
(7,9) and adapted for F98 cells. Briefly, 108 (5 ul) F98 cells were injected into the right caudate nucleus (3.5 mm
from the bregma) at a depth of 5.5 mm below the dura.

The number of days elapsed is designated as follows: D, (after implantation) or T, (after the first

irradiation). The number of rats (n) for each handling are detailed in Figure 1.

Magnetic resonance imaging for group sorting; tumor volume measurement

Eight days after F98 implantation, rats underwent anatomical MRI (Ts-weighted image after
intraperitoneal (i.p.) injection of Gd-DOTA, 200 mg.kg" on a Bruker Avance 3 console at 4.7T and volume/surface
cross coil configuration (Avance Ill console; Bruker (Germany); “Grenoble MRI facility IRMaGE,”), to sort them
into similar mean tumor volume groups. Rats were divided into a control group (Figure 1); a group of 63 rats
iradiated by BB 9, 12, 15 days after tumor implantation, imaged thereafter, then sorted into two groups to be
irradiated by 2 additional fractions of either MRT (BB/MRT, n=31) or BB (BB/BB, n=28). A two-way ANOVA with a
Sidak post-test was performed with GraphPad 6.0 (significant for p<0.05).

Radiation sources and irradiations

Conventional exposures on X-ray generator

Conventional orthovoltage irradiations were applied to anesthetized rats, individually, in a PMMA cradle,
by a Philips X-ray generator operated at 200 kVp and 20 mA with a 2 mm aluminium inherent filtration. For
irradiation of the entire rat's right brain hemisphere, the sagittal suture was positioned on the left side edge of a
2.5x2.5 cm? field; the right eye was kept outside of this field. A dose rate of 1.61 Gy/min was determined at the

center of the intracerebral tumor using an ionization chamber (Semiflex 31010, PTW). A dose of 6 Gy was
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delivered to all but control rats at day DeTo, D12T3 and D+sTe. Thereafter the rats of the BB group received a dose
of 8 Gy each at Dy7Tg and D1gT1o.

MRT exposures

Irradiations at the ID17 biomedical beamline at the European Synchrotron Radiation Facility used an X-
rays wiggler source of the 6 GeV electron storage ring, operating at 200 mA. The wiggler produces a wide
spectrum of photons which extends, after filtration, from 50 over 350 keV (median energy: 90 keV). The mean
dose rate was ~16 kGy.s™'. The quasi-laminar beam was shaped into an array of microscopically thin and quasi-
parallel microbeams using a multislit collimator (10). The doses were calculated by means of the Monte Carlo
method (detailed dosimetry protocols in (11)). Fifty microbeams, 50 um wide, spaced 200 um apart were used.
The peak to valley dose ratio was 22.6. The in-microbeam dose was 181 Gy, resulting at tumor depth in an 8 Gy
valley dose boost equivalent to that administered by the 2 last BB fractions of the other group. MRT was applied

on D+7Tg and D19T1o using two orthogonal and coplanar ports.

Treatment evaluation
The survival curves were established using 9 rats for control, 11 for MRT/BB and 15 for BB/BB groups.
Three to four rats per groups were imaged at D1gT7, D21T12, D2sT15 and DagToo (Figure 1); their brains were

removed for FACS and immunohistological studies.

FACS analysis

Freshly dissected brain tumors were mechanically dissociated in 0.05% trypsin. After 5 minutes at 37°C,
the cells were flushed, centrifugated, fixed in ice-cold 70% ethanol and kept at -20°C before use. The samples
were filtered (Nylon grid 100 um), rehydrated one night in PBS 1X at 4°C and stained with propidium iodide
(5ug.mL). Cell cycle distribution was obtained with a BD Accuri C6 Flow Cytometer (Becton Dickinson, USA).
Data were treated with FlowJo; statistical analyses were performed in GraphPad 6.0 (t-tests, differences

considered as significant for p<0.05). n=4/time/group.

