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A B S T R A C T

Radiotherapy represents an essential treatment option for the majority of cancer patients in different
stages of their disease. Physical achievements of the recent years led to the implementation of high pre-
cision treatment planning procedures, and image-guided dose delivery is current state of the art. Yet,
radiotherapy still faces several limitations with cancer intrinsic radioresistance being a key driver of ther-
apeutic failure. Accordingly, the mechanisms orchestrating radioresistance and their therapeutic targeting
by combined modality approaches are in the center of attention of numerous radiation oncologists. In
the present review, we summarize and discuss therapeutic approaches that exploit the heat shock re-
sponse, either by hyperthermia or by pharmacological heat shock protein inhibition, in combination with
radiotherapy. These strategies appear particularly promising, since they sensitize cancer cells to irradiation-
induced cell death and at the same time have proven the potential to promote systemic anti-tumor immune
mechanisms, which may target not only locally surviving tumor cells, but also distant out-of-field metastases.

© 2015 Elsevier Ireland Ltd. All rights reserved.

Radiotherapy: current use and limitations

Radiotherapy (RT), alongside surgery and chemotherapy, is one
of the cornerstones of cancer treatment. It has been used in cancer

therapy for almost a century, and today more than half of all cancer
patients receive RT at one point during their treatment. RT is em-
ployed in different settings, including adjuvant, neoadjuvant,
definitive, and palliative ones, highlighting its central role in all stages
of cancer treatment.

For most treatment regimes, the total irradiation dose is admin-
istered in week-daily fractions of 1.8–2 Gy up to a cumulative dose
of 45–70 Gy. The rationale underlying this fractionation strategy is
the observation that tumor cells are commonly less capable to repair
irradiation-induced damage as compared to normal tissue cells. Fur-
thermore, tumor cells can redistribute to more radiosensitive phases
of the cell cycle between two fractions, and re-oxygenation of for-
merly hypoxic regions of the tumor can occur, thus rendering them
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more susceptible to the next fraction. On the other hand,
repopulation phenomena – particularly in case of fast proliferat-
ing, highly aggressive tumors, such as squamous cell carcinomas of
the head and neck region, or sarcomas – can counteract the frac-
tionation effect [1]. Considering that not all cancer entities exhibit
truly compromised repair capacity often accompanied by rapid
repopulation, strategies to reduce the overall treatment period are
emerging. In this regard, hypofractionation regimes, in which the
total dose is split into fewer fractions with higher doses, are be-
coming part of clinical practice. In the UK and Canada for instance,
breast cancer patients are irradiated in 16 fractions with doses of
2.66 Gy per fraction [2]. Additionally, for specific tumor entities, ab-
lative irradiation is employed, i.e. one to five high doses of 8–25 Gy.
Intraoperative radiotherapy (IORT) of breast cancer or stereotactic
irradiation of lung and liver metastases are examples of these ab-
lative treatment regimes [3,4]. Furthermore, brachytherapy
complements the spectrum of radiotherapeutic techniques. Here,
radioactive γ-emitters are inserted into natural body cavities or in-
terstitial catheters that have been implanted during tumor debulking
surgery. This type of radiotherapy is often used for the treatment
of cervical cancer [5].

Physical achievements of the recent years have led to signifi-
cant improvements in terms of treatment planning procedures and
accuracy of dose delivery. Modern radiotherapeutic techniques, such
as intensity-modulated radiation therapy (IMRT) and image-
guided radiation therapy (IGRT) employing integrated computed
tomography, ultrasound, or surface scanners, enable the design and
administration of target volumes that reflect the clinical tumor
volume with a high degree of preciseness while sparing the organs
at risk [6]. The implementation of other radiation qualities, includ-
ing protons and heavy ions, whose physical properties allow for very
steep dose gradients, appears to take treatment planning and dose
delivery to an even higher level of accuracy. Nevertheless, further
in-depth radiobiological validation and long-term clinical follow-
up studies are required to identify those cancer entities, whose
treatment would benefit most strongly from proton and heavy ion
radiotherapy. Besides, the high costs of the required instrumenta-
tion compared to photon radiotherapy hamper the ubiquitous
availability in the clinical routine [6].

Despite its central role in cancer treatment and the tremen-
dous advances of the recent years, radiotherapy still faces several
limitations. Intrinsic radioresistance of different cancer cells is one
of them. In this regard, dose escalation studies have revealed that
the radiotherapeutic efficacy cannot be increased by higher overall
doses beyond a certain point due to accumulating side effects [7].
These can be acute as well as chronic. The occurrence of side effects
is closely related to the irradiated body region and the position of
organs at risk in proximity to the irradiated volume. For example,
irradiation of cancers of the head and neck region can cause mu-
cositis and sialadenitis. Besides, general side effects are also described,
including fatigue or anorexia. Overall, the occurrence and severity
of side effects are critically dependent on the total dose adminis-
tered as well as biological, physiological, and individual factors.

Understanding and overcoming cancer cell radioresistance is a
vividly evolving field in molecular radiation oncology and radia-
tion biology. A plethora of data have already been collected and
numerous studies are still underway, including efforts to charac-
terize the molecular mechanisms and pathways that orchestrate
radioresistance as well as their specific targeting by combined mo-
dality approaches with classical chemotherapy or molecularly
designed agents. In the present mini review, we want to focus on
approaches addressing the heat shock response, either by hyper-
thermia (HT) or by pharmacological heat shock protein inhibition.
These strategies reportedly do not only sensitize cancer cells to
irradiation-induced cell death, but also have proven the potential
to promote systemic anti-tumor immune mechanisms. The latter

may target locally surviving tumor cells as well as out-of field
metastases.

Molecular radiation oncology: DNA damage response,
irradiation-induced cell death, and its immunological
consequences

The cytotoxic consequences of ionizing radiation (IR) are pre-
dominantly caused by the induction of DNA damage as mediated
by direct and indirect effects. Whereas direct effects of IR are char-
acterized by immediate ionization of the DNA by IR itself, indirect
effects involve radiolysis of water molecules and the generation of
highly reactive free radicals, including hydroxyl and hydrogen radi-
cals that damage the DNA secondarily. In the presence of oxygen,
hydrogen radicals can further form peroxide radicals and hydro-
gen peroxide, which contribute to indirect DNA damage. Additionally,
oxygen can interfere with repair processes by adding to and thereby
stabilizing DNA radicals. That is why highly perfused and oxygen-
ated tumor areas are more prone to IR-induced DNA damage than
hypoxic areas [8]. The relative effectiveness of IR under normoxic
conditions is two to three times higher than under hypoxic condi-
tions – a phenomenon known as the oxygen effect [9].

DNA damage response

Irradiation-induced DNA damage stimulates the activation of a
network of DNA repair pathways, the so-called DNA damage re-
sponse (DDR). The DDR is essential for the maintenance of genomic
integrity, resulting in cell survival and successful transmission of
genetic information to daughter cells. It comprises a complex in-
terplay of signaling pathways, and since inheritance of DNA lesions
to progeny must be prevented, activation of DDR also transiently
arrests the cell cycle at its transition from G1- to S-phase, during
S-phase, or at the G2/M-boundary, respectively [10–12]. This is re-
alized by cyclin-dependent kinase inhibitors (CDKIs), which are
upregulated upon irradiation and inhibit the activity of cyclin-
dependent kinases that control cell cycle progression and transit
into the next cell cycle phase [13]. The cell cycle phase at the time
point of irradiation has an essential impact on the efficacy of IR:
Cells in mitosis are most sensitive to IR, because here the cell cycle
can only be arrested for a short time and different DDR mecha-
nisms are inactivated in order to prevent telomere fusion [14]. In
contrast, cells within the S-Phase are rather radioresistant, since mul-
tiple DDR pathways are pre-activated due to their requirement during
DNA replication, and sister chromatids as well as the enzymatic rep-
ertoire for homologous recombination repair (HRR) are available [15].

The most severe DNA damage events induced by IR are DNA
double strand breaks (DSBs), which may result in chromosomal ab-
errations if left unrepaired. A dose of 1 Gy causes approximately 40–
60 DSBs per cell [16]. DSBs can be processed by two different repair
pathways: Homologous recombination repair (HRR) or non-
homologous end joining (NHEJ) [12]. As HRR relies on intact
homologous DNA sequences from the sister chromatid in order to
remove the DNA damage, it is utilized only during G2- and S-phase
of the cell cycle. HRR reveals a high degree of fidelity and is con-
sidered as an essentially error-free DNA damage repair mechanism.
In contrast, NHEJ is highly error-prone. The ends of broken DNA se-
quences are brought into close proximity, trimmed, and finally ligated
[10,12,15]. NHEJ does not depend on homologous sequences as tem-
plate for DNA damage repair, and thus can occur throughout the
cell cycle.

On a molecular level, the activation of the DDR is orchestrated
by diverse DNA damage sensing factors and a cascade of protein
kinases. The DSB recognizing MRE11–RAD50–NBS1 (MRN) complex
recruits and activates the protein kinase Ataxia telangiectasia
mutated (ATM), which subsequently phosphorylates histone H2AX
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