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FOREWORD

Enhanced glycolysis has been recognized as a common metabolic feature of
cancer. However, new evidence of oxidative activities in tumor cells has
challenged this paradigm. Indeed, some tumor cells majorly rely on oxidative
phosphorylation for energy production and besides the glycolytic and oxidative
phenotypes, some cancers exhibit hybrid phenotypes with an amazed metabolic
flexibility. All these adaptive behaviors represent major challenges for
therapies. A better understanding of the process associated with the
characterization of metabolic patterns for each tumor patient would lead to the

development of more efficient anticancer strategies.

Therefore, this thesis work aims at exploring the value of different non-
invasive imaging modalities to assess tumor metabolic profiles and their
pharmacological modulations. Advanced imaging techniques including *8F-
FDG PET, EPR oximetry, 2*C-hyperpolarized MRI and 'O MRS were used to
characterize glucose uptake, oxygenation, pyruvate transformation and oxygen

consumption in well-established tumor models in vivo.

In the introduction, the patterns that govern glucose metabolism in tumors are
described and anticancer strategies derived from these patterns are presented.
We will consider how and why cancer cells exhibit a high rate of glycolysis.
But even if the glycolytic phenotype has for long been considered as a
hallmark of cancer, cancer cells can also adopt other metabolic profiles. Some
tumor cells can rely on glucose oxidation for energy production or can also

exhibit a metabolic flexibility. Current strategies that target glucose



metabolism are presented, focusing on glycolysis inhibition, glycolysis
reversion with a particular focus on dichloroacetate agent and mitochondrial
inhibition. Finally, available imaging technologies for tumor phenotyping,

especially to appraise glucose metabolism, are described.
In the second part, specific aims of the thesis work are described.

The third part of this manuscript will present the four articles written during the
thesis work. The first article presents the feasibility of O MRS to assess
oxygen metabolism in tumors. The second article aims at following the
metabolic changes induced by the administration of dichloroacetate in
glycolytic and oxidative tumor models, using different imaging modalities. The
third article presents the preliminary results obtained with *F-FDG PET to
assess the impact of oxygenation on tumor metabolism. And finally, the fourth
article describes the metabolic behavior of glycolytic and oxidative tumors in

vitro and in vivo during a reoxygenation challenge.

The fourth and last part of the manuscript will discuss the results obtained and
the remaining challenges in the field but will also suggest possible future

directions.
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1. Altered metabolism in cancer, the case of glucose

Glucose plays a key role in cellular metabolism. Like amino acids, lipids or
other nutrients, glucose is a major fuel to produce energy, mostly in the
form of adenosine triphosphate (ATP), in most mammalian cells and its
metabolism is highly regulated to ensure normal tissue function (Figure 1).
Glucose is taken up by the cells via specific transporters (GLUT) and is
transformed into pyruvate via the enzymatic cascade of glycolysis. During
this process, 2 molecules of ATP are generated. Under appropriate oxygen
concentration, glycolysis is coupled with the oxidative phosphorylation
(OXPHOS) to produce the majority of energy needed. The pyruvate is
transferred to the mitochondria and oxidized to acetyl-CoA and CO, by the
pyruvate dehydrogenase (PDH). Then, acetyl-CoA enters the Krebs cycle
(also known as citric acid cycle or tricarboxylic acid (TCA) cycle) and is
oxidized to generate NADH and FADH2, that will in turn account for the
production of a large amount of ATP. The complete oxidation of one
glucose molecule generates 36 molecules of ATP. In the absence of oxygen,
OXPHOS is inhibited and the anaerobic glycolysis occurs. Pyruvate
produced during the glycolysis is transformed into lactate by the lactate
deshydrogenases (LDH). Lactate molecules are finally exported from the
cells by the monocarboxylate transporters (MCT). The metabolism of
glucose to lactate generates only 2 molecules of ATP per molecule of
glucose. The phenomenon of redirection of the metabolism depending on
the oxygen content is known as the Pasteur Effect. This reversible process
regulates glucose metabolism through an allosteric regulation exerted by
metabolites on key enzymes of the glycolytic pathway. Hexokinase (HK) is
inhibited by glucose-6-phosphate (G6P). High levels of ATP inhibit
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phosphofructokinase (PFK) and pyruvate kinase (PK). PFK is also regulated
by citrate and PK by alanine and acetylCoA. Other metabolites can also be
involved like inorganic phosphate (Pi), adenosine monophosphate (AMP),
adenosine diphosphate (ADP) and fructose-1,6-bisphosphate (F1,6-BP)
(Porporato, 2011). The Pasteur Effect is essential to maintain appropriate

energy production in proportion to the oxygen level.

Enhanced glycolysis has been recognized as a common metabolic feature of
cancer. Otto Warburg identified in the 20’s the presence of a faster
glycolytic flux in tumor cells, characterized by a high glucose uptake and an
increased lactate production even in the presence of oxygen (Warburg,
1925). During decades, the loss of coupling between glycolysis and
OXPHOS in tumor cells has been assigned to major mitochondrial
dysfunctions. However, new evidence of oxidative activities in tumor cells
has challenged this paradigm. Indeed, some tumor cells mainly rely on
OXPHQOS for energy production and besides the Warburg and oxidative
phenotypes whereas, for many tumors, hybrid phenotypes with a large

metabolic flexibility is the rule.
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Figure 1: Glucose metabolism in mammalian cells. Adapted from (Porporato,
2011) (Payen, 2014) (Ngo, 2015)
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1.1. Glycolytic metabolism and Warburg phenotype

The most common metabolic phenotype of cancer is known as the Warburg
effect. The observations of Otto Warburg highlighted that cancer cells
exhibit high rates of glucose consumption and lactate production under
normoxic conditions, phenomenon called aerobic glycolysis (Warburg,
1925). Despite a limited capacity of ATP production, many cancer cells
reprogram the glucose metabolism to produce ATP via the glycolytic
process and avoid glucose oxidation through mitochondrial pathways and
OXPHOS. Even if the functions and the benefits of the Warburg effect
remains controversial, clues emerged to explain this metabolic strategy.
Cancer cells seem to maintain a high glycolytic flux in order to support cell
growth and proliferation (Lunt, 2011). Controlled by intrinsic genetic
mutations and external responses to the tumor microenvironment, a
metabolic shift to glycolysis occurs in tumor cells to support 1) a rapid ATP
generation to maintain energy status; 2) an increased biosynthesis of
macromolecules; and 3) a tightened maintenance of appropriate cellular
redox status (Figure 2) (Cairns, 2011). Aerobic glycolysis is also associated

with aggressiveness and invasiveness.

Genetic alterations Tumour microenvironment

(affecting p53, MYC, (hypoxia, pH, nutrients
AMPK, PI3K and HIF1) and autophagy)

l Abnormal

metabolic

phenotype

Figure 2: Determinants of the tumor metabolic phenotype (Cairns, 2011)
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The Warburg phenotype can also be observed in non-transformed cells
(Lépez-Lazaro, 2008). We can cite several normal tissues like the retina, the
kidney, the medulla, the cartilage, the bone marrow, the skin, the intestinal
mucosa, the placenta but also the fibroblasts and some proliferating
thymocytes (Hockenbery, 2013). Nevertheless, normal cells shift their
metabolism back to OXPHOS when they return to a resting state, while

cancer cells keep this advantage.
1.1.1. Metabolic reprogramming to support proliferation

Cells generally regulate their biochemical pathways in order to support
energy needs and fuel the anabolic process to grow and produce new cells.
Phenotype adaptations are thus required during the early stages of the
carcinogenesis to support rapid cell division and the expansion of the tumor
mass. Glycolysis has been selected by the majority of invasive cancer cells
as the preferred pathway to generate biomass as well as to produce ATP and
to maintain redox balance for the support of uncontrolled cell division.

Glycolysis only provides 2 molecules of ATP per glucose and represents an
inefficient way for ATP synthesis compared to a complete glucose oxidation
that can provide up to 36 molecules of ATP. However, as long as glucose is
available, glycolysis represents a faster pathway for ATP production
(Pfeiffer, 2001): lactate production from glucose is 10-100 faster than
complete glucose oxidation (Liberti, 2016). This process seems to fulfill the
cancer cell needs in ATP, which is mainly required for biosynthetic
precursors and macromolecular synthesis. For example, nucleotide and lipid
biosynthesis rely on unfavorable biosynthetic reactions that consume
significant amounts of ATP. Also, ATP is necessary to maintain
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homeostasis and ensure cell survival, as ATP depletion is leading to cell
death. Nevertheless, ATP/AMP ratio needs be tightly regulated to keep a
high glycolytic rate. As previously mentioned, the activities of PFK and PK,
two key enzymes of the glycolysis, are sensitive to ATP levels. By selecting
a weak ATP synthetic pathway (L6pez-Lazaro, 2008) and by increasing the
ATP consumption (Fang, 2010), cancer cells can escape a slow-down of the
glucose metabolism generally induced by high ATP levels. Therefore,
cancer cells select glycolysis, a pathway capable of a quick adjustment for
ATP production.

Beyond a rapid way to generate ATP, glycolysis represents an advantageous
tool for biomass synthesis. Glucose is an abundant source of carbon. To
support proliferation, glucose is deviated from carbon catabolism (for ATP
production) and redirected for anabolic reactions. Glycolysis can generate
numerous building blocks and intermediates involved in nucleotide, lipid
synthesis or amino acid and can provide crucial cofactors for
macromolecular biosynthesis (Figure 3). The synthesis of nucleotides for
nucleic acids formation is essential for cell replication. G6P, the product of
the glycolytic enzyme hexokinase, can be redirected through the pentose
phosphate pathway (PPP) to generate ribose-5-phosphate, the starting point
for the purine and pyrimidine nucleotide synthesis (Dang, 2012) (Lopez-
Lazaro, 2008). Glycolysis is also a source of carbon for lipid precursors,
lipids representing an important component of cell membranes. The
glycolytic intermediate dihydroxyacetone phosphate is the precursor to
glycerol-3-phosphate, which is crucial for the biosynthesis of the
phospholipids and triacylglycerols that serve as major structural lipids in
cell membranes (Lunt, 2011). As proteins represent a high proportion of cell
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mass, an efficient production of amino acids is required during proliferation.
G6P, through the PPP, can generate histidine. 3-phosphoglycerate provides
the carbons for cysteine, glycine and serine, and pyruvate provides the
carbons for alanine, valine and leucine. Together, 3-phosphoglycerate and
phosphoenolepyruvate can generate tryptophan, phenylalanine and tyrosine
(Lunt, 2011) (LOpez-Lazaro, 2008). Nevertheless, the generation of
cofactors is required to drive anabolic biochemical reactions. Nicotinamide
adenine dinucleotide (NADH), flavin adenine dinucleotide (FADH2),
nicotinamide dinucleotide phosphate (NADPH), and coenzyme A (CoA) are
necessary as reducing agents for nucleotide, amino acid and lipid
biosynthesis. NAD+, generated during the pyruvate to lactate conversion, is
also required to maintain a high glycolytic flux ensuring the conversion of
glyceraldehyde-3-phosphate to 3-phoshopglycerate (Feron, 2009). FADH2,
NADH, NADPH and CoA are generated via the purines pathway, itself
derived from glycolysis. (Lunt, 2011) NADPH can also derive from the
PPP.
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Figure 3: Glucose fueled anabolic pathways (Lunt, 2011)

Proper cell functions and cell survival also rely on the balance between
generation and elimination of reactive oxygen species (ROS). In cancer
cells, ROS are required to promote carcinogenesis but a ROS excess will
conduct to tumor suppression (Gupta, 2012). The high proliferative rate of
glycolytic cells contributes to the oxidative stress by different ways. By
avoiding glycose oxidation in favor to glycolysis, the electron transport is

impaired leading to ROS generation and the production of numerous Krebs
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cycle intermediates with antioxidant properties is reduced (Costa, 2014) (EI
Sayed, 2013). To generate antioxidant systems like the glutathione and the
thioredoxin systems, the production of reductive equivalents like NADPH is
essential. Fueled by the G6P, the oxidative reactions of the PPP generate
this key molecule providing the reducing power required in tumor cells.
Also the regeneration of NAD" during lactate production, controlled by the
LDH, represents an alternative way to maintain a favorable NAD*/NADH
redox balance (Lunt, 2011). Thus, cancer cells rely on glycolysis to
counteract the deleterious effects of ROS by producing high levels of
antioxidants (Cairns, 2011).

1.1.2. Metabolic reprogramming to promote invasion

Glycolysis turning at full speed in highly proliferating cancer cells, waste
products are profusely generated and need to be evacuated from the cells.
Beside lactate, protons (H") are another end product of the glycolysis,
generated during the hydrolysis of ATP mediated by HK and PFK. Given
the toxicity of intracellular acidification, tumor cells increase their H" export
leading to the acidification of their microenvironment. Non-invasive
measurements have shown that extracellular pH (pHe) ranges from 6.5 to
6.9, values which are typically not observed in normal tissue, while
intracellular pH (pHi) remains neutral to alkaline (Wojtkowiak, 2011).
Lactate production and extracellular acidosis favor uncontrolled
proliferation such as evasion of the immune system and induction of
angiogenesis and metastasis (Warmoes, 2014). Although the molecular
mechanisms are poorly understood, exogenous lactate can increase tumor
cell motility. Moreover, exogenous lactate can enter endothelial cells

through MCT1 (Vegran, 2011) to initiate pro-angiogenic pathways and can
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also play an immunosuppressive role (Icard, 2012). Extracellular acidosis
can induce death of normal cells, improve tumor cell migration by
promoting the degradation of the extracellular matrix, can inhibit immune
response and induce resistance to treatment (Fais, 2014). Glycolytic
phenotype creates optimal microenvironmental conditions to promote tumor

progression that correlates with poorer clinical outcomes (Gatenby, 2004).
1.1.3. Regulations and molecular adaptations

Decades of research has fostered the debate around the driving forces of
glycolytic phenotype. Warburg observed high rates of lactate generation in
cancer cells under normoxic condition. While the Pasteur effect should
cause the inhibition of glycolytic process under well oxygenated conditions
and thus reduce lactate production, Warburg's observation led him to the
conclusion of a mitochondrial impairment, making glycolysis the only way
for cancer cells to produce ATP (Warburg, 1956). For a long time,
mitochondrial impairment was presented as the driver of Warburg
phenotype. It is only recently that researchers were able to identify that
mitochondrial defects are occasional in cancer cells and that most of the
cancer cells keep their oxidation capacities, even if a diminished oxidative
metabolism is observed. More interestingly, some cancers seem to rely
exclusively on OXPHOS to support the carcinogenesis (this phenomenon
will be presented in Introduction section 1.2.). Another hypothesis has
emerged presenting glycolysis as a phenotypic adaptation to hypoxia during
the early stages of carcinogenesis that allows ATP production in absence of
oxygen (Vaupel, 2012) (Gatenby, 2004). Beside the interaction of cancer

cells with their environment, multitude of genetic changes occurring during
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the carcinogenesis can lead to the selection of a particular phenotype in
cancer (Jose, 2011).

Multiple cellular pathways support the glycolytic phenotype in cancer cells
(Gillies, 2008). Indeed, major adaptations are required to accelerate the
glycolytic flux, maintain a high glycolytic rate, support an increase in
glucose uptake, lactate export, glycolytic enzyme activity and a decrease in
pyruvate use by the mitochondria. The implication of key proto-oncogenes
and tumor suppressors such as HIF-1, MYC, PI3K, AMPK, RAS and p53
has been reported in the literature (Figure 4) (Cairns, 2011) (Dang, 2012)
(Lunt, 2011). Hypoxia inducible factor 1 (HIF-1) is the major force driving
the upregulation of glycolysis that activates the transcription and translation
of glycolytic genes in tumor cells. GLUT1 and GLUT3, numerous
glycolytic enzymes like HK1 and HK2, PFK2, PK2, LDHs (Porporato,
2011) and the mitochondrial activity (Pyruvate dehydrogenase kinase 1
(PDK1) and the electron transport complex) were reported as regulated by
HIF-1. The oncogene c-MYC activates glycolytic genes, such as those for
GLUTL, glucose-6-phosphate isomerase, PFK1, and LDH. Another major
regulator of glucose metabolism is the PI3K/Akt signaling pathway. This
pathway stimulates glycolysis by impacting HK and PFK2 enzymes but also
activates mTOR that in turn alters metabolism in various ways and enhances
HIF-1 activity (Dang, 2012) (Cairns, 2011). AMPK stimulates energy
production in proliferating cells and inhibits mTOR. Mutated RAS also
enhances glycolysis, partly through increasing the activity of MYC and
HIF-1 and by enhancing glucose uptake. Finally, glycolysis can be
promoted by the loss of p53 function in cancer (Lunt, 2011). All those
pathways act as a coordinated system to regulate tumor metabolism and
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favor the expression of specific isoforms of metabolic enzymes (Ward,
2012) (Yeung, 2008). Epigenetic modifications represent another
mechanism involved in the deregulation of enzymatic activities during
glycolysis (Ward, 2012). Epigenetic regulations are reported for GLUT,
HK, PK and Fructose-1,6-bis phosphatase (Upadhyay, 2013). Alternative
splicing, increased copy number of genes in cancer cells, gene regulation by
microRNAs and post-translational modifications of proteins are other
mechanisms involved in metabolic reprogramming and enhanced glycolysis
in cancer cells (Ward, 2012) (Upadhyay, 2013).

Lactate Glucose

Figure 4: Molecular mechanisms driving the Warburg effect (Cairns, 2011)
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1.2. True evidence of oxidation activities in cancer

In 1956, Otto Warburg proposed that enhanced glycolysis in cancer cells
was driven by irreversible mitochondrial damages (Warburg, 1956). Indeed,
glycolysis must be enhanced to maintain ATP level constant if OXPHOS
function is weakened. Since then, the Warburg effect reinforced by this
hypothesis represents a universal dogma in oncology barely contested
during decades. While numerous studies emerged to support Warburg’s
hypothesis, only a few studies on cancer mitochondrial metabolism
appeared to discredit this categorical view. Various mechanisms were
reported in favor of the mitochondrial disorder hypothesis such as: an
altered mitochondrial function, mutations in mitochondrial DNA (mtDNA),
a lower mitochondrial content, the Crabtree effect (inhibition of OXPHOS
by glycolysis), a truncated Krebs cycle and an altered ATP synthase
(reviewed by Moreno Sanchez, 2007). These data also presented glycolysis
as a universal mechanism to produce energy in cancer cells. Even if studies
highlighted mitochondrial dysfunctions in a few cell lines, these
explanations were unfortunately assumed to be applicable to all tumor cell
types. During decades, an increased gene transcription or protein content of
glycolytic enzymes or transporters has generally been over-interpreted.
Indeed, a diminution/alteration of one enzyme or transporter does not
automatically lead to a diminution in the pathway flux or metabolite
concentration. Also, the quantitative contribution of each pathway to ATP
supply has rarely been determined. Further, the assessment of protein
activity associated with pathway flux studies were generally missing.
Recently, the mitochondrial function in tumor cells has become a hot

research topic. By exposing human cancer cells to low concentrations of
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ethidium bromide to deplete mitochondrial deoxyribonucleic acid (DNA)
and consequently reduce OXPHOS activity, a state known as p0 (rho-0),
researchers found that cancer cells showed an impaired ability to grow and
became sensitive to cytotoxic drugs, highlighting the crutial role of
OXPHOS in some cancer cells (as reviewed by Viale, 2015). While
OXPHOQOS activity is generally not suppressed in cancer cells, the OXPHOS
function is even higher in some cases than in normal cells (Zheng, 2012).
Oxidative phenotype was found in lymphomas, melanomas, glioblastomas,
breast cancer, pancreatic cancer and leukemia (Obre, 2015) (Moreno
Sanchez, 2007) (Moreno Sanchez, 2014). OXPHOS is also present in
circulating tumor cells and promotes metastasis (LeBleu, 2014). Quiescent
cells seem also to rely on OXPHOS (Viale, 2014) (Lagadinou, 2013).

A considerable amount of cancers use OXPHOS or a mixture of glycolysis
and OXPHOS for ATP production (Moreno Sanchez, 2007) (Moreno
Sanchez, 2014). But beyond the ATP production, proliferating cells
desperately rely on strong pathways able to generate macromolecules and
many TCA cycle intermediate can support macromolecule biosynthesis and
thus tumor expansion. Also, other nutrients like amino acids, fatty acids,
glutamine and lactate are consumed by cancer cells which require an
efficient oxidative function. While hypoxia remains the major factor
affecting OXPHOS activity, the activation of MY C oncogene also supports
mitochondrial gene expression, mitochondrial biogenesis and promotes
glutamine utilization by increasing the expression of glutaminase (Ward,
2012).
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1.3. Metabolic heterogeneity in cancer

The cancer cells population in a tumor mass represents a heterogeneous
group expressing distinct metabolic patterns. Cancer stem cells (CSC)
represent one of the key driver of the metabolic heterogeneity in cancer.
Beside their self-renewal capacity, CSC exhibit metabolic flexibility. In
response to the microenvironment and (epi)-genetic modulations, cancer
stem-like cells can differentiate in non-stem cancer cell with different
metabolic profiles contributing to a heterogeneous cellular society (Yoshida,
2015) (Peiris-Pages, 2016). While each individual cell within the tumor
mass can express a distinct metabolic profile, a metabolic dialogue can also
emerge between different types of cancer cells but also with cells

composing the stroma.

Nutrients have to diffuse from the blood vessels through different layers of
cells in order to reach the center of the tumor mass. As cancer cells located
near the blood vessels intensively extract nutrients to support their
proliferation, a gradient of nutrient deprivation is created at increasing
distances from the nourishing vessel. While some cancer cells die from this
deprivation, other cells struggle to survive and tend to adapt. In 2008
(Sonveaux, 2008), a lactate shuttle was discovered between oxygenated
(close to the nourishing vessels) and poorly oxygenated or hypoxic cancer
cells (distant from nourishing vessels), mediated by MCT expression
heterogeneity. Hypoxic cells, relying only on glucose and glycolysis,
produce and export lactate that is taken up by oxygenated cells, which in
turn use it as their principal substrate to support OXPHOS. Hypoxic cells
providing an alternate nutrient source for oxygenated cells, glucose pool is

preserved and can diffuse to feed hypoxic cells. MCT and LDH, under the
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control of HIF-1, play an essential role in lactate exchanges between
hypoxic and oxygenated cells. While glycolytic cells rely on LDH5 to
convert pyruvate into lactate and on MCT4 (low-affinity lactate transporter)
to export lactate, oxygenated cells express MCT1 (high-affinity lactate
transporter) to take up extracellular lactate and LDH1 to convert lactate into
pyruvate. This cell to cell lactate shuttle, that occurs as a physiological
process in muscle cells during exercise and also in the brain between

astrocytes and neurons (Draoui, 2011), is usurped by cancer cells.

