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Abstract

Glioblastoma (GBM) is a highly invasive primary brain tumor in adults with a 5-year survival rate of less than
10%. Conventional radiotherapy with photons, along with concurrent and adjuvant temozolomide, is the main-
stay for treatment of GBM although no significant improvement in survival rates has been observed over the last
20 years. Inherent factors such as tumor hypoxia, radioresistant GBM stem cells, and upregulated DNA damage
response mechanisms are well established as contributing to treatment resistance and tumor recurrence. While
it is understandable that efforts have focused on targeting these factors to overcome this phenotype, there have
also been striking advances in precision radiotherapy techniques, including proton beam therapy and carbon ion
radiotherapy (CIRT). These enable higher doses of radiation to be delivered precisely to the tumor, while minim-
izing doses to surrounding normal tissues and organs at risk. These alternative radiotherapy techniques also ben-
efit from increased biological effectiveness, particularly in the case of CIRT. Although not researched extensively
to date, combining these new radiation modalities with radio-enhancing agents may be particularly effective in

improving outcomes for patients with GBM.
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Glioblastoma (GBM and WHO grade 4) is the most common pri-
mary brain tumor in adults with an annual worldwide incidence
of ~170 000 cases.' The 2021 (5th edition) classification of GBM
by the World Health Organization (WHO) classifies all IDH-wild-
type tumors as primary GBMs, and all IDH mutant tumors as
astrocytomas.? The current treatment for newly diagnosed GBM
is neurosurgery followed by radiotherapy (60 Gy delivered in
2 Gy fractions over 6 weeks) with concomitant temozolomide
(TMZ) treatment, which is an alkylating agent that penetrates the
blood-brain barrier (BBB).3This regimen is then followed by TMZ
maintenance therapy for 6 months.* However, GBMs are inher-
ently resistant to conventional therapies, and even with the clini-
cally approved treatment, the vast majority of patients experience
tumor recurrence or progression that is ultimately responsible for
their death. Median survival is, therefore, poor at 12-15 months,
and only 5%-7% of patients survive beyond 5 years.® No effec-
tive treatment strategy has yet been established for recurrent
or progressive disease, but current options include surgery,
re-irradiation, systemic therapies, and palliative care.®

Prognostic factors for patients with GBM include the
Karnofsky Performance Score and the extent of resection of
the tumor tissue. Complete surgical excision is not possible
because of the invasive and diffuse nature of GBMs. However,
surgical removal of ~70%-98% of tumor tissue, when pos-
sible, is associated with improved prognosis, although bulky
residual tumors can negatively influence prognosis. An im-
portant molecular biomarker in GBM is the methylation status
of the OS%methylguanine-DNA methyltransferase (MGMT)
promoter, which can predict response to treatment as well
as overall prognosis. Epigenetic silencing of the MGMT pro-
moter suppresses transcriptional expression of the protein,
which normally functions to remove O®%-alkyl groups from gua-
nine bases in DNA thus counteracting the effects of alkylating
agents, such asTMZ.Therefore, patients whose tumors exhibit
methylated MGMT promoters have a better prognosis and re-
spond relatively well toTMZ in combination with radiotherapy,
compared to unmethylated patients who derive no benefit
from this treatment modality.”
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The aim of this review is to provide an overview of the
key biological factors and processes known to influence
the efficacy of radiotherapy as a treatment for GBM. We
then cover some of the strategies being explored to en-
hance the sensitivity of GBM to radiotherapy, particularly
through targeting the cellular DNA damage response
(DDR). Finally, we discuss the potential for other types
of radiotherapy, including proton beam and carbon ion
therapy (PBT and CIRT) to optimize treatment and ulti-
mately improve outcomes.

Factors Affecting GBM Treatment
DNA Damage Response

The DDR is involved in the maintenance of genome integ-
rity and stability by correcting damaged DNA (Figure 1). In

mammalian cells, the major repair pathways that are acti-
vated in response to DNA damage are base excision repair
(BER), which resolves DNA base damage and single-strand
breaks (SSBs), plus nonhomologous end joining (NHEJ)
and homologous recombination (HR) that repair DNA
double-strand breaks (DSBs). DSBs are the most lethal le-
sions induced by ionizing radiation (IR), although com-
plex DNA damage (CDD) containing multiple DNA lesions
within close proximity also contributes to radiation-induced
cell death.® DDR signaling responses are controlled by the
protein kinases ataxia telangiectasia-mutated (ATM) and
ataxia telangiectasia and Rad3-related (ATR), which activate
cell cycle arrest through the checkpoint kinases CHK2 and
CHK1, respectively. Other key enzymes involved in DNA re-
pair include the DNA-dependent protein kinase (DNA-PK),
which coordinates NHEJ, and the DNA strand break binding
protein poly (ADP-ribose) polymerase 1 (PARP1) involved
predominantly in SSB repair but also in a sub-pathway
of NHEJ.
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IR-induced DNA damage response (DDR) pathways. DNA-PK and ATM preferentially activate the NHEJ and HR pathways, respectively.

