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Purpose: Proton therapy (PT) has distinct advantages in its ability to precisely target tumors while avoiding adjacent normal tissues.
However, the distal edge effects of PT constrain its application. This study investigated the brain tissue response in the distal edge
regions of protons and compared it with the effect of photons.

Methods and Materials: The occurrence of damage from photons and at the distal edge of protons was investigated in a murine
model. Bragg peak treatment plans for murine models were optimized. Hematoxylin and eosin and immunofluorescence staining were
performed along the distal margin. In addition, the approximate distance from the Bragg peak to the neuronal damage sites was
calculated. Furthermore, a small-molecule inhibitor was studied for its ability to inhibit microglia activation.

Results: The distal edge brain injury murine model was successfully established. Reactive gliosis and granulovacuolar neuronal
degeneration were observed in the right hemisphere of the brain in the proton irradiation group. Neuronal injuries were observed at
multiple locations (the frontal lobe, thalamus, and cerebral cortex) along the distal border, but no injured neurons were detected along
vertical photon irradiation exposed areas. Meanwhile, severe neural damage was seen with horizontal photon irradiation. At the distal
edge of the Bragg peak (0.4633 =+ 0.01856 cm), microglia with abnormal morphology accumulated. IBA1 and CD68 staining revealed
activated microglia at the corresponding neuronal damage sites, indicating their involvement in irradiation-induced damage. Activated
microglia were not observed with vertical photon irradiation, whereas many activated microglia were observed with horizontal photon
irradiation. Moreover, asparagine endopeptidase inhibitors administered via intraperitoneal injection significantly reduced active
microglia in the thalamus and cerebral cortex and alleviated brain damage.

Conclusions: This study demonstrated that proton radiation induces neuronal damage and accumulation of activated microglia at the
distal edge. Targeting activated microglia may play a protective role in distal edge injury from radiation.
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Introduction

Unlike radiographs, proton therapy (PT) has the radio-
physical benefit of the “Bragg peak” (BP), which allows for
rapid dose reduction beyond the target and precise irradi-
ation. Currently, the number of PT centers worldwide has
expanded almost exponentially." Therapeutic indications
have also been extended to tumors in pediatric cases,
brain tumors, breast cancer, and other malignancies.””
Although most studies assessing PT support its ability to
reduce toxic side effects, the effects of the distal edge of
proton radiation on organs at risk constrain its broader
application.

In patients with low-grade glioma, PT-induced con-
trast-enhanced lesions were exclusively observed at the
distal edge of the proton beam.” Another PT center
reported increased radiosensitivity within the periven-
tricular zone, identifying a spatial correlation between
radiation-induced brain injury (RIBI) and increased
relative biological effectiveness (RBE).” An increase in
rib fracture rate was observed in the MOSAIQ (Elekta
AB, Stockholm, Sweden) database, attributed to the
distal edge effects of PT.® These reports emphasize the
critical need to investigate the biological mechanism of
distal edge effects to ensure safer PT application.

Microglia can adapt to any form in the central ner-
vous system, but an imbalance in their homeostasis,
along with uncontrolled activity, can cause persistent
and irreversible damage.” Activated microglia produce
high levels of proinflammatory cytokines, including
tumor necrosis factor, interleukin (IL) 18, and IL-6,
which can induce neuronal injury, death, and oxidative
stress. The presence of activated microglia also reduces
levels of neuroprotective factors, further exacerbating
neuronal damage.'’ After ischemia, microglial phago-
cytosis of excitatory synapses contributes to synapse
loss in the penumbra and leads to long-term neuro-
logic impairment.'' Anticoagulants, bevacizumab,
a-tocopherol, pregabalin, and hyperbaric oxygen have
been used in clinical trials. However, the unclear
mechanisms of microglia activity impede the develop-
ment and application of clinical protective medicine.

Asparagine endopeptidase (AEP) is a potential target
for RIBI and is a cysteine proteinase in the C13 family of
peptidases.'” AEP is elevated and activated in brain injury
or degenerative diseases, such as Alzheimer disease, and
cleaves key components, such as tau and amyloid precur-
sor protein.'>'* Moreover, we previously found that AEP
targets microglia to induce neuronal senescence, a critical
aspect of its role in RIBL."” Many AEP-specific activated
precursor drugs (coupled with doxorubicin) and AEP
small-molecule targeted inhibitors (membrane-penetrat-
ing and nonpenetrating) are used in intervention ther-
apy.'” These findings motivated us to reduce RIBI using
AEP inhibitors (AEPIs).