Immuno- / histological analyses (IHC)

On 18 um thick frozen brain sections, Type-IV collagen (C), RECA-1 (Rat Endothelial Cell Antigen),
and glucose receptor-1 (hypoxia reporter) were labeled as previously detailed in (12,13). Proliferating cells were
assessed by Ki67 labeling. Using an Olympus fluorescent microscope images and multiple channel mosaics were

obtained. n=4/time/group.

Quantification
Whole tumor images were quantified using home-made algorithms embedded in the MoreHisto
software. Briefly, DAPI stained sections were segmented (watershed with granulometric operator), individualized

and counted, leading to the total number of cells in the tumors. Ki67 (red staining) was also segmented using
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Otsu threshold; tumor cells were considered as positive for Ki67 when at least 80% of DAPI+ pixels in the nucleus
contained Ki67 staining. Ratios of Ki67+/DAPI+ were determined for each tumor. In a second time, we estimated
for each DAPI cell the number of Ki67+ cells located in a 200 um radius circle around the considered cells.
Percentage of DAPI+ cells with n Ki67+ cells in this region are reported in figure 4. Cy, RECA-1 and GLUT1
staining were segmented separately; vessels were counted when they expressed 3 biomarkers. Differences in

vessel density, diameters and inter-vessel distances were evaluated using t-tests on GraphPad 6.0.
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Results

MRT-Boost stops F98 tumor growth and increases the lifespan of rats bearing intracranial F98 more than
BB irradiation alone

Figure 2 and 3A show representative F98 tumors on Ti-weighted MR images at different times after
treatment, and the corresponding lesion volumes. Untreated FO8 tumors grew exponentially between DgT.1 and
D24T+s, reaching a volume of 696.4 + 66.9 mmé. On T7, tumor volumes were significantly lower after the 3 fractions of
6 Gy BB, compared with controls. (p<0.001). On T+s, unirradiated tumors were 3.8 times larger than BB-treated tumors
(p<0.001). At the same time, the mean volume of tumors exposed to two MRT fractions of 8 Gy was about half of those
iradiated by two BB fractions (8 Gy each) (89.9£36.0 and 181.4484.5 mm? respectively, p<0.0001). Despite two other
8 Gy fractions, BB irradiated tumors recurred and grew exponentially. Significant differences occurred in the BB/BB group
between T7 and Tas (p<0.001). Conversely, 2 fractions of MRT stopped tumor growth: no differences in tumor size were
found in the BB/MRT group between T7 and Tas (Figure 3A). Moreover, the tumors irradiated with BB/MRT tended to
shrink between T12 and T15, but the difference was not significant (p=0.0633) (Suppl fig. 1).

Figure 3B shows the survival curves of untreated, BB/BB and BB/MRT-treated, F98 bearing rats. BB/BB
significantly increased the MST (Mean Survival Time) of irradiated rats (T2s) versus non-irradiated control rats
(T+s, p<0.0001). MRT fractions further increased MST: survival times were significantly higher (p=0.0144) in the
BB/MRT group (T33) compared with those in the BB/BB group. Increases in lifespan were 73.3% and 120% for BB
and MRT groups, respectively.

MRT-Boost reduces proliferative index of F98 tumors and modifies cell cycle distribution

Representative mosaics of whole irradiated tumors in Figure 4, column A, show Ki67 (red) and DAPI
(blue) immuno-labelling of control tumors (Ctrl) and tumors irradiated at T-.

The quantification in Figure 4, column B, shows the percentageKi67+ cells (within a 200 um radius
circle, column C) with t-test results. The 3x6 Gy BB exposures (B, first row) reduced the proliferative index of F98
tumors, versus control values (Ki67+/DAPI ratio). Two additional MRT fractions led to a marked decrease of the
proliferative index, from T2 to Ty after irradiation, compared with 2 supplemental BB fractions; these reductions
reached significant differences at T+, and Tz (p=0.0041 and 0.018, respectively).

