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Purpose: Minibeam radiation therapy (MBRT) is an innovative technique that uses a spatial dose modulation. The dose distri-
bution consists of high doses (peaks) in the path of the minibeam and low doses (valleys). The underlying biological mecha-
nism associated with MBRT efficacy remains currently unclear and thus we investigated the potential role of the immune
system after treatment with MBRT.

Methods and Materials: Rats bearing an orthotopic glioblastoma cell line were treated with 1 fraction of high dose conven-
tional radiation therapy (30 Gy) or 1 fraction of the same mean dose in MBRT. Both immunocompetent (F344) and immuno-
deficient (Nude) rats were analyzed in survival studies. Systemic and intratumoral immune cell population changes were
studied with flow cytometry and immunohistochemistry (IHC) 2 and 7 days after the irradiation.

Results: The absence of response of Nude rats after MBRT suggested that T cells were key in the mode of action of MBRT. An
inflammatory phenotype was observed in the blood 1 week after irradiation compared with conventional irradiation. Tumor
immune cell analysis by flow cytometry showed a substantial infiltration of lymphocytes, specifically of CD8 T cells and B cells
in both conventional and MBRT-treated animals. IHC revealed that MBRT induced a faster recruitment of CD8 and CD4 T
cells. Animals that were cured by radiation therapy did not suffer tumor growth after reimplantation of tumoral cells, proving
the long-term immunity response generated after a high dose of radiation.

Conclusions: Our findings show that MBRT can elicit a robust antitumor immune response in glioblastoma while avoiding
the high toxicity of a high dose of conventional radiation therapy. © 2022 The Author(s). Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Spatially fractionated radiation therapies (SFRT) rely on a
compartmentalization of the radiation in smaller beam lines
that allows for the radiation dose to be administered with
less toxicity in the nontumoral tissue." Radiation therapy
treatments are highly restricted because of the surrounding
normal tissue tolerances, especially in aggressive tumors
located in sensitive tissues such as brain gliomas. Minibeam
radiation therapy (MBRT)” is a type of preclinical SERT
that provides a high therapeutic index in difficult-to-treat
cases, such as radioresistant tumors.”® MBRT uses a strong
spatial modulation of the dose, as the irradiation is per-
formed with arrays of narrow parallel beams (0.5-1 mm)
spaced 1.5 to 4 mm apart,” resulting in a highly heteroge-
neous dose distribution. The irradiated regions alternate in
regions receiving very high doses (peaks) and low doses
(valleys) (Fig. 1.

The preclinical studies to date have shown that MBRT
offers remarkable normal tissue sparing,”*”'’"'* even at
average doses of 20 Gy in 1 fraction.”"” Additionally, the tis-
sue sparing demonstrated by MBRT might enable safe and
effective use of hypofractionation schemes instead of 1.8 to
2 Gy per fraction over several weeks, which provokes the
blood lymphopenia commonly seen in irradiated patients."*
In contrast to other spatially fractionated techniques, such
as microbeam radiation therapy (MRT)" or GRID,' the
vast majority of studies on MBRT showed equivalent or
superior tumor control compared with conventional seam-
less irradiation.™>'”""”

In general, SERT challenge the paradigm of conventional
radiation therapy that lethal doses must be deposited in
each of the tumoral cells to eliminate the tumor and suggest
that other distinct biological mechanisms are activated.
However, the underlying biological mechanisms in SFRT,
including MBRT, remain elusive. Radiobiological experi-
ments performed in SFRT, mainly using MRT, suggest a
mixed contribution of radiation-induced bystander and
abscopal effects,””** vascular alterations,”””° and immuno-
logic interactions.'™”” However, a complete understanding
of these processes is lacking.

In this study, we hypothesized that the high dose offered
by MBRT might effectively prime the immune system.
Although it has been long known that tumor responses to
radiation therapy are hampered in the absence of T cells,”®
the optimal dose and temporal fractionation schemes to
provoke an antitumoral immune response are still a subject
of discussion.”” !

In the present study, we aimed to investigate the role of the
immune system after MBRT in an in vivo rat model of glio-
blastoma, RG2, with a particular focus on T cells, but also
other key players in radiation-induced immunity such as B
cells and myeloid cells. To disentangle the specific effects of
spatial fractionation from temporal fractionation or dose, 1
single fraction and the same mean dose were employed to
compare conventional and MBRT irradiation modes. With
the help of an immunodeficient rat model, anatomopathologic

evaluation of the tissues, flow cytometry of the systemic and
intratumoral immune cells, and multiparameter immunohis-
tochemistry analysis of the tumors, we provided a first insight
into the antitumoral immune response generated by MBRT.
To our knowledge, this is the first evaluation of this kind in
MBRT performed in an immunosuppressive syngeneic ortho-
topic rat model of glioblastoma.