In this work, we established single-proton-beam and
photon beam treatment murine RIBI models. We com-
pared the morphologic changes and performed staining
of brain slices along the irradiated and distal edge regions,
2 hours postirradiation. Neuronal damage and microglial
activation were induced using photons or distal edge
proton irradiation. Furthermore, targeting activated
microglia may play a protective role in distal edge injury
during PT.

Methods and Materials

Animals and radiation therapy

Twenty-four male C57BL/6 mice, aged 7 to 8 weeks,
were purchased from Lingchang Biotech. Mice were ran-
domly assigned to different irradiation groups and irradi-
ated with 10 Gy photons or protons. According to the
biologically effective dose equation, a single dose of 10 Gy
is equivalent to a clinically relevant dose.

Irradiation treatments were performed at Shanghai
Key Laboratory of Proton Therapy. For photon ther-
apy, the left hemisphere of the brain of 6 mice was
photon irradiated using a 6-MV radiograph beam at
10 Gy/1 Fx and a dose rate of 300 ¢cGy/min. For verti-
cal irradiation with an radiograph beam directed from
top to bottom, the Gantry was set at 0°, whereas for
horizontal irradiation directed from left to right, the
Gantry was set at 270°. For both irradiations, the
source-surface distance was set to 100 cm with 0.5 cm
of solid water for dose building, and a radiation field
of 1 x 1 cm was used. Mice were fixed in a prone
position after anesthesia, and the left hemisphere was
marked with white tape (on the top or on the side).
The light field and laser line were used to assist with
mouse positioning (Figs. 1 and E1).

Irradiation was conducted using a medical linear accel-
erator (Varian Trilogy). For PT, a single-proton beam was
directed on the left hemisphere using a fixed horizontal
proton beam line for irradiation. A dose of 10 Gy (RBE
1.1) was administered. Using the linear-quadratic model'®
to predict the total radiation delivered to the tissue when
doses are administered in fractions, and employing an
«/B ratio of 3 for late effects in normal brain tissue, an
acute exposure of 10 Gy is approximately equivalent to a
total dose of 26 Gy administered in repeated 2 Gy frac-
tions in a clinical setting. The 10 Gy dose selection was in
line with previous reports.”” An 85.3 MeV pencil beam
scanned the BP using a RayStation treatment planning
system. Mice were placed in a prone position under total
anesthesia. The radiograph alignment of their jaw was
adjusted to match the irradiation plan (Fig. 1). Detailed
steps are listed in the Supplementary Materials.
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Figure 1 Schematic diagram and construction of the distal edge injury of the Bragg peak in the murine radiation-induced brain
injury model. (A) Schematic illustration of the model. (B) Beam arrangement used for irradiation in mice. (C) Position of mice
under laser guidance during proton therapy. (D, E) Radiograph alignment during irradiation. (F) Position of mice under laser
guidance during photon therapy. (G) The left hemisphere was marked with white tape with a radiation field of 1 x 1 cm; source-
surface distance was set to 100 cm with 0.5 cm of solid water for dose building during photon therapy. (H) The Gantry was set

to 0° for vertical irradiation.

Hematoxylin and eosin staining

Hematoxylin and eosin (H&E) staining was performed
on paraffin-embedded sections for 5 minutes, followed by
a wash with running water and a 3-minute eosin counter-
stain. Sections were sealed after staining, and the slide scan-
ning system SQS-40P (TEKSQRAY) was used for imaging.

Administration of AEPI

An aqueous solution of AEPI (HY-114174; MCE) was
purchased. Six male C57BL/6 mice were intraperitoneally
administered with phosphate-buffered saline (G4202;
Servicebio) or 10 mg/kg AEPI. The mice were anesthe-
tized for irradiation 2 hours later.
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Section preparation and
immunofluorescence staining

Tissues were fixed in paraformaldehyde 2 hours after
radiation and sectioned at a thickness of 3 to 5 wm onto
glass slides. The primary antibodies used for immunofluo-
rescence staining are listed in the Supplementary Materials.
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Statistics

Statistical analyses were performed using the SPSS 21.0
(IBM Corporation). Data were analyzed using 2-tailed
Student ¢ tests, 1-way analyses of variance, Pearson’s cor-
relation analyses, Kaplan—Meier analyses, and log-rank
tests. A statistically significant result was defined as
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Figure 2 Hematoxylin and eosin (H&E) staining of different sites in the right hemisphere of the irradiated model. (A) H&E
staining of necrotic cells, granulovacuolar neuronal degeneration, reactive gliosis, and irregular microglia in different sites of pro-
ton-irradiated slices. Red arrow indicates abnormal cell morphology. Scale bars: 1000 pm for the sagittal view, 50 pm for the 1st,
10th, and 20th slices, and 100 pm for the 30th slice. (B) H&E staining of necrotic cells in different sites of vertical photon-irradi-
ated slices. Red arrowheads indicate abnormal cell morphology. Scale bars: 1000 pm for the sagittal view and 100 pm for the

enlarged view.
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Figure 3 DNA damage and neuron damage observed in the 9th slice using immunofluorescence assay. (A) Representative fluo-
rescence images of y-H,AX/NeuN immunostaining in different regions of brain slices of mice exposed to proton irradiation.
Scale bar: 1000 um for the sagittal view, 100 wm for 10 x, and 20 pm for 40 x . Nuclei are stained with DAPI (4,6-diamidino-
2-phenylindole) (blue). (B) Representative fluorescence images of y-H,AX/NeuN immunostaining in different regions of brain
slice of mice exposed to vertical photon irradiation. Scale bars: 1000 um for the sagittal view, 200 pum for 10 x, and 50 pum for
40 x. Nuclei are stained with DAPI (4’,6-diamidino-2-phenylindole) (blue).
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having a 2-tailed P value <.05. GraphPad Prism 7 (Graph-

injury (Fig. 1A). Following clinical protocols, radiation
Pad Software Inc) was used for graphic representations.

plans were developed and executed, with routine optimi-
zation using the computed tomography (CT) scan
Results (Fig. 1B-E). A single 10 Gy RBE proton beam was targeted
to the left hemisphere, positioning the BP in the left hemi-
sphere and its distal edge (the low-dose region) in the
right hemisphere.

Two-photon beam angles were used for photon irradi-
ation. For the radiograph beam directed from top to
bottom, lead blocking reduced the lateral penumbra
to simulate the rapid drop of the proton distal edge

Construction of the murine RIBI model

Because the irradiation location of the mouse brain is
stable and less affected by respiratory movement, we
established a brain irradiation model to study terminal
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Figure 4 Neuronal damage in relation to isodose lines in different sections. (A, B) Representative images of the slices with neu-
ronal damage and isodose lines in axial and sagittal views. The dotted line represents the midline of the brain. The solid line indi-
cates where neuronal damage was detected. The sagittal section corresponds to the region with detected neuronal damage.

(C) Dose distribution with penetration depth. The Bragg peak position and slice with neuronal damage are marked on the curve.
Abbreviation: RBE = relative biological effectiveness.
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(Fig. 1F-H). For horizontal photon irradiation directed
from left to right, we used the same angle as in the proton
irradiation model to study terminal photon injury. The
light field and laser line were used to assist mouse posi-
tioning (Fig. EIA-D).

The irradiated brains were extracted, preserved, and
embedded in paraffin, and the right hemisphere was
equally divided into 30 slices for examination.

Neural damage is present at the distal edge
of the BP in vivo

Pathological changes such as necrotic cells and inflam-
matory cell infiltration were identified using H&E staining.
Reactive gliosis and granulovacuolar neuronal degeneration
were observed in the frontal lobe of the first slice, which is
the BP area. No major damage was observed in the 30th
slice. The 10th and 20th slices were also evaluated for bio-
logical damage. The 10th slice displayed diffuse injury at
multiple locations in the frontal lobe, thalamus, and cere-
bral cortex, which is the distal edge of the BP or low-dose
area. H&E staining revealed basophilic necrotic neurons,
reactive gliosis, and clusters of small, round cells (Fig. 2A).
In the photon irradiation models, the 1st, 10th, 20th, and
30th slices of the right hemisphere revealed no major dam-
age in the vertical irradiation group (Fig. 2B). However, in
the horizontal irradiation group, the 20th slice revealed
multiple small, round cells, and the 30th slice displayed
basophilic necrotic neurons (Fig. E2).

NeuN was used to measure neuronal density, and
y-H2AX was used to assess DNA damage in the 9th slice
through immunofluorescence. Coimmunostaining of
NeuN with y-H2AX revealed neurons with DNA damage
2 hours after irradiation, indicating extensive neural dam-
age at the distal edge of the BP in our model (Fig. 3A).
However, the 9th slice from the vertical photon irradia-
tion group did not show noticeable red fluorescence, indi-
cating that DNA damage was not detectable by y-H2AX
staining (Fig. 3B). In contrast, mice treated with horizon-
tal photon irradiation exhibited prominent orange fluo-
rescence, indicative of substantial neuronal DNA damage
(Fig. E3). We further mapped neuronal damage at the dis-
tal locations relative to the isodose lines on CT scans
(Fig. 4). The average distance from the detected neuronal
damage slices to the median sagittal surface of the brain
was 2.007 £ 0.4648 mm (n = 6). The approximate maxi-
mum distance from the BP to the farthest reported point
of neuronal damage on the axial section was 0.4633 =+
0.01856 cm (n = 6) (Table 1).

These findings demonstrate that neuronal damage
occurred at multiple sites at the distal edge of the proton
BP in vivo, whereas injured neurons were not observed
along the vertical photon irradiation side. Moreover, neural
damage was severe under horizontal photon irradiation.

Table 1 Average distance of detected neuronal damage
slices from the median sagittal surface of the brain and
the Bragg peak of protons

Distance to Distance to
median Bragg peak
sagittal surface (cm, on axial

Sample of brain (mm) section)

1 1.1 0.48

2 0.9 0.47

3 4.03 0.38

4 2.34 0.51

5 1.95 0.49

6 1.82 0.45

Average = SD 2.007 £ 0.4648 0.4633 £+ 0.01856

Distal damage mediated by activated
microglia is reversed with AEPI
administration during PT

We examined the surface markers IBA1 and CD68 of
the small, round cells, which resembled microglia, found
in the 10th slice. Notably, the corresponding neuronal
damage sites (frontal lobe, thalamus, and cerebral cortex)
showed a larger number of microglia, as evidenced by
IBA1 and CD68 staining (Fig. 5A). This suggests that the
nonlinear radiation damage described above could be
because of secondary injury mediated by activated micro-
glia. However, the 11th slice of the vertical photon irradia-
tion group revealed minimal microglial activation, based
on IBA1 and CD68 staining (Fig. 5B). In contrast, mice
administered with horizontal photon irradiation exhibited
more orange fluorescence in the 11th slice, indicating
microglial activation (Fig. E4).

Next, we explored the role of AEPI, a protective agent
for RIBI, during proton irradiation. After irradiation, sig-
nificant microglial activation was observed in the thala-
mus and cerebral cortex (Fig. 6A-D). y-H2AX staining
revealed clearly detectable fluorescence signals in the pro-
ton group, and AEPI significantly reduced y-H2AX
immunofluorescence signals in cells irradiated with either
proton or photon irradiation (Fig. 7A-D). These results
suggest that AEPI effectively protects DNA from
radiation.

Discussion

Recently published data on radiation necrosis at the
distal edge of the BP over time in PT suggest that unfavor-
able outcomes cannot be disregarded.'® A more conserva-
tive brainstem dose limit using protons is now employed
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Figure 5 Microglia activation observed in the 11th slice using immunofluorescence assay in the irradiated model. (A) Repre-
sentative fluorescence images of IBA1/CD68 immunostaining in slices from different regions of the brain of mice exposed to pro-
ton irradiation. Scale bars: 1000 pm for the sagittal view, 100 um for 10 x, and 20 um for 40 x. Nuclei are stained with DAPI
(blue). (B) Representative fluorescence images of IBA1/CD68 immunostaining in slices from different regions of the brain
of mice exposed to vertical photon irradiation. Scale bars: 1000 um for the sagittal view, 100 um for 10 X, and 100 pm for 40 x.
Nuclei are stained with DAPI (blue).
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Figure 6 AEPI alleviated proton radiation-induced glial activation. (A, B) Representative fluorescence images of IBA1 immu-
nostaining in a brain slice from the mouse cerebral cortex after different treatments. Scale bar: 20 um. (C, D) Representative fluo-
rescence images of IBA1 immunostaining in a brain slice from the mouse thalamus after different treatments. Scale bar: 20 pm.
(E, F) Representative fluorescence images of y-H2AX immunostaining in a brain slice from the mouse cortex after different
treatments. Scale bar: 100 um. Data are presented as mean £ SD from 3 independent experiments.

Abbreviations: AEPI = asparagine endopeptidase inhibitor; PT = proton therapy.

at several proton centers to reduce necrosis and other tox-
icities, but it does not fully address important biological
concerns, such as linear energy transfer and RBE
optimization.'*” More precise and thorough biological
investigations are required to effectively address and pre-
vent clinical damage as early as possible. Hence, we con-
ducted this study to clarify the relative biological
mechanism of the distal edge effect. Neuronal injuries
appear to be partly mediated by activated microglia, and
microglial activation inhibitors can alleviate the damaging
effects of PT.

