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A radiosensitizer is a drug that makes cancer cells more sensitive to radiation therapy. These compounds
apparently promote the scavenging of free radicals produced by radiation damage on the molecular level.
Radiation therapy generally affects DNA; mainly, it leads to DNA DSBs. Therefore, many radiosensitizing agents
have been formulated to target the clinically developed DNA DSB repair pathways. Other agents instead target
different pathways, e.g., DNA-PKcs, ATM, and ATR signaling cascades. More than seven PARP inhibitors, for
example, are currently being developed considering their role in DNA repair, especially for tumors with DNA repair
defects, such as BRCA mutation, because of their synthetic lethality.

radiobiology radiation therapy radioresistance radiosensitizers

| 1. Hypoxic Cell Radiosensitizers
1.1. Hyperbaric Oxygen

Hyperbaric oxygen (HBO) therapy is the inhalation of 100% oxygen at elevated pressure >1.5 atmospheres
absolute (ATA; 150 kPa), typically 2—-3 ATA (200-300 kPa). The physiological effects of HBO include short-term

effects such as vasoconstriction and enhanced oxygen delivery, edema reduction, and phagocyte activation [,

Most tumors contain oxygen-deprived compartments. The sterilization of hypoxic tumor cells requires a three-times
higher radiation dose than cells with normal oxygen tension. HBO therapy is an effective approach to cope with the
phenomenon of hypoxia by increasing the oxygen load of the tumor and, therefore, enhancing the response to
irradiation Z. Some studies have shown an increase in the 5-year survival rate of patients with cancers of the
uterine cervix and head and neck.

1.2. Carbogen

The idea of improving the oxygenation of tumors by breathing highly oxygenated air was recently revived by
experiments in which participants breathe carbogen, a mixture of 95% oxygen and 5% carbon dioxide that does not
produce the vasoconstriction associated with breathing 100% oxygen. Breathing carbon at atmospheric pressure is
an attempt to overcome chronic (diffusion-limited) hypoxia by much simpler means than using hyperbaric
chambers &I,
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1.3. Nicotinamide

Nicotinamide is an amide of vitamin B3. Acute hypoxia within tumors arises from the intermittent closure of blood
vessels, resulting in fluctuations in the tumor’'s microcirculation. Nicotinamide overcomes acute hypoxia by
reducing these changes in the microcirculation. Furthermore, when nicotinamide is combined with carbogen,
additional tumor sensitivity to radiation has been demonstrated, with overall enhancement ratios of between 1.8
and 2.1 in animal models using a clinically relevant dose schedule of 2 Gy day. It has, therefore, been proposed
that the combination of carbogen and nicotinamide provides the optimal means of overcoming tumor hypoxia 4,
The cellular mechanism of action for a representative molecule from this class was found to be the G1 arrest,
accompanied by the activation of p53/p21 DNA-damage signaling pathways, and most complexes induce high

levels of apoptosis in low micromolar doses.

1.4. Metronidazole and Its Analogs

Knowledge of the oxygen effect led to the development of compounds that mimic the radiosensitizing property of
oxygen. The radiosensitizing abilities of hypoxic cell sensitizers have been observed to correlate with electron
affinity &, Metronidazole and its analogs, such as misonidazole, etanidazole, and nimorazole, have been found to

be effective in sensitizing hypoxic tumor cells (8],

The “oxygen fixation” hypothesis was proposed to explain the mechanism of action for this class of sensitizers 2.
They fix the radiation damage by preventing the chemical restitution of free radicals. Misonidazole has been
observed to deplete sulfhydryl groups in cells, inhibit glycolysis, and repair potentially lethal radiation-induced

cellular damage [&l.

Nimorazole is a member of the same structural class as metronidazole but is less toxic, allowing for higher doses.
As an oxygen mimetic, nimorazole induces free radical formation and is able to sensitize hypoxic cells to the
cytotoxic effects of IR, thus preventing DNA repair and enhancing damage to DNA strands. A phase Il study of
nimorazole versus placebo in subjects with squamous cell carcinoma of the supraglottic larynx and pharynx
demonstrated a statistically significant difference in improvement in the loco-regional control at 5 years post-

treatment (&,

1.5. Hypoxic Cell Cytotoxic Agents

Hypoxic cell cytotoxic agents include mitomycin-C and tirapazamine. Mitomycin-c is a bioreductive alkylating agent
that has been studied in pancreatic, anal, and head and neck cancer. Tirapazamine is another bioreductive agent
that is preferentially cytotoxic to hypoxic cells in vitro. It differs from oxygen-mimetic sensitizers, in that it requires
metabolic activation and enhancement, as seen when this agent is given prior to or after RT 2%, Mitomycin-C,
combined with radiation therapy, remains the standard-of-care therapy for anal carcinoma based on multiple

clinical studies.
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| 2. Radiosensitizing Chemotherapy Agents
2.1. Fluoropyrimidines

