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Abstract

The role of hypoxia in radiation resistance is well established and many approaches to overcome hypoxia in tumours have been explored, with variable success.
Two small molecule strategies for targeting hypoxia have dominated preclinical and clinical efforts. One approach has been the use of electron-affinic nitro-
heterocycles as oxygen-mimetic sensitisers. These agents are best exemplified by the 5-nitroimidazole nimorazole, which has limited use in conjunction with
radiotherapy in head and neck squamous cell carcinoma. The second approach seeks to leverage tumour hypoxia as a tumour-specific address for hypoxia-
activated prodrugs. These prodrugs are selectively activated by reductases under hypoxia to release cytotoxins, which in some instances may diffuse to kill
surrounding oxic tumour tissue. A number of these hypoxia-activated prodrugs have been examined in clinical trial and the merits and shortcomings of recent
examples are discussed. There has been an evolution from delivering DNA-interactive cytotoxins to molecularly targeted agents. Efforts to implement these
strategies clinically continue today, but success has been elusive. Several issues have been identified that compromised these clinical campaigns. A failure to
consider the extravascular transport and the micropharmacokinetic properties of the prodrugs has reduced efficacy. One key element for these ‘targeted’
approaches is the need to co-develop biomarkers to identify appropriate patients. Hypoxia-activated prodrugs require biomarkers for hypoxia, but also for
appropriate activating reductases in tumours, as well as markers of intrinsic sensitivity to the released drug. The field is still evolving and changes in radiation
delivery and the impact of immune-oncology will provide fertile ground for future innovation.
� 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Key words: Hypoxia; hypoxia-activated prodrugs; radiosensitisers; radiotherapy
Statement of Search Strategies Used and
Sources of Information

This overview was based on a sunrise educational pre-
sentation on the topic at the 62nd Annual Radiation
Research Meeting, 2016 and has been updated to reflect
recent developments in the field.
Introduction

Tumour hypoxia is a well-validated target for oncology
drug development, particularly in the context of
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radiotherapy. Five decades of drug discovery have led to few
tangible clinical successes. The failure to capitalise on this
opportunity in the era of ‘targeted therapy’ is an obvious
anomaly. In this overview we examine the argument for
targeting hypoxic tumour cells and explore recent efforts to
develop hypoxic cell sensitisers and hypoxia-activated pro-
drugs (HAPs). We aim to give insight into the challenges and
opportunities presented by this ubiquitous target.
Hypoxia as a Drug Target

Hypoxia is an important element of the tumour micro-
environment and plays an active role in tumour progression
and response to treatment [1,2]. Oxygen supply is diffusion-
limited in small, avascular tumours and is also compro-
mised by disordered and dysfunctional tumour vasculature
in larger tumours [2,3]. This oxygen deficiency is
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exacerbated by increased metabolic demand within tu-
mours, resulting in pathophysiological hypoxia. Identifica-
tion of the molecular signalling pathways mediated by
hypoxia-inducible factors revealed the pernicious influ-
ence of hypoxia [4,5]. Hypoxia plays a role in the suppres-
sion of cell death [6,7], and immune responses [8e10], in
the initiation of angiogenesis [11] and vasculogenesis [12],
in the activation of a glycolytic shift in metabolism [13,14],
and acts to enhance invasion [15] and metastasis [16e18].
Hypoxia also promotes genomic instability through
increased production of reactive oxygen species [19] and
suppression of DNA repair processes [20,21]. The signifi-
cance of hypoxia in resistance to cytotoxic therapy has
driven extensive efforts to modify hypoxia for clinical
benefit [22e26].

Tumour hypoxia is a moving target, both spatially and
temporally, and it is a continuum, with oxygen concentra-
tions varying from about 2e3 mM, where hypoxia-inducible
factors are activated, through to radiobiological hypoxia at
about 0.1 mM and below [27]. Consequently, hypoxia pre-
sents a challenging prescription for drug design. Diffusion-
limited hypoxia exists at some distance (up to 200 mm) from
functional vessels and any potential drug has to diffuse to
these regions [28]. This demand requires balancing lip-
ophilicity with aqueous solubility and metabolic stability
with reactivity, collectively described as extravascular
transport (EVT). These issues were not fully considered in
early drug approaches and poor EVT can compromise effi-
cacy [29e32].

Early efforts focussed on hypoxia modification: frac-
tionated radiation [33], hyperbaric oxygen [34] and carb-
ogen breathing [35]. A range of small molecule approaches
to radiosensitisation were also explored, including sup-
pression of intracellular thiols, radiation-activated cyto-
toxins, halogenated pyrimidine sensitisers, repair inhibitors
and oxygen-mimetic radiosensitisers [23]. Overall, hypoxic
modification provided chequered results [36]; limited by
poor trial design and lack of target selection markers for
patients with hypoxic tumours. Although many individual
trial results failed to provide benefit, when taken together
these interventions were shown to provide improved out-
comes [26]. That tumour hypoxia could be turned to
advantage evolved from the observation of selective toxicity
to hypoxic cells by nitroimidazole radiosensitisers such as
misonidazole and work on the reductive activation of
mitomycin C. As the mechanistic differences between
radiosensitisation and hypoxia-selective cytotoxicity
Fig 1. Radiation generates reactive species, e.g. hydroxyl radical (�OH) from
In the presence of oxygen, or an oxygen-mimetic radiosensitiser (e.g. nimo
DNA strand breaks.
emerged, the concept of hypoxia as a tumour-selective drug
target was soon in vogue [37]. Principally DNA-interactive
cytotoxins, these HAPs were activated by one-electron re-
ductases in the absence of oxygen to selectively kill hypoxic
cells. The concept of hypoxia as a tumour-selective address
has been further elaborated with the use of HAPs to release
molecularly targeted agents.
Radiosensitisers

Hypoxic cells contribute to resistance in radiotherapy
[26,38e41]. Hypoxic cells are two-to three-fold less sensi-
tive to radiation because oxygen is required to convert
radiation-induced DNA radicals to strand breaks (Figure 1)
[42]. The development of oxygen-mimetic nitroimidazole
radiosensitisers was a direct effort to overcome this resis-
tance. They consist of an electron-affinic nitroheterocycle
and a sidechain that modulates the physicochemical and
pharmacokinetic properties [43e45] (Figure 2).

Metronidazole was the prototypic radiosensitiser and is a
weakly electron-affinic 5-nitroimidazole. It was first
administered, as a hypoxic cell sensitiser, in 1973 to patients
requiring large doses (4e10 g) to achieve responses [46]. An
unconventional radiation dose-fractionation regimen was
used to overcome the dose-limiting gastrointestinal toxic
effects of metronidazole [47]. Extensive studies at the Gray
Laboratory led to the identification of the more potent,
electron-affinic misonidazole [43]. Misonidazole showed
promising radiosensitisation in a range of tumour models.
However, delayed peripheral neuropathy limited its efficacy
[46,48e52]. A variety of treatment regimens were explored
to maximise sensitisation while limiting neurotoxicity, thus
making interpretation of results challenging [26,46].

Designing more polar analogues with increased systemic
clearance to minimise neurotoxicity was only partially
successful with the identification of etanidazole [53e55].
Etanidazole displayed excellent activity in tumour models
[53], but failed to provide benefit in head and neck cancer
[56,57] and in prostate cancer [58]. The more polar dor-
anidazole underwent clinical investigation in non-small cell
lung cancer (NSCLC) [59] and pancreatic cancer in
conjunction with intraoperative radiotherapy [60] and dis-
played a small survival advantage [61].

The 5-nitroimidazole nimorazole is a relatively weak
sensitiser [44,62,63], but is well tolerated [64e67]. Nimor-
azole is active in combination with fractionated
water. The reactive species reacts with DNA to produce DNA radicals.
razole), oxidation of the DNA radicals occurs and eventually results in



Fig 2. Selected nitroimidazole radiosensitisers.
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radiotherapy for head and neck squamous cell carcinoma
(HNSCC) [68], but is in use only in Denmark [69]. A retro-
spective analysis of patients with HNSCC undergoing frac-
tionated radiotherapy used a hypoxic gene signature [70] to
identify patients with hypoxic tumours. This study showed
that nimorazole conferred a significant benefit, but only to
patients with hypoxic tumours [71,72]. Nimorazole has
been evaluated in conjunction with accelerated radio-
therapy, but the trial was closed early due to low patient
recruitment [67]. The results suggested treatment benefit
compared with radiotherapy alone, particularly in the
subset of patients with more hypoxic tumours [67]. When
combined with accelerated radiotherapy and weekly
cisplatin, nimorazole was well tolerated [73] and is
currently undergoing evaluation in conjunction with pro-
spective use of the hypoxic gene signature to stratify pa-
tients (NCT01880359). Nimorazole is being evaluated in
combination with intensity-modulated radiotherapy in pa-
tients unsuitable for concomitant chemotherapy or cetux-
imab (NIMRAD, NCT01950689) [74].

Several factors have contributed to the limited success of
radiosensitisers. Their use with fractionated radiotherapy,
where fractionation of the radiation dose is designed to
allow tumour reoxygenation between fractions, reduces the
potential for radiosensitisation [33,75,76]. This requires
administration of radiosensitiser with each fraction of ra-
diation; a schedule that was unachievable for misonidazole
and etanidazole due to cumulative peripheral neurotoxicity
[77,78]. Most importantly, the clinical trials were conducted
without prospectively identifying patients with hypoxic
tumours, despite considerable heterogeneity in the level
and extent of tumour hypoxia between patients [79]. In all
fairness, many of these trials were conducted before the
advent of ‘targeted therapy’ and the demonstration of the
clinical (and commercial) benefit in limiting patient selec-
tion to those with the target. The new clinical trials to
validate prospective use of this hypoxic gene signature with
nimorazole will hopefully encourage others to co-develop
hypoxia biomarkers.
Fig 3. Generalised scheme showing activation of hypoxia-activated prodr
anion, which may be reoxidised by oxygen. In the absence of oxygen, th
fragment or rearrange directly to an active drug. Two-electron reductase
Hypoxia-activated Prodrugs

The demands of drug delivery to target tumour hypoxia
invoke a prodrug approach, where an inert prodrug diffuses
through the extravascular tissue to hypoxic regions before
being activated through a bioreductive ‘trigger’ linked to an
‘effector’ [80,81]. HAPs may be grouped into five chemical
classes: nitroimidazoles, nitrobenzenes, quinones, N-oxides
and metal complexes and these have been reviewed
extensively [22,24,25,81e86]. Our focus is on HAPs
explored in recent clinical studies and the lessons derived
from these studies.

The common mechanistic element across these classes is
the one-electron reduction of the bioreductive trigger by an
obligate one-electron reductase to form a radical anion
(Figure 3). In the presence of oxygen, this radical anion is
reoxidised to the trigger with concomitant formation of
superoxide, which is readily processed by protective
mechanisms [87]. Under hypoxia, the radical anion un-
dergoes further reduction to an active drug that mediates
cellular toxicity, fragments or rearranges to produce a
reactive species or activated drug (effector). A major
shortcoming in this mechanism is that obligate two-
electron reductases may activate the prodrug in an
oxygen-insensitive manner, undermining tumour selec-
tivity. The kinetic balance between the back reaction of the
radical anionwith oxygen and the forward reactions (Path a
or b, Figure 3) provides the basis of hypoxic selectivity. This
balance is influenced by the intrinsic sensitivity of each
radical anion to oxygenwith the KO2 (the Ki for inhibition by
oxygen). The KO2 for nitroimidazole (e.g. evofosfamide) and
nitrobenzene (e.g. PR-104) radical anions are relatively low
at about 0.1 mM O2 [88]. By contrast, aromatic N-oxides (e.g.
tirapazamine; TPZ) have a higher KO2 of about 3 mM [89].
These differences place distinct demands on prodrug
behaviour.

Mitomycin C was the earliest example of a HAP [90,91]
where sequential one-electron reduction by oxidoreduc-
tases could lead to cytotoxic species (Path a, Figure 3)
ugs. Prodrugs are metabolised by one-electron reductases to a radical
e radical anion may: (a) be further reduced to an active drug or (b)
s may also reduce the prodrug in an oxygen-insensitive manner.
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[92,93]. However, oxygen-insensitive two-electron reduc-
tion compromises hypoxic selectivity [94]. Other quinones,
such as porfiromycin [95] and apazaquinone [96,97], were
explored, but provided no clear advantage [97,98].

