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FOREWORD

Hypoxia or lack of oxygen is the common feature of most solid tumors. The hypoxic
environment is associated with the reduced efficacy of cancer treatments, especially
radiation therapy. Although modification of tumor hypoxia improves the outcome of
radiation therapy, screening for the presence of hypoxia has not been the entry criterion
prior to hypoxia modification trials. To bridge the gap between the occurrence of tumor
hypoxia and the routine clinical practice, there is an important need to have a method to
robustly map tumor oxygenation for patient stratification and treatment adaptation.

Among the methods that have been developed to measure hypoxia, oxygen sensitive
MRI endogenous contrast biomarkers, including R: and R2*, appear to be a relevant
approach for this purpose. Since there is a lack of study comparing R1 and R2* in
response to oxygen modifiers, the aim of this thesis is to address the value of R1 and
R2* to assess tumor oxygenation and response to radiation therapy using different
oxygen modifiers.

The introduction first presents an overview of hypoxia, the causes, consequences and
characteristics of hypoxia. The next part introduces different approaches that have been
developed to assess tumor hypoxia along with their advantages, drawbacks and their
characteristics such as sample volumes (macroscopic or microscopic); time intervals of
sampling; compartment sampled; invasiveness; resolution; sensitivity; and repeatability.
The third part discusses about treatment strategies to overcome hypoxia in radiation
therapy. Then, the role of imaging on tumor hypoxia identification is addressed. The
predictive value of radiation therapy outcome of different methods to measure tumor
oxygenation is highlighted in the last part of introduction.

The aims of thesis are described in the second section.

The results section is divided in two parts corresponding to two major axes of the thesis.
The first part addresses the validation of MRI biomarkers using a hyperoxic challenge
(i.e. carbogen) to improve tumor pO2, with two associated publications. The first article
assesses the sensitivity of MRI biomarkers to the change in tumor oxygenation and
validates these MRI parameters as predictive markers of response to the outcome of
radiation therapy. The second article focuses on the combined MRI biomarkers
predictivity of the basal tumor oxygenation and of the response to carbogen breathing.
This article also discusses the importance of the analysis of heterogeneity and applies
the voxel-wise analysis of the combined R1 and R2* to predict different tumor hypoxic
fractions. In the second part, a third publication shows the application of MRI biomarkers
to assess changes in tumor oxygenation induced by an allosteric effector of hemoglobin,
ITPP.



The final section summarizes the principal findings of the thesis and discusses about
important issues arising from the thesis as well as suggests possible future perspectives.
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1. TUMOR HYPOXIA

1.1. Introduction

Hypoxia or oxygen deprivation occurs when oxygen delivery to the tissue is not enough
for oxygen consumption of the tissue. Hypoxia compromises the function of cells and is
commonly observed in solid tumors.

1.2. Causes

The transport of oxygen to tissue is guaranteed by hemoglobin. In normal tissue, the
oxygen delivery is supported by an intact, structured vascular system. Oxygen is then
released by hemoglobin and consumed by cells. Oxygen status in normal tissue is
regulated by an appropriate balance between oxygen supply and OCR of cells.
However, in tumor tissue, the oxygen supply cannot fulfill the high oxygen demand of
tumor cells that contributes to the arising of hypoxia. Figure 1 summarizes the main
causes of hypoxia.

Tumor Tumor/ treatment
High cellular proliferation rate related a{oms re? anemia
Reduced blood capacity
to transport O,
Accelerated ‘ Aberrant Chaotic
oxygen consumption rate ﬂ vascular bed blood flow
Decreasein | |
0, availability
Increase in
0, demand

HYPOXIA

Figure 1: Causes of tumor hypoxia. Adapted from [1]

On the one hand, tumor cells have a high metabolic activity. Moeller et al. have reported
that the OCR of tumor could rise up to five-fold comparing to normal tissue because of
the rapid and uncontrolled proliferation of tumor cells [2].
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On the other hand, multiple factors could contribute to the decrease in the oxygen supply
to tumor. Tumor vasculature is often immature, leaky, tortuous, elongated with excessive
branching which results in a chaotic organization and a lack of regulation in response to
metabolic demand. This leads to the structural deficiencies and aberrant functionality of
tumor microvessel, e.g. increase in the geometry resistance to blood flow as well as in
the transcapillary and vascular permeability, which impairs the oxygen distribution to
tumor. Besides, tumor- or therapy-related anemia decreases the oxygen transport
capacity of blood, thus enhancing tumor hypoxia [3]. Tumors also have a lower pH than
normal tissue. The reasons are two folds. First, the tumor cells are highly metabolically
active which increase the production of H* [4]. On one hand, the enhanced glycolysis in
anaerobic tumor areas results an increase in lactate production and renders the tumor
more acidic. On other hand, the hydration of CO2 in the aerobic tumor areas also
produces H* ions. Second, the chaotic architecture of tumor vasculature hinders the
drainage of H* thus leads to an accumulation of H* in tumor microenvironment [4].
Hence, tumor related acidosis reduces the binding capacity of hemoglobin to oxygen
according to Bohr Effect thus reduces the blood capacity to transport oxygen.

1.3. Classifications

One remarkable feature of hypoxia is that the level of hypoxia fluctuates over time.
Traditionally, hypoxia is classified in two main forms: chronic and acute (Figure 2).

Thomlinson and Gray first reported chronic hypoxia in lung carcinoma [6]. Other names
of chronic hypoxia such as continuous hypoxia, diffusion-limited hypoxia, sustained
hypoxia, long-term hypoxia depict characteristics of this type of hypoxia. Chronic hypoxia
can last from a few hours to many days and is assumed to be caused by a gradually
decrease in oxygen diffusion from the perfused blood vessel into the surrounding tissue.
As the diffusion distance increases, the oxygen gradient rapidly tapers off because of
the high oxygen extraction rate of tumor cells within a functionally impaired vascular
network.

Brown first mentioned the existence of acute hypoxia in 1979 [7]. Later on, in 1986,
Chaplin et al. experimentally evidenced this type of hypoxia [8]. Acute hypoxia is also
called transient hypoxia, short-term hypoxia, perfusion-limited hypoxia, cyclic hypoxia,
fluctuating hypoxia and intermittent hypoxia. The time frame of acute hypoxia is
assumed to be relatively shorter than chronic hypoxia, which lasts from minutes to hours.
Contrary to chronic hypoxia, acute hypoxia occurs more intermittently and does not
depend on the distance from blood vessel. This form of hypoxia is believed to be the
result of temporary, local disturbances in perfusion.