5-fluorouracil (5-FU) and fluorodeoxyuridine (FdUrd) are analogs of uracil and deoxyuridine, respectively. They are
thymidylate synthase (TS) inhibitors: interrupting the action of this enzyme blocks the synthesis of pyrimidine
thymidylate (dTMP), which is a nucleotide required for DNA replication Randomized trials have demonstrated local
control and survival advantages using systemic 5-FU and radiation compared with radiation alone in patients with
rectal cancer, esophageal cancer, and pancreatic cancer 1. 5-FU and FdUrd, through their metabolites, lead to

cell cycle redistribution, DNA fragmentation, and cell death 12,

Capecitabine is an oral prodrug of 5-FU. It is converted to its cytotoxic form in three enzymatic steps, the last of
which is mediated by thymidine phosphorylase. One of the potential advantages of this mechanism for increasing
tumor cytotoxicity is that thymidine phosphorylase is overexpressed in tumor tissues. Interestingly, radiation has

been shown to stimulate the expression of thymidine phosphorylase, which provides a further rationale (131,

2.2. Gemcitabine

Gemcitabine is a nucleoside analog that mediates its antitumor effects by promoting apoptosis in malignant cells
undergoing DNA synthesis 24, It has demonstrated effectiveness as a single agent against solid tumors, including
pancreatic cancer, non-small-cell lung cancer, head and neck cancer, and breast cancer. The mechanism by which
gemcitabine radiosensitizes tumor cells is not yet clear. Preliminary studies indicate that the observed
radiosensitization is not associated with either an increase in the radiation-induced DNA double-strand breaks or
with a slowing of DNA double-strand break repair. This suggests that radiosensitization by gemcitabine is unlike
that produced by fluoropyrimidines and thymidine analogs. The relationships between gemcitabine
radiosensitization and DNA incorporation, alterations in DNA synthesis, and alteration in cell cycle kinetics remain
to be investigated. In addition, it would be logical to investigate the role of apoptosis in gemcitabine-mediated
radiosensitization, since this mechanism of cell death has been shown to be the pathway by which the drug exerts

its cytotoxic action, at least in lymphoid cell lines 121,

2.3. Taxanes

This group of anticancer agents works by disrupting microtubule function, thus inhibiting cell division [28l. Paclitaxel
is the prototype of taxanes. Docetaxel is another agent in this group. Paclitaxel may be the most efficacious single
chemotherapy agent for head and neck cancer, with a 40% response rate for patients with recurrent disease. As it
is possible to achieve durable control with radiotherapy on locally advanced head and neck cancers in only a
minority of cases; chemotherapy drugs, such as paclitaxel, are used with radiotherapy in an attempt to improve
tumor control. Paclitaxel stabilizes microtubules and leads to the accumulation of cells in the G2/mitosis phase of
the cell cycle, which is a necessary condition for its antitumor effect, and it is the phase with the greatest relative

radiosensitivity. Paclitaxel has been shown to be a radiosensitizer in vitro for some, but not all, cell lines studied 71,

https://encyclopedia.pub/entry/27210 3/14



Targeting Strategies against Radioresistant Tumors | Encyclopedia.pub

2.4. Platinum-Based Drugs

This group of compounds, distinguished from most others by its metallic element base, has come to be recognized
as one of the most potent chemotherapies available to date. Cisplatin (cis-diamminedichloroplatinum II), which is a
prototype drug, has been acknowledged to be a potent radiosensitizer for many years and has had a significant
role in clinical practice to date. Preclinical work performed using murine models by Rosenberg et al. in the late
1960s showed that cisplatin is an effective antitumor chemotherapy. Subsequent efforts have shown that its
primary mechanism of inhibition for tumor growth appears to involve the inhibition of DNA synthesis. Another
secondary mechanism includes the inhibition of transcription elongation by DNA interstrand cross-links 18, Work
on nonmammalian systems first demonstrated the radiosensitizing abilities of platinum-based compounds. This

was confirmed in several mammalian systems as well 22 (Szumiel 1976).