Materials and Methods

All animal experiments were conducted in accordance with
the animal welfare and ethical guidelines of our institution.
They were approved by the French Ministry of Research
(permit no 2019122418442057).

Tumor Inoculation

The RG2-[D74] (ATCC CRL-2433, RRID: CVCL_3581) gli-
oma cell line, transfected with the luciferase gene, was used.
RG2-Luc cells (5000) were suspended in 5 uL. of DMEM
and then injected intracranially into 6-week-old male
immunocompetent rats (Fischer 344, Janvier Labs) or athy-
mic rats (Nude, Janvier Labs) using a Hamilton syringe
through a burr hole in the right caudate nucleus (coordi-
nates relatives to Bregma: AP: —2.5 mm; ML: +4.7 mm; DV:
5.5 mm from the skull). Bioluminescence imaging (BLI) was
done using an IVIS spectrum (PerkinElmer, Houten, the
Netherlands) to confirm the presence of a tumor before irra-
diation, as described in previous works."®

In addition, 15 Fischer F344 rats were included in a “rechal-
lenging” experiment, in which 7 naive control animals and 8
experimental animals, which were previously inoculated with
RG2 cells, received either MBRT (n = 4) or conventional irradi-
ations (n = 4) after which the tumor was sterilized (verified by
means of BLI and magnetic resonance imaging [MRI]). The
animals were reinoculated with 5000 RG2-Luc cells in the left
caudate nucleus 3 to 6 months after the first implantation.

Irradiation and dosimetry

Unilateral x-ray MBRT and conventional irradiation were
applied using a small animal irradiator, as described previ-
ously.” As the goal of this study was to investigate which
mechanisms are involved in tumor control, a dose of 30 Gy
to the tumor was chosen. Radiation doses of at least 25 Gy
are required to attain some tumor control in glioma-bearing
rats after conventional irradiation'®’” and, in particular, in
this model (Fig. E1). However, conventional irradiation at
these doses leads to extensive radiation-induced brain dam-
age, but the animals survive long term and can be included
in this study.® This level of dose would not be attainable in a
human treatment with conventional therapy. In MBRT, a
mean dose of 30 Gy was delivered to the tumor position,
with peak and valley doses of 83 Gy and 4.5 Gy, respectively.
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Fig. 1.

(A) Graphical representation of the radiation plan used in this study. Rats were irradiated with one fraction of con-

ventional photon radiotherapy (CONV) at the minimum dose for tumor control or with one equivalent fraction of mini-beam
radiotherapy (MBRT). (B) Radiation-induced skin toxicities in immunocompetent F344 rats and immunodeficient Nude rats.
CONV-irradiated rats developed radiation dermatitis while MBRT-irradiated rats only developed alopecia in the paths of the
peaks. (C) Survival curves of F344 (solid line) or Nude (dashed lines) rat groups after CONV treatment (red), MBRT treatment
(blue) or non-irradiated controls (black). (D) Pairwise comparison of the survival curves in panel C using Log-rank (Mantel-
Cox) test. Head and brain silhouette sourced from: doi.org/10.5281/zen0odo.3925903 and adapted. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

The mean dose in MBRT is defined as the average dose
between the first and last peaks of the lateral dose profile. At
the tumor position, the beam width was 700 £+ 40 pm, and
the center-to-center (c-t-c) distance between minibeams
was 1400 + 100 pum. The irradiation was done 8 and
14 days after tumor inoculation for the survival studies and
for the experiments involving immune phenotyping. Before
the irradiation, 1 of the series (IHC) went through MRI to
assess tumor volume. Tumor volume was 50.6 mm® on aver-
age, with an axial dimension of 4.4 mm. The axial dimen-
sion is orthogonal to the minibeam direction, so the tumor
was irritated with approximately 3 to 4 minibeams (Fig. E2
presents a graphical representation).

Radiochromic films were then placed on the skin for
quality assurance of the irradiation. Six groups of animals
were evaluated.

Animal follow-up

The clinical status of the animals was evaluated 5 times per
week. MRI acquisitions were performed for some rats using
a 7-Tesla preclinical magnet (Bruker Advance Horizontal 7-
T Bruker, Inc, Billerica, MA) and the same sequences as
described in previous studies.’