Besides a metabolic symbiosis observed between cancer cells, they also
metabolically interact with cells composing the stroma. A new concept of
metabolic interplay between cancer associated fibroblast and epithelial
cancer cells was introduced in 2009 and called the reverse Warburg effect
(Pavlides, 2009). In this concept, cancer associated fibroblasts exhibit the
Warburg effect and epithelial cancer cells express an oxidative profile. An
oxidative stress induced by cancer cells, in association with loss of
Caveolin-1, mitophagy, mitochondrial dysfunction and increased production
of NO, forces cancer-associated fibroblasts to shift their metabolism: they
become glycolytic and secrete lactate and pyruvate. Epithelial cancer cells
can in turn take up these energy-rich metabolites and use them in the
mitochondrial TCA cycle (Gonzalez, 2014) (Yoshida, 2015).

While glucose metabolism represents the major pathways studied, cancer
cells also exhibit metabolic reprogramming such as increased de novo lipid
synthesis, increased citrate oxidation and glutaminolysis where metabolic
interplay can also exist. All these adaptative behaviors represent major

challenges for therapies. A better understanding of the process associated
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with the characterization of metabolic patterns for each tumor patients

would lead to the development of more efficient anticancer strategies.
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2. Targeting glucose metabolism for cancer therapy

Given the numerous metabolic alterations identified in tumors during the
last decades, tumor metabolism has become a new privileged target for the
development of anticancer treatment. Tumor metabolism had already been
favorably exploited in the past. Indeed, methotrexate therapy is the first
successful antimetabolite therapy to treat cancer and is still used in the
clinic. Targeting dihydrofolate reductase and thymidylate synthase,
metothrexate disrupt nucleotide synthesis. Together with nucleoside
analogues, such as 5-fluorouracile and gemcitabine, antimetabolite drugs
demonstrate effective antineoplastic activity by targeting specific enzymes

involved in nucleotide synthesis.

Treatments targeting glucose metabolism should impact specific metabolic
adaptations that support malignant phenotypes (Vander Heiden, 2011) and
could present a unique strategy to selectively attack tumor cells. Altered
expression of metabolic enzymes or changes in metabolic pathway
regulation identified in cancer already permitted to develop promising
compounds (Figure 5). While some of them presented major side effects
and toxicity, others are about to be translated to the clinic or are currently
tested in various cancer types. Also antiglycolytic agents have demonstrated
promising results in combination with conventional chemotherapy by
overcoming drug resistance (Butler, 2013) (Ganapathy-Kanniappan, 2013).
In this chapter, direct strategies, targeting specific metabolic enzymes and
transporters, and indirect strategies, targeting signaling pathways, will be
presented. While glycolysis remains the main target, oxidation and
mitochondrial metabolism also represent a major potential strategy that will

be discussed.
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Figure 5: Targeting tumor metabolism (Tennant, 2010)

2.1. Inhibition of glycolysis

Upregulated glycolysis being presented as a hallmark in various cancers,
disrupting tumor glycolysis was an evident anticancer strategy. Several
molecules deregulating metabolic enzymes and pathways were studied to
impact tumor growth by inducing energy depletion and a resensitization to

chemotherapy (Ganapathy —Kanniappan, 2013).
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2.1.1. Glucose uptake and glycolytic enzymes

Enhanced glycolysis is supported by the enhancement of different

transporters and enzymes involved the glycolytic process.

The overexpression of GLUTS, transporters that facilitate glucose uptake in
cells, has been found to be associated with tumor progression (Szablewski,
2013). High affinity glucose transporters GLUT1 and GLUTS3 are frequently
upregulated in cancers but the overexpression of GLUT2, GLUT4 and
GLUTS were also observed in gastric, breast, colon, liver, melanoma and
pancreatic tumors. Also the expression of different isoforms can coexist
within tumors. Natural and synthetic small organic molecules showing
GLUT-inhibitory properties have been discovered (Granchi, 2012). Some
molecules presented successful results in vivo and showed potential of
GLUT-targeting, leading them to clinical trials, as presented in Figure 6.
While most of the studies have been completed, 2 flavonoid compounds are
still under investigation in clinical trials. Quercetin, firstly presented as an
effective non-competitive GLUT2 inhibitor, is presently tested in clinical
Phase | for prostate cancers (NCT01912820). Silibinin (or silybin),
presenting inhibitory effects on cancer growth in preclinical models, has
been tested in clinical Phase | and Phase Il trials (NCT00487721) for
prostate cancer and presented a good safety profile. Despite relatively weak
GLUT4 inhibitory activity, silibinin’s anticancer effects are likely to be
elicited from multiple mechanisms (Qian, 2014). This promising molecule
will be tested in combination with erlotinib (a tyrosine kinase inhibitor) in
lung adenocarcinoma patients (NCT02146118). Although glucose uptake
inhibition represents an attractive way to impact cancer cells, lack of

specificity has actually limited the potential of this strategy. GLUTSs being
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ubiquitously expressing in all mammalian cells, the therapeutic window is

limited.
Inhibitor Target GLUT Status Ref.
WZB117 cLur Animal study Liu et al®, 2012
STE-31 GLUT1 Animal study Chan et al™*”, 2011
Fasentin GLUT1 Invitro Wood et al**?, 2008
Apigenin GLUT1 Phase I NCT00609310
Genistein cLun Phase 1 /1l NCT00118040; NCT00584532
Oxime-based GLUT! inhibitors GLUT1 Animal study Tuccinardi et a*™, 2013
Pyrrolidinone derived GLUTI inhibitors GLUTL In vitro Ulanovskaya et al®”, 2011
Phloretin GLUT2 Animal study Wu et al®™, 2009
Quercetin GLUT2 Phase | NCT01912820
DNA-damaging anticancer agents GLUT3 In vitro Watanabe et al™*, 2010
GSK-3 inhibitors GLUT3 In vitro Watanabe et al™, 2012
Ritonavir GLUT4 Phase [ /1l NCT01009437; NCT01095094
Silibinin GLUT4 Phase [ /1l Flaig et al®®, 2007; NCT00487721

Figure 6: Glucose transporter inhibitors (Qian, 2014)

Hexokinase, phosphofructokinase and pyruvate kinase are irreversible and
rate limiting steps of the glycolysic process, making them also attractive
targets to disrupt tumor glycolysis.

Hexokinase, the first enzyme in the glycolytic cascade, presents an
increased activity in tumor, HK2 (and to a lesser extend HK1) being
preferentially expressed. 2-deoxyglucose (2-DG), lonidamine and 3-
bromopyruvate (3-BP) are currently known to target HK2. 2-DG, a glucose
analogue, competes with glucose for uptake and is phosphorylated by HK2.
In its phosphorylated form, 2-DG cannot be further metabolized (due to a
lack of the hydroxyl group in position 2) and is metabolically trapped in
cells. 2-DG accumulation leads to growth arrest and cell death. Efficient but
toxic in patients as a monotherapy (due to high concentrations required), 2-
DG seems efficient at lower doses in combination with doxorubicine,
paclitaxel, trastuzumab and Bcl-2 antagonists (Butler, 2013). Lonidamine

specifically inhibits mitochondria-bound HK2. Bound enzyme is less
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sensitive to feedback inhibition and presents an increased affinity for ATP
(Pauwels, 2000) and this form is mainly expressed in cancer cells, not in
normal cells (Qian, 2014). Efficient in preclinic, lonidamine went to Phase
Il clinical trials for glioblastoma patients, where it failed to show therapeutic
benefit (Porporato, 2011). Other clinical trials Phase I1/111 for the treatment
of prostate cancer were suspended due to severe pancreatic and hepatic
toxicities (Ganapathy-Kanniappan, 2013). 3-BP, an alkylating agent,
exhibits significant anticancer effects by inhibiting HK2 mitochondrial
bounding but present a lack of specificity and strong alkylation potential
(Dang, 2011). The development of more specific inhibitors of HK2 is
required to assess the potential of HK as a relevant target.

PFK is allosterically regulated by ATP but also by fructose-2,6-
bisphosphate levels (F2,6-BP). F2,6-BP levels are affected by enzymes of
the phosphofructo-2-kinase/fructose-2,6-bisphosphatases (PFKFB),
bifunctional enzymes that catalyze either the ATP-dependent
phosphorylation of fructose-6-phosphate to fructose-2,6-bisphosphate or the
dephosphorylation of fructose-2,6-bisphosphate to fructose-6-phosphate
(Porporato, 2011) (Ros, 2013). 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-
one (3PO) is the only specific inhibitor of PFKBP3 (an enzyme isoform that
exerts an important contribution to the glycolytic switch) and is reported to
inhibit in vitro and xenograft tumor growth in vivo (Dang, 2011).

PKMZ2 is the preferred isoenzyme in tumor cells. Controlling the conversion
of phosphoenolpyruvate to pyruvate, the inhibition of PKM2 should limit
the generation of ATP in cancer cells. The TLN-232 inhibitor exhibited high
selectivity even at low doses for cancer cells in vitro and in animal models
and is well tolerated even at high doses (Butler, 2013). A phase 1l clinical

trial to assess the efficacy and safety of TLN-232 in patients with renal
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carcinoma has been successfully completed (NCT00422786) but another
phase Il clinical trial in patients with metastatic melanoma (NCT00735332)

has been terminated for legal reasons.

Various small molecules that are inhibitors of the other steps of the
glycolytic ~ pathway  (glucose-6-phosphate  isomerase,  aldolase,
glyceraldehyde-3-phosphate  dehydrogenase, enolase, phosphoglycerate
mutase and phoshoglycerate kinase) have been identified (Granchi, 2012-
2014) but further characterization is required to define the efficacy and to

identify possible toxicity.

Targeting tumor glycolysis has emerged as a logical strategy. Numerous
compounds have been tested with mixed success, but some drugs are
currently tested in clinical trials. Beyond deregulating cancer cell
metabolism, antiglycolytic agents can also overcome drug resistance in
cancer. Glycolysis provides high ATP and NADH levels that can overcome
oxidative stress induced by chemotherapies and can also support common
mechanisms of drug resistance like enhanced DNA repair, misregulation of
growth factor signaling, increased drug efflux, higher expression of
antiapoptotic genes, or survival signaling pathways (Butler, 2013).
Glycolytic inhibitors have already demonstrated promising results in
combination with conventional chemotherapeutic drugs. Thus antiglycolytic
agents may provide additional gain when used in combination therapy for

treating resistant tumors (Ganapathy-Kanniappan, 2013).
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2.1.2. Lactate production and transport

Pyruvate reduction into lactate, mediated by LDH, is essential in cancer
cells to restore NAD+ pool and to regulate biomass production but also
confer invasive advantage to tumor cells. LDH5 isoform, that preferentially
catalyzes the reduction of pyruvate into lactate (Porporato, 2011), is mainly
expressed in tumor cells. Oxamate, a structural analogue of pyruvate,
presented an efficient antiglycolytic activity by competing with pyruvate for
enzyme binding. Unfortunately, this small molecule was found to be non
selective to LDH5, also inhibiting aspartate aminotransferase (a
mitochondrial enzyme). Furthermore, due to poor cell penetration, high drug
concentrations required to reach enough efficacy stopped further
investigation with this drug (Granchi, 2012). The natural compound
gossypol, or AT-101, firstly developed as an antimalaric agent showed a
non selective inhibitory effect on LDH by blocking NADH binding leading
this compound to Phase | and Phase Il clinical trials (Doherty, 2013). AT-
101 is currently tested as a monotherapy in non small cell lung cancer
(Phase 111, NCT01977209), in association with lenolidomide in chronic
lymphocytic leukemia (Phase I/1l, NCT01003769) and in association with
docetaxel, cisplatin and carboplatin in laryngeal cancer (Phase I,
NCT01633541). However, this compound showed also an inhibitory effect
on glyceraldehyde-3-phosphate dehydrogenase. Derived from this
compound, FX11 was reported to exert an efficient and selective inhibition
of LDH5 (Granchi, 2012). Galloflavin and N-hydroxyindole—based
compounds were also developed to inhibit LDH5 (Doherty, 2013). Even if
these agents represent promising anticancer drugs, the development of more

selective and potent compounds is needed.
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Another strategy to tackle tumor cells is to block lactate transport, mediated
by MCTs. While MCT4 inhibition still lacks characterization, MCT-1
inhibition is an intense field of research. The lactate shuttle between
oxygenated/oxidative cancer cells and hypoxic/glycolytic cancer cells is
targeted. The strategy is to force oxidative cell to rely on glucose instead of
lactate, leading to glucose starvation in glycolytic cells. During decades, the
only major MCT inhibitor described was a-cyano-4-hydroxycinnamate
(CHC) but suffered from a lack of selectivity (Granchi, 2012). AR-C155858
and AZD3965 are more recent examples of drugs that interfere with lactate
transport through blockade of MCT1 (van der Mijn, 2016). AZD3965 is
currently in Phase I clinical trial for advanced solid tumors, such as prostate
cancer, gastric cancer and lymphoma (NCT01791595). However, those
molecules cannot block lactate influx mediated by MCT4. Novel strategies
have been presented recently to block both MCT1 and MCT4 lactate
mediated influx in some cancer cells (Draoui, 2014). The identification of
potent and selective MCT4 inhibitors should also lead to interesting

anticancer treatment, by targeting mainly lactate efflux in glycolytic cells.
2.1.3. Signaling pathways involved in glycolysis

Beside direct targeting of metabolic enzymes, indirect targeting represents
another strategy explored to disrupt glycolysis. Signaling pathways involved
in glycolytic process, like HIF-1, PI3K, AKT, mTOR, AMPK, MYC and
insulin-like growth factor receptor (IGFR), have been explored as potent
therapeutic targets (as reviewed in Table 1). Even though these molecules
are mainly in clinical trials, it is important to mention that the inhibition of

signaling cascades can also contribute to tumor regression in a metabolism-
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independent manner as these pathways are tumorigenic in several different

ways, contributing to cell proliferation and survival (Tennant, 2010).
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Compounds Target Effect Development
stage
Torinl and PP242 mTORC1 Inhibition Preclinical
mTORC2

AZDB8055, OSI-027, INK128, mTORC1 Inhibition Phase |

GSK795

Ridaforolimus mTORC1 Inhibition Phase I/11

and other rapalogues

Temsirolimus and everolimus mTORC1 Inhibition US FDA approved

Acriflavine HIF-1a HIF signalling Preclinical
inhibition

PX-478 HIF-1a HIF signalling Phase |
inhibition

MK-0646, BI1B022, AVE1642 IGF1R Blocks IGF Phase I/11

and others signalling

BEZ235, XL765, SF1126, PI3K and PI3K and Phase I/11

BGT226, NVP-BEZ235, mTOR mTORC1-

GDC-0980, PF-04691502, mTORC?2

GSK2126458, XL 765 signalling
inhibition

LY294002, Wortmannin PI3K PI13K signalling Preclinical
inhibition

GDC-0941, PX866, GSK- PISK PI13K signalling Phase /11

2636771, XL147, inhibition

NVP-BYL719

NVP-BKM120, GDC-0032, PI3K PI3K signalling Phase I11

CAL-101 inhibition

Perifosine and GSK690693 AKT Inhibition Phase /11

A-769662 AMPK Activation Preclinical

Metformin AMPK Activation Phase 1/11

Table 1: Compounds targeting signaling pathways involved in tumor metabolism.
Adapted from (Tennant, 2010) (Hardie, 2013) (Guimaraes, 2015)
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2.2. Reversion of the Warburg effect using Dichloroacetate

Dichloroacetate (DCA) is a small molecule (150 Da) that is able to restore
mitochondrial function in cancer cells. As some cancer cells are highly
glycolytic and bypass the mitochondria to produce energy, reverting
glycolytic metabolism is an attractive strategy for cancer therapy.

2.2.1. Mechanisms of action

DCA is a structural analogue of pyruvate (Figure 7). Firstly discovered as
an antidiabetic and lipid-lowering drug, DCA has been universally exploited
to lower lactate levels in acquired or congenital forms of lactic acidosis
(malaria, sepsis, congestive heart failure, burns, cirrhosis, liver
transplantation and congenital mitochondrial diseases) (Stacpoole, 2003).
Administrated orally as a sodium salt, DCA is rapidly absorbed, presents a
bioavailability of 100% and crosses plasma and mitochondrial membranes
through monocarboxylate and pyruvate transporters respectively (Stacpoole,
1989). DCA also presents a good tolerability and safety even in young
children (Michelakis, 2008). Its principal pharmacological target is the

mitochondrial pyruvate dehydrogenase complex (PDC).

O O
H3C
O o]
Pyruvate Dichloroacetate

Figure 7: Structures of Pyruvate and Dichloroacetate
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PDC is located in the mitochondrial matrix and catalyses the oxidative
decarboxylation of pyruvate to AcetylCoA, NADH and CO,. This complex
plays a crucial role in metabolism by linking glycolysis, occurring in the
cytoplasm, to the TCA cycle and to OXPHOS in the mitochondria and is
thus highly regulated. The pyruvate dehydrogenase kinase (PDK)
phosphorylates and inactivates the complex while pyruvate dehydrogenase
phosphatase (PDP) phosphorylates and restores the catalytic activity of the
complex. PDK and PDP are also highly regulated proteins (Figure 8)
(Kankotia, 2014).

ATP/ADP DCA
NADH/NAD ® Pyruvate

©
Acetyl CoA/CoA RA / ;{/ Ca?
o~ °
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ATP \/—\/

I/

PDH PDH
active inactive —®
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i U\ H,0

| PDH phosphatase |

N

Insulin
MI’]2+, Ca2t

Figure 8: Pyruvate dehydrogenase complex. Adapted from (Kankotia, 2014)
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DCA enhances PDC activity by inhibiting PDK that leads to a stabilization
of PDC in its unphosphorylated (active) form. DCA occupies the pyruvate-
blinding site of PDK. More specifically, DCA binds to the hydrophobic
pocket in the N-terminal domain of PDK. DCA is a non selective inhibitor
and targets the four PDK isoforms that present different sensitivity to DCA
inhibition. PDK2 is the most sensitive, PDK3 the most resistant, while
PDK1 and PDK4 are relatively sensitive (Papandreou, 2011). DCA also
stimulates PDC activation by inhibiting the complex turnover and increases

enzyme stability through unknown mechanisms (Kankotia, 2014).
2.2.2. Dichloroacetate in cancer

In cancer, PDK is generally upregulated to support high rate glycolysis.
Favoring the production of building blocks to support proliferation and the
production of lactate that promotes invasiveness, suppressed mitochondrial
function also promotes mitochondrial hyperpolarization and suppresses
apoptosis (Sutendra, 2013). PDK1 and PDK3 represent the 2 isoforms

mainly upregulated in cancer, mediated by HIF-1a.

In 2007, Bonnet and colleagues investigated the effects of DCA in cancer
and discovered that DCA was promoting apotosis in vitro and decreasing
tumor growth in vivo (Bonnet, 2007). Since then, this orally available and
cheap molecule, presented as a promising selective anticancer agent, has
been further investigated in vitro, in vivo and successfully reached clinical
trials (Table 2).
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Trial status Cancer Type Treatment type References
Phase | Metastatic solid Monotherapy Chu, 2015
Completed tumors
(NCT00566410)

Phase | Brain tumors Monotherapy Dunbar, 2014
Completed

(NCT01111097)

Phase | Head and neck Monotherapy /
Completed cancer

(NCT01163487)

Phase 11 Gliomas and Monotherapy /
Completed glioblastomas

(NCT00540176)

Phase I1 Metastatic breast ~ Monotherapy Garon, 2014
Terminated cancer and lung

(NCT01029925) cancer

Phase Il Head and neck Combination /
Active cancer with cisplatin

(NCT01386632) and radiotherapy

Table 2: Update of clinical trials involving dichloroacetate in cancer therapy

There are 2 fundamental changes in tumor metabolism elicited by DCA that
antagonize tumor growth, metastasis and survival.

@ Redirection of glucose metabolism from glycolysis to oxidation leading
to inhibition of proliferation and induction of caspase-mediated apoptosis.
DCA reactivates the mitochondrial function, decreases the flux through the
pentose phosphate pathway and decreases lactate production. DCA also

decreases mitochondrial membrane potential, stimulates the mitochondrial
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production of Krebs cycles intermediates (especially a-ketoglutarate),
NADH and ROS that activates plasma membrane Kv channels (K+
channels), induces a stabilization of HIF-1 and a reactivation of p53. This
mitochondrial remodeling results in a decreased cellular proliferation, cell
cycle arrest and increased apoptosis. These effects were not found in non-
cancer cells exposed to DCA (Bhat, 2015) (Sutendra, 2013) (Michelakis,
2008) (Kankotia, 2014).

@ Oxidative removal of lactate and buffering effect.

Since lactate production is reduced by DCA and consequently lactate/H+
export, remaining lactate in the microenvironment will feed oxidative
cancer cells, inducing a progressive lactate removal. Also via the
reactivation of the TCA cycle and decarboxylases activities, CO, production
is increased and can be converted to bicarbonate, increasing the buffering
capacities. Its ability to reduce lactate and H+ within the tumor
microenvironment can explain action of DCA on tumor size (Kankotia,
2014).