This makes inherent sense because these platinum compounds have a high electron affinity and react
preferentially with hydrated electrons. The exact mechanism of the increased cell death seen with combinations of
IR and platinum drugs is not known for certain; however, the evidence would seem to point to the inhibition of
PLDR49 and to the radiosensitization of hypoxic tumor cells 29, Cisplatin-free-radical-mediated sensitization may
involve the ability to scavenge free electrons formed by the interaction between radiation and DNA. The reduction

in platinum moiety may serve to stabilize DNA damage that would otherwise be repairable.

Carboplatin, a second-generation platinum compound with a different toxicity profile, has also been studied as a
radiosensitizer 21, Its potential efficacy as a radiosensitizer has allowed for its incorporation into regimens used in
several randomized trials. Interest exists in combining radiation with other platinum analogs, including oxaliplatin,

as well as orally administered compounds such as satraplatin.

2.5. Temozolomide

Temozolomide, a relatively new drug, is a second-generation alkylating agent, which is orally administered, is
readily bioavailable, and demonstrates broad-spectrum activity in a variety of difficult-to-treat malignancies. It is
unique in its ability to cross the blood-brain barrier (about 30% to 40% of plasma concentration found in CSF).
Radiosensitization appears to occur via the inhibition of DNA repair, leading to an increase in mitotic catastrophe. It
has proven efficacy as a first-line therapy for glioblastoma multiforme (GBM) patients in conjunction with RT, based
on a randomized phase Il clinical study demonstrating its survival benefit 22, Temozolomide spontaneously
converts into the reactive methylating agent MTIC and transfers methyl groups to DNA, the most important one
being at the O6 position of guanine, an important site for DNA alkylation 23, The MGMT gene encodes a DNA
repair protein that removes the alkyl group from the O6 position of guanine, and high MGMT activity levels
abrogate the effectiveness of alkylating agents. In vitro, temozolomide enhances the radiation response most
effectively in MGMT-negative glioblastomas, likely due to decreased double-strand DNA repair capacity and
increased DNA double-strand break damage, which occurs when a combination of temozolomide and radiation

therapy is administered.
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2.6. Histone Deacetylase Inhibitors (HDACI)

The clinical effectiveness of histone deacetylase inhibitors (HDACIs) as radiosensitizers has been demonstrated in
vitro in cancer cells 24253 Even though HDACis have been validated in clinical trials and approved for cancer
patients by the FDA for the treatment of cutaneous/peripheral T-cell lymphoma and multiple myeloma, many other
HDACIs are under investigation in clinical trials 28127, The evidence of HDACIs being radiosensitizers in clinical

practice is limited, and more experimentation is required to determine their potential [28],

2.7. DNA Repair and Cell Cycle Inhibitors

Several drugs affecting DNA repair mechanisms and the progression of the cell cycle have demonstrated
preclinical activity, and for this reason, they have promising clinical potential. Poly (ADP-ribose) polymerase
(PARP) is a class of proteins with an essential role in DNA repair, detecting SSBs, recruiting DNA repair proteins,
and ultimately stabilizing DNA 22, The activity of PARP proteins is enhanced in many tumors; therefore, PARP
inhibitors, which work by binding the SSB site and blocking the recruitment of repair proteins, are considered a
promising strategy in combination with RT to enhance the efficacy of oncological cures B9, The researchers can
consider the combination PARPi + RT feasible and usually safe, with hematological toxicities being the most
commonly reported adverse events 21, However, the clinical efficacy of this combination, as well as of other

therapies such as immunotherapy, remains to be determined 221,

The PI3-kinase-like family of protein kinases includes DNA-PKcs (DNA-dependent protein kinase catalytic subunit),
ATM (ataxia—telengiectasia mutated), and ATR (ataxia—telangiectasia and Rad3-related). This family recruits DNA
repair proteins and activates cell cycle checkpoints in response to DSBs 23l Silencing DNA-PKcs leads to
increased radiosensitivity and DSBs 3483l Preclinical experiments have demonstrated that DNA-PKcs inhibitors
increase the sensitivity of in vitro gastric cancer cells and that they can be effective and tolerable when associated
with local RT [BIE7],

The serine/threonine kinase ATM is activated by DNA DSBs to orchestrate the cellular response to IR. ATM
inhibitors were studied in a phase | trial, which closed early due to a non-optimal pharmacokinetics profile 38, Even
though the development of that drug has been halted, the ATM pathway still represents an attractive therapeutic
target, and second-generation ATM inhibitors are being investigated (ClinicalTrials.gov NCT04882917). Not only
have these drugs been tested in monotherapy but also in combination. Indeed, the dual inhibition of DNA-PKcs and
ATR represents a promising approach, concomitant with radiation 32, Both ATR and its major downstream effector,
checkpoint kinase 1 (CHKZ1) inhibitor, have been studied, and the results of phase | and Il clinical trials have shown

a low safety and efficacy profile, despite the promising preclinical studies 49,

Next-generation drugs with reduced toxicity and the possibility of selecting patients who benefit the most are future

goals for this class of drugs.