MRI follow-up was performed at the following times: (1)
3 or 6 months after irradiation for long-term survival; (2)
just before and at 12 and 25 days after the second injection
of RG2 glioma cells for the “rechallenging” experiment. Any
rat showing classical adverse neurologic signs associated
with tumor growth was humanely euthanized (CO,
asphyxia). During rat necropsy, the brains were removed
and fixed in 10% neutral-buffered formalin for histopatho-
logic and multiplex immunofluorescence (IF) analyses.
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Analysis of peripheral and tumor immune cell
populations by flow cytometry

Blood was collected in EDTA tubes. Red blood cells were
lysed using a Red Blood Cell Lysis Solution (Miltenyi Biotec,
Bergisch Gladbach, Germany). Tumors were dissected, and
the tissues were incubated in digestion solution (DPBS con-
taining 1 mg/mL Collagenase D [Roche], 0.1 mg/mL DNase
I [Sigma], and 3% fetal calf serum [FCS]). Tissues were then
mechanically disrupted to obtain a single-cell suspension in
flow cytometry staining (FACS) buffer (DPBS with 0.5%
bovine serum albumin [BSA] and 2 mM EDTA). Cells were
mixed with 30% isotonic Percoll Solution, centrifuged, and
blocked with anti-CD32 (FcyRII) blocking agent.

Cells were treated with a viability stain diluted 1:1000
(FVS780, BD Biosciences, RRID: AB_2869673) and immuno-
labeled in buffer containing PBS and 3% of fetal bovine serum
(Table E1). Counting beads were added to the sample before
acquisition (CountBright Plus Absolute Counting Beads,
Thermo Fisher). Cell profiles were analyzed using a flow
cytometer (Fortessa LSR, BD Bioscience) and Flow]Jo v10.6.

Analysis of systemic cytokines

After collection in a heparin tube, the whole blood was cen-
trifuged at 4°C at 1500 g for 15 minutes and plasma was
separated. Six cytokines (IL-18, IL-6, IL-10, KC/GRO
[CXCL1] TNFe, and IFNy) were measured using chemilu-
minescence-based V-PLEX Proinflammatory Panel 2 Rat
Kit (MSD, K15059D, RRID: AB_2916285).

Histopathology

The brains were trimmed in several coronal sections and
embedded in paraffin. Serial 4-pum-thick sections were cut,
and 1 slide was stained with hematoxylin and eosin (HE)
for histopathologic evaluation, whereas other slides were
used for IHC. All histopathologic assessments were per-
formed blinded by a European College of Veterinary Pathol-
ogists diplomate pathologist.

Multiplex immunofluorescence staining

Multiplex IF staining was done to identify the major subpopu-
lations of T cells and macrophages using a panel of 5 antibod-
ies (CD3 [1:600, A0452, Dako, RRID: AB_2335677], CD4
[1:200, 25229, Cell signalling, RRID: AB_2798898], CD8 [OX-
8, 1:400, ab33786, Abcam, RRID: AB_726709], FoxP3
[EPR2210237, 1:100, ab215206, Abcam, RRID: AB_2860568]
and CD68 [ED1, 1:200, MCA341R, BioRad, RRID:
AB_2291300]) and an Opal Multiplex IHC (Akoya Biosci-
ence), which was optimized in house. Successive cycles were
done by incubating with each primary antibody diluted in
normal goat serum 5% (S2000-100, Dutscher). The slides
were then incubated with secondary antibody at a 1:300

dilution (Goat antirabbit P0448, Dako, RRID: AB_2617138 or
goat antimouse P0447, Dako, RRID: AB_2617137) followed
by incubation with Opal fluorochrome diluted at 1:100 in Plus
Amplification Diluent (FP1498, Akoya Biosciences). These
cycles were repeated for subsequent antibodies. Finally, the
slides were stained with DAPI (D1306, Invitrogen, RRID:
AB_2629482) at a 1:1000 dilution and mounted using an in-
house preparation of Mowiol.

Image acquisition and analysis

The Mantra 1 quantitative pathology workstation (Perki-
nElmer) was used for image acquisition. The chromogenic
IHC-stained slides were imaged with the brightfield protocol,
and the multiplexed IF- stained slides were imaged with the
fluorescence protocol (MantraSnap 1.0.4 software, Akoya Bio-
science). Two sets of images were acquired per slide: 1 set
with images centered on the edge of the tumor and 1 set of
images acquired more centrally within the tumor. InForm
advanced image analysis software (InForm 2.4.4 software, Per-
kin Elmer) was used to process and analyze the multispectral
images (Fig. E3 shows an example of acquired images).

Statistical analysis

The log-rank (Mantel-Cox) test was used to analyze the sur-
vival data. For the analysis of FACS’s data, the results are
presented as the means + standard error of the mean. Statis-
tical analyses were performed using a Brown Forsythe and
Welch analysis of variance with multiple comparisons using
the unpaired ¢ test for the peripheral immune cells. Statisti-
cal analyses were performed using 1-way analysis of vari-
ance with multiple comparison using uncorrected Fischer’s
LSD test for the intratumoral immune cell infiltration and
circulating cytokines.