Both CHK1 and CHK2 phosphorylate cell division cycle 25 (CDC25) which influences the G1/S and G2/M checkpoints. WEE1 phosphorylates CDC25
which prevents progression into mitosis. Activation of p53 by the ATM-CHK2 cascade promotes p21 transcription, which arrests cells at G1/S phase
or can stimulate apoptosis or cellular senescence. In terms of direct SSBs and those generated through intermediates of BER, PARP1 binds and
promotes further repair through DNA polymerase 3 (POLB) and X-ray repair cross-complementing 1 (XRCC1) in complex with DNA ligase Illa.. ATR
is activated by stalled replication forks and through replication protein A (RPA) bound to single-stranded DNA.
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Research has reported that GBM cells demonstrate en-
hanced G2/M checkpoint activation and DNA repair in re-
sponse to IR, both of which counteract the cytotoxic effects
of the treatment.® Several DDR proteins, including ATM,
ATR, CHK1, PARP1, and RAD51 are upregulated in GBM
stem-like cells (GSCs) and enzyme activation appears to be
primed even in unirradiated cells, leading to enhanced re-
pair and radioresistance.’® Inhibiting RAD51, a key factor
in the HR pathway, has been demonstrated to increase
apoptosis, decrease cell survival, and delay the repair of
IR-induced DNA damage in GSCs." In GBM, mutations in
the mismatch repair (MMR) genes are implicated in TMZ
resistance. However, a CRISPR-Cas9 screen in patient-
derived GBM cells identified that the core members of the
mismatch repair (MMR) pathway, MLH1, MSH2, MSHS6,
and PMS2 were enriched in TMZ resistant cells, after 3
weeks of treatment with TMZ.'2 Such findings emphasize
that alterations in the DDR play a key role in the resistance
of GBM to current treatments.

Glioblastoma Stem Cells

The presence of Glioblastoma Stem Cells (GSCs) that
have the capacity to self-renew and differentiate into
multi-lineages has been implicated in the propensity of
GBM to recur after treatment, and hence in the poor pa-
tient outcomes observed. DNA repair pathways are pre-
dominantly activated in GSCs and increased levels of
CD133*stem cells are evident in recurrent tumor sam-
ples after treatment with high-dose radiotherapy.'® Stem
cell markers including CXCL12, CD133, SOX2, OLIG2,
NANOG, aldehyde dehydrogenase 1 (ALDH), NESTIN, and
Integrin 06 have been shown to be expressed in GSCs.™
Expression of the transcription factor forkhead box M1
(FoxM1) is associated with radioresistance and main-
tenance of GSCs via increased expression of SOX2, the
master regulator for maintaining stem cells in an undif-
ferentiated state. Moreover, overexpression of SOX2 has
been associated with increased clonogenic survival and
induces a GSC-like phenotype in tumor cells. Inhibiting
FoxM1 in combination with IR was shown to reduce SOX2
expression and impair tumor growth in GBM xenograft
models, suggesting that the FoxM1-SOX2 pathway is in-
volved in the radiation response of GBM.'® Knockdown of
the NOTCH1 transmembrane signaling receptor has also
been reported to increase the radiosensitivity of GSCs,'®
while decreasing the adaptive response of GBM xeno-
grafts in hypoxia.'”