TPZ (Figure 4) undergoes one-electron reduction to a
radical anion, which is protonated to give an intermediate
TPZ radical [99,100], subsequently rearranging to an oxi-
dising radical (Path b, Figure 3). Despite considerable debate
as to the identity of this species: either hydroxyl radical
[101,102] or benzotriazinyl radical [103e105], the resulting
radical interacts with DNA to form a complex spectrum of
damage, including double-strand breaks (DSB) and clusters
of single-strand breaks [106e109]. Two-electron reduction
leads to the 1-oxide and then the nor-oxide, neither of
which significantly contribute to cytotoxicity. The oxidising
radicals are short lived and do not show a bystander effect,
where activated effectors diffuse to adjacent cells [110,111].
This limitation is offset by a relatively high KO2 allowing TPZ
to kill tumour cells at intermediate hypoxia [89] that may be
most influential in repopulating the tumour after radio-
therapy [112]. TPZ showed significant hypoxic selectivity
in vitro [88,113,114] and in vivo in combination with radia-
tion [115,116] and cisplatin [117].

TPZ displayed activity in advanced NSCLC, in combina-
tion with cisplatin, providing significant increases in
response rates and overall survival compared with cisplatin
alone [118], but was not superior to etoposide combined
with cisplatin [119]. TPZwas also explored in cervical cancer
[120e124]. However, the most informative studies came
from the combination of TPZ and chemoradiotherapy in
HNSCC [125,126]. A phase II study was conducted with 18F-
misonidazole positron emission tomography (PET) imaging
for hypoxia. TPZ, in combination with cisplatin chemo-
radiotherapy, showed a trend for increased locoregional
control and failure-free survival over 5-fluorouracil plus
chemoradiotherapy, but only in patients with hypoxic tu-
mours [125,127,128]. The hypoxia biomarker was not
adopted in the subsequent randomised phase III trial, where
TPZ did not significantly improve overall survival or local
tumour control [126]. Retrospective analyses identified
poor radiotherapy quality control, a trend in favour of TPZ
for time to locoregional failure in treatment compliant pa-
tients [129] and the impact of HPV p16 status [130]. How-
ever, these observations were insufficient to salvage the
future of TPZ and clinical development was halted. Bio-
markers for patient selectionwere ignored with predictable
results. Unfortunately, this clinical failure also reduced in-
terest in second-generation TPZ analogues, such as
Fig 4. Selected hypoxia-
SN30000, where optimisation of EVT [32] and micro-
pharmacokinetic properties [131] led to superior activity in
preclinical studies [109,132e134].

The dinitrobenzamide mustard PR-104 was identified
from a medicinal chemistry programme [135e138] based
on the initial identification of nitroreduction as an elec-
tronic switch for the activation of nitrogen mustards
[139e141]. PR-104 is a phosphate pre-prodrug that is
hydrolysed rapidly by phosphatases, releasing the PR-104
alcohol. This is reduced in a hypoxia-selective manner by
one-electron reductases such as P450 oxidoreductase [142]
and other diflavin reductases [143]. The eventual hydrox-
ylamine and amine products activate the mixed bromo-
mesylate mustard to generate DNA cross-links (Path a,
Figure 3) [144]. PR-104 activation occurs at relatively low
oxygen tensions and this mandates a bystander effect for
effector to diffuse and induce cell death in adjacent cells at
intermediate hypoxia [111,145]. PR-104 showed single-
agent activity and synergistic activity in combination with
radiation and chemotherapy in multiple xenograft models
[146]. Single-agent activity suggested unexpected oxygen-
insensitive activation [147,148] and the aldo-keto reduc-
tase isoform 1C3 (AKR1C3) was identified as the two-
electron reductase responsible [147].

Phase I clinical trials showed dose-limiting haemato-
logical toxicity [149e151], with AKR1C3 expression in
myeloid progenitor cells suggested as a contributor to this
toxicity [152]. An alternative strategy targeting cancers with
high AKR1C3 expression [153e155] was suggested, but as
AKR1C3 is not the sole determinant of PR-104 activity, a
better suite of predictive biomarkers is needed. Although
PR-104 displayed strong activity in combination with
radiotherapy [146], it was developed in combination with
chemotherapy (docetaxel, sorafenib) [156]. Significantly, it
was not developed with a biomarker for hypoxia.

A new nitrobenzamide mustard analogue CP-506, based
on PR-104, but without AKR1C3 sensitivity, has been re-
ported in brief by Convert Pharmaceuticals [157,158]. CP-
506 displays hypoxia-selective killing of triple-negative
breast cancer, lung and pancreatic tumour cells in vitro
and in vivo and also displays a bystander effect. Further
details are awaited with interest.

Threshold Pharmaceuticals extended initial studies of
nitroheterocyclic prodrugs of phosphoramidate mustards
[159,160] to identify evofosfamide (TH-302), a nitro-
imidazole prodrug of bromoisophosphoramidemustard, as a
HAP [161]. Reduction of the 2-nitroimidazole trigger unit
initiates fragmentation and release of the phosphoramide
activated prodrugs.
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mustard (Path b, Figure 3) [162], but the released effector
does not display a bystander effect [163]. Evofosfamide dis-
plays striking hypoxic selectivity in vitro [161,162,164] and
impressive preclinical activity as a single agent [165] or in
combination studies in a variety of tumour xenograft models
[162,166]. Evofosfamide was the subject of a number of
clinical studies, with positive results from two phase II
clinical studies in combination with doxorubicin in soft sar-
coma patients [167] and gemcitabine in pancreatic cancer
patients [168]. These results were not replicated in phase III
registration trials (NCT01746979 and NCT01440088) [169]
and most studies have been terminated. The development
of the PET imaging agent, 18F-HX4, as a biomarker for hyp-
oxia [170,171], and its application with evofosfamide in
conjunction with radiotherapy [172], lagged behind the
development of evofosfamide with chemotherapy. Despite
evidence for activity in combinationwith radiation [172,173],
there was only one (discontinued) clinical trial in combina-
tion with radiotherapy (NCT02598687).
Hypoxia-activated Prodrugs of Molecularly
Targeted Agents

The focus on tumour-selective delivery by HAPs has
recently shifted to include delivery of molecularly targeted
agents for which normal tissue toxicity may be limiting,
especially within the radiation field. Trials assessing the
radiosensitisation of epidermal growth factor receptor
(EGFR) small molecule inhibitors have yielded promising
response data across a range of cancer types. However, their
use has also been associated with substantial toxicity
[174,175].

Tarloxotinib, a 4-nitroimidazole quaternary ammonium
salt of an irreversible EGFR/HER2 inhibitor, was designed to
improve the therapeutic index of EGFR inhibitors through
tumour-selective drug delivery. Tarloxotinib is metabolised
under hypoxic conditions to release a potent EGFR inhibitor,
resulting in hypoxia-selective antiproliferative activity
(Path b, Figure 3). Tarloxotinib was more active than
cetuximab in FaDu HNSCC xenografts and was more active
than afatinib in A431 skin squamous cell carcinoma (SSCC)
xenografts, at clinically relevant doses [176]. Two proof-of-
concept phase II trials were opened by Threshold Pharma-
ceuticals, recruiting patients with EGFR-mutant, T790M-
negative NSCLC [177] and HNSCC and SSCC [178]. Impor-
tantly, baseline measurement of hypoxia using 18F-HX4 PET
imaging was included in both studies and biomarkers for
intrinsic sensitivity were under examination [179]. How-
ever, discontinuation of both trials due to a failure to meet
interim milestones was announced in 2016 [180], but no
results have been formally published.
Prodrugs of DNA Damage Response
Inhibitors

Radiotherapy produces DNA DSB as the principal cyto-
toxic lesions. All cells have highly organised DNA damage
response (DDR) mechanisms to repair DNA damage. Two
principal repair mechanisms deal with DNA DSBs: ho-
mologous recombination repair uses a sister chromatid to
effect high-fidelity repair in S and G2 phases of the cell
cycle, whereas non-homologous end-joining (NHEJ) re-
sults in error-prone rejoining of chromosomes throughout
the cell cycle. These repair mechanisms also engender
resistance to cytotoxic chemotherapy. Loss of function in a
particular DDR pathway may sensitise cancer cells to a
particular cytotoxic drug through the persistence of the
DNA lesions [181]. Therapeutic targeting of the DDR to
augment the activity of cytotoxic chemotherapy and
radiotherapy, and to overcome resistance, has an extensive
history [182e184]. However, targeting the DDR therapeu-
tically in the absence of a synthetic lethality situation
[185,186] may enhance normal tissue toxicity as well as
tumour cell toxicity.

NHEJ has been implicated as the main DSB repair
pathway for radiation-induced damage, as inactivation of
components of NHEJ has been shown to result in radio-
sensitive phenotypes [187e189]. Central to the function of
NHEJ in recognising and repairing DNA DSBs is the
DNAeprotein kinase (DNA-PK) complex. DNA-PK in-
hibitors have shown strong radiosensitisation, both in
cancer cells [190e193] and in xenograft models
[190,191,194]. Two DNA-PK inhibitors (VX984 aka M9831;
M3814 aka nedisertib) are currently in early phase trials,
with nedisertib in combination with radiotherapy
(NCT02516813). However, the extreme radiosensitivity of
SCID mice with inactivating mutations in the DNA-PKcs
gene prkdc [195] shows the inevitability that DNA-PK in-
hibitors will potentiate normal tissue toxicity within the
radiation field [196]. Recent data have shown that although
the combination of nedisertib with radiotherapy provided
improvement in local tumour control in several human
tumour xenograft models (FaDu, MiaPaCa, A549), it also
markedly increased the incidence of radiation-induced
skin toxicity [197].

Several other key targets within the DDR have been the
focus of considerable activity for the development of radi-
osensitisers. Inhibition of ataxia-telangiectasia mutated
(ATM) kinase radiosensitises tumour cells [198e200] and
the ATM inhibitor AZ1390 is being advanced for the treat-
ment of gliomas and brain metastases [201]. One report
noted that mice bearing orthotopic glioblastoma tumours
treated with AZ1390 and whole-head irradiation experi-
enced mucositis, but that treatment with conformal radio-
therapy and AZD1390 did not induce any overt toxicity
[202]. This suggests that normal tissues within the radia-
tion field may be sensitised by ATM inhibition.

The potential for HAPs to provide tumour-selective de-
livery of inhibitors of the DDR, and so improve their thera-
peutic index in combination with radiotherapy, is still at an
early stage. A prototype HAP of a DNA-PK inhibitor was
shown to sensitise hypoxic NCIeH460 cells to radiation [203]
and a new analogue showed effective radiosensitisation of
hypoxic SiHa tumour cells in vivo [204]. Similarly, a proof-of-
concept HAP of checkpoint kinase 1 showed hypoxia-
selective activation and cytotoxicity [205].
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Conclusion and Perspectives

Given that radiosensitisers and HAPs are targeted
therapies and that considerable tumour heterogeneity
exists for hypoxia [79], it is critical for their clinical
development to identify this target prospectively in pa-
tients. HAPs pose an additional challenge; requiring bio-
markers for not only hypoxia, but also the activating
reductases for the prodrug and intrinsic sensitivity to the
effector. Although a plethora of biomarkers for hypoxia
have been explored [206], a lack of consensus has hindered
the clinical development of radiosensitisers and HAPs.
Recent working group guidelines on future clinical
research on radiosensitisers have highlighted the impor-
tance of biomarkers [207e209]. The failure to use a
biomarker for hypoxia in the phase III trials of TPZ
contributed to its clinical failure. By contrast, the use of a
hypoxic gene signature, even retrospectively, was critical
in the success of nimorazole in HNSCC.

Changes in radiation fractionation, such as stereotactic
body radiotherapy, where there is less opportunity for
reoxygenation [210,211], may provide new opportunities
for new oxygen-mimetic radiosensitisers [212].

Clearly, the use of immune checkpoint inhibitors is
transforming cancer therapy including radiotherapy [213].
Initial observations of radiotherapy-stimulated immune
responses [214e216] are now being consolidated, with the
combination of anti-CTLA-4 agents [217e220] or anti-PD-L1
agents [219,221] with radiotherapy. Numerous trials
exploring the use of anti-CTLA-4 and anti-PD-1/PD-L1
agents in HNSCC are ongoing and the recent US acceler-
ated approval of pembrolizumab in platinum-refractory
recurrent/metastatic HNSCC illustrates the changing clin-
ical landscape [222]. However, subpopulations of cells will
remain resistant to this combined therapy for a variety of
factors, including hypoxia and non-redundant checkpoint
mechanisms [10,218]. It is clear that the addition of agents
that eliminate hypoxic cells can be complementary with T-
cell checkpoint blockade [223].