14



Diffusionimited Perfusion-limited

Hypoxic cells

Normoxic cells

e Functional

blood vessel

blood vessel

PO,

Distance

Figure 2: lllustration of diffusion-limited chronic hypoxic cells (A) and perfusion-limited
acute hypoxic cells (B) growing as a cord around blood vessels. As the diffusion distance
increases, the oxygen gradient decreases (C) in chronic hypoxic conditions (A).
Representative flows of pO; over time in the occluded regions are shown for comparison
(D) in acute hypoxic conditions (B). Reprinted from [5].

However, this traditional way of classification is oversimplified and overlooks the
pathogenesis involved. Thus, the group of Vaupel proposed a refined classification
based on pathogenesis of hypoxia as follows [9, 10].

Chronic hypoxia is divided in three subtypes: (1) Diffusion-limited hypoxia, referring to
the increase in oxygen diffusion distances is linked to low vascular density that enlarges
diffusion distances or to elongated, tortuous vessels. This subtype of hypoxia decreases
longitudinal intravascular oxygen gradient. (2) Hypoxemic hypoxia is caused by either a
reduction in total hemoglobin (e.g. tumor-associated or therapy-induced anemia) or by
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a decrease in blood capacity to transport Oz (e.g. Hb blocked by carbon monoxide in
heavy smokers). (3) Hypoxia that arises from compromised perfusion of microvessels
(e.g. intratumor thrombosis).

Acute hypoxia is divided into two subtypes: (1) Hypoxia can raise from temporary flow
stop in microvessels, that results in a complete or heavily reduction in perfusion. The
cause could be the development of vessel obstruction (from fibrin or blood cells or tumor)
or vascular remodeling. (2) Transient hypoxemia that reduces temporary oxygen content
in microvessels. This subtype of hypoxia could occur when there is a fluctuation in red
blood cell fluxes or in plasma flow in tumor microvessels.

Perfusion-related parameters such as nutrient supply, waste removal or delivery of drugs
vary depending on the causative mechanisms of hypoxia as resumed in Table 1. The
refinement of classification of the different types of hypoxia may contribute to the
understanding of the impact of acute and chronic hypoxia on treatment strategies.

Table 1: Associated consequences according to causative mechanism of types/
subtypes of hypoxia (adapted from [9, 10])

Type of | Causes of hypoxia | Perfusion Nutrient supply, waste removal, delivery of
hypoxia drugs

Diffusion limitation Maintained Reduced/ abolished dependent on diffusion

distance
Chronic Hypoxemia Maintained Maintained
h : Compromised Reduced/ Reduced/ abolished dependent on blood
ypoxia . ;
perfusion of abolished pressure
microvessels dependent on
blood pressure

Acute Flow stop Abolished Abolished
hypoxia | Transient Maintained Maintained

hypoxemia

Baudelet et al. have successfully monitored the acute and chronic hypoxia via the
combined Ta*-weighted gradient echo (GRE) MRI and dynamic contrast-enhanced
(DCE) MRI in a fibrosarcoma mouse model [11]. Authors observed two categories of T2*
fluctuations during 1h sampling period. The true fluctuations were characterized by the
sequential signal increase and decrease and the frequency of fluctuation ranged from
3 min to 1 hour per cycle. The fluctuations were associated with functional vessels tumor
regions. The other category of signal fluctuation was characterized by a profound drop
in signal intensity without signal recovery. This type of signal was associated with tumor
regions that were impacted by vessel functional impairment.
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1.4. Conseguences

— Geneticinstability — HYPOXIA —— Altered gen8tiCEXprESSi0n'
proteomic changes

\ y
Selective pressure

Treatment resistance
*Radiotherapy
*Chemotherapy

Selection of more aggressive  Malignant progression
and resistant cell *Metastasis
| *Angiogenesis

*Reduced apotosis
*Dediferentiation

>

Figure 3: Consequences of hypoxia (adapted from [1])

A reduction in partial oxygen pressure below a critical value results in the death of both
cancer cells and normal cells. However, cancer cells have the intrinsic ability to adjust
the cell physiology and biochemistry in order to survive and even proliferate in the hostile
environment. Hypoxia is known to induce important proteomic and genomic changes in
cells. Experimental and clinical evidences reported a possible relation between tumor
hypoxia and the promotion of metastasis, selection of malignant cellular phenotype,
angiogenesis, apoptosis, induction of genetic instability, increase in tumor resistance to
treatments [1, 12].

1.4.1. HIF-1a and molecular mechanism of hypoxia

Hypoxia-inducible factors (HIFs) signaling is a key mediator of tumor response to
hypoxia. HIFs predominantly regulate the proteomic and genomic transforms of cells,
which lead to alteration in multiple biological processes such as angiogenesis, cell
proliferation and survival, glucose metabolism, pH regulation, and apoptosis [13, 14].
Among the family of heterodimeric transcription factors HIFs that are up-regulated in
hypoxic condition, HIF-1 acts as a master regulator of oxygen homeostasis. HIF-1
orchestrates genes that increase O: delivery or helps cells to survive under the
deprivation of O2. HIF-1 consists of two subunits: HIF-1, the aryl hydrocarbon receptor
nuclear translocator, and HIF-1a, the subunit sensitive to oxygen concentration.

Figure 4 depicts the protein stability of HIF-1a under different conditions of oxygenation.
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The expression of HIF-1a is oxygen-dependent. Under normoxic condition, the HIF-1a
is rapidly degraded. The hydroxylation of HIF-1a by the prolyl hydroxylase-domain
protein (PDH) allows the binding with VVon Hippel-Lindau suppressor protein (VHLp). The
complex is subsequently ubiquitynated and labeled for degradation by 26S proteasome.
HIF-1a can also be hydroxylated by a factor inhibiting HIF-1 (FIH), a hydroxylase with a
different oxygen sensitivity level than PDH.

Under hypoxic conditions, oxygen is not enough to warrant the activity of PDH or FIH.
As a result, HIF-1a does not undergo the proteasome degradation and accumulates in
the cells. HIF-1a interacts with CREB-binding protein/ E1A-binding protein p300
(CBP/p300, the essential coactivator of HIF) then heterodimerizes with HIF-1B. The
heterodimer binds to the HIF-responsive element (HRE) in the promoter regions of
hypoxia-regulated genes resulting an upregulation of its target genes.

Erythropoietin (EPO) was the first gene discovered to be under HIF regulation [16].
Besides erythropoietin, another well-characterized HIF-regulated gene is VEGF
(vascular endothelial growth factor), which is involved in the regulation of endothelial cell
proliferation and blood vessel formation in both normal cells and cancer cells. Hypoxia
also promotes the undifferentiated cell state in stem cells through interaction with the
Notch signaling pathway. The Notch intracellular domain interacts with HIF-1a, leading
to recruitment of HIF-1a to Notch responsive promoters and to activation of Notch
downstream genes [17]. HIF-1a and VEGF, a direct transcriptional target of HIF-1a, have
also been shown to up-regulate Delta 4, a ligand for the Notch receptor, which is
important for physiological and pathological angiogenesis [18]. HIF-1a is also known to
regulate tumor pH via carbonic anhydrase IX (CA-IX), glucose metabolism via glucose
transporter 1 (GLUT-1), cell proliferation, cell survival via nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), and apoptosis via signal transducer and
activator of transcription 3 (STAT3, p53). Many of the known oncogenic signhaling
pathways overlap with hypoxia-induced pathways, and a recent review placed HIF at the
center of the major oncogene and tumor-suppressor gene pathways [19].

Clinical and experimental evidences supported HIF-1 as one molecule responsible for
hypoxia-related tumor aggressiveness and for resistance to therapy. Indeed, numerous
studies found a direct correlation between HIF-1a and cancer progression, invasiveness,
resistance to therapy and poor patient outcome [13, 20, 21]. However, it should be noted
that HIF-1a can also be stabilized in an oxygen-independent process (e.g some
signaling pathways such as prostaglandin E2 receptor, receptor tyrosine kinase,
mitogen-activated protein kinase MAPK) [22].
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Activation by growth factors:

PI3K/AKT/mTOR,
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Figure 4: Regulation of HIF-1a protein stability under different oxygenation conditions
(reprinted from [15]).

1.4.2. Resistance to cancer therapy

Tumor hypoxia impairs the outcome of radiotherapy, of chemotherapy and even of
surgery, the three actual mainstays of cancer treatment.
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Tumor hypoxia increases the resistance to chemotherapy

Hypoxia-induced chemoresistance of cancer cells is multifactorial. (1) Hypoxia impedes
the effectiveness of drug delivery. Tumor vasculature is tortuous, disorganized with
structural deficiencies and aberrant functionalities. Under hypoxic condition, angiogenic
factors such as VEGF are up-regulated in order to increase the oxygen and nutrition
supply to the tumor. However, the newly formed microvessels fail to address the
metabolic demand and create a vicious loop that further worsens the hypoxic condition.
As a consequence, the delivery of chemotherapy becomes more irregular and may be
insufficient under hypoxia. (2) Hypoxia induces the cell cycle arrest (quiescence) which
reduces the growth rate and the proliferation of tumor cells [23, 24]. The quiescent and
undifferentiated state would protect cancer cells from external stress. Thus, quiescent
cells are not sensitive to conventional chemotherapy drugs which mainly target the
rapidly proliferation characteristic of cancer. (3) Hypoxia inhibits apoptosis and
senescence of cancer cells. Deprivation of oxygen induces apoptosis in normal cells and
in neoplastic cells mainly via the p53 pathway. However, tumor cells are able to escape
the cell death programming by acquiring mutations in genes regulating apoptosis.
Additionally, the hypoxic condition creates a selective force for cells that lost the
apoptotic potential [25]. (4) Hypoxia may interfere with cell uptake of conventional
chemotherapeutic agents via the alteration of tumor pH [26]. Indeed, the low extracellular
pH increases the uptake of weakly acidic drugs (e.g. cyclophosphamide and cisplatin)
but slows down the uptake of weakly basic drug (e.g. doxorubicin and vinblastine) [26].
Besides, hypoxia can also be associated with the expression of drug efflux pump such
as P-glycoprotein [27]. (5) Finally, lack of oxygen impedes the generation of free radicals
required for the cytotoxic effect of some chemotherapeutic agents [28].

Tumor hypoxia increases the resistance to radiotherapy

The response of cancer cells to radiotherapy depends on the nature of radiation, the
state of cell cycle and especially the level of oxygenation. (1) Different types of radiations
including gamma, X-ray, neutron radiation, or alpha and beta particles, possess different
linear transfer energy levels that affect the penetration and damage induced by the
radiation. (2) The sensitivity of cells to radiation depends on its cell cycle phase. Indeed,
the level of radiosensitivity increases from “the end of S phase” to “G1 phase” to “G2/M
phase” [29]. Thus, the most radiosensitive cells are in a fast proliferation phase whereas
the most radioresistant cells are in a quiescent, low-proliferating state which is more
likely be found in hypoxic niche of tumor. (3) Besides, oxygenation plays a key role in
the response of cell to radiotherapy since the highly reactive free radical R produced
after the absorption of radiation energy is most likely responsible for the biological
damage (usually DNA) [30]. The widely accepted mechanism is the oxygen-fixation
hypothesis (Figure 5). Free radical R+ can be produced either directly in the target
molecule (usually DNA) or indirectly via the production of OHe consecutive to hydrolysis
of molecules that can diffuse far enough to reach DNA and form Re in DNA. These
unstable Re molecules have different fate depending on the presence of oxygen. The Re
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free radicals rapidly react with the oxygen available to produce RO2¢ and then undergo
further reactions to yield the stable ROOH which leads to irreversible DNA damage.
Without oxygen, or in the presence of reducing species, Re has a longer half-life and can
react with H* leading to the restitution of the original form. Thus, hypoxic cells are about
three times more radioresistant than normoxic cells [31].

Oxygen fixes damage:
/ R* 4 OE—Z*HOEI—} ROOH
ey y Indirect action

Figure 5: The oxygen fixation hypothesis. Reprinted from [30]

The mutations acquired during hypoxia also contribute to the radioresistance of cancer
cells. Hypoxia creates a niche that protect malignant cells against irradiation. Indeed,
hypoxic cells with reduced apoptotic potential are still able to proliferate and the DNA
damage from radiation is reduced under this condition. Moreover, the expression of
proteins controlled by HIF-1, e.g. VEGF and basic fibroblast growth factor (bFGF) were
reported to enhance the radioresistance of cells [32, 33].

