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Simple Summary: HPV-positive HNSCCs are characterized by a different biology and demonstrate
better therapy response and survival compared to alcohol/tobacco-related HNSCCs. Although we
have a better understanding of the biology of both groups of HNSCC, the biological factors, especially
environmental factors associated with the increased radiotherapy response, are still unclear. In this
manuscript, we review the effects of an important microenvironmental factor, namely, low oxygen
levels, also known as hypoxia, on the radiotherapy response and the tumor biology of HPV-positive
and HPV-negative HNSCCs. In addition, we provide an overview of the current strategies to detect
and target hypoxia, with a description of important clinical trials.

Abstract: Head and neck squamous cancers are a heterogeneous group of cancers that arise from
the upper aerodigestive tract. Etiologically, these tumors are linked to alcohol/tobacco abuse and
infections with high-risk human papillomavirus (HPV). HPV-positive HNSCCs are characterized
by a different biology and also demonstrate better therapy response and survival compared to
alcohol/tobacco-related HNSCCs. Despite this advantageous therapy response and the clear bio-
logical differences, all locally advanced HNSCCs are treated with the same chemo-radiotherapy
schedules. Although we have a better understanding of the biology of both groups of HNSCC, the
biological factors associated with the increased radiotherapy response are still unclear. Hypoxia, i.e.,
low oxygen levels because of an imbalance between oxygen demand and supply, is an important
biological factor associated with radiotherapy response and has been linked with HPV infections.
In this review, we discuss the effects of hypoxia on radiotherapy response, on the tumor biology,
and the tumor microenvironment of HPV-positive and HPV-negative HNSCCs by pointing out the
differences between these two tumor types. In addition, we provide an overview of the current
strategies to detect and target hypoxia.
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1. Head and Neck Squamous Cell Cancer (HNSCC)

HNSCC arises from epithelial cells and occurs in the upper aero-digestive tract. It is
the sixth most common cancer worldwide and the incidence is still rising [1]. HNSCC is a
heterogeneous group of cancers and can be divided into two distinct tumor types based on
their etiology being induced either by alcohol and/or tobacco or an infection with human
papillomavirus (HPV). Currently, around 75–85% of head and neck cancers are associated
with tobacco and alcohol abuse, which are also referred to as HPV-negative tumors, but the
proportion of HPV-positive tumors is increasing worldwide [2]. Over the last decades, it
has become clear that these two tumor types are distinct entities with different biological
and clinical characteristics.

On the biological level, infection of the squamous epithelium with a high-risk human
papillomavirus, mainly HPV-16 and HPV-18, can cause malignant transformation through
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the action of the two main oncoproteins E6 and E7. The E6 oncoprotein disrupts the p53
pathway, which leads to cell cycle dysregulation and uncontrolled cell cycle progression.
The E7 oncoprotein induces inhibition of the retinoblastoma protein, leading to activation
of the transcription factor E2F. This causes the initiation of cell cycle progression and
expression of p16, a surrogate marker for HPV infections. In contrast, HPV-negative
tumors have typical p53 mutations [3]. The lower rate of p53 mutations in HPV-positive
tumors can be explained by the suppression of p53 by the oncogene E6, by which these
tumors do not need to select for p53 mutated cancer cells [4,5].

On the clinical level, patients with HPV-positive tumors have a significantly better
overall prognosis, partly due to a higher radiosensitivity [6,7]. Until now, despite the
evident differences, the selection of treatment modality has been based on the stage of
disease and general condition of the patient, but not on HPV status. Standard therapy for
patients with locally advanced HNSCC consists of radiotherapy, if indicated, in combina-
tion with chemotherapy and/or surgery [1]. However, the overall risk of disease recurrence
for locally advanced HNSCC remains high, at about 40–60% [2]. Although various other
treatments have been proposed, none seem to improve the overall survival of patients [8,9].
Therefore, further research into radiosensitizing treatment strategies is needed to improve
the locoregional control and survival rates of locally advanced HNSCC, particularly for
patients with HPV-negative tumors [10].

2. Influence of Hypoxia in Radiation Response of HNSCC

As previously mentioned, the better overall prognosis of HPV-positive HNSCC can, at
least partly, be explained by the increased intrinsic radiosensitivity of these tumors [6,11–13].
This higher radiosensitivity is linked to impaired DNA repair mechanisms, cell cycle dys-
regulations, and p53 mediated apoptosis [7,14–18]. It has also been hypothesized that
micro-environmental factors such as angiogenesis and the immune system can play a
role in the differential radiotherapy response of HPV-positive and HPV-negative HNSCC.
It has been postulated that HPV-positive HNSCC shows lower levels of VEGF expres-
sion, indicating an impaired angiogenesis in these cancers [19,20]. With the rising interest
and crucial improvements in cancer immunotherapy, research about the immune system
in tumors has also increased. In line with this, the higher immune response found in
HPV-positive HNSCC could serve as a complementary explanation for the increased ra-
diosensitivity [3,16,21]. However, the evidence for the latter is not substantial and includes
only correlative studies demonstrating an increased rate of active immune cells in HPV-
positive compared to HPV-negative HNSCC, suggesting a stronger antitumoral immune
response in HPV-positive tumors [22–25].

Another key factor that is linked with the radiation response is hypoxia. Hypoxia
is a common feature in solid tumors and is caused by a discrepancy between oxygen
supply and demand, since the abnormal and inefficient tumor vasculature cannot fulfil the
highly demanding proliferating tumor cells. Most tumors exhibit median oxygen levels
<2%, while normal oxygen levels, i.e., normoxia, is defined as 20% oxygen [26]. Hypoxia
can be chronic, due to prolonged limited oxygen diffusion, or acute. Acute hypoxia is
typically alternated with reoxygenation, leading to cycling hypoxia. Both forms, chronic
and acute hypoxia, exist simultaneously in a solid tumor with a heterogeneous distribution
of the hypoxic areas [27–29]. Hypoxia is an overall negative prognostic factor, affecting
both the treatment response and tumor biology. The importance of hypoxia as a cause
of radioresistance was first observed by Gottwald Schwarz in 1909 [30,31]. Later, in 1953,
Gray et al. described that the effectiveness of X-ray treatment might increase if the patients
were breathing oxygen during irradiation [32]. This radiosensitizing effect of oxygen is
attributable to the fixation of radical-induced DNA damage, also known as the ‘oxygen
fixation theory’, making the damage permanent and irreversible [27,33,34]. Quantitively,
this can be expressed by the oxygen enhancement ratio (OER), which is defined as the ratio
of radiotherapy doses during low oxygen levels compared to doses in higher oxygen levels
for the same biological effect [35,36].
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The revelation of the importance of hypoxia in the radiation response, together with
the knowledge of the higher radiosensitivity of HPV-positive HNSCC, resulted in studies
investigating the link between the amount of hypoxia and HPV status. This hypothesis
was further strengthened by a sub-analysis of a large, randomized trial testing the use of
the hypoxia modifier nimorazole with radiotherapy in HNSCC (DAHANCA 5 trial) [37].
This study revealed that nimorazole was only beneficial in HPV-negative and not in HPV-
positive tumors, suggesting a sort of interplay between hypoxia, HPV infections, and
radiotherapy response [12]. A second DAHANCA 5 sub-analysis, in which a 15-gene
hypoxia classifier was used to classify patients as having more or less hypoxic tumors,
further confirmed the previous sub-analysis. The results showed that only the more
hypoxic HPV-negative tumors benefited from the addition of nimorazole to radiotherapy,
and outcomes were also not improved for either the less hypoxic or the HPV-positive
tumors [38]. Conversely, numerous studies, including the sub-study of DAHANCA 5
by Toustroup et al. [38], demonstrated an equal degree of hypoxia and similar OERs in
HPV-positive and HPV-negative HNSCCs [39–41]. Moreover, HPV-positive and HPV-
negative cells display the same radioresistance under hypoxia and experience an equal
sensitizing effect of nimorazole in vitro [41]. In vivo, a higher decrease in cell proliferation
and hypoxic fraction after radiation was seen in HPV-positive compared to HPV-negative
tumors [42]. Earlier in vitro findings, whereby a G2/M arrest was induced by irradiation
of HPV-positive cells resulting in reduced cell proliferation and thus oxygen consumption,
can explain this observation [3,7,14]. Both could be an additional explanation for the higher
radiosensitivity of HPV-positive tumors and for the lack of benefit from hypoxic modifiers
in these patients.

Overall, these findings suggest that the cellular and molecular mechanisms of hy-
poxia in HPV-positive and HPV-negative tumors are more important for the radiotherapy
response than solely the oxygen fixation theory.