Tumour hypoxia remains a well-validated oncology
target, with new agents under development and an
evolution in strategy, moving from prodrugs of cyto-
toxins to molecularly targeted agents. Clear lessons from
past campaigns have highlighted the need to address
tumour micropharmacokinetics and EVT for prodrugs
and effectors. It is critically important to use biomarkers
not only for hypoxia, but also for the activating re-
ductases and for intrinsic sensitivity to the release
effector. The changing landscape of radiotherapy and
(radio) immuno-oncology provides new opportunities for
hypoxia targeting.
Conflict of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
Acknowledgements

The authors acknowledge support from the Cancer So-
ciety of New Zealand (14/17) and the Health Research
Council of New Zealand (16/120), the Auckland Medical
Research Foundation (1117020).

References

[1] Dhani N, Fyles A, Hedley D, Milosevic M. The clinical signif-
icance of hypoxia in human cancers. Semin Nucl Med 2015;
45:110e121.

[2] Vaupel P, Mayer A. Hypoxia in cancer: significance and
impact on clinical outcome. Cancer Metastasis Rev 2007;26:
225e239.

[3] Dewhirst MW, Cao Y, Moeller B. Cycling hypoxia and free
radicals regulate angiogenesis and radiotherapy response.
Nat Rev Cancer 2008;8:425e437.

[4] Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev
Cancer 2003;3:721e732.

[5] Semenza GL. Hypoxia and cancer. Cancer Metastasis Rev
2007;26:223e224.

[6] Graeber TG, Osmanian C, Jacks T, Housman DE, Koch CJ,
Lowe SW, et al. Hypoxia-mediated selection of cells with
diminished apoptotic potential in solid tumours. Nature
1996;379:88e91.

[7] Erler JT, Cawthorne CJ, Williams KJ, Koritzinsky M,
Wouters BG, Wilson C, et al. Hypoxia-mediated down-
regulation of Bid and Bax in tumors occurs via hypoxia-
inducible factor 1-dependent and -independent mecha-
nisms and contributes to drug resistance. Mol Cell Biol 2004;
24:2875e2889.

[8] Yotnda P, Wu D, Swanson AM. Hypoxic tumours and their
effect on immune cells and cancer therapy. Methods Mol Biol
2010;651:1e29.

[9] Labiano S, Palazon A, Melero I. Immune response regulation
in the tumor microenvironment by hypoxia. Semin Oncol
2015;42:378e386.

[10] Chouaib S, Noman MZ, Kosmatopoulos K, Curran MA. Hyp-
oxic stress: obstacles and opportunities for innovative
immunotherapy of cancer. Oncogene 2017;36:439e445.

[11] Gnarra JR, Zhou S, Merrill MJ, Wagner JR, Krumm A,
Papavassiliou E, et al. Post-transcriptional regulation of
vascular endothelial growth factor mRNA by the product of
the VHL tumor suppressor gene. Proc Natl Acad Sci USA 1996;
93:10589e10594.

[12] Kioi M, Vogel H, Schultz G, Hoffman RM, Harsh GR,
Brown JM. Inhibition of vasculogenesis, but not angiogen-
esis, prevents the recurrence of glioblastoma after irradia-
tion in mice. J Clin Invest 2010;120:694e705.

[13] Semenza GL. HIF-1: upstream and downstream of cancer
metabolism. Curr Opin Genet Dev 2010;20:51e56.

[14] Cairns RA, Harris IS, Mak TW. Regulation of cancer cell
metabolism. Nat Rev Cancer 2011;11:85e95.

[15] Pennacchietti S, Michieli P, Galluzzo M, Mazzone M,
Giordano S, Comoglio PM. Hypoxia promotes invasive
growth by transcriptional activation of the met proto-
oncogene. Cancer Cell 2003;3:347e361.

[16] Hill RP, Marie-Egyptienne DT, Hedley DW. Cancer stem cells,
hypoxia and metastasis. Semin Radiat Oncol 2009;19:106e111.

[17] Chang Q, Jurisica I, Do T, Hedley DW. Hypoxia predicts
aggressive growth and spontaneous metastasis formation

http://refhub.elsevier.com/S0936-6555(19)30078-0/sref1
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref1
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref1
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref1
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref2
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref2
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref2
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref2
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref3
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref3
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref3
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref3
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref4
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref4
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref4
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref5
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref5
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref5
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref6
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref6
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref6
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref6
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref6
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref7
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref7
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref7
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref7
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref7
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref7
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref7
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref8
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref8
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref8
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref8
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref9
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref9
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref9
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref9
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref10
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref10
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref10
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref10
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref11
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref11
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref11
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref11
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref11
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref11
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref12
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref12
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref12
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref12
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref12
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref13
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref13
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref13
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref14
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref14
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref14
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref15
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref15
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref15
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref15
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref15
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref16
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref16
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref16
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref17
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref17


R.K. Jackson et al. / Clinical Oncology 31 (2019) 290e302296
from orthotopically grown primary xenografts of human
pancreatic cancer. Cancer Res 2011;71:3110e3120.

[18] Mujcic H, Hill RP, Koritzinsky M, Wouters BG. Hypoxia
signaling and the metastatic phenotype. Curr Mol Med 2014;
14:565e579.

[19] Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD, et al.
Mitochondrial complex III is required for hypoxia-induced
ROS production and cellular oxygen sensing. Cell Metab
2005;1:401e408.

[20] Bristow RG, Hill RP. Hypoxia, DNA repair and genetic insta-
bility. Nat Rev Cancer 2008;8:180e192.

[21] Scanlon SE, Glazer PM. Multifaceted control of DNA repair
pathways by the hypoxic tumor microenvironment. DNA
Repair 2015;32:180e189.

[22] Wilson WR, Hay MP. Targeting hypoxia in cancer therapy.
Nat Rev Cancer 2011;11:393e410.

[23] Wardman P. Chemical radiosensitizers for use in radio-
therapy. Clin Oncol 2007;19:397e417.

[24] Phillips RM. Targeting the hypoxic fraction of tumours using
hypoxia-activated prodrugs. Cancer Chemother Pharmacol
2016;77:441e457.

[25] Mistry IN, Thomas M, Calder EDD, Conway SJ, Hammond EM.
Clinical advances of hypoxia-activated prodrugs in combi-
nation with radiation therapy. Int J Radiat Oncol Biol Phys
2017;98:1183e1196.

[26] Overgaard J. Hypoxic modification of radiotherapy in
squamous cell carcinoma of the head and neck e a sys-
tematic review and meta-analysis. Radiother Oncol 2011;
100:22e32.

[27] McKeown SR. Defining normoxia, physoxia and hypoxia in
tumours e implications for treatment response. Br J Radiol
2014;87:20130676.

[28] Minchinton AI, Tannock IF. Drug penetration in solid tu-
mours. Nat Rev Cancer 2006;6:583e592.

[29] Durand RE, Olive PL. Evaluation of bioreductive drugs in
multicell spheroids. Int J Radiat Oncol Biol Phys 1992;22:
689e692.

[30] Durand RE, Olive PL. Physiologic and cytotoxic effects of
tirapazamine in tumor-bearing mice. Radiat Oncol Investig
1997;5:213e219.

[31] Hicks KO, Pruijn FB, Sturman JR, Denny WA, Wilson WR.
Multicellular resistance to tirapazamine is due to restricted
extravascular transport: a pharmacokinetic/pharmacody-
namic study in HT29 multicellular layer cultures. Cancer Res
2003;63:5970e5977.

[32] Hicks KO, Pruijn FB, Secomb TW, Hay MP, Hsu R, Brown JM,
et al. Use of three-dimensional tissue cultures to model
extravascular transport and predict in vivo activity of
hypoxia-targeted anticancer drugs. J Natl Cancer Inst 2006;
98:1118e1128.

[33] Kallman RF, Dorie MJ. Tumor oxygenation and reoxygenation
during radiation therapy: their importance in predicting
tumor response. Int J Rad Oncol Biol Phys 1986;12:681e685.

[34] Bennett MH, Feldmeier J, Smee R, Milross C. Hyperbaric
oxygenation for tumour sensitisation to radiotherapy.
Cochrane Database Syst Rev 2012;4:CD005007. https://doi.
org/10.1002/14651858.CD005007.pub3.

[35] Kaanders JH, Bussink J, van der Kogel AJ. ARCON: a novel
biology-based approach in radiotherapy. Lancet Oncol 2002;
3:728e737.

[36] Overgaard J. Hypoxic radiosensitization: adored and ignored.
J Clin Oncol 2007;25:4066e4074.

[37] Workman P, Stratford IJ. The experimental development of
bioreductive drugs and their role in cancer therapy. Cancer
Metastasis Rev 1993;12:73e82.
[38] Fyles A, Milosevic M, Hedley D, Pintilie M, Levin W,
Manchul L, et al. Tumor hypoxia has independent predictor
impact only in patients with node-negative cervix cancer.
J Clin Oncol 2002;20:680e687.

[39] Nordsmark M, Bentzen SM, Rudat V, Brizel D, Lartigau E,
Stadler P, et al. Prognostic value of tumor oxygenation in 397
head and neck tumors after primary radiation therapy. An
international multi-center study. Radiother Oncol 2005;77:
18e24.

[40] Koukourakis MI, Bentzen SM, Giatromanolaki A, Wilson GD,
Daley FM, Saunders MI, et al. Endogenous markers of two
separate hypoxia response pathways (hypoxia inducible
factor 2 alpha and carbonic anhydrase 9) are associated with
radiotherapy failure in head and neck cancer patients
recruited in the CHART randomized trial. J Clin Oncol 2006;
24:727e735.

[41] Evans SM, Du KL, Chalian AA, Mick R, Zhang PJ, Hahn SM,
et al. Patterns and levels of hypoxia in head and neck squa-
mous cell carcinomas and their relationship to patient
outcome. Int J Radiat Oncol Biol Phys 2007;69:1024e1031.

[42] von Sonntag C. The chemical basis of radiation biology. Ox-
ford: Taylor & Francis; 1987.

[43] Adams GE, Dische S, Fowler JF, Thomlinson RH. Hypoxic cell
sensitisers in radiotherapy. Lancet 1976;307:186e188.

[44] Adams GE, Flockhart IR, Smithen CE, Stratford IJ, Wardman P,
Watts ME. Electron-affinic sensitization. VII. A correlation
between structures, one-electron reduction potentials, and
efficiencies of nitroimidazoles as hypoxic cell radio-
sensitizers. Radiat Res 1976;67:9e20.

[45] Brown JM, Workman P. Partition coefficient as a guide to the
development of radiosensitizers which are less toxic than
misonidazole. Radiat Res 1980;82:171e190.

[46] Dische S. Chemical sensitisers for hypoxic cells: a decade of
experience in clinical radiotherapy. Radiother Oncol 1985;3:
97e115.

[47] Urtasun RC, Band P, Chapman JD, Feldstein ML, Mielke B,
Fryer C. Radiation and high dose metronidazole in supra-
tentorial glioblastomas. N Eng J Med 1976;294:1364e1367.

[48] Fazekas J, Pajak TF, Wasserman T, Marcial V, Davis L,
Kramer S, et al. Failure of misonidazole-sensitized radio-
therapy to impact upon outcome among stage IIIeIV squa-
mous cancers of the head and neck. Int J Radiat Oncol Biol
Phys 1987;13:1155e1160.

[49] Urtasun R, Feldstein ML, Partington J, Tanasichuk H,
Miller JD, Russell DB, et al. Radiation and nitroimidazoles in
supratentorial high grade gliomas: a second clinical trial. Br J
Cancer 1982;46:101e108.

[50] Brown JM. Clinical trials of radiosensitizers: what should we
expect? Int J Radiat Oncol Biol Phys 1984;10:425e429.

[51] Saunders M, Dische S. Clinical results of hypoxic cell radio-
sensitisation from hyperbaric oxygen to accelerated radio-
therapy, carbogen and nicotinamide. Br J Cancer 1996;27:
S271eS278.

[52] Grigsby PW, Winter K, Wasserman TH, Marcial V, Rotman M,
Cooper J, et al. Irradiation with or without misonidazole for
patients with stages IIIB and IVA carcinoma of the cervix:
final results of RTOG 80-05. Radiation Therapy Oncology
Group. Int J Radiat Oncol Biol Phys 1999;44:513e517.