The RIBI model for studying the distal edge effect was
established by delivering a proton beam to the left

hemisphere, placing the right hemisphere in the distal
(low-dose) or no-dose region. For comparison, photon
beams were used horizontally and vertically to assess cor-
responding brain sections for neuronal and microglial
changes. For vertical irradiation, lead blocking reduced
the lateral penumbra and simulated the rapid drop at
the proton distal edge. For horizontal irradiation
directed from left to right, we used the same beam
angle as in the proton model to study terminal photon
injury. Notably, multiple sites in the cortex, thalamus,
and frontal lobe, located farther from the distal edge
of the BP (0.4633 £ 0.01856 cm), revealed signs of
neuronal injury. As the proton beam moved linearly
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Figure 7 AEPI alleviated photon radiation-induced glial activation. (A, B) Representative fluorescence images of IBA1 staining
in a brain slice from the mouse cerebral cortex after different treatments. Scale bar: 100 um. (C, D) Representative fluorescence
images of IBA1 immunostaining in a brain slice from the mouse thalamus after different treatments. Scale bar: 100 pum. (E,
F) Representative fluorescence images of y-H2AX immunostaining in a brain slice from the mouse cortex after different treat-
ments. Scale bar: 100 wm. Data are presented as mean %+ SD from 3 independent experiments.

Abbreviation: AEP], asparagine endopeptidase inhibitor.

through the brain, multiple damage spots at significant
distances in the low-dose zone or near the end of the
range were observed that may be related to microglial
activation. Many microglia with abnormal morphology
accumulated at multiple injury sites, suggesting their
involvement in the distal edge effect. Because of the
high penetration of photons, horizontal irradiation
resulted in increased neuronal injury and microglial
activation, whereas vertical irradiated brain tissue did
not show noticeable neuronal injury or microglial
changes when compared with the area affected by the
distal edge of the proton beam. This distal edge phe-
nomenon of microglia activation and neuronal injury
might be unique to protons. However, the specific

mechanism by which these activated microglia injure
neurons requires further exploration.

Irradiation can activate microglia via multiple path-
ways, including nuclear factor-«B, brain-derived neuro-
trophic factor, and high mobility group box 1
signaling.”"** Overactivated microglia can induce neuro-
nal injury by releasing inflammatory cytokines, such as
CCL2 and CCLS8, and by recruiting CD8" T lympho-
cytes,”” while also reducing the release of neurotrophic
factors. Persistent microglial activation drives chronic
neuroinflammation, potentially limiting brain neurogene-
sis and resulting in neurocognitive impairment in
advanced stages of RIBL.”* Meanwhile, microglia activated
at the distal edge could exacerbate secondary neuronal
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damage, which may be linked to long-term radiation
brain damage reported in clinical patients.”” Although
Voshart et al*” reported that protons lead to local molecu-
lar and morphologic changes in microglia without
extending beyond the irradiated volume at 12 weeks post-
irradiation, our study was conducted 2 hours postirradia-
tion and demonstrates that proton radiation activates
microglia and causes distal neuronal injury in vivo.
Because microglia undergo transient changes following
radiation,”® the distal edge microglia activation likely rep-
resents an early-phase alteration. Collectively, proton-
induced brain damage may be reduced by optimizing irra-
diation regimens to consider linear energy transfer and by
intervening early with protective medications targeting
immune homeostasis.

Small-molecule proteasome inhibitors show consider-
able promise in disease treatment.”” They block protea-
some activity by forming reversible or irreversible covalent
bonds with active sites of proteosomes. In the past 2 deca-
des, 3 proteasome inhibitors (bortezomib, carfilzomib, and
isazzomib) have been approved for clinical use.”® AEP is
activated in an acidic environment and is linked to the
onset of certain nervous system disorders. We recently
found that AEP expression was significantly elevated in the
cortex and hippocampus of wild-type (Lgmn*"*) mice after
whole-brain irradiation. AEP causes neuroinflammation
postirradiation by participating in antigen processing and
presentation via microglia.'” Here, an AEPI was shown to
inhibit microglial activation and thus relieve neuronal
damage in PT. Future research could explore balancing
radioprotection and radio-efficacy.

In summary, our results showed that radiation injuries
at the distal margin of the Bragg peak also occur in animal
models. This notable injury appears to be influenced by
activated microglia and was effectively prevented by
AEPL
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