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Introduction

New challenges in cancer therapy have emerged recently, considering
enhanced resistance to conventional treatment of various cancer types.
Moreover, high incidences of relapse after primary cancer regression
contribute to the problem. Enhanced cancer resistance to treatment is
associated with multiple mechanisms, including mutations and drug over-
expression of the drug-target. Other mechanisms involve drug termination
from the cells or inactivation of the drug. Several strategies have been
attempted over the last few years, in order to improve cancer therapy and
reduce mortality. The methods include - radiotherapy, immunotherapy,
surgery, targeted therapy, hormone therapy, stem cell transplant and
precision medicine. Among these strategies, Radiotherapy (RT) is an
essential modality to treat tumors and hinder their growth [1-3].

As widely described in the literature, cancer lesions are comprised of a
heterogeneous population of cells, which include numerous types. This may
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be one of the causes for failure of treatment and cancer relapse. Several
cancer resistance and recurrence models have been associated with small
populations of identified cancer stem cells. For instance, malignancies of
hematopoietic origin and some solid cancers. Such cells are also considered
cancer stem cells (CSCs) or cancer-initiating cells. These cells have self-
renewal capabilities and therefore, are a fundamental concept in tumor
biology4,5. Their ability to initiate tumor growth granted them the name -
“tumor-initiating cells” (TICs)S. Tumor-initiating cells are phenotypically
different from their fellow tumor cells, since they express explicit markers
and functional features, such as resistance to conventional therapy[6-8]. TIC
express organ-specific markers and characteristics that separate them from
differentiated cells, e.g., expression of active DNA repair ability, expression
of specific ABC drug transporters and disinclination to apoptosis signals. In
clinical terms, the stem cell model for relapse may be highly suitable for

Page 1 of 8


http://www.auctoresonline.org/

J. General medicine and Clinical Practice

chemotherapy responding cancers with a complete response, that relapse
months or years later [9,10]. One explanation for the failure of conventional
cancer therapy might be the presence of CTC, reflecting the need to identify
new therapies to target those cells.

Currently, there are various modalities for treating cancer, including a
combination of radiation and a radio- sensitizing agent, which have been
shown to enhance therapy [4,5,9-11]. Several radiosensitizers were depicted,
partly in clinical use and partly experimental, such as small molecules and
various chemotherapies, e.g., oxygen, oxygen mimics, hypoxia-specific
cytotoxins, cisplatin, 5FU, nanoparticles, and photosensitizers. While
considered high for tumors compared to normal tissue, the ability to
withstand ionizing radiation can be adjusted by computer-controlled
irradiation protocols with different radiation frequencies. [9,10,12-14].

Moreover, the tumor tissue selection to radiation is enhanced by
radiosensitizers; which can be used to achieve a more significant rate of
deterioration of the neoplastic tissue, as opposed to the additive effect of each
modality [9,10]. When using radiosensitizers, one must consider two main
parameters: possible complications of use and the therapeutic ratio - the
likelihood of local tumor control. Most of the commonly utilized
radiosensitizers are not tumor-specific and have poor selectivity. Usage of
such compounds can potentially lead to severe complications as a result of
their toxicity. Hence, an ongoing search for specific radiosensitizers has
begun, as a means to improving the outcome of radiation therapy on
relatively radio-resistant hypoxic tumor cells9,10

PDT (photodynamic therapy) was estimated to have promising results in
treating early and localized inoperable tumors in the 1980s[15,16]. The
technique involves a topical or systemic administration of a photosensitizer
and the exposure of the tumors to a specific wavelength absorbed by the
photosensitizer [15,16].

Due to their tetrapyrrolic macrocycle, the preferred photosensitizers are the
porphyrins, and their equivalents, with absorption bands in the 600-800 nm
wavelength (the red region of the visible spectrum) that enables high
penetration into human tissue [8,16,17].

The PDT effects result from a reaction between the photosensitizer's initially
formed excited singlet state and the photosensitizer's lowest triplet state,
having an intersystem crossing [15-17]. Consequently, this triplet
photosensitizer and the biological targets can interact with the transfer of
electron or proton, generating the construction of radical particles that in
turn, form oxidized products after interaction with oxygen — a process known
as type | reaction[18-20].