[53] Brown JM, Yu NY, Brown DM, Lee WW. SR-2508: a 2-
nitroimidazole amide which should be superior to misoni-
dazole as a radiosensitizer for clinical use. Int J Radiat Oncol
Biol Phys 1981;7:695e703.

[54] Workman P, Brown JM. Structureepharmacokinetic re-
lationships for misonidazole analogues in mice. Cancer
Chemother Pharmacol 1981;6:39e49.

http://refhub.elsevier.com/S0936-6555(19)30078-0/sref17
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref17
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref17
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref18
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref18
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref18
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref18
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref19
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref19
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref19
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref19
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref19
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref20
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref20
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref20
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref21
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref21
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref21
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref21
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref22
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref22
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref22
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref23
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref23
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref23
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref24
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref24
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref24
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref24
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref25
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref25
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref25
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref25
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref25
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref26
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref26
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref26
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref26
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref26
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref26
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref27
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref27
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref27
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref27
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref28
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref28
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref28
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref29
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref29
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref29
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref29
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref30
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref30
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref30
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref30
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref31
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref31
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref31
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref31
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref31
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref31
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref32
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref32
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref32
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref32
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref32
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref32
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref33
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref33
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref33
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref33
https://doi.org/10.1002/14651858.CD005007.pub3
https://doi.org/10.1002/14651858.CD005007.pub3
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref35
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref35
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref35
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref35
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref36
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref36
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref36
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref37
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref37
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref37
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref37
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref38
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref38
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref38
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref38
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref38
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref39
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref39
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref39
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref39
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref39
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref39
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref40
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref40
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref40
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref40
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref40
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref40
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref40
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref40
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref41
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref41
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref41
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref41
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref41
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref42
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref42
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref43
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref43
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref43
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref44
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref44
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref44
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref44
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref44
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref44
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref45
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref45
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref45
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref45
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref46
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref46
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref46
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref46
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref47
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref47
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref47
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref47
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref48
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref48
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref48
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref48
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref48
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref48
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref48
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref49
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref49
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref49
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref49
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref49
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref50
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref50
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref50
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref51
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref51
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref51
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref51
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref51
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref52
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref52
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref52
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref52
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref52
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref52
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref53
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref53
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref53
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref53
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref53
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref54
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref54
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref54
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref54
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref54


R.K. Jackson et al. / Clinical Oncology 31 (2019) 290e302 297
[55] Wasserman TH, Lee DJ, Cosmatos D, Coleman N, Phillips T,
Davis L, et al. Clinical trials with etanidazole (SR-2508) by
the Radiation Therapy Oncology Group (RTOG). Radiother
Oncol 1991;20(Suppl. 1):129e135.

[56] Lee DJ, Cosmatos D, Marcial VA, Fu KK, Rotman M, Cooper JS,
et al. Results of an RTOG phase III trial (RTOG 85-27)
comparing radiotherapy plus etanidazole with radiotherapy
alone for locally advanced head and neck carcinomas. Int J
Radiat Oncol Biol Phys 1995;32:567e576.

[57] Eschwege F, Sancho-Garnier H, Chassagne D, Brisgand D,
Guerra M, Malaise EP, et al. Results of a European random-
ized trial of etanidazole combined with radiotherapy in head
and neck carcinomas. Int J Radiat Oncol Biol Phys 1997;39:
275e281.

[58] Lawton CA, Coleman CN, Buzydlowski JW, Forman JD,
Marcial VA, DelRowe JD, et al. Results of a phase II trial of
external beam radiation with etanidazole (SR 2508) for
the treatment of locally advanced prostate cancer (RTOG
protocol 90-20). Int J Radiat Oncol Biol Phys 1996;36:
673e680.

[59] Nishimura Y, Nakagawa K, Takeda K, Tanaka M, Segawa Y,
Tsujino K, et al. Phase I/II trial of sequential chemo-
radiotherapy using a novel hypoxic cell radiosensitizer,
doranidazole (PR-350), in patients with locally advanced
non-small-cell lung cancer (WJTOG-0002). Int J Radiat Oncol
Biol Phys 2007;69:786e792.

[60] Sunamura M, Karasawa K, Okamoto A, Ogata Y, Nemoto K,
Hosotani R, et al. Phase III trial of radiosensitizer PR-350
combined with intraoperative radiotherapy for the treat-
ment of locally advanced pancreatic cancer. Pancreas 2004;
28:330e334.

[61] Karasawa K, Sunamura M, Okamoto A, Nemoto K, Matsuno S,
Nishimura Y, et al. Efficacy of novel hypoxic cell sensitiser
doranidazole in the treatment of locally advanced pancreatic
cancer: long-term results of a placebo-controlled rando-
mised study. Radiother Oncol 2008;87:326e330.

[62] Adams GE, Clarke ED, Flockhart IR, Jacobs RS, Sehmi DS,
Stratford IJ, et al. Structureeactivity relationships in the
development of hypoxic cell radiosensitizers. I. Sensitization
efficiency. Int J Radiat Biol Relat Stud Phys Chem Med 1979;35:
133e150.

[63] Adams GE, Clarke ED, Gray P, Jacobs RS, Stratford IJ,
Wardman P, et al. Structure-activity relationships in the
development of hypoxic cell radiosensitizers. II. Cytotoxicity
and therapeutic ratio. Int J Radiat Biol Relat Stud Phys Chem
Med 1979;35:151e160.

[64] Overgaard J, Overgaard M, Nielsen OS, Pedersen AK,
Timothy AR. A comparative investigation of nimorazole and
misonidazole as hypoxic radiosensitizers in a C3H mammary
carcinoma in vivo. Br J Cancer 1982;46:904e911.

[65] Overgaard J, Overgaard M, Timothy AR. Studies of the
pharmacokinetic properties of nimorazole. Br J Cancer 1983;
48:27e34.

[66] Timothy AR, Overgaard J, Overgaard M. A phase I clinical
study of nimorazole as a hypoxic radiosensitizer. Int J Radiat
Oncol Biol Phys 1984;10:1765e1768.

[67] Hassan Metwally MA, Ali R, Kuddu M, Shouman T, Strojan P,
Iqbal K, et al. IAEA-HypoX. A randomized multicenter study
of the hypoxic radiosensitizer nimorazole concomitant with
accelerated radiotherapy in head and neck squamous cell
carcinoma. Radiother Oncol 2015;116:15e20.

[68] Overgaard J, Hansen HS, Overgaard M, Bastholt L,
Berthelsen A, Specht L, et al. A randomized double-blind
phase III study of nimorazole as a hypoxic radiosensitizer
of primary radiotherapy in supraglottic larynx and pharynx
carcinoma. Results of the Danish Head and Neck Cancer
Study (DAHANCA) Protocol 5-85. Radiother Oncol 1998;46:
135e146.

[69] Horsman MR, Bohm L, Margison GP, Milas L, Rosier J-F,
Safrany G, et al. Tumor radiosensitizersdcurrent status of
development of various approaches: report of an Interna-
tional Atomic Energy Agency meeting. Int J Radiat Oncol Biol
Phys 2006;64:551e561.

[70] Toustrup K, Sorensen BS, Nordsmark M, Busk M, Wiuf C,
Alsner J, et al. Development of a hypoxia gene expression
classifier with predictive impact for hypoxic modification of
radiotherapy in head and neck cancer. Cancer Res 2011;71:
5923e5931.

[71] Toustrup K, Sorensen BS, Lassen P, Wiuf C, Alsner J,
Overgaard J. Gene expression classifier predicts for hypoxic
modification of radiotherapy with nimorazole in squamous
cell carcinomas of the head and neck. Radiother Oncol 2012;
102:122e129.

[72] Toustrup K, Sorensen BS, Alsner J, Overgaard J. Hypoxia gene
expression signatures as prognostic and predictive markers
in head and neck radiotherapy. Semin Radiat Oncol 2012;22:
119e127.

[73] Bentzen J, Toustrup K, Eriksen JG, Primdahl H, Andersen LJ,
Overgaard J. Locally advanced head and neck cancer treated
with accelerated radiotherapy, the hypoxic modifier nimor-
azole and weekly cisplatin. Results from the DAHANCA 18
phase II study. Acta Oncol 2015;54:1001e1007.

[74] Thomson D, Yang H, Baines H, Miles E, Bolton S, West C, et al.
NIMRAD: a phase III trial to investigate the use of nimorazole
hypoxia modification with intensity-modulated radio-
therapy in head and neck cancer. Clin Oncol 2014;26:
344e347.

[75] Kallman RF. The phenomenon of reoxygenation and its im-
plications for fractionated radiotherapy. Radiology 1972;105:
135e142.

[76] Hill RP. Sensitizers and radiation dose fractionation: results
and interpretations. Int J Radiat Oncol Biol Phys 1986;12:
1049e1054.

[77] Coleman CN, Urtasun RC, Wasserman TH, Hancock S,
Harris JW, Haley J, et al. Initial report of the phase I trial of
the hypoxic cell radiosensitiser SR2508. Int J Radiat Oncol Biol
Phys 1984;10:1749e1753.

[78] Coleman CN, Halsey J, Cox RS, Hirst VK, Blaschke T,
Howes AE, et al. Relationship between the neurotoxicity of
the hypoxic cell radiosensitizer SR 2508 and the pharma-
cokinetic profile. Cancer Res 1987;47:319e322.

[79] Hoogsteen IJ, Lok J, Marres HA, Takes RP, Rijken PF, van der
Kogel AJ, et al. Hypoxia in larynx carcinomas assessed by
pimonidazole binding and the value of CA-IX and vascularity
as surrogate markers of hypoxia. Eur J Cancer 2009;45:
2906e2914.

[80] Denny WA, Wilson WR, Hay MP. Recent developments in the
design of bioreductive drugs. Br J Cancer 1996;74(Suppl.
XXVII):S32eS38.

[81] Denny WA. The role of hypoxia-activated prodrugs in cancer
therapy. Lancet Oncol 2000;1:25e29.

[82] Brown JM, Wilson WR. Exploiting tumor hypoxia in cancer
treatment. Nat Rev Cancer 2004;4:437e447.

[83] Denny WA. Hypoxia-activated anticancer drugs. Expert Opin
Therapeut Pat 2005;15:635e646.

[84] Chen Y, Hu L. Design of anticancer prodrugs for reductive
activation. Med Res Rev 2009;29:29e64.

[85] Hay MP, Hicks KO, Wang J. Hypoxia-directed drug strategies
to target the tumor microenvironment. Adv Exp Med Biol
2014;772:111e145.

http://refhub.elsevier.com/S0936-6555(19)30078-0/sref55
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref55
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref55
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref55
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref55
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref56
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref56
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref56
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref56
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref56
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref56
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref57
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref57
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref57
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref57
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref57
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref57
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref58
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref58
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref58
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref58
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref58
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref58
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref58
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref59
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref59
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref59
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref59
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref59
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref59
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref59
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref60
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref60
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref60
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref60
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref60
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref60
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref61
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref61
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref61
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref61
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref61
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref61
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref62
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref62
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref62
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref62
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref62
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref62
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref62
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref63
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref63
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref63
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref63
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref63
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref63
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref64
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref64
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref64
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref64
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref64
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref65
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref65
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref65
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref65
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref66
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref66
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref66
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref66
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref67
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref67
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref67
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref67
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref67
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref67
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref68
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref68
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref68
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref68
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref68
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref68
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref68
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref68
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref69
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref69
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref69
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref69
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref69
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref69
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref69
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref70
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref70
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref70
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref70
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref70
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref70
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref71
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref71
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref71
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref71
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref71
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref71
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref72
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref72
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref72
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref72
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref72
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref73
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref73
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref73
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref73
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref73
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref73
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref74
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref74
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref74
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref74
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref74
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref74
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref75
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref75
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref75
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref75
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref76
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref76
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref76
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref76
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref77
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref77
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref77
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref77
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref77
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref78
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref78
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref78
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref78
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref78
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref79
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref79
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref79
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref79
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref79
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref79
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref80
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref80
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref80
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref80
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref81
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref81
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref81
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref82
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref82
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref82
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref83
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref83
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref83
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref84
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref84
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref84
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref85
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref85
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref85
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref85


R.K. Jackson et al. / Clinical Oncology 31 (2019) 290e302298
[86] Hunter FW, Wouters BG, Wilson WR. Hypoxia-activated
prodrugs: paths forward in the era of personalised medicine.
Br J Cancer 2016;114:1071e1077.