A linear mixed model with repeated measures using the
restricted maximum likelihood method for (co)variance
component estimation procedure was employed for the sta-
tistical analysis of IHC quantitative data because the data
were not independent (numerous data per animal, ie, 1 per
analyzed image).

All statistical analyses were performed using GraphPad
Prism 9 software (GraphPad Software, CA), except for the
data from the histopathologic analyses, which were analyzed
using R software version 4.0.4 (R Core Team, 2021).

Results

Survival curves and clinical symptoms of
glioblastoma-bearing immunocompetent and
immunodeficient rats

Figure 1 presents a schema of the irradiation configurations.
Figure 1 also shows some radiation-induced skin toxicities
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observed and the survival curves for the different groups
along statistical analysis.

None of the immunocompetent animals receiving MBRT
developed any skin toxicity, whereas 2 out of 10 of the nude
rats in group 5 exhibited a light skin injury (Fig. 1B). A tran-
sient radiation-induced alopecia appeared 6 to 7 days after
MBRT on the path of the minibeams. In contrast, all animals
receiving conventional irradiation developed severe radiation-
induced dermatitis. Immunodeficient rats exhibited moist des-
quamation 8 to 10 days after irradiation. Immunocompetent
rats developed the same type and grade of lesion with a later
onset (14-18 days after irradiation, Fig. 1B).

No significant dependence on the immune status of the ani-
mals was observed in the survival curves after conventional irra-
diation; however, the number of long-term surviving animals

free of tumors was higher in the immunocompetent group (89
%) compared with the immunodeficient group (62.5 %)
(Fig. 1C). MBRT-irradiated immunodeficient rats did not
respond to the treatment, in contrast to the immunocompetent
rats. A significant percentage (33%) of the MBRT-treated
immunocompetent animals survived long-term despite about
half of the tumor volume receiving a dose lower than the pre-
scribed one because the irradiation in MBRT is done with 700
pnm peaks spaced by 700 pm (see Fig. 1A and E2). This nonre-
sponse to MBRT in athymic rats, lacking mature T cells, sug-
gests a key role for T cells in the mechanism of tumor
elimination by MBRT. These results indicate that different
mechanisms are responsible for the effects of the 2 different
types of irradiations. Tumor presence was confirmed in all ani-
mals sacrificed in the first 3 months after irradiation.

A
Histopathological fmdm_gs_rele_lted o Radiation-induced histopathological injuries
tumor growth and elimination
CONV-RT MBRT CONV-RT ! MBRT
Long- Cavitation (9/9) Cavitation (4/4) Necrosis (ventricle, plexus Minimal to mild
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(9/9) (4/4) Edema (3/9) mineralization in
Glial scars (9/9) Glial scars (4/4) Thickened blood vessel the thalamus and
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Fig. 2.

(A) Table summarizes histopathological changes observed in immunocompetent and immunodeficient rats, related

to tumor growth and elimination and radiation-induced injuries, at 6 months’ post-irradiation (long-term survivors from the
survival group). (B) Cavitation and glial scar are observed at low magnification, in place of the tumor, observed in all groups
and due to tumor inoculation and elimination. (C) Vascular thrombosis observed in the CONV-RT group, t: thrombosis. (D)
Necrosis observed in the CONV-RT group, n: necrosis. (E) lymphocytic perivascular cuffing observed in the MBRT group. (F)
Foci of mineralization observed in the MBRT group (m: mineralization). ' radiation-induced late injuries are independent

from the immune status of the rat.
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Histopathologic and MRI findings

The histopathology analysis at 7 days after irradiation
revealed differences in the tumor cell morphology between
groups. In the nonirradiated group, the cells displayed a
spindle-shaped morphology corresponding to the usual
microscopic appearance of RG2 glioma.” In the conven-
tionally irradiated group, tumors were predominantly com-
posed of neoplastic giant cells with marked nuclear atypia.
This change in tumor cell morphology was consistent with
irradiation-induced cell cycle alterations. In the animals
receiving MBRT, the tumors presented a mixed pattern
intermediate between nonirradiated and conventionally
irradiated tumors, which was likely the result of the hetero-
geneous dose distribution.

Six months after conventional irradiation, the histopatho-
logic analysis reported severe radiation-induced brain injuries
in all long-term surviving rats from conventional groups,
which was independent of their immune status (Fig. 2). Radia-
tion-induced brain injuries were composed of necrosis
(around the ventricle and in the plexus choroid), edema, vas-
culopathy, marked mineralization, hippocampal and fornix
neuronal degeneration, and increased microglia, seen by IBA-
1 staining. Other findings were associated with tumor growth
and elimination. Accordingly, MRI images exposed blood-
brain barrier breakdown (BBB) in the hippocampus and sub-
iculum (4/5 immunodeficient rats, 4/6 immunocompetent
rats), localization of which matched the injuries detected in
the histopathologic analysis (Fig. E4).