Hypoxia and the Tumor Microenvironment

In GBM, the partial pressure of oxygen has been reported
to be around 13mmHG."® Hypoxia, defined as a reduc-
tion in tissue oxygen levels (<1%-2% O,), is associated
with tumor aggressiveness, poor patient survival, and
radiotherapy resistance in GBM." As well as causing
radioresistance directly, the presence of hypoxia in GBM
promotes invasion and metastasis of tumor cells into the
surrounding brain tissue to evade the hypoxic tumor mi-
croenvironment.?° In vitro studies using GBM cell lines

have demonstrated that reducing the oxygen concentra-
tion to 9% was sufficient to stimulate tumor cell migra-
tion, induce hypoxia-related genes and cause therapy
resistance.?' Tumor cells adapt to hypoxia by upregulating
neovascularisation, or growth of new blood vessels, to en-
sure an adequate supply of oxygen and nutrients to the
rapidly proliferating tumor. However, this creates a more
hypoxic environment because the new blood vessels
formed are leaky, small, and blocked, which further leads
to blood flow disturbances and prevents immune cell in-
filtration. The presence of tumor hypoxia also reduces
the efficacy of chemotherapeutic agents by preventing
drugs from reaching and targeting hypoxic areas of tu-
mors. The acidic pH in the hypoxic tumor microenviron-
ment can also inactivate certain pH-sensitive agents. All
these favor the emergence of therapy-resistant, aggres-
sive and metastatic clones.?? Furthermore, formation of
new blood vessels leads to tumor permeation and forma-
tion of micrometastasis.?® Levels of the transcription factor
hypoxia-inducible factor 1a (HIF-1a) are also related to ra-
diation effects on the tumor microenvironment. HIF-1a can
initiate an adaptive response to IR through upregulation
of vascular endothelial growth factor (VEGF), which pro-
motes survival of endothelial cells.?*This has led to several
studies assessing the efficacy of combining antiangiogenic
agents with IR to promote the radiosensitivity of endothe-
lial cells. Bevacizumab (Avastin), a monoclonal VEGF anti-
body was evaluated in 2 large phases Il trials (LB-05 and
EORTC 26101) but reported no significant benefit of adding
this agent to standard GBM treatment. Despite seeing
no survival advantage, bevacizumab was approved for
the treatment of recurrent GBM in the United States and
other countries.??The NCT05284643 trial has recently been
initiated to investigate the efficacy of spectroscopic mag-
netic resonance imaging, in combination with proton and
Avastin in GBM patients.

Autophagy

Autophagy refers to the lysosomal-mediated degrada-
tion of unwanted and nonessential cellular components,
and has been recognized as a survival mechanism that
cells use to adapt to hostile environments including hy-
poxia and in response to IR. GBM cells have been re-
ported to employ autophagy to reutilize unwanted or
damaged proteins to aid in the progressive growth of
the tumor.26 Exposure of CD133*GSCs to IR was found
to activate autophagy, whereas inhibition of autophagy
using the autophagic inhibitor bafilomycin A1, caused
radiosensitization and decreased the ability of GSCs
to form neurospheres.?’” Cathepsin D is a class of cys-
teine proteases that demonstrates a positive correla-
tion with autophagic markers such as LC3A and LC3B
in GBM. Overexpression of cathepsin D has been asso-
ciated with radioresistance and poor survival of GBM
patients, and inhibiting cathepsin D by small interfering
RNA (siRNA) or by the inhibitor pepstatin-A was found
to suppress autophagy and sensitize GBM cells to IR.%8
These data point to the involvement of autophagy in the
radioresistant phenotype of GBM.
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Altered metabolism

GBM cells display alterations in various metabolic path-
ways that help them adapt to and proliferate in the tumor
microenvironment, and to survive after treatment. For ex-
ample, purine metabolites such as guanylates have been
associated with increased DNA repair and therapy re-
sistance?® and purine overexpression has also been as-
sociated with poor patient prognosis.®® Inhibiting purine
synthesis using mycophenolic acid (MPA) was found to
sensitize GBM cells and neurospheres to IR through delays
in DSB repair, whereas nucleoside treatment before IR in-
creased radioresistance. However, interestingly, this study
found that depleting pyrimidines using teriflunomide did
not radiosensitize or affect the ability of GBM cells to repair
IR-induced DSBs, suggesting that only purine metabolites
are responsive to IR. High expression of inosine mono-
phosphate dehydrogenase 1 (IMPDH1), which is involved in
purine synthesis, has been associated with shorter survival
in GBM patients.?® Clinical assessment of mycophenolate
mofetil (MMF), the oral prodrug of MPA, in combination
with IR is currently being investigated in GBM patients
(NCT04477200). In addition to purines, GBM has been
observed to have a higher concentration of lipid droplets
compared to normal tissues. Inhibiting monoacylglycerol
lipase, responsible for converting monoglycerides into
fatty acids, was found to inhibit GBM cell proliferation.3'

Combinatorial Strategies for GBM

As described above, the highly radioresistant nature of
GBM has been attributed to in part the presence of GSCs
that promote both activations of the G2/M checkpoint and
efficient DNA repair. Therefore, novel treatments to en-
hance IR have focused on targets within DDR pathways,
but also through particle ions that are less affected by fac-
tors such as hypoxia and the tumor microenvironment.