Figure 4, column C, represents the percentage of DAPI cells that are surrounded by the number (n) of
Ki67+ cells within a 200 um radius circle, with t-test results. First row: On day 7, in the CTRL group, half of tumor
cells are neighbored by 48+17 Ki67+ cells (dashed curve). The irradiation of F98 tumors by 3X6 Gy reduced their
number to 27+20 Ki67+ cells (black curve). Column C, three lower rows: MRT fractions reduced the number of
neighboring proliferative cells significantly compared with BB fractions. Indeed, in the MRT group the number of
adjacent proliferative cells remained constant between T+, (second row) and Tz (bottom row), whilst the number

of vicinal cells increased from 156 to 74+14 cells in the BB group. These data reflect tumor recurrence with high
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proliferation hot spots within BB irradiated tumors, while a MRT-Boost significantly controls tumor
aggressiveness.

Figure 4, column D: Cell cycle distribution analysis obtained by flow cytometry showed that after the
3x6 Gy irradiation, the number of G1 cells increased, whereas S and G2/M cell fractions decreased at T-
compared with the non-irradiated group (p<0.01, 0.01 and 0.05 respectively, first row).

At Tis (third row), G1 cells increased markedly after MRT-Boost, but minimally after BB irradiation
compared to the T values. Significant differences in the fraction of cells in G1 and G2/M between BB/MRT and
BB/BB groups were measured on Ty (bottom row): BB/BB displayed a cell cycle distribution similar to that of non-
treated tumors on T.. At T, in both BB/MRT and BB/BB groups, the fraction of cells in G1 phase returned to
values like those of non-irradiated control tumors on T.. Conversely, the fraction of S phase cells differed
significantly between BB/MRT and BB/BB groups (p<0.05).

MRT-Boost induces minor changes in tumor vascular morphometric parameters

Representative images of whole irradiated tumors in Figure 5A show Reca-Coll-IV-Glut1 triple immuno-stained
vessels 7, 12, 15 and 20 days after the start of treatment. There was no significant difference in vessel density (percentage
of vascular surface, Figure 5B), nor vascular tortuosity (data not shown) between the 2 combinations of irradiation. Only
tumors irradiated with 3x6 Gy showed a significant decreased of inter-vessel half distance compared to sham irradiated
tumors (last column). Vascular diameters were not modified, except at day 12 (Figure 5B second row) when diameters of
tumor vessels irradiated by MRT were significantly lower than of those irradiated by BB (11.095+0.152 um vs
8.284:+0.542 jum, p=0.0077 (t-test).
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Discussion

Temporal fractionation is the clinical standard radiotherapy protocol applied to high grade brain tumors.
Attempts of improving treatment efficiency (hyper, hypofractionation, local boost...) led to modest increases in
patient lifespans (14). MRT, a novel concept of spatially fractionated radiotherapy based on the high photon flux
of synchrotron-generated X-rays, has been proposed as promising treatment concept for patients with malignant
brain tumors for whom no satisfactory therapy is available yet (15). The therapeutic effects of microbeam arrays
were mainly studied in laboratory rats and chick chorioallantoic membranes after a single radiation dose
(6,13,16-21). Only one trial of temporal MRT fractionation has been conducted at the ESRF (7). Here, we
demonstrate that MRT can increase radiotherapeutic efficiency when delivered as boost after a temporally
fractionated conventional treatment. Indeed, MRT completely stopped tumor growth during ~4 weeks and

significantly increased MST while BB-tumors recurred within few days after the last radiation fraction.