However, anticancer effects of DCA may involve other mechanisms. DCA
may also target fatty acid B-oxidation. The underlying mechanism is still
unknown but disruption of the balance between fatty acid -oxidation and
glucose oxidation may play a role in the overall effects of DCA in vivo
(Sutendra, 2013). Also some groups reported that DCA impacted cell
growth without apoptosis induction (Stockwin, 2010) (De Preter, 2016) or
showed apoptotic response at concentrations that were too high to be
clinically relevant (Papandreou, 2011) (Abildgaard, 2014) (Delaney, 2015).
The anticancer effects of DCA appear to rely on multiple mechanisms

depending on the drug concentration and cell type.
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The first data available from the clinical trials indicate that DCA appears to
be safe, tolerable, feasible and efficient for chronic administration in adults
with brain tumor (Dunbar, 2014) and advanced solid tumors (Chu, 2015) but
no firm conclusions stand out in advanced non-small cell lung cancer
(Garon, 2014). Sensory and motor peripheral neuropathies are potential side
effects of DCA that appear to be largely reversible. The risk may depend on
whether cancer patients have prior or concurrent neurotoxic therapy (taxane,
platinum, vinca-alkaloide chemotherapies) (Michelakis, 2008). Fatigue and
nausea were also reported. To potentiate therapeutic effect (Garon, 2014)
and limit toxicity (Dunbar, 2014), GSTZ1/MAAI (enzyme that metabolizes
DCA) genotyping has been suggested to reach adequate systemic drug
levels (van der Mijn, 2016). Known for decades as an efficient drug to
reduce lactate levels, further investigations will elucidate if DCA could
represent a novel anticancer strategy, especially in association with

conventional therapy.
2.3. Disruption of mitochondrial metabolism

As previously described (see Introduction section 1.2.), enhanced glycolysis
is not a common feature of all cancer cells. While some tumors strongly rely
on OXPHOS, some glycolytic tumors still retain mitochondrial functions,
including respiration (Zong, 2016). Given the key role of mitochondria in
many cellular processes like metabolism, redox balance and cell cycle and
apoptosis regulation (Figure 9), various mitochondria-targeted approaches
have emerged as potential cancer therapies. Some compounds that
preferentially target mitochondria in cancer cells directly or preferentially
interfere with cancer metabolism have been investigated and may have

potential utility in cancer treatment. Still, targeting mitochondria remains a
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challenge. Indeed, enzymes of the TCA cycle reside in the mitochondrial
matrix and the electron transfer chain and ATP-synthase/-ase are located on
the inner mitochondrial membrane. Whereas drug accumulation in the
tumor mass is already a limiting factor in cancer therapy, mitochondria-
specific accumulation requires specific physicochemical properties.
Therefore drug discovery studies must include strategies aimed at conferring
selective accumulation of molecules with promising selective action
(D'Souza, 2011).
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Figure 9: Mitochondrial functions as potential targets for cancer therapy
(Weinberg, 2015)
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One strategy is to target mitochondrial respiration. Through the inhibition of
mitochondrial electron transfer chain (ETC) complex, mitochondrial ATP
production is limited, inducing a bioenergetic stress in oxidative cancer
cells. The first drug that was described to inhibit oxygen consumption in
tumors was metaiodobenzylguanidine (MIBG), which causes an inhibition
of the complex | (Biaglow, 1998). Numerous treatments have already been
presented as potent treatments altering ETC and oxygen consumption in
tumor cells. Glucocorticoids, insulin, non-steroidal and anti-inflammatory
drugs have been described to improve tumor oxygenation leading to the
enhancement of radiotherapy efficacy (Jordan, 2012) Arsenic trioxide,
vitamin E and resveratrol are in clinical use for various cancer types (Wang,
2010). Also, metformin has become the focus of intense research as a
potential anticancer agent (Leone, 2014). Prescribed as first line of
treatment for patients with type Il diabetes, several retrospective
epidemiological reports have highlighted that the use of metformin in
diabetic patients correlated with a reduced cancer risk, leading to further
investigations about the mechanisms involved. Metformin exerts its
antitumor  effects by insulin-dependent and insulin-independent
mechanisms. Metformin can suppress cell growth by inactivation of AKT—
mTOR pathway and by the inhibition of the complex I of the mitochondrial
ETC, resulting in activation of AMPK (Leone, 2014) (Choi, 2013). As
metformin showed encouraging results in combination with radiotherapy in
preclinical studies (Zannella, 2013) (Koritzinsky, 2015), numerous clinical
trial studies were initiated to test this well-known molecule in association

with various treatments.



52|Introduction

Another strategy would be to target biosynthetic pathways occurring in the
mitochondria. TCA cycle enzymes like isocitrate dehydrogenase (IDH),
fumarase, pyruvate carboxylate and succinate dehydrogenase were reported
as mutated in various cancers making them novel interesting therapeutic
modalities (Weinberg, 2015) (Zong, 2016).

Compounds that target mitochondrial DNA (mtDNA) have also
demonstrated significant impact on cellular energy metabolism and cell
viability (Wang, 2010). In this category, we can mention the following
drugs:

- cisplatin, that preferentially bind to mtDNA (~50 times more than to
nuclear DNA);

- topoisomerase inhibitors (mechanism affecting mtDNA unclear):

- ditercalinium, an intercaling agent which accumulates in the mitochondria;
- vitamin K3 (menadione), a specific inhibitor of DNA polymerase y (the

mitochondrial enzyme responsible for mtDNA replication).

Other therapeutic strategies targeting the mitochondrial membrane potential
and membrane permeability or redox status and mitochondrial OXPHOS
uncouplers can indirectly affect mitochondrial function. In this category,
drugs, such as rhodamine-123, MKT-077 and Bcl-2 inhibitors, have entered
clinical trials (Pathania, 2009) (Weinberg, 2015) (Wang, 2010).

Nevertheless, a combination of mitochondria-targeted agents with glycolytic
inhibitors should be preferred to avoid a metabolic shift in favor of
glycolysis and combination with other chemotherapeutic drugs may be

required to achieve maximum efficacy.
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3. Cancer phenotyping in vivo and molecular imaging biomarkers

A specific description of biochemical pathways and metabolic alterations is
crucial to understand the metabolic features of cancer. Also the
characterization of malignant tissues should allow the identification of key
metabolic activities, making them effective target for the development of

anticancer treatment.

Identification of the peculiarities of a given cancer can be derived from in
vitro phenotyping. The study of metabolic gene expression, metabolomics
and even metabolic fluxes in various cancer cell lines represents an easy and
fast approach which can define distinct metabolic profiles. Despite the high
specificity and reproducibility of in vitro studies, but also the availability of
various models (well-established tumor cell lines, biopsies derived cell lines
and modified cell lines), this approach does not recapitulate the complexity
of cancer metabolic systems. Indeed, heterogeneity represents a key
challenge in tumor characterization and single cell cultures totally avoid this
aspect. Also, even if the culture conditions can be easily manipulated, in
vitro context does not truly model the impact of the microenvironment or
even the entire physiological context. Moreover, the impact of
vascularization, cell density, metabolic competition and cooperation with
host cells, is missing. Tissue biopsies, also known as the ex-vivo approach
that can better represent patient heterogeneity, are readily available and can
be rapidly frozen for fixation. In parallel with immunohistochemistry
staining, novel techniques allow the generation of maps of metabolites
distribution in cryosections and can relate local metabolite concentrations to
a specific tissue region. ATP, glucose or lactate can be imaged

quantitatively in cryosections using bioluminescence (Walenta, 2002) while
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mass spectroscopy imaging was reported to detect more than 30 metabolites
which included nucleotides, cofactors, phosphorylated sugars, amino acids,
lipids, and carboxylic acids (Lin, 2014). However, a biopsy only represents
a snapshot of the tumor at a specific time (Sengupta, 2016) and is unsuitable
to study metabolic changes over time. The detection of molecules also relies
on the preservation conditions of the samples. Additionally, a biopsy is not a
representation of the whole tumor and multiple biopsies is not feasible in
routine clinical practice (Lin, 2014). Given these limitations, in vivo cancer
models should also be considered in order to study metabolism of cells
interacting with their microenvironment and identify relevant metabolic

alterations.

The characterization of tumor metabolic profiles should rely on non
invasive techniques providing accurate and reproducible biomarkers,
feasible over time, able to detect early metabolic changes and spatially map
the heterogeneity of metabolism within a tumor (Smith, 2003) (Lin, 2014).
Molecular imaging techniques represent relevant tool for tumor phenotyping
in vivo. While anatomical imaging plays a crucial role in cancer detection,
staging and assessment of treatment response, molecular imaging allows the
in vivo characterization and measurement of key biomolecules and
molecularly based events involved in the malignant process (Kircher, 2012).
Molecular imaging in oncology relies on various technologies currently
available in preclinical but also in clinical practice, exploiting endogenous
information or exogenous probes. These include positron emission
tomography (PET), single photon emission computed tomography (SPECT),
computed tomography (CT), magnetic resonance imaging (MRI), magnetic
resonance spectroscopy (MRS) and optical imaging. Beyond the phenotypic
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characterization, molecular imaging is also a powerful tool in oncology for
diagnosis and staging, for treatment guidance, follow-up and restaging.
Molecular imaging also provides a strong basis for the development and
optimization of new therapies and can document the effectiveness of new
class of drugs. Playing an important role for accurate preoperative
diagnostics, some molecular imaging techniques are now investigated as
powerful intraoperative tools for image guided surgery (Kircher, 2012)
(Serkova, 2011) (Figueiras, 2011). In the clinic, the characterization of
metabolic features within a tumor is largely based on PET and MRI or MRS
presenting respectively a high sensibility and specificity. While numerous
imaging techniques are available to directly study metabolic processes in
tissues, powerful methods are also currently used to study physiologic
conditions such as hypoxia, extracellular pH, interstitial pressure and redox
status (Jordan, 2010a). As tumor microenvironment is largely influenced by
the tumor cell metabolism, non-invasive imaging of the tumor
microenvironment also represents an indirect way to study tumor
metabolism. In this chapter, direct in vivo phenotyping techniques of
glucose metabolism, currently used in clinical practice will be discussed.
Also emerging technologies having potential clinical application will be
presented.

3.1. F-FDG PET scan

Developed in the seventies, positron emission tomography (PET) is a well
established molecular imaging technique for preclinical and clinical
researches but is also used in current clinical practice. PET measures and
visualizes the distribution of positron-emitting radiotracers in vivo.

Depending on the radiolabeled tracer used, PET can measure various
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physiological, biochemical and pathological processes in the fields of
neurology or cardiology, but the major utilization of PET clinically is in
oncology to study glucose metabolism, cell proliferation and hypoxia
(Rohren, 2004) (Avril, 2007) (Farwell, 2014).

3.1.1. Principles of PET

Unstable proton-rich radionuclides can return to stability by either electron
capture or positron (B*) emission. PET is based on the detection of two
annihilation photons produced when a B is emitted from positron-emitting
tracer. Fluorine 18 (*3F) is the most widely used radionuclide, with an half-
life of 110 min, and is principally used as an hydrogen substitute. Other
positron emitters such as Carbon 11, Nitrogen 13, Oxygen 15 or Rubidium
85, Copper 62, Copper 64, Potassium 38, Gallium 68 and lodine 124,
presenting various half-lives, have been used in PET. For some nuclei, short
half-lives limit the biochemical and physiological processes that can be
imaged (Rhoren, 2004) (Phelps, 2000) (Jadvar, 2005).

During radiotracer decay, B are emitted. Produced B* leave the decay site
and gradually lose their Kinetic energy through ionizations and excitations
of nearby atoms. When energy is lost, B* annihilate with nearby electrons (¢
). When the annihilation occurs, two photons (y) are produced with an
energy of 511 kev: B* + € — v + v . The photons leave the annihilation site
in opposite direction and hit two detectors surrounding the body.
Simultaneous detection of two 511 kev photons in a detector pair, called
coincidence, indicates that an annihilation occurred somewhere in the axis
connecting those detectors. When a positron-emitting tracer is injected

intravenously, PET scan provides measures of tracer concentration in the
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tissues over time. By using multiple detector pairs in a complete ring around
the patient, each coincidence is recorded and after correction for photon
attenuation and tomographic images of the distribution of radiotracer in the
body are reconstructed (Rhoren, 2004) (Phelps, 2000). The principle of PET

is illustrated in Figure 10.

PET is sensitive to detect small concentrations (picomolar) of tracer in the
body, but some limitations are technically inherent (Rhoren, 2004) (Phelps,
2000) (Hutchins, 2008):

- Limited spatial resolution linked to the geometry of the individual
detector elements;

- Low detection efficiency;

- Partial volume effects with small objects;

- Lack of anatomical reference;

- Motion artifacts;

- On site production required for short half-life positron emitters;

- Radioactive exposure.

However, since the first PET scanners, the technology and instrumentation
in PET has considerably progressed. Improvements in detectors, hardware
and image processing, or combination of PET with anatomical imaging such
as MRI or CT, have majorly enhanced the spatial resolution, sensitivity and
image quality. For example, current generation of time-of-flight PET
scanners use the relative time difference between the detection of the two
annihilation photons to determine the location of the annihilation site and
operate in fully-3D mode. These whole-body PET systems present a high
sensitivity, high spatial resolution and reduced total imaging, leading to a
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combination of improved lesion detectability, reduced scan time or injected
dose and precise lesion uptake measurement (Surti, 2015). Also, combined
PET/CT devices are increasingly used in the clinic, offering a better
attenuation correction, and providing anatomical and molecular information
in a shorter imaging time for the patient. Initially developed for preclinical
research, hybrid PET/MRI scanners are now available for clinical use and

offer interesting opportunities but clinical significance need to be defined.
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Figure 10: Principle of PET: detection of 2 annihilation photons produced when a
positron is emitted from a radionuclide. (A) Adapted from (Phelps, 2000) (Rohren,
2004) (Hutchins, 2008). (B) (Brindle, 2008)
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3.1.2. ®F-FDG as metabolic tracer

First described in the late 1970s, 18-Fluorodeoxyglucose (‘**F-FDG) is the
radiotracer that has had the most impact on clinical PET imaging and is a
widespread technology to study glucose metabolism, especially in oncology.
BE_FDG is a glucose analogue that is metabolized similarly to glucose
(Figure 11). *®F-FDG enters in the cell via glucose transporters (GLUT) and
is phosphorylated by hexokinase to form *®F-FDG-6-phosphate. Due to the
lack of the hydroxyl group in position 2, '®F-FDG-6-phosphate is
metabolically trapped and cannot go through glycolysis. '*F-FDG-6-
phosphate will accumulate in cells in proportion to the rate of glycolysis
(Avril, 2007) (Pauwels, 2000) (Phelps, 2000). The mechanisms of *®F-FDG

uptake and accumulation are presented in Figure 12.
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Figure 11: Structures of D-Glucose and 18-Fluorodeoxyglucose

The transport into cells and the intracellular phosphorylation are key steps
for the cellular accumulation of ®F-FDG. As cancer cells generally present
an increased glycolytic flux compared to normal non proliferating cells, *F-
FDG PET scan became rapidly a standard imaging procedure for the
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detection of many types of cancer and is often presented as the gold
standard to image tumor metabolism in patients (Figure 12). Supported by
the overexpression of GLUT and the increased HK activity, *F-FDG
mainly accumulates in cancer cells. Also the dephosphorylation is limited
due to the low levels of glucose-6-phosphatase in cancer cells (Avril, 2007)
(Pauwels, 2000) (Phelps, 2000) (Rohren, 2004).
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Figure 12: Mechanisms of 18-Fluorodeoxyglucose uptake
and PET, CT and fused PET/CT images on a patient with colon cancer and

multiple pulmonary metastasis. Adapted from (Phelps, 2000) (Serkova, 2011)
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BF-FDG PET scan can thus discriminate tumor lesions from normal tissues
based on their altered metabolism. The standardized uptake value (SUV) is
the most common parameter to assess ‘®F-FDG accumulation. The SUV is a
semiquantitative parameter measured by normalizing the radioactivity
concentration of a region of interest (ROI), measured with PET, to the
injected dose and the patient’s body weight. SUV is a reliable method to
assess tracer accumulation and allows a follow-up of the patients over time
when repeated exams are performed. However, strict imaging protocol is

required for reliable measurements (Avril, 2007) (Adams, 2010).

BE_FDG PET scan is approved in clinical practice for cancer diagnosis,
staging and treatment monitoring in various cancer including breast,
esophageal, lung, head and neck and lymphoma. This technique has
demonstrated efficacy by distinguishing viable residual tumor tissue and
necrotic tissues and by determining tumor response early after the initiation
of therapy, compared to conventional anatomical imaging modalities (Awvril,
2007). ®F-FDG PET has also been investigated for radiotherapy planning
and for the delineation of tumor subvolumes for dose escalation, also called
dose painting (Grégoire, 2007).

Beside biological factors such as glucose transporters expression and
hexokinase activity, numerous parameters can impact *F-FDG uptake and
could represent major issues in tumor localization or in response assessment
with PET scan. Firstly, several normal tissues exhibit a high glucose
metabolism. Tissues like brain, heart, muscle, liver, bone marrow, brown fat
or the gastro-intestinal tract present a higher physiological tissue
accumulation of '®F-FDG that can hamper tumor localization (Pauwels,

2000) (Jadvar, 2005) (Tomasi, 2012). On the contrary, some tumors present
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a low FDG uptake due to a slow glucose metabolism, like thyroid and
neuroendocrine tumors (Tomasi, 2012), or even due to the expression of
high levels of glucose-6-phosphatase, like hepatocellular carcinoma
(Rohren, 2004). ®F-FDG PET scan is thus not appropriate in all cancer
types. Secondly, inflammation and infection can lead to false-positive
diagnoses (Jadvar, 2005). Cellular inflammation and macrophage response
elicited by chemotherapy or radiation-induced necrosis is frequently seen on
BE_FDG PET images (Rohren, 2004) (Pauwels, 2000) (Tomasi, 2012). We
can note that, as inflammatory cells and more particularly macrophages
utilize glucose, '®F-FDG has been explored as a new tracer to image
inflammation. Thirdly, vascularization and plasma clearance can mainly
impact the uptake. As both can be affected by treatments, changes in the
uptake may be due to variations in tracer administration and clearance rather
than in tumor uptake. Finally, hyperglycemia can limit *®F-FDG uptake as
BE_FDG competes with glucose for uptake and phosphorylation (Pauwels,
2000) (Jadvar, 2005). In order to limit variations in tracer uptake, fasting

and complete rest is generally prescribed to patients.

BE.FDG PET scan is a modality of choice for cancer imaging. The
development of combined PET/CT scanner has improved the ability to
monitor cancer treatments. Nevertheless, even if ®F-FDG has become
increasingly popular in oncology, this tracer may be not suitable for all
cancer types and for the monitoring of all treatments.
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3.2. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (MRS) is an analytical technique
that enables noninvasive exploration of the molecular composition of tissue.
MRS is based on nuclei that possess magnetic properties, called nuclear
spin, such as *H, 3'P or *C.

For a defined volume of tissue, the nuclear spins are randomly oriented in
all directions leading to no net magnetization in the tissue. If the tissue is
placed inside a magnetic field (Bo), the individual spins precess around the
magnetic field and will distribute between various possible energy levels:
the lowest energy state (parallel to Bo) and the highest energy state
(antiparallel to By) (Figure 13.A). The difference in energy between the two
configurations is proportional to the magnetic field and the corresponding
precession frequency (wp). Since the levels are not equal in energy, the
distribution of spin will be unequal between the levels. As described by the
Boltzmann equation, a larger number of spins will be in the state of lower
energy, leading to a net magnetization Mg in the tissue parallel to By
(Figure 13.B). When energy is applied to the sample at the precession
frequency (rf pulse), this energy is absorbed and will cause the spin to go
from one energy level to another one through a process called resonance
absorption, affecting the net magnetization My. When the system returns to
equilibrium, energy emission occurs in the form of a radio wave. The
response of the net magnetization My to an rf pulse constitutes the magnetic

resonance signal (Salibi, 1998).
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(A) Precession of nuclear spin
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Figure 13: Basic principles of magnetic resonance.

(A) When placed in a strong magnetic field (By) nuclear spins precess around By.
The spins aligned parallel to B, (+%2) correspond to a lower energy level, while
spins aligned antiparallel to B, (-%2) correspond to a higher energy level.
Precession frequency, also called Larmor frequency, is proportional to the field

strength and gyromagnetic constant: wy = y By. Adapted from (Hashemi, 2004)

(Reiser, 2008).
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(B) In a sample, there will be a small excess of spins in the lower energy state
(parallel to By) compared to the higher energy state (antiparallel to By). This
unequal number of spins in each energy level will lead to a net magnetization in

the sample parallel to the magnetic field. Adapted from (Salibi, 1998).

NMR active nuclei resonate at different frequencies which depend on the
nucleus type and on the chemical and electronic environment of that
nucleus. The presence of an electron around a nucleus constitutes an
electronic shield and modifies the effective field to which the nucleus would
normally be subjected. As the electron density around each nucleus in a
molecule varies according to the types of nuclei and bonds in the molecule,
individual nuclei will resonate at slightly different frequencies. This
difference in frequency is known as the chemical shift (Figure 14) and
enables identification of nuclei or functional groups within molecules
(Hashemi, 2004) (de Graaf, 2007).

Nuclear magnetic resonance spectra can be obtained from different nuclei
but *H MRS is the most used for clinical application due to the higher
sensitivity and abundance of protons (Castillo, 1996). In oncology, MRS is
a non invasive and powerful tool to reveal tumor metabolites in vivo. *H
MRS, *P MRS or *C MRS measurements can identify a wide range of
metabolic and functional tumor information and also detect changes after
treatment (Brindle, 2008). Nevertheless, MRS is a rather insensitive
technique (de Graaf, 2007), especially for nuclei with lower concentrations
such as *C and 3'P and thus requires much longer acquisition times. Also,

complex data processing and the absence of standardized procedure for
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analysis are factors limiting the actual impact of MRS in the clinical setting
(Lin, 2014).
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Figure 14: Chemical shift.

The electrons surrounding a nucleus can produce a shield opposing the external
magnetic field. The effective magnetic field at the nucleus is modified, thereby
leading to a different precession frequency and hence a different chemical shift. As
the electron density and electron shielding depends on the atoms and bounds in a
molecule, different functional groups within a molecule will present different

chemical shifts such as in lactate molecule (de Graaf, 2007).



68| Introduction

3.2.1. 'HMRS

Due to the natural abundance of protons in the body, *H MRS can detect a
large number of endogenous metabolites. This technique is highly used to
detect changes in concentrations of metabolites characterized to be
biomarkers of disease. In cancer, detection of high levels of choline and
choline-containing compounds is actually used as the main diagnostic value
in brain, breast, prostate, liver and other cancer types. Low choline levels
are generally seen in normal tissues and high levels are shown in tumors and
are associated with high rate of proliferation (Garcia-Figueiras, 2016)
(Lynch, 2014). Lactate, the final product of aerobic and anaerobic
glycolysis, is the metabolite of interest to study high glycolytic rate in
tumors. Beside a characteristic doublet located at 1.31 ppm, lactate is
generally difficult to observe due to contaminations and an overlap with the
resonance from lipids and macromolecules (Garcia-Figueiras, 2016). Other
metabolites related to glucose metabolism have also demonstrated their

usefulness in the MRS evaluation of tumors in vivo, including:

- High levels of 2-hydroxyglutarate, associated with the presence of
isocitrate dehydrogenase mutations (Li, 2015) (Andronesi, 2013);

- Elevated creatine levels, related to an increased metabolic rate of the tumor
(Li, 2015) (Garcia-Figueiras, 2016);

- Decreased citrate levels, especially in prostate cancers (Lin, 2014);

- Increased levels of alanine (Garcia-Figueiras, 2016).