[87] Mason RP, Holtzman JL. The role of catalytic superoxide
formation in the O2 inhibition of nitroreductase. Biochem
Biophys Res Commun 1975;67:1267e1274.

[88] Koch CJ. Unusual oxygen concentration dependence of
toxicity of SR-4233, a hypoxic cell toxin. Cancer Res 1993;53:
3992e3997.

[89] Hicks KO, Siim BG, Pruijn FB, Wilson WR. Oxygen depen-
dence of the metabolic activation and cytotoxicity of tira-
pazamine: implications for extravascular transport and
activity in tumors. Radiat Res 2004;161:656e666.

[90] Schwartz HS, Sodergren JE, Philips FS. Mitomycin C: chemi-
cal and biological studies on alkylation. Science 1963;142:
1181e1183.

[91] Iyer VN, Szybalski W. Mitomycins and porfiromycins:
chemical mechanism of activation and cross-linking of DNA.
Science 1964;145:55e58.

[92] Bachur NR, Gordon SL, Gee MV. A general mechanism for
microsomal activation of quinone anticancer agents to free
radicals. Cancer Res 1978;38:1745e1750.

[93] Kennedy KA, Rockwell S, Sartorelli AC. Preferential activation
of mitomycin C to cytotoxic metabolites by hypoxic tumor
cells. Cancer Res 1980;40:2356e2360.

[94] Bailey SM, Wyatt MD, Friedlos F, Hartley JA, Knox RJ,
Lewis AD, et al. Involvement of DT-diaphorase (EC 1.6.99.2)
in the DNA cross-linking and sequence selectivity of the
bioreductive anti-tumour agent EO9. Br J Cancer 1997;76:
1596e1603.

[95] Rockwell S, Keyes SR, Sartorelli AC. Preclinical studies of
porfiromycin as an adjunct to radiotherapy. Radiat Res 1988;
116:100e113.

[96] Hendriks HR, Pizao PE, Berger DP, Kooistra KL, Bibby MC,
Boven E, et al. EO9: a novel bioreductive alkylating indolo-
quinone with preferential solid tumour activity and lack of
bone marrow toxicity in preclinical models. Eur J Cancer
1993;29A:897e906.

[97] Phillips RM, Hendriks HR, Peters GJ. EO9 (Apaziquone): from
the clinic to the laboratory and back again. Br J Pharmacol
2013;168:11e18.

[98] Haffty BG, Wilson LD, Son YH, Cho EI, Papac RJ, Fischer DB,
et al. Concurrent chemo-radiotherapy with mitomycin C
compared with porfiromycin in squamous cell cancer of the
head and neck: final results of a randomized clinical trial. Int
J Radiat Oncol Biol Phys 2005;61:119e128.

[99] Baker MA, Zeman EM, Hirst VK, Brown JM. Metabolism of SR
4233 by Chinese hamster ovary cells: basis of selective
hypoxic cytotoxicity. Cancer Res 1988;48:5947e5952.

[100] Laderoute K, Wardman P, Rauth AM. Molecular mechanisms
for the hypoxia-dependent activation of 3-amino-1,2,4-
benzotriazine-1,4-dioxide (SR 4233). Biochem Pharmacol
1988;37:1487e1495.

[101] Daniels JS, Gates KS. DNA cleavage by the antitumor agent 3-
amino-1,2,4-benzotriazine 1,4-dioxide (SR4233): evidence
for involvement of hydroxyl radical. J Am Chem Soc 1996;118:
3380e3385.

[102] Chowdhury G, Junnotula V, Daniels JS, Greenberg MM,
Gates KS. DNA strand damage product analysis provides
evidence that the tumor cell-specific cytotoxin tirapazamine
produces hydroxyl radical and acts as a surrogate for O(2).
J Am Chem Soc 2007;129:12870e12877.

[103] Anderson RF, Shinde SS, Hay MP, Gamage SA, Denny WA.
Activation of 3-amino-1,2,4-benzotriazine 1,4-dioxide
antitumor agents to oxidizing species following their one-
electron reduction. J Am Chem Soc 2003;125:748e756.

[104] Shinde SS, Hay MP, Patterson AV, Denny WA, Anderson RF.
Spin trapping of radicals other than the *OH radical upon
reduction of the anticancer agent tirapazamine by cyto-
chrome P450 reductase. J Am Chem Soc 2009;131:
14220e14221.

[105] Shinde SS, Maroz A, Hay MP, Patterson AV, Denny WA,
Anderson RF. Characterization of radicals formed following
enzymatic reduction of 3-substituted analogues of the
hypoxia-selective cytotoxin 3-amino-1,2,4-benzotriazine
1,4-dioxide (tirapazamine). J Am Chem Soc 2010;132:
2591e2599.

[106] Olive PL, Vikse CM, Banath JP. Use of the comet assay to
identify cells sensitive to tirapazamine in multicell spheroids
and tumors in mice. Cancer Res 1996;56:4460e4463.

[107] Siim BG, van Zijl PL, Brown JM. Tirapazamine-induced DNA
damage measured using the comet assay correlates with
cytotoxicity towards hypoxic tumour cells in vitro. Br J Cancer
1996;73:952e960.

[108] Olive PL, Banath JP, Sinnott LT. Phosphorylated histone H2AX
in spheroids, tumors, and tissues of mice exposed to eto-
poside and 3-amino-1,2,4-benzotriazine-1,3-dioxide. Cancer
Res 2004;64:5363e5369.

[109] Wang J, Foehrenbacher A, Su J, Patel R, Hay MP, Hicks KO,
et al. The 2-nitroimidazole EF5 is a biomarker for oxidore-
ductases that activate bioreductive prodrug CEN-209 under
hypoxia. Clin Cancer Res 2012;18:1684e1695.

[110] Wilson WR, Hicks KO, Pullen SM, Ferry DM, Helsby NA,
Patterson AV. Bystander effects of bioreductive drugs: po-
tential for exploiting pathological tumor hypoxia with dini-
trobenzamide mustards. Radiat Res 2007;167:625e636.

[111] Hicks KO, Myint H, Patterson AV, Pruijn FB, Siim BG, Patel K,
et al. Oxygen dependence and extravascular transport of
hypoxia-activated prodrugs: comparison of the dini-
trobenzamide mustard PR-104A and tirapazamine. Int J
Radiat Oncol Biol Phys 2007;69:560e571.

[112] Wouters BG, Brown JM. Cells at intermediate oxygen levels
can be more important than the “hypoxic fraction” in
determining tumor response to fractionated radiotherapy.
Radiat Res 1997;147:541e550.

[113] Zeman EM, Baker MA, Lemmon MJ, Pearson CI, Adams JA,
Brown JM, et al. Structure-activity relationships for benzo-
triazine di-N-oxides. Int J Radiat Oncol Biol Phys 1989;16:
977e981.

[114] Hay MP, Gamage SA, Kovacs MS, Pruijn FB, Anderson RF,
Patterson AV, et al. Structureeactivity relationships of 1,2,4-
benzotriazine 1,4-dioxides as hypoxia-selective analogues of
tirapazamine. J Med Chem 2003;46:169e182.

[115] Zeman EM, Hirst VK, Lemmon MJ, Brown JM. Enhancement
of radiation-induced tumor cell killing by the hypoxic cell
toxin SR 4233. Radiother Oncol 1988;12:209e218.

[116] Brown JM, Lemmon MJ. Potentiation by the hypoxic cyto-
toxin SR 4233 of cell killing produced by fractionated
irradiation of mouse tumors. Cancer Res 1990;50:
7745e7749.

[117] Dorie MJ, Brown JM. Tumor-specific, schedule-dependent
interaction between tirapazamine (SR 4233) and cisplatin.
Cancer Res 1993;53:4633e4636.

[118] Von Pawel J, Von Roemeling R, Gatzemeier U, Boyer M,
Elisson LO, Clark P, et al. Tirapazamine plus cisplatin versus
cisplatin in advanced nonsmall-cell lung cancer: a report of
the International CATAPULT I Study Group. J Clin Oncol 2000;
18:1351e1359.

http://refhub.elsevier.com/S0936-6555(19)30078-0/sref86
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref86
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref86
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref86
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref87
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref87
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref87
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref87
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref88
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref88
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref88
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref88
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref89
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref89
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref89
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref89
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref89
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref90
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref90
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref90
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref90
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref91
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref91
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref91
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref91
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref92
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref92
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref92
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref92
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref93
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref93
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref93
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref93
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref94
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref94
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref94
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref94
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref94
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref94
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref95
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref95
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref95
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref95
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref96
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref96
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref96
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref96
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref96
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref96
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref97
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref97
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref97
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref97
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref98
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref98
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref98
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref98
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref98
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref98
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref99
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref99
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref99
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref99
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref100
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref100
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref100
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref100
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref100
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref101
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref101
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref101
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref101
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref101
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref102
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref102
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref102
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref102
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref102
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref102
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref103
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref103
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref103
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref103
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref103
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref104
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref104
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref104
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref104
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref104
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref104
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref105
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref105
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref105
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref105
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref105
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref105
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref105
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref106
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref106
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref106
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref106
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref107
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref107
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref107
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref107
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref107
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref108
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref108
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref108
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref108
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref108
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref109
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref109
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref109
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref109
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref109
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref110
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref110
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref110
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref110
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref110
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref111
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref111
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref111
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref111
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref111
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref111
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref112
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref112
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref112
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref112
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref112
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref113
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref113
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref113
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref113
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref113
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref114
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref114
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref114
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref114
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref114
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref114
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref115
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref115
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref115
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref115
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref116
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref116
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref116
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref116
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref116
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref117
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref117
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref117
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref117
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref118
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref118
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref118
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref118
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref118
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref118


R.K. Jackson et al. / Clinical Oncology 31 (2019) 290e302 299
[119] Shepherd F, Koschel G, von Pawel J, Gatzmeier U, van
Zandwiyk N, Woll P, et al. Comparison of Tirazone (tirapaz-
amine) and cisplatin vs. etoposide and cisplatin in advanced
non-small cell lung cancer (NSCLC): final results of the in-
ternational phase III CATAPULT II Trial. Lung Cancer 2000;
29(Suppl. 1):28:(abstract no. 87).

[120] Aghajanian C, Brown C, O’Flaherty C, Fleischauer A, Curtin J,
Roemeling R, et al. Phase I study of tirapazamine and
cisplatin in patients with recurrent cervical cancer. Gynecol
Oncol 1997;67:127e130.

[121] Craighead PS, Pearcey R, Stuart G. A phase I/II evaluation of
tirapazamine administered intravenously concurrent with
cisplatin and radiotherapy in women with locally advanced
cervical cancer. Int J Radiat Oncol Biol Phys 2000;48:791e795.

[122] Maluf FC, Leiser AL, Aghajanian C, Sabbatini P, Pezzulli S,
Chi DS, et al. Phase II study of tirapazamine plus cisplatin in
patients with advanced or recurrent cervical cancer. Int J
Gynecol Cancer 2006;16:1165e1171.

[123] Rischin D, Narayan K, Oza AM, Mileshkin L, Bernshaw D,
Choi J, et al. Phase 1 study of tirapazamine in combination
with radiation and weekly cisplatin in patients with locally
advanced cervical cancer. Int J Gynecol Cancer 2010;20:
827e833.