Two MRT fractions, given after 3 fractions of 6Gy BB, modified tumor cell proliferation and cell cycle
characteristics to a larger extent than 2 BB fractions did, albeit MRT delivered the same valley dose as the BB.
The choice of the conditions for comparison of MRT with other radiation therapies modalities is complex due to
the specificities of MRT (high dose rate, single irradiation session, periodical spatial alternation of microscopic
dose distribution, i.e., of peak and valley doses). Several solutions have been proposed for a dosimetric
conversion, among others, the use of the integrated MRT dose. In the configuration used in this study (50 ym
beam width, 200 um center-to-center spacing), the integrated/average dose is around 55 Gy for the MRT group
(peak dose: 181 Gy). This integrated dose was calculated by the Monte Carlo Method for the peak and valley
doses. Integrated doses was also measured with current dosimeters, since a very high spatial resolution of peak
and valley doses is not necessary in this configuration. Application of high doses such as 55 Gy by large
homogenous fields of conventional irradiation to a rat brain is not rational since they destroy normal brain tissue
and cause the animal’s death. Therefore, we did not apply them in animal experiments, for biological and ethical
reasons. The valley dose of MRT was chosen as a point of comparison between the two geometries of irradiation
in the current study, as it was the case in previous paper (19). This choice was reinforced by the fact that the
valley area in MRT represented the largest fraction (75%) of irradiated tissue. To use a BB dose equal to the
valley dose in MRT has been shown in many published preclinical experiments to better reflect the biological
impact than using the integrated dose. However, the biological impact of such MRT versus BB irradiations differs.
This difference is most likely due to the presence of the microbeam peaks. There is little doubt that the presence
of those peaks enhances the tumor control by MRT compared to that achieved by BB at equal valley dose,
because of the additional dose deposition. It is predictable that selectively increased BB doses could increase the
tumor control to the same level of control obtained by MRT, but the toxicity on normal brain would increase
disproportionately because of the coincident delivery of the BB dose to the normal tissues. Bouchet et al. 2016
(19) observed that MRT with a peak dose of 200 Gy had a similar impact on animal survival, compared to the BB

group, while the MRT valley dose (75% of the irradiated area) was 2 times smaller than the homogeneous dose
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applied in BB mode. Moreover, these considerations refer to a unidirectional application of MRT; recent data of
our group, submitted for publication, show that multidirectional (multiport) MRT (with its lower valley dose also
used for BB) produces unexpectedly high biological equivalent dose factors (up to x2.5), while warranting a very
high tolerance for normal tissues in the trajectory of the individual arrays.

Another concern relates to the fact that current MRT beams are orthovoltage X-rays in the order of 100
keV. The depth of penetration of those beams is relatively low, and they are heavily absorbed by bone. However,
the falloff of dose with increasing depth in tissue is considerably more gradual in the valleys than in the peaks
(22). Typically, a half dose attenuation is obtained at 4.5 cm (median energy 90 keV), but the superior benefits of
MRT still prevail under these conditions. Moreover, the ultimate intention is to use multidirectional arrays focused
on the target region, and to treat brain tumors in children where the attenuation is weaker than in the head of

adults.

The MRT boost significantly prolonged the GO/G1 cell arrest observed after the first set of BB
exposures, but the two last BB fractions did not (Figure 4). At T+s, i.e., 3 days after the last irradiation, cell cycle
distribution in the BB/BB group was similar to that in the control group, while the effects of radiation persisted in
the BB/MRT group; and while S and G2/M phase populations significantly decreased. Conversely, the association
of BB and MRT completely stopped tumor growth during more than one month. A treatment completion using
only conventional X-ray beams did not prevent tumor recurrence. Changes in cell cycle redistribution induced by
MRT were combined with other histopathological events: the Ki67/DAPI ratio was significantly reduced after MRT
Boost compared with BB alone, whatever the time after irradiation. Most of the vascular parameters were not
significantly modified after MRT (Figure 5). MRT is known to have damaged immature vascular networks of
zebrafish (23) and of other tumor models (review: (18)). The hypo-vascularization (blood volume fraction (BVf):
~2%) of the F98 model may prevent vascular effects as those seen in the high BVf (>5%) 9L model (9).