3. Cellular Effects of Hypoxia

Hypoxia does not merely modulate the radiation response, but additionally has vari-
ous biological, molecular, and genomic effects on the tumor and micro-environment. The
main goal of these hypoxia-induced effects is the survival and even proliferation of cancer
cells in unfavorable hypoxic circumstances, leading to tumor progression, invasive growth,
and cancer cell spreading [29]. In addition, hypoxia drives genetic instability through
altered DNA repair and apoptosis resistance [28,33]. Clinically, these cellular changes lead
to a more aggressive phenotype with higher recurrences, metastases, and poor prognosis.
A major modulator of the adaptational response to hypoxia is hypoxia-inducible factor
HIF-1. HIF-1 is a heterodimeric protein that consists of two subunits, HIF-1α and HIF-
1β [29,43]. Its activity is regulated in an oxygen-dependent manner, more specifically by
the oxygen-dependent degradation domain (ODDD) of HIF-1α [44–47]. In the presence of
oxygen, rapid proteasomal degradation occurs through prolyl hydroxylation and subse-
quent binding to the von Hippel-Lindau (pVHL) tumor suppressor protein. In hypoxic
circumstances, the rate of prolyl-hydroxylation decreases, whereby pVHL cannot bind
HIF-1α and proteasomal degradation does not occur. By contrast, HIF-1α associates with
HIF-1β after translocation to the nucleus, where it binds to hypoxia response elements
(HRE) resulting in transcription of its target genes [33,48]. Additional pathways involved
in the cellular response to hypoxia include the unfolded protein response (UPR) and kinase
mammalian target of rapamycin (mTOR). Activation of the three pathways occurs indepen-
dently, but with common processes downstream affecting angiogenesis, protein synthesis,
metabolism, DNA repair, tumor immunity, and cell fate mechanisms [47,49–51]. In the next
sections, we will discuss these hypoxia-induced cellular changes, for which a schematic
overview is provided in Figure 1, and we will additionally point out the influence of HPV
infections on these processes, which is summarized in Table 1.



Cancers 2021, 13, 5959 4 of 17Cancers 2021, 13, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 1. Schematic summary of the cellular effects of hypoxia. HIF-1: Hypoxia inducible factor-1, 
HRE: Hypoxia response elements. 

Table 1. Overview of differences in cellular processes between HPV-positive and HPV-negative HNSCC. 
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Angiogenesis 
Increased levels of HIF-1α [52–54] 

Inverse correlation with angiogenic factors [19,20] 
Higher levels of angiogenic factors [19,20] 

Metabolism 
Higher rates of oxidative phosphorylation, mostly in the tumor 

core [22,55,56] 
Higher rates of glycolysis, mostly in the 

tumor core [22,55,56] 

DNA Damage Response 
Impaired DNA DSB repair with less HR and more NHEJ 

[14,18,57–59] 
Enhanced DNA DSB repair [14,18,57–59] 

Immune Response Higher rate of active immune cells [22–25] Lower rate of active immune cells [22–25] 
Cell Death Mechanisms p53 suppression by HPV oncogene E6 [4,5,60] p53 mutations [3,61,62] 

HIF-1α: Hypoxia inducible factor-1α, DNA DSB: DNA double strand breaks, HR: Homologous recombination, NHEJ: 
Non-homologous end-joining. 

3.1. Angiogenesis, Protein Synthesis and Metabolism 
Broadly, the hypoxia-induced adaptational processes have two main objectives [63]. 

The first is to increase tumor oxygen levels, which can be achieved by inducing angiogen-
esis and erythropoiesis through the transcription of proangiogenic genes, such as vascular 
endothelial growth factor (VEGF) and erythropoietin (EPO) [64,65]. HPV infections also 
seem to influence these processes, since it has been shown that the HPV oncogene E7 in-
creases HIF-1α levels and may influence angiogenesis [52–54], although studies also show 
an inverse correlation between angiogenic factors and HPV status [19,20]. 

As a second objective, the oxygen and energy consumption of cancer cells must be 
lowered. Since mRNA translation is one of the most consuming processes, the overall pro-
tein synthesis decreases during hypoxic stress as a way of energy conservation [28,66–68]. 
However, some mRNAs and proteins with specific functions (e.g., in survival, angiogen-
esis, hypoxic tolerance, and tumor growth) are conversely upregulated in hypoxic condi-
tions to promote cancer cell survival and proliferation [63]. In HNSCC, differences in tran-
scriptome and proteome have been described for HPV-positive and HPV-negative tumors 
[69–71]. 

Another attempt to lower the oxygen consumption involves metabolic transition to 
anaerobic glycolysis [49,63,72,73]. Normal cells prefer mitochondrial oxidation to produce 
energy, but in hypoxic circumstances they are forced to switch to inefficient glycolysis. In 
contrast, cancer cells always favor the more inefficient glycolysis for energy production, 
even when oxygen is plentiful. This process is referred to as aerobic glycolysis or the War-
burg effect, and the rationale for it remains largely unclear [49,73]. However, the Warburg 
effect seems to contribute to tumor cell growth and proliferation through the production 

Figure 1. Schematic summary of the cellular effects of hypoxia. HIF-1: Hypoxia inducible factor-1, HRE: Hypoxia
response elements.

Table 1. Overview of differences in cellular processes between HPV-positive and HPV-negative HNSCC.

Cellular Processes HPV-Positive HNSCC HPV-Negative HNSCC

Angiogenesis Increased levels of HIF-1α [52–54]
Inverse correlation with angiogenic factors [19,20] Higher levels of angiogenic factors [19,20]

Metabolism Higher rates of oxidative phosphorylation, mostly in
the tumor core [22,55,56]

Higher rates of glycolysis, mostly in the
tumor core [22,55,56]

DNA Damage Response Impaired DNA DSB repair with less HR and more
NHEJ [14,18,57–59] Enhanced DNA DSB repair [14,18,57–59]

Immune Response Higher rate of active immune cells [22–25] Lower rate of active immune cells [22–25]
Cell Death Mechanisms p53 suppression by HPV oncogene E6 [4,5,60] p53 mutations [3,61,62]

HIF-1α: Hypoxia inducible factor-1α, DNA DSB: DNA double strand breaks, HR: Homologous recombination, NHEJ: Non-homologous
end-joining.

3.1. Angiogenesis, Protein Synthesis and Metabolism

Broadly, the hypoxia-induced adaptational processes have two main objectives [63].
The first is to increase tumor oxygen levels, which can be achieved by inducing angiogenesis
and erythropoiesis through the transcription of proangiogenic genes, such as vascular
endothelial growth factor (VEGF) and erythropoietin (EPO) [64,65]. HPV infections also
seem to influence these processes, since it has been shown that the HPV oncogene E7
increases HIF-1α levels and may influence angiogenesis [52–54], although studies also
show an inverse correlation between angiogenic factors and HPV status [19,20].

As a second objective, the oxygen and energy consumption of cancer cells must be
lowered. Since mRNA translation is one of the most consuming processes, the overall pro-
tein synthesis decreases during hypoxic stress as a way of energy conservation [28,66–68].
However, some mRNAs and proteins with specific functions (e.g., in survival, angiogenesis,
hypoxic tolerance, and tumor growth) are conversely upregulated in hypoxic conditions to
promote cancer cell survival and proliferation [63]. In HNSCC, differences in transcriptome
and proteome have been described for HPV-positive and HPV-negative tumors [69–71].

Another attempt to lower the oxygen consumption involves metabolic transition to
anaerobic glycolysis [49,63,72,73]. Normal cells prefer mitochondrial oxidation to produce
energy, but in hypoxic circumstances they are forced to switch to inefficient glycolysis. In
contrast, cancer cells always favor the more inefficient glycolysis for energy production,
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even when oxygen is plentiful. This process is referred to as aerobic glycolysis or the
Warburg effect, and the rationale for it remains largely unclear [49,73]. However, the
Warburg effect seems to contribute to tumor cell growth and proliferation through the
production of multiple glycolytic intermediates that can be used in other biosynthetic path-
ways, like the pentose phosphate pathway [73,74]. In addition, the glycolytic metabolism
of cancer cells is associated with radiation resistance, metastases, immunologic escape, and
angiogenesis [73]. Interestingly, the metabolism in HNSCC differs between HPV-positive
and HPV-negative tumors [22,55]. Numerous studies show that HPV-positive tumors
tend to display higher rates of oxidative phosphorylation, while HPV-negative tumors
are more glycolytic [22,56]. Moreover, a differential distribution of these metabolic path-
ways has been seen, with oxidative phosphorylation being predominantly present in the
HPV-positive tumor core, while in HPV-negative tumors it was more active in the tumor
periphery [22,55].

3.2. DNA Damage Response (DDR)

The DNA damage response is a complex overlapping network of genes that sense and
repair DNA damage. The role of DDR genes, especially sensors such as ATM and ATR,
and DNA repair pathways such as non-homologous end-joining (NHEJ) and homologous
recombination (HR), in radiotherapy response has been established for several tumor
types, including HNSCC. Moreover, as mentioned before, we and others have shown that
HPV-negative and HPV-positive HNSCCs show differences in the DDR after radiotherapy.
Hypoxia affects all DNA damage response pathways, in particular the mismatch repair
(MMR) and HR pathways, by downregulating key genes in these pathways such as MSH1,
MLH2, and RAD51 [33,75,76]. The influence of hypoxia and several DDR pathways has
been extensively reviewed by Begg et al. [33]. Although several discrepancies have been
reported about the influence of hypoxia on DDR, in general, hypoxia causes DNA damage
and stress and initially activates DDR sensors, followed by the suppression of the DDR
during prolonged hypoxia [33,76–78]. The suppressed DDR leads to increased mutagenesis
and genetic instability, thereby contributing to the aggressive and malignant phenotype of
hypoxic tumors [33,75,76,78,79].

Recent NGS studies [75,80] have shown that hypoxia is indeed associated with an
increased mutational load across various cancer types [80]. In addition, they demonstrated
that hypoxic tumors manifest characteristic driver-mutation signatures, such as TP53, MYC,
and PTEN, suggesting that hypoxia applies a strong selective pressure to tumors. The
characterization of such driver-mutation signatures is important, since it can contribute to
the development of predictive biomarkers and targeted therapies for hypoxic tumors [75].
Moreover, a follow-up study of the same research group revealed that the combination
of altered PTEN together with elevated hypoxia drives a polyclonal tumor architecture,
resulting in poorer outcomes [80].