[124] DiSilvestro PA, Ali S, Craighead PS, Lucci JA, Lee YC, Cohn DE,
et al. Phase III randomized trial of weekly cisplatin and
irradiation versus cisplatin and tirapazamine and irradiation
in stages IB2, IIA, IIB, IIIB, and IVA cervical carcinoma limited
to the pelvis: a Gynecologic Oncology Group study. J Clin
Oncol 2014;32:458e464.

[125] Rischin D, Peters L, Fisher R, Macann A, Denham J,
Poulsen M, et al. Tirapazamine, cisplatin, and radiation
versus fluorouracil, cisplatin, and radiation in patients with
locally advanced head and neck cancer: a randomized phase
II trial of the Trans-Tasman Radiation Oncology Group (TROG
98.02). J Clin Oncol 2005;23:79e87.

[126] Rischin D, Peters LJ, O’Sullivan B, Giralt J, Fisher R, Yuen K,
et al. Tirapazamine, cisplatin, and radiation versus cisplatin
and radiation for advanced squamous cell carcinoma of the
head and neck (TROG 02.02, HeadSTART): a phase III trial of
the Trans-Tasman Radiation Oncology Group. J Clin Oncol
2010;28:2989e2995.

[127] Hicks RJ, Rischin D, Fisher R, Binns D, Scott AM, Peters LJ.
Utility of FMISO PET in advanced head and neck cancer
treated with chemoradiation incorporating a hypoxia-
targeting chemotherapy agent. Eur J Nucl Med Mol Imag
2005;32:1384e1391.

[128] Rischin D, Hicks RJ, Fisher R, Binns D, Corry J, Porceddu S,
et al. Prognostic significance of [18F]-misonidazole positron
emission tomography-detected tumor hypoxia in patients
with advanced head and neck cancer randomly assigned to
chemoradiation with or without tirapazamine: a substudy of
Trans-Tasman Radiation Oncology Group Study 98.02. J Clin
Oncol 2006;24:2098e2104.

[129] Peters LJ, O’Sullivan B, Giralt J, Fitzgerald TJ, Trotti A,
Bernier J, et al. Critical impact of radiotherapy protocol
compliance and quality in the treatment of advanced head
and neck cancer: results from TROG 02.02. J Clin Oncol 2010;
28:2996e3001.

[130] Trinkaus ME, Hicks RJ, Young RJ, Peters LJ, Solomon B,
Bressel M, et al. Correlation of p16 status, hypoxic imaging
using [18F]-misonidazole positron emission tomography
and outcome in patients with loco-regionally advanced head
and neck cancer. J Med Imag Radiat Oncol 2014;58:89e97.

[131] Hicks KO, Siim BG, Jaiswal JK, Pruijn FB, Fraser AM, Patel R,
et al. Pharmacokinetic/pharmacodynamic modeling
identifies SN30000 and SN29751 as tirapazamine analogues
with improved tissue penetration and hypoxic cell killing in
tumors. Clin Cancer Res 2010;16:4946e4957.

[132] Hay MP, Hicks KO, Pchalek K, Lee HH, Blaser A, Pruijn FB,
et al. Tricyclic [1,2,4]triazine 1,4-dioxides as hypoxia selec-
tive cytotoxins. J Med Chem 2008;51:6853e6865.

[133] Anderson RF, Yadav P, Patel D, Reynisson J, Tipparaju SR,
Guise CP, et al. Characterisation of radicals formed by the
triazine 1,4-dioxide hypoxia-activated prodrug SN30000.
Org Biomol Chem 2014;12:3386e3392.

[134] Hay MP, Hicks KO, Wilson WR. Discovery of the hypoxia-
activated prodrug SN30000. In: Rotella D,
Chackalamannil S, Ward S, editors. Comprehensive Medicinal
Chemistry III, vol. 8. Springer; 2017. p. 1e37.

[135] Palmer BD, Wilson WR, Cliffe S, Denny WA. Hypoxia-selec-
tive antitumor agents. 5. Synthesis of water-soluble nitro-
aniline mustards with selective cytotoxicity for hypoxic
mammalian cells. J Med Chem 1992;35:3214e3222.

[136] Palmer BD, Wilson WR, Atwell GJ, Schultz D, Xu XZ,
Denny WA. Hypoxia-selective antitumor agents. 9.
Structure-activity relationships for hypoxia-selective cyto-
toxicity among analogues of 5-[N,N-bis(2-chloroethyl)
amino]-2,4-dinitrobenzamide. J Med Chem 1994;37:
2175e2184.

[137] Palmer BD, van Zijl P, Denny WA, Wilson WR. Reductive
chemistry of the novel hypoxia-selective cytotoxin 5-[N,N-
bis(2-chloroethyl)amino]-2,4-dinitrobenzamide. J Med Chem
1995;38:1229e1241.

[138] Palmer BD, Wilson WR, Anderson RF, Boyd M, Denny WA.
Hypoxia-selective antitumor agents. 14. Synthesis and hypoxic
cell cytotoxicity of regioisomers of the hypoxia-selective cyto-
toxin 5-[N,N- bis(2-chloroethyl)amino]-2,4-dinitrobenzamide.
J Med Chem 1996;39:2518e2528.

[139] Denny WA, Wilson WR. Considerations for the design of
nitrophenyl mustards as agents with selective toxicity for
hypoxic tumor cells. J Med Chem 1986;29:879e887.

[140] Palmer BD, Wilson WR, Pullen SM, Denny WA. Hypoxia-se-
lective antitumor agents. 3. Relationships between structure
and cytotoxicity against cultured tumor cells for substituted
N,N-bis(2-chloroethyl)anilines. J Med Chem 1990;33:112e121.

[141] Palmer BD, Wilson WR, Denny WA. Nitro analogues of
chlorambucil as potential hypoxia-selective anti-tumour
drugs. Anticancer Drug Des 1990;5:337e349.

[142] Guise CP, Wang A, Thiel A, Bridewell D, Wilson WR,
Patterson AV. Identification of human reductases that acti-
vate the dinitrobenzamide mustard prodrug PR-104A: a role
for NADPH:cytochrome P450 oxidoreductase under hypoxia.
Biochem Pharmacol 2007;74:810e820.

[143] Guise CP, Abbattista MR, Tipparaju SR, Lambie NK, Su J, Li D,
et al. Diflavin oxidoreductases activate the bioreductive
prodrug PR-104A under hypoxia. Mol Pharmacol 2012;81:
31e40.

[144] Singleton RS, Guise CP, Ferry DM, Pullen SM, Dorie MJ,
Brown JM, et al. DNA crosslinks in human tumor cells
exposed to the prodrug PR-104A: relationships to hypoxia,
bioreductive metabolism and cytotoxicity. Cancer Res 2009;
69:3884e3891.

[145] Foehrenbacher A, Patel K, Abbattista M, Guise CP,
Secomb TW, Wilson WR, et al. The role of bystander effects
in the antitumor activity of the hypoxia-activated prodrug
PR-104. Front Oncol 2013;3:263.

[146] Patterson AV, Ferry DM, Edmunds SJ, Gu Y, Singleton RS,
Patel K, et al. Mechanism of action and preclinical antitumor
activity of the novel hypoxia-activated DNA crosslinking
agent PR-104. Clin Cancer Res 2007;13:3922e3932.

http://refhub.elsevier.com/S0936-6555(19)30078-0/sref119
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref119
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref119
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref119
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref119
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref119
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref120
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref120
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref120
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref120
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref120
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref121
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref121
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref121
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref121
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref121
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref122
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref122
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref122
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref122
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref122
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref123
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref123
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref123
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref123
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref123
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref123
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref124
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref124
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref124
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref124
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref124
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref124
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref124
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref125
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref125
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref125
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref125
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref125
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref125
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref125
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref126
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref126
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref126
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref126
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref126
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref126
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref126
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref127
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref127
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref127
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref127
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref127
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref127
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref128
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref128
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref128
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref128
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref128
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref128
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref128
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref128
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref129
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref129
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref129
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref129
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref129
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref129
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref130
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref130
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref130
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref130
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref130
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref130
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref131
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref131
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref131
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref131
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref131
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref131
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref132
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref132
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref132
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref132
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref133
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref133
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref133
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref133
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref133
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref134
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref134
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref134
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref134
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref134
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref135
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref135
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref135
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref135
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref135
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref136
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref136
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref136
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref136
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref136
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref136
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref136
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref137
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref137
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref137
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref137
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref137
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref138
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref138
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref138
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref138
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref138
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref138
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref139
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref139
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref139
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref139
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref140
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref140
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref140
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref140
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref140
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref141
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref141
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref141
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref141
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref142
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref142
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref142
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref142
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref142
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref142
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref143
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref143
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref143
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref143
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref143
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref144
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref144
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref144
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref144
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref144
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref144
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref145
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref145
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref145
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref145
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref146
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref146
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref146
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref146
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref146


R.K. Jackson et al. / Clinical Oncology 31 (2019) 290e302300
[147] Guise CP, Abbattista M, Singleton RS, Holford SD, Connolly J,
Dachs GU, et al. The bioreductive prodrug PR-104A is acti-
vated under aerobic conditions by human aldo-keto reduc-
tase 1C3. Cancer Res 2010;70:1573e1584.

[148] Houghton PJ, Lock R, Carol H, Morton CL, Phelps D, Gorlick R,
et al. Initial testing of the hypoxia activated prodrug PR-104
by the Pediatric Preclinical Testing Program. Pediatr Blood
Cancer 2011;57:443e453.

[149] Jameson MB, Rischin D, Pegram M, Gutheil J, Patterson AV,
Denny WA, et al. A phase I trial of PR-104, a nitrogen
mustard prodrug activated by both hypoxia and aldo-keto
reductase 1C3, in patients with solid tumors. Cancer Che-
mother Pharmacol 2010;65:791e801.

[150] McKeage MJ, Gu Y, Wilson WR, Hill A, Amies K, Melink TJ,
et al. A phase I trial of PR-104, a pre-prodrug of the bio-
reductive prodrug PR-104A, given weekly to solid tumour
patients. BMC Cancer 2011;11:432.

[151] Konopleva M, Thall PF, Arana YC, Borthakur G, Coveler A,
Bueso-Ramos C, et al. Phase I/II study of the hypoxia-
activated prodrug PR104 in refractory/relapsed acute
myeloid leukemia and acute lymphoblastic leukemia. Hae-
matologica 2015;100:927e934.

[152] Down J, Parmar K, D’Andrea AD, Donate F, Patterson AV,
Wilson WR. Aldo-keto reductase 1C3 as a novel target for
the aerobic activation of the prodrug PR-104A in human
hematopoietic cells. In: Proceedings of 56th annual meeting
radiation research society, september 25e29 2010. Maui,
Hawaii Presentation Number: PS7 95. 2010.

[153] Jamieson SM, Gu Y, Manesh DM, El-Hoss J, Jing D,
MacKenzie KL, et al. A novel fluorometric assay for aldo-keto
reductase 1C3 predicts metabolic activation of the nitrogen
mustard prodrug PR-104A in human leukaemia cells. Bio-
chem Pharmacol 2014;88:36e45.

[154] Abbattista MR, Jamieson SM, Gu Y, Nickel JE, Pullen SM,
Patterson AV, et al. Pre-clinical activity of PR-104 as mono-
therapy and in combination with sorafenib in hepatocellular
carcinoma. Cancer Biol Ther 2015;16:610e622.

[155] Moradi Manesh D, El-Hoss J, Evans K, Richmond J, Toscan CE,
Bracken LS, et al. AKR1C3 is a biomarker of sensitivity to PR-
104 in preclinical models of T-cell acute lymphoblastic leu-
kemia. Blood 2015;126:1193e1202.

[156] Jameson MB, McKeage MJ, Ramanathan RK, Rajendran J,
Gu Y, Wilson WR, et al. Final results of a phase Ib trial of PR-
104, a pre-prodrug of the bioreductive prodrug PR-104A, in
combination with gemcitabine or docetaxel in patients with
advanced solid tumors. J Clin Oncol 2010;28:2554:
[abstract)].