Alternatively, the energy from the metabolite might be transferred to
molecular oxygen directly, causing singlet oxygen to form. The singlet
oxygen is cytotoxic, and the mechanism is called a type Il reaction19. In both
types of reactions, the presence of oxygen is crucial21,22. In contrast to
ionizing radiation, which primarily targets cellular DNA, PDT is known to
affect cellular membranes, blood vessels and mitochondria [16,23].

This paper aims to review the use of photosensitizers as selective and specific
radiosensitizers. Due to the fact that there is a vast number of existing
Photosensitizers, which can be used as radiosensitizers, we tried to focus
mainly on main photo-radio-sensitizers. We are presenting a combination
therapy technique, comprising of radiosensitizing agent and radiation
therapy, which effectively inhibits the proliferation of cancer cells and cancer
stem cells.

1. Photosensitiser as Radiosensitizer in Vitro and in Vivo

Photosensitizers' selectivity for tumor tissues encouraged the search for the
potential use of compounds as radiosensitizers. In 1955 Schwartz et al.
conducted experiments showing the radiosensitizing effects of porphyrins in
patients taking HpD with radiation therapy [24,25].

The experiment showed enhanced local tumor control in patients with
carcinoid tumors, fibrosarcoma, squamous cell carcinoma, and
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rhabdomyosarcoma [24]. In his publication, the side effects mentioned were
vomiting, nausea, and remarked skin photosensitivity that lasted for several
months [24]. The metabolic product is HpD, a highly heterogeneous Hp
chemical derivative in a chemical reaction between acetic and sulfuric acid
with hematoporphyrin. One of the partly purified forms of HpD is Photofrin
Il [24]. In 1960, Schwartz and Cohen demonstrated that higher doses of
hematoporphyrin copper complex facilitate radioprotection, in contrast to
smaller amounts, which showed a noticeable radiosensitizing effect. In 1986,
Kostron et al. managed to reduce 40% of rat glioma tumor growth compared
to the control group, which confirmed the radiosensitizing potential of HpD
(Hemato-porphyrine derivative) [26]. One of the derivatives of
perylenequinonea product of the plant Hypericum perforatum, which is used
for treatment, is the red-colored Hypericin (St. John's wort) [27].

Hypericin and its derivatives have been studied for their physicochemical
properties, e.g., electron transfer, singlet-oxygen sensitization, and excited-
state proton transfer [28,29]. Moreover, Hypericin is an antidepressant,
antiviral agent, and potent protein kinase C inhibitor, enabling tumor
selectivity and specificity in photodynamic therapy [30,31]. This fact led to
further studies of Hypericin as a diagnostic tool in several cancers, which
induced apoptosis in tumor cells [30-33].

A study published in 2015 by Schaffer et al. [34] showed that
perylenequinone derivatives (PDs) acted as potent radiosensitizers. This
group proved the effects of some derivatives of Hyperecin (PDs) on tumor-
initiating cells (TICs) and normal tumor cells [34]. TICs are phenotypically
different from other tumor cells due to the expression of specific markers and
stem functional cell characteristics, which enable resistance to conventional
therapy [8,35,36]. In their study, the group checked TIC cells of PANC1
(pancreas cancer), U87 (glioblastoma), HT29 (colon cancer), MCF7 (breast
cancer), A549 (lung cancer) tumor cell lines. Cells in culture were given 0.1-
2M of Hypericin tetrasulfonate (HyTS), Tetrabromo hypericin (TBrHy,) or
PDs Hypericin (Hy), followed by illumination with fractionated daily dose
or single high dose of radiation, then, the cell viability was assessed.
Additionally, the researchers assessed the tumor development of PANC1 and
U87 cells in subsequently injected PDs mice and illuminated with local
ionizing radiation.

Their final findings indicated that PDs expressively hindered the viability of
the tumor cells exposed to radiation and grown in the TIC-enriched culture.
Furthermore, TBrHy considerably stalled PANC1 and U87 tumor
development in mice exposed to high levels of radiation. These findings
showed that TIC viability might be used to assess radiosensitizing activity.
Therefore, PDs might be considered adequate radiosensitizers, which can
mark tumor cells and TICs, underlining substantial therapeutic value [34].