Experimental findings strongly support the clinical evaluation of cell cycle inhibitors in combination with
radiation. For instance, a new chalcone, the microtubule polymerization inhibitor JAI-51, was administered alone
or immediately after MRT to rats bearing intracerebral gliosarcomas. MRT plus JAI-51 — but not JAI-51 alone -
increased significantly the lifespan compared with MRT alone (p=0.0367). MRT alone or associated with JAI-51
induced a cell cycle blockade in G2/M (p<0.01) while the combined treatment also reduced the proportion of
GO/G1 cells. MRT and JAI-51 combined increased the survival of 9LGS-bearing rats by inducing
endoreduplication of DNA and tumor cell death and delayed the onset of tumor growth resumption two weeks
after treatment (16). Further, G2 checkpoint abrogators, such as Wee kinase inhibitors, have been shown to
enhance cell killing of conventional cancer radiotherapy through the induction of premature mitosis (24).
Nanomolar concentrations of MK-1775, another potent and selective wee1 kinase inhibitor, radiosensitized
human p53-defective human lung, breast, and prostate cancer cells but not similar lines with wild-type p53,
abrogating the radiation induced G2 block in p53-defective cells but not in p53 wild-type lines. MK-1775 also

significantly enhanced the anti-tumor efficacy of radiation in vivo against p53-defective tumors (25).
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In previous studies, MRT was more efficient than BB for controlling brain tumors such as 9L gliosarcoma
(19) or F98 glioblastoma (20). BB doses 3 times higher than MRT doses were necessary for F98 tumor control
and prolongation of MST (20). A single BB fraction of 15 Gy (calculation performed with LQL-Equiv. software.
equivalent radiation dose in 2 Gy fractions (EQD2 31.3 Gy)), delivered to F98 bearing rats, led to an increase in
lifespan (ILS) of 15% (26). Likewise, in this study, MRT delivered after temporally fractionated BB irradiation was
more efficient than equivalent BB irradiation (Figure 3) and yielded significantly longer MST (Tss versus Tz) and
ILS (120% versus 73%) for the BB/MRT group than for BB/BB group. MRT increased MST compared with BB to
a larger extent after temporal fractionation. Yang et al. (27) have delivered EQD2 of 25 Gy (5x4 Gy) to F98
tumors and obtained an ILS of 17.4%. Previous work showed that a unique fraction of MRT with a valley dose of
18 Gy led to a 52-63% ILS (19). In the present study, an ILS of 120% was obtained after similar MRT valley
doses of 16 Gy delivered after temporally fractionated BB; EQD2 were 42 and 47.6 Gy, respectively (calculation
performed with LQL-Equiv. software). A lower ILS (100%) was also obtained for a 10x4 Gy (daily fractions) on the
same tumor model and a similar equivalent EQD2 (46.5 Gy) (19). Optimization of prescribed dose, fractionation
scheme and treatment plan for an improved therapeutic index of BB/MRT combined radiotherapy are
indispensable for a clinical transfer of MRT in the next years. Patients cannot be re-positioned with micrometer
precision for treatment delivery thus preventing daily re-irradiation through the same incidences. It appears that
MRT will be, at first, used as a boost or a smaller part of a standardized treatment, then progressively adapted as
integrated part of a standardized treatment. Current experiments on large animals will consolidate our
understanding of MRT’s radiobiological long-term effects on normal tissues and prepare the safe clinical transfer

for brain tumor bearing patients.

