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Chapter 11
Targeting Tumor Hypoxia

Michael Skwarski, Elizabeth Bowler (), Joseph D. Wilson (),
Geoff S. Higgins (), and Ester M. Hammond

Abstract Hypoxia (oxygen levels below 1-2%) is a common finding in solid
tumors. The development of tumor hypoxia can be viewed as an imbalance between
oxygen supply and demand. Tumor hypoxia significantly impacts tumor radiosensi-
tivity and subsequently leads to poor clinical outcomes in patients treated with radi-
ation therapy. The presence of molecular oxygen supports the production of lethal
DNA damage in irradiated cells; therefore, the radiation dose required under
severely hypoxic conditions to achieve a certain biological effect is generally 2- to
3-fold higher than the dose needed under normoxic conditions (i.e., oxygen enhance-
ment ratio (OER) = 2-3). Several therapeutic approaches have been historically
used and are emerging to target tumor hypoxia in order to improve radiation therapy
outcomes. These include hyperbaric oxygen, correction of anemia, combination of
radiation with carbogen and nicotinamide (ARCON), oxygen mimetics such as
nimorazole, hypoxia-activated prodrugs, vascular normalization strategies (reviewed
in Chap. 12), and emerging therapies to target tumor oxidative phosphorylation.
Even though tumor hypoxia has long been established as a negative factor for radia-
tion therapy outcomes in the clinic, we still lack robust, widely available, and ade-
quately validated biomarkers for assessing tumor hypoxia in patients. This has not
only significantly impeded the investigation of the efficacy of hypoxia modifiers,
but it has also resulted in an inability to accurately select patients who are likely to
benefit from such treatment. It is likely that only when hypoxia biomarkers are
widely available will hypoxia modification enter the era of personalized medicine
and improve outcomes.
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1 Introduction

Oxygen is vital for all living cells and plays a primordial role in key cellular activities.
Central to our evolution into large and complex multicellular organisms has been the
development of an intricate vascular system to ensure the adequate supply of oxygen
to support cellular function (Pittman 2011). At the ends of the branching vascular
network, capillaries provide the blood—tissue interface for oxygen delivery. In terms
of distance, the diffusion limit for oxygen in tissue is in the region of 100-200 pM
(Thomlinson and Gray 1955); therefore, cells must be within this proximity of a func-
tional vessel to ensure adequate oxygenation. Given the limit of oxygen diffusion,
tissue oxygenation is not binary, but rather exists in continuous gradients. Interestingly,
the permission of low and near sub-physiological levels of oxygen are important for
certain normal tissue functions, such as fetal development, tissue healing, and liver
zonation (Dunwoodie 2009). However, the presence of such low levels of oxygen in
healthy tissue is highly restricted and tightly regulated for specific purposes only.

When discussing tissue oxygenation, it is firstly important to define the units
used and the relevant nomenclature. Several units are used to report oxygen levels
and include the international system pressure unit the Pascal (Pa) beside millimeter
of mercury (mmHg) (1 kPa =7.5 mmHg) and the percentage of oxygen (1 kPa=1%),
both commonly used in medicine. The term “normoxia” refers to the atmospheric
oxygen level of 21% (160 mmHg). “Tissue normoxia,” also referred to as “phys-
ioxia,” varies depending on tissue type and is significantly lower than atmospheric
normoxia (Hammond et al. 2014). For example, in outer layers of skin the oxygen
levels are in region of 1% (8 mmHg) (Wang et al. 2003), whilst in lung tissue they
are 6% (42 mmHg) (Le et al. 2006) and 10% (72 mmHg) in the kidney (Miiller et al.
1998). It is important to note that these values are significantly lower than the major-
ity of in vitro experiments aimed to replicate tissue normoxia, which are conducted
using 95% air and 5% carbon dioxide, and thus performed at around 20% oxygen
(150 mmHg). The term “hypoxia” should be reserved for oxygen levels below that
of the normoxia range for the tissue in question (Carreau et al. 2011), and generally
refers to levels below 1-2% (7.5-15 mmHg).

In contrast to normal tissues, hypoxia is a common finding in solid tumors. The
development of tumor hypoxia can be viewed as an imbalance between oxygen sup-
ply and demand. Rapid proliferation and high metabolic rates result in high oxygen
consumption, which quickly surpasses supply. The subsequent hypoxic microenvi-
ronment results in the upregulation of angiogenic factors and thus turns on the “angio-
genic switch” stimulating tumor neovascularization (Semenza 2012), a phenomenon
first described over a century ago (Goldmann 1908). However, despite an abundance
of new vessels, the resulting microvasculature is invariably highly dysregulated and
“chaotic” (Jain 2014). In particular, the vessels are tortuous, friable, and leaky. The
highly abnormal endothelium results in non-laminar flow and further leakiness pre-
disposes to thrombosis and edema, which further impedes perfusion (Hashizume
et al. 2000; Dvorak et al. 1999). Overall, the tumor vasculature is sub-functional and
unable to match the oxygen demand of tumors and therefore, hypoxic regions arise.
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The paradox that increased tumor angiogenesis can result in decreased
perfusion is well established (Yang et al. 2017). In fact, frequently used anti-
angiogenesis therapies, such as anti-vascular endothelial growth factor (VEGF)
agents including bevacizumab, aim to exploit this phenomenon. These drugs
improve tumor perfusion by inhibiting uncontrolled angiogenesis, enabling more
regulated vessel development and leading to “vascular normalization” (Jain 2014).
When combined with chemotherapy, as is often the case, this results in improved
drug delivery to tumors.

Traditionally, tumor hypoxia is classified as either chronic or acute. Chronic
hypoxia occurs in tumor regions located beyond the diffusion capacity of oxygen
and is fairly stable. In contrast, acute hypoxia, also referred to as transient or cycling
hypoxia, refers to regions of dynamic changes in oxygenation with the potential for
reoxygenation (Brown 1979; Michiels et al. 2016). Transient hypoxia is commonly
observed in tumors with in vivo studies demonstrating that up to 20% of the tumor
volume may be affected (Bennewith and Durand 2004), with cycle lengths ranging
from seconds to days. It is postulated that high frequency hypoxia cycling arises
from alterations in vessel perfusion and red cell flux, whereas remodeling of vascu-
lature is responsible for low frequency cycling occurring over a matter of days
(Dewhirst 2009). Clinically, in patients with head and neck tumors, for example,
significant change in the location of hypoxic regions has been observed using
hypoxia imaging a short number of days apart (Nehmeh et al. 2008). Interestingly,
chronic and acute hypoxia result in differing cancer cellular signaling responses,
thus further highlighting them as distinct pathophysiological entities.

Overall, due to the complex spatiotemporal distribution of tumor hypoxia, accu-
rate characterization of hypoxia within tumors is challenging with results from
sample-based measurement potentially not representative of the tumor as a whole.
Nevertheless, the presence of measurable hypoxia is an almost universal feature of
tumors. Certain tumor types have consistently been shown to contain higher levels
of hypoxia than others (Horsman et al. 2012). For example, polarographic oxygen
electrode measurements in patients with non-small cell lung carcinoma (NSCLC)
have shown median oxygen levels ranging from 14 to 17 mmHg (Le et al. 2006;
Falk et al. 1992), whilst in head and neck squamous cell carcinoma (HNSCC) the
average level was 9 mmHg (Falk et al. 1992; Nordsmark et al. 2005) and only in the
region of 2 mmHg in prostate cancer (Movsas et al. 2000, 2002), therefore high-
lighting an additional layer of complexity in the study of tumor hypoxia.