ATM Inhibitors

ATM is a member of the phosphoinositide 3-kinase (PI3K)-
related protein kinase family (PIKKs) and upon sensing
DNA damage, ATM is rapidly recruited to sites of DSBs
through interaction with the MRE11-RAD50-NBS1 (MRN)
complex.®? The radioresistant nature of GSCs has also
been attributed to increased basal levels and activation of
ATM, and whilst the first generation of ATM inhibitors such
as KU60019 were observed to be effective radiosensitizers,
they were not capable of crossing the BBB.%® However,
the novel oral ATM inhibitor, AZD1390 has demonstrated
a 6-7-fold higher brain penetrance than the previous gen-
eration of inhibitors such as AZD0156. It has been shown
that nanomolar concentrations of AZD1390 were sufficient
to inhibit ATM in p53 mutant LN18 GBM cells, and in com-
bination with IR this increased G2 phase cell cycle arrest,
apoptosis, and micronucleus formation. Radiation dose en-
hancement values associated with AZD1390 in p53 mutant
LN18 cells and patient-derived xenograft (PDX) models
were approximately 3-fold higher than in p53 wild-type

models. In an orthotopic lung-brain metastatic model, the
combination of AZD1390 and IR significantly decreased
tumor volume and increased animal survival compared to
IR treatment alone.3* This exciting new agent is currently
being evaluated in combination with IR in the treatment of
brain cancers, primarily GBM (NCT03423628).

ATR Inhibitors

ATR is of particular interest because it causes apparent
desensitization of GBM cells to treatment with TMZ. TMZ
is known to activate the ATM-ATR signaling pathway in
cells expressing low levels of MGMT protein, and there-
fore treating MGMT-deficient GBM cells with TMZ has
been shown to increase sensitivity to ATR inhibitors.
Additionally, siRNA knockdown of ATR increased TMZ-
induced GBM cell death and inhibition of CHK1 led to the
same response, indicating that the ATR-CHK1 pathway is
an attractive therapeutic target in GBM.2® In GSC models,
the ATR-CHK1 pathway is also activated by IR, and inhibi-
tion of either ATR or CHK1 was found to increase mitotic
catastrophe resulting in radiosensitization.’® Building on
these observations, a recent study investigated the efficacy
of the ATR kinase inhibitor, berzosertib in GBM cells and
was demonstrated to enhance the sensitivity of U87 and
U251 cells and a PDX cell line, GBM22 (p53 mutant, MGMT
methylated), to TMZ. However, the compound was actively
effluxed at the BBB, leading to low free drug concentra-
tions in the brain tissue and in intracranial PDX models. In
keeping with this, berzosertib failed to improve survival in
PDX-bearing mice when given in combination with TMZ.36
Alternative ATR inhibitors with superior brain penetrance
are therefore needed for clinical trials to advance.

DNA-PK inhibitors

DNA-PK is an important component of the NHEJ repair
pathway, which is the dominant DSB repair pathway,
particularly in the G1 phase when HR is nonfunctional.
Overexpression of DNA-PK in 57.2% gliomas was asso-
ciated with shorter survival of patients, and the inhibitor
KUO0060648 has been reported to significantly sensitize
U87 and M059K GBM cells to TMZ.3” Another study dis-
covered and characterized a novel DNA-PK inhibitor,
nedisertib (M3814), and reported its potent radiosensitizing
activity in a dose-dependent manner in the DNA-PK profi-
cient MO59K GBM cell line where the enhancement ratio,
calculated at 10% survival, ranged between 2.5 and 6.
However, no enhanced radiosensitization was observed in
the DNA-PK deficient M059J GBM cell line demonstrating
the specificity of the drug to its target.®® Although effective
in preclinical evaluation, there is a substantial risk that in-
hibition of DNA-PK catalytic activity will severely exacer-
bate normal brain toxicity. This is based on the knowledge
that leukemia patients with deficiencies in DNA ligase 1V,
a core component of the NHEJ pathway, encountered fa-
talities when treated with radiotherapy.3® However, it is
unclear whether transient inhibition of DNA-PK would
have the same effect, and if this can be combined with ra-
diotherapy to achieve greater tumor control. Nedisertib is
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currently being trialed clinically in combination with IR and
TMZ in GBM patients with newly diagnosed unmethylated
MGMT status (NCT04555577). Additionally, the INSIGhT
trial is investigating CC-115, the dual inhibitor of DNA-PK
and mammalian target of rapamycin, in combination with
IR in newly diagnosed patients with unmethylated MGMT
(NCT02977780) to assess if targeting these dual pathways
will have greater anticancer efficacy.