As mentioned earlier, the DDR differs between HPV-positive and HPV-negative
HNSCC, with lower rates of HR and more error-prone NHEJ in HPV-positive tumors,
resulting in genomic instability and radiosensitivity [14,18,57–59]. Hence, the effect of
hypoxia on the DDR is also likely to differ between the two tumor types. However, this
has not yet been investigated to our knowledge.

3.3. Immune Response

Tumors elicit complex immune responses, and hypoxia seems to play a significant role
in this by promoting an immunosuppressive microenvironment through the recruitment
and modulation of immune cells [47,81–85]. In addition, hypoxia seems to influence
immune checkpoints and cause an upregulation and increased expression of PD-L1 through
the HIF-pathway [47,50,86]. HPV infections play a role in shaping the intra-tumoral
immune response, since correlative studies demonstrate a higher rate of active immune cells
in HPV-positive compared to HPV-negative HNSCC, suggesting a stronger antitumoral
immune response in HPV-positive tumors [22–25]. Hence, it is clear that both hypoxia
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and HPV infections interact with the intra-tumoral immune response; however, the exact
mechanisms and interactions remain largely unknown. Further research is needed to clarify
this, since these findings will help in the optimization of cancer immunotherapy.

3.4. Cell Death Mechanisms

Severe stress and/or unrepairable damage can induce various cell death mechanisms,
such as apoptosis, autophagy, necrosis, necroptosis, and ferroptosis. Hypoxia has direct
effects on these mechanisms and modulates the interactions between the different path-
ways [87]. Apoptosis, or programmed cell death, can be activated by several factors,
with the p53 pathway as one of the key players. This makes p53 an important tumor
suppressor protein that is mutated in 50–60% of human cancers, including HPV-negative
HNSCC [61,62]. On the other hand, in HPV-positive HNSCC, p53 is generally not mutated,
since it is downregulated by the HPV oncogene E6. Nevertheless, these tumors may still
express some active p53 from the wild-type TP53 gene [60].

Not only HPV infections, but also hypoxia, seem to influence p53 function in cancer
cells. However, studies report contradictory findings about the effects of hypoxia on
apoptosis depending on the oxygen level [88]. Severe hypoxia and anoxia (0–0.5% O2) can
induce apoptosis by the rapid activation of p53, while this does not occur in milder hypoxia
(1–3% O2) [89–93]. Other studies report that HIF itself interacts with p53 since they both
rely on the binding of p300/CBP for the initiation of transcription. This competition could
lead to the suppression of p53 transcription and, thus, p53 function. Interestingly, after
reoxygenation, a p53-dependent increase in apoptosis was observed. As expected, this
was not the case for p53 mutated cells, resulting in genomic instability [33]. These findings
indicate an existing interplay; however, the exact interactions between hypoxia and p53
and apoptosis remain largely unknown, and the results are ambiguous. Considering the
typical p53 mutations and elevated levels of hypoxia in HPV-negative HNSCC, further
investigations might be meaningful. Moreover, the possible interactions between the
suppressed p53 pathway in HPV-positive tumors with hypoxia and apoptosis should be
investigated [94].

4. Hypoxia-Targeting Strategies

In order to overcome the negative influence of hypoxia, various strategies to modify
or target hypoxia in combination with RT have been extensively investigated in preclinical
and clinical settings since the 1950s. Since most solid tumors are characterized by hypoxia,
these trials investigating hypoxic modification and detection involved a variety of tumor
sites, such as bladder, cervix, and lung. However, the head and neck area is one of the most
investigated tumor sites regarding hypoxia [27]. An overview of the different hypoxia-
targeting methods that have been tested in HNSCC is provided in Table 2.

Table 2. Overview of hypoxia targeting strategies investigated in HNSCC.

Hypoxia-
Targeting Strategy HNSCC Trials Treatment

Schedule
Hypoxia

Detection Method Outcome Toxicity

HBO Overview by
Overgaard [95]

RT with HBO or
RT alone / Improved local

control (p = 0.003)
Increased normal

tissue toxicity

TPZ RTOG 98.0 (phase
II) [96,97]

Chemo-RT with
TPZ or

chemo-boost

18F-MISO PET

Hypoxic tumors
improved

locoregional
control (p = 0.015)

More febrile
neutropenia and
grade 3 or 4 late

mucous membrane
toxicity
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Table 2. Cont.

Hypoxia-
Targeting Strategy HNSCC Trials Treatment

Schedule
Hypoxia

Detection Method Outcome Toxicity

ARCON Janssens et al.
(phase III) [98]

ARCON or
accelerated RT

alone

Pimonidazole
(exogeneous

marker)

Hypoxic tumors
improved regional
control (p = 0.04)

Similar (however
lower RT dose in

ARCON arm

Nimorazole DAHANCA 5
(phase III) [38]

RT with
nimorazole or

placebo

15-gene hypoxia
classifier

HPV-negative
hypoxic tumors

improved
locoregional

control (p = 0.002)

Minor nausea and
vomiting

PR-104 Preclinical data
[99–101] / /

Selective activation
and enhanced

antitumor effects

Dose-limiting
myelotoxicity

CP-506 Preclinical data
[102] / /

Favorable
pharmacokinetics

and broad
antitumor activity

/

RT: Radiotherapy, HBO: Hyperbaric oxygenation, TPZ: Tirapazamine.

The first hypoxic modification method that has been explored is hyperbaric oxygen
(HBO) breathing, which leads to a physical increase of the blood oxygen levels [27,103,104].
Some of these early trials demonstrated a significant improvement of local control and
overall survival, especially in head and neck tumors [95]. However, the use of HBO
also leads to a significant increase in normal tissue side effects, negating the outcome
benefits. In addition, HBO is a technically complicated approach with many practical
difficulties [104]. Since the disadvantages of this radiosensitizing method outweigh the
advantages, it was never implemented in daily clinical practice. Based on the principle
of HBO, a method to increase oxygen delivery through the blood, the ARCON strategy,
arose. ARCON involves a combination of carbogen, nicotinamide (vitamin B6 analog),
and accelerated radiotherapy [105]. A randomized phase III trial showed a significant
gain in regional control and similar toxicities compared to accelerated radiotherapy in
advanced laryngeal cancer. However, it should be noted that the radiotherapy doses were
lower in the ARCON arm because of the high rates of larynx necrosis in previous phase
II trials [106,107]. Interestingly, the control benefit was only observed in tumors with a
high hypoxic fraction, defined by pimonidazole staining, demonstrating the importance of
patient stratification [98].

Other hypoxic modification methods are based on hypoxia-activated prodrugs (HAP),
which are selectively activated in hypoxic circumstances by enzymatic reduction [108–110].
Tirapazamine (TPZ) causes DNA strand breaks after hypoxic activation, but was not shown
to be beneficial when added to chemoradiotherapy [96]. However, after patient stratifi-
cation with 18F-MISO PET, treatment with TPZ did decrease the ratio of recurrences in
the hypoxic subpopulation [97]. Another DNA-damaging HAP is evofosfamide (TH-302),
with discouraging results in two phase III trials investigating its effect in sarcoma and pan-
creatic carcinoma [108,111,112]. Preclinically, the HAP PR-104 showed initially promising
results with hypoxia-selective activation and enhanced antitumor effects [99]. However,
further research revealed an additional activation mechanism independent of oxygen by
the reductase AKR1C3, resulting in a dose-limiting myelotoxicity clinically [100,101,113].
Based on PR-104, a new and improved HAP was developed: CP-506. The main advantages
of this novel agent include AKR1C3 resistance, water-solubility, orally bioavailability, and
a large bystander effect [102]. The bystander effect results from local diffusion of the active
drug metabolites, and is important to overcome unequal delivery of the drug [114]. These
favorable pharmacokinetic properties were confirmed in vitro and in vivo, next to a broad
antitumor activity in HNSCC [102].

Up till now, the oxygen mimetic nimorazole is the only hypoxic radiosensitizer that has
been implemented in clinical practice, since a large phase III trial (DAHANCA 5) showed a
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significant outcome benefit by combining radiotherapy with nimorazole in HNSCC [3,37].
However, this regimen is only standard care in Denmark, as up until now, no further
trials have demonstrated a benefit of adding nimorazole to current (chemo)radiotherapy
schedules. Recently, early results of a randomized phase III trial testing the combination of
nimorazole with accelerated chemoradiotherapy in HPV-negative HNSCC were presented.
At 2 years, the locoregional control probability was not clinically different between the two
arms, either in the entire population (63.8% for nimorazole and 72.1% for placebo), or in
the hypoxic gene-positive patients [115]. Currently, another randomized trial is ongoing to
confirm the DAHANCA results (NIMRAD, NCT01950689). In this placebo-controlled trial,
the addition of nimorazole to radiotherapy is compared to radiotherapy alone in patients
with locally advanced HNSCC not suitable for synchronous chemotherapy or cetuximab.
The study is not actively recruiting anymore, but no results have been published yet.

As summarized above, only one clinical trial [37] could demonstrate a significant out-
come benefit and better radiation response with hypoxia modification. A major obstacle in
these trials has been the biological variety and heterogeneity of tumor hypoxia [27,109,116,117],
underlining the need for proper patient stratification through accurate hypoxia detec-
tion [33,117]. In addition, it should be mentioned that studies comparing the impact of
hypoxia on radiation response, with or without hypoxic modification, in HPV-positive
and HPV-negative tumors are scarce, and the results of various analyses are contradictory,
leading to a series of uncertainties [12,38,39,41,42]. Further studies are warranted to clarify
the underlying biological processes involved in the response to hypoxia and radiotherapy,
and to determine the possible benefits of hypoxic modification in HNSCC.