| 3. Nanoparticles (NPs)
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NPs usually have a simple structure composed of a core, a shell, and a surface. In the case of radiosensitizing
NPs, the core is usually made of high-Z materials, such as silver, lanthanides, and (most extensively) gold, to
exploit the increased photon absorption. The shell, which is chemically or physically bound to the core, acts as a
base on which surface molecules (which sometimes include active agents) are anchored or bound with or without
spacers. However, the high-Z elements can also be chelated by ligands present on the surface or inside the
nanoparticle. The surface molecules usually consist of site-, tissue-, cell-, and/or receptor-specific molecules

(targeting units) 411,

| 4. Immunomodulators

Immunotherapy has recently emerged as one of the major advances in prolonging overall survival in several
cancers. It utilizes the patient’'s immune system to induce tumor cell killing and can be either active or passive in
nature. Active immunotherapy directly targets tumor cells and includes antibody therapy and chimeric antigen
receptor T cell therapy. In contrast, passive immunotherapy enhances the ability of the immune system to eradicate
tumor cells and includes immune checkpoint inhibitors (anti PD/PDL-1 and anti-CTLA-4) and cytokines 2. The
biological ways through which radiotherapy can stimulate the immune system and, thus, work synergically are: (i)
by killing tumor cells and thus promoting the release of tumor antigens and the activation of cytotoxic T cells; (ii) by
stimulating antigen-presenting cells 43: (iii) by increasing MHC-1 expression 4l and (iv) by releasing damage-

associated molecular patterns (DAMPs) that can activate the immune system against tumor cells 43,

Several clinical trials have demonstrated the efficacy of radiotherapy combined with immune checkpoint inhibitors
in real life: the PACIFIC trial and the Keynote 001 in NSCLC, Keynote-522 in triple-negative breast cancer, and
many other practice-changing trials. Efforts are ongoing to better understand the detailed interaction between
radiation therapy and the immune environment (sequencing, doses, timing) to increase their efficacy among cancer
cures. One of these efforts includes making the abscopal effect more frequent in daily practice, as only 46 clinical
cases using RT alone have been reported from 1969 to 2014 “8. This is described as the ability of localized
radiation to induce an antitumor response throughout the body in sites that were not subjected to targeted radiation
[47]. Even though the abscopal effect was first described in 1953 48] it has recently obtained great attention as a
way to increase radiation therapy efficacy in combination with immune checkpoint inhibitors, as these drugs are

revolutionizing cancer treatments and patient prognoses 49,

5. Radiation Therapy beyond Photons: Protons and Carbon
lons

Historically, radiation therapy has been associated with photons. Today, heavy ion accelerators, mostly carbon ions
and proton ones, are being studied for their properties and, specifically, for their effects on radioresistant tumors.
When compared to photons, carbon ions and protons show an inverted depth dose profile. Their energy deposition
follows the Bragg curve, where low levels of energy are delivered to the normal tissue in the entrance channel and

the maximum energy levels are delivered in the spread-out Bragg peak inside the tumor tissue, where the particles
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stop. Due to the steep energy drop after the Bragg peak, the normal tissue and the organs at risk beyond the tumor
volume can be spared from radiation exposure B, Carbon ions also exhibit higher linear energy transfer (LET)
than photons and protons 2. This leads to a higher RBE, where damage caused by carbon ions is clustered in the

DNA, overwhelming the cellular repair systems 52!,

Thanks to its promising properties, heavy ion radiotherapy is being studied in several clinical trials, both for primary
tumors (prostate cancer, bone cancer, sarcomas, and head and neck cancers) and recurrent tumors 31541 A
review of head and neck cancers showed that, for malignant mucosal melanoma, the 5-year OS is higher with
carbon ions than with photons (44% versus 25%), and for sino-nasal and paranasal cancers, the 5-year local

control rate is higher with protons than with photons (88% versus 66%) (221,

In addition to its physical characteristics, high-LET radiation has been shown to induce complex DNA damage by
inactivating hypoxic cells via direct ionization without the radiolysis of water (281, Moreover, they perform increased
immunogenicity in radiation-induced cell death compared to photon radiation through a variety of mechanisms,
thus leading to a hypothesized advantage in the setting of combined immunotherapy B2 (Helm 2018). In mouse
studies, carbon-ion irradiation correlates with stronger immune activation when paired with dendritic cell injection.
Combining carbon-ion therapy with immunotherapy demonstrates increased antitumor immunity and reduces the

number of metastases compared with RT or immunotherapy alone, or in combination with photons 58152,

5.1. SBRT

Conventional normo-fractionated radiotherapy (2 Gy/fraction) is ineffective for some tumors such as renal cell
carcinoma (RCC), and they have been called “radioresistant” for this reason in the past few years. The recent use
of SBRT (stereotactic body radiation therapy), thanks to the use of higher doses per fraction, has overcome some
of these radioresistance scenarios. In the clinic, SBRT has been used to treat RCC, showing high local control and
low toxicity rates. These data can be explained by the low a/B-ratio exhibited by RCC: low alpha—beta tumors are
classically radioresistant to standard fractionation regimens and benefit from dose escalation using
hypofractionation, which consists of delivering higher doses per fraction 9. Using higher radiation doses,
alternative cell death mechanisms, such as ceramide-induced apoptosis, have become more relevant in RCC cells
(611 Molecularly, a secretory form of acid sphingomyelinase is translocated to the extracellular leaflet of the cell
membrane and transforms sphingomyelin into the pro-apoptotic protein ceramide via enzymatic hydrolysis 2. The
fact that acid sphingomyelinase, especially its secretory form, is predominantly expressed in endothelial cells
explains the high sensitivity of endothelium to ceramide-induced apoptosis in RCC, a highly vascularized tumor. In
vivo studies comparing sphingomyelinase-knockout mice with wildtype mice demonstrated that sphingomyelinase-
knockout mice exhibited an increased threshold to irradiation-induced endothelial apoptosis and were resistant to
single-dose RT with 20 Gy. The importance of sphingomyelinase activity regarding tumor response after SBRT was
further underlined in the study by Sathishkumar et al.: 75% of the patients with partial or complete tumor response
after SBRT exhibited significantly increased serum ceramide and serum sphingomyelinase levels, whereas none of
the non-responders had increased levels of these proteins €3, A systematic review showed that ablative SBRT can
be effectively used to treat RCC with high local control rates (84—100%) [64],
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5.2. FLASH Radiotherapy

Favaudon et al. 83 discovered that pulsed and ultrahigh-dose-rate irradiation (=40 Gy/s, FLASH) causes less
damage to the healthy lung than conventional radiotherapy (<0.03 Gy/s, CONV) in mouse models while preserving
efficacy against tumor cells. They called this technology FLASH radiotherapy, and it has two major advantages: a
low toxicity rate in irradiated healthy tissues, thus providing a chance to increase the dose to tumor targets, and a
short delivery time; e.g., the first patient affected by cutaneous T-cell lymphoma was irradiated in 90 ms €8], FLASH
RT represents a new and promising field to fight cancer. Higher doses in the tumor target will hopefully increase
efficacy for radioresistant tumors. Once better know its standard dosimetry, 3D treatment planning, volumetric

image guidance, and motion management, more clinical trials will start to enroll patients 87,

| 6. Diet

Short-term fasting and calorie restriction have been associated with the mechanisms of radioresistance. Klement et
al. [8 summarized them according to the 5Rs: (a) DNA Repair: short-term fasting likely selectively improves DSB
repair in normal cells but not cancer cells (nNTOR inhibition), thus favoring normal tissue repair and cancer cell
death; (b) Repopulation (cell proliferation occurring during the course of fractionated RT in both tumors and normal
tissue): calories restriction in rodents reduces IGF-1/insulin—PI3K—Akt—mTor signaling, which has been shown to be
correlated with significant tumor growth delay ©2: (c) Redistribution: fasting seems to promote cell cycle
progression, M phase accumulation, and energy expenditure, and in this way, it renders such cells synthetically
vulnerable to the combination of nutrient restriction with RT or chemotherapy % (d) Reoxygenation: calorie

restriction downregulates VEGF /1, thus decreasing areas of hypoxia in tumors Z2,

Though there is a large amount of preclinical data, further clinical data are necessary to establish the effects of
calorie restriction and intermittent fasting on irradiated cancer cells. In accordance, recent ASCO guidelines state
that, currently, there is insufficient evidence to recommend for or against dietary interventions such as ketogenic or
low-carbohydrate diets, low-fat diets, functional foods, or fasting to improve outcomes related to QoL, treatment

toxicity, or cancer control.
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