In contrast, there was a remarkable reduction in radia-
tion-induced brain damages in the MBRT-irradiated group
consisting of localized and micrometric foci of mineraliza-
tion located in the thalamus and less evident in the corpus
striatum (Fig. 2). Other histopathologic findings in the
MBRT-irradiated group were mainly related to tumor
growth and elimination, in agreement with the MRI images
(Fig. 2 and E4). Among the MBRT-irradiated animals, only
a few animals (n = 4) were imaged between 3 and 6 months
after irradiation, and no radiation-induced brain injuries
were observed (Fig. E4).

Analysis of peripheral immune cell populations
and systemic cytokines

Because of the observations of inflammatory processes and
the possibility of a radiation-induced lymphopenia due to
brain irradiation,”* we analyzed blood leukocytes and cyto-
kines in search of radiation-induced changes in the systemic
immune environment.

The circulating peripheral immune cells were quantified
in the blood 24 hours and 7 days after irradiation (Fig. 3A-
G). 24 hours after irradiation, and no significant changes in
any of the evaluated population types were observed except
for CD4 T cells, whose numbers increased in the MBRT
group. A slight decrease in CD4 T cells was also observed
7 days postirradiation with MBRT. A decrease in the CD8 T

cells was also observed at 7 days after irradiation in both the
MBRT and conventional groups, compared with the nonir-
radiated group, with no difference between irradiated
groups. Conventional irradiation reduced the number of cir-
culating NK cells compared with controls and B cells at
7 days postirradiation compared with the MBRT group.
Neutrophil proportions in the blood tended to be increased
by MBRT compared with conventional irradiation at 7 days
after irradiation, but without any difference compared with
the nonirradiated controls. This suggests a slight inflamma-
tion triggered by MBRT.

CD43"" His48"®" monocytes decreased similarly at
24 hours after conventional and MBRT irradiations compared
with the control group. At 7 days after irradiation, CD43"™
His48"¢" population reach basal level in the MBRT group,
whereas the population was still decreasing in the conventional
group. MBRT increased the proportion of CD43"¢" and
His48'" at 7 days after irradiation exposure compared with
the nonirradiated controls. There was a tendency for this pop-
ulation to be increased compared with conventional irradia-
tion, although the difference was deemed insignificant. Overall,
MBRT tends to create an inflammatory phenotype 7 days after
irradiation compared with conventional irradiation. The details
of the gating strategy are available in Figure E5.

Inflammatory cytokines released after irradiation can sup-
port and modulate the immune response. Radiations seemed
not to significantly affect plasmatic IL1-8 levels, although some
samples were below the detection threshold. IL-6 and IL-10
exhibited a fast increase 24 hours postirradiation in the MBRT
group, whereas they increased at 7 days postirradiation in the
conventional radiation therapy group. Accordingly with the
MBRT-induced increase of neutrophils in the blood flow at
7 days postirradiation, MBRT-irradiated animals exhibited an
increase in the release of KC/GRO (CXCL1). On the contrary,
MBRT tended to decrease the levels of plasmatic TNF-¢ and
IFN-y compared with conventional radiation therapy at 7 days
postirradiation, after a slight early increase (Fig. 3H-M).

Immune cell infiltration

Intratumoral immune cell infiltration measured by
flow cytometry

Flow cytometry was performed 7 days after irradiation. A
significant alteration in the immune cell composition of the
tumors was evident, specifically T cells (Fig. 4A). T cells
(characterized as CD3" cells) represented 19% of the
hematopoietic cells in the control group, 47% in the conven-
tional radiation therapy group, and 42% in the MBRT
group, with no significant difference between the 2 irradi-
ated groups. Interestingly there was an increase in the pro-
portion of regulatory T cells (Tregs, characterized as CD4"
CD25" T cells) with respect to the remainder of the CD4"
conventional T cells in the irradiated groups (see Fig. 4B,
D), with no significant difference among them. No differen-
ces were observed in the proportion of tissue-resident mem-
ory T cells (TRM, characterized as CD8" CD103" T cells)
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with respect to the remainder of the cytotoxic CD8" T cells
(Fig. 4C). The details of the gating strategy are available in
Figure E6.