2 The Cellular Response to Hypoxia:
Hypoxia-Inducible Factors

Central to the cellular response to hypoxia are the hypoxia-inducible factors
(HIFs)—the principal oxygen sensing machinery. The HIF family of transcription
factors includes the well-studied HIF1 and HIF2, as well as HIF3. Each of these
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factors consists of an oxygen-sensitive and tightly regulated HIF-o subunit
(HIF1-a, HIF2-a,, or HIF3-a, respectively), which forms a heterodimer with a
constitutively expressed HIF1- subunit (also known as ARNT) (Wang et al. 1995).
The HIF-a subunit contains two highly preserved proline residues (HP402/P564
for HIF1-o and P405/P531 for HIF2-ar), which are hydroxylated in the presence of
oxygen by prolyl hydroxylase domain-containing proteins (PHDs). This in turn
permits binding to the von Hippel-Lindau (VHL) tumor suppressor protein, lead-
ing to HIF-a ubiquitination and its targeting for degradation (Ohh et al. 2000;
Jaakkola et al. 2001). Under hypoxic conditions, HIF-a is stabilized through
decreased hydroxylation, allowing binding with HIFI-p and translocation to the
nucleus where it recognizes and binds to hypoxia-responsive elements (HREs),
resulting in the transcription of a multitude of target genes (Liu et al. 2012). An
additional layer of HIF regulation occurs at the level of recruitment of coactivators.
Further oxygen-dependent hydroxylation of HIF1-a, and to a lesser extent HIF2-«,
occurs on the C-terminal transactivation domain on aspartate reside 803 by factor-
inhibiting HIF1 (FIH) (Lando et al. 2002; McNeill et al. 2002), which results in the
inability of HIF1 to transactivate certain target genes (Dayan et al. 2006). The
oxygen tension required to inactivate FIH is lower than that of the PHDs (Koivunen
et al. 2004), thus enabling a graded transcriptional response dependent upon the
severity of hypoxia.

HIF1-o and HIF2-a have differing expression profiles in tissues and tumors, with
expression of HIF1-a ubiquitous whereas HIF2-o far more restricted (Wiesener
et al. 2003). Together with the difference in their target genes, this provides a dif-
ferential HIF-responsive transcriptome dependent on tissue and tumor type. Further
still, in chronic hypoxia, HIFI-a levels rapidly increase and are stabilized within
hours but within days decrease to much lower expression levels (Ginouves et al.
2008). HIF1 has been shown to upregulate PHDs, which appear to retain enough
activity to hydroxylate HIF1-a even under lower oxygen tensions, resulting in its
reinstated degradation (Ginouves et al. 2008; Berra et al. 2003). In contrast, cycling
hypoxia results in an enhanced activity and stabilization of HIF1-a, at much greater
levels than witnessed in chronic hypoxia (Dewhirst et al. 2008). The sophisticated
regulation of HIF signaling points to its importance in regulating wide-ranging
aspects of cellular function, with an ever-growing number of HIF target genes iden-
tified (Dengler et al. 2014; Choudhry and Harris 2018). Perhaps therefore unsurpris-
ingly, hypoxia-related HIF signaling contributes significantly to tumorigenesis by
directly contributing to the majority of the hallmarks of cancer, with its effects rang-
ing from stimulation of invasion and metastasis, to promotion of sustained prolifera-
tion and immune system evasion (Petrova et al. 2018; LaGory and Giaccia 2016;
Rankin et al. 2016). Overall, through such means, tumor hypoxia results in an
aggressive tumor phenotype.
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3 Tumor Hypoxia as a Barrier to Radiation Therapy

There is overwhelming evidence that tumor hypoxia significantly impedes tumor
radiation sensitivity and subsequently leads to poor clinical outcomes in patients
treated with radiation therapy. Nearly three quarters of a century ago the seminal
work of Thomlinson and Gray demonstrated that the cellular response to ionizing
radiation is highly dependent upon the presence of oxygen (Gray et al. 1953; Wright
and Howard-Flanders 1957; Palcic et al. 1982). In the majority of cell types studied,
the ratio of radiation dose required under severely hypoxic or anoxic conditions
versus normoxic conditions to achieve the same biological effect, termed the oxy-
gen enhancement ratio (OER), is typically 2.5-3.5 for ionizing radiation such as
X-rays or y-rays which are characterized by low linear energy transfer (LET). The
most pronounced change in radiosensitivity occurs as oxygen levels increase from
0 to 30 mmHg (0-4%), with further increases in oxygenation having little additional
effect. As a significant proportion of tumor oxygen readings fall within this range,
with normal tissue readings normally above this range, this highlights the everyday
clinical challenge of treating tumors successfully without causing excessive sur-
rounding normal tissue toxicity.

In order to understand how oxygen potentiates cellular radiosensitivity, it is first
important to briefly consider how ionizing radiation results in cellular damage.
Radiation results in damage through its effects on DNA, with DNA double-strand
breaks being the principle cytotoxic lesions. The effects on DNA can be viewed as
either direct or indirect. Direct damage results from ionization of the DNA without
the involvement of intermediate steps, and is the principal way by which high LET
radiation, such as neutrons and o particles, exert their effect (Hall and Giaccia
2011). By contrast, megavoltage (MV) photons do not produce chemical and
biological damage by themselves, but rather predominantly as a result of indirect
ionization when they are absorbed in the material through which they pass and their
energy is transferred to produce fast-moving charged particles that in turn elicit
DNA damage (Hall and Giaccia 2011). At the energies used by most clinical linear
accelerators, the MV photons predominantly interact with “free” electrons of the
absorbing material with some of the photon energy transferred to the electron in the
form of kinetic energy and the scattered photon traveling further into the material
interacting with more “free” electrons (Compton Effect) (Steel 2002). This ulti-
mately leads to a large number of fast electrons, which can ionize other atoms in the
irradiated material. As cells are 80% comprised of water, it is important to consider
the radiochemistry of water. Following exposure to ionizing radiation, water
becomes ionized as shown:

Photon

H,0 —> H,0' + e
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H,O" is an ion radical and rapidly interacts with another water molecule to form
the highly reactive hydroxyl radical (OHe) as follows:

H,0" +H,0 - H,0" + OH’

Such free radicals interact with the DNA molecule and cause damage. The
mechanisms responsible for oxygen increasing cellular radiosensitivity can now be
explained as outlined by the Oxygen Fixation Hypothesis first described in the
1950s (Alper and Howard-Flanders 1956). Following irradiation, DNA damage can
be restored through reactions with free radical scavengers such as sulfydryl-con-
taining compounds (Held et al. 1984; Hutchinson 1961). However, in the presence
of molecular oxygen, DNA damage can be “fixed” by the DNA radical reacting with
oxygen to form RO2e, which is significantly less amenable to scavenger restoration
(Chapman 1979).

4 Tumor Hypoxia and Poor Radiotherapy Clinical Outcomes

Given the multitude of tumor adaptations to hypoxia contributing to many cancer
hallmarks, it is not surprising that the presence of tumor hypoxia has been repeat-
edly shown to be a negative prognostic factor and to be associated with resistance to
therapy regardless of treatment modality used (Le et al. 2006; Walsh et al. 2014;
Scharping et al. 2017; Doktorova et al. 2015). However, given that oxygen is a direct
“facilitator” of radiation-induced DNA damage, it is perhaps unsurprising that the
impact of hypoxia on radiation therapy outcomes is most profound. The effect of
hypoxia on radiation therapy outcomes has been most studied in patients with
HNSCC. In a large analysis of data from numerous HNSCC radiation therapy stud-
ies, Nordsmark et al. demonstrated that pre-treatment hypoxia directly measured
using oxygen electrodes was a highly significant prognostic factor for overall sur-
vival after radiotherapy alone, or in combination with surgery, chemotherapy, or a
radiosensitizer (Nordsmark et al. 2005). Multivariate analysis in this study found
that pre-treatment proportion of pO, values <2.5 mmHg (HP,5) was independently
prognostic for poor survival using a hypoxia threshold of HP,5 < 20% (median
value). Furthermore, the negative impact of hypoxia on radiation therapy efficacy
can be deduced from the large study of 918 patients with HNSCC randomized to
receive CHART versus conventional radiation (Dische et al. 1997). Although this
study failed to show improved locoregional tumor control (LRC) or overall survival
(OS) with CHART, a retrospective subgroup analysis of pre-treatment tissue from
nearly 200 patients demonstrated that expression of endogenous markers of hypoxia
for the HIF-1 and HIF-2 pathway was strongly associated with post-radiation
failure. This led the authors to postulate that hypoxic tumors were resistant to the
potential benefit of CHART due to insufficient time for tumor reoxygenation to
occur during treatment (Koukourakis et al. 2006).
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In other tumor types, hypoxia has also been shown to predict poor radiation
therapy outcomes (Rischin et al. 2006; Eschmann et al. 2005; Milosevic et al. 2012).
For example, in patients with NSCLC, higher baseline levels of hypoxia, as deter-
mined by multiple hypoxia PET imaging parameters, was predictive of lower rates
of local control following radical radiotherapy (Eschmann et al. 2005). In another
study in patients with localized prostate cancer receiving radical radiotherapy, direct
measurement of tumor oxygenation revealed that the presence of hypoxia, using a
HP,, cut-off of 63% (median value), was associated with local recurrence within the
gland and early biochemical failure (Milosevic et al. 2012).

5 Measuring Tumor Hypoxia in the Clinical Setting

Key to determining the impact of hypoxia on therapy outcomes has been our devel-
oping ability to accurately measure tumor hypoxia in patient samples. Over the last
few decades, a wide range of methods have been used to study tumor hypoxia in
patients, each with specific advantages as well as limitations. The various methods
will be summarized here and have been reviewed (Hammond et al. 2014; O'Connor
et al. 2019; Lee et al. 2014).

Direct measurements of tumor oxygenation using glass electrodes began in the
1960s with many early studies demonstrating the relationship between tumor oxygen
level and radiation response, especially in cervical cancer and HNSCC (Kolstad 1968;
Gatenby et al. 1988). However, our understanding of tumor oxygenation increased
exponentially in the early 1990s with the introduction of the commercially available
Eppendorf pO, histograph, also referred to as the polarographic electrode (Vaupel
et al. 2007). This technique, which is able to measure oxygen tensions as low as
1-2 mmHg, demonstrated the significant intra- and inter-tumor variability in oxygen-
ation and a large number of clinical studies quickly utilized this technique to demon-
strate the correlation between hypoxia and poor clinical outcomes, as previously
described. There were numerous limitations of electrode-based methods for studying
tumor oxygenation. Determining oxygen tensions was limited to only accessible
tumors and the invasive nature of the procedure, which requires the insertion of the
probe along multiple tracks in order to collect sufficient readings, was understandably
viewed as somewhat unattractive by patients and clinicians. Furthermore, due to the
complex spatiotemporal heterogeneity of hypoxia within tumors, this method was
subject to sampling error. Therefore, although this technique is regarded by many as
the gold standard for evaluating hypoxia, it has been universally discontinued.

More recently, the most widely adopted approach for preclinical and clinical
assessment of hypoxia has become the use of exogenously administered nitroimid-
azole-based agents. Such electron-deficient nitroaromatic compounds are selec-
tively reduced by intracellular nitroreductase enzymes under hypoxic conditions to
form reactive products, which bind irreversibly to nucleophilic molecules within the
cell. Different nitroreductase enzymes in the cytoplasm, mitochondria, and micro-
somes are capable of the reductive metabolism of nitroheterocycles and include
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NADPH-cytochrome P450 reductase, cytochrome b5 reductase, xanthine oxidase,
aldehyde dehydrogenase, and DT-diaphorase (Kedderis and Miwa 1988). The
reduction of nitroimidazoles is accomplished by tissue nitroreductases that are plen-
tiful and which do not represent a rate-limiting factor (Prekeges et al. 1991), thus
enabling repeated evaluation of hypoxia by such agents without reaching enzyme
saturation. Importantly, bioreduction and intracellular retention of nitroimidazole
compounds is inversely proportional to oxygen levels and requires intact nitrore-
ductase enzymes. As a result, it detects only viable hypoxic cells and does not accu-
mulate in regions of tumor necrosis. Typically, such agents have minimal protein
binding, permitting efficient transport from blood into tissues (Kizaka-Kondoh and
Konse-Nagasawa 2009) and as they are not actively metabolized, their diffusion
distance is significantly greater than that of molecular oxygen (Dische 1985), and
therefore can still reach poorly perfused areas typical of hypoxic regions. Also of
importance is that in vitro experiments have demonstrated that nitroimidazoles are
retained over the same oxygen range at which the OER is observed, with sharply
increasing retention below oxygen tensions of 10 mmHg (Kizaka-Kondoh and
Konse-Nagasawa 2009), therefore highlighting them as clinically relevant markers
for the study of tumor hypoxia in radiation oncology. The stability of nitroimidazole
adducts in viable hypoxic tissues permits immunohistochemical quantification to be
carried out after the administration of nitroimidazole-based agents. Such agents
have been widely used to study tumor hypoxia and include EF5 (Lord et al. 1993)
and pimonidazole hydrochloride (Raleigh et al. 1999). The degree of immunodetec-
tion of such agents has been shown to correlate well with polarographic electrode
readings predominantly in preclinical studies (Raleigh et al. 1999). However, as
with direct measurements, sampling-specific tumor regions may be unrepresenta-
tive of hypoxia throughout the tumor. In addition, obtaining tissue for this purpose
is an invasive procedure, which has associated practical limitations.
Nitroimidazoles also provide an exciting and clinically attractive opportunity for
the noninvasive evaluation of tumor hypoxia by using PET-CT imaging with radiola-
beled nitroimidazole-based tracers (Chapman 1979). ["F]-fluoromisonidazole
(FMISO) is the prototypical and most widely used radiotracer for this purpose. In
vitro experiments have demonstrated that the under anoxic conditions, [*H]-FMISO
binding was approximately 25-fold greater than normoxic controls with binding
reduced to 40% at oxygen pressures of 4 mm Hg (Martin et al. 1992), thus demon-
strating FMISO as a marker of severe and clinically relevant hypoxia. Relevant to
measuring hypoxia in tumors, in vivo data demonstrates no correlation between
regional blood flow and FMISO retention with numerous studies concluding that
FMISO uptake is independent of blood flow (Martin et al. 1992). In vivo, agreement
between FMISO and pimonidazole immunohistochemistry has been observed
(Dubois et al. 2004); however, such studies are lacking in patients. In the clinical set-
ting, numerous studies have demonstrated the ability of FMISO to identify heteroge-
neously distributed hypoxic tissue within human tumors (Rajendran and Krohn 2005).
The partition coefficient describes the lipophilic/hydrophilic nature of molecules
and is commonly evaluated as the distribution coefficient between octanol and water.
As FMISO partitions nearly equally between octanol and water, once distribution
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equilibrium is achieved, all tissues should have the same concentration of tracer as
blood. Only regions of hypoxia or organs involved in excretion or metabolism will
have uptake levels greater than blood. The advantage is that the concentration ratio for
normoxic tissue to blood will be very close to one and will be completely independent
of blood flow. However, because of such partitioning characteristics of FMISO, whole
body clearance is relatively slow, resulting in limited image contrast and requiring
imaging following a relatively long period of time after injection of tracer (Rajendran
and Krohn 2015). These limitations have led to the development of newer tracers such
as ['8F]-fluoroazomycin arabinoside (FAZA), which have higher normal tissue clear-
ance kinetics with improved hypoxia-to-normoxia contrast (Fleming et al. 2015).

Clinical imaging protocols for using FMISO PET-CT in the study of tumor
hypoxia are fairly well established (McGowan et al. 2019; Koh et al. 1992), with
increasing validation and high reproducibility of FMISO demonstrated in NSCLC
(Grkovski et al. 2016) and HNSCC (Okamoto et al. 2013). This imaging technique
enables the assessment of hypoxia heterogeneity within tumors and for multiple
measurements per individual patient. However, the limitations are that it is prohibi-
tively expensive for use in large studies, is associated with logistical challenges in
terms of tracer supply and subjects patients to not insignificant radiation exposure.
Oxygen-enhanced MRI (OE-MRI) imaging potentially enables the quantification of
tumor hypoxia without exposing patients to additional ionizing radiation. Although
it has yet to be widely used in clinical studies, OE-MRI might be associated with
fewer logistical hurdles than nitroimidazole PET imaging (O'Connor et al. 2019).

As our understanding of the complex tumor response to hypoxia continues to
improve, methods used for the assessment of hypoxia have shifted to measuring
endogenous markers of this response. The majority of such markers are known to be
direct transcription targets of HIF-1 as the detection of HIF-1 itself is challenging
due to its instability and rapid degradation.

In terms of tumor tissue hypoxia analysis, immunohistochemistry for carbonic
anhydrase IX (CAIX) has been commonly performed. CAIX is a transmembrane
metalloenzyme that belongs to the family of a-carbonic anhydrases, which catalyze
the reversible hydration of carbon dioxide to bicarbonate ions and protons, thereby
regulating the cellular and extracellular pH (Pastorek et al. 1994). Sixteen human
CA isoforms have been identified, but it is CAIX that is most strongly induced by
hypoxia in a broad range of cell types. Expression of CAIX is tightly regulated by
HIF-1-dependent HRE and subsequently, levels are highly responsive to hypoxia
(Wykoft et al. 2000). High expression of CAIX has consistently been reported in
human tumors and shown to predict poor clinical outcomes (Giatromanolaki et al.
2001; Kaluz et al. 2009). CAIX expression as detected by immunohistochemistry
has been shown to grossly co-localize with that of HIF-1 as well as pimonidazole
staining (Olive et al. 2001; Gillies et al. 2011) and has also been shown to correlate
with direct pO, measurements (Le et al. 2006).

When considering such endogenous markers of hypoxia, it is important to appre-
ciate that their expression level may be influenced by numerous factors other than
oxygen level, such as other cellular signaling pathways (Hughes et al. 2018). In addi-
tion, the level of oxygenation and thus severity of hypoxia required to induce HIF
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signaling (and increase associated response proteins such as CAIX) differs to that
required for the retention of exogenous nitroimidazoles. On detailed inspection of
tumor tissue staining, binding of pimonidazole is more restricted to severely hypoxic
and peri-necrotic regions as compared to HIF-1 expression (Sobhanifar et al. 2005).
In addition, HIF1 expression and its response proteins can also be found in regions
of cycling hypoxia, which are not necessarily positive for nitroimidazole retention at
the time of measurement. In recognition of the complex tumor response to hypoxia,
gene expression profiling is becoming more commonly used to evaluate the tran-
scriptional response to hypoxia with numerous hypoxic metagene signatures now
identified and increasingly well validated (Buffa et al. 2010; Winter et al. 2007).
Importantly, the clinical utility of these gene expression signatures is enhanced by
the fact that they can be derived from routine, formalin-fixed tumor samples. For a
comprehensive review, see Harris et al. (Harris et al. 2015).

In addition to tumor tissue-based measurements, endogenous markers of hypoxia
also provide the opportunity for identifying circulating hypoxic biomarkers, which
may ultimately function as a plasma hypoxia signature. One of the most well-stud-
ied circulating markers to this effect is VEGF. Numerous studies have demonstrated
the correlation between plasma VEGF levels and direct tumor oxygen measure-
ments (Dunst et al. 2001), with higher levels predicting poor treatment response and
outcomes in numerous tumor types (Ostheimer et al. 2014).

Another circulating hypoxia marker which has been studied extensively is osteo-
pontin. This multifunctioning glycoprotein is recognized to play an important role in
signaling pathways involved in many aspects of cancer progression including promot-
ing proliferation, angiogenesis, and metastasis (Zhao et al. 2018). Osteopontin is
upregulated under hypoxic conditions by AKT activation and stimulation of the
ras-activated enhancer (RAE) in the OPN promoter (Zhu et al. 2005). Circulating
osteopontin levels have been demonstrated to correlate inversely with polarographic
electrode oxygen measurements and function as a prognostic and predictive biomarker
with regard to radiotherapy outcomes in NSCLC (Ostheimer et al. 2014; Le et al.
2006) and HNSCC (Nordsmark et al. 2007; Petrik et al. 2006; Overgaard et al. 2005;
Le et al. 2003). In NSCLC, a recent meta-analysis has demonstrated that osteopontin
as measured by both IHC and as a circulating marker, is highly predictive of overall
survival (Wang et al. 2015).

A different class of hypoxia-related circulating biomarkers are microRNAs
(miRNAs). These approximately 21 nucleotide non-coding RNAs are key post-tran-
scriptional regulators of gene expression (Krol et al. 2010). In the cellular response
to hypoxia, and directly targeted by HIF-1a, miR-210 has emerged as the “master
hypoxiaMIR” (Dang and Myers 2015). Shown to correlate with other measures of
tumor hypoxia, both tissue and circulating miR-210 have been reported to be
diagnostic, predictive, and prognostic hypoxia-related biomarkers in a number of
tumor types (Chakraborty and Das 2016; Madhavan et al. 2016; Jiang et al. 2018;
Switlik et al. 2019).
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6 Historical Hypoxia Modification Strategies
with Radiation Therapy

Over the last half-century, numerous strategies have been investigated in an attempt
to overcome the detrimental effect of tumor hypoxia on radiation therapy outcomes.

6.1 Increasing Tumor Oxygenation

Early approaches to address tumor hypoxia focused on increasing tumor oxygen
delivery. One such method involved patients breathing 100% oxygen under hyper-
baric conditions (HBO). A meta-analysis of HBO in patients with HNSCC treated
with radiotherapy demonstrated a small but significant improvement in locoregional
control (Overgaard 2011). A comprehensive Cochrane review of 19 clinical trials
which delivered HBO concluded that HBO improved local control rates in cervix
and HNSCC, but these benefits were small and may have only arisen in the context
of unconventional fractionation schedules. In addition, HBO was associated with
significant adverse effects, including oxygen toxic seizures and severe tissue
radiation injury (Bennett et al. 2005). Given the modest benefit observed, practical
inconvenience of treatment delivery and safety concerns, HBO was not adopted into
clinical practice.

6.2 Correction of Anemia

Additional methods aimed at increasing tumor oxygenation have focused on admin-
istering blood transfusions to increase hemoglobin levels. Anemia is a very com-
mon finding in patients presenting for radiotherapy with 40 to 64% of patients being
anemic prior to treatment with anemia shown to be associated with worse LRC and
survival in numerous tumor types (Harrison et al. 2002; Lee et al. 1998). However,
although the etiology of anemia in patients can be multifactorial, it often reflects
patients with higher disease burden and therefore those who are more likely to have
poor clinical outcomes. Numerous studies, mainly in HNSCC and carcinoma of the
cervix, have investigated correcting anemia with blood transfusions during radia-
tion treatment with overall mixed results observed (Varlotto and Stevenson 2005).
An alternative method explored for correcting anemia during radiotherapy in
HNSCC has been erythropoietin injections. However, unfortunately a significant
detrimental impact on survival was observed with this approach (Henke et al. 2006),
postulated to be attributable to promoting tumor cell proliferation through stimula-
tion of tumor erythropoietin receptors (Henke et al. 2003).
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6.3 ARCON

Other studies have aimed to improve oxygen delivery to tumors during radiation
therapy by reversing acute hypoxia by combining the vasodilator nicotinamide with
inhaled carbogen (95% oxygen and 5% carbon dioxide). This approach has been
used as part of the Accelerated Radiation, Carbogen, and Nicotinamide (ARCON)
regime and has demonstrated promising LRC rates and toxicity in large phase II
studies in patients with HNSCC (Kaanders et al. 2002) and bladder cancer (Hoskin
et al. 2009). Subsequently, in a phase III trial in laryngeal cancer, ARCON was well
tolerated and resulted in improved LRC rates, with the poor regional control seen in
more hypoxic tumors specifically addressed by this approach (Janssens et al. 2012).
Furthermore, in bladder cancer the phase III BCON trial demonstrated improve-
ment in LRC and OS using this treatment (Hoskin et al. 2010). However, due to the
not insignificant practical challenges involved in delivering this regime, it has not
been widely adopted.

6.4 Oxygen Mimetics

An alternative approach to address hypoxia-mediated radioresistance has been to
combine drugs which function as “oxygen mimetics” by promoting the fixation of
free radical damage following radiotherapy. These agents belong to the nitroimid-
azole class of agents, which undergo bioreduction and intracellular trapping under
hypoxic conditions, as previously described. Misonidazole was the first of such
agents to be shown to result in radiosensitization in vitro (Asquith et al. 1974) and
subsequently a number of clinical studies were conducted in many different tumor
types combining this agent with radiotherapy (Mintyld et al. 1982; Bleehen et al.
1981; Overgaard et al. 1989a, b; Papavasiliou et al. 1983). With a few exceptions,
generally the results did not demonstrate significant improvements in radiotherapy
outcomes and this was associated with high toxicity, in particular with regard to
peripheral neuropathy, preventing dose escalation to levels thought to be required to
produce tumor radiosensitization (Melgaard et al. 1988). Subsequently, other nitro-
imidazoles were developed with more favorable toxicity profiles, of which the
5-nitroimidazole nimorazole has been the most widely studied in combination with
radiotherapy. In the large randomized phase III Danish Head and Neck Cancer
(DAHANCA) study, nimorazole significantly improved LRC in carcinoma of the
supraglottic larynx and pharynx (Overgaard et al. 1998). This study, and others in
different tumor sites in the head and neck with the addition of cytotoxic chemother-
apy, demonstrated acceptable toxicity (Bentzen et al. 2015; Metwally et al. 2014).
Despite such promising results, nimorazole is only routinely used in Denmark, with
the lack of demonstrated improvement in OS limiting its uptake elsewhere. The
results of the randomized nimorazole with radiation versus radiation alone UK phase
IIT study in HNSCC (NIMRAD) are currently awaited (Thomson et al. 2014).
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Fig. 11.1 Schematic representation of tumor hypoxia and the mechanism of action of hypoxia-
activated prodrugs. As described regions of hypoxia occur at distances of 100-200 pM from
functional blood vessels due to the metabolism of oxygen by the tumor cells. Hypoxia-activated
prodrugs, which traditionally release a cytotoxin but more recently are molecularly targeted inhibi-
tors, are inactive in oxic conditions but in response to hypoxia become reduced to release the active
agent. In some cases, the active agent not only kills the hypoxic cells but also enters the surround-
ing oxic cells through a bystander mechanism

6.5 Hpypoxia-Activated Cytotoxic Prodrugs

Hypoxia-activated prodrugs have also been explored in an effort to target hypoxic
cells directly and have been reviewed recently (Mistry et al. 2017). Such agents also
become preferentially activated and reduced in low oxygen tensions but this time to
form highly cytotoxic species (Fig. 11.1). The most well-known molecule in this
class is tirapazamine, which has been shown preclinically to be significantly more
cytotoxic under hypoxic conditions (Zeman et al. 1986). Unfortunately, randomized
phase III studies using tirapazamine in combination with chemoradiation in
carcinoma of the cervix (DiSilvestro et al. 2014) and HNSCC (Rischin et al. 2010)
have failed to demonstrate improvement in outcomes. More recently, molecularly
targeted hypoxia-activated prodrugs have been described which, instead of being
reduced to release a cytotoxin, release an inhibitor of a molecular target (reviewed
in (Mistry et al. 2017)). It should be noted that patient stratification is likely to be
absolutely essential to this approach as mechanism of action for these agents
requires hypoxia, i.e., they cannot and should not work in non-hypoxic tumors.

6.6 Vascular “Normalization”

Intracellular signal transduction pathways are known to play an important role in
determining tumor response to radiation with the well-studied EGFR/Ras/
PI3K/AKT pathway shown to be of particular importance. Preclinical experiments
have demonstrated that inhibitors of EGFR, Ras, PI3K, and AKT produce marked
“normalization” of tumor microvasculature with increased perfusion and alleviation
of tumor hypoxia (Qayum et al. 2009; Cerniglia et al. 2009). Furthermore, in xeno-
graft models it was observed that PI3K inhibition resulted in significant tumor
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growth delay after radiation because of vascular remodeling, which was indepen-
dent and synergistic to increasing intrinsic radiosensitivity (Fokas et al. 2012).
Excitingly, recently the specific PI3K inhibitor buparlisib has been shown to result
in a reduction in tumor hypoxia as measured by FMISO PET in patients with
advanced NSCLC and to be well tolerated in combination with palliative thoracic
radiation (McGowan et al. 2019) although no assessment of radiation response was
possible in this study.

Novel strategies to normalize tumor angiogenesis and microenvironment to
improve hypoxia and radiation outcomes are comprehensively described in
Chap. 12.

6.7 Summary of Past Approaches

Over the last three decades, a truly wide range of different approaches has been
employed to tackle hypoxia-mediated radioresistance and a meta-analysis of such
treatments in HNSCC has demonstrated improvement in LRC and OS, thus provid-
ing level la evidence for hypoxia modification with radiation. However, due to
inconsistency of results observed over the years with any outcome improvements
only modest at best, no such treatment is widely used. Concerns regarding toxicity
and challenges in practical delivery have further curbed enthusiasm. It is now well
recognized that one of the major reasons why hypoxia modification has failed to
show significant changes in radiation therapy outcomes is that there has been a
complete lack of selecting patients for treatment based on tumor hypoxia and there-
fore likely to benefit most from such intervention. The reasons for this are largely
due to the fact that there is currently no agreement as to which measure of hypoxia
should be used for this purpose with many current techniques lacking sufficient
validation. We should also consider our selection of in vivo models for testing of
hypoxia modifying therapies. The tendency is to choose cell line/tumor models with
levels of hypoxia, which are perhaps non-realistic of human tumors. Undeniably,
novel and more efficacious hypoxia modification treatments are also required and
more recently attention has focused on modulation of tumor metabolism, as will be
discussed below.

7 Oxidative Phosphorylation as an Emerging Target
to Tackle Tumor Hypoxia

In contrast to previous methods largely aimed at increasing oxygen delivery to
tumors, an alternative and exciting novel strategy to tackle tumor hypoxia is to
reduce the tumor oxygen consumption rate (OCR), thus addressing the other side of
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the oxygen supply and demand equation. More specifically, there is growing interest
inreducing tumor OCR through inhibition of oxidative phosphorylation (OXPHOS).

7.1 Overview of Cellular Respiration

Cellular respiration describes a series of well-characterized metabolic reactions by
which cells convert available nutrients into biochemical energy in the form of ade-
nosine triphosphate (ATP). The most readily available source of cellular energy is
glucose and molecular oxygen plays a key role in its conversion to ATP. The first
step in cellular respiration in most organisms is glycolysis, also referred to as the
Embden-Meyerhof-Parnas pathway. This oxygen-independent pathway constitutes
a ten-step multienzyme process occurring in the cytosol and converts one molecule
of glucose into two molecules of pyruvate whilst producing two reduced nicotin-
amide adenine dinuceotide (NADH) and two ATP molecules (net yield). The fate of
pyruvate and cellular respiration hereon is highly dependent on the presence of
molecular oxygen (Lunt and Vander Heiden 2011). In the absence of oxygen, pyru-
vate is reduced to lactate by lactate dehydrogenase (LDH). This results in the regen-
eration of NAD* through NADH oxidation and as NAD" is required during glycolysis
for ATP production, this enables ongoing cellular energy production under anaero-
bic conditions. Lactate may be converted back to pyruvate by LDH and used for
aerobic respiration if oxygenation has increased, or it diffuses into the circulation
and can be converted back into glucose by the liver in the Cori cycle.

In contrast, in the presence of oxygen, pyruvate generated during glycolysis
enters the mitochondrial matrix, where it undergoes oxidative decarboxylation by a
series of enzymes which make up the pyruvate dehydrogenase complex (PDH) and
is converted into acetyl coenzyme A (acetyl CoA). Acetyl CoA enters the citric acid
cycle, also known as the Krebs or tricarboxylic acid cycle, by combining with oxa-
loacetate to form citrate, which is systematically converted back to oxaloacetate and
then combines with acetyl CoA, and so the cycle repeats. Each full cycle produces
one guanosine triphosphate (GTP), one reduced flavin adenine dinucleotide
(FADH,) and three NADH molecules. FADH, and NADH move to the inner mito-
chondrial membrane and facilitate ATP production during the process of OXPHOS
(Lunt and Vander Heiden 2011).

The electron transport chain (ETC) uses NADH and FADH, produced by the
Krebs cycle and NADH from glycolysis to produce ATP. Electrons from NADH and
FADH, are released and transferred systematically through protein complexes
located in the inner mitochondrial membrane, thus forming the ETC. These inner
membrane protein complexes include four enzyme complexes, complex I, complex
II, complex III, and complex IV, and two coenzymes, ubiquinone (also known as
co-enzyme Q) and cytochrome c. As electrons are passed from one electron carrier
to another, it results in their reduction and then oxidation, which releases enough
energy to pump hydrogen ions across the inner membrane into the space between in
the inner and outer mitochondrial membranes. The accumulation of protons in this
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intermembrane space creates a steep electrochemical gradient across the inner
membrane. As protons traverse the protein pore complex ATP synthase embedded
in the inner membrane back into the mitochondrial matrix, the shaft of the complex
rotates and catalyzes the production of ATP by attaching a phosphate to ADP. In
total, for every glucose molecule that enters aerobic respiration, a net yield of 36
ATPs is produced. Once the electrons have passed through the ETC, they are com-
bined with molecular oxygen and hydrogen ions to form water molecules. Therefore,
oxygen can be viewed as the terminal electron acceptor and electron flow through
the ETC ceases without oxygen. The ETC couples the transfer of electrons from
donor molecules to oxygen with ATP production, thus representing the process
known as OXPHOS (Kiihlbrandt 2015).

7.2 Altered Metabolism in Cancer and the Impact
of Tumor Hypoxia

A well-established hallmark of cancer is highly abnormal energy metabolism (Jones
and Thompson 2009; Hanahan and Weinberg 2011). First observed by Otto Warburg
in 1920s (Koppenol et al. 2011), cancer cells reprogram energy metabolism to pre-
dominantly rely on glycolysis, even in the presence of normal oxygenation. This
phenomenon of “aerobic glycolysis™ is characterized by marked increase in glucose
uptake by cancer cells, largely by upregulation of glucose transporters such as trans-
porter 1 (GLUT1) (Jones and Thompson 2009). Although relying on glycolysis for
energy metabolism may seem counterintuitive due to lower yields of ATP per mole-
cule of glucose molecule compared with OXPHOS, the sheer abundance of glucose
due to increased uptake results in far greater ATP production and at a faster rate.
Pro-proliferative signal transduction pathways are known to function as glyco-
Iytic drivers with increased PI3K/AKT/mTOR signaling and overexpression of
RAS and c-myc known to be of key importance (Jones and Thompson 2009;
DeBerardinis et al. 2008). For example, AKT has been shown to be perhaps the
most important as it appears to be sufficient to drive glycolysis independently
(Elstrom et al. 2004), whilst c-myc increases transcription of GLUT1, as well as
multiple key enzymes involved in glycolysis (Osthus et al. 2000; Dang et al. 1997).
Tumor hypoxia also plays an important role in fueling glycolysis, primarily
through HIF-1 signaling. For example, HIF-1 upregulates GLUT1 as well as virtu-
ally all of the glycolytic enzymes, with key examples being HK, PGI, and LDH
(Dang and Semenza 1999; Semenza 2010). In addition, HIF-1 also increases expres-
sion of PDH kinase 1 which inhibits PDH complex activity, thus preventing the
irreversible conversion of pyruvate into acetyl CoA and entry into the citric acid
cycle (Kim et al. 2006), and therefore functions as an important switch between
glycolysis and OXPHOS respiration. Within the mitochondria itself, HIF-1 tightly
regulates the expression of different isoforms of subunit COX4 and the function of
ETC complex IV of the electron transport chain, thus impacting on ATP production
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and oxygen consumption (Fukuda et al. 2007). More recently, it is increasingly
recognized that HIF-1 also regulates the expression of a wide range of miRNAs
which fine tune metabolic pathways, as outlined in a comprehensive review (Orang
et al. 2019).

In terms of OXPHOS activity in cancer, downregulation has been demonstrated
in several tumor types and attributed to mitochondrial DNA (mtDNA) mutations, or
reduced mtDNA content, given that mtDNA codes for many of the subunits of
OXPHOS protein complexes I to V (Yu 2011). Such downregulation of OXPHOS
has been demonstrated to correlate with poor clinical outcomes in many cancers and
shown to be associated with invasive and metastatic tumor phenotypes (Gaude and
Frezza 2016).

7.3 Emergence of the Importance of OXPHOS in Cancer

Because of the observation that glycolysis is upregulated and OXPHOS is down-
regulated in tumors, it has become a long-held belief that OXPHOS is largely redun-
dant in cancer and thus has been largely forgotten. However, more recently it has
been demonstrated that in a number of tumor types mitochondrial metabolism is not
downregulated, including pancreatic and endometrial cancer as well as in lym-
phoma and high OXPHOS subtype melanoma (Moreno-Sdnchez et al. 2007;
Weinberg and Chandel 2015). In addition, it has increasingly become recognized
that OXPHOS is indeed active in cancer cells and does in fact contribute, although
to a varying degree, to cellular energy production (Zu and Guppy 2004). Such is the
higher yield of ATP production with OXPHOS compared with glycolysis, that it has
been shown that when OXPHOS activity is reduced as low as 6%, it still contributes
to 50% of the cell’s energy requirements (Mookerjee et al. 2017). In a meta-analysis
of normal cell types and cancer cell lines, the average contribution of OXPHOS to
ATP production was 80% in normal cells and 83% in cancer cells (Zu and Guppy
2004). Despite the often severely hypoxic conditions within tumors, the level of
oxygen, the key determinant of the oxygen consumption rate (OCR) (Moreno-
Sanchez et al. 2009; Vaupel and Mayer 2012), is generally above that which would
impair mitochondrial respiration as the Ko, of COX is as low as 0.1-0.8 uM in
different biological systems (Moreno-Sdnchez et al. 2007).

The previous explanation that decreased OXPHOS in cancer is attributable to
significantly decreased or mutated mitochondrial (mt) DNA is controversial. In fact,
many types of cancer have increased mtDNA content relative to normal tissue
(Reznik et al. 2016; Yu 2011). With regard to mtDNA mutations, analysis of paired
tumor and normal tissue samples has revealed deleterious somatic tumor-specific
mtDNA mutations in the majority of rectal and colon adenocarcinomas (Larman
et al. 2012). Furthermore, such mutations were identified in all mtDNA genes many
of which were predicted to impair OXPHOS. Interestingly, it has been shown that
cancer cells with these mutations in OXPHOS-related genes such as complex I
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subunits, have much higher sensitivity to complex I inhibitors (Birsoy et al. 2014),
indicating these mutations play an important role in cancer cell function.

Further still, in vitro experiments using ethidium bromide to deplete mitochon-
drial DNA have demonstrated that reduction of mitochondrial respiration dramati-
cally changes the behavior of cancer cells and decreases tumorigenic potential
(Cavalli et al. 1997). This is supported by a number of different cancer cell in vivo
models, which have demonstrated that depletion of mitochondrial respiratory com-
plexes results in delayed tumor formation following transplantation and an inability
of cancer cells to metastasize (Tan et al. 2015). Interestingly, when tumors did even-
tually form and disseminate, they showed marked reactivation of OXPHOS due to
acquisition of host mitochondrial DNA. There is also growing evidence that reli-
ance on OXPHOS, and in fact impaired glycolysis, is a key feature of cancer stem
cells and quiescent cancer cells resistant to standard therapies and responsible for
repopulation of tumors after treatment (Viale et al. 2015).

Perhaps one important role of OXPHOS in carcinogenesis is the production of
reactive oxygen species (ROS). High levels of ROS production has long been rec-
ognized to be a classical feature of tumors (Szatrowski and Nathan 1991) with many
early studies focused on the DNA damaging effects of ROS, which is believed to be
tumorigenic by promoting genomic instability (Ames et al. 1993). However, more
recently a paradigm shift has occurred in our understanding of ROS with a more
nuanced view of the importance of ROS as signaling pathway molecules, promoting
tumorigenesis by regulation of cellular proliferation, metabolic alterations, and
angiogenesis (Sullivan and Chandel 2014).

Therefore, after decades of disregard, OXPHOS has re-emerged as a functioning
and important part of cancer cellular function. As OXPHOS consumes significant
quantities of oxygen, inhibition of this process is a novel approach to reduce tumor
oxygen consumption and therefore tackle tumor hypoxia.