PARP Inhibitors

PARP inhibitors block the enzymatic activity of PARPF, and
some (eg, talozoparib) increase formation of trapped PARP-
DNA complexes resulting in unrepaired DNA damage and
cell death. PARP inhibitors are known to act as modest
radiosensitizers across a broad range of cancer models,
including GBM, and are highly potent sensitizers to TMZ,
hence they have exciting potential in this disease. The cur-
rently available PARP inhibitors have different pharmacoki-
netic properties with regard to distribution across the BBB.
Results from the phase | OPARATIC trial (NCT01390571) in
recurrent GBM patients showed that olaparib penetrated
all tumor core and tumor margin specimens, even though
preclinical studies had shown a lack of penetration of the
intact BBB.*° The PARADIGM and PARADIGM-2 trials are
currently investigating the safety and efficacy of olaparib
and IR with or without TMZ in newly diagnosed GBM pa-
tients based on their MGMT status.*' In preclinical studies,
the PARP inhibitor niraparib (45 mg/kg) exhibited better
BBB penetration than olaparib and resulted in a 53% tumor
growth inhibition compared to 27% with olaparib (75 mg/
kg) after 44 days of treatment.*? Additionally, veliparib
showed promising results in preclinical evaluation, how-
ever, results from the randomized phase Il VERTU trial,
did not provide any significant benefit (median survival
12.8 months vs 12.7 months) for unmethylated MGMT
patients when given in combination with TMZ and radio-
therapy.*®* Compared to other PARP inhibitors, veliparib
has demonstrated to have low potency and low PARP trap-
ping activity. Although the strong PARP trapper talazoparib
has shown to sensitize GBM cell lines and orthotropic GBM
models to TMZ, it has demonstrated a restricted ability to
cross the BBB.** A phase Il trial of talazoparib is currently
recruiting recurrent high-grade glioma patients with DDR
deficiency to investigate if combining carboplatin and
radiation may sensitize tumors to PARP inhibition and
increase talazoparib drug penetration across the BBB
(NCT04740190).

WEE1 Kinase Inhibitors

WEE1 is a nuclear enzyme that belongs to the Ser/Thr
family of protein kinases. It functions as a G2/M check-
point regulator and controls G2/M progression by phos-
phorylating and inactivating CDC25. Moreover, cells with
mutated TP53 have a dysregulated G1/S cell cycle check-
point and therefore rely on the G2/M checkpoint to induce
cell arrest and repair damaged DNA.*® Consequently,
WEE1 inhibition in p53-deficient tumor cells induces syn-
thetic lethality.*¢ Indeed, in U251MG GBM cells it has been

observed that genetic knockdown of WEE1 abolished IR
and TMZ-induced cell cycle arrest in the G2/M phase, and
eradicated brain tumors in mice when given in combina-
tion with IR.#” A similar effect was observed with the WEE1
inhibitor PD0166285 which was shown to radiosensitize
U87MG, UM18MG, U251MG, and U373MG cells, with en-
hancement ratios ranging from 1.19-1.95. Furthermore,
PD0166285 enhanced the ability of IR to eradicate GBM
neurospheres, and CD133 positive GBM cells are thought
to represent GSCs.#’ Of the WEE-1 inhibitors, AZD1775
(adavosertib) has shown increased radiosensitization
across the broadest range of cancer models. Despite
AZD1775 displaying poor BBB penetration in a GBM xen-
ograft model, a phase 0 trial (NCT02207010) in recurrent
GBM showed that unbound AZD1775 reached therapeutic
concentrations within the tumor.*® This study also found
that the patients treated with 200mg of AZD1775 demon-
strated an ~8-fold increase in DNA DSBs, increased cell
cycle abrogation, and an ~3-fold increase in apoptosis
posttreatment. A phase | trial (NCT01849146) is currently
investigating the safety and activity of AZD1775 in combi-
nation withTMZ and IR in newly diagnosed and recurrent
GBM.