Opverall, there were 11- and 13-fold average increases in
T-cell density in the tissue of the conventional and MBRT
groups, respectively. This infiltration was found in all T-cell
subpopulations analyzed, including CD4" and CD8" T cells,
and for Tregs and TRM T cells. Among the T-cell popula-
tion, CD8" T cells were present at a higher abundance in the
tissue (Fig. 4B-F). This suggests the establishment of an
adaptive immune response in situ as suggested by the sur-
vival curves.

Moreover, a significantly higher immune cell density was
also observed for other key players in the immune response
in the irradiated groups with respect to the controls, notably
for B cells, a population that is practically nonexistent in
nonirradiated tumors, which were 40- and 52-fold higher in
conventional and MBRT, respectively (Fig. 4G). MBRT-
treated rats exhibited a significantly higher density of NK
cells, which was slightly higher compared with that for con-
ventional radiation therapy (Fig. 4). Although the differen-
ces among the irradiated groups were deemed not
significant, there was a trend toward a higher cell density of
these populations in the MBRT group.

Intratumoral immune cell infiltration measured by
immunochemistry

Multiplexed THC staining was performed to identify differ-
ences in the spatial distribution and kinetics of immune
infiltration among groups. Two areas of interest were evalu-
ated: the center and the periphery of the tumor tissue
(Fig. 5).

Two days after irradiation, MBRT-irradiated rats exhib-
ited a significantly higher T cell infiltration in the center of
the tumor compared with the conventionally irradiated ani-
mals. This was the case for CD8" cytotoxic T cells (CD3"
CD8" CD4"%), CD4" T helpers (CD3* CD8"® CD4"), as
well as double positive (DP, CD3* CD8" CD4") (Fig. 5). No
differences in Tregs (CD3" CD4" FOXP3") and double neg-
ative T cells (CD3" CD4"*® CD8"¢) among the groups were
observed (Fig. E6). The latter 2 cell types were not abundant.
In contrast, CD8" and DP T cells were the most abundant
types in the center of the tumor in the MBRT-irradiated
group. In the periphery, MBRT-irradiated rats exhibited a
significantly higher infiltration of CD4" helper T cells and
DP, but not CD8" cytotoxic T cells (Fig. 5).

Seven days after irradiation, the T-cell infiltration
increased in both the conventional radiation therapy and
MBRT groups (Fig. E7). In the center of the tumor, a higher
T-cell infiltration was observed in the conventionally irradi-
ated group, with significantly higher CD4" T helper and DP
T-cell densities compared with the other groups, but not
Treg or CD8" T cells. MBRT-irradiated rats showed a higher
density of CD8" cytotoxic cells and FoxP3" Tregs in the
periphery of the tumor. Taken together, significant differen-
ces were observed with respect to the spatial distribution of
T cells at different time points of the analysis. The results

suggest that MBRT provokes a faster infiltration of T cells in
the center of the tumor, specifically CD4", CD8", and DP
lymphocytes, whereas 7 days postirradiation, the significant
infiltration of T cells is concentrated in the tumor periphery,
which contrasted with that observed for the conventional
radiation therapy group. Conventionally irradiated tumors
exhibited a higher infiltration at macrophages in the periph-
ery of the tumor 7 days postirradiation. Interestingly, con-
ventionally irradiated tumors’ centers had also a
significantly higher concentration of CD8+ macrophages
compared with MBRT-irradiated tumors and controls at
both time points.

Figure E8 shows the dynamic of tumor infiltration by
immune cells between 2- and 7-days postirradiation. A sig-
nificant increase in infiltration was observed at day 7 com-
pared with day 2. It should also be noted that T-cell
infiltration in tumor center was diffuse in both the conven-
tional radiation therapy and MBRT-irradiated groups. How-
ever, T cells tended to cluster around vessels in the MBRT-
irradiated groups (Fig. E9).

Long-term antitumor immunity

To explore the potential long-term antitumor immunity
triggered by MBRT, cured rats from the MBRT or conven-
tional survival group (ie, long term-survivors) were rechal-
lenged with a second injection of RG2 cells. Figure E10A
represents the experimental design. All the naive controls
were found to have developed tumors and were euthanized
because of clinical signs in the expected period. The tumor
presence was verified by bioluminescence (Table E2) and
MRI before sacrifice (Fig. E10B).

None of the previously irradiated animals (MBRT n = 4,
conventional n = 4) developed a macroscopic tumor, as
determined by bioluminescence (7, 14 and 30 days after
reinjection) and MRI (12 and 25 days after reinjection). As
expected, rats from group 3 (conventional radiation ther-
apy) exhibited severe radiation-induced brain damage 6
months postirradiation, whereas group 5 (MBRT) did not.