Tumor hypoxia reduces the outcome of surgery

Hypoxia has been found to be responsible for poorer surgical outcome. Clinical evidence
in advanced cancers of the uterine cervix treated with primary surgery showed a
significantly better overall and disease-free survival probabilities in patients with
normoxic tumors (pOz2> 10 mmHg) compared to those with hypoxic tumors
(pO2 < 10 mmHg) [34]. The treatment failure in hypoxic tumors was mainly due to
locoregional recurrence with and without the development distant metastases [34].
Although the reason has not fully understood, authors believed that the recurrence of
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hypoxic tumors might be linked to hypoxic pressure that selected aggressive phenotype
and favoured the development of metastatic disease. Studies have suggested the
mechanism of the acquisition of metastatic phenotype as a stepwise selection process
driven by hypoxia [35]. The expression of proteins regulated under hypoxic condition
supports the formation of distant metastasis via the enhancement of tumor cell motility
and invasion, intravasation, extravasation, and metastatic colonization [36]. The
deterioration of tumor vasculature due to pericytes detachment from the basement
membrane and the overexpression of VEGF result in leaky vasculature and high vessel
permeability, which promote both intravasation and extravasation of tumor cells and
cancer stem cells. In addition, both chemokine stromal cell-derived factor-1 (SDF-1) and
its receptor CXCR4 have been reported to be hypoxia-inducible. Evidences suggested
that the SDF-1/CXCR4 axis could involve in tumor progression and the development of
distant metastases [37].

1.5. Characteristics of tumor hypoxia

1.5.1. Tumor hypoxia classification

Normoxia: Each peripheral tissue exhibits a distinct normal oxygenation level. According
to the data from a meta-analysis of Vaupel et al [38], the median oxygen levels from
normal tissue range from 26 to 52 mmHg. Individual tissues maintain their optimal
median oxygen levels by homeostasis, which implies that oxygen sensitivities of cells
are determined by their origins.

Physiological hypoxia: A slight drop in oxygen level triggers tissue-response to maintain
a sufficient oxygen level (e.g. vasodilation, increasing blood flow, and/or temporary
stabilization of HIF). As a result, the tissue oxygenation rapidly returns to normoxia.
Mckoewn defined this oxygen level as “physiological hypoxia” [39]. This homeostasis
mechanism that is able to regulate oxygenation may be activated at different
oxygenation levels in different tissues.

Pathological Hypoxia: Below “physiological hypoxia” is hypoxia or “pathological hypoxia”
as suggest by Mckoewn [39] where the homeostatic mechanisms cannot respond
effectively to reverse the situation. In tumors, hypoxia level variations depend not only
on the tumor localization but also on the surrounding microenvironment. Indeed, tumor
vasculature is generally recognized to be chaotic, unstructured with blind ends and
prone to collapse leaky vessels. Hence, it is understandable this type of vasculature is
unable to fulfil the fast growing oxygen demand of tumor regardless evidence that HIF-
1 is up-regulated most of the time [40]. Despite the fact that angiogenesis is often
enhanced in tumors, numerous studies have shown that the average oxygen level of
tumors is significantly lower than the oxygenation of the corresponding normal tissue,
ranging from 2 to 32 mmHg with a majority falling below 10 mmHg [38].
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It is widely accepted that under an adequate oxygen supply, the oxygen consumption
rate (OCR) and the production of adenosine triphosphate (ATP) in tumors are usually
comparable to the ones found in the corresponding normal tissues [41]. Under hypoxic
conditions, tumor oxygenation drops below a critical value causing a progressive fall of
OCR and ATP production rate. Consequently, the prolonged exposure to hypoxia
creates a selection pressure that kills the putative hypoxic sensitive cells and leaves
hypoxia tolerant cells. These surviving cells are reported to be stress resistant and more
malignant [41]. The term “Janus face” describes well the characteristic of tumor hypoxia.
On the one hand, hypoxia can exert antiproliferative effects: restraint proliferation,
promotion differentiation, and induction apoptosis and necrosis [42]. On the other hand,
as a result of a Darwinian process, tumor cells acquire new mutations that changes the
gene expression, confers a more aggressive phenotype, and promotes local and distant
spread in order to adapt to hypoxic stress [42].

It is difficult to determine the precise threshold of hypoxia but it is assumed that hypoxia
begins when the oxygen level falls below 1% (7 mmHg) and may well be significantly
lower [41]. Lack of oxygenation below 7 mmHg stimulates angiogenesis via upregulation
of growth factors (such as vascular endothelial growth factor, platelet-derived growth
factor-B, transforming growth factor $, insulin-like growth factor-2, and epidermal growth
factor) and switch-off of angiogenesis inhibitors (i.e., angiostatin, endostatin, 16 kDa
protactin, leukemia inhibitory factor) [43]. HIF-1s and especially HIF-1a is the master
transcriptional factor that regulates the expression of genes involved in the adaptation
process (tumor progression and aggressiveness) [44].

Severe oxygen depletion below 0.1% or 0.7 mmHg will impair molecular mechanism
such as gene amplification, apoptotic potential, OCR, oxidation status of cytochromes,
inducing genomic and epigenomic instabilities and increased selection pressure [45]. In
order to survive in the hostile and nutrient-deprived microenvironment, the Darwinian
process on cancer cells results in the selection of highly aggressive and therapy resistant
phenotype that further enhances hypoxia and leads to a vicious circle.

It should be noted that the fraction of cells with malignant phenotype is minor in quantity
(perhaps < 5 %) and hypoxia selection pressure may favour the survival of this small cell
population which can determine the fate of patient outcome [43].

To summarize, a single hypoxic threshold for a general application does not exist.
Moreover, it should be kept in mind that there is also no sharp threshold between hypoxia
and normoxia for any functional parameter.

1.5.2. Heterogeneity of hypoxia

Tumor oxygenation is heterogenous both between and within tumors. Intratumoral
hypoxia is characterized by temporal and 3D-spatial variations, which could be seen as

23



the “4D heterogeneity” of hypoxia. The presence of hypoxia is shown to be independent
on tumor stage or histological type [45].

The spatial variations are characterized by the degree of hypoxia (level and severity),
the topographical distribution (center vs. periphery of tumor), the extension of hypoxic
area, number of hypoxic subvolumes (single vs. multiple) [45].

As a matter of fact, tumor oxygenation is usually communicated as a median value,
which ignores the heterogeneity within individual tumor. The gradient of oxygen diffused
to cancer cells changes longitudinally and axially, that depends strongly on the
functionality of local blood vessels. The longitudinal O2 diffusion gradient decreases
along the blood vessel from the arterial to the venous end. The radial O2 diffusion
gradient relies on the proximity of local blood vessels and decreases from microvessels
to surrounding cell layers. Indeed, the cellular proliferation pushes cells away from the
capillaries resulting in a progressively decrease in oxygen delivery. The diffusive
distance ranging from 70 to 200 um [6, 46, 47, 48] around the perfused blood vessel
creates the “cord” of actively growing cells. The two factors determining the slope of
these gradients are the O2 availability (capacity to transport O2 of the blood x flow rate)
and Oz extraction rate (OCR, Ozdiffusivity and the cell packing density) [49]. Considering
the radial Oz gradient, the more oxygen the cells require, the smaller the tumor “cords”
will be. Outside the tumor cord, the hypoxia tolerance of cells determines their survival
in hypoxic region. These cells remain viable under the quiescent state. The more tolerant
cells will remain quiescent longer resulting in the extension of hypoxic region over the
cord and a deeper degree of hypoxia.

In case of acute hypoxia, the oxygen supply is abolished or strongly reduced either by
the spontaneous fluctuations of red blood cell fluxes that cause temporary drop of
intravascular hematocrit or by physical obstructions that cause transient flow stops or
critically reduced perfusion [10]. Consequently, the temporal disruption of microvessels
function leads to the development of hypoxia in regions where the affected microvessels
are responsible for Oz supply.

Nevertheless, tumor oxygenation not only depends on the O: diffusion gradients as
described above but also on numerous pathophysiological features e.g. Oz shunt
diffusion, the abnormality of tumor vasculature. Hence, no singular “typical” Oz diffusion
distance but a broad distribution (continuum) of O: diffusion distances is usually
observed in malignant tumor. Of note, hypoxic region could be at a micron scale and
present a steep pO:2 gradient between well-oxygenated and hypoxic subvolume (up to
60 mmHg/mm) [49]. This fact has a significant clinical implication e.g. for dose painting
to precisely target the hypoxic region in order to effectively eradicate the tumor.
However, we are still unable to assess this subregional heterogeneity with the currently
available techniques due to the averaging problem of an insufficient spatial resolution.
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One fallacy, which is widely accepted, claims that malignant tumor is usually hypoxic
and necrotic in the center and better oxygenated in the periphery. The concept may be
true for some human tumors (e.g. glioblastoma) but could not apply for all cases. Clinical
evidences in numerous tumor types proved at microscopic scale that hypoxic subregions
are distributed all over the viable tumor mass [50, 51].

2. ASSESEMENT OF TUMOR OXYGENATION

Acknowledging the highly complexity of tumor oxygenation, we do not expect any
measurement method that is able to cover the full extent of spatial and temporal
heterogeneity of tumor hypoxia. If there were a method that could completely resolve
the complexity of tumor hypoxia, it would not be a useful tool but a burden of an
overwhelming data far more than needed to solve the investigated problem. Methods
currently available for oxygenation measurement differ in several ways. They can
measure tumor oxygenation directly (e.g. pO2) or indirectly (e.g. hemoglobin saturation,
perfusion, endogenous markers). Other characteristics have to be taken into account
such as sample volumes (macroscopic or microscopic); time intervals of sampling;
compartment sampled (intravascular, interstitial, or intracellular); invasiveness;
resolution; sensitivity; and repeatability. A well comprehension of how these factors
change in each technique can help the interpretation of the data. Besides, the
combination of multiple techniques increases the precision and robustness of the
measurement since each technique reflects different facets of tumor oxygenation.

The assessment of tumor oxygenation may have profound clinical implications in at least
three scenarios: (1) to provide an early prediction about the prognostic of the disease;
(2) to improve the treatment outcome by identification of patients who could benefit from
oxygen modification agents; (3) to select an adaptive treatment regime in patients whose
tumor is resistant to radio- or chemotherapy.

In this part, different techniques along with their intrinsic parameters are reviewed to
highlight their value on the outcome of cancer treatment.

2.1. Direct oxygen mesurements

2.1.1. Oxygen Probes

a. Polarographic electrodes — Eppendorf histograph

Back to 1960s, tumor oxygenation was measured directly by the homemade glass
electrodes. The method involved the insertion of electrode into the tissue. The negative
voltage between cathode and anode reduced oxygen at the surface of cathode, which
generated a current that is proportional to the local pO2. These cumbersome, fragile
polarographic electrodes only allowed a few measurements at a depth of 3-4 mm [52].
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The commercialization of Eppendorf histograph marked a revolution in the measurement
of oxygenation. Two outstanding improvements were made: (1) the oxygen sensor was
protected inside a metal needle resulting in a more robust electrode; (2) multiple
measurements in sub-millimeter steps could generated along the electrode thanks to a
stepping motor attached to the electrode. The measurement provided extracellular pO:2
histogram of a tissue volume about 50-100 cells located around the probe [53]. The
method was then widely applied in clinical investigation on numerous tumor types and
yielded up to 70 research articles between 1988 and 2005 [38]. These studies came up
to a conclusion that hypoxia may determine the patient prognosis and influence the
outcome of therapy. Evidences have been reported in head and neck cancer (H&NC)
[54, 55], cervix [56, 57], soft tissue sarcomas [58], and prostate [59]. Interestingly, a
study in cervix found that primary tumors of patients with metastases were less
oxygenated than those of patients without metastases [60].

Although Eppendorf electrode is considered safe without adverse effects [38] and is
widely cited as the “gold standard” for hypoxia determination [61], nowadays it is no
longer commercially available. The invasiveness is the major inconvenience of
Eppendorf electrode, which impedes repeated measurements on the same site.
Besides, the technique is operator-dependent and demands a technically skilled user.
The probe is also unable to map tumor hypoxia heterogeneity thus hinders therapy
planning. Furthermore, the tumor location should be easily accessible to employ the
technique. Importantly, the probe does not distinguish between viable and necrotic
tissue that may lead to an overestimation of hypoxic fraction. Likewise, the Eppendorf
electrode cannot access the temporal fluctuation in tumor oxygenation since it consumes
oxygen for each measurement, thus differentiation between acute and chronic hypoxia
is impossible. It should also be kept in mind that the technique was never predictive for
treatment outcome at the individual level. One of the first clinical studies in head-and-
neck [62] clearly demonstrated this. Thirty-five patients were stratified in two subgroup
based on the oxygenation/ hypoxia status using Eppendorf electrode for irradiation.
Despite the significant difference in local tumor control after radiation therapy (RT)
between two groups, 40% of the patients did not fall within the correct category, meaning
that some hypoxic patients were controlled by irradiation while some non-hypoxic
patients failed to respond to irradiation.

b. Fibre optic probe/ Fluorescence quenching

Another approach to measure tumor oxygenation is the fibre optic probes with the
commercialized brand name OxyLite™ [63]. The technique measures the quenching
time of a fluorophore by oxygen, which is inversely proportional to oxygen tension at the
tip of the probe where the fluorophore is located. As the technique does not consume
oxygen, the major advantage of the fibre optic probes is the ability to perform continuous
measurement, thus allowing the assessment of the temporal heterogeneity in tumor pO2
as well as the effect of hypoxia modification therapies. The method is however sensitive
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to temperature, thus an attached thermocouple to the probes is needed for temperature
correction. Moreover, the probe only reports on an average pO: of a volume that is
several hundred times larger than the tip of the electrode, where the fluorophore is
located. Consequently, pOz heterogeneity cannot be assessed by this approach.
Nonetheless, the method still encounters drawbacks similar to Eppendorf electrode such
as invasiveness, operator-dependence, and accessibility of tumor. Hitherto, fibre optic
probes have not been applied in the clinical setting.

c¢. Phosphorescence tomography

The method involves the infusion of water-soluble phosphor probes into the vasculature
[64]. A pulse of light excites the phosphorescent probes to emit their own light from which
the decay rate is proportional to the local oxygen concentration. The technique is
independent of probe concentration since Oz concentration relies on the lifetime of the
emission light but not on signal intensity. Phosphorescence tomography also has a high
temporal resolution. It takes only a few seconds or less for a measurement, thus real-
time measurement of tumor oxygenation is possible. The method may aid therapy
planning thanks to the possibility to construct a map of the tumor oxygenation as well as
to repeat the measurements. However, the penetration of the excitation pulse
determines the sample volume. Therefore, the application of the technique depends on
tumor location. Importantly, the administration of external probe to the vasculature
system results in the oxygen measurement from blood vessel but not from tissue. These
features limit the application of the method to map tumor oxygenation only in preclinical
animal models [65, 66] but not yet in patients.

2.1.2. Magnetic Resonance Oximetry

a. F-MRI

Perfluorocarbons (PFCs) are used as probes for 2°F-NMR spectroscopy and imaging to
quantify tissue oxygenation at the pixel level [67]. The highly hydrophobic PFCs have a
better O: solubility than water. The principle of the method lays on the interaction of PFC
with dissolved O2. The change of the 1°F spin-lattice relaxation rate at a given
temperature is proportional to the Oz concentration [68]. Hence, the technique provides
a non-invasive and quantitative mapping of tissue oxygenation when temperature is
tightly controlled [69].

PFCs show some features that facilitate the in vivo applications including high sensitivity
to changes in pOz2, high reproducibility even at low pO2, and low toxicity [70]. The
sensitivity of the method can reach 1 -3 mmHg in hypoxic region [71]. The pO:
assessed by °F-MRI has been compared with more traditional techniques such as
Eppendorf electrode [72], immunohistochemistry [71], and near-infrared spectroscopy
[73]. Both the 1°F echo planar imaging approach and the Eppendorf histograph showed
similar oxygen tension distributions in experimental tumors and determined that larger
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tumors were significantly less oxygenated than smaller tumors [72]. °F-MRI also
successfully characterized the hypoxic status of two Dunning prostate R3327 rat tumor
sublines that was confirmed by immunohistochemistry [71]. Significant correlations were
found between the variations in vascular HbO2 concentration (reported by near-infrared
spectroscopy) and the change in tumor pO: (reported by 1°F-MRI) in rat breast 13762NF
tumors with respect to hyperoxic gas breathing [73].

The FREDOM procedure (fluorocarbon relaxometry using echo planar imaging for
dynamic oxygen mapping) using fast °F-MRI technique allows a dynamic mapping of
tumor pO2 as well as monitoring the tumor pO2 change in response to hyperoxic
challenge [74, 75]. Monitoring pO2 by FREDOM evidenced a successful elevation of
tumor pO2 during irradiation correlating with delayed tumor development [76]. Jordan et
al. further used a snapshot inversion recovery pulse sequence to reduce the acquisition
time up to 1.5 min allowing the identification of spontaneous oxygen fluctuation [75, 77].

There are three protocols to administer PFCs. The first one involves the systematic
introduction of PFCs emulsion via intravenous injection. This approach allows the
measurement of the vascular oxygenation, the tissue uptake and sequestration of the
compound. However, most of PFCs are sequestrated in the reticuloendothelial system
including liver, spleen, and bone marrow leading to the risk of hepatomegaly [78] and
reducing the signal in tumor. Moreover, the delivery of PFCs depends on the
vasculature, thus PFCs are preferentially sequestered in well-perfused areas instead of
hypoxic poor- perfused area. The second protocol is the intratumoral injection of pure
PFCs to resolve the problem. The echo planar imaging FREDOM method (fluorocarbon
relaxometry using echo planar imaging for dynamic oxygen mapping) relies on this
second protocole to map the pO2. The procedure involves the multi-injection of
hexafluorobenzene directly into the tumor in a fan pattern using of a fine needle (32 G)
to ensure distribution of hexafluorobenzene throughout a plane across the tumor [79].
However, intratumoral injection limits its potential clinical application because of the
tumor accessibility issue. Both protocols allow repeated measurements within a certain
period. For a long follow-up, a repeated administration is needed because of the
clearance of PFCs over time. The third protocol employs the encapsulation of the PFCs
in an oxygen-free diffusible material that does not require the re-injection of PFCs for a
stable pO2 readout. Yet, the protocol requires surgery for probe implantation. In addition,
the oxygenation reported is locally at the site of implantation and the spatial information
is lost. Limitations of these protocols make °F-MRI using PFCs suitable for research in
pre-clinical application but not yet in clinical setting.