Photofrin Il, which is made of porphyrins, synthesized by treating heorphyrin
(Hp) with acid, represents one of the backbones of clinical PDT [37]. In
2001, Schaffer et al. aimed to improve the application of Photofrin Il as a
radiosensitizer in ionizing radiation [38,39]. In one of the studies, human cell
bladder cancer (RT4) implanted mice [40] exhibited a nearly 50% reduction
in tumor growth after 12 days and X-ray irradiation (5 Gy) 24 hours after
injection of Photofrin 1l. Compared to 5-ALA, chlorin e6, Hp, and Zn-
tetrasulfophtalocyanine, Photofrin Il was the only photosensitizer that
showed a significant change - “doubling time” of the tumor, that changed
from 6.2 days to 10.9 days. However, the mechanism responsible for the
positive effect remains vague due to Photofrin's heterogeneous composition.
While 5-ALA with X-ray irradiation (3 Gy) was inefficient in mice with
Lewis’s sarcoma tumors implanted in them, Photofrin led to a nearly 40%
decrease in the tumor volume within six days. In another study, Kulka et al.
[41] used Photofrin on RT4, HT-29 (colon adenocarcinoma), and U-373 MG
(glioblastoma) in in-vitro survival studies. It was illuminated with X-ray
(from 0 to 8 Gy (0.9 Gy min—1). A small efficacy was noticeable for two cell
lines (HT4 and U-373 MG) in the following six days, in contrast to the HT-
29 cell line.
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These findings show the potential of Photofrin to be utilized as an efficacious
radiosensitizer under certain circumstances [40] and explained the
implications of the use of Photofrin [38,39].

In 2013, Benayoun et al. demonstrated the inhibition of tumor-initiating cell
proliferation and enhanced efficacy of treatment in the case of glioblastoma,
using a combination of Photofrinll and ionizing radiation therapy [7]. The
efficiency of hypericin as a radiosensitizer is greater than Photofrin[42]. The
difference is attributed to hypericin’s bio-distribution, most commonly
present in the mitochondria and lysosomes [43], as opposed to Photofrin II,
which is found in cell membranes [15,16,22,44]. In treating MCF-7 human
breast cancer, GaPcCl was recently proven to be an efficient photosensitizer.
Moreover, when combined with PDT and radiotherapy, GaPcCl
demonstrated a highly effective response in cancer cells [45].

Motivating gadolinium (MGd) is classified as synthetic expanded porphyrin,
which aggregates selectively in tumor cells and is responsible for the
oxidation of various intracellular metabolites. MGd showed synergistic
features with ionizing radiation [46]. Furthermore, radiation-induced cell
killing was elevated by synthetic metalloporphyrin’s [46]. Several studies
[47,48] presented the benefit of photosensitizers, such as gadolinium
texaphyrin (Gd-Tex) in relation to brain metastases

Various clinical examinations, including a pivotal Phase Il clinical trial for
the biosafety of Gd-Tex investigating the radiological, neurocognitive and
neurologic progression, have been performed [47,49]. It was found that Gd-
Tex was well tolerated and locally controlled in terms of radiological rate of
response, neurological progression, and mortality rates related to the growth
of brain tumors. Despite these promising initial results, Bernhard et al. [50]
examined Gd-Tex effects on six different human tumor cell lines (SW480,
HT-29, A549, U251-NClI, U-87 MG, and MCF7) and found that the radio
sensitizing results were non-existent. The finding contradicted previously
reported effects of Gd-Tex as a radio sensitizing factor and its potential role
in radiation therapy.

Copper Cysteamine (Cu-Cy) [51] in the nanoparticles form is a novel
radiosensitizer and photosensitizer that responds to light, X-ray, and
microwave and emits singlet oxygen used for cancer treatment. Yet, until
2000 the killing process of Cu-Cy on cancer cells remained vague regarding
colorectal cancer. Bernhard et al. examined Cu-Cy nanoparticles on SW620
colorectal cells, demonstrated efficiency, and clarified the -effects'
mechanisms. His findings revealed that Cu-Cy nanoparticles that have been
activated by X-ray might eradicate SW620 tumor cells in a dose-dependent
manner [51].

Zhipeng Liu et al. and Ghoodarzi et al. investigated the integration of gallium
phthalocyanine chloride (GaPcCl)-PDT and Radachlorin-PDT with X-ray in
treating MCF-7 human breast cancer cell line reported an increase in cell
death compared to the use of GaPcCI-PDT without X-ray. Similarly, late
apoptosis was portrayed in flow cytometry in the hybrid therapy. These
results demonstrated that GaPcCl is an efficacious photosensitizer in MCF-
7 human breast cancer, which concluded that combining radiotherapy and
GaPcCI-PDT might be a productive strategy against cancer [45,52].