7.4 OCR Inhibition to Alleviate Tumor Hypoxia

Over the last few years, there has been growing interest in using OXPHOS inhibi-
tors to reduce tumor OCR. Such an approach would permit unconsumed oxygen to
diffuse into adjacent low oxygen regions and therefore alleviate tumor hypoxia.
Indeed, 3D multicellular spheroid studies have demonstrated that OCR reduction
alleviates central hypoxic regions by increasing the availability of free oxygen
(Secomb et al. 1995; Grimes et al. 2014). In support of this approach, mathematical
modeling suggests that only a 30% decrease in OCR would abolish severe hypoxia
(Grimes et al. 2014) and that reduction in OCR is likely to be a more effective strat-
egy to reduce hypoxia than previous methods aimed at increasing oxygen supply
(Secomb et al. 1995).

Inhibition of OXPHOS has been shown to reduce OCR in many different cancer
cell types, indicating potential wide applicability (Ashton et al. 2016). Also this
approach is thought less susceptible to poor tumor perfusion as such inhibitors
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would initially target OXPHOS in well-perfused and non-hypoxic regions, which
would then result in oxygen rapidly diffusing to adjacent regions of chronic hypoxia,
thus targeting “hard to reach” tumor regions indirectly (Ashton et al. 2018).

A number of FDA-approved drugs are known to inhibit OXPHOS through off-
target effects and have gained attention as potentially clinically useful OCR inhibi-
tors (Ashton et al. 2018). In particular, the anti-diabetic medication metformin has
been most studied in this context. This biguanide is the most widely prescribed
medication for treatment of type II diabetes mellitus and exerts its glucose-lowering
effect through inhibition of hepatic gluconeogenesis (Hunter et al. 2018). The
potential of metformin as an anti-cancer agent first came to light when large epide-
miological and retrospective studies demonstrated that diabetic patients taking
metformin had significantly lower incidence of cancer and better clinical outcomes
following treatment, including in the context of radiotherapy, than patients with
diabetes taking alternative medication (Cao et al. 2017; Koritzinsky 2015; Pernicova
and Korbonits 2014). The observed benefits of metformin have been attributed to a
number of its effects, including systemically lowered insulin/insulin-like growth
factor-1 (IGF-1) as well as potential inhibition of mammalian target of rapamycin
(mTOR), activation of AMP-activated kinase (AMPK), and reduction in ROS
(Belfiore et al. 2009; Algire et al. 2012; Dowling et al. 2007). The mechanism by
which metformin reduces OCR is through inhibition of complex I of the ETC
(Owen et al. 2000). Preclinical data has shown that metformin reduces OCR in
numerous cancer cell lines leading to alleviation of hypoxia in spheroids as well as
in xenograft models with corresponding improvement in radiation response (Ashton
et al. 2016; Zannella et al. 2013; De Bruycker et al. 2019).

However, unfortunately despite such promise, clinically achievable concentra-
tions of metformin are significantly lower than those required in preclinical models
to result in meaningful OCR reduction, and thus unlikely to be a good anti-hypoxia
agent. Furthermore, in a number of cell types, metformin was shown to be ineffec-
tive at inhibiting OCR, suggesting potential limited applicability (Ashton et al.
2016). A recent clinical study in breast cancer has demonstrated that metformin
does alter tumor metabolism, switching it to a glycolytic phenotype (Lord et al.
2018), suggesting sufficient tumor metabolism modulatory activity in patients;
however, no hypoxia measures were utilized. A recent randomized study of concur-
rent chemoradiation therapy with or without metformin in locally advanced NSCLC
failed to demonstrate improvement in outcomes (Tsakiridis et al. 2019). Recently,
Lord et al. reported that treatment of breast cancer patients with metformin, which
inhibits OXPHOS through complex I rather than complex III inhibition, resulted in
a shift in tumor metabolism from OXPHOS to glycolysis (Lord et al. 2018), there-
fore supporting that metabolic reprograming is achievable using OXPHOS inhibi-
tors in the clinical setting. As glycolysis has long been associated with tumor
progression and metastasis (Heiden and DeBerardinis 2017), some may voice con-
cern that this approach may be detrimental in terms of disease progression. However,
retrospective studies have unanimously demonstrated superior outcomes for cancer
patients receiving metformin compared to diabetic patients taking alternative medi-
cation, with such improvements independent of diabetic control (Cao et al. 2017,



284 M. Skwarski et al.

Koritzinsky 2015; Pernicova and Korbonits 2014; Belfiore et al. 2009; Algire et al.
2012; Dowling et al. 2007). A number of clinical studies are currently underway to
investigate the effect of metformin on tumor hypoxia with no reported results
as of yet.

Numerous other FDA-approved drugs, as well as new experimental agents, have
been shown to inhibit OXPHOS preclinically but several have significant toxicity
and unfavorable pharmacokinetics, and are thus unattractive candidates (Wang et al.
2003; Ashton et al. 2016). In one early phase study of the novel complex I inhibitor
BAY87-2243, the trial was terminated early due to unexpected toxicity (Kirkpatrick
and Powis 2017), demonstrating the importance of carefully assessing the safety of
such agents, especially when combined with chemotherapy or radiation.

Another complex I inhibitor papaverine has also been shown to reduce hypoxia
and improve tumor radiation response preclinically (Benej et al. 2018). Parpaverine
is an FDA-approved compound conventionally used to treat arterial spasm; this is
independent of its ability to inhibit complex I, but instead by inhibiting phosphodies-
terase 10A (PDE10A). An attractive property of parpaverine is that pre-treatment of
just 45 min resulted in a significant reduction in tumor hypoxia, and subsequent
radiosensitization. This relatively short pre-treatment time adds to the potential of
parpaverine being translated to a clinical setting. Papaverine is undergoing phase I
testing in combination with stereotactic ablative body radiotherapy (SABR) in
NSCLC but unfortunately, once again, no hypoxia readouts have been included in the
study design.

Overall, preclinical data is highly encouraging for developing OXPHOS inhibi-
tors in order to reduce OCR and thus tumor hypoxia. However, the translation of
such agents into the clinical setting has proven challenging with no clinical evidence
to date of alleviation of tumor hypoxia. Any agent being developed for this purpose
must not only have strong preclinical data to support its effect on OCR and hypoxia,
but do so at clinically relevant concentrations and with favorable toxicity profile.

7.5 Atovaquone as a Novel Tumor Hypoxia Modifier
and Radiosensitizer

The recent discovery that the commonly prescribed and well-tolerated antimalarial
drug atovaquone meets criteria of affecting OCR/hypoxia at clinically relevant con-
centrations and acceptable toxicity is of great promise. Atovaquone is an FDA-
approved drug in widespread clinical use for over 20 years. It is currently used as a
single agent for the treatment of the Pneumocystis pneumonia caused by the oppor-
tunistic fungus Pneumocystis jirovecii, and in combination with proguanil for the
prophylaxis and treatment of malaria caused by the protozoa Plasmodium falciparum.

Atovaquone (2-[trans-4-(4'-chlorophenyl) cyclohexyl]-3-hydroxy-1,4-naphtho-
quinone, 566C80) is a ubiquinone (co-enzyme Q10) analogue which emerged in
1991 as the leading compound with efficacy against malaria and opportunistic
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infections such as Pneumocystis pneumonia in immunosuppressed patients with
favorable pharmacokinetic properties (Hudson et al. 1991). Following required
improvements in synthesis methodology, atovaquone became a commonly used
antimicrobial in patients from the mid-1990s. Today, in combination with progua-
nil, atovaquone accounts for over 70% of malarial prophylaxis prescriptions in the
USA (LaRocque et al. 2012).