b. Electron paramagnetic resonance EPR

The principle of EPR relies on the capacity to detect the electron spin of paramagnetic
unpaired electron species. Although molecular oxygen is paramagnetic, the direct
detection of oxygen is impossible since the EPR spectra of dissolved oxygen in tissue
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are too broaden to be detectable. Hence, an indirect method including the introduction
of a paramagnetic probe is required to assess the tissue oxygenation. The principle is
based on the paramagnetic properties of oxygen that makes the molecule an efficient
relaxer for other paramagnetic probes. The interaction with oxygen modifies the
resonance characteristics of the probes and thus its EPR spectrum of which the
enhancement of relaxation rates is proportional with the oxygen concentration [12]. The
most common method to measure oxygenation relies on the broadening of the principal
hyperfine line, which is related to T> of EPR spin probe. The measurement of the
linewidth of the EPR spectrum provides a non-invasively real-time monitoring of tissue
oxygenation. An ideal EPR probe should have a single and narrow resonance line, a
linewidth that is proportional to pO2, no toxicity and a good metabolic stability.
Interestingly, the natural presence of endogenous paramagnetic material is minor and
undetectable in vivo. Consequently, by introducing an external paragmagnetic probe,
the sensitivity of EPR is higher than that of nuclear magnetic resonance NMR (about
700 times greater [12]) thanks to the absence of a background signal. Of note, the EPR
technology operates at higher frequencies and lower fields than NMR because the
gyromagnetic ratio of an unpaired electron is much larger than that of a proton. The high
frequency decreases the sample size thickness that can be analyzed because of the
non-resonance absorption of the electromagnetic radiation by water in the sample, e.g.
the depth of measurement is less than 1 mm at 9.5 GHz and increases up to 1 cm at
1 GHz. For in vivo application, the low operating frequency (200 MHz to 1.5 GHz [12])
extents the sensitive deepness of the sample. Another feature of EPR that should be
kept in mind is the short relaxation times of paramagnetic species (hanosecond)
comparing to that of NMR protons (millisecond) [80]. Consequently, the EPR spectra are
obtained via continuous wave experiments, which means the sample is irradiated
constantly and the resonant response is recorded by sweeping the applied magnetic
field [81]. Thus, the acquisition time of EPR is longer than that of NMR. Recently, Yasui
et al. have developed the pulsed technique (like for NMR) for in vivo EPR application to
reduce the acquisition time [82].

Nowadays, two classes of probes are used for in vivo studies, the soluble probes for
EPR imaging (EPRI) and the insoluble probes for EPR spectroscopy.

EPRI provides a spatial quantification of tissue pO2 but the soluble probes are less
sensitive to changes in oxygenation than insoluble particle probe [12]. The repeated
measurements are possible in EPRI but re-introduction of probe is required for longtime
follow-up. Lately, the development of the instrument for the co-registration of EPRI and
MRI allowed an integration of anatomical information and pO: distribution [82 - 85]. The
coil operates at low frequency (300 MHz) at which both the detection of EPRI probe
(OX63, a paramagnetic oxygen-sensitive triaryl methyl radical) and MRI acquisitions are
feasible. The co-registration has been applied to monitor the changes in tumor
oxygenation following a hyperoxic challenge [82, 85] or the effects of radiation [86].
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Compared to the soluble probes, the insoluble particles are unable to provide the spatial
distribution of pO2 but are more sensitive to changes in pO:z (less than 0.2 mmHg [22])
and once being implanted, the particles remain at the sites indefinitely allowing repeated
measurements over time. Thanks to these advantages, EPR spectroscopy oximetry is
widely used to monitor the changes in tumor oxygenation e.g. the effect of hypoxia
targeted co-treatment on pO:2 as well as on outcome of cancer therapy [87 - 93].

The application of the EPR technique in human remains limited, with only two clinical
systems being available worldwide. The first clinical trials using EPR oximetry involved
OxyChip - an oxygen-sensing paramagnetic crystal LiNc-BuO encapsulated in a
biocompatible polymer matrix [94]. The implantation of the chips allows repeated
measurements in tumor tissues located within 20 mm from skin surface. The oximetry
measurement using India Ink were performed on patients with melanoma, basal cell, soft
tissue sarcoma, and lymphoma tumors during radiation and chemotherapy [95]. The
current limitations to further implement EPR in the clinical setting are due to the
availability of instrumentation but also to the limitation of sample thickness, limiting its
applications to accessible tumors/tissues.

2.2. Indirect oxygen measurements - Exogenous markers

Different exogenous probes have the ability to specifically accumulate in hypoxic cells.
Hypoxia is then indirectly measured via different techniques that are able to detect these
markers.

2.2.1. 2-nitroimidazole markers

The most known exogenous markers are 2-nitroimidazole-based markers, which are
characterized by an NO2 group attached to the imidazole ring (Figure 6). The markers
diffuse passively into the cells. Under hypoxic condition, the stable NO> moiety can
undergo 6 successive electrons reductions to give rise to the NH2 moiety that is also
unreactive. Of note, one of the intermediate forms is highly reactive and can bind to any
cellular macromolecule that traps the markers within the cell [96]. The reduction only
takes place under the activity of active enzymes, thus nitroimidazole uptake is specific
to viable hypoxic cells but not necrotic. With the presence of Oz, the markers rapidly re-
oxidize into the stable form. The unreactive species are gradually washed out from the
cell, leaving only the bound molecules, which will be detected afterwards. The 2-
nitroimidazole-based markers are widely detected with immunohistochemistry (IHC),
positron emission tomography (PET) or single photon emission computed tomography
(SPECT).

It should be noted that the distribution 2-nitroimidazole-based markers relies on the
tumor vasculature system. The chaotic, disorganized structure of tumor vessels may
hinder the accessibility of markers to hypoxic regions where the blood supply is usually
reduced. Consequently, a paradoxical situation may occur where the nitroimidazole
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uptake in severe hypoxic regions is weakened because of the limited drug delivery in
these regions.

The effectiveness of nitroimidazole markers relies on the specificity of markers to
accumulate into hypoxic areas. Two useful factors can be used to predict the relative
quality of a nitroimidazole marker, including the hypoxic-specific factor (HSF) and the
oxygen dependency. HSF is the ratio between the binding marker within the cells
incubated under severe hypoxic conditions and that of cells incubated at 21% Oz. An
ideal value of HSF ranges from 30 -100. The oxygen dependency is the cellular oxygen
concentration at which the bound markers is at 50% of its maximum rate. An oxygen
dependency of 0.3% to 0.5% oxygen in the equilibrium gas phase is optimal [97].

Mitroreductases ‘ Hypoxic reactions

AN

R-NO, RNO3" R-MHOH R-NH,

Formoxic reactions
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Figure 6: Mechanism of nitroimidazoles (R-NO_) reduction. Under hypoxic condition
(red arrow), NO2 group can reduce to NH; group. These two groups are inactive but
one of the intermediate products is highly active that can bind to macromolecules
within cells. Under normoxic condition (blue arrows), the reduction is reversible with the
presence of O,. (adapted from [96])

a. Immunohistochemistry (IHC)

Two IHC 2-nitroimidazole-based markers are approved for clinical applications:
pimonidazole PIMO and EF5 [98, 99]. Both markers are administered to patients
intravenously prior to biopsy or surgery (several hours for PIMO and 24-48h for EF5).
Hypoxia is assessed by estimation of stained cells fraction. The detection of compound
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adducts relies on the specific binding of antibodies to antigens (EF5 or PIMO) in
biological tissues. The antigen-antibody binding can be visualized thanks to the tagged
fluorophore to antibody. Strong linear correlations have been found between PIMO
accumulation and pOz in vivo [100].

The main advantage of IHC is that the approach provides the most precise spatial
information of tumor microenvironment compared to other methods. However, the trade-
off is its invasiveness. To perform the measurement, biopsy or surgical is required to
examine the tumor tissue. Thus, repetitive measurements to evaluate the dynamic
change of hypoxia are difficult. In addition, the sampling size is limited in certain regions
of the tumor resulting the loss of the spatial heterogeneity information of the whole tumor.
Consequently, one IHC image is only the snapshot of the tumor oxygenation at a giving
moment.

b. Radiolabeled hypoxia markers

The detection of radiolabeled markers depends on the decay half-life of the labelled
radioisotopes and the pharmacology of the markers. Hence, an ideal radiolabeled
marker should rapidly and homogenously distribute to all tissues. To have a good signal,
markers should remain in the tissue long enough to accomplish the bioreductive
process. Besides, the unreactive markers should be cleared from the cells fast enough
to decrease the background signal. For the patient’s convenience, the imaging should
be done within a short-time frame depending on the half-life of the radionuclide. [22]

PET tracers
PET techniques involve the detection of tracers labelled with positron-emitting
radioactive isotopes. The isotope undergoes the positron decay. The positron emitted

(e+) interacts with an electron (e-) leading to the annihilation of both particles, which
induces a pair of photons with opposite directions that are detected by a PET scanner.
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Figure 7: Structures and logP-values of PET hypoxia radiotracers (logP > 0: lipophilic
molecule, logP < 0: hydrophilic molecule). Adapted from [101]

18F-fluoromisonidazole. 18F-FMISO is the first hypoxia-tracer developed for PET and
also the most extensively studied hypoxia PET tracer in clinical studies [101]. The tracer
is lipophilic (logP = 0.4) which ensures a good penetration and diffusion to cells.
Evidences have proved that the intracellular binding of FMISO requires an oxygen level
less than 10 mmHg and can rise up to 28 times higher than in normoxic conditions [102].
However, the high lipophilicity could also be the reason of the FMISO intense
background since the excretion of the tracer is as low as 3 % of the total administration
dose [103]. Consequently, a tissue showing a tumor to blood ratio of more than 1.2 after
minimum 2 h post-injection is generally considered to be hypoxic. Studies on gliomas,
head and neck, breast, lung and renal cancer patients showed that the FMISO retention
is specific for hypoxic regions [104]. However, results in sarcomas are variable, the
accumulation of FMISO in rectal cancer was non-specific, and no FMISO uptake was
observed in pancreatic tumors [101]. Previously, the accumulation of FMISO was found
to be significantly correlated with pO2 (fraction pO2 < 2.5 mmHg or < 5 mmHg), as
assessed by Eppendorf polarographic method [104, 105] in H&NC patients. However,
recently, in an extensive study by Mortensen et al. in the same cancer type, the authors
showed a lack of correlation between FMISO retention and Eppendorf measurements
using virtual voxel model [106], a method that treated the information of PET and
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Eppendorf histogram on the same site. Although having a high hypoxic selectivity and
being widely studied, FMISO failed to be accepted in clinical routine due to its slow
clearance kinetics limiting image contrast.

To overcome the limitation of FMISO, other tracers have been developed which are more
hydrophilic than FMISO, including fluoroetanidazole (FETA), fluoroerythronitroimidazole
(FETNIM), fluoroazomycinarabinofuranoside (FAZA) and HX4. Among them, FAZA and
HX4 are currently in clinical evaluation [107, 108].

BF-fluoroazomycinarabinofuranoside. The hydrophilicity of 8F-FAZA (logP = -0.4)
improves the clearance from blood and normal tissues resulting in a higher signal-to-
noise ratio compared to 8F-FMISO. In preclinical studies, 18F-FAZA uptake correlated
with tumor pO: reflecting that this tracer was able to quantify tumor hypoxia [110, 111].
In clinical studies, 18F-FAZA has been successfully used to image hypoxia in gliomas,
lymphomas, lung, head and neck, cervical and rectal tumors, with better results than 8F-
FMISO thanks to an improvement in hypoxic/ normoxic contrast and an earlier
acquisition time point [101]. The report of the DAHANCA 24 trial on H&NC patients
involving the 18F-FAZA image before and after treatment (including primary radiotherapy,
nimorazole, and concomitant cisplatin) showed that the tracer uptake was a non-invasive
prognostic marker of treatment outcome [112].

18F-flortanidazole. 8F-HX4 is the most hydrophilic PET tracer (logP =-0.69)
possessing a good water solubility and faster background clearance, resulting in
improved pharmacokinetic and clearance properties as compared with 18F-FMISO [101].
Although 18F-HX4 has the potential for shorter acquisition times than 8F-FMISO [113],
later scan times (2—4 h post injection) can increase the hypoxic-to-normoxic contra