Alternative Radiotherapy Treatments
for GBM

Proton Beam Therapy

Proton beam therapy (PBT), unlike conventional ra-
diotherapy using photons (X-rays), utilizes positively
charged proton ions to treat tumors and offers signifi-
cant dosimetric benefits for some cancer types because
of their physical characteristics. Specifically, proton
beams exhibit low entrance radiation doses and as the
protons lose energy and come to a stop, the maximum
dose is released in a well-defined region known as the
Bragg Peak, with no accompanying exit dose. In certain
contexts, this allows larger doses of radiation to be ad-
ministered directly to the tumor than is possible with
photons, whilst sparing the associated normal tissues
and organs at risk.

Evidence is accruing to support the concept that the
neurocognitive complications of brain irradiation can
be alleviated by PBT. Results from a prospective phase Il
trial indicated that GBM patients who received PBT had a
significantly lower number of grade 2 or higher toxicities
compared to patients who received intensity-modulated
radiotherapy (IMRT).*® Whilst there is growing aware-
ness that partial brain photon radiotherapy is associated
with volume loss in both gray and white matter structures
throughout the brain, early reports indicate that these ef-
fects are less pronounced after PBT.°° These observations
are in keeping with results from a randomized phase llI
trial which showed a reduced neurocognitive decline in
brain tumor patients treated with stereotactic compared
with conventional photon radiotherapy.®’ Around 40% of
patients treated with the standard GBM treatment of ra-
diation plus TMZ develop radiation-induced lymphopenia
(RIL), which is adversely associated with disease-specific
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survival.?? RIL or decreased lymphocyte count is an inde-
pendent predictor of poor clinical outcome and is associ-
ated with higher rates of relapse and infections, reduced
response to treatments and decreased efficacy of immu-
notherapy.®® A phase Il randomized trial investigated the
effect of proton vs photon radiotherapy (with concomitant
TMZ) in 28 and 56 GBM patients, respectively and reported
reduced grade lll lymphopenia with PBT.5*

Although there is not yet any clear evidence that PBT im-
proves tumor control and overall survival compared with
conventional radiotherapy, in our view the dosimetric ad-
vantages of protons have not yet been exploited to the
full. In particular, the use of advanced imaging modalities
to identify regions at the highest risk of treatment failure
in combination with particle radiation (IMPT) may enable
meaningful dose escalation, with the potential to im-
prove survival, while sparing normal tissues and reducing
neurocognitive complications.

In the clinical setting, a spread-out Bragg peak is used to
irradiate larger tumor volumes, which is achieved by using
a combination of beams with differential initial energies
(Figure 2). Despite enhanced tumor targeting, PBT also dis-
plays significant biological uncertainty due to increases in
linear energy transfer (LET) at and around the Bragg peak
that is associated with changes in the DNA damage profile
and particularly increases in the frequency and complexity
of DNA damage.® CDD is defined as 2 or more DNA lesions
within one helical turn of the DNA and broadly can be con-
sidered as either non-DSB or DSB-containing CDD. This
type of damage is considered the most difficult for the cells
to repair and therefore contributes greatly to IR-induced
cell death. Clinically, the relative biological effectiveness
(RBE) of PBT compared to photons is assumed to be 1.1

Spread-out T
bragg peak
<«— Bragg peak

1

Photons
Particle ions \

Depth

Relative dose
1

Figure 2. Dose distribution profile of photon vs particle ion radio-
therapy. Photons (green lines) deposit the majority of energy at the
entrance into the tissues. Particle ions (red line), enter with a low
dose and deposit the maximum dose at the Bragg Peak positioned
within the target tumor, which ultimately reduces exposure to normal
tissues and organs at risk. Clinically, a spread-out Bragg peak
(SOBP; yellow line) is used to widen the treatment area which is
achieved by varying the energies of the incident beam.

(10% more effective). However, this is only an approxima-
tion and widely variable RBEs have been documented both
in vitro and in vivo and depend on a number of biological
(eg, tumor model and inherent radiosensitivity) and phys-
ical (eg, dose, dose rate, and LET) factors.5556

Preclinical data pertaining to the impact of protons vs
photons in GBM tumor models are very limited. Utilizing
patient-derived GSCs, it has been reported that PBT (at
mid-SOBP) led to significant reductions in cell survival
compared to X-rays, and increased the number of SSB
and DSBs several hours post-IR.5’ This suggested that the
DNA damage induced by PBT is different and has slow re-
pair kinetics, although it is noticeable from the data that
the GSCs were irradiated with a relatively high dose (10
Gy) that caused significant cell death, so this conclusion
is questionable. It was also suggested that PBT exposure
in GSCs led to increased reactive oxygen species levels,
which enhanced cell death post-IR. These findings support
the theory that RBE is enhanced with PBT vs photon ra-
diotherapy in GSCs, although substantial further evidence
is required to validate this. Nevertheless, there are several
ongoing clinical trials assessing the efficacy of both PBT
and CIRT in GBM patients (Table 1). The NCT04536649 trial
is comparing the efficacy between 3 treatment groups
(photon vs PBT vs CIRT boost and PBT), in newly diag-
nosed GBM patients to assess improvement in overall sur-
vival. The GRIPS randomized open-label phase lll trial is
assessing cumulative toxicity between PBT and photons
and the effects of dose escalation are being investigated in
the NCT02179086 trial.

Carbon Ion Radiotherapy

Although carbon ion radiotherapy (CIRT) shows a similar
dose distribution profile to PBT, with the majority of the
radiation dose being delivered to the target tumor via the
Bragg Peak (Figure 2), it benefits from a significantly higher
RBE (between 3-5) and which is not dependent on oxygen
for radiosensitization. The densely ionizing track structure
of CIRT causes more irreparable DNA damage that drives
cell death. Despite this and similar to PBT, there is a dis-
tinct lack of preclinical evidence to examine the impact of
CIRT in GBM cells. In a study in U87 cells in vitro, CIRT
was found to be significantly more cytotoxic than photons
(RBE = 3.3-3.9), and this effect was further exacerbated in
combination with chemotherapeutic drugs, in particular
paclitaxel and camptothecin.®® In another study CIRT has
also been shown effective in the killing of X-ray resistant
GSCs, with average RBE values ranging between 1.87
and 3.44.%° This increase in radiosensitivity of the GSCs
was attributed to the failure of the cells to repair the DNA
damage induced by CIRT, as reflected by the presence of
residual unrepaired DNA DSBs 24 hours posttreatment.
In terms of clinical observations, GBM patients have
been treated with CIRT both as primary radiotherapy and
as re-irradiations of recurrent tumors. CIRT was report-
edly well tolerated with minimal toxicity reported.606
A phase l/ll study in GBM patients compared the effects
of X-rays to a dose equivalent to CIRT, and reported signif-
icant increases in survival from 4 to 7 months (low dose),
7 to 19 months (middle dose), and from 14 to 26 months
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Table 1.

NCT Number

Clinical status

Ongoing Proton and Carbon lon Radiotherapy Clinical Trials in GBM

Initiated Completion

date/Estimated

Phase IlI NCT04536649 Proton and carbon ion beam radiation vs photon 2020 2023
beam radiation for newly diagnosed GBM
Phase Il (CLE- NCT01165671 Carbon ion boost applied, after combined 2010 completed
OPATRA) radiochemotherapy withTMZ vs a proton boost,
after radiochemotherapy withTMZ in patients with
primary GBM
Phase Il NCTO01854554 IMPT vs IMRT in GBM 2013 completed
Phase Il NCT04752280 IMRT vs proton radiotherapy in GBM 2021 2027
(GRIPS)
Phase Il NCT02179086 Hypofractionated dose-escalated photon IMRT or 2014
PBT vs standard photon irradiation with concom-
itant and adjuvant TMZ in patients with newly
diagnosed GBM
Phase Il NCT03778294 18F-DOPA-PET/MRI scan in imaging elderly pa- 2019
tients with newly diagnosed grade iv malignant
glioma or GBM during planning for a short course
of proton beam radiation therapy
Pilot study NCT03587038 OKN-007 in combination with adjuvant TMZ 2018 2025
chemoradiotherapy for newly diagnosed GBM
Open Label NCT0528463 Spectroscopic MRI, proton therapy, and Avastin 2022

for glioblastoma patients

Abbreviations: GBM, glioblastoma; TMZ, temozolomide; IMPT, Intensity-modulated proton radiotherapy; IMRT, Intensity-modulated radiotherapy;

MRI, Magnetic resonance imaging.

(high dose) respectively.f? These non-randomized data
must however be treated with caution. Currently, 13 cen-
ters around the world, with a large proportion located
in Japan, use CIRT for GBM patients and several clinical
trials are assessing its effectiveness (Table 1).