The mechanism of action of atovaquone against Plasmodium falciparum is
mediated through inhibition of mitochondrial complex III (Fry and Pudney 1992;
Srivastava et al. 1997), whereas the mechanism responsible for atovaquone’s activ-
ity against Pneumocystis species still remains unknown. Complex III, also known as
cytochrome bc, complex or co-enzyme Q cytochrome c reductase, is a multi-sub-
unit transmembrane protein located in the inner mitochondrial membrane which
couples the electron transfer from ubiquinol, the reduced form of ubiquinone or
co-enzyme Q, to cytochrome ¢, resulting in the movement of four protons across the
lipid bilayer and thereby contributing significantly to ATP production. Atovaquone
binds to the catalytic Q, site through hydrogen bonding to the Rieske iron-sulfur
proteins which form the most important catalytic subunit of complex III required for
transfer of electrons from ubiquinol during the ETC (Birth et al. 2014; Mather et al.
2005). By disrupting mitochondrial respiration in this way, atovaquone significantly
prevents energy production in parasites. In addition, atovaquone also acts by block-
ing essential pyrimidine biosynthesis, which has been shown to be the predominant
metabolic function of complex III in Plasmodium falciparum (Painter et al. 2007).

Atovaquone causes very few side effects and has an excellent safety profile.
Adverse events which have potentially been attributed to atovaquone are generally
very mild and most commonly include rash, fever, vomiting, diarrhea, abdominal
pain, and headache (MEPRON (atovaquone) Suspension—-GSKSource, Anon. n.d.-
a; Wellvone 750 mg/5 ml oral suspension—Summary of Product Characteristics
(SmPC)—(emc), Anon. n.d.-b). Encouragingly, an overdose of atovaquone with
31,500 mg resulted in no observed toxicity (Cheung 1999).

Using a Seahorse XF analyzer, Ashton et al. (Ashton et al. 2016) conducted a
high-throughput screen of 1697 FDA-approved drugs to assess their effect on OCR
in FaDu hypopharyngeal cancer cells. Subsequently, it was demonstrated that 10 pM
atovaquone dramatically reduced OCR by approximately 80-90% in A549 NSCLC,
H1299 NSCLC, H460 NSCLC, HCT116 colorectal cancer, DLD-1 colorectal can-
cer, MCF7 breast cancer, and T24 bladder cancer cells. A lesser but still impressive
reduction of 58% in OCR was seen in PSN-1 pancreatic cancer cells. Furthermore,
the effect on OCR was dose-dependent with smaller but still significant decreases in
OCR observed at 2 pM (Ashton et al. 2016). Atovaquone was then demonstrated to
completely alleviate hypoxia in 3D spheroids of FaDu, H1299, and HCT116 3D
cells, again at clinically achievable concentrations. Combination of atovaquone
treatment and radiation in FaDu spheroids resulted in increased growth delay follow-
ing irradiation. In vivo experiments provided further support for atovaquone as a
tumor hypoxia modifier and radiosensitizer. Using FaDu and HT116 mice xenograft
models, 7 days of atovaquone treatment was shown to eradicate tumor hypoxia as
detected by tumor EF5 staining, with mean mice plasma levels comparable to those



286 M. Skwarski et al.

seen in patients. There was no effect on tumor growth in FaDu xenografts with
atovaquone treatment alone, but marked tumor growth delay was observed when
combined with radiation (Ashton et al. 2016).

Mechanistic experiments in FaDu cells demonstrated that, as per its antimicro-
bial mode of action, atovaquone specifically inhibits mitochondrial complex
III. With regard to radiosensitization, colony formation assays performed under dif-
ferent oxygen conditions revealed that atovaquone did not alter radiosensitivity,
indicating that atovaquone is not an intrinsic radiosensitizer (Ashton et al. 2016).

Overall, this data provides compelling evidence that atovaquone decreases OCR
through mitochondrial complex III inhibition, which results in a reduction in tumor
hypoxia and in turn results in tumor radiosensitization. Given that hypoxia is pre-
dominantly a tumor-specific phenomenon, it is hypothesized that atovaquone would
preferentially sensitize tumors and not normal tissues to radiation and thus improve
the therapeutic index for radiation therapy.

A number of recent studies have also demonstrated that atovaquone inhibits cancer
cell proliferation. For example, atovaquone has been shown to inhibit proliferation
and induce apoptosis in renal cell carcinoma cells through a mechanism dependent
upon mitochondrial complex III inhibition and increased ROS production (Chen et al.
2018). This group also showed that in vitro and in vivo atovaquone increased the
efficacy of 5-fluorouracil (5-FU) and interferon-o (IFN-) in this tumor type. Further
still, in hepatocellular carcinoma (HCC) cells, atovaquone significantly inhibited pro-
liferation through S phase cell cycle arrest with both intrinsic and extrinsic apoptotic
pathway induction associated with upregulation of p53 and p21. Further investigation
revealed that atovaquone induced double-stranded DNA breaks, leading to sustained
activation of ataxia-telangiectasia mutated (ATM) kinase and its downstream mole-
cules such as cell cycle checkpoint kinase-2 (CHK2) and H2AX. Subsequent in vivo
experiments demonstrated that atovaquone-inhibited tumor growth and prolonged
survival of tumor-bearing mice (Gao et al. 2018). However, in this study atovaquone
did not have any significant effect on tumor growth. Furthermore, as previously
described Ashton et al. did not observe any direct antiproliferative effect of atova-
quone in numerous cancer cell types or tumor growth delay in xenograft models
(Ashton et al. 2016), thus suggesting that perhaps the antiproliferative effects of ato-
vaquone are dependent on cell type, as well as specific experimental conditions.

Lastly, atovaquone has also recently been shown to have direct activity against
cancer stem-like cells (CSCs). In MCF7 breast cancer cells, atovaquone inhibits
oxygen consumption and induces glycolysis as well as oxidative stress. Given that
MCF7-derived CSCs are highly dependent on mitochondrial respiration, atova-
quone inhibits CSC proliferation with an IC-50 of just 1 pM. Furthermore, in cer-
tain CSC populations, atovaquone induces apoptosis (Fiorillo et al. 2016).

Overall, there is therefore growing evidence that in addition to hypoxia modifica-
tion and thus its potential as a radiosensitizer, atovaquone may be a multifunction-
ing anti-cancer agent. Atovaquone is extremely well tolerated, which is of key
importance especially for combining it with toxic therapies such as radiation and
chemotherapy where the therapeutic window is often already very narrow. The find-
ing that atovaquone is so well tolerated is somewhat surprising given that OXPHOS
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is an integral part of normal cellular function and the main source of energy produc-
tion. Perhaps the answer lies in the fact that atovaquone has been shown not to alter
the metabolic state of normal cells. For example, in normal human fibroblasts no
alteration in metabolic function were observed following atovaquone treatment
(Fiorillo et al. 2016). This apparent cancer-specific inhibition of OXPHOS adds
further impetus for developing this agent as an anti-cancer treatment.

8 Summary

Tumor hypoxia is arguably the best validated target in oncology due to its multifari-
ous role in tumorigenesis and the profound resistance to radiation therapy it confers.
In no other tumor type is the need for improving tumor radiosensitivity more evi-
dent than in locally advanced NSCLC where exceptionally poor outcomes follow-
ing chemoradiation are unfortunately part of everyday clinical practice. Therefore,
the development of novel hypoxia modifiers to improve radiation efficacy repre-
sents an unmet and urgent clinical need for this patient population. An exciting new
strategy to tackle tumor hypoxia is reprogramming cellular metabolism through
inhibition of OXPHOS to reduce tumor OCR. The commonly prescribed antimicro-
bial drug atovaquone has emerged as the most promising agent for this purpose.
However, despite decades of clinical research combining promising hypoxia modi-
fiers with radiotherapy, no such agent has been adopted into widespread clinical use.
The reasons for this are clear and multifactorial. Although improvement in out-
comes has been observed, it has been modest at best and often with concerns regard-
ing toxicity or practical deliverability (Overgaard 2011). However, perhaps of
greater importance is that there has been an almost complete absence of proof-of-
principle studies to confirm the ability of such agents to reduce tumor hypoxia in
patients. The barrier to conducting such studies has undeniably been a lack of
robust, widely available and adequately validated biomarkers for the clinical evalu-
ating tumor hypoxia. This has not only significantly impeded the investigation of
the efficacy of hypoxia modifiers, but it has also resulted in an inability to accurately
select patients who are likely to benefit most from such treatment. It is likely that
only when hypoxia biomarkers are widely available will hypoxia modification enter
the well-established era of personalized medicine and significant improvements in
outcomes be realized.
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