5. Detection of Hypoxia

Tumors display different degrees and distributions of hypoxia, leading to variable
responses to hypoxia-targeting strategies. Therefore, information about the extent of hy-
poxia is crucial in order to select patients who will likely benefit from hypoxic modification.
In addition, pretreatment information about the hypoxic status has proven prognostic
value [3,118]. Since the importance of patient stratification has become clear, various
approaches for the feasible and reliable detection of tumor hypoxia have been investi-
gated [3,27,35,118,119].

The first and the oldest detection method includes the direct measurement of tumor
oxygen concentration using polarographic needle electrodes, for example the Eppendorf
electrode. The key advantage of this method lies in the fact that it measures oxygen
levels directly and that it has a proven correlation with prognosis in multiple cancer types,
including HNSCC [118,120–126]. By contrast, the invasiveness of the procedure and the
inaccessibility of most tumors are important weaknesses. In addition, the electrodes are
unable to differentiate between hypoxia and necrosis, and they do not provide spatial
resolution [3,118,119]. These disadvantages spurred the development of more user-friendly
and versatile detection methods.

Later techniques are based on detecting and monitoring hypoxia markers in biopsies
or resection specimens. These markers can be endogenous, like hypoxia-inducible factor
1α (HIF-1α), carbonic anhydrase IX (CAIX), glucose transporter 1 (GLUT-1), and vascular
endothelial growth factor (VEGF) [119]. Overexpression of these markers can be linked to
poor prognosis in HNSCC and other tumor types; however, this correlation is not always
specific [127–136]. Hypoxia detection with exogeneous markers uses non-physiologic
substances, such as pimonidazole and EF5, that accumulate in hypoxic areas by chemical
reduction and covalent binding to macromolecules. The markers are administered to the
patient (intravenously or per os), whereafter a tissue biopsy is taken to perform immuno-
histochemistry or -fluorescence, thereby visualizing the hypoxic areas with an excellent
spatial resolution [3,119]. The prognostic value of exogenous hypoxia markers has been
demonstrated in HNSCC in a sub-study of a phase II ARCON trial. The results revealed
that tumors with high-level pimonidazole binding had lower locoregional control rates
compared with less hypoxic tumors [137]. Furthermore, a translational side study of a
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phase III trial investigating ARCON in laryngeal cancer observed a significantly improved
regional control with the combination treatment in tumors with high hypoxic fraction,
determined with pimonidazole, but not in low hypoxic tumors [98].

A third biopsy-based detection strategy assesses gene expression signatures, which
consist of a selection of genes specifically upregulated under hypoxia. This upregulation is
a result of the cellular adaptation and transcriptional response to hypoxia, mainly regulated
by the HIF pathway [138–140]. The feasibility of hypoxia gene expression signatures as
a prognostic tool in HNSCC patients has been proven in multiple studies [38,141–143].
Toustroup et al. showed inferior outcomes after radiotherapy in patients with hypoxic head
and neck tumors, as determined by a 15-gene hypoxia classifier. Moreover, only in the more
hypoxic tumors was the use of the hypoxic modifier nimorazole significantly beneficial [38].
Another trial using a 26-gene hypoxia signature demonstrated comparable results [143].
The prognostic value of these hypoxia signatures in HNSCC was later confirmed in a
comparative analysis by Tawk et al. [142]. In contrast, in a recent paper of our research
group in which we evaluated the use of the 15-gene hypoxia classifier in patients with
oropharyngeal cancer treated with accelerated chemoradiotherapy, the prognostic value of
the classifier could not be validated [144].

Despite their benefits, both the electrode- and tissue-based measurements are less
user friendly, since they involve invasive techniques and only inform on oxygen levels at
a specific time point, unless repeated samples are taken. This makes them less suitable
for monitoring tumor oxygenation and/or treatment response, underlining the need for
non-invasive approaches like hypoxia imaging [3].

Positron emission tomography (PET) with hypoxia-selective tracers is more useful
in clinical practice, allows hypoxia monitoring during treatment, and offers a reliable
and reproducible visualization of tumor oxygenation, as demonstrated in various tumor
types [145–147]. In addition, hypoxia PET can facilitate adaptive radiotherapy, by which
a higher dose is prescribed to the hypoxic radioresistant sub-volumes of the tumor [118].
Several randomized phase II and phase III trials are testing this so called ‘dose paint-
ing and dose escalation’ with hypoxia PET in HNSCC (NCT02089204, NCT02352792,
NCT01212354) [148]. The preliminary results of 25 patients with oropharyngeal and
hypopharyngeal carcinoma show 2-year locoregional control rates in favor of dose escala-
tion [149]. In addition, in nasopharyngeal carcinoma, the first results of dose escalation with
hypoxia PET are promising, with improved local control rates compared to conventional
chemoradiotherapy [150]. However, this strategy remains challenging, since PET is not
ideal for the accurate determination and delineation of the tumor borders and volume [151].
In addition, it is unclear what radiation doses are needed for optimal tumor control of
the hypoxic subregions. Moreover, these regions and the amount of hypoxia fluctuate
during radiotherapy, for which adaptive planning should be necessary. However, the
optimal frequency and timing of PET evaluations and subsequent plan adaptations during
treatment remain unknown [148,152].

Various hypoxia PET tracers have been developed, but 18fluoromisonidazole (18F-
MISO), which consists of labeled 2-nitroimidazoles, which selectively bind to macro-
molecules in hypoxic cells, is the one most commonly used and investigated [118,148]. In a
sub-study of the RTOG 98.02 trial [153], the hypoxia status in patients with HNSCC was
assessed using 18F-MISO PET. In this study, patients with hypoxic tumors had a higher
risk of locoregional recurrences, demonstrating the prognostic value of 18F-MISO PET. As
mentioned before, the addition of tirapazamine to chemoradiation significantly improved
the outcome for these patients [97].

A more novel hypoxia-selective PET tracer is 18F-fluoroazomycin arabinoside (FAZA),
with promising prognostic potential for hypoxia detection in HNSCC as well [40]. Other
new PET tracers that have recently been introduced in the clinic include 18F-FETNIM,
18F-EF3, 18F-EF5, and 18F-HX4 [148,154,155]. More indirect PET-based detection methods
rely on the quantification of blood flow or oxygenation-dependent flux changes through
ATP-generating pathways, for example anaerobic glycolysis [118].
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The current techniques to detect hypoxia show promising results regarding their
prognostic and predictive value; however, each has its inherent weaknesses. Further
validation of these techniques is warranted in different tumor types and treatment regimens.
Additionally, the ideal timing for hypoxia detection still remains a subject for debate. The
focus of future research should lie on patient selection with reliable hypoxia detection
methods in combination with testing of hypoxia-targeting agents in the hypoxic subgroup.

6. Conclusions

HPV-positive and HPV-negative HNSCCs differ at the biological and clinical level,
with a better overall prognosis for the HPV-positive group. This improved prognosis is, at
least partly, attributable to the increased radiosensitivity and thus better radiation response
of HPV-positive tumors. Besides HPV infections, hypoxia is also an important modulator
of the radiation response. The most well-known explanation for this interplay lies in the
‘oxygen fixation theory’, which arose many decades ago. Nevertheless, more recently, it has
become clear that hypoxia induces a variety of cellular processes that also, and probably to
a more important extent, seem to influence the therapy response. Moreover, these cellular
changes affect the biological behavior and phenotype of hypoxic cancer cells. In addition,
recent NGS studies show that hypoxia causes genetic instability, which can be linked to
a poorer prognosis. However, it remains unclear whether and how these cellular and
genetic alterations influence the therapy response and the increased radiosensitivity of
certain tumor types like HPV-positive HNSCC. Further studies investigating the fate of
hypoxic cells and the hypoxia-induced cellular adaptions and genetic alterations, with
and without radiotherapy, can shed light on the importance and interplay of these various
known biological processes.

Because of its negative impact on tumor responsiveness and overall prognosis, hy-
poxia remains an important therapeutic target to be exploited. Unfortunately, up till now,
the clinical successes of hypoxia-targeting strategies are poor. Some recent HAPs show
improved targeting abilities in several preclinical trials; however, the responses are still
heterogeneous, underlining the need for proper hypoxia stratification. The existing detec-
tion methods are promising, but need further validation in prospective randomized trials.
Ideally, these should be combined with the testing of novel hypoxia-targeting strategies.
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60. Raudenská, M.; Balvan, J.; Masařík, M. Cell death in head and neck cancer pathogenesis and treatment. Cell Death Dis. 2021, 12,
192. [CrossRef]

61. Pietsch, E.C.; Sykes, S.M.; McMahon, S.B.; Murphy, M.E. The p53 family and programmed cell death. Oncogene 2008, 27, 6507–6521.
[CrossRef]

62. Baugh, E.H.; Ke, H.; Levine, A.J.; Bonneau, R.A.; Chan, C.S. Why are there hotspot mutations in the TP53 gene in human cancers?
Cell Death Differ. 2017, 25, 154–160. [CrossRef]

63. Koumenis, C.; Wouters, B. “Translating” Tumor Hypoxia: Unfolded Protein Response (UPR)–Dependent and UPR-Independent
Pathways. Mol. Cancer Res. 2006, 4, 423–436. [CrossRef] [PubMed]

64. Blais, J.D.; Addison, C.L.; Edge, R.; Falls, T.; Zhao, H.; Wary, K.; Koumenis, C.; Harding, H.; Ron, D.; Holcik, M.; et al. Perk-
Dependent Translational Regulation Promotes Tumor Cell Adaptation and Angiogenesis in Response to Hypoxic Stress. Mol.
Cell. Biol. 2006, 26, 9517–9532. [CrossRef]

65. Haase, V.H. Regulation of erythropoiesis by hypoxia-inducible factors. Blood Rev. 2013, 27, 41–53. [CrossRef]
66. Koritzinsky, M.; Magagnin, M.G.; Beucken, T.V.D.; Seigneuric, R.; Savelkouls, K.; Dostie, J.; Pyronnet, S.; Kaufman, R.J.;

Weppler, S.A.; Voncken, J.W.; et al. Gene expression during acute and prolonged hypoxia is regulated by distinct mechanisms of
translational control. EMBO J. 2006, 25, 1114–1125. [CrossRef] [PubMed]

67. Koritzinsky, M.; Seigneuric, R.; Magagnin, M.G.; Beucken, T.V.D.; Lambin, P.; Wouters, B.G. The hypoxic proteome is influenced
by gene-specific changes in mRNA translation. Radiother. Oncol. 2005, 76, 177–186. [CrossRef]

68. Wouters, B.G.; Beucken, T.V.D.; Magagnin, M.G.; Koritzinsky, M.; Fels, D.; Koumenis, C. Control of the hypoxic response through
regulation of mRNA translation. Semin. Cell Dev. Biol. 2005, 16, 487–501. [CrossRef]

69. Aggarwal, N.; Yadav, J.; Thakur, K.; Bibban, R.; Chhokar, A.; Tripathi, T.; Bhat, A.; Singh, T.; Jadli, M.; Singh, U.; et al. Human
Papillomavirus Infection in Head and Neck Squamous Cell Carcinomas: Transcriptional Triggers and Changed Disease Patterns.
Front. Cell. Infect. Microbiol. 2020, 10, 746. [CrossRef]

70. Zhang, W.; Edwards, A.; Fang, Z.; Flemington, E.K.; Zhang, K. Integrative Genomics and Transcriptomics Analysis Reveals
Potential Mechanisms for Favorable Prognosis of Patients with HPV-Positive Head and Neck Carcinomas. Sci. Rep. 2016, 6, 24927.
[CrossRef]

71. Faraji, F.; Zaidi, M.; Fakhry, C.; Gaykalova, D.A. Molecular mechanisms of human papillomavirus-related carcinogenesis in head
and neck cancer. Microbes Infect. 2017, 19, 464–475. [CrossRef]

72. Kim, J.-W.; Gao, P.; Dang, C.V. Effects of hypoxia on tumor metabolism. Cancer Metastasis Rev. 2007, 26, 291–298. [CrossRef]
73. Meijer, T.W.; Kaanders, J.H.; Span, P.; Bussink, J. Targeting Hypoxia, HIF-1, and Tumor Glucose Metabolism to Improve

Radiotherapy Efficacy. Clin. Cancer Res. 2012, 18, 5585–5594. [CrossRef] [PubMed]
74. DeBerardinis, R.J.; Chandel, N.S. We need to talk about the Warburg effect. Nat. Metab. 2020, 2, 127–129. [CrossRef]
75. Bhandari, V.; Hoey, C.; Liu, L.Y.; LaLonde, E.; Ray, J.; Livingstone, J.; Lesurf, R.; Shiah, Y.-J.; Vujcic, T.; Huang, X.; et al. Molecular

landmarks of tumor hypoxia across cancer types. Nat. Genet. 2019, 51, 308–318. [CrossRef]
76. Bindra, R.S.; Crosby, M.E.; Glazer, P.M. Regulation of DNA repair in hypoxic cancer cells. Cancer Metastasis Rev. 2007, 26, 249–260.

[CrossRef]
77. Scanlon, S.E.; Glazer, P.M. Multifaceted control of DNA repair pathways by the hypoxic tumor microenvironment. DNA Repair

2015, 32, 180–189. [CrossRef]
78. Kumareswaran, R.; Ludkovski, O.; Meng, A.; Sykes, J.; Pintilie, M.; Bristow, R.G. Chronic hypoxia compromises repair of DNA

double-strand breaks to drive genetic instability. J. Cell Sci. 2012, 125, 189–199. [CrossRef]
79. Koshiji, M.; To, K.; Hammer, S.; Kumamoto, K.; Harris, A.; Modrich, P.; Huang, L.E. HIF-1α Induces Genetic Instability by

Transcriptionally Downregulating MutSα Expression. Mol. Cell 2005, 17, 793–803. [CrossRef] [PubMed]
80. Bhandari, V.; PCAWG Consortium; Li, C.H.; Bristow, R.G.; Boutros, P.C. Divergent mutational processes distinguish hypoxic and

normoxic tumours. Nat. Commun. 2020, 11, 737. [CrossRef]
81. Multhoff, G.; Vaupel, P. Hypoxia Compromises Anti-Cancer Immune Responses. In Oxygen Transport to Tissue XLI; Ryu, P.-D.,

LaManna, J.C., Harrison, D.K., Lee, S.-S., Eds.; Springer International Publishing: Cham, Switzerland, 2020; pp. 131–143.
[CrossRef]

82. Vaupel, P.; Multhoff, G. Accomplices of the Hypoxic Tumor Microenvironment Compromising Antitumor Immunity: Adenosine,
Lactate, Acidosis, Vascular Endothelial Growth Factor, Potassium Ions, and Phosphatidylserine. Front. Immunol. 2017, 8, 1887.
[CrossRef]

83. Rankin, E.B.; Giaccia, A.J. Hypoxic control of metastasis. Science 2016, 352, 175–180. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-13-2479
http://doi.org/10.3390/cancers13153717
http://www.ncbi.nlm.nih.gov/pubmed/34359617
http://doi.org/10.1038/bjc.2016.266
http://www.ncbi.nlm.nih.gov/pubmed/27584664
http://doi.org/10.1038/s41419-021-03474-5
http://doi.org/10.1038/onc.2008.315
http://doi.org/10.1038/cdd.2017.180
http://doi.org/10.1158/1541-7786.MCR-06-0150
http://www.ncbi.nlm.nih.gov/pubmed/16849518
http://doi.org/10.1128/MCB.01145-06
http://doi.org/10.1016/j.blre.2012.12.003
http://doi.org/10.1038/sj.emboj.7600998
http://www.ncbi.nlm.nih.gov/pubmed/16467844
http://doi.org/10.1016/j.radonc.2005.06.036
http://doi.org/10.1016/j.semcdb.2005.03.009
http://doi.org/10.3389/fcimb.2020.537650
http://doi.org/10.1038/srep24927
http://doi.org/10.1016/j.micinf.2017.06.001
http://doi.org/10.1007/s10555-007-9060-4
http://doi.org/10.1158/1078-0432.CCR-12-0858
http://www.ncbi.nlm.nih.gov/pubmed/23071360
http://doi.org/10.1038/s42255-020-0172-2
http://doi.org/10.1038/s41588-018-0318-2
http://doi.org/10.1007/s10555-007-9061-3
http://doi.org/10.1016/j.dnarep.2015.04.030
http://doi.org/10.1242/jcs.092262
http://doi.org/10.1016/j.molcel.2005.02.015
http://www.ncbi.nlm.nih.gov/pubmed/15780936
http://doi.org/10.1038/s41467-019-14052-x
http://doi.org/10.1007/978-3-030-34461-0_18
http://doi.org/10.3389/fimmu.2017.01887
http://doi.org/10.1126/science.aaf4405


Cancers 2021, 13, 5959 14 of 17

84. Triner, D.; Shah, Y.M. Hypoxia-inducible factors: A central link between inflammation and cancer. J. Clin. Investig. 2016, 126,
3689–3698. [CrossRef]

85. Barsoum, I.B.; Smallwood, C.A.; Siemens, D.R.; Graham, C.H. A Mechanism of Hypoxia-Mediated Escape from Adaptive
Immunity in Cancer Cells. Cancer Res. 2014, 74, 665–674. [CrossRef]

86. Noman, M.Z.; Desantis, G.; Janji, B.; Hasmim, M.; Karray, S.; Dessen, P.; Bronte, V.; Chouaib, S. PD-L1 is a novel direct target of
HIF-1α, and its blockade under hypoxia enhanced MDSC-mediated T cell activation. J. Exp. Med. 2014, 211, 781–790. [CrossRef]
[PubMed]

87. Qiu, Y.; Li, P.; Ji, C. Cell Death Conversion under Hypoxic Condition in Tumor Development and Therapy. Int. J. Mol. Sci. 2015,
16, 25536–25551. [CrossRef]

88. Zhang, C.; Liu, J.; Wang, J.; Zhang, T.; Xu, D.; Hu, W.; Feng, Z. The Interplay Between Tumor Suppressor p53 and Hypoxia
Signaling Pathways in Cancer. Front. Cell Dev. Biol. 2021, 9, 273. [CrossRef]

89. Santore, M.T.; McClintock, D.S.; Lee, V.Y.; Budinger, G.R.S.; Chandel, N.S. Anoxia-induced apoptosis occurs through a
mitochondria-dependent pathway in lung epithelial cells. Am. J. Physiol. Cell. Mol. Physiol. 2002, 282, L727–L734. [CrossRef]
[PubMed]