2. Mechanism of Photosensitizers as Radiosensitizer

The comprehension of the underlying mechanisms involved in tumor
radiosensitization by photosensitizers is hampered because of the chemical
composition of the compound, which is highly heterogeneous [16,17].
Photosensitizers (PS) become activated in 350-800 nm wavelengths. The
therapeutic device (such as 12 MeV) ionizing irradiation illuminates in the
wavelength of 6-10-3 to 8-10-3nm [16,17]. Regardless, X-ray devices,
including the unit that was operated in the experiments described, hold a
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wavelength ranging 8-10-2 and 10 nm. Thus, the claim that radiosensitizing
results are related to direct interaction involving the concurrent irradiation
and the photosensitizers is unlikely [9,19,24,25,26].

There are a few hypotheses aimed to clarify the radiosensitization of tumors
by PS: i) PS responds to cytotoxic activated molecules, e.g., hydroxyl. These
radicals are the known products of the reaction of X-rays and water [10].
Schaffer et al. has demonstrated that the enhancement radiosensitizing action
of PS is a possible result of hyperreactive radical derivatives [42,53]. An
analogous mechanism was documented with Gd-Tex54, which underwent a
reduction of a single electron and transformed into a relatively steady radical
anion. The extreme anion experiences protonation in a neutral solution and
has a half-life of a few hundred microseconds, leading to the formation of
long-lived reactive radical particles. The solvated electron extends the
hydroxy! radical lifetime by binding to it [10]. Schaffer et al. demonstrated
the radio-induced degradations of cellularly-bound photofrin and
radiosensitizer killing of RT4 cells by the quenching action exerted by
mannitol and histidine [53]. ii) PS reduces the probable mechanisms that
usually restrict radio-induced cell damage. The ionizing irradiation causes
lethal and sublethal damage [10]. One hypothesis described by Schaffer et
al. claims that sublethal damage might evolve into lethal damage or excite
repair mechanisms. If combined with ionizing radiation, PS may reduce
repair process probability[42,55].

3.Clinical Application

In spite of the various studies with different PS as selective and specific
radiosensitizers, the information about their clinical applications is very
scarce. The radiosensitizing effect of porphyrins was demonstrated as early
as 1955. Schwartz et al. [24,25] treated patients by combining HpD with
radiation therapy, which enhanced local tumor management, specifically in
patients diagnosed with carcinoid tumors, squamous cell carcinoma,
fibrosarcoma, and rhabdo-myosarcoma [14]. The unfavorable side effects
described in this publication included nausea, vomiting, and noticeable skin
photosensitivity lasting for several months [21].

Mehta et al. [56] conducted a randomized trial that included the combination
of motivating gadolinium and whole-brain radiation in patients with brain
metastases. Viala et al.48 conducted Phases IB and Il trials that included
treatment with multidose trials of gadolinium texaphyrin, a radiation
sensitizer observable by MRI. Carde et al. [49]. treated patients with brain
metastases by using radiation enhancers and motexafin gadolinium in in a
multicenter phase Ib/Il trial. A review from 2011[57] claimed that motexafin
gadolinium was a novel radiosensitizer with documented effectiveness,
especially in cases with brain metastases. Had this agent been used in
experimentation before, in NSCLC brain metastatic patients, who had not
been delayed by systemic chemotherapy treatment, it could have turned into
a method of standard of care in this area. Further trials with motexafin
gadolinium are ongoing and remain promising. Nevertheless, we did not find
any updated literature using this substance in clinical application.

In 2006, Schaffer et al. [58] published their results describing Photofrin 11 as
a radiosensitizing treatment in various tumors. The study's goal was to test
the methodology and assess radiation therapy toxicity when combined with
Photofrinll on 18 patients in advanced stages of their disease. These patients
had a few lines of chemotherapy or surgery. In all the patients, the relative
serum levels of Photofrin Il showed the best results in the first days
successive to intravenous injection with a subsequent sudden decrease. The
course of treatment with significant effects of Photofrin 1l (5-6 days)
corresponded appropriately to the therapeutic window [59]. In terms of
clinical application, a boost of irradiation was admitted, in order to gain the
highest impact on tumor tissue with minimal side effects.[58] (Table 1).
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Table 1. Characteristics (n=18, 26-80 years of age)