Combining DDR Inhibitors With PBT and CIRT

As mentioned above, the number of preclinical studies
analyzing responses of GBM tumor models to PBT and
CIRT is very small. Therefore, strategies leading to op-
timal radiosensitization of GBM cells with these radiation
modalities, such as through targeting the DDR, have not
been investigated in any detail. In fact, while the level and
complexity of CDD induced by PBT (relatively low-LET) and
CIRT (high-LET) are known to be different, the relative im-
portance of the various DDR pathways (eg, BER, NHEJ, and
HR) that respond to this damage is still subject to debate.
In tumor cell types other than GBM, it has been reported
that most of the damage induced by CIRT was subjected
to end resection, coordinated by CtIP and the MRN exonu-
clease.®354 |t was also suggested that there was preferen-
tial activation of the microhomology-mediated end joining
(MHEJ) pathway over NHEJ in the repair of complex DSBs
induced by CIRT in G1 phase cells. However, other studies
have reported HR to play a prominent role in the repair of
CDD induced by carbon ions, with NHEJ being employed
in response to both PBT and CIRT.®® Another study re-
ported that enhanced radiosensitivity to CIRT was more

pronounced in cells with NHEJ deficiency, rather than in
those with HR deficiency.%®

In terms of PBT, it has been shown that U20S and
BT549 cells irradiated at the Bragg peak with a higher RBE
upregulate utilization of HR, but interestingly that inhibiting
ATM redirected cells to the NHEJ pathway leading to the
formation of toxic DSB repair end products.®’ This evi-
dence was replicated in an in vivo xenograft model, in
which inhibiting ATM in combination with PBT was shown
to significantly delay tumor growth, and that Bragg peak
protons were furthermore highly effective in the killing of
HR-defective (BRCA-1 deficient) cells and tumors.” Such
findings suggest that cells may switch between different
repair pathways when repairing more complex DSBs in-
duced by high-LET radiations. Additionally, data acquired
from our lab using HelLa and head and neck squamous
cell carcinoma cells has demonstrated that relatively high-
LET PBT generates CDD that triggers a specific cellular
DDR response driven by histone H2B ubiquitylation, and
that this damage is largely SSB-associated and requires
PARP1 for repair.?86° Indeed, using both PARP1 siRNA and
the PARP inhibitor olaparib, we demonstrated specific
radiosensitization of cells following relatively high-LET
PBT, but not those irradiated with low-LET PBT at the en-
trance dose. In contrast, we showed that inhibitors of ATM,
ATR, and DNA-PK enhance the sensitivity of head and neck
cancer cells to both low-LET PBT and X-rays.”? Therefore,
given the increasing use of PBT and CIRT in the clinic, it
is possible that different DDR inhibitors should be used
as radiosensitizers specifically for GBM in the context of
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different radiation modalities. It is also clear that substan-
tially more preclinical studies are needed in clinically rele-
vant GBM models if we are to identify the best strategies
for prolonged tumor control and future patient benefit.

Conclusions

Clinically, treatment of GBM is challenging due to its aggres-
sive and therapy-resistant nature. Radiotherapy is the main-
stay of GBM treatment, with chemotherapy options being
limited partly by adverse pharmacokinetics. TMZ is the only
drug clinically approved as a radiosensitizer but has minimal
efficacy in the large subset of tumors in which the MGMT
gene promoter is unmethylated. The radioresistant and hy-
poxic nature of GBM further complicates treatment, as does
the molecular and phenotypic heterogeneity of the disease.
Preclinical studies have demonstrated that targeting the
DDR, particularly in radioresistant GSCs, can enhance the
efficacy of conventional photon radiotherapy in tumor cell
killing. However, the use of PBT and CIRT in the treatment
of GBM are emerging as attractive therapeutic options, with
superior dosimetry which may potentially reduce the ad-
verse side effects associated with photon radiation, such as
treatment-induced lymphopenia, and improve the overall
quality of life. Recent mechanistic studies raise the exciting
possibility of combining PBT and CIRT with DDR inhibitors
to overcome therapy resistance in GBM, and indicate that
different radiation modalities should be paired with spe-
cific agents to maximize clinical benefit. As with any novel
therapeutic approach in this heterogeneous tumor type, it
is highly likely that subsets of patients will derive particular
benefits from these new combinations. Biomarkers that en-
able the selection of patients with responsive tumors are
required to maximize the benefits of novel treatments, and
these should be identified and validated as part of ongoing
research in this field.
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