90. Kumar, H.; Choi, D.-K. Hypoxia Inducible Factor Pathway and Physiological Adaptation: A Cell Survival Pathway? Mediat.
Inflamm. 2015, 2015, 584758. [CrossRef]

91. Li, J.; Zhang, X.; Sejas, D.P.; Bagby, G.C.; Pang, Q. Hypoxia-induced Nucleophosmin Protects Cell Death through Inhibition of
p53. J. Biol. Chem. 2004, 279, 41275–41279. [CrossRef] [PubMed]

92. Hammond, E.M.; Giaccia, A.J. The role of p53 in hypoxia-induced apoptosis. Biochem. Biophys. Res. Commun. 2005, 331, 718–725.
[CrossRef]

93. Humpton, T.J.; Vousden, K.H. Regulation of cellular metabolism and hypoxia by p53. Cold Spring Harb. Perspect. Med. 2016, 6,
a026146. [CrossRef] [PubMed]

94. Alsahafi, E.; Begg, K.; Amelio, I.; Raulf, N.; Lucarelli, P.; Sauter, T.; Tavassoli, M. Clinical update on head and neck cancer:
Molecular biology and ongoing challenges. Cell Death Dis. 2019, 10, 540. [CrossRef]

95. Overgaard, J.; Horsman, M. Modification of hypoxia-induced radioresistance in tumors by the use of oxygen and sensitizers.
Semin. Radiat. Oncol. 1996, 6, 10–21. [CrossRef]

96. Rischin, D.; Peters, L.J.; O’Sullivan, B.; Giralt, J.; Fisher, R.; Yuen, K.; Trotti, A.; Bernier, J.; Bourhis, J.; Ringash, J.; 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,
2989–2995. [CrossRef]

97. Rischin, D.; Hicks, R.; Fisher, R.; Binns, D.; Corry, J.; Porceddu, S.; Peters, L.J. 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, 2098–2104. [CrossRef]

98. Janssens, G.O.; Rademakers, S.E.; Terhaard, C.H.; Doornaert, P.A.; Bijl, H.P.; van den Ende, P.; Chin, A.; Marres, H.A.; de Bree, R.;
van der Kogel, A.J.; et al. Accelerated Radiotherapy With Carbogen and Nicotinamide for Laryngeal Cancer: Results of a Phase
III Randomized Trial. J. Clin. Oncol. 2012, 30, 1777–1783. [CrossRef]

99. Patterson, A.; Ferry, D.M.; Edmunds, S.; Gu, Y.; Singleton, R.; Patel, K.; Pullen, S.M.; Hicks, K.O.; Syddall, S.P.; Atwell, G.J.; et al.
Mechanism of Action and Preclinical Antitumor Activity of the Novel Hypoxia-Activated DNA Cross-Linking Agent PR-Clin.
Cancer Res. 2007, 13, 3922–3932. [CrossRef]

100. Guise, C.; Abbattista, M.R.; Singleton, R.; Holford, S.D.; Connolly, J.; Dachs, G.U.; Fox, S.; Pollock, R.; Harvey, J.; Guilford, P.; et al.
The Bioreductive Prodrug PR-104A Is Activated under Aerobic Conditions by Human Aldo-Keto Reductase 1C3. Cancer Res.
2010, 70, 1573–1584. [CrossRef]

101. Birtwistle, J.; Hayden, R.E.; Khanim, F.L.; Green, R.M.; Pearce, C.; Davies, N.J.; Wake, N.; Schrewe, H.; Ride, J.P.;
Chipman, J.K.; et al. The aldo-keto reductase AKR1C3 contributes to 7,12-dimethylbenz(a)anthracene-3,4-dihydrodiol
mediated oxidative DNA damage in myeloid cells: Implications for leukemogenesis. Mutat. Res. Mol. Mech. Mutagen. 2009, 662,
67–74. [CrossRef]

102. Van der Wiel, A.M.; Jackson-Patel, V.; Niemans, R.; Yaromina, A.; Liu, E.; Marcus, D.; Mowday, A.M.; Lieuwes, N.G.; Biemans, R.;
Lin, X.; et al. Selectively Targeting Tumor Hypoxia with the Hypoxia-Activated Prodrug CP-506. Mol. Cancer Ther. 2021.
[CrossRef]

103. Watson, E.R.; Hainan, K.E.; Dische, S.; Saunders, M.I.; Cade, I.S.; McEwen, J.B.; Wiernik, G.; Perrins, D.J.D.; Sutherland, I.
Hyperbaric oxygen and radiotherapy: A Medical Research Council trial in carcinoma of the cervix. Br. J. Radiol. 1978, 51, 879–887.
[CrossRef]

104. Mayer, R.; Hamilton-Farrell, M.R.; Van Der Kleij, A.J.; Schmutz, J.; Granström, G.; Sicko, Z.; Melamed, Y.; Carl, U.M.;
Hartmann, K.A.; Jansen, E.C.; et al. Hyperbaric Oxygen and Radiotherapy. Strahlenther. Onkol. 2005, 181, 113–123. [CrossRef]

105. Kaanders, J.H.; Bussink, J.; van der Kogel, A.J. ARCON: A novel biology-based approach in radiotherapy. Lancet Oncol. 2002, 3,
728–737. [CrossRef]

106. Kaanders, J.H.; Pop, L.A.; Marres, H.A.; Liefers, J.; Hoogen, F.J.V.D.; Van Daal, W.A.; Van Der Kogel, A.J. Accelerated radiotherapy
with carbogen and nicotinamide (ARCON) for laryngeal cancer. Radiother. Oncol. 1998, 48, 115–122. [CrossRef]

http://doi.org/10.1172/JCI84430
http://doi.org/10.1158/0008-5472.CAN-13-0992
http://doi.org/10.1084/jem.20131916
http://www.ncbi.nlm.nih.gov/pubmed/24778419
http://doi.org/10.3390/ijms161025536
http://doi.org/10.3389/fcell.2021.648808
http://doi.org/10.1152/ajplung.00281.2001
http://www.ncbi.nlm.nih.gov/pubmed/11880298
http://doi.org/10.1155/2015/584758
http://doi.org/10.1074/jbc.C400297200
http://www.ncbi.nlm.nih.gov/pubmed/15310764
http://doi.org/10.1016/j.bbrc.2005.03.154
http://doi.org/10.1101/cshperspect.a026146
http://www.ncbi.nlm.nih.gov/pubmed/27371670
http://doi.org/10.1038/s41419-019-1769-9
http://doi.org/10.1016/S1053-4296(96)80032-4
http://doi.org/10.1200/JCO.2009.27.4449
http://doi.org/10.1200/jco.2005.05.2878
http://doi.org/10.1200/JCO.2011.35.9315
http://doi.org/10.1158/1078-0432.ccr-07-0478
http://doi.org/10.1158/0008-5472.CAN-09-3237
http://doi.org/10.1016/j.mrfmmm.2008.12.010
http://doi.org/10.1158/1535-7163.MCT-21-0406
http://doi.org/10.1259/0007-1285-51-611-879
http://doi.org/10.1007/s00066-005-1277-y
http://doi.org/10.1016/S1470-2045(02)00929-4
http://doi.org/10.1016/S0167-8140(98)00043-7


Cancers 2021, 13, 5959 15 of 17

107. Kaanders, J.; Pop, L.; Marres, H.; Bruaset, I.; Hoogen, F.V.D.; Merkx, M.; Van Der Kogel, A. ARCON: Experience in 215 patients
with advanced head and neck cancer. Int. J. Radiat. Oncol. 2001, 51, 83–84. [CrossRef]

108. Codony, V.L.; Tavassoli, M. Hypoxia-induced therapy resistance: Available hypoxia-targeting strategies and current advances in
head and neck cancer. Transl. Oncol. 2021, 14, 101017. [CrossRef] [PubMed]

109. Jackson, R.K.; Liew, L.P.; Hay, M.P. Overcoming Radioresistance: Small Molecule Radiosensitisers and Hypoxia-activated
Prodrugs. Clin. Oncol. 2019, 31, 290–302. [CrossRef]

110. Spiegelberg, L.; Houben, R.; Niemans, R.; de Ruysscher, D.; Yaromina, A.; Theys, J.; Guise, C.P.; Smaill, J.B.; Patterson, A.V.;
Lambin, P.; et al. Hypoxia-activated prodrugs and (lack of) clinical progress: The need for hypoxia-based biomarker patient
selection in phase III clinical trials. Clin. Transl. Radiat. Oncol. 2019, 15, 62–69. [CrossRef] [PubMed]

111. Van Cutsem, E.; Lenz, H.-J.; Furuse, J.; Tabernero, J.; Heinemann, V.; Ioka, T.; Bazin, I.; Ueno, M.; Csõszi, T.; Wasan, H.; et al.
MAESTRO: A randomized, double-blind phase III study of evofosfamide (Evo) in combination with gemcitabine (Gem) in
previously untreated patients (pts) with metastatic or locally advanced unresectable pancreatic ductal adenocarcinoma (PDAC).
J. Clin. Oncol. 2016, 34, 4007. [CrossRef]

112. Tap, W.D.; Papai, Z.; Van Tine, B.A.; Attia, S.; Ganjoo, K.N.; Jones, R.L.; Schuetze, S.; Reed, D.; Chawla, S.P.; Riedel, R.F.; et al.
Doxorubicin plus evofosfamide versus doxorubicin alone in locally advanced, unresectable or metastatic soft-tissue sarcoma
(TH CR-406/SARC021): An international, multicentre, open-label, randomised phase 3 trial. Lancet Oncol. 2017, 18, 1089–1103.
[CrossRef]

113. Konopleva, M.; Thall, P.F.; Yi, C.A.; Borthakur, G.; Coveler, A.; Bueso-Ramos, C.; Benito, J.; Konoplev, S.; Gu, Y.; Ravandi, F.; et al.
Phase I/II study of the hypoxia-activated prodrug PR104 in refractory/relapsed acute myeloid leukemia and acute lymphoblastic
leukemia. Haematologica 2015, 100, 927–934. [CrossRef]

114. Hong, C.R.; Bogle, G.; Wang, J.; Patel, K.; Pruijn, F.B.; Wilson, W.R.; Hicks, K.O. Bystander Effects of Hypoxia-Activated Prodrugs:
Agent-Based Modeling Using Three Dimensional Cell Cultures. Front. Pharmacol. 2018, 9, 1–16. [CrossRef]

115. Grégoire, V.; Tao, Y.; Kaanders, J.; Machiels, J.; Vulquin, N.; Nuyts, S.; Fortpied, C.; Lmalem, H.; Marreaud, S.; Overgaard, J.
OC-0278 Accelerated CH-RT with/without nimorazole for p16- HNSCC: The randomized DAHANCA 29-EORTC 1219 trial.
Radiother. Oncol. 2021, 161, S187–S188. [CrossRef]

116. Mistry, I.N.; Thomas, M.; Calder, E.; Conway, S.J.; Hammond, E.M. Clinical Advances of Hypoxia-Activated Prodrugs in
Combination With Radiation Therapy. Int. J. Radiat. Oncol. 2017, 98, 1183–1196. [CrossRef]

117. Wilson, W.R.; Hay, M.P. Targeting hypoxia in cancer therapy. Nat. Rev. Cancer 2011, 11, 393–410. [CrossRef] [PubMed]
118. Busk, M.; Overgaard, J.; Horsman, M.R. Imaging of Tumor Hypoxia for Radiotherapy: Current Status and Future Directions.

Semin. Nucl. Med. 2020, 50, 562–583. [CrossRef]
119. Thiruthaneeswaran, N.; Bibby, B.A.; Yang, L.; Hoskin, P.J.; Bristow, R.G.; Choudhury, A.; West, C. Lost in application: Measuring

hypoxia for radiotherapy optimisation. Eur. J. Cancer 2021, 148, 260–276. [CrossRef]
120. Nordsmark, M.; Overgaard, M.; Overgaard, J. Pretreatment oxygenation predicts radiation response in advanced squamous cell

carcinoma of the head and neck. Radiother. Oncol. 1996, 41, 31–39. [CrossRef]
121. Nordsmark, M.; Overgaard, J. A confirmatory prognostic study on oxygenation status and loco-regional control in advanced

head and neck squamous cell carcinoma treated by radiation therapy. Radiother. Oncol. 2000, 57, 39–43. [CrossRef]
122. Nordsmark, M.; Bentzen, S.M.; Rudat, V.; Brizel, D.; Lartigau, E.; Stadler, P.; Becker, A.; Adam, M.; Molls, M.; Dunst, J.; 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, 18–24. [CrossRef]

123. Nordsmark, M.; Alsner, J.; Keller, J.; Nielsen, O.S.; Jensen, O.M.; Horsman, M.R.; Overgaard, J. Hypoxia in human soft tissue
sarcomas: Adverse impact on survival and no association with p53 mutations. Br. J. Cancer 2001, 84, 1070–1075. [CrossRef]

124. Knocke, T.-H.; Weitmann, H.-D.; Feldmann, H.-J.; Selzer, E.; Pötter, R. Intratumoral pO2-measurements as predictive assay in the
treatment of carcinoma of the uterine cervix. Radiother. Oncol. 1999, 53, 99–104. [CrossRef]

125. Suzuki, Y.; Nakano, T.; Ohno, T.; Kato, S.; Niibe, Y.; Morita, S.; Tsujii, H. Oxygenated and reoxygenated tumors show better local
control in radiation therapy for cervical cancer. Int. J. Gynecol. Cancer 2006, 16, 306–311. [CrossRef] [PubMed]

126. Turaka, A.; Buyyounouski, M.K.; Hanlon, A.L.; Horwitz, E.M.; Greenberg, R.E.; Movsas, B. Hypoxic Prostate/Muscle Po2 Ratio
Predicts for Outcome in Patients With Localized Prostate Cancer: Long-Term Results. Int. J. Radiat. Oncol. 2012, 82, e433–e439.
[CrossRef] [PubMed]

127. Koukourakis, M.I.; Bentzen, S.M.; Giatromanolaki, A.; Wilson, G.D.; Daley, F.M.; Saunders, M.I.; Dische, S.; Sivridis, E.; Harris, A.L.
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, 727–735. [CrossRef]

128. Swartz, J.E.; Pothen, A.J.; Van Kempen, P.M.W.; Stegeman, I.; Formsma, F.K.; Van Cann, E.M.; Willems, S.M.; Grolman, W.
Poor prognosis in human papillomavirus-positive oropharyngeal squamous cell carcinomas that overexpress hypoxia inducible
factor-1α. Head Neck 2016, 38, 1338–1346. [CrossRef]

129. Xie, W.; Liu, L.; He, H.; Yang, K. Prognostic value of hypoxia-inducible factor-1 alpha in nasopharyngeal carcinoma: A meta-
analysis. Int. J. Biol. Markers 2018, 33, 447–454. [CrossRef] [PubMed]

130. Jing, S.W.; Wang, J.; Xu, Q. Expression of hypoxia inducible factor 1 alpha and its clinical significance in esophageal carcinoma: A
meta-analysis. Tumor Biol. 2017, 39, 1–12. [CrossRef] [PubMed]

http://doi.org/10.1016/S0360-3016(01)01978-2
http://doi.org/10.1016/j.tranon.2021.101017
http://www.ncbi.nlm.nih.gov/pubmed/33465746
http://doi.org/10.1016/j.clon.2019.02.004
http://doi.org/10.1016/j.ctro.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30734002
http://doi.org/10.1200/JCO.2016.34.15_suppl.4007
http://doi.org/10.1016/S1470-2045(17)30381-9
http://doi.org/10.3324/haematol.2014.118455
http://doi.org/10.3389/fphar.2018.01013
http://doi.org/10.1016/S0167-8140(21)06828-6
http://doi.org/10.1016/j.ijrobp.2017.03.024
http://doi.org/10.1038/nrc3064
http://www.ncbi.nlm.nih.gov/pubmed/21606941
http://doi.org/10.1053/j.semnuclmed.2020.05.003
http://doi.org/10.1016/j.ejca.2021.01.039
http://doi.org/10.1016/S0167-8140(96)91811-3
http://doi.org/10.1016/S0167-8140(00)00223-1
http://doi.org/10.1016/j.radonc.2005.06.038
http://doi.org/10.1054/bjoc.2001.1728
http://doi.org/10.1016/S0167-8140(99)00139-5
http://doi.org/10.1111/j.1525-1438.2006.00341.x
http://www.ncbi.nlm.nih.gov/pubmed/16445650
http://doi.org/10.1016/j.ijrobp.2011.05.037
http://www.ncbi.nlm.nih.gov/pubmed/21985947
http://doi.org/10.1200/JCO.2005.02.7474
http://doi.org/10.1002/hed.24445
http://doi.org/10.1177/1724600818778756
http://www.ncbi.nlm.nih.gov/pubmed/29888634
http://doi.org/10.1177/1010428317717983
http://www.ncbi.nlm.nih.gov/pubmed/28671053


Cancers 2021, 13, 5959 16 of 17

131. Zhou, J.; Huang, S.; Wang, L.; Yuan, X.; Dong, Q.; Zhang, D.; Wang, X. Clinical and prognostic significance of HIF-1α overexpres-
sion in oral squamous cell carcinoma: A meta-analysis. World J. Surg. Oncol. 2017, 15, 104. [CrossRef]

132. Liu, Q.; Cao, P. Clinical and prognostic significance of HIF-1α in glioma patients: A meta-analysis. Int. J. Clin. Exp. Med. 2015, 8,
22073–22083.

133. Li, Y.; Zhang, W.; Li, S.; Tu, C. Prognosis value of Hypoxia-inducible factor-1α expression in patients with bone and soft tissue
sarcoma: A meta-analysis. SpringerPlus 2016, 5, 1370. [CrossRef] [PubMed]

134. Huang, M.; Du, H.; Zhang, L.; Che, H.; Liang, C. The association of HIF-1α expression with clinicopathological significance in
prostate cancer: A meta-analysis. Cancer Manag. Res. 2018, 10, 2809–2816. [CrossRef] [PubMed]

135. Yang, S.-L.; Ren, Q.-G.; Wen, L.; Hu, J.-L. Clinicopathological and prognostic significance of hypoxia-inducible factor-1 alpha in
lung cancer: A systematic review with meta-analysis. Acta Acad. Med. Wuhan 2016, 36, 321–327. [CrossRef]

136. Le, Q.-T.; Sutphin, P.D.; Raychaudhuri, S.; Yu, S.C.T.; Terris, D.J.; Lin, H.S.; Lum, B.; Pinto, H.A.; Koong, A.C.; Giaccia, A.J.
Identification of osteopontin as a prognostic plasma marker for head and neck squamous cell carcinomas. Clin. Cancer Res. 2003,
9, 59–67. [PubMed]

137. Kaanders, J.H.A.M.; Wijffels, K.I.E.M.; Marres, H.A.M.; Ljungkvist, A.S.E.; Pop, L.A.M.; Hoogen, F.J.A.V.D.; De Wilde, P.C.M.;
Bussink, J.; Raleigh, J.A.; Van Der Kogel, A.J. Pimonidazole binding and tumor vascularity predict for treatment outcome in head
and neck cancer. Cancer Res. 2002, 62, 7066–7074.