Description

Number

Locally advanced bladder carcinoma

I female, 27 males

Local recurrence bladder carcinoma I male
Cervical carcinoma, FIGO IIIb 1
Locally advanced sarcoma, pelvic area 2
Astrocytoma, grade IIT 2
Anaplastic astrocytom grade III (recurring after irradiation) 1
Multiforme glioblasstoma (WHO grade IV 4

Base of the tongue carcinoma, recurring

Cholangiocarcinoma

Adenocarcinoma, sphenoid sinus

Table 1: distribution of tumor types treated with Photophrin II. [58]

Results are shown in Table 2

Table 2. Results

Complete remission

Description

No. of patients

Pelvic sarcoma, follow-up 49 months, recurrence

1

Cervical carcinoma, after 24 months, recurrence

Astrocytoma III, follow-up 38 months

Adenocarcinoma. sphenoid sinus, recurrence, follow-up 20 months

Cholangiocarcinoma. recurrence after 4 months

[ B R

Partial remission

Description

No. of patients

Bladder cancer, follow-up 4, 11. 12 months

3

Glioblastoma, 1 progression after 16 months

Astrocytoma III, follow-up 30 months with chemotherapy

Sarcoma. pelvic region, follow-up 7 months, then progression

Cholangiocarcinoma, progression after 6 months

— = g

Other

Description

No. of patients

Base of the tongue carcinoma

1 —Tost from control after 3 months

Bladder cancer

T — died 3 months after treatment

Gliobastoma

1 —died after 1 month from tumor,
1 - died after 4 months from tumor

Anaplastic astrocytoma recurrence

I —died 5 months aiter treatment

Table 2: impact on tumor tissues [58]

[58]. Due to the light sensibility by photosensitizers, especially photofrin II,
the patients were protected from light during their treatment for a period of
3-4 weeks. All lights indoors were limited with lamps of 40W. Two of these
patients with advanced tumors, one female with Astrocytoma Grade |1l and
another female with Cervix Carcinoma FIGO IlIb, are still alive and
currently free of disease [60,61].

Discussion

The literature review and demonstrated results illustrate that PS might be
utilized as a radio sensitizing agent in the right circumstances. While PS on
its own showed no noticeable tumor response in concentrations that
presented a marked radio sensitizing effect, the radiosensitizing effect it has
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can be confirmed in highly radio resistant tumor models, such as bladder
carcinoma and glioblastoma [34,55,58,60,61]. As a general rule,
radiosensitizers imitate the effects of oxygen caused by free radicals in
radiation therapy. Nitroimidazole is the most common radiosensitizer
evaluated in clinical studies. A significant drawback of this agent lies in its
neurotoxicity, which prevented using an effectual dose with a standard daily
fractionated radiation [54,62]. Other compounds, for example,
Tirapazamine[63,64], bovine hemoglobin modified with polyethylene glycol
(PEG)[65], and RSR [13,66], are currently in the clinical investigation for
hypoxic tumor cells.

The direct consequence of radiation (RT) is to cause double-strand breaks
(DSB) and single-strand breaks (SSB) in DNA. The breaking of the DNA
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leads to the termination of cell division and cell proliferation, and in some
cases, to cell necrosis and cell apoptosis. See figure 1a.[24,25,26,34,38]

Photodynamic Therapy

* PhotodynamicTherapy (PDT)isan
@stablished therapeutic method for solid
superficial tumor

* Using a substance [photosensitizer) that
has selectivity for tumor tissuesand is

activated bylight
Light Photo-
< sensitizer
N— N p—

Copy rights@ Ron Batash.

Enhanced Radiosensitizer Therapy

Using the selectivity of some
photosensitizer {as radicsensitisar) to
achieve mechanism of radiosensitizers

lonizing Radio-
Radiation sensitizer
N——

- —

Tumor

Destruction

Figure 1a: mechanism of action of photodynamic therapy and radiosensitizer
therapy - ROS are generated by light or photosensitizer and lead to
tumor destruction.[24,25,26,34,38]

The indirect consequences of radiation lead to the generation of reactivity of
Oxygen Radicals such as RO; ROS might cause cellular stress, induce
biomolecules damage and eventually change the cellular signaling pathways.
A number of studies demonstrated that 70% of the patients should be treated
with controlled linear accelerators to carry the specific radiation quantities to
the malignant tumor or the selected areas inside the tumor tissue
[51,62,67,68].

Although these advanced developments increase the therapeutic results,
hurdles still exist - cancer stem cells and tumor heterogeneity, limiting the
use of RT alone as an ns of tumor eradication. However, by utilizing
radiosensitizers that enhance the radiosensitivity of the tumor tissue and have
toxicity within the range of pharmacologically normal tissue, one can apply
RT more effectively and achieve the desired outcome [62,67,69].

When combined with radiation, radiosensitizers demonstrate higher tumor
inactivation than predicted from the particular singular modalities [69,70].
The mechanisms of action of radiosensitizers can be classified into five
different steps: (1) blocking the radioprotective effect of intracellular thiols
or other endogenous substances; (2) generation of cytotoxic agents by
radiosensitizer radiolysis; (3) inhibition of biomolecules repair; (4) thymine
analogs incorporation into DNA; and (5) electrophilic activity of oxygen
mimickers [9,70].

According to recently published studies, radiosensitizers can be categorized
into three different classes, based on their molecular structure: little
molecules, e.g., oxygen Mimics [5,70], macromolecules, e.g., Proteins and
Peptides, and Oligonucleotides [67,68]. The last group is nanomaterials, e.g.,
metal and ferrite nanomaterials [69,70]. Junzhi Liu, et al. [70], found that
acridine orange (AO), a small molecule radiosensitizer, can be loaded onto
mMnO2 nanoparticles at very high efficiency and released to the
surroundings in a controlled fashion. This review has focused on PS as
radiosensitizers, which belongs to the second group. Not all commercially
available PS evaluated can perform as a radiosensitizer. Furthermore, it
appears to be utilized only as a photosensitizing agent [34,55].

As mentioned previously in this review, a number of hypotheses aim to
showcase the PS radiosensitization of tumors: i) PS has a reaction with
molecules that have been activated by cytotoxin, e.g., hydroxyl, radicals that
are the products of the interaction of X-rays and water
[10,41,42,49,51,56].

ii) PS reduces the chances of starting repair processes that prevent radio-
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induced cell damage [41,50]. The damage that lonizing irradiation causes
split into two categories62: sublethal damage and lethal damage. The
sublethal damage might become lethal or excite the cell mechanisms of
repair; the use of Photofrin might minimize the effects of those mechanisms
if used in addition to ionizing radiation.

The radiosensitizing ability of PS is a subject of interest for several reasons,
regardless of its actual course of action. PS is clinically approved in large
amounts in Photodynamic Therapy of cancer. Hence, its use as a
radiotherapeutic substance is derived from the ability to avoid, or at least
significantly reduce expensive toxicological studies. PS has demonstrated no
toxicity in humans at the doses used in radiotherapy [11,17,18,72] and
showed certain selectivity of tumor targeting. This is stated in comparison to
a number of radiosensitizers in clinical uses that have a much lower tumor
targeting and demonstrate harsh side effects in in vivo settings [15,62].

PS's ability to be utilized as a phototherapeutic and a radiotherapeutic
substance provides extraordinary insights on its mechanisms, and enables
superior regulation of tumor growth.

However, various PS cause skin photosensitization (depends on the type of
PS) that might hinder the use of this agent, while radiation therapy is
considered. This is also true for the practice of boost irradiation, HDR
following loading irradiation, brachytherapy, or only high precision radiation
therapy [37-40]. The standard radiation dose in these modalities is ranged in
ranges 2-16 Gy, which is administered to the tumor in a limited time and
deprived of loco-regional irradiation. In vivo and vitro studies demonstrated
that PS can be utilized in cases of tumor tissue hypoxia and can be considered
an effectual radiosensitizer [7,37-41,55,56,73].

The combination of PS with a known contrast media - Gadolinium or with
Manganese-dipyriddoxyl-5°diphosphate (Mn-DPDP — might be looked at in
search of diagnostic and treatment methods [71,74].

Conclusion

We believe that PS could potentially become a symbol for helpful agents in
managing tumors and demonstrate: i) Better efficacy of radiation on the
tumor alone, leaving the radiation effects on the neighboring tissues
unchanged. ii) Enhancement of mechanisms that hinder hypoxic cells. iii)
Minor toxicity in humans.
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