[157] Niemans R, Yaromina A, Theys J, Marcus D, Ashoorzadeh A,
Abbattista M, et al. EP-2327: hypoxic cell killing by CP-506, a
novel hypoxia-activated prodrug. Abstract Proceedings of
ESTRO 37, April 20e24, 2018, Barcelona, Spain. Radiother
Oncol 2018;127:S1283eS1284.

[158] Thiolloy S, Deschoemaeker S, Ongenae N, Gilissen J,
Dubois L, Yaromina A, et al. Abstract 4959: CP-506, a next
generation hypoxia-activated prodrug, as promising novel
anti-cancer therapeutic, In: Proceedings of the AACR Annual
Meeting 2018; April 14e18, 2018; Chicago, IL. Cancer Res
2018;78:4959.

[159] Borch RF, Liu J, Schmidt JP, Marakovits JT, Joswig C, Gipp JJ,
et al. Synthesis and evaluation of nitroheterocyclic phos-
phoramidates as hypoxia-selective alkylating agents. J Med
Chem 2000;43:2258e2265.

[160] Borch RF, Liu J, Joswig C, Baggs RB, Dexter DL, Mangold GL.
Antitumor activity and toxicity of novel nitroheterocyclic
phosphoramidates. J Med Chem 2001;44:74e77.
[161] Duan JX, Jiao H, Kaizerman J, Stanton T, Evans JW, Lan L, et al.
Potent and highly selective hypoxia-activated achiral phos-
phoramidate mustards as anticancer drugs. J Med Chem
2008;51:2412e2420.

[162] Meng F, Evans JW, Bhupathi D, Banica M, Lan L, Lorente G,
et al. Molecular and cellular pharmacology of the hypoxia-
activated prodrug TH-302. Mol Cancer Ther 2012;11:
740e751.

[163] Hong CR, Dickson BD, Jaiswal JK, Pruijn FB, Hunter FW,
Hay MP, et al. Cellular pharmacology of evofosfamide (TH-
302): a critical re-evaluation of its bystander effects. Biochem
Pharmacol 2018;156:265e280.

[164] Hunter FW, Hsu HL, Su J, Pullen SM, Wilson WR, Wang J.
Dual targeting of hypoxia and homologous recombination
repair dysfunction in triple-negative breast cancer. Mol
Cancer Ther 2014;13:2501e2514.

[165] Sun JD, Liu Q, Wang J, Ahluwalia D, Ferraro D, Wang Y, et al.
Selective tumor hypoxia targeting by hypoxia-activated
prodrug TH-302 inhibits tumor growth in preclinical
models of cancer. Clin Cancer Res 2012;18:758e770.

[166] Liu Q, Sun JD, Wang J, Ahluwalia D, Baker AF, Cranmer LD,
et al. TH-302, a hypoxia-activated prodrug with broad
in vivo preclinical combination therapy efficacy: optimiza-
tion of dosing regimens and schedules. Cancer Chemother
Pharmacol 2012;69:1487e1498.

[167] Chawla SP, Cranmer LD, Van Tine BA, Reed DR, Okuno SH,
Butrynski JE, et al. Phase II study of the safety and antitumor
activity of the hypoxia-activated prodrug TH-302 in combi-
nation with doxorubicin in patients with advanced soft tis-
sue sarcoma. J Clin Oncol 2014;32:3299e3306.

[168] Borad MJ, Reddy SG, Bahary N, Uronis HE, Sigal D, Cohn AL,
et al. Randomized phase II trial of gemcitabine plus TH-302
versus gemcitabine in patients with advanced pancreatic
cancer. J Clin Oncol 2015;33:1475e1481.

[169] van Cutsem E, Lenz HJ, Furuse J, Tabernero J, Heinemann V,
Ioka T, et al. Evofosfamide (TH-302) in combination with
gemcitabine in previously untreated patients with meta-
static or locally advanced unresectable pancreatic ductal
adenocarcinoma: primary analysis of the randomized,
double-blind phase III MAESTRO study. Abstract ASCO
Annual Conference. J Clin Oncol 2016;34:S193.

[170] van Loon J, Janssen MHM, Ollers M, Aerts HJWL, Dubois L,
Hochstenbag M, et al. PET imaging of hypoxia using [18F]
HX4: a phase I trial. Eur J Nucl Med Mol Imag 2010;37:
1663e1668.

[171] Dubois LJ, Lieuwes NG, Janssen MH, Peeters WJ,
Windhorst AD, Walsh JC, et al. Preclinical evaluation and
validation of [18F]HX4, a promising hypoxia marker for PET
imaging. Proc Natl Acad Sci USA 2011;108:14620e14625.

[172] Peeters SG, Zegers CM, Biemans R, Lieuwes NG, van
Stiphout RG, Yaromina A, et al. TH-302 in combination with
radiotherapy enhances the therapeutic outcome and is
associated with pretreatment [18F]HX4 hypoxia PET imag-
ing. Clin Cancer Res 2015;21:2984e2992.

[173] Jamieson SM, Tsai P, Kondratyev MK, Budhani P, Liu A,
Senzer NN, et al. Evofosfamide for the treatment of human
papillomavirus-negative head and neck squamous cell car-
cinoma. JCI Insight 2018;3:e122204.

[174] Mehta VK. Radiotherapy and erlotinib combined: review
of the preclinical and clinical evidence. Front Oncol 2012;
2:31.

[175] Jiang T, Min W, Li Y, Yue Z, Wu C, Zhou C. Radiotherapy plus
EGFR TKIs in non-small cell lung cancer patients with brain
metastases: an update meta-analysis. Cancer Med 2016;5:
1055e1065.

http://refhub.elsevier.com/S0936-6555(19)30078-0/sref147
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref147
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref147
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref147
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref147
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref148
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref148
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref148
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref148
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref148
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref149
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref149
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref149
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref149
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref149
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref149
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref150
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref150
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref150
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref150
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref151
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref151
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref151
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref151
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref151
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref151
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref152
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref152
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref152
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref152
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref152
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref152
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref152
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref153
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref153
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref153
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref153
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref153
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref153
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref154
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref154
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref154
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref154
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref154
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref155
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref155
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref155
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref155
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref155
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref156
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref156
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref156
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref156
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref156
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref156
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref157
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref157
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref157
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref157
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref157
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref157
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref157
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref158
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref158
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref158
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref158
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref158
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref158
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref158
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref159
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref159
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref159
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref159
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref159
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref160
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref160
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref160
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref160
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref161
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref161
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref161
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref161
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref161
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref162
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref162
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref162
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref162
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref162
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref163
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref163
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref163
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref163
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref163
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref164
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref164
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref164
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref164
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref164
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref165
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref165
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref165
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref165
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref165
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref166
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref166
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref166
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref166
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref166
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref166
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref167
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref167
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref167
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref167
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref167
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref167
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref168
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref168
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref168
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref168
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref168
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref169
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref169
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref169
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref169
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref169
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref169
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref169
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref170
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref170
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref170
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref170
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref170
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref171
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref171
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref171
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref171
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref171
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref172
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref172
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref172
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref172
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref172
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref172
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref173
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref173
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref173
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref173
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref174
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref174
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref174
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref175
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref175
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref175
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref175
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref175


R.K. Jackson et al. / Clinical Oncology 31 (2019) 290e302 301
[176] Jackson VJ, Silva S, Abbattista MR, Guise CP, Bull M,
Ashoorzadeh A, et al. Preclinical rationale for the ongoing
phase 2 study of the hypoxia-activated egfr-tki tarloxotinib
bromide (TH-4000) in patients with advanced squamous cell
carcinoma of the head and neck (SCCHN) or skin (SCCS).
Abstract AACR-NCI-EORTC International Conference: Mo-
lecular Targets and Cancer Therapeutics; November 5e9,
2015; Boston, MA. Mol Cancer Therapeut 2015;14:A66.

[177] Liu SV, Aggarwal C, Brzezniak C, Doebele RC, Gerber DE,
Gitlitz B, et al. Phase 2 study of tarloxotinib bromide (TRLX)
in patients (pts) with EGFR-mutant, T790M-negative NSCLC
progressing on an EGFR TKI. Abstract ASCO Annual Confer-
ence. J Clin Oncol 2016;34. TPS9100-TPS.

[178] Rischin D, Boyer MJ, Brzezniak CE, Colevas AD, Doebele RC,
Gilbert J, et al. A phase 2 study of tarloxotinib bromide
(TRLX) in patients (Pts) with recurrent or metastatic (R/M)
squamous cell carcinoma of the head and neck (SCCHN) or
skin (SCCS). Abstract ASCO Annual Conference. J Clin Oncol
2016;34. TPS6105-TPS.

[179] Patterson AV, Kimple RJ, Jackson V, Swick AD, Guise CP,
Abbattista MA, et al. Development of biomarkers to guide
the clinical development of tarloxotinib bromide, a hypoxia-
activated irreversible EGFR/HER2 inhibitor. Abstract ASCO
Annual Conference. J Clin Oncol 2016;34:e17521.

[180] Threshold Pharmaceuticals Inc. Press Release. Threshold Phar-
maceuticals announces interim results from tarloxotinib pro-
gram and its plans to focus on evofosfamide and earlier-stage
opportunities. South San Francisco, CA: GlobeNewsWire; 2016.
Available at: https://globenewswire.com/news-release/2016/
09/29/875884/0/en/Threshold-Pharmaceuticals-Announces-
Interim-Results-from-Tarloxotinib-Program-and-its-Plans-to-
Focus-on-Evofosfamide-and-Earlier-Stage-Opportunities.
html. [Accessed 11 January 2019].

[181] Curtin NJ. DNA repair dysregulation from cancer driver to
therapeutic target. Nat Rev Cancer 2012;12:801e817.

[182] Helleday T, Petermann E, Lundin C, Hodgson B, Sharma RA.
DNA repair pathways as targets for cancer therapy. Nat Rev
Cancer 2008;8:193e204.

[183] Lord CJ, Ashworth A. The DNA damage response and cancer
therapy. Nature 2012;481:287e294.

[184] O’Connor MJ. Targeting the DNA damage response in cancer.
Mol Cell 2015;60:547e560.

[185] Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D,
Lopez E, et al. Specific killing of BRCA2-deficient tumours
with inhibitors of poly(ADP-ribose) polymerase. Nature
2005;434:913e917.

[186] Farmer H, McCabe N, Lord CJ, Tutt ANJ, Johnson DA,
Richardson TB, et al. Targeting the DNA repair defect in BRCA
mutant cells as a therapeutic strategy. Nature 2005;434:
917e921.

[187] Fulop GM, Phillips RA. The scid mutation in mice causes a
general defect in DNA repair. Nature 1990;347:479e482.

[188] Mahaney BL, Meek K, Lees-Miller SP. Repair of ionizing
radiation-induced DNA double-strand breaks by non-
homologous end-joining. Biochem J 2009;417:639e650.

[189] Thacker J, Zdzienicka MZ. The XRCC genes: expanding roles
in DNA double-strand break repair. DNA Repair 2004;3:
1081e1090.

[190] Kashishian A, Douangpanya H, Clark D, Schlachter ST,
Eary CT, Schiro JG, et al. DNA-dependent protein kinase in-
hibitors as drug candidates for the treatment of cancer. Mol
Cancer Ther 2003;2:1257e1264.

[191] Shinohara ET, Geng L, Tan J, Chen H, Shir Y, Edwards E, et al.
DNA-dependent protein kinase is a molecular target for the
development of noncytotoxic radiation-sensitizing drugs.
Cancer Res 2005;65:4987e4992.

[192] Zhao Y, Thomas HD, Batey MA, Cowell IG, Richardson CJ,
Griffin RJ, et al. Preclinical evaluation of a potent novel DNA-
dependent protein kinase inhibitor NU7441. Cancer Res
2006;66:5354e5362.

[193] Yu L, Shang ZF, Hsu FM, Zhang Z, Tumati V, Lin YF, et al.
NSCLC cells demonstrate differential mode of cell death in
response to the combined treatment of radiation and a DNA-
PKcs inhibitor. Oncotarget 2015;6:3848e3860.

[194] Timme CR, Rath BH, O’Neill JW, Camphausen K, Tofilon PJ.
The DNA-PK inhibitor VX-984 enhances the radiosensitivity
of glioblastoma cells grown in vitro and as orthotopic xe-
nografts. Mol Cancer Ther 2018;17:1207e1216.

[195] Biedermann KA, Sun JR, Giaccia AJ, Tosto LM, Brown JM. Scid
mutation in mice confers hypersensitivity to ionizing radi-
ation and a deficiency in DNA double-strand break repair.
Proc Natl Acad Sci USA 1991;88:1394e1397.

[196] Chalmers AJ. Science in focus: combining radiotherapy with
inhibitors of the DNA damage response. Clin Oncol 2016;28:
279e282.

[197] Ebert A, von Neubeck C, Naas P, Schulz A, L€ock A,
Zimmermann A, et al. Therapeutic effects of combined
radiotherapy and DNA dependent protein kinase inhibitor.
In: 64th Annual Meeting of the Radiation Research Society at
Chicago, Illinois, USA, 22e26 September 2018. 2018. abstract
PS02.

[198] Biddlestone-Thorpe L, Sajjad M, Rosenberg E, Beckta JM,
Valerie NC, Tokarz M, et al. ATM kinase inhibition prefer-
entially sensitizes p53-mutant glioma to ionizing radiation.
Clin Cancer Res 2013;19:3189e3200.

[199] Hickson I, Zhao Y, Richardson CJ, Green SJ, Martin NM, Orr AI,
et al. Identification and characterization of a novel and
specific inhibitor of the ataxia-telangiectasia mutated kinase
ATM. Cancer Res 2004;64:9152e9159.

[200] Rainey MD, Charlton ME, Stanton RV, Kastan MB. Transient
inhibition of ATM kinase is sufficient to enhance cellular
sensitivity to ionizing radiation. Cancer Res 2008;68:
7466e7474.

[201] Durant ST, Zheng L, Wang Y, Chen K, Zhang L, Zhang T, et al.
The brain-penetrant clinical ATM inhibitor AZD1390 radio-
sensitizes and improves survival of preclinical brain tumor
models. Sci Adv 2018;4. eaat1719.

[202] Kahn J, Allen J, Karlin JD, Ahmad S, Sule A, Tokarz M, et al.
Next-generation ATM kinase inhibitors under development
radiosensitize glioblastoma with conformal radiation in a
mouse orthotopic model, In: Proceedings of the American
Society for Radiation Oncology 24e27 September 2017. Int J
Radiat Oncol Biol Phys 2017;99:E600eE601.

[203] Lindquist KE, Cran JD, Kordic K, Chua PC, Winters GC, Tan JS,
et al. Selective radiosensitization of hypoxic cells using
BCCA621C: a novel hypoxia activated prodrug targeting
DNA-dependent protein kinase. Tumor Microenviron Ther
2013;1:46e55.

[204] Kyle AH, Baker JHE, Fryer KH, Bana�ath J, Wang T, Porres SS,
et al. Abstract A110: Hypoxia-selective DNA-PK inhibitor, In:
AACR-NCI-EORTC International Conference: Molecular Tar-
gets and Cancer Therapeutics; October 26e30, 2017. Mol
Cancer Ther 2018;17.

[205] Cazares-Korner C, Pires IM, Swallow ID, Grayer SC,
O’Connor LJ, Olcina MM, et al. CH-01 is a hypoxia-activated
prodrug that sensitizes cells to hypoxia/reoxygenation
through inhibition of Chk1 and Aurora A. ACS Chem Biol
2013;8:1451e1459.

http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref176
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref177
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref177
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref177
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref177
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref177
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref178
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref178
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref178
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref178
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref178
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref178
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref179
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref179
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref179
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref179
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref179
https://globenewswire.com/news-release/2016/09/29/875884/0/en/Threshold-Pharmaceuticals-Announces-Interim-Results-from-Tarloxotinib-Program-and-its-Plans-to-Focus-on-Evofosfamide-and-Earlier-Stage-Opportunities.html
https://globenewswire.com/news-release/2016/09/29/875884/0/en/Threshold-Pharmaceuticals-Announces-Interim-Results-from-Tarloxotinib-Program-and-its-Plans-to-Focus-on-Evofosfamide-and-Earlier-Stage-Opportunities.html
https://globenewswire.com/news-release/2016/09/29/875884/0/en/Threshold-Pharmaceuticals-Announces-Interim-Results-from-Tarloxotinib-Program-and-its-Plans-to-Focus-on-Evofosfamide-and-Earlier-Stage-Opportunities.html
https://globenewswire.com/news-release/2016/09/29/875884/0/en/Threshold-Pharmaceuticals-Announces-Interim-Results-from-Tarloxotinib-Program-and-its-Plans-to-Focus-on-Evofosfamide-and-Earlier-Stage-Opportunities.html
https://globenewswire.com/news-release/2016/09/29/875884/0/en/Threshold-Pharmaceuticals-Announces-Interim-Results-from-Tarloxotinib-Program-and-its-Plans-to-Focus-on-Evofosfamide-and-Earlier-Stage-Opportunities.html
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref181
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref181
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref181
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref182
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref182
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref182
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref182
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref183
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref183
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref183
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref184
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref184
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref184
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref185
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref185
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref185
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref185
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref185
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref186
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref186
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref186
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref186
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref186
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref187
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref187
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref187
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref188
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref188
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref188
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref188
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref189
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref189
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref189
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref189
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref190
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref190
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref190
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref190
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref190
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref191
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref191
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref191
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref191
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref191
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref192
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref192
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref192
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref192
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref192
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref193
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref193
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref193
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref193
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref193
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref194
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref194
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref194
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref194
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref194
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref195
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref195
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref195
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref195
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref195
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref196
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref196
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref196
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref196
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref197
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref197
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref197
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref197
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref197
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref197
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref197
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref197
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref198
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref198
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref198
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref198
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref198
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref199
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref199
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref199
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref199
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref199
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref200
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref200
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref200
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref200
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref200
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref201
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref201
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref201
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref201
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref202
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref202
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref202
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref202
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref202
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref202
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref202
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref202
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref203
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref203
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref203
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref203
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref203
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref203
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref204
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref204
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref204
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref204
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref204
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref204
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref204
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref205
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref205
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref205
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref205
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref205
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref205


R.K. Jackson et al. / Clinical Oncology 31 (2019) 290e302302
[206] Horsman MR, Mortensen LS, Petersen JB, Busk M,
Overgaard J. Imaging hypoxia to improve radiotherapy
outcome. Nat Rev Clin Oncol 2012;9:674e687.

[207] Sharma RA, Plummer R, Stock JK, Greenhalgh TA, Ataman O,
Kelly S, et al. Clinical development of new drugeradiotherapy
combinations. Nat Rev Clin Oncol 2016;13:627e642.

[208] Harrington KJ, Billingham LJ, Brunner TB, Burnet NG,
Chan CS, Hoskin P, et al. Guidelines for preclinical and early
phase clinical assessment of novel radiosensitisers. Br J
Cancer 2011;105:628e639.

[209] Bristow RG, Alexander B, Baumann M, Bratman SV,
Brown JM, Camphausen K, et al. Combining precision
radiotherapy with molecular targeting and immunomodu-
latory agents: a guideline by the American Society for Ra-
diation Oncology. Lancet Oncol 2018;19:e240ee251.

[210] Brown JM, Diehn M, Loo BW. Stereotactic ablative radio-
therapy should be combined with a hypoxic cell radio-
sensitizer. Int J Radiat Oncol Biol Phys 2010;78:323e327.

[211] Carlson DJ, Keall PJ, Loo Jr BW, Chen ZJ, Brown JM. Hypo-
fractionation results in reduced tumor cell kill compared to
conventional fractionation for tumors with regions of hyp-
oxia. Int J Radiat Oncol Biol Phys 2011;79:1188e1195.

[212] BonnetM,HongCR,WongWW, LiewLP, ShomeA,Wang J, et al.
Next-generation hypoxic cell radiosensitizers: nitroimidazole
alkylsulfonamides. J Med Chem 2018;61:1241e1254.

[213] Ferris RL. Immunology and immunotherapy of head and
neck cancer. J Clin Oncol 2015;33:3293e3304.

[214] Burnette BC, Liang H, Lee Y, Chlewicki L, Khodarev NN,
Weichselbaum RR, et al. The efficacy of radiotherapy relies
upon induction of type i interferon-dependent innate and
adaptive immunity. Cancer Res 2011;71:2488e2496.

[215] Postow MA, Callahan MK, Barker CA, Yamada Y, Yuan J,
Kitano S, et al. Immunologic correlates of the abscopal effect
in a patient with melanoma. N Engl J Med 2012;366:
925e931.

[216] Burnette B, Weichselbaum RR. Radiation as an immune
modulator. Semin Radiat Oncol 2013;23:273e280.

[217] Kwon ED, Drake CG, Scher HI, Fizazi K, Bossi A, van den
Eertwegh AJ, et al. Ipilimumab versus placebo after radio-
therapy in patients with metastatic castration-resistant
prostate cancer that had progressed after docetaxel
chemotherapy (CA184-043): a multicentre, randomised,
double-blind, phase 3 trial. Lancet Oncol 2014;15:700e712.

[218] Twyman-Saint VC, Rech AJ, Maity A, Rengan R, Pauken KE,
Stelekati E, et al. Radiation and dual checkpoint blockade
activate non-redundant immune mechanisms in cancer.
Nature 2015;520:373e377.

[219] Demaria S, Golden EB, Formenti SC. Role of local radiation
therapy in cancer immunotherapy. JAMA Oncol 2015;1:
1325e1332.

[220] Vanpouille-Box C, Formenti SC, Demaria S. Toward precision
radiotherapy for use with immune checkpoint blockers. Clin
Cancer Res 2018;24:259e265.

[221] Seiwert TY, Burtness B, Mehra R, Weiss J, Berger R, Eder JP,
et al. Safety and clinical activity of pembrolizumab for
treatment of recurrent or metastatic squamous cell carci-
noma of the head and neck (KEYNOTE-012): an open-label,
multicentre, phase 1b trial. Lancet Oncol 2016;17:956e965.

[222] Dogan V, Rieckmann T, Munscher A, Busch CJ. Current
studies of immunotherapy in head and neck cancer. Clin
Otolaryngol 2018;43:13e21.

[223] Jayaprakash P, Ai M, Liu A, Budhani P, Bartkowiak T, Sheng J,
et al. Targeted hypoxia reduction restores T cell infiltration
and sensitizes prostate cancer to immunotherapy. J Clin
Invest 2018;128:5137e5149.

http://refhub.elsevier.com/S0936-6555(19)30078-0/sref206
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref206
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref206
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref206
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref207
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref207
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref207
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref207
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref207
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref208
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref208
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref208
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref208
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref208
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref209
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref209
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref209
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref209
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref209
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref209
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref210
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref210
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref210
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref210
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref211
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref211
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref211
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref211
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref211
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref212
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref212
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref212
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref212
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref213
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref213
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref213
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref214
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref214
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref214
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref214
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref214
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref215
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref215
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref215
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref215
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref215
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref216
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref216
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref216
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref217
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref217
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref217
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref217
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref217
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref217
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref217
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref218
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref218
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref218
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref218
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref218
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref219
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref219
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref219
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref219
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref220
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref220
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref220
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref220
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref221
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref221
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref221
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref221
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref221
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref221
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref222
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref222
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref222
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref222
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref223
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref223
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref223
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref223
http://refhub.elsevier.com/S0936-6555(19)30078-0/sref223

	Overcoming Radioresistance: Small Molecule Radiosensitisers and Hypoxia-activated Prodrugs
	Statement of Search Strategies Used and Sources of Information
	Introduction
	Hypoxia as a Drug Target
	Radiosensitisers
	Hypoxia-activated Prodrugs
	Hypoxia-activated Prodrugs of Molecularly Targeted Agents
	Prodrugs of DNA Damage Response Inhibitors
	Conclusion and Perspectives
	Conflict of interest
	Acknowledgements
	References
	flink10