138. Lendahl, U.; Lee, K.L.; Yang, H.; Poellinger, L. Generating specificity and diversity in the transcriptional response to hypoxia. Nat.
Rev. Genet. 2009, 10, 821–832. [CrossRef] [PubMed]

139. Buffa, F.M.; Harris, A.; West, C.; Miller, C. Large meta-analysis of multiple cancers reveals a common, compact and highly
prognostic hypoxia metagene. Br. J. Cancer 2010, 102, 428–435. [CrossRef]

140. Chi, J.-T.; Wang, Z.; Nuyten, D.S.A.; Rodriguez, E.H.; Schaner, M.E.; Salim, A.; Wang, Y.; Kristensen, G.B.; Helland, Å.; Børresen-
Dale, A.-L.; et al. Gene Expression Programs in Response to Hypoxia: Cell Type Specificity and Prognostic Significance in Human
Cancers. PLoS Med. 2006, 3, e47. [CrossRef]

141. Toustrup, K.; Sørensen, B.S.; Nordsmark, M.; Busk, M.; Wiuf, C.; Alsner, J.; Overgaard, J. Development of a Hypoxia Gene
Expression Classifier with Predictive Impact for Hypoxic Modification of Radiotherapy in Head and Neck Cancer. Cancer Res.
2011, 71, 5923–5931. [CrossRef]

142. Tawk, B.; Schwager, C.; Deffaa, O.; Dyckhoff, G.; Warta, R.; Linge, A.; Krause, M.; Weichert, W.; Baumann, M.; Herold-Mende, C.;
et al. Comparative analysis of transcriptomics based hypoxia signatures in head- and neck squamous cell carcinoma. Radiother.
Oncol. 2016, 118, 350–358. [CrossRef] [PubMed]

143. Eustace, A.; Mani, N.; Span, P.N.; Irlam, J.J.; Taylor, J.; Nj, G.; Denley, H.; Miller, C.J.; Homer, J.J.; Rojas, A.M.; et al. Europe
PMC Funders Group Europe PMC Funders Author Manuscripts A 26-Gene Hypoxia Signature Predicts Benefit from Hypoxia-
Modifying Therapy in Laryngeal Cancer but Not Bladder Cancer. Clin. Cancer Res. 2014, 19, 4879–4888. [CrossRef] [PubMed]

144. Deschuymer, S.; Sørensen, B.S.; Dok, R.; Laenen, A.; Hauben, E.; Overgaard, J.; Nuyts, S. Prognostic value of a 15-gene hypoxia
classifier in oropharyngeal cancer treated with accelerated chemoradiotherapy. Strahlenther. Onkol. 2020, 196, 552–560. [CrossRef]

145. Spence, A.M.; Muzi, M.; Swanson, K.; O’Sullivan, F.; Rockhill, J.K.; Rajendran, J.G.; Adamsen, T.C.; Link, J.M.; Swanson, P.E.;
Yagle, K.J.; et al. Regional Hypoxia in Glioblastoma Multiforme Quantified with [18F] Fluoromisonidazole Positron Emission
Tomography before Radiotherapy: Correlation with Time to Progression and Survival. Clin. Cancer Res. 2008, 14, 2623–2630.
[CrossRef]

146. Eschmann, S.; Paulsen, F.; Reimold, M.; Dittmann, H.; Welz, S.; Reischl, G.; Machulla, H.; Bares, R. Prognostic Impact of Hypoxia
Imaging with Before Radiotherapy. Radiochemistry 2005, 46, 253–260.

147. Bussink, J.; Kaanders, J.H.A.M.; Van Der Graaf, W.T.A.; Oyen, W.J.G. PET–CT for radiotherapy treatment planning and response
monitoring in solid tumors. Nat. Rev. Clin. Oncol. 2011, 8, 233–242. [CrossRef]

148. Grégoire, V.; Eriksen, J. Impact of hypoxia in head and neck cancer radiotherapy. Clin. Transl. Imaging 2017, 5, 497–505. [CrossRef]
149. Welz, S.; Mönnich, D.; Pfannenberg, C.; Nikolaou, K.; Reimold, M.; la Fougère, C.; Reischl, G.; Mauz, P.-S.; Paulsen, F.;

Alber, M.; et al. Prognostic value of dynamic hypoxia PET in head and neck cancer: Results from a planned interim analysis of a
randomized phase II hypoxia-image guided dose escalation trial. Radiother. Oncol. 2017, 124, 526–532. [CrossRef]

150. Wang, J.; Zheng, J.; Tang, T.; Zhu, F.; Yao, Y.; Xu, J.; Wang, A.Z.; Zhang, L. A Randomized Pilot Trial Comparing Position Emission
Tomography (PET)-Guided Dose Escalation Radiotherapy to Conventional Radiotherapy in Chemoradiotherapy Treatment of
Locally Advanced Nasopharyngeal Carcinoma. PLoS ONE 2015, 10, e0124018. [CrossRef]

151. Lee, J.A. Segmentation of positron emission tomography images: Some recommendations for target delineation in radiation
oncology. Radiother. Oncol. 2010, 96, 302–307. [CrossRef]

152. Servagi-Vernat, S.; Differding, S.; Hanin, F.-X.; LaBar, D.; Bol, A.; Lee, J.A.; Gregoire, V. A prospective clinical study of 18F-FAZA
PET-CT hypoxia imaging in head and neck squamous cell carcinoma before and during radiation therapy. Eur. J. Nucl. Med. Mol.
Imaging 2014, 41, 1544–1552. [CrossRef] [PubMed]

153. Rischin, D.; Peters, L.; Fisher, R.; Macann, A.; Denham, J.; Poulsen, M.; Jackson, M.; Kenny, L.; Penniment, M.; Corry, J.; 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, 79–87. [CrossRef] [PubMed]

http://doi.org/10.1186/s12957-017-1163-y
http://doi.org/10.1186/s40064-016-3064-x
http://www.ncbi.nlm.nih.gov/pubmed/27606158
http://doi.org/10.2147/CMAR.S161762
http://www.ncbi.nlm.nih.gov/pubmed/30174456
http://doi.org/10.1007/s11596-016-1586-7
http://www.ncbi.nlm.nih.gov/pubmed/12538452
http://doi.org/10.1038/nrg2665
http://www.ncbi.nlm.nih.gov/pubmed/19884889
http://doi.org/10.1038/sj.bjc.6605450
http://doi.org/10.1371/journal.pmed.0030047
http://doi.org/10.1158/0008-5472.CAN-11-1182
http://doi.org/10.1016/j.radonc.2015.11.027
http://www.ncbi.nlm.nih.gov/pubmed/26711490
http://doi.org/10.1158/1078-0432.CCR-13-0542
http://www.ncbi.nlm.nih.gov/pubmed/23820108
http://doi.org/10.1007/s00066-020-01595-y
http://doi.org/10.1158/1078-0432.CCR-07-4995
http://doi.org/10.1038/nrclinonc.2010.218
http://doi.org/10.1007/s40336-017-0252-9
http://doi.org/10.1016/j.radonc.2017.04.004
http://doi.org/10.1371/journal.pone.0124018
http://doi.org/10.1016/j.radonc.2010.07.003
http://doi.org/10.1007/s00259-014-2730-x
http://www.ncbi.nlm.nih.gov/pubmed/24570097
http://doi.org/10.1200/JCO.2005.01.072
http://www.ncbi.nlm.nih.gov/pubmed/15625362


Cancers 2021, 13, 5959 17 of 17

154. Mahy, P.; Geets, X.; Lonneux, M.; Lévêque, P.; Christian, N.; De Bast, M.; Gillart, J.; LaBar, D.; Lee, J.; Grégoire, V. Determination of
tumour hypoxia with [18F] EF3 in patients with head and neck tumours: A phase I study to assess the tracer pharmacokinetics,
biodistribution and metabolism. Eur. J. Nucl. Med. Mol. Imaging 2008, 35, 1282–1289. [CrossRef]

155. Lehtiö, K.; Oikonen, V.; Nyman, S.; Grönroos, T.; Roivainen, A.; Eskola, O.; Minn, H. Quantifying tumour hypoxia with fluorine-18
fluoroerythronitroimidazole ([18F] FETNIM) and PET using the tumour to plasma ratio. Eur. J. Nucl. Med. Mol. Imaging 2003, 30,
101–108. [CrossRef] [PubMed]

http://doi.org/10.1007/s00259-008-0742-0
http://doi.org/10.1007/s00259-002-1016-x
http://www.ncbi.nlm.nih.gov/pubmed/12483416

	Head and Neck Squamous Cell Cancer (HNSCC) 
	Influence of Hypoxia in Radiation Response of HNSCC 
	Cellular Effects of Hypoxia 
	Angiogenesis, Protein Synthesis and Metabolism 
	DNA Damage Response (DDR) 
	Immune Response 
	Cell Death Mechanisms 

	Hypoxia-Targeting Strategies 
	Detection of Hypoxia 
	Conclusions 
	References