Discussion

MBRT is an innovative radiation technique that relies on the
spatial fractionation of the dose and provides a high thera-
peutic index in radioresistant tumors.” ® The spatial configu-
ration of the irradiation allows for certain regions to be
targeted with high doses (peaks) and low doses (valleys) of
radiation. Several reports have shown that RT can lead to
immune activation or immunosuppression, depending on
the radiation scheme—including dose, fractionation, and
overall treatment time—but also tumor type and loca-
tion.”” " The optimal radiation scheme to elicit an effective
antitumoral response is still unknown.”””” RG2 is a very
invasive and low immunogenic syngeneic rat glioblastoma
model,*® similar in this sense to human glioblastomas,
where the microenvironment is highly immunosuppressive
and tumor-associated macrophages (TAM) constitute the
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majority of tumor immune cells.”® We hypothesized that the
high dose delivered in the peak regions of MBRT would be
enough to elicit an inflammatory response that might acti-
vate an antitumoral immune response in this model. High

doses in SFRT have been shown to create an antitumoral

immune response in subcutaneous models.

16,39

It is worth noting that the “conventional” radiation ther-
apy-treated group in this study received a very high dose of
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radiation that is not attainable in human treatment. Most
studies on spatially fractionated radiation therapy in synchro-
trons compared SFRT to 1 fraction of conventional RT that
differed between studies, although frequently similar to the
valley dose (5-15 Gy), and which generally does not offer
tumor control or incite a sufficient immune response when
given in 1 fraction.””*' In our study, both groups had tumor
control in at least 30% to 40% of the animals.

MBRT might influence peripheral immune cell popula-
tions differently compared with conventional irradiation
through secretion of pro- and anti-inflammatory cytokines in
the blood. Indeed, MBRT upregulated the secretion of IL10
(anti-inflammatory cytokine secreted by B-cells and macro-
phages), and proinflammatory cytokines such as IL-6 (pleio-
tropic effects on various immune cells, including T cells)**
or IEN-y (supporting T cells’ infiltration in the tumor) which
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is rapidly released after MBRT in coherence with our observa-
tions of a rapid T-cells intratumoral infiltration.>*® In con-
trast, the levels of plasmatic TNF-¢, another proinflammatory
cytokine linked to development of chronic inflammation and
radiation-induced brain damage”* are reduced in MBRT
compared with seamless irradiations. KC/GRO (chemoattrac-
tant of neutrophils and myoloids cells) is also upregulated in
MBRT compared with conventional radiation therapy.™ Both
radiation groups provoked a massive infiltration of different
immune cell types in the stroma of the tumor, including effec-
tor and immune response regulators as CD4 and CD8 T cells.
A significant increase of B cells and antigen presenting ¢cDC1
dendritic cells and CD8" macrophages (by their expression of
Rtlb/MHC-II) were indicative of an adaptive immune
response. This was likely due to the release of neoantigens,
immunogenic cell death signals, and proinflammatory
cytokines released in the tumor microenvironment after radia-
tion therapy, as has been shown previously in the
literature.”*””*" Tumor infiltrating B cells have been shown to
provide long-term immunity through antigen presentation to
T cells and the production of tumor-specific antibodies.””
Moreover, recent clinical studies indicate that B cells in
tumors, especially co-occurrence with tumor-associated CD8"*
T cells, are associated with an improved survival®® and are a
significant predictor of response to immunotherapy.” > The
long-term antitumor immunity obtained by radiation therapy
was demonstrated in both groups after rechallenging the sys-
tem with the reimplantation of tumoral cells. Because the pur-
pose of this study was to determine the immune response
generated after MBRT, we did not phenotype the large hetero-
geneity existing among tumor infiltrating lymphocytes (TIL),
which could have provided greater understanding in terms of
function®>”” and exhaustion phenotypes.”®

Importantly, we observed pivotal differences in conventional
radiation therapy and MBRT related to T cell dependence and
kinetics of T cell infiltration. The lack of response in MBRT-
treated athymic animals demonstrated that T cells have a key
role in MBRT’s mode of action, while dispensable in the case of
conventional ablative RT, showing that MBRT offers tumor
control by a fundamentally distinct manner. Additionally,

significant T cell infiltration was observed as early as 48 hours
after treatment, compared with controls and conventional radi-
ation therapy, including in the center of the tumor. This might
be indicative of a faster and more efficient T cell recruitment to
the tumor microenvironment. Although immune cell killing
after conventional radiation therapy could not be excluded at
this time point, no significant difference was observed between
the controls and conventional radiation therapy.