The variations in concentrations of these metabolites have been used for
localizing the tumor, determining tumor grades, planning treatment, and

evaluating response to therapy (Li, 2015).
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3.2.2. 3P MRS

3'p MRS has been used since the 1970s to study energy metabolism in
various tissues. Due to the high natural abundance of the phosphorus 31
isotope (*'P), key endogenous markers can be monitored to assess
bioenergetic as well as metabolic changes associated with aging, diet or
diseases such as myopathy, mitochondrial dysfunction, diabetes and also
cancer (Li, 2015) (Hwang, 2015). Phosphocreatine, ATP and Pi are the main
metabolite markers but NAD+ and G6P can also be detected in vivo. pHi,
pHe and pHe gradient can also be monitored non invasively by this
technique using endogenous peak such as Pi or using pH reporters such as
3-aminopropyl phosphonate  (Lin, 2014) (Gillies, 1994). Using
magnetization transfer *'P MRS experiments, the activity of ATP synthase
and phosphocreatine kinase can be studied to assess mitochondrial function
of tissues (Hwang, 2015). However, *'P MRS generally suffers from low
signal-to-noise ratio (SNR), low spatial and temporal resolution and limited
spectral dispersion. Detection sensibility and quantification precision can be

improved by using high field scanners (Li, 2015).
3.23. ®C MRS

3C MRS relies on the only stable carbon isotope that is NMR detectible,
carbon 13 (*3C), and is used to study organic molecules (Hwang, 2015). Due
to the low natural abundance of **C (1%) and a low gyromagnetic ratio,
only a few endogenous molecules are easily detectable in vivo. Carbons
from fatty acids chains and triglycerides are observed in most tissues and
glycogen carbons are detectable in the liver or muscles in vivo (Rodrigues,
2005). While the detection of endogenous compounds presents a low
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sensitivity, the signal coming from exogenous labeled **C substrates can be
easily detected, without background signal interference (by replacing a **C
atom by a °C atom at a specific position in a molecule of interest)
(Kurhanewicz, 2008). After the administration of **C-labelled tracers, **C
MRS can detect the tracer biotransformation and can follow metabolic
pathways in real-time. Exogenous labeled substrates such as [1-**C]glucose,
[2-13C]glucose, [1-**C]acetate or [2-**C]acetate were administered to study
TCA cycle intermediates or glutamate/glutamine metabolism, especially in
the brain (de Graaf, 2003). In 2001, the effects of oxygen supply on tumor
glycolytic rate were assessed in a murine mammary carcinoma model by
monitoring the rate of conversion of [1-*C]glucose into [3-*C]lactate
(Nielsen, 2001). Unfortunately, the low sensitivity of *C MRS has limited
the applications of this technique in the clinic. Indirect detection of **C
signals by H-[**C]-NMR spectroscopy has been proposed to provide a
higher sensitivity (de Graaf, 2011) but the recent development of dynamic
nuclear polarization (DNP) has revolutionized the field of metabolic
imaging and provides signal enhancements of over 10,000-folds of
magnitude for '*C enriched compounds. DNP technology and
hyperpolarized *3C MRS is described hereafter (see Introduction section
3.3.1).
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3.3. Emerging technologies

3.3.1. Hyperpolarized *C magnetic resonance using dynamic nuclear

polarization

The use of *C MRI or *C MRS has been limited in vivo due to the lack of
sensitivity. Given the low natural abundance and low gyromagnetic ratio of
3C compared to 'H, low SNR induces long measurements time and poor
image resolution. In order to increase the SNR, enhancement of nuclear spin
polarization has been investigated to increase the sensitivity of MRI and
MRS, especially for nuclei with low gyromagnetic ratio. The polarization is
the difference in populations of spins that occupies the parallel and
antiparallel orientations when % spins are placed in an external magnetic
field (Figure 13.A). The conventional approach could be to increase the
magnetic field and lowering temperature but presents limited effects in
conventional NMR and MRI (Ardenkjaer-Larsen, 2016). In the 1950’s
(Overhauser, 1953), solid state experiments performed at low temperature
showed that the high polarization of electrons could be transferred to
nuclear spins by microwave irradiation, at frequencies close to the
resonance frequency of the electron spins (Figure 15.A) (Keshari, 2014).
It’s only in 2003 that this principle was successfully applied for in vivo
studies, using a process called dissolution-DNP, allowing the production of
labeled-tracer solutions suitable for in vivo magnetic resonance studies
(Ardenkjaer-Larsen, 2003). DNP can increase the detection sensitivity by
more than 10.000-fold, increase the SNR and reduce the acquisition time
(Figure 15.B). The technique has been used to hyperpolarize different
nuclei such as 'H, °Li, N, and %Y in a large variety of molecules or

nanoparticles but 3C MRI studies remain the main field of application.
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DNP, associated with proper MRI detection, allows to image the location of

a molecule of interest but also allows to follow in real time its metabolic

conversion into other metabolites (Golman, 2006a).

Dissolution-DNP is a multistep process (Keshari, 2014) (Brindle, 2012)
(Ardenkjaer-Larsen, 2016):

First, hyperpolarization of the **C-tracer at solid state occurs in a
dedicated polarizer. The tracer is mixed with a free radical
(containing unpaired electron) and is rapidly frozen to form a glass
and is then placed in a magnetic field (up to 5T). The DNP sample,
containing the '*C-tracer and the radical, needs to form an
amorphous solid when frozen to ensure homogeneous distribution of
the radical. At low temperature (~1K), the electron spins become
practically completely polarized. The electron spin polarization can
then be transferred to the nuclear spins by irradiating the sample
with a microwave at the electron resonance frequency. Nuclear spin
populations start to slowly redistribute and the solid-state
polarization reaches a plateau at 1-2 hours depending on the tracer.

Secondly, polarized material need to be dissolved and warmed
rapidly to room temperature with minimal loss of polarization, in a
process called dissolution. This is achieved by rapidly dissolving the
frozen sample in pressurised superheated buffer solution at 180 C°.

Finally, the polarized tracer can be injected and imaged. Due to rapid
signal loss, typically 10-30s for hyperpolarized *3C-labeled tracers,
fast injection is required and imaging must be accomplished within a

few minutes using specific sequences.
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The principle of hyperpolarization is summarized in Figure 15.
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Figure 15: Principle of DNP.
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(A) Nuclear spin polarization and description of the orientation of the nuclear
spins when placed in an external magnetic field. At thermal equilibrium, nuclear
spins exhibit a small population difference between the two states (low degree of
polarization). During the dynamic nuclear polarization process, polarization is
transferred from the electrons of the doping material to the **C nuclei by means of
microwave irradiation, increasing the polarization. Adapted from (Golman, 2003)
(B) *C spectrum of urea (natural abundance *C) hyperpolarized by the DNP
method. The concentration of urea was 59.6mM, and the polarization was 20%.
This spectrum is acquired in 1 sec. Thermal equilibrium spectrum of the same
sample at 9.4 T and room temperature. The signal is averaged during 65 hours.
Adapted from (Ardenkjaer-Larsen, 2003)

Hyperpolarized *3C-labeled tracers have revolutionized the field of
molecular imaging and more specifically metabolic imaging. As the
polarization lifetime is critical in DNP experiments, numerous criteria are
required for successful detection in vivo such as (Brindle, 2011) (Dutta,
2013):

- High aqueous solubility required for the dissolution;

- Low toxicity regarding the high doses required,;

- Ability to form a glass in the solid state;

- Long T; relaxation time in the liquid state as the rapid decay of
polarization is caused by T; processes;

- Rapid plasma membrane transport;

- Rapid metabolism such as catabolic reactions;

- Sufficient chemical shift difference between the resonance of the

substrate and its metabolites;
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- Fast imaging approaches are required.

Nevertheless, despite these limitations, there are now numerous examples of
hyperpolarised **C-labelled tracers whose metabolism has been detected in
vivo using MRI or MRS.

[1-33C]pyruvate has been the most widely studied substrate to date and has
been the first to be translated to the clinic (Nelson, 2013). Pyruvate is a
tracer of choice regarding its key role in several major metabolic pathways.
After the injection hyperpolarized [1-'*C]pyruvate to animals, the
appearance of signals from pyruvate, lactate, alanine and bicarbonate
revealed the pyruvate metabolism in various tissues (Figure 16.A) (Golman,
2006b). The first in vivo study that examined the metabolism of tumor-
bearing rats after i.v. injection of hyperpolarized *C-pyruvate revealed an
increased lactate production in the tumors (Golman, 2006c), highlighting the
characteristic glycolytic rate of tumors. Since then hyperpolarized [1-
B3C]pyruvate has been used in various cancer models for detection of tumor
response to treatments, including chemotherapies and radiation therapy (as
reviewed by Tee, 2015). The first Phase I clinical trial has been successfully
completed in patients with prostate cancer demonstrating no dose-limiting
toxicities or adverse effects, and high [1-**C]lactate signal in tumor regions
(Figure 16.B) (Nelson, 2013). At present, 5 clinical trials are ongoing to
judge the safety and reproducibility of the technique (Phase I, malignant
solid tumors and prostate cancer) but also to evaluate the ability of the
imaging to reflect a metabolic response to treatment (Phase I, androgen

deprivation therapy in prostate cancer, NCT02450201).
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Figure 16: Hyperpolarized [1-**C]pyruvate and its metabolic products such as [1-

B3C]lactate, [1-**C] alanine and [1-**C]bicarbonate.
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(A) Single *C spectrum acquired following injection of hyperpolarized [1-
BC]pyruvate in a porcine heart. The peak height plot demonstrates the time course
of pyruvate delivery and lactate, alanine and bicarbonate labeling. Corresponding
B3C images demonstrate the spatial distribution of pyruvate and bicarbonate.
(Keshari, 2014).

(B) Dynamic “*C spectra obtained from a prostate cancer patient after injection of
hyperpolarized [1-*C]pyruvate. The cancer spectrum demonstrated a high flux of
hyperpolarized [1-*C]pyruvate to [1-*C]lactate. Spectra from the contralateral
side of the prostate demonstrated only [1-*C]pyruvate (Nelson, 2013).

Hyperpolarized [1-"*C]pyruvate has become a key tracer to study lactate
production in tumors. However, many parameters can affect the rate of
hyperpolarized *3C label exchange such as the rate of pyruvate delivery, the
rate of pyruvate and lactate transport across the cell plasma membrane
(mediated by the MCTs), the LDH activity, the NAD® and NADH
coenzyme pool or cell loss. Lactate labeling could also result both from
exchange of the hyperpolarized '*C label between the injected
hyperpolarized [1-*3C]pyruvate and the endogenous lactate pool and from
net conversion of pyruvate into lactate. Any drug that affects one of these
aspects will have an effect on the kinetics of lactate labeling by
hyperpolarized [1-**C]pyruvate (Brindle, 2015). As an example, the effects
of dichloroacetate, known as a lactate lowering drug, have been investigated
in cancer using this tracer. Seth and coworkers monitored metabolic changes
induced by DCA in A549 xenograft tumors (Seth, 2011). They identified a
reduction in lactate signal in tumors treated during 24 hours with DCA

compared to untreated tumors. In another study, Park and colleagues
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followed the metabolic response of glioma to DCA in tumor-bearing rats
using hyperpolarized '*C-pyruvate magnetic resonance spectroscopic
imaging (Park, 2013a). In C6 glioma model, DCA induced after 45 min a
drop in lactate production, an increase in bicarbonate production and a
reduced lactate to bicarbonate ratio. Also, a stronger response to
dichloroacetate was observed in glioma compared to normal brain. Both
these studies present hyperpolarized [1-*C]pyruvate MRS as an attractive

tool to monitor treatment affecting tumor metabolism.

Another pyruvate tracer has been recently investigated in cancer. Labeled at
the ketone position, hyperpolarized [2-**C] pyruvate can detect both lactate
production and downstream metabolites in the mitochondria (Figure 17).
High rate of oxidative phosphorylation and the conversion of hyperpolarized
[2-*C]pyruvate to [1-*C]citrate and [5-**C]glutamate were observed in
isolated perfused heart (Schroeder, 2009). This tracer has also been
successfully validated in glioma-bearing rat brains tumor imaging
hyperpolarized [2-*3C]pyruvate and the downstream products [2-*3C]lactate,
[5-*C]glutamate but also demonstrating changes in mitochondrial
metabolism with dichloroacetate (Park, 2016). This tracer may be
particularly useful for cancer studies through the simultaneous assessments

of glycolytic and TCA cycle activity.
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Other interesting tracers were developed and investigated to study glucose

metabolism in vivo:

- Hyperpolarized [1-*C]lactate can reflect pyruvate, alanine or
bicarbonate pool when injected at physiological doses, while [1-
BCJpyruvate is injected at subphysiological concentrations (Chen,
2008);

- Conversion of hyperpolarized [U-*H,U-'*C]glucose, a glucose tracer,
to lactate and to 6-phosphogluconate (generated by PPP activity)
was observed in a preclinical lymphoma model (Rodrigues, 2014);

- Conversion of hyperpolarized [2-**C]-fructose to fructose-6-
phosphate was able to reflect hexokinase activity and flux through
the pentose phosphate pathway in a preclinical prostate cancer model
(Keshari, 2009);

- Hyperpolarized [1-**C]bicarbonate has been used to probe the
extracellular pH in tumors (Gallagher, 2008);

- Hyperpolarized [1-*3Cla-ketoglutarate can serve as a metabolic
imaging agent for non-invasive, real-time, in vivo monitoring of
mutant IDH1 activity, and can inform on tumor IDH1 status
(Chaumeil, 2013).

Given the preclinical results obtained so far, metabolic imaging with
hyperpolarized **C label has proven its usefulness in oncology, especially
for tumor detection and monitoring tumor response. While PET technology
only visualizes the distribution of the radioactive nuclei, DNP-MRS is
capable of distinguishing signal from the tracer but also tracer-derived
metabolites. Also DNP-MRS is a non-ionizing radiation technique, suitable

for repeated measurements and treatment follow-up in patients. Also, due to
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the absence of background signal, *3C-labeled tracers could be an alternative
technique to image tissues with a higher physiological accumulation of *®F-
FDG. However, the short lifetime of polarization mainly restricts the field of
view during DNP-MRS experiments, making impossible to simultaneously
monitor a primary tumor and distant metastases. Also the high doses of *C-
labeled tracer required for DNP-MRS experiments could impact the
solubility and create toxicity. To become a routine clinical practice, DNP-
MRS, progress has to be made to develop and standardize data analysis
methods, design high-resolution fast imaging sequences, develop robust,
automated and safe polarizer and to find methods that could extend the
relatively short polarization lifetime (Brindle, 2011) (Brindle, 2012)
(Ardenkjaer-Larsen, 2016). Current clinical trials involving [1-*C]pyruvate

should determine the impact of DNP-MRS in clinical practice.
3.3.2. O nuclear magnetic resonance

Even if oxygen consumption is a key factor in cell metabolim, the
assessment of O, consumption in tumors remains critical as current
technologies generally display poor specificity. In the 1990’s, the possibility
of using oxygen-17 nuclear magnetic resonance (*'O NMR) to monitor O
consumption in the brain has been introduced. By breathing a *’O-enriched
gas (*'0,), the oxygen consumption could be monitored by following the
transfer of the 'O atom from oxygen gas to the water molecule, the end
product of oxidative metabolism. After the administration of O, gas, the
metabolically produced *’O-labeled water (H,*'O) was detected using MRI
in the brain of small animals (Arai, 1990) (Arai, 1991). Promising
preclinical studies and attempts in human have been reported but high cost

of 'O isotope and the low sensitivity of the technique have limited the use
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of YO NMR to study cerebral metabolic rate of oxygen (CMRO,) (as
reviewed by Zhu, 2011). *'O, the only NMR-active isotope of oxygen,
presents a low natural abundance (0.037%) and a low gyromagnetic ratio
and thus presents a low inherent NMR sensitivity. In the 2000’s, Zhu and
co-workers investigated the relaxations properties and the SNR of H,'’O at
different magnetic fields and showed that the relaxation times of H,*'O were
field-independent and that the 'O NMR sensitivity was increased by
fourfold at 9.4T compared to 4.7T field strength, indicating that ’O NMR
approach at high field could offer significant advantages for monitoring
oxygen metabolism (Zhu, 2001). This concept was rapidly validated using
fast imaging for CMRO, assessment in rats at high magnetic field (Zhu,
2002). Since then, numerous efforts have been made by the Center for
Magnetic Resonance Research group at the University of Minnesota
(Minneapolis, USA) to develop the methodology, validate methods for
CMRO; calculation and perform the applicability assessments (as reviewed
by Zhu, 2011). Given the encouraging results obtained in preclinical
models, a few groups successfully applied *’O NMR for mapping CMRO
in the human brain (Zhu, 2011) (Atkinson, 2010) (Hoffmann, 2011).

70, is used in the same way that '°0, in the body (Figure 18). After gas
exchange in the lung, the inhaled O, molecules quickly bind to hemoglobin
(Hb) in the blood, forming O,—hemoglobin complexes (HbO,). The HbO,
complex enters the tissues via feeding vessels, where the O, molecules
dissociate, cross the membranes in the form of free dissolved gas, diffuse
into the tissue, and finally enter mitochondria where they are converted to
the metabolic water via oxidative metabolism. As H,''O can be specifically

detected using NMR, the amount of *’O-labeled water metabolically
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generated from the inhaled 'O, gas will reflect the rate of oxygen

consumption in the tissue under study (Zhu, 2005) (Zhu, 2011).
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Figure 18: Transportation and metabolic processes of oxygen molecules in tissues.
Due to the specific detection by NMR, H,"O signal can be used to monitor oxygen
consumption in tissues after 'O, inhalation. Adapted from (Zhu, 2005)
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During in vivo O NMR experiments, dynamic changes of H,’O signal is
monitored before, during and after a brief inhalation of *’O-enriched oxygen
gas and is generally characterized by 3 phases (Figure 19.A): (i) stability of
H,""O signal before 1’0, inhalation; (ii) increase in H,'’O signal during the
70, inhalation and (iii) new steady state during the post-inhalation period
(Zhu, 2005). The linear increase of H,''O signal during the 'O, inhalation
is tightly coupled to the oxygen consumption rate (Figure 19.B) (Zhu,
2011).
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Figure 19: In vivo 'O NMR experiments
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(A) Dynamic changes of H,"’O signal is monitored before, during and after a brief
inhalation of ’O-enriched oxygen gas and presents 3 characteristic phases. (Zhu,
2011)

(B) Evolution of H,"O signal in the human brain during 'O, delivery. The gray
matter and the white matter present differences in oxygen consumption rate
(Hoffmann, 2011).

By monitoring the metabolism of inhaled 'O, gas, this NMR technique
provides a robust, direct and non-invasive way to appraise oxygen
consumption in vivo. The single and well defined H,*’O signal allows
specific detection, simple and reliable quantification and data analysis.
Indeed, 'O, bound to the hemoglobin or 'O, in gas phase or dissolved in
water are undetectable by conventional in vivo MRI scanner. Detection of
small dynamic changes of metabolic H,'’O is feasible at high magnetic field

and the technique is suitable for repeated measurements over time.

Conventional techniques currently used to study oxygen metabolism, such
as >0 PET, F MRI, BOLD MRI or electron paramagnetic resonance,
generally rely on indirect measurements and do not provide specific
detection or quantitative measurements. On the contrary, 'O MRI approach
may be a promising tool to study oxidative metabolism in vivo. But before
routine applications, further methodology development is required. Fast
imaging sequences are mandatory regarding the short relaxation times of
H,’O and models for oxygen consumption quantification need to be

developed.
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This technique has been used to study O, metabolism in the brain (as
previously presented) and in the heart (Lu, 2012) (Zhu, 2010) and could
potentially be applied to numerous tissues. Recent studies have investigated
the use of direct 'O MRI to measure oxygen metabolism in tumors. In the
study of Narazaki and colleagues, increase in the signal intensity in 'O
images of tumor bearing mice was detected after the 'O, gas inhalation
(Narazaki, 2013). Hoffmann and colleagues recently attempted to determine
the CMRO; in a glioblastoma patient by direct ’O MRI (Hoffmann, 2014).
Large differences in the signal increase during *’O, inhalation were obtained
for the white matter, the gray matter and different tumor zones of the
patient. These studies presented encouraging data, highlighting the potential
of 1’0 NMR to evaluate oxygen consumption in tumor patients.

3.4. Assessment of tumor oxygenation by electron paramagnetic

resonance

Oxygen plays a key role in cellular metabolism. Changes in oxygen level
will force cells to adapt their metabolism and critical oxygenation status will
affect tumor response to therapies. Consequently, evaluation of tumor
oxygenation in parallel to tumor metabolism studies would mainly improve
tumor phenotyping research. Numerous techniques are available for the
assessment of tumor oxygenation in vivo including MR-based methods such
as "F MRI, BOLD MRI, T;-based method MRI, Overhauser MRI, and non-
MR based techniques such as oxygen electrodes and near infrared
spectroscopy (Gallez, 2004). The application of electron paramagnetic
resonance (EPR), a spectrometric technique used to detect impaired electron
species (or paramagnetic species) and their interaction with the

environment, as an oximetric method will be presented in this chapter.
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Molecular oxygen is a triplet radical that possesses two unpaired electrons.
In the gas phase, at very low oxygen partial pressure (i.e. 0.1 mmHg), it is
possible to record an EPR spectrum with conventional EPR spectrometers.
However, no EPR spectra have been reported from oxygen dissolved in
fluids near room temperature, due to fast relaxation of electron spins.
However, indirect methods exist. Most of these methods rely on the
paramagnetic properties of molecular oxygen, which acts as an efficient
relaxer for other paramagnetic species. Bimolecular collisions between
oxygen and free radicals alter the resonance characteristics of the radical
and consequently its EPR spectrum. The enhancement of relaxation times
scales linearly with the concentration of oxygen over a wide range of
oxygen tensions (Figure 20.A).

EPR measurements of an oxygen sensor with paramagnetic properties can
thus provide a direct indication of the concentration of oxygen. After the
injection of the paramagnetic probe, the spectra line width (the peak to peak
splitting along the magnetic field axis) is generally measured and converted
to pO, or [O] using an appropriate calibration curve (Figure 20.B). Two
classes of stable paramagnetic materials are useful for oximetry purposes.
There are a variety of oxygen-sensitive soluble paramagnetic molecules
available, especially nitroxide and trityl radicals, that vary in structure and
chemical properties but can present lack in sensitivity and are susceptible to
bioreduction/oxidation by the cells in vivo, resulting in instability of the
probe. On the contrary, many of the particulate paramagnetic materials such
as inks, charcoal or lithium crystals, are very inert in biological system that
makes them especially useful for studies in vivo. Once placed into tissues,

they can be used to obtain repeated measurements of pO, from the same site
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and generally present a very large sensitivity over a large range of pO;
(Gallez, 2004) (Swartz, 2004).

EPR spectroscopy has been successfully used in several tumor models to
monitor changes in oxygenation levels induced pharmacological modulators
(Karroum, 2012) (Jordan, 2010b) but also to predict tumor response to
radiotherapy (Hou, 2013). However, current EPR scanner operating at
1GHz or less can only measure a single point in the tumor and only allows
the penetration of microwaves up to a 10 mm maximum depth into the
tissue, and is thus unable to map pO, tumor heterogeneity. Using EPR
imaging techniques, the spatial distribution of free radicals can be
performed utilizing magnetic field gradients in a manner similar to MRI
(Figure 20.C). For this purpose, the use of soluble EPR materials such as
trityl radicals is more convenient as they can diffuse in the whole tissue
(Krishna, 2012). While EPR systems for use in laboratory animals have
been fairly well developed, EPR is not currently used in clinical routine.
Nevertheless, clinical EPR systems are under development, facing some
challenges with respect to instrumentation, probe administration, and
regulatory issues but measurements underway in patients with superficial
tumors already demonstrated that oxygen measurements can be made in

human subjects using India ink (Swartz, 2014).
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Figure 20: Effects of oxygen on the EPR spectra of oxygen probes.