This study shows for the first time that MRT, delivered as a boost completing a conventional fractionated
irradiation by orthovoltage broad X-ray beams, is feasible and more efficient than a boost in the conventional
radiotherapy mode. The translation of MRT from the preclinical stage to a Phase | human clinical trial may be
achieved after (1) a successful veterinary phase I/l trial for pet animal patients (cats and dogs) bearing
spontaneous tumors, as they provide a good link between tumor models in animals and humans with regard to
tumor size and irradiation fields; (2) the development and validation of a MRT-specific treatment planning system
and a new patient positioning system; (3) selected preclinical studies to complement the most recent technical
developments and to answer some remaining questions. These endeavors are being pursued by our

collaborative team with the objective of using microbeams for a first human patient in 3 to 4 years.
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Figure 1: Experimental design. Tumor inoculation, MRI session for size sorting (white rectangle, dashed), MRI
session (white rectangles), broad beam irradiation (black and grey rectangles), MRT (green rectangles), tissue
sampling and analysis (crossed circle). Days after inoculation (D) and treatment (T); n designates the number of

animals.

Figure 2: MRI follow up of irradiated F98 tumors. A- Ti-weighted MR imaging: Non-irradiated (CTRL), BB/BB
and BB/MRT-treated tumors in rat brain at different times after implantation and treatment. B- Example of tumor
on hematoxylin/eosin staining tissue horizontal sections 9,18, 23, 26, 31 days after tumor inoculation (D) i.e. -1, 7,
12, 15, 20 days after the first irradiation (T).

Figure 3: MRT-Boost stops F98 tumor growth and improves survival of F98 tumor bearing rats. A- Means
of tumor volume measured on T1-weighted images for sham (black), BB/BB (grey) and BB/MRT (green)-irradiated
groups. Mean£SEM. 2-way ANOVA with Sidak post test. *, **, ***, ****: significantly different from time matched
analysis, p<0.05, 0.01, 0.001, 0.0001, respectively. B- Kaplan Meier survival curves of untreated (CTRL, dashed),
treated by BB/BB (grey) and BB/MRT (green). Table: significant differences between groups (log-rank test).

Figure 4: MRT-Boost reduces tumor proliferation index. A- Representative merged mosaics of an entire
tumor immunostained with Ki67 (red) and DAPI (blue). First row: untreated group (Ctrl) and 3x6 Gy BB fractions
on T7. Three lower rows: BB/BB (+2x8 Gy BB fractions) and BB/MRT (+2x8 Gy MRT fractions). B- Ki67 positive
cells/DAPI cells ratio quantified on whole tumors 7, 12, 15 and 20 days after treatment. Control, 3x6 Gy BB (in
first row only), BB/BB and BB/MRT groups (in three lower rows) are represented as light grey dots, black
squares, grey hexagons and green triangles respectively; p-values for t-test comparisons. C- Percentage of DAPI
cells that are surrounded by the number (n) of Ki67+ cells within a 200 um radius circle, with t-test results. D-
FACS analysis of cell cycle distributions of tumor cells in untreated controls (black dot pattern), after 3x6 Gy BB
(black), BB/BB (grey) and BB/MRT (green) groups 7, 12, 15 and 20 days after treatment start. *, **: significantly
different values from those of time matched group(s) within the same cycle phase. p<0.05 and 0.01 t-test values:
+, ++, respectively. Ctrl versus T7 irradiated groups (3x6 Gy), significantly different t-test values of p<0.05 and

0.01, respectively: A, M.

Figure 5: MRT-Boost does not modify F98 vascular network. A- Representative merged mosaics of an entire
tumor immunostained with Glut-1 (green), Reca-1 (red) and Collagen IV (blue) for control group, after 3x6 Gy BB
fractions, BB/BB (+2x8 Gy BB fractions) and BB/MRT (+2x8 Gy MRT fractions). B- Vessels percentage surface
(first row), diameter (second row), and inter-distance (third row), of tumor vessels of F98 bearing rats 7, 12, 15
and 20 days after treatment start. Untreated (Ctrl), treated group by 3x6 Gy BB fractions, BB/BB (+2x8 Gy BB
fractions) and BB/MRT (+2x8 Gy MRT fractions) are represented in black dot pattern, black, grey and green

histograms respectively. **: p<0.01 (t-test).
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