Additionally, we observed a significantly different organi-
zation of CD8" macrophages in the tumor, as only the con-
ventionally irradiated group had a higher concentration of
these cells in the center of the tumor. These results might be
explained by specific cell signaling pathways activated in the
tumor or bystander effects of SFRT. MRT studies in synchro-
trons have shown that MRT leaves vascular walls intact but
provokes apoptotic endothelial disruption in the paths of the
beams, which can lead to lower oxygenation and tumor
necrosis.”>” Endothelial disfunction increases the expression
of adhesion molecules ICAM, VCAM, endothelial leukocyte
adhesion molecule (ELAM/E-selectin), and integrins, and
thus facilitates the recruitment and attachment of circulating
leukocytes to the vessel wall.”’ Indeed, it was observed that T-
cells tended to be found clustered around vessels mainly in
the MBRT-irradiated animals. Another explanation might be
physico-chemical: the levels of oxygen present in the tumor
could be different after MBRT. Indeed, the percentage of
necrotic areas in the tumor was larger in the MBRT-irradiated
animals in comparison with those receiving conventional radi-
ation therapy at 7-days postirradiation (Fig. E11). Seven days
after MBRT the tumoral tissue is interspersed by large coalesc-
ing areas of necrosis. On the contrary, in the conventional
radiation therapy group, the necrosis remained limited to
small and multifocal foci. It is known that levels of hypoxia in
the tumor can modulate cytotoxic T cell function.”" Molecular
signals released by epithelial or cancer cells might also be
more immunostimulatory in the case of MBRT. T cell
response is likely to be crucial for MBRT because it does not
depose an ablative dose in each of the cells.

It should be also noted that in this study we did not directly
evaluate the effect of the transfection of tumor cells with

Table 1  Details of groups included in the study
NO. OF ANIMALS
TYPEOF MEAN DOSE PEAK VALLEY
Group IRRADIATION ANIMAL (TUMOR)Gy DOSEGY DOSEGY Survival IHC FACS
1 Nonirradiated Immunocompetent 0 N/A N/A 10 10 11
2 MBRT Immunocompetent 30 83 4.5 9 10 13
3 Conventional Immunocompetent 30 N/A N/A 7 10 12
4 Nonirradiated Immunodeficient 0 N/A N/A 12 5 N/A
5 MBRT Immunodeficient 30 83 4,5 10 5 N/A
6 Conventional Immunodeficient 30 N/A N/A 8 N/A N/A
Abbreviations: FACS = flow cytometry; IHC = immunohistochemistry; MBRT = minibeam radiation therapy.
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luciferase. The potential immunogenicity of luciferase may
slow down in vivo tumor growth in some models,” although
it has been seen not to have any effect on tumor response on
some others, such as ovarian cancer.”” The median survival
time of the control RG2-Luc bearing rats in our studies (20 +
2 days) is equal within the uncertainty bars to other works
that used the wildtype RG2 «cell line at similar
concentrations,”**” suggesting that the effect of luciferase
transfection might be not significant in our model.

Although the most effective dose and fractionation for
immune priming has not been fully elucidated,”**” it is well
established that radiation therapy in conventional fraction-
ation schemes (2 Gy per fraction) is not usually effective in
eliciting an immune response.”” Hypofractionation schemes
with high doses per fraction are more likely to trigger a
favorable TME by inducing immunogenic cell death and
subsequent immune cell infiltration.”® However, the use of
those fractionation schemes is restricted in large tumors by
the tolerances of the surrounding normal tissues.

Our study shows that very high and immune-priming
doses could be delivered with MBRT with reduced toxicity.
This offers promise for effective combinations with immu-
notherapies. Although MBRT is still at a preclinical stage,
our results may guide the design of clinical trials in some
other SFRT techniques, such as GRID®” and LATTICE ther-
apy,’’ which also use high doses in hypofractionation
schemes. Our results might be especially useful when
designing trials combining SFRT and immunotherapy in
terms of optimal drugs and timing. Although from our
study we cannot conclude which is the most relevant dosi-
metric parameter in SFRT to activate the immune system,
we can state that this is observed with very low valley doses
(<5 Gy). Further studies on the influence on the different
dosimetric parameters (peak and valley doses, PVDR) and
temporal fractionation on the immune response of MBRT
are warranted.

Conclusion

The present study provides a first insight into the antitumoral
response generated by MBRT with a particular focus on T
cells. One fraction of high-dose photon radiation initiated an
efficient antitumoral response, and importantly, MBRT
accomplished this response with minimal radiation-associated
toxicities, as shown in this and previous studies. > +:510:12

Many radiobiological mechanisms are emerging to
explain the effectiveness of new radiation therapy techni-
ques such SFRT, including MBRT, and their proper study is
crucial for a rapid and efficient clinical transfer for ongoing
or future clinical trials.

The strong immune response generated after a single
nontoxic fraction of radiation therapy places MBRT as a
promising candidate for future studies that focus on combi-
nations with immunotherapies Table 1.
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