(A) EPR spectrum of charchoal particules. Spectra line width is indicated by
arrows. Adapted from (Gallez, 2004).

(B) Charcoal calibration curves: linewidth as a function of pO, (Gallez, 2004).

(C) Image of pO, distribution in a tumor and corresponding anatomical image

(Krishna, 2012).
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Upregulated glycolysis being presented as a hallmark of various cancers
(Hanahan, 2011), reverting glycolytic metabolism may represent an
attractive strategy for cancer therapy. Dichloroacetate (DCA), long used to
treat lactic acidosis in various pathologies, has recently emerged as a
promising anticancer drug. By inhibiting the pyruvate dehydrogenase
kinase, DCA actually reactivates the mitochondrial function and decreases
the glycolytic flux in tumor cells resulting in cell cycle arrest and apoptosis
(see Introduction section 2.2.).

Recently, our group investigated the link between glycolysis inhibition and
tumor progression impairment by examining the effects of DCA treatment
in tumor cell lines presenting different metabolic profiles (De Preter, 2016).
We found that 5 mM DCA was more effective in glycolytic-phenotype
cancer cells, while oxidative cells remained less sensitive. Also, the
reduction in cell proliferation observed in glycolytic cells was mediated by a
reactivation of mitochondrial function and a decrease in glycolytic and
pentose phosphate pathway fluxes. Clear effects on oxygen consumption,
glucose consumption and lactate production were identified in glycolytic
MDA-MB-231 human breast cancer cells treated with DCA compared to
oxidative SiHa human cervical cancer cells. By preferentially inducing a
metabolic shift in glycolytic cancer cells, DCA may potentially limit cancer

progression in patients with highly glycolytic tumors.

To validate the relevance of these findings, we aimed to determine in vivo
the response to DCA in MDA-MB-231 and SiHa cancer models presenting
distinct metabolic profiles in vitro. The influence of DCA treatment on

critical bioenergetic parameters was explored using a multi-modality
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imaging project. The metabolic markers investigated were the oxygen

consumption, the glucose consumption as well as the lactate production.

Firstly, we assessed the feasibility of an innovative technology, namely
direct YO MRS, to assess oxygen metabolism in tumors and its
modulations. While only a few techniques are described to assess oxygen
consumption in vivo, such as *°0 PET, F MRI, BOLD MRI, *C NMR or
EPR approaches, there is still a critical need of sensitive methods to measure
the oxygen consumption of tumors non-invasively. *’O MRS approach has
demonstrated potential as a novel technology to appraise oxygen
consumption in the brain and in the heart (see Introduction section 3.3.2.).
By using mild hypothermia to modulate oxygen metabolism in tumors, we
evidenced the ability of YO MRS to assess subtle variations in O,

consumption rate in tumors.

Secondly, we explored the metabolic effects of DCA on glycolytic MDA-
MB-231 and oxidative SiHa tumors using advanced imaging
technologies. Oxygen consumption, studied by O MRS, glucose uptake,
evaluated by '®F-FDG PET and pyruvate transformation into lactate,
measured using hyperpolarized *C-MRI, were monitored before and 24
hours after DCA treatment. Using these imagings, no clear metabolic shift
was observed in both tumor models highlighting a dramatically different

response to DCA between in vitro and in vivo conditions.

Given this observation that tumor cells exhibit distinct metabolic
preferences according to their in vitro versus in vivo growth, we studied the
metabolic behavior of the glycolytic MDA-MB-231 and the oxidative
SiHa tumor models under different oxic conditions. Impact of hypoxic
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and oxygenated conditions on glucose metabolism were tested in vitro and
in vivo. As a first approach, we evaluated the impact of carbogen
breathing on tumor oxygenation status, measured by EPR, and on
tumor glucose uptake, assessed by *F-FDG PET, in vivo. We identified
a rapid metabolic adaptation to the oxygen environment in both MDA-MB-
231 and SiHa tumor models, independently of the metabolic discrepancies
previously identified in vitro. Finally, a global metabolic study with
advanced imaging techniques including PET, EPR oximetry and “*C-
hyperpolarizated MRI was achieved to evaluate the nature and the
extent of the metabolic discrepancies observed between the in vitro and

in vivo models.
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Abstract

Even if oxygen consumption is a key factor in metabolic phenotyping, the
assessment of O, consumption in tumors remains critical as current
technologies generally display poor specificity. Recently, the possibility of
using 'O NMR spectroscopy to monitor O, consumption in tissues has been
introduced. To assess the value of direct 'O NMR spectroscopy in
depicting variation in O, consumption rate in tumors, normothermic and
hypothermic tumor bearing mice were studied. Tumor pO, was monitored
using EPR oximetry during 2 hours in animals kept under normothermic
(37°C) and hypothermic (32°C) conditions. To measure oxygen
consumption rate in tumors, dynamic changes in H,’O signal were
monitored by NMR spectroscopy before, during and after a 2 min inhalation
period of *’O,-renriched gas. Hypothermic animals showed an increase in
tumor pO, after 2 hours contrarily to normothermic animals. This pO,
change was related to a decrease in oxygen consumption rate measured by
direct O MRS in hypothermic animals. This study highlights the ability of
direct *’O MRS to measure oxygen metabolism in tumors and modulations

of tumor oxygen consumption rate.
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Introduction

Direct YO NMR spectroscopy is an advanced tool to study oxygen
metabolism in various tissues at high magnetic field (1-5). During oxidative
metabolism, molecular oxygen is converted into water at a rate dependent
on the metabolic activity in tissues. This conversion can be monitored using
70 MRS. During the inhalation of *’O-enriched oxygen gas (}'0,), the
metabolic inclusion of the *’O atom in water molecules and the appearance
of the water peak (H,''O) reflect the local oxygen consumption (6,7). Due
to specific detection of H,*’O using direct *’O MRS in vivo (6,8,9), this
non-invasive technique allows the measurement and quantification of subtle

dynamic changes in metabolic H,'"O and oxygen consumption rate.

Oxygen plays a key role in cellular metabolism. Like glucose, amino acids,
lipids or other nutrients, O, is a major fuel to produce energy and O,
metabolism is highly regulated to ensure normal tissue function. Direct }'O
NMR in vivo has been used to study O, metabolism in the brain
(1,3,7,10,11) and in the heart (12,13). These organs strongly rely on oxygen
to produce energy and many brain or heart diseases have been linked to
abnormal O, metabolism. Recently, tumor oxygen consumption rate has
also been appraised using this technique (14,15). For a long time, tumor
cells have been considered defective in mitochondrial oxygen consumption
due to their dominant glycolytic metabolism (16,17). However, new
evidences of oxidative activities in tumor cells have challenged this
paradigm (18-20). Metabolic characterization in vivo could change the
understanding of tumor metabolism and could allow the identification of

new targets for innovative anti-cancer strategies.
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The objectives of the present study were to explore the feasibility of direct
70 MRS to assess oxygen metabolism in tumors and its modulations. To
investigate the impact of hypometabolism induction in the murine
fibrosarcoma FSAII tumor model, we monitored the oxygen consumption of
normothermic (37°C) and hypothermic (32°C) tumor bearing mice. We first
evaluated the effect of mild hypothermia on tumor oxygenation. Using
Electron Paramagnetic Resonance (EPR), we observed an increase in pO; in
FSAII tumors that was not observed under normothermic condition. Then
we studied oxygen consumption in FSAIl tumors using direct 'O MRS
approach. We showed that the induction of mild hypothermia had a
profound effect on tumor oxygen consumption in the tumor model. This
study highlights the ability of direct 'O MRS to quantitatively assess

oxygen metabolism in tumors.

Experimental

Animal preparation

Animal studies were undertaken in accordance with Belgian and the
Université catholique de Louvain ethical committee regulations (agreements
number UCL/2010/MD/001 and UCL/2014/MD/026).

A total of 10° FSAIl murine fibrosarcoma cells were inoculated
subcutaneously into the hind thigh of C3H/HeOulJlco male mice (Janvier,
Le Genest-Saint-Isle, France). The experiments were performed when
tumors reached 8 + 1.0 mm in diameter. During experiments, animals were
anesthetized by inhalation of isoflurane (Forene, Abbot, England) mixed
with air in a continuous flow (2 L/min), as this form of anesthesia has been

shown to have negligible effect on tissue hemodynamics (21). Anesthesia
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was induced using 3% isoflurane. 1.5-2% of isoflurane was then used to
maintain a respiration at a rate of 80 + 10 breaths per minute during
experiments. A pressure cushion was used to monitor respiration during the
experiments (SA Instruments Inc., Stony Brook, NY, USA). A circulating
water system was used to regulate body temperature and animal temperature
was monitored using a rectal temperature probe (Bioseb, Vitrolles, France).
For normothermic condition, animal temperature was kept at 37°C during
the experiments. For hypothermic condition, water pump temperature was

reduced to maintain the body.
Electron paramagnetic resonance (EPR) measurements

In vivo tumor pO, was monitored by EPR spectroscopy using charcoal as
the oxygen-sensitive probe (22,23). EPR spectra were recorded using a 1.1
GHz EPR spectrometer (Magnettech, Berlin, Germany). According to
calibration curves made by measuring the EPR line width as a function of
the pO, (24), the EPR spectra line width was converted to pO,. A charcoal
suspension (100 mg/mL) was injected intratumorally (60 pl) 24h before
experiments. For EPR reading, the tumor under study was placed in the
center of the extended loop resonator whose sensitive volume extends 1 cm
into the tumor mass. The pO, measurements correspond to an average of

pO; values in the tumor volume.

After the induction of mild hypothermia, pO, measurements were started
when the body temperature of the mice reached 32°C. For normothermic
condition, measurements were performed after a 10 min equilibration
period. For each condition, EPR spectra were recorded every 30 minutes
during 2 hours.
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Gas delivery system

The gas delivery system for 'O, inhalation experiments is presented in
Figure 1. The animal was placed in a home-made system containing a nose
cone, a circulating water system for body temperature regulation, a
breathing monitoring system and space for the RF coil. The nose cone was
attached to a breathing line connected to the main anesthesia line and to a
70, delivery line controlled by a valve. Prefilled syringes were used to
manually deliver the 'O, gas and ensure continuous delivery. 'O, gas
(70% enriched, NUKEM Isotopes GmbH, Alzenau, Germany) and
isoflurane/N, gas mixture were stored in separate gas reservoirs (Tedlar®
bag). 40 ml of 'O, gas were mixed with 160 ml of isoflurane/N, mixture.
The final mixture was loaded into 100 ml syringes connected to the
breathing line. To deliver the mixture, the breathing line was manually
switched to the 'O, line. By applying pressure on the prefilled syringes, the
70, mixture was delivered as a continuous flow during 2 min. Then gas
was switch back to the main anesthesia line. The valve and syringes
connected to the O, line were placed as close to the outside of the magnet
to limit dead volume. Also, the home-made system holding the animal was

closed during the experiments to limit gas dispersion.
70 MRS measurements

For oxygen consumption experiments, direct *’O MRS was performed on an
11.7 T (Bruker, Biospec) controlled by Paravision 6.0 (Bruker, Ettlingen,
Germany). Experiments were carried out using a *H/*’O Bruker surface coil
system (2 cm in diameter) positioned over the tumor mass. Anatomical

images were firstly acquired using a T,-weighted axial turbo RARE
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sequence (TR = 2500ms; TE = 30ms; rare factor = 8; NA = 2; FOV =
25x25mmz; resolution: 98 x 98 pmz 1 mm slice thickness). 'O MRS
measurements were carried out using a nonlocalized, single-pulse sequence
(TR =16.5 ms; NA = 600; repetition: 120; Tacq = 20 min; Acqg BW = 5000
Hz; FA = 20°). For YO MRS sequence, the 90° reference pulse was
optimized previously on natural abundance H,*’O samples (Supplementary

Figure 1).

To measure tumor oxygen consumption during the 'O, delivery, a total of
120 *'O-spectra were collected in about 20 min, before, during and after a 2
min inhalation period of the *’O, mixture. The integrals of the H,''O peaks
over time were measured to follow using a home-made program written in
Matlab (The MathWorks Inc., Natick, MA, USA). H,"'O signal was then
expressed as relative to the mean baseline signal before 'O, delivery. The
mean signal of the final steady state (Ssinal) during the post-inhalation period
was calculated between 1100 and 1200 sec. We considered that the steady
state was reached when the signal stood between Sfnaq £ 5 % of signal
variation. For each experiment, the slope during the linear incorporation
phase was measured between 600 sec and the time point when steady state

was reached.

We randomly separated mice into two distinct cohorts to undergo
normothermic or hypothermic conditions. For normothermic condition,
basal measurements were performed. For mild hypothermic condition,

experiments were started 2 hours after the mice reached 32°C.
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Statistical analysis

Analysis was performed using the Graphpad software. Results were
expressed as mean value of parameter £ SEM. Paired t-test was used to
compare mean changes of pO, values for each conditions (32°C or 37°C),
and unpaired t-test was used to compare mean changes of H,''O signal
between the two conditions. For all tests, results with P <0.05 (*), <0.01

(**), or <0.001 (***) were considered significant.
Results
Effect of mild hypothermia on the tumor oxygenation

Using EPR oximetry, pO, levels of FSAII tumors were monitored after the
induction of mild hypothermia (32°C), as presented in Figure 2. Basal
measured pO, (mean £ SEM) was 3.6 + 0.3 mmHg. The tumors displayed a
systematic increase in their oxygenation level 30 min after hypothermia
induction. The maximal pO, was reached after ~90 min, with a mean pO; of
5.9 £ 0.3 mmHg. This value was significantly higher than the baseline (n =
5, P = 0.0005). No oxygenation changes were observed for mice kept under
normothermic (37°C) conditions during 2 hours (n = 4, P = 0.1028 after 2
hours)

Effect of mild hypothermia on the tumor oxygen consumption

In figure 3, a typical evolution of H,''O signal is presented for FSAII
tumors under normothermic (Fig 3.A) and hypothermic (Fig 3.B) conditions
during O MRS experiments. Before 'O, inhalation, the natural abundance
H,"O signal was detected (SNR = 42). H,'’O signal increased during the
70, inhalation and reached a new steady state during the post-inhalation
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period. This scheme was consistent with previous studies performed in brain
(1) and heart tissues (13).

A total of 11 tumors under normothermic conditions and 6 tumors under
hypothermia were scanned. Pooled stacked plots of tumor H,'"O spectra are
presented in Figure 4. The results were highly reproducible under the same
thermic condition (Fig 4.A). For mice kept under mild hypothermia for 2
hours, the rate of increase in H,*'O signal was lower compared to animals
kept under normothermic condition (P = 0.0011) (Fig 4.B). Under
hypothermia, FSAII tumors exhibited a slope of 2.295 10 + 0.26 10 s™.

Under normothermic condition, the slope was 6.619 10 + 0.767 10™s™.
Discussion

In this study, we evaluated the impact of hypothermia on oxygen
consumption rate in tumor using direct O MRS. Mild hypothermia is
currently used in intensive care unit and provides protective effects in
traumatic brain injury, cardiopulmonary resuscitation, stroke, and various
other disorders (25). Likewise, mild hypothermia has been presented as an
attractive tool to modulate oxygen metabolism in tumor. By inducing a
hypometabolism, oxygen consumption rate drops leading to an
improvement in tumor oxygenation and a reduction in the hypoxic fraction
(26). Here, we observed an increased in pO, values (measured by EPR
oximetry) in FSAII tumors 2 hours after the induction of mild hypothermia.
This increase in tumor oxygenation coincided with a drop in tumor oxygen
consumption (assessed by direct *’O MRS) for mice kept under hypothermic
condition. These data were consistent with a previous study attesting the
effects of hypothermia on cerebral metabolic rate of oxygen (CMRO,) using
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direct O MRI in rat brain (27) and validate the ability of direct 'O MRS to

assess subtle variations in O, consumption rate in tumors.

The ability of cancer cells to remodel the biochemical pathways and their
amassed metabolic flexibility have become major features of cancer (28).
For long, oxygen consumption has been considered as a minor actor in
tumor metabolism (29). However, recent findings indicated the key role of
oxidative pathways in cancer for the maintenance of tumorigenic potential
(18,21,30). Oxygen consumption can also contribute to the hypoxic
microenvironment in tumors (31). Indeed, imbalance between consumption
rates and oxygen delivery will result in tumor hypoxia and will affect tumor
response to therapies. Likewise, pharmacological modulators of oxygen
consumption have been described to improve tumor oxygenation leading to
the enhancement of radiotherapy efficacy (32-39). Consequently, there is a
critical need of sensitive methods to measure the oxygen consumption of
tumors non-invasively. Highly sensitive methods are used for determining
cellular oxygen consumption in vitro (40). Nevertheless, techniques
described to assess oxygen consumption in vivo, such as *°0 PET, °F MRI,
BOLD MRI, *C NMR or EPR approaches (41-46) generally lack
specificity, do not provide a direct measurement of O, consumption and
cannot always provide quantitative information. For some of them, long
measurement time and extensive modeling are required. The potential of
following H,''O by YO MRS/MRI as a tracer for oxygen consumption has
been explored using different approaches. Detection of H,'’O distribution
by indirect *H—(*'O) methods (47-49), exploiting the impact of 'O on *H
relaxation properties, has the advantage to rely on the high sensitivity of the

proton signal and can be apply using conventional MRI scanners systems.
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However, difficulties of quantitatively correlating the *H signal changes to
the H,''O concentration and the impact of many physiological parameters
on the indirect measurements represent major challenges for absolute
quantification of the H,'’O concentration (as reviewed by Zhu and Chen
(4)). On the contrary, direct O MRS/MRI consists on the specific detection
of H,'’O and can detect small dynamic changes of metabolic H,''O,
especially at high magnetic field (8), but required dedicated RF coils and
ultra-fast MR sequences. However, this NMR technique provides a robust,
direct, fast and non-invasive way to appraise oxygen consumption in vivo
and could potentially be applied to numerous tissues. Recent studies have
investigated the use of direct 'O MRI to measure oxygen metabolism in
tumors (14,15). In the study of Narazaki and colleagues (14), *'O signal was
measured by 10 min data accumulation before and 40 min after a brief
inhalation of 'O, gas. They identified an increase in the signal intensity in
70 images of tumor bearing mice after *’O, gas inhalation. Hoffmann and
colleagues recently attempted to determine the CMRO; in a glioblastoma
patient by 'O MRI (15). Large differences in the signal increase during 'O,
inhalation were obtained for the white matter, the gray matter and different
tumor areas of the patient. While both studies presented a first attempt to
evaluate oxygen consumption in preclinical tumor models and in a
glioblastoma patient, our present adds to this study in several ways. First,
we demonstrated the feasibility to non-invasively quantify oxygen
consumption in tumors using direct O MRS in vivo. Based on models
previously described for quantification of CMRO, (2), we measured the
slope during the linear incorporation phase to assess oxygen consumption.
The oxygen consumption rates measured in tumors were highly

reproducible within groups. Secondly, we assessed the value of the method
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to highlight differences in oxygen consumption rate in tumors. As the
technique was able to reveal the effect of a modulator of tumor oxygenation
(hypothermia treatment), direct *’O MRS could represent a relevant tool for
tumor metabolic profiling in vivo and could potentially be translated into

human patients to guide treatments targeting tumor metabolism.

In conclusion, our study demonstrated a new field of application for direct
70 MRS in oncology. The technique was able to reveal subtle variations in
O, consumption rate in tumors induced by hypothermic treatment.
Therefore, the technique provides a unique way to study in vivo an
important aspect of tumor metabolism non-invasively and could have a

significant impact in oncology research.
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Fig 2: Evolution of pO; in tumors under normothermic (37°C) and
hypothermic (32°C) condition, monitored by EPR oximetry. Data are

expressed as means = SEM.
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Fig 3: H,'"0 signal from representative tumors under normothermic (A) and
hypothermic (B) condition acquired before, during and after a 2 min
inhalation period of the 'O, gas and corresponding *H anatomical images.
H,'"O signal is expressed as relative to the mean baseline signal before 'O,

delivery.
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Fig 4: Comparison of oxygen consumption in tumors under normothermic
(37°C) and hypothermic (32°C) conditions. (A) Pooled stacked plots of
tumor H,'’O signal during YO, delivery experiments. H,*'O signal is
expressed as relative to the mean baseline signal before *’O, delivery (B)
Comparison of the rate of H,''O signal after 'O, delivery in tumors.

Data are expressed as means £ SEM. Unpaired tests were two-sided.
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Supplementary Fig 1: Feasibility assessment of 'O MRS. Phantoms with
0,037% (natural abundance), 0,04%, 0,05%, 0,067%, 0,1%, 0,2%, 1%, 2 %
enrichment were used for calibration (A). 'O spectra of H,'’O phantoms

(B). The signal to noise ratio of natural abundance phantom (0.037%) at

11.7T was 9.
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ABSTRACT

Reverting glycolytic metabolism is an attractive strategy for cancer therapy as
upregulated glycolysis is a hallmark in various cancers. Dichloroacetate (DCA), long
used to treat lactic acidosis in various pathologies, has emerged as a promising anti-
cancer drug. By inhibiting the pyruvate dehydrogenase kinase, DCA reactivates the
mitochondrial function and decreases the glycolytic flux in tumor cells resulting in cell
cycle arrest and apoptosis. We recently documented that DCA was able to induce a
metabolic switch preferentially in glycolytic cancer cells, leading to a more oxidative
phenotype and decreasing proliferation, while oxidative cells remained less sensitive
to DCA treatment. To evaluate the relevance of this observation in vivo, the aim of
the present study was to characterize the effect of DCA in glycolytic MDA-MB-231
tumors and in oxidative SiHa tumors using advanced pharmacodynamic metabolic
biomarkers. Oxygen consumption, studied by 70 magnetic resonance spectroscopy,
glucose uptake, evaluated by *F-FDG PET and pyruvate transformation into lactate,
measured using hyperpolarized *C-magnetic resonance spectroscopy, were monitored
before and 24 hours after DCA treatment in tumor bearing mice. In both tumor models,
no clear metabolic shift was observed. Surprisingly, all these imaging parameters
concur to the conclusion that both glycolytic tumors and oxidative tumors presented
a similar response to DCA. These results highlight a major discordance in metabolic
cancer cell bioenergetics between in vitro and in vivo setups, indicating critical role
of the local microenvironment in tumor metabolic behaviors.

INTRODUCTION

Warburg  metabolism  (enhanced  glycolysis
in the presence of oxygen) is a common feature of
several malignant tumors and is associated with cancer
aggressiveness. invasiveness and poor prognosis [1-3].
Because of this high glycolytic rate in various cancers,
targeting glucose metabolism is presented as an attractive
anticancer approach endowed with a high specificity

and limited undesirable side effects [4, 5]. Indeed.
conventional treatments rely on the rapid proliferation
process present in cancer cells but also in healthy cells.
Treatments targeting glycolytic metabolism should instead
specifically alter metabolic adaptations that support the
Warburg malignant phenotype. adaptations that are not
shared by normal cells. To support drug development
and assessment in clinical trials, there is a critical need
for dedicated criteria evaluating tumor response to these
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emerging therapies. Moreover, for new cytostatic agents
targeting tumor metabolism, the use of conventional
anatomical imaging techniques is not optimal for treatment
response assessment [4] and only functional and molecular
imaging techniques may offer the possibility of an carly
assessment of the tumor response [6-8].

Recently, we have investigated the effects of
dichloroacetate (DCA) in tumor cell lines presenting
different metabolic profiles [9]. DCA is a promising
molecule that promotes glucose oxidation over glycolysis
by inhibiting the mitochondrial pyruvate dehydrogenase
kinase (PDK) and has successfully reached clinical trials
[10]. We found that 5 mM DCA was more effective in
glycolytic-phenotype cancer cells, where reduction in
cell proliferation was mediated by a reactivation of
mitochondrial function and a decrease in glycolytic and
pentose phosphate pathway fluxes. Our data suggested
that DCA may benefit to patients with highly glycolytic
tumors. Therefore, the objective of the present study
was o assess the effect of DCA in these prototypical
tumor models in vivo. namely the glycolytic MDA-
MB-231 human breast cancer model and the oxidative
SiHa human cervical cancer model. For this purpose.
we used a multi-modality molecular imaging approach
using several pharmacodynamic metabolic biomarkers.
Oxygen consumption, studied by "0 magnetic resonance
spectroscopy (7O MRS), glucose uptake, evaluated by
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""F-fluorodeoxyglucose positron emission tomography
("*F-FDG PET) and pyruvate transformation into lactate,
measured during hyperpolarized “C-magnetic resonance
imaging (hyperpolarized "“C-MRI). were monitored
before and after DCA treatment in tumor bearing mice.
Surprisingly, in vivo models did not recapitulate the
previously observed in vitro behavior.

RESULTS

To assess the impact of DCA treatment on the
metabolism of the models in vivo, oxygen consumption
(Figure 1). glucose uptake (Figure 2) and lactate flux
(Figure 3) were measured in MDA-MB-231 and SiHa
tumors before and 24 hours after DCA treatment.

In Figure 1. tumor H,7O spectra are presented
for representative MDA-MB-231 (Figure 1A) and SiHa
tumors (Figure 1B) during 7O MRS experiments. The
results were highly reproducible under the same conditions
tested. The evolution of H,"O signal, demonstrating the
70, metabolism in (umors, was similar before and after
DCA treatment in MDA-MB-231 tumors (Figure 1A) and
in SiHa tumors (Figure 1B). In both tumors models. we
found that DCA treatment did not majorly impact oxygen
consumption, as assessed by the rate of increase in H,''O
signal (Figure 1C). MDA-MB-231 tumors exhibited a
slope 0f 1.02 107 +£0.16 107 s and 0.91 107 £ 0.09 107 s
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Figure 1: Effect of dichloroacetate on tumor oxygen consumption in vivo. Tumor H," O signal from representative MDA-
MB-231 tumors A. and SiHa tumors B. acquired before. during and after a 2 min inhalation period of the "0, gas. H,""O signal is expressed
as relative to the mean baseline signal before "0, delivery. 'O, metabolismis not modified by DCA treatment. C. Comparison of the rate of
H,"0 signal after 'O, delivery in tumors pre and post-treatment. Data are expressed as means = SEM. Paired tests were two-sided.
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! before and after treatment respectively (n=5, P=0.5366).
For SiHa tumors. the slopes were 0.85 107 £ 0.14 107 s
under baseline condition and 0.79 107 £ 0.11 10~ 5! post-
treatment (n =5, P=0.2892).

F-FDG uptake (%ID/g) measured in both tumor
models under baseline and post-treatment conditions are
presented in Figure 2. In both tumor models. we found
that DCA treatment did not lead to a significant change
in the uptake of "F-FDG (Figure 2A-2D). assessing a
limited impact of DCA on glucose uptake (Figure 2E).
%ID/g measured on PET images (mean + SEM) were
1.88 £ 0.12 under baseline condition and 1.78 £ 0.11 after
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treatment for MDA-MB-231 tumors (n=7. P=0.2120) and
1.79 £ 0.21 under baseline condition and 1.89 +0.19 after
treatment for SiHa tumors (n=7. P=0.0813).

The influence of DCA treatment on pyruvate
transformation into lactate was measured after
hyperpolarized 1-"C  pyruvate injection during
hyperpolarized *C-MRS studies (Figure 3). Representative
pyruvate and lactate peak intensities over time of MDA-
MB-231 tumors and SiHa tumors captured before and 24
hours after DCA treatment are shown in Figure 3A-3D.
Lactate production was reduced after DCA treatment only
in SiHa tumors (Figure 3E). Lactate/pyruvate ratio (Lac/
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Figure 2: Effect of dichloroacetate on tumor glucose uptake in vivo. Representative *F-FDG PET images showing MDA-
MB-231 A-B. and SiHa C-D. tumor-bearing mouse imaged before and 24 hours after DCA treatment. Tumors are indicated by thin arrows.
F-FDG uptake is expressed in %ID/g. Images were normalized. DCA does not alter "*F-FDG uptake in MDA-MB-231 and SiHa tumors.
E. Comparison of "*F-FDG uptake before and after treatment. Data are expressed as means = SEM. Paired tests were two-sided.
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Pyr) shifted from 0.55 + 0.05 to 0.48 £ 0.04 in MDA-
MB-231 tumors (n=7, P=0.3105) and from 0.82 £ 0.05 to
0.63 £0.07 in SiHa tumors (n=7. P=0.0348).

‘We also evaluated the magnitude of response to the
treatment by measuring the variation within the above
biomarkers between baseline and post-treatment conditions
(Figure 4). No differences in oxygen consumption and
lactate flux measurements were observed between MDA-
MB-231 and SiHa tumors during the treatment (P>0.05)
(Figure 4A, 4C). Only a small but significant difference in
behavior was observed for ¥F-FDG uptake measurements
(P=0.0240) (Figure 4B). MDA-MB-231 tumors decreased
their ®F-FDG uptake after treatment (n=7, -5.4 + 3.5 %)
compared to SiHa tumors (n=7, +6.7 = 3.1 %).
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DISCUSSION

In this study. the impact of DCA on tumors
presenting different metabolic profiles was evaluated using
molecular imaging in vivo. Recent findings identified that
DCA preferentially impairs glycolytic cells compared to
oxidative cells. The purpose of the present study was to
establish the relevance of these findings in vivo using the
same prototypical tumor models as in our in vitro study
[9], namely the MDA-MB-231 human breast cancer model
reported as glycolytic [1, 11] and the SiHa human cervical
cancer model documented as oxidative [11, 12]. The
dose and administration scheme were selected based on
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Figure 3: Effect of dichloroacetate on tumor lactate production in vivo. Tumor lactate and pyruvate peak intensities after 1.v.
injection of hyperpolarized 1-"C pyruvate from representative MDA-MB-231 tumors A-B. and SiHa tumors C-D. Lactate production,
measured by the Lac/Pyr ratio. in MDA-MB-231 and SiHa tumors before and after treatment E. Data are expressed as means + SEM. Paired

tests were two-sided.
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previous reports attesting the efficacy of DCA in tumors
[13-15].

In vitro. we previously identified clear effects
of DCA treatment on oxygen consumption, glucose
consumption and lactate uptake in glycolytic MDA-
MB-231 human breast cancer cells. On the other hand,
the metabolic activity of oxidative SiHa human cervical
cancer cells was not altered by DCA treatment. Using
a multi-modality imaging project. we were not able to
recapitulate these findings in vivo. Pre-treatment, MDA-
MB-231 and SiHa tumors exhibit the same metabolic
profile. As MDA-MB-231 and SiHa tumors were
previously described as hypoxic under baseline condition
[16]. we highlighted here that both tumor models exhibit
a glycolytic phenotype under anaerobic condition. Post-
treatment, glycolytic MDA-MB-231 tumors do not appear
more impacted than oxidative SiHa tumors (Figure 1-4).
Also. some marginal metabolic changes were identified
such as a significant decreased lactate production in
SiHa tumors (Figure 3E) or a decreased '*F-FDG uptake
in MDA-MB-231 tumors (Figure 4B). Together, those
findings did not highlight a clear metabolic shift in
MDA-MB-231 tumors or in SiHa tumors treated with
DCA during 24 hours (Supplementary Figure S1). This
inability to observe any treatment response in vivo could
not be attributed to any differences in growth rate between
the tumor models under study (Supplementary Figure
S2). Also. the measurement repeatability was formerly
established using the same tumor models [16]. Our study
demonstrated that the tumor metabolic response to DCA
was dramatically different between in vitro and in vivo
conditions.

Because of its good tolerability and safety. DCA
has been universally exploited to lower lactate levels in
acquired or congenital forms of lactic acidosis [17]. In
2007. Bonnet and colleagues investigated the effects of
DCA in cancer and discovered that DCA was promoting
apoptosis in vitro and decreasing tumor growth in vivo
[18]. Since then. this orally available and cheap molecule
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has been further investigated in vitro, in vivo and
successfully reached clinical trials. The first data available
from the clinical trials indicate that DCA appears to be
efficient in adults in solid and brain tumors [19. 20].
However, no firm conclusions stand out in advanced non-
small cell lung cancer [21]. In another recent study of
Feuerecker and co-workers. promotion of tumor growth
was even observed after DCA treatment in neuroblastoma
tumors [22]. These studies indicate that response to DCA
treatment may drastically vary among tumor types.

The redirection of glucose metabolism from
glycolysis to oxidation leading to the inhibition of
proliferation and the induction of caspase-mediated
apoptosis was initially proposed as the generic mechanism
of action of DCA. In a recent phase I study in patients
with advanced solid tumors. decreased "*F-FDG uptake
was observed after DCA therapy. supporting the use of
""F-FDG uptake as a potential biomarker of response to
DCA [20]. Also. hyperpolarized "C-pyruvate MRI has
already been used in several preclinical studies to monitor
DCA effect in solid tumors [13-15]. but also in cardiac
[23. 24] and brain studies [25. 26]. In the present study.
"F-FDG uptake was unchanged after DCA treatment
(Figure 2E). This suggests that DCA treatment does
not impair glucose uptake and phosphorylation but
could potentially impact downstream transformation of
glucose. However. no effects on bicarbonate production
were detected that could demonstrate changes in energy
metabolism from glycolysis to oxidative phosphorylation
(Supplementary Figure S3). Recent findings suggested that
DCA may also act by other mechanisms. While a possible
disruption of the balance between fatty acid -oxidation
and glucose oxidation has already been suggested as an
additional mechanism involved in the overall effects of
DCA in vivo (as reviewed by [27]). PDK inhibitors may
potentially induce other compensatory mechanisms that
could limit the impact of such drugs on global tumor
metabolism. The anti-cancer effects of DCA appear to
rely on multiple mechanisms depending on the drug

= MDA-MB-231
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Variation Lac/Pyr ratio
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8

Figure 4: DCA does not significantly influence the metabolism of glycolytic tumors compared to oxidative tumors, as
assessed by 70, metabolism A., *F-FDG uptake B. and pyruvate transformation into lactate C. measurements in vivo.
The magnitude of response to dichloroacetate (variation) is identical in both models, only a small difference in behavior is observed for
'F-FDG uptake. Data are expressed as means + SEM. Unpaired tests were two-sided.
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concentration, drug administration scheme [28] and cell
type [29]. Also. a change in PDK isoform expression
between in vitro and in vivo model could also greatly
influence the effect of DCA on tumor metabolism in vivo.
Indeed, oncogene regulation and tumor microenvironment,
like extracellular acidosis, can affect PDK isoform
expression [30]. possibly leading to the expression of a
PDK isoform less sensitive to DCA effects. Our findings
are consistent with a recent study highlighting that tumor
microenvironment could be as important as the (epi)
genetic profile to shape the tumor phenotype [31]. Further
investigations using relevant isogenic cell clones with
ability to form tumors in vivo should be considered to
determine the effects of DCA on energy metabolism in
vivo.

In conclusion, our multi-modality imaging study
identified major discordances between in vitro and in vivo
metabolic responses to DCA treatment. in cancer models
presenting distinct metabolic profiles. Results suggest
preferring implanted tumors and spontancous cancer
models to study DCA treatment within the milicu of the
tumor microenvironment. Overall, further investigations
are required to elucidate the impact of different tumor
microenvironments on metabolic effects of DCA and its
impact for clinical use.

MATERIALS AND METHODS

Cell culture

MDA-MB-231 (human breast cancer) and SiHa
(human cervix squamous cell carcinoma) cell lines
(American Type Culture Collection [ATCC]). were
routinely cultured in Dulbecco’s modified Eagle’s medium
containing 4.5g/l glucose supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin.

Animal housing

Animal studies were undertaken in accordance with
Belgian and the Université catholique de Louvain cthical
committee regulations (agreements number UCL/2010/
MD/001 and UCL/2014/MD/026). Hyperpolarized
C-MRI experiments were carried out in compliance
with the Guide for the Care and Use of Laboratory
Animal Resources (National Research Council, 1996) and
approved by the National Cancer Institute (NCI) Animal
Care and Use Committee.

Tumor implantation and animal experiments

A total of 107 MDA-MB-231 cells or 107 SiHa
cells, amplified in vitro, were collected by trypsinization,
washed three times with Hanks balanced salt solution
and resuspended in 200 pL of a 1:1 mixture of Matrigel
(BD Biosciences) and Hanks balanced salt solution. For
"0 MRS and PET scan experiments. the tumor cells were
inoculated subcutaneously into the hind thigh of nude
NMRI female mice (Janvier Le Genest-Saint-Isle, France).
For hyperpolarized ""C-MRI experiments, the tumor cells
were inoculated subcutancously into the hind thigh of
athymic nude female mice (Frederick Cancer Research
Center. Animal Production, Frederick, MD, USA). The
experiments were performed when tumors reached 7
mm (at this tumor size, necrosis was less than 5% as
characterized by Hematoxylin Eosin staining).

To assess the effects of DCA on tumor metabolism
using biomarkers, all animals have undergone imaging
before and after treatment, with one day between cach
measurement. Dichloroacetate sodium (Sigma-Aldrich)
was administered intraperitoneally (200 mg/kg) after
baseline measurements to the mouse. Another dose was
given 24 hours after the first dose injection. Post-treatment
measurements were initiated 1 hour after treatment
administration. This administration scheme is consistent
with previous studies attesting the effects of DCA in
tumors using hyperpolarized “"C-MRI [13, 15]. The
imaging protocol is summarized in Figure 5.

Mice were anesthetized by isoflurane inhalation
(Forene, Abbot, England) mixed with air in a continuous
flow (2 L/min). Animals were warmed (approximately
35°C) throughout the anesthesia period.

70 MRS experiments

For oxygen consumption experiments, 'O MRS was
performed on an 11.7 T (Bruker, Biospec) controlled by
Paravision 6.0 (Bruker, Ettlingen, Germany). Experiments
were carried out using a 'H/"’0 Bruker surface coil system
positioned over the tumor mass. Anatomical images were
firstly acquired using a T,-weighted axial turbo RARE
sequence (TR = 2500ms; TE = 30ms: rare factor = 8: NA
= 2; FOV = 25x25mm?; resolution: 98 x 98 um?* 1 mm
slice thickness). 7O MRS mecasurements were carried
out using a nonlocalized. single-pulse sequence (TR =
16.5 ms: NA = 600: repetition: 120: T, = 20 min: Acq
BW = 5000 Hz: FA = 20°). For 70O MRS sequence, the

24 hours

Figure 5: Experimental protocol.

60 min
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90° reference pulse was optimized previously on natural
abundance H,""O samples.

To measure tumor oxy gen consumption during the
70, delivery. a total of 120 ""O-spectra were collected in
about 20 min, before, during and after a 2 min inhalation
period of the 7O, mixture. The integrals of the H 7O
peaks over time ‘were measured using a home-made
program written in Matlab (The MathWorks Inc., Natick.
MA, USA). H,"0 signal was then expressed as relative
to the mean baseline signal before "0, delivery. The
mean signal of the final steady state (s, ) during the post-
inhalation period was calculated between 1100 and 1200 s,
We considered that the steady state was reached when the
signal stood between s+ 5 % of signal variation. The
slope during the linear incorporation phase was measured
between 600 sec and the time point when steady state was
reached.

PET/CT imaging

‘Whole-body PET imaging was performed on a
dedicated small-animal PET scanner (Mosaic, Philips
Medical Systems, Cleveland. USA) with a spatial
resolution of 2.5 mm (FWHM). The PET scans were
followed by whole-body acquisitions using a helical
CT scanner (NanoSPECT/CT Small Animal Imager,
Bioscan Inc.. DC. USA). For each breathing condition,
anesthetized mice were injected 120 pl intraperitoneally
with 11.1-14.8 MBq of "F-FDG (Betaplus Pharma,
Brussels, Belgium). A 10 min transmission scan was first
obtained in a single mode using a 370 MBq """Cs source
for attenuation correction, A 10 min static PET acquisition
was then performed after a 60 min resting period. After
the correction with attenuation factors obtained from
the transmission scan, images were reconstructed using
a fully 3D iterative algorithm (3D-RAMLA) in a 128
x 128 x 120 matrix, with a voxel size of 1 mm®. Afler
PET acquisition, anesthetized animals were transferred
on the same bed from the PET scanner to the CT scanner
(x-ray tube voltage: 55 kVp: number of projections:
180: exposure time 1000 ms) for anatomical reference.
The CT projections were reconstructed with a voxel
size of 0.221 x 0.221 x 0.221 mm°®. Regions of Interest
(ROIs) were delineated on PET images using PMOD
software (PMOD™, version 3.403, PMOD technologies
Litd, Zurich, Switzerland). 2D ROIs were established on
consecutive transversal slices using a 50% isocontour tool
(ROI including the pixel values larger than 50% of the
maximum pixel) that semi-automatically defined a 3D
Volume of Interest (VOI) around the tissue of interest.
To avoid overestimation of the uptake within the VOI.
PET/CT fused images where used to discriminate hot
pixels coming from the neighboring tissues like urinary
bladder. Using the mean uptake within this VOI, the global
tracer uptake was assessed in tumors and expressed as
percentage of injected dose per gram of tissue (%oID/g).
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Hyperpolarized “C-MRI studies

1-°C pyruvic acid (30 pL). containing 15 mM
0OXO063 and 2.5 mM gadolinium chelate ProHance
(Bracco Diagnostics. Milano, Ttaly), was hyperpolarized
at 3.35T and 1.4K using the Hypersense DNP polarizer
(Oxford Instruments. Abingdon, UK) according to
the manufacturer’s instructions. After 60-90 min, the
hyperpolarized sample was rapidly dissolved in 4.5 mL
of a superheated alkaline buffer that consisted of 50 mM
Tris(thydroxymethyaminomethane. 75 mM NaOH,
and 100 mg/L ethylenediaminetetraacetic acid. The
hyperpolarized 1-"C pyruvate solution (96 mM) was
intravenously injected through a catheter placed in the tail
vein of the mouse (12 pL/g body weight). Hyperpolarized
“C MRI studies were performed on a 3T scanner (MR
Solutions, Guildford, UK) using a home-built "C solenoid
leg coil. After the rapid injection of hyperpolarized 1-°C
pyruvate, spectra were acquired every second for 240
seconds using a single pulse sequence. Data were analyzed
in a model free approach using the lactate/pyruvate ratio,
calculated from the areas under the curves of the 1-°C
lactate peak and the 1-"C pyruvate peak [15].

Statistical analysis

Analysis was performed using the GraphPad Prism
7 software. Results are expressed as means value of
parameter = SEM. All statistical tests were two-sided.
Paired t-test was used to compare mean changes between
groups (baseline vs. post-treatment) for each tumor model,
and unpaired t-test was used to compare mean changes
between the two tumor models. Results with P < 0.05
(*), <0.01 (**), or <0.001 (***) were considered to be
statistically significant.
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Multi-modality imaging to assess

metabolic response to

dichloroacetate treatment in tumor models

SUPPLEMENTARY FIGURES
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3. Characterization of metabolic behavior in tumors using imaging

biomarkers

3.1. Impact of oxygenation status on **F-FDG uptake in tumors

The increase in tumor oxygenation
under carbogen breathing induces a decrease in the uptake

of [*®F]-fluoro-deoxy-glucose
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significant drop in '®F-FDG uptake under carbogen breathing that suggests a rapid metabolic adaptation
to the oxygen environment.
© 2015 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 116 (2015) 400-403

Hypoxia is known as a major factor in tumor progression,
metastasis and response to treatment, especially radiotherapy. It
is well established that glucose transporters (GLUTs) are upregu-
lated by chronic hypoxia [1]. As a consequence, it has been
suggested that high ['®F]-fluoro-deoxy-glucose ('®F-FDG) uptake
measured by Positron Emission Tomography (PET) may reflect
the level of tumor hypoxia. Nevertheless conflicting results were
reported and the debate is still ongoing [2]. Indeed, in tumors, high
'SE-FDG uptake can also arise under non-hypoxic condition
through a process known as aerobic glycolysis or Warburg effect
[2,3]. The objectives of the present study were twofold: (1) to
assess the link between '®F-FDG uptake and tumor oxygenation
by comparing micro-PET data with Electron Paramagnetic
Resonance (EPR) oximetry that provides absolute pO, measure-
ments [4,5]; (2) to assess the influence of rapid changes in tumor
oxygenation on the uptake of '®F-FDG using different oxic condi-
tions (carbogen or air breathing). The study was carried out in
two different tumor xenografts, MDA-MB-231 and SiHa models
selected according to their glycolytic [3] and oxidative [6] behavior
respectively.

“ This work has been presented in part at the 42nd Meeting of the International
Society on Oxygen Transport to Tissue (ISOTT), June 28-July 3, 2014, London, UK.
* Corresponding author at: Biomedical Magnetic Resonance Unit - REMA,
Louvain Drug Research Institute (LDRI), Université catholique de Louvain, Avenue
Mounier, 73.08, B-1200 Brussels, Belgium.
E-mail address: bernard.gallez@uclouvain.be (B. Gallez).

http://dx.doi.org/10.1016/j.radonc.2015.04.023
0167-8140/© 2015 Elsevier Ireland Ltd. All rights reserved.

Materials and methods

Animal and tumor models

A total of 107 MDA-MB-231 cells (ATCC) or 107 SiHa cells
(ATCC), amplified in vitro, were collected by trypsinization, washed
three times with Hanks balanced salt solution and resuspended in
200 pL of a 1:1 mixture of Matrigel (BD Biosciences) and Hanks
balanced salt solution. The tumor cells were inoculated subcuta-
neously into the hind thigh of nude NMRI female mice (Janvier).
The experiments were performed when tumors reached 7 mm in
diameter to limit partial volume effects (at this tumor size, necrosis
was less than 5% at this stage of development as characterized by
Hematoxylin Eosin staining). A total of 16 MDA-MB-231 tumors
and 12 SiHa tumors were used in the study.

Experimental design

Mice were fasted overnight before the measurements. Animals
were anesthetized by inhalation of isoflurane (Forene, Abbot,
England) mixed with either air (21% oxygen) or carbogen (5%
C0,/95% oxygen), depending on the breathing condition tested,
in a continuous flow (2 L/min). Animals were warmed (approxi-
mately 35°C) throughout the anesthesia period. Mice were
scanned twice for the breathing challenge, air versus carbogen
breathing, with one day between each condition (crossed condi-
tions tested). The protocol is summarized in Supplementary
Fig. 1. For each breathing condition, EPR measurements were
performed before PET imaging in the same animals.
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EPR oximetry

In vivo tumor pO, was monitored by EPR spectroscopy using
charcoal as the oxygen-sensitive probe [4,5]. EPR spectra were
recorded using a 1.1 GHz EPR spectrometer (Magnettech, Berlin,
Germany). According to calibration curves made by measuring
the EPR line width as a function of the pO, [7], the EPR spectra line
width was converted to pO,. A charcoal suspension (100 mg/mL)
was injected intratumorally (60 pl) 24 h before experiments. For
EPR readings, the tumor under study was placed in the center of
the extended loop resonator whose sensitive volume extends
1 c¢m into the tumor mass. The pO, measurements correspond to
an average of pO, values in the tumor volume. For air condition,
basal measurements were performed. For carbogen condition,
pO; measurements were started after a 10 min inhalation period.

PET/CT imaging

Whole-body PET imaging was performed on a dedicated
small-animal PET scanner (Mosaic, Philips Medical Systems,
Cleveland, USA) with a spatial resolution of 2.5 mm (FWHM). The
PET scans were followed by whole-body acquisitions using a
helical CT scanner (NanoSPECT/CT Small Animal Imager, Bioscan
Inc., DC, USA). For each breathing condition, anesthetized mice
were injected 120 pl intraperitoneally with 300-400 pCi of
'8E-FDG (Betaplus Pharma, Brussels, Belgium). A 10 min transmis-
sion scan was first obtained in a single mode using a 370 MBq '*’Cs
source for attenuation correction. A 10 min static PET acquisition
was then performed after a 60 min resting period. After the correc-
tion with attenuation factors obtained from the transmission scan,
images were reconstructed using a fully 3D iterative algorithm
(3D-RAMLA) in a 128 x 128 x 120 matrix, with a voxel size of
1 mm?. After PET acquisition, anesthetized animals were trans-
ferred on the same bed from the PET scanner to the CT scanner
(X-ray tube voltage: 55 kVp; number of projections: 180; exposure
time 1000 ms) for anatomical reference. The CT projections were
reconstructed with a voxel size of 0.221 x 0.221 x 0.221 mm>,
Regions of Interest (ROIs) were delineated on PET images using
PMOD software (PMOD™, version 3.403, PMOD technologies Ltd,

Zurich, Switzerland). 2D ROIs were established on consecutive
transversal slices using a 50% isocontour tool (ROI including the
pixel values larger than 50% of the maximum pixel) that
semi-automatically defined a 3D Volume of Interest (VOI) around
the tissue of interest. To avoid overestimation of the uptake within
the VOI, PET/CT fused images where used to discriminate hot pixels
coming from the neighboring tissues like urinary bladder. Using
the mean uptake within this VOI, the global tracer uptake was
assessed in tumors and expressed as percentage of injected dose
per gram of tissue (%ID/g).

Statistics analysis

Paired t-tests were used to compare mean changes between
groups (air vs. carbogen) for each tumor model and non-paired
t-tests were used to compare mean changes between the two
tumor models. Analysis was performed using the Graphpad soft-
ware, Results were expressed as mean value of parameter + SEM.
For all tests, results with P <0.05 (*),<0.01 (**), or <0.001 (***) were
considered significant. The scatter plots of measured pO; as a func-
tion of %ID/g were traced using data from all tumors of both
groups. The process of finding the best fit was done by using
CurveExpert software (version 1.4).

Results

The pO, values and the '®F-FDG uptake (%ID/g) measured in both
tumor models under both breathing conditions are presented in
Fig. 1. In both tumor models, we found that carbogen breathing
led to a significant increase in tumor oxygenation and a significant
decrease in the uptake of '®F-FDG. Basal measured pO,
(mean + SEM) were 3.8 + 0.2 mmHg for MDA-MB-231 tumors and
4,9+03 mmHg for SiHa tumors. Under carbogen breathing,
MDA-MB-231 and SiHa tumors reached pO, around 9.9+
0.95 mmHg and 16.0 + 2.3 mmHg respectively. ¥ID/g measured on
PET images (mean*SEM) were 2.47+0.09 under air and
1.98 + 0.07 under carbogen for MDA-MB-231 tumors (n = 16) and
2.52+0.12 under air and 1.98 +0.08 under carbogen for SiHa
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Fig. 1. pO; and '®F-FDG uptake under air and carbogen breathing in MDA-MB-231 tumors (upper row) and SiHa tumors (lower row). A significant change of pO, was
observed during the breathing challenge for each tumor model (A and C). A lower uptake of '"®*F-FDG was observed under hyperoxic conditions compared to normoxic

conditions in both tumor models (B and D).
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model is highly glycolytic [3] compared to the SiHa model that
possess an oxidative phenotype [6].

'8E-FDG PET is a widespread technology approved in clinical
practice for cancer diagnosis, staging and treatment monitoring.
Beyond these applications, it has been suggested in the literature
that '®F-FDG uptake could also indirectly reflect the oxygenation
status of tumors, a major factor involved in resistance to radiation
therapy. This assertion has already been discussed in several stud-
ies providing discordant results [12-21]. Here, we found in both
tumor models an inverse relationship between 'F-FDG uptake
and pO, values, a behavior that is rather comparable to what has
been found with several nitroimidazoles such as EF; [22] and
'8E-FAZA [23). Our present findings are consistent with the study
of Christian et al. that showed that the 'F-FDG uptake was higher
under severe hypoxia compared to normoxic conditions [21].
However, this trend was found only when considering results on
the whole tumor. Indeed, Christian et al. also found that the corre-
lation at the microscopic level was poor when considering the
co-localization of 'SF-FDG uptake and of the nitroimidazole
'4C-EF3. Nevertheless, other studies have established a positive

402 Tumor oxygenation and "*F-FDG uptake
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Fig. 2. Relationship between '*F-FDG uptake and pO, values during air (filled
symbol) and carbogen breathing (open symbol) presented as a non-linear fit for
MDA-MB-231 (red line), SiHa (blue line), and pooled data (black line). The '*F-FDG
uptake was higher in hypoxic tumors compared to tumors with pO, larger than
10 mmHg. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

tumors (n=12). Similar results were found by expressing the
'SE_-FDG uptake as SUV. Fig. 2 shows the relationship between
'8E-FDG uptake and pO, measurements obtained from individual
tumors (mice breathing air or carbogen). According to CurveExpert
software, the best fit were y=1.84e"%/*y—178¢'%/
y = 1.87¢"%/* for MDA-MB-231, SiHa, and pooled data, respectively.
In both tumor models, the '®F-FDG uptake was higher in tumors
with a pO, value inferior to 10 mmHg.

Discussion

In this study, the experimental design was built as a dynamic
follow-up of the tumors during a breathing challenge to determine
the correlation between global '*F-FDG PET uptake and pO, values
for each tumor tested under different breathing conditions.
Carbogen breathing influences several physiological parameters
in tumors like oxygenation status, blood flow, extracellular pH,
proliferation and energy status [8-11], changes described as
tumor-dependent. In this study, carbogen has been investigated
as a modulator of hypoxia in the two tumor models and pO, vari-
ation has been assessed by EPR oximetry. To our knowledge, it is
the first time that EPR, a highly sensitive method to measure pO;
values in vivo [7], has been associated to global '®F-FDG uptake
measurement in vivo. A higher '®F-FDG uptake has been found in
tumors with a pO, value inferior to 10 mmHg, a status encountered
at the basal level (air breathing) in most tumors belonging to both
tumor models. This observation could be consistent with the
upregulation of the expression of glucose transporters and
glycolytic enzymes that are associated with hypoxia. However,
we also found that the uptake of '®F-FDG was lower after a short
period of carbogen breathing. This observation emphasizes that
the tracer uptake is not only dependent on transcriptional changes
(like glucose transporters GLUTSs). It also most likely relies on the
rapid adaptation of the tumor cell metabolism when oxygen
became available, a phenomenon known as the Pasteur Effect.
This was true for both tumor models although their metabolic phe-
notype characterized in vitro indicate that the MDA-MB-231 tumor

correlation between '®F-FDG uptake and hypoxia using regional
[24] or pixel by pixel analysis [25]. As commented by Pugachev
and co-workers, the use of a thick section for autoradiography in
Christian et al. study could explain the poor correlation reported
[26]).

Therefore, there is a need to take cautiously any relationship
between oxygenation status and '®F-FDG uptake, as the latter is
dependent on other factors than oxygenation. Overall, our results
highlight the rapid plasticity of the tumor cells to adapt their meta-
bolism to the oxygen environment.

Conclusion

In conclusion, our longitudinal study demonstrates a rapid
metabolic adaptation during the carbogen challenge in both tumor
models investigated according to the significant drop of '*F-FDG
uptake under carbogen breathing compared to air breathing.
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Supplementary Fig. 1: Experimental design built as a dynamic follow-up of the tumors
during a breathing challenge. Mice were scanned twice for the breathing challenge, air
versus carbogen breathing, with one day between each condition. Crossed conditions were
tested for the breathing challenge and the animal cohort was divided in 2 groups. Condition
Day 1 air/Day 2 carbogen was tested in 8 MDA-MB-231 and 6 SiHa tumors. Condition
Day 1 carbogen/Day 2 air was tested in the remaining 8 MDA-MB-231 and 6 SiHa tumors.
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Multimodality Imaging Identifies
Distinct Metabolic Profiles In Vitro
and In Vivo'

Abstract

The study of alterations of tumor metabolism should allow the identification of new targets for innovative anticancer
strategies. Metabolic alterations are generally established in vitro, and conclusions are often extrapolated to the in vivo
situation without further tumor metabolic phenotyping. To highlight the key role of microenvironment on tumor
metabolism, we studied the response of glycolytic and oxidative tumor models to metabolic modulations /n vitro and
in vivo. MDA-MB-231 and SiHa tumor models, characterized in vitro as glycolytic and oxidative, respectively, were
studied. Theoretically, when passing from a hypoxic state to an oxygenated state, a Warburg phenotype should
conserve a glycolytic metabolism, whereas an oxidative phenotype should switch from glycolytic to oxidative
metabolism (Pasteur effect). This challenge was applied /n vitro and in vivo to evaluate the impact of different oxic
conditions on glucose metabolism. '®F-fluorodeoxyglucose uptake, lactate production, tumor oxygenation, and
metabolic fluxes were monitored in vivo using positron emission tomography, microdialysis, electron paramagnetic
resonance imaging, and '*C-hyperpolarizated magnetic resonance spectroscopy, respectively. /n vitro, MDAMB-231
cells were glycolytic under both hypoxic and oxygenated conditions, whereas SiHa cells underwent a metabolic shift
after reoxygenation. On the contrary, in vivo, the increase in tumor oxygenation (induced by carbogen challenge) led to
a similar metabolic shift in glucose metabolism in both tumor models. The major discardance in metabolic patterns
observed in vitro and in vivo highlights that any extrapolation of /n vitro metabalic profiling to the in vivo situation should
be taken cautiously and that metabolic phenotyping using molecular imaging is mandatory /n vivo.
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Introduction

Enhanced glycolysis has for a long time been recognized as a common
metabolic feature of cancer [1-3]. Owo Warburg identified in the
1920s the presence of a faster glycolytic flux in tumor cells [4],
characterized by a high glucose uprake and increased lactate
production even in the presence of oxygen. Despite a limited
capacity for ATP production, aerobic glycolysis confers a major
advantage to tumor cells by supporting proliferation and biomass
production [3,5,6]. During decades, the loss of coupling between
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glycolysis and oxidative phosphorylation (OXPHOS) in tumor cells
has been assigned to major mitochondrial dysfunctions [7]. However,
new evidence of oxidative activities in tumor cells has challenged this
paradigm [8-12]. Indeed, some tumor cells majorly rely on OXPHOS
for energy production, and besides the Warburg and oxidative
phenntypes, some cancer exhibits hybrid phennrypes with an acqui red
metabolic flexibility.

Tumor metabolic alterations recently emerged as enticing targets
for the development of anticancer treatments [13-16]. To identify
potential treatment strategies, the specific descriptions of biochemical
pathways and metabolic alterations are commonly carried out in
well-established tumor models via #n vitro phenotyping, which
provides specific tests that can define distinct metabolic profiles.
In vive tumor models are then generally selected based on these
in vitro characterizations and used for preclinical studies before
clinical translation. Because i vitro models do not reflect the complex
structure and the metabolic heterogeneity of tumors, numerous
factors could potentially be underestimated when translating the
models from in vitro to in vive. Vascularization, cell density,
metabolic competition, cooperation, and commensalism with host
cells could indeed contribute to the metabolic pattern exhibited by
tumor Cﬂlls.

Because some reports highlighted the potential influence of tumor
environment on metabolic profile of cancer cells [17,18], the
objective of the present study was to investigate if tumor models
differ in their metabolic phenotypes in vitro and in vive. To answer
this question, a global metabolic study was cartied out in vitro and
in vivo using prototypical tcumor models. The MDA-MB-231 human
breast cancer model and the SiHa human cervical cancer model were
selected based on a previous in vitro study describing the cell lines as
glycolytic and oxidative, respectively [19]. Glucose metabolism was
analyzed under hypoxic and oxygenated conditions. According to a
paradigm extensively applied 7n vitro, we hypothesized that when
passing from hypoxia to a better oxygenated state, a Warburg
phenotype should conserve a glycolytic behavior, whereas an oxidative
phenotype should metabolically switch from glycolysis to OXPHOS
(Pasteur effect). Advanced imaging techniques including positron
emission mmngraphy (PET), electron paramagnetic resonance (EPR)
imaging, and "*C-hyperpolarizated magnetic resonance spectroscopy
(MRS) were used to characterize the metabolic phenotype in vivo.
Our results identified major discordances between metabolic profiles
determined in vitro and in vive, highlighting the limitations of direct
extrapolation of in vitre findings to the in vive situation.

Material and Methods

Cell Culture

MDA-MB-231 (human breast cancer) and SiHa (human cervix
squamous cell carcinoma) cell lines (American Type Culture
Collection) were routinely cultured in Dulbecco's modified Eagle's
medium containing 4.5 g/l of glucose supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin.

Metabolic Fluxes In Vitro

Glucose utilization and lactate production were measured from
supernatants of cultured cells under hypoxia or after reoxygenation.
Cells were seeded in six-well plates and incubated until 70% to 80%
confluence under hypoxic condition (1% O,). Before the initiation of
the experiment, the incubation medium was removed. Cells were

quickly washed, and medium was cha.rlged wa low—glu(;usc medium
without glutamine. The cells were returned in the incubator under
hypoxic condition. After 4 hours under hypoxia, supernatant of
cultured cells was sampled. Cells were then returned in the incubator
to remain under constant hypoxia for 24 hours or moved to acrobic
condition (21% O,) El\.lring 20 hours. At the end of the experiment, a
final sampling of supernatant was performed for each condition,
constant hypoxia or reoxygenation. The protocol is summarized in
Figure 1. The supernatants collected were deproteinized. Glucose and
lactate concentrations in samples were measured using specific
enzymatic assays on a CMAG00 microdialysis analyzer (CMA
Microdialysis AB, Solna, Sweden).

Aunimal and Tumor Models

Animal studies were undertaken in accordance with Belgian and
the Université catholique de Louvain ethical committee regulations
(agreements number UCL/2010/MD/001 and UCL/2014/MD/
026). EPR imaging and hyperpolarized '*C-MRS experiments were
carried out in compliance with the Guide for the Care and Use of
Laboratory Animal Resources (National Research Council, 1996) and
approved by the National Cancer Institute (NCI) Animal Care and
Use Committee.

To establish subcutaneous tumor models, a total of 107
MDA-MB-231 cells or 107 SiHa cells, amplified in vitro, were
collected by trypsinization, washed three times with Hanks balanced
salt solution, and resuspended in 200 pl of a 1:1 mixture of Matrigel
(BD Biosciences) and Hanks balanced salt solution. For EPR
spectroscopy, PET/compurted tomography (CT) imaging, and
microdialysis experiments, the tumor cells were inoculated subcura-
neously into the right hind thigh of nude female NMRI mice (Janvier
Le Genest-Saint-Isle, France). For EPR imaging and hyperpolarized
PC-MRS experiments, the tumor cells were inoculated subcutane-
ously into the right hind thighs of athymic nude female mice supplied
by Frederick Cancer Research Center (Animal Production, Frederick,
MD). The mice were kept under standard housing and feeding
conditions. A total of 29 MDA-MB-231 tumors and 26 SiHa tumors
were scanned of this study. All the experiments were performed when
tumors reached 7 mm in diameter.

Tumor Metabolic Fluxes

To evaluate the effect of different oxic conditions on tumor
metabolism, tumor-bearing mice were scanned twice for the
breathing challenge, air versus carbogen breathing, with 1 day
between each condition. The experimental design for in wvivo
experiments is presented in Figure 2. Animals were anesthetized by
inhalation of isoflurane (Forene, Abbot, England) mixed with either
air (21% oxygen) or carbogen (5% CO,/95% oxygen), depending on
the breathing condition tested, in a continuous flow (2 l/min).
Animals were warmed (approximately 35°C) throughout the
anesthesia period, and breathing rate was maintained at 80 + 10
breaths per minute using 1.5% to 2% isoflurane.

EPR Spectroscopy

In vive tumor pO, was monitored by EPR spectroscopy using
charcoal as the oxygen-sensitive probe [20,21]. EPR spectra were
recorded using a 1.1-GHz EPR spectrometer (Magnettech, Berlin,
Germany). According to calibration curves made by measuring the
EPR line width as a function of the pO, [22], the EPR spectra line
width was converted to pO,. A charcoal suspension (100 mg/ml) was



144 |[Results

744  Multimodality Imaging and Metaholic Profiles  Neveu et al. Neoplasia Vol. 18, No. xx, 2016
1% 0,
W 21% 0y
. 0min 4h 24h

Hypoxia

Incubation until
confluence medium

Cell seeding

!

Supernatant sampling
Hypoxia
4h

Condition 2
Reoxygenation

Incubation unil Fresh ‘
confluence medium | 0 min

Cell sceding Supematant sampling
Hypoxia

4h

f

Supematant sampling
Hypoxia
24h

Supematant sampling
Normoxia
200

Figure 1./ vitro metabolic fluxes. The impact of different oxic conditions on tumor cell metabolism was investigated.

injected intratcumorally (60 pl), and experiments were initiated 24
hours after EPR probe implantation [23]. For EPR readings, the
tumor under study was placed in the center of the extended loop
resonator whose sensitive volume extends 1 em into the rumor mass.
pO, measurements correspond to the average of pO, values in the
tumor volume under study. For air condition, basal measurements
were performed. For carbogen condition, pO; measurements were
started after a 10-minute inhalation period. Crossed conditions were
tested for the breathing challenge, the animal cohort was divided into
two groups, and the following conditions were tested: day 1 air/day 2
carbogen or day 1 carbogen/day 2 air. The derails of the protocol are
presented in Figure 24.

EPR Imaging

Tumor pO, maps were obtained under air and carbogen breathing
using an EPR imaging scanner equipped with a volume leg coil
resonator tuned to 300 MHz. After the animal was positioned prone
with the tumor-bearing leg placed inside the resonator, the EPR
oxygen probe (OXO63, GE Healthcare) was injected intravenously as
a 1.125-mmol/kg bolus through a cannula placed in the tail vein.
EPR signals were obtained following the RF excitation pulses (60
nanoseconds, 80 W, 70° flip angle) using an analog-to-digital
converter (200 megasamples/s). The repetition time was 8 microsec-
onds. The free induction decay curves were collected under a nested
loop of the x, 7 and z gradients, and cach time point in the free
induction decay curve underwent phase modulation enabling
three-dimensional (3D) spatial encoding. Anatomical reference was
obtained using a 3-T magnetic resonance imaging (MRI) scanner
(MR Solutions, Guildford, UK). The imaging protocol is detailed in
Figure 2B. Co-registration of EPR and MRI images and data analysis
were accomplished using MATLAB software (Mathworks). From the
pO, images of the tumor, pO, frequency distributions and median
tumor pO, were calculated.

PET/CT Imaging

Tumor "F-FDG uptake was assessed during the breathing
challenge using PET/CT imaging. Whole-body PET imaging was
performed on a dedicated small-animal PET scanner (Mosaic, Philips
Medical Systems, Cleveland, OH) with a spatial resolution of 2.5 mm
(full width at half maximum). The PET scans were followed by

whole-body acquisitions using a helical CT scanner (NanoSPECT/
CT Small Animal Imager, Bioscan Inc., Washington DC). For each
breathing condition, anesthetized mice were injected 120 pl
intraperitoneally with 11.1 to 14.8 MBq of '""F-FDG (Betaplus
Pharma, Brussels, Belgium). A 10-minute transmission scan was first
obtained in a single mode using a 370-MBq '?’Cs source for
attenuation correction. A 10-minute static PET acquisition was then
performed after a 60-minute resting period. After the correction with
attenuation factors obtained from the transmission scan, images were
reconstructed using a fully 3D row action maximum likelihood
algorithm in a 128 x 128 x 120 matrix, with a voxel size of 1 mm>.
After PET acquisition, anesthetized animals were transferred on the
same bed from the PET scanner to the CT scanner (x-ray tube
voltage: 55 kVp; number of projections: 180; exposure time 1000
milliseconds). The CT projections were reconstructed with a voxel size
0f0.221 x 0.221 x 0.221 mm?. The details of the imaging protocol are
presented in Figure 2. Regions of Interest (ROIs) were delineated on
fused PET/CT images using PMOD software (PMOD, version 3.403,
PMOD Technologies Ltd., Zurich, Switzerland). Two-dimensional
ROIs were established on consecutive transversal slices using a 50%
isocontour tool (ROT including the pixel values larger than 50% of the
maximum pixel) that semiautomatically defined a 3D volume of
interest (VOI) around the tissue of interest. To avoid overestimation of
the uptake within the VOI, PET/CT fused images where used to
discriminate hot pixels coming from the neighboring tissues like urinary
bladder. Using the mean uptake within this VOI, the global tracer
uprake was assessed in tumors and expressed as percentage of injecred
dose per gram of tissue (%1D/g). Crossed conditions were tested for the
breathing challenge, the animal cohort was divided into two groups, and
the following conditions were tested: day 1 air/day 2 carbogen or day 1
carbogen/day 2 air.

Microdialysis

For the evaluation of tumor extracellular lactate content during the
breathing challenge, we used microdialysis with a 6000-Da cutoff
probe (Aurora Borealis) and a saline solution flux of 1 pl/min. Two
probes were inserted per tumor under anesthesia 30 minutes before
the collection of dialysates. Three baseline samplings were performed
under air breathing. Then, the breathing gas was shifted to carbogen,
and sampling was initiated after a 10-minute equilibration period
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Figure 2. Experimental design built as a dynamic follow-up of the tumors during a breathing challenge. Tumor-bearing mice were scanned
twice for the breathing challenge, air (light gray) versus carbogen (dark gray) breathing, with 1 day between each condition. Animals were
anesthetized by inhalation of isoflurane mixed with either air (21% O,) or carbogen (95% 0,/56% CO,), depending on the breathing
condition tested, in a continuous flow (2 I/min). Animals were warmed (approximately 35°C) throughout the anesthesia period. Anesthesia
period is indicated by black lines. Breathing conditions are represented by light gray and dark gray shaded area for air and carbogen,
respectively. (A) EPR spectroscopy and PET scan experiments. Crossed conditions were tested (conditions tested: day 1 air/day 2
carbogen or day 1 carbogen/day 2 air). (B) EPR imaging. (C) Microdialysis experiments. (D) Hyperpolarized '*C-MRS studies.

during 90 minutes. The lactate concentration in dialysates was
determined using specific enzymatic assays on a CMA600 microdialysis
analyzer (CMA Microdialysis AB, Solna, Sweden). The experimental
design is displayed in Figure 2C.

Hyperpolarized *>C-MRS Studies

1-'7C pyruvic acid (30 pl), containing 15 mM OXOG63 and
2.5 mM gadolinium chelate ProHance (Bracco Diagnostics, Milano,
Italy), was hyperpolarized at 3.35 T and 1.4 K using the Hypersense
DNP polarizer (Oxford Instruments, Abingdon, UK) accurding ©

the manufacturer's instructions. After 60 to 90 minutes, the
hyperpolarized sample was rapidly dissolved in 4.5 ml of a
superheated alkaline buffer that consisted of 50 mM Tris(hydrox-
ymethyl) aminomethane, 75 mM NaOH, and 100 mg/l of
ethylenediaminetetraacetic acid. The hyperpolarized 1-'?C pyruvate
solution (96 mM) was intravenously injected through a catheter
placed in the tail vein of the mouse (12 ul/g body we:igh[).
Hyperpolarized '*C-MRS studies were performed on a 3-T scanner
(MR Solutions, Guildford, UK). A home-built 3¢ solenoid leg coil
17.5 mm in diameter and 18.5 mm in length was used to closely
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Figure 3. Metabolic behavior of MDA-MB-231 and SiHa cells under hypoxic and oxygenated conditions /in vitro. (A) Under hypoxic
condition (1% O,), MDA-MB-231 cells produce high levels of lactate compared with SiHa cells. Under oxygenated condition (21% O),
MDA-MB-231 cells maintained their glycolytic behavior. Data are expressed as means + SEM. Unpaired tests were two-sided. (B) Effect
of reoxygenation on lactate production and on glucose utilization in MDA-MB-231 cells and SiHa cells in vitro. SiHa cells are more
sensitive to reoxygenation than MDA-MB-231 cells. Data are expressed as means + SEM. Paired tests were two-sided.

conform to the size of the tumors upon measurement. After the rapid
injection of hyperpolarized 1-'>C pyruvate, spectra were acquired
every second for 240 seconds using a single pulse sequence. Data were
analyzed in a model-free approach using the lactate/pyruvate ratio,
calculated from the areas under the curves of the 1-">C lactate peak
and the 1-"*C pyruvate peak [24]. Additional derails about the
experimental design are presented in Figure 2D.

Statistical Analysis

Analysis was performed using the GraphPad Prism 6 software.
Results are expressed as means value of parameter + SEM. All
statistical tests were two-sided. Paired ¢ test was used to compare
mean changes between groups (air versus carbogen) for each tumor
model, and unpaired # test was used to compare mean changes
between the two tumor models. Results with 2 < .05 (*), <.01 (**),
or <.001 (***) were considered to be statistically significant.

Results

In Vitro, MDA-MB-231 Cells Exhibit a Glycolytic Behavior
Even After Reoxygenation, Whereas SiHa Cells Are Oxidative
Under Oxygenated Condition

To assess the impact of different oxic conditions on tumor
metabolism, we first evaluated the cellular metabolic fluxes under
hypoxic and oxygenated conditions. Cells were kept during 4 hours
under hypoxia (1% O,) before undergoing reoxygenation (21% O,) or
remaining under constant hypoxia. Glucose utilization and lactate
production were measured during the reoxygenation period or during
the same period under hypoxia (2 = 3 per model, triplicates) (Figure 3).

Under hypoxic condition (Figure 34, 1% O,), MDA-MB-231 cells
produced high levels of lactate (5.76 + 0.26 mM) compared with SiHa
cells (3.93 + 0.29 mM) (P < .001), but similar glucose consumption
was measured in MDA-MB-231 cells (2.80 + 0.43 mM) and SiHa cells
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Figure 4. Effect of a breathing challenge on tumor oxygenation in vivo. These results show that hypoxic and oxygenated conditions are
achieved under air and carbogen breathing, respectively, in MDA-MB-231 and SiHa tumors. (A) Changes of mean pO, under air and
carbogen breathing measured by EPR spectroscopy. Data are expressed as means + SEM. Paired tests were two-sided. (B) pO,
frequency distributions in MDA-MB-231 and SiHa tumors as measured on EPR oxygen images. Lines indicated median pO, values for the

collected data. (C) Representative EPR oxygen images of MDA-MB-23
EPR imaging. Region of interest was drawn on the tumor zone.

(2.07 + 0.43 mM) (P =.2416). Under oxygenated condition
(Figure 34, 21% O,), glucose utilization was significantly different
(P = .0034) between for MDA-MB-231 cells (2.55 + 0.11 mM)
and SiHa cells (1.14 + 0.39 mM). Also, MDA-MB-231 cells
produced more lactate (3.65 + 0.22 mM) than SiHa cells (1.25 +
0.17 mM) (2 < .001).

To highlight a metabolic shift under different oxic conditions, we
compared the metabolic fluxes of each cell line under hypoxic and
oxygenated conditions (Figure 3B). By evaluating the variation of
glucose utilization or lactate production under hypoxic and oxygenated
conditions in each cell line, we noted that the reoxygenation majorly
impacted SiHa compared with MDA-MB-231 cell metabolism.
Indeed, for lactate production, MDA-MB-231 cells exhibit a decrease
of 37% (P < .001) compared with a decrease of 68% observed in SiHa
cells (P < .001). Glucose utilization was slightly but not significantly
decreased by 9% in MDA-MB-231 cells (P = .5710) and by 45% in
SiHa cells (P = .1300).

Even after reoxygenation, MDA-MB-231 cells remained more
glycolytic than SiHa cells. Our results are consistent with previous
phenotyping studies reporting MDA-MB-231 and SiHa cells as
Warburg [19,25] and oxidative, respectively [19,26].

1 and SiHa tumors obtained under air and carbogen breathing using

MDA-MB-231 and SiHa Tumors Are Hypoxic Under Air
Breathing and Are Reoxygenated Under Carbogen Breathing
To evaluate the metabolic behavior of these tumor cells in vivo, we
designed experiments to study the global metabolism ir vivo before and
after reoxygenation induced by carbogen breathing. By changing O,
availability in the tumor during the breathing challenge, we expected to
achieve a hypoxic versus better oxygenated status in the models, thus
mimicking the hypoxic versus oxygenated conditions tested in vitro.
In Figure 4, the effects of the breathing challenge on oxygenation
were evaluated by EPR oximetry. Oxygenation increased after
carbogen breathing in MDA-MB-231 ( = 16, P <.001) and in
SiHa (7 = 12, P < .001) tumors (Figure. 44). Basal pO, values (air
breathing) assessed by EPR spectroscopy were 3.8 + 0.2 mm Hg for
MDA-MB-231 twmors and 4.9 + 0.3 mm Hg for SiHa tumors.
Under carbogen breathing, MDA-MB-231 and SiHa tumors reached
a p0O, of 9.9 + 0.95 mm Hg and 16.0 + 2.3 mm Hg, respectively.
These data were confirmed by EPR imaging measurements
(MDA-MB-231: n = 3; SiHa: n = 5) (Figure 4, B and C). Typical
pO, maps (Figure 4C) highlighted hypoxic tumors (pO,< 10 mm
Hg) under air breathing and a change of oxygenation after carbogen
breathing. pO, frequency distributions were generated (Figure 4B)
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Figure 5. Metabolic behavior of MDA-MB-231 and SiHa tumors under air and carbogen breathing /in vivo. The biomarkers tested were
'8E.FDG uptake, extracellular lactate content during microdialysis experiments, and the transformation of pyruvate into lactate using
hyperpolarized '*C-MRS. MDA-MB-231 and SiHa tumors exhibit the same phenotype under air (A) and also under carbogen (B) breathing.
Data are expressed as means + SEM. Unpaired tests were two-sided. The magnitude of response to the breathing challenge (variation)
(C) is identical in both models. Data are expressed as means += SEM. Unpaired tests were two-sided.

and highlighted the shift of median pO, induced by carbogen.
Median pO, shifted from 2.6 to 6.5 mm Hg in MDA-MB-231
tumors and from 2.0 to 13.7 mm Hg in SiHa tumors.

These results demonstrate that hypoxic and oxygenated conditions
are achieved under air and carbogen breathing, respectively, in both
tumor models.

In Vivo, MDA-MB-231 and SiHa Tumors Exhibit the Same
Phenotype Under Basal Condition and Under Carbogen
Breathing

To evaluate the metabolic behavior of the models in vivo, glucose
uptake, extracellular lactate content, and lactate flux were measured in

MDA-MB-231 and SiHa tumors under air (hypoxic condition) and
carbogen (oxygenated condition) breathing (Figure 5).

Under air breathing, we observed a similar glycolytic behavior in
MDA-MB-231 and in SiHa tumors, assessed by a high uptake of
'SE-FDG, high lactate content (evaluated by microdialysis), and high
lactate/pyruvate ratio (measured during hyperpolarized '*C-MRS
studies) (Figure 5A). Under carbogen breathing, there was no
appreciable difference in the metabolic profile of the two models
(Figure 5B). However, a metabolic shift was observed after
reoxygenation using carbogen in MDA-MB-231 and SiHa tumors.
As presented in Figure 6, '*F-FDG uptake was significantly reduced
in both models under carbogen (MDA: 7 = 16, P < .001; SiHa n =
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Figure 6. Representative '®F-FDG PET images showing MDA-MB-231 and SiHa tumor-bearing mice imaged under air and carbogen
breathing. Tumors are indicated by thin arrows. '®F-FDG uptake is expressed in %ID/g. Images were normalized. '®F-FDG uptake drops

after carbogen breathing in MDA-MB-231 and SiHa tumors.

12, P <.001). The extracellular lactate content in tumors signiﬁ-
cantly decreased under carbogen (MDA: 7 = 4, P = .0162; SiHa
n =4, P =.0021). This metabolic shift was also noted by measuring
the conversion of pyruvate to lactate in the models (Figure 7) but did
not reach a statistical .signiﬁcancc (MDA: n = 6, P =.0652; SiHa
n =15, P=.3913). We also evaluated the magnitude of response to
the breathing challenge by measuring the variation of these biomarkers
between air and carbogen breathing conditions (Figure 5C). According to

ior between

all the biomarkers tested, there was no difference in beha
MDA-MB-231 and SiHa tumors during the breathing challenge
(P> .05).

Together, the results obtained in vivo indicate that the
MDA-MB-231 tumors do not appear more glycolytic than SiHa
tumors, both models exhibiting the same metabolic behavior under

the different conditions tested.

Discussion

This study emphasizes a major limitation of describing the metabolic
phenotype of tumors based on the in vitro studies solely. By
evaluating glucose metabolism under different oxic conditions in two
well-established glycolytic and oxidative tumor cell models, we
challenged the Warburg and Pasteur effects, respectively. In the
Warburg cellular model, in which metabolism is O-independent, we

expected to preserve high rate of glycolysis even in the presence of
oxygen, whereas in the oxidative cellular model, in which metabolism
is sensitive to O,, we expected to observe a switch from glycolysis to
OXPHOS in the presence of a large amount of O relative to baseline.
This paradigm, extensively applied in vitro, has to our knowledge
never been applied so far in vivo. By applying protocols with hypoxic
and oxygenated conditions in vitro and in vive, we identified a major
difference in the metabolic behavior between both experimental
conditions. In wvitro, MDA-MB-231 cells kept their glycolytic
metabolism even after reoxygenation (typical of a Warburg
phenotype). On the contrary, SiHa cells shifted to an oxidative
metabolism when oxygen became available, which is consistent with a
Pasteur effect (Figure 3). The metabolic behavior was dramatically

different 7 vivo for both tumor models: MDA-MB-231 tumors and
SiHa tumors exhibited the same phenotype under hypoxia, and no
difference was observed between both tumor models after reoxygen-
ation induced by the carbogen breathing (Figure 5). These results
highlight that the tumor microenvironment could be as important as
the (epi)genetic profile to shape the tumor phenotype.

Our work extends recent efforts highlighting the limitation of
in vitro studies to truly reflect the complex tumor behavior. Even if
the microenvironment has already been presented as a decisive
parameter determining the metabolic phenotype of tumors
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Figure 7. Typical '>*C-MRS spectra from representative MDA-MB-231 tumors and SiHa tumors and corresponding 'H anatomical images.
Lactate production, measured by the Lac/Pyr ratio, is reduced in MDA-MB-231 and SiHa tumors after carbogen breathing: pyruvate (173

ppm), lactate (185 ppm) peaks, and pyruvate hydrate (181 ppm).

[13,27,28], research has extensively focused on genetic and epigenetic
alterations in cancer, and only a few studies have addressed the
influence of the in vivo environment on the tumor metabolism.
Davidson and colleagues recently investigated tissue metabolites from
non—small cell lung tumors after the infusion of [U- l"C]glucase and
lU-”Cngurszine in mice [18]. Although lung cancer cells exhibited
minor glucose oxidation in wvitro, they established that glucose
oxidation was required for tumor growth in vivo. Also, these authors
identified a limited glutamine metabolism in lung tumor in vive
compared with lung cancer cells in vitro and suggested lactate as
another preferred source of carbon in lung tumors. They also assessed
that transplanted tumors exhibit a phenotype more similar to
spontaneous lung tumors in mice compared with tumor cells in
culture, highlighting the importance of model selection. In another
recent study of Hensley and coworkers [17], metabolic activities
related to perfusion were studied in human lung tumors based on
multimodality imaging and '*C-glucose infusions. Poorly perfused areas,
assessed by dynamic contrast-enhanced MRI, exhibited higher glucose
metabolism compared with well perfused areas that preferentially relied
on alternative fuels. Both these studies performed in lung cancer were
able to identify common metabolic features in preclinical models and in
patients, showing minimal resemblance with in vitro characterization.

Our present work adds to these studies in several ways. First, we
showed that tumor cell models exhibit distinct metabolic behaviors
in vitro but present the same behavior in vive as attested by a
multimodality imaging study. Although we reproduced similar

experimental conditions in vitro and in vivo, we assessed that the
paradigm, extensively applied i vitro, did not recapitulate the in vivo
behavior of these models. The results observed in vivo could not be
attributed to the impact of anesthesia on tumor hemodynamics as it
was demonstrated previously that isoflurane had negligible effect on
both tumor perfusion and oxygenation [29]. Also, the measurement
repeatability was demonstrated during EPR spectroscopy and PET
scan experiments. Indeed, crossed conditions were tested for the
breathing challenge, and no difference was observed between the two
subgroups in the animal cohort. Second, we assessed the occurrence
of a rapid metabolic adaptation after carbogen breathing in vivo in
both models. Carbogen breathing had a significant impact on
"E-FDG uptake and lactate content (Figure 5). This demonstrates
the rapid plasticity of tumor cells to adapt their metabolism to the
oxygen environment, a phenomenon known as the Pasteur effect. As
already suggested by other studies [30,31], our data support that
careful experimental protocol optimization is required for metabolic
studies, likewise breathing conditions. However, regardless of the
breathing gas used, the evaluation of tumor oxygenation in parallel to
tumor metabolism studies would undoubtedly improve tumor
phenotyping research. Third, the advanced imaging technologies
used in the present study represent relevant tools for tumor metabolic
phenotyping in vivo. "*F-FDG PET scan is a widespread technology
already used in clinical routine, and hyperpolarized '*C-MRI is an
emerging technology that was recently introduced in clinical research
[32]. Our data suggest that molecular imaging techniques could
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represent a powerful tool to identify merabolic alterations in patients
and may be used as relevant biomarkers to guide treatments targeting
tumor metabolism.

However, our study presents some limitations that should be
addressed. First, host cells and tumor microenvironment could be
involved in the divergence of metabolic metabolism between in vitro
and in vivo studies. In our study, the metabolic profile was established
in vive considering results on the whole tumor. Using a global
measurement of the tumor mass, we were not able to discriminate
between host cell metabolism and cancer cell metabolism. Further
investigations using co-culture models under different culture
conditions should be considered to determine the role of host cell
in metabolic profile measurements as well as the impact of nutrient
availability, oxygenation, and acidification on tumor metabolism.
Second, xenografts using immortalized cell lines represent the
majority of the rumor models investigated due to their casy use.
Nevertheless, this approach does not always correlate with clinical
outcomes in patients, as the generation of cancer cell lines could
majorly alter biologic and genetic properties and cause the loss of
specific cell population. Third, the use of immunodeficient animals
provides a less realistic tumor microenvironment. Therefore, it would
be important to further explore primary cell cultures implanted in
immunocompetent animals. Finally, comparative study involving
different implantations such as subcutaneous or orthotopic should be
considered.

In conclusion, our metabolic study identified distinct metabolic
behaviors of two well-established tumor models in vitro and in vive.
Results suggest that there is a need to take cautiously any
extrapolation of in vitro characterization to the in vivo situation.
Implanted tumors and spontaneous cancer models should be
preferred ro identify relevant metabolic alterations within the milieu
of the tumor microenvironment. When well-established tumor cell
models are translated iz wive, additional phenotyping should be
considered and could be achieved by using clinically relevant
biomarkers like "*F-FDG PET scan and hyperpolarized '*C-MRI.
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1. Specific aims and principal findings

The first objective of the study was to assess the metabolic effects of
dichloroacetate (DCA) in tumors presenting different metabolic profiles. For
this purpose, DCA effects were evaluated in terms of oxygen consumption,
glucose uptake and lactate production measurements using advanced
molecular imaging technologies.

Two different tumor xenografts were used. MDA-MB-231 and SiHa tumor
models were selected according to their glycolytic (Gatenby, 2004) (De
Preter, 2016) and oxidative (Sonveaux, 2008) (De Preter, 2016) behavior

respectively.

While the effects of DCA on oxygen consumption have been extensively
explored in vitro, this has never been investigated in vivo to our knowledge.
Our strategy was to consider this key parameter in order to fully
characterize the effects of this drug on tumor glucose metabolism. We
decided to apply in tumors a direct measurement of the oxygen consumption
using 1’0 NMR. First, in order to validate the potential of O NMR method
to reveal variations of O, consumption rate in tumors, we evaluated the
impact of mild hypothermia on oxygen consumption rate in the murine
fibrosarcoma FSAIl tumor model. Tumor oxygenation, assessed by EPR
oximetry measurements, was progressively decreased after hypothermia
induction compared to animals kept under normothermic condition. This
changed in tumor pO, was demonstrated to result from a drop in oxygen

consumption rate, as revealed by *’O NMR measurements.

As 'O NMR technique was able to monitor the impact of hypometabolism

induction in tumors, we applied this technique with *®F-FDG PET scans and



158 |Discussion and perspectives

hyperpolarized **C-pyruvate NMR experiments to explore the effects of
DCA in the glycolytic MDA-MB-231 tumor model and the oxidative SiHa
tumor models. While a previous in vitro study revealed that metabolism of
glycolytic MDA-MB-231 cells was dramatically affected by DCA treatment
compared to oxidative SiHa cells (De Preter, 2016), we were surprised to
see that both tumor models were unaffected by DCA treatment in vivo, as
oxygen consumption, glucose uptake and lactate production remained
unchanged. So contrarily to our first assumptions, glycolytic tumors did not
appear more impacted than oxidative tumors and DCA treatment failed to

induce a metabolic shift in the tumor models tested in vivo.

Given this major discordance in metabolic response to DCA observed in
vitro and in vivo, we decided to investigate if the tumor models under study
could differ in their metabolic phenotypes in vitro and in vivo. The
paradigm that we used to study the metabolic behaviors of a Warburg
phenotype and an oxidative phenotype was the following: the global
metabolic status was studied before and after a transient tumor hyperoxia.
When passing from a hypoxic state to an oxygenated state, a Warburg
phenotype should not modify its consumption in oxygen and in glucose and
will continue to produce lactate. On the contrary, an oxidative phenotype
should metabolically switch to higher oxygen consumption, lower glucose
consumption with a decrease in lactate production in favor of an increase in
CO2/carbonate production. While this paradigm is obvious and has been
extensively applied in vitro, it was never applied so far in vivo. In vitro,
MDA-MB-231 cells were glycolytic under both hypoxic and oxygenated
conditions, whereas SiHa cells underwent a metabolic shift after

reoxygenation. This observation was consistent with previous
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characterizations of the cell lines. In vivo, PET, EPR oximetry,
microdialysis and *C-hyperpolarizated NMR were used to characterize the
metabolic phenotype in the tumor models. The same animals were scanned
twice during a breathing challenge. As validated by EPR oximetry, we
achieved a hypoxic versus better oxygenated status in the models under air
and carbogen breathing respectively. We found that both tumor models
decreased their glucose uptake and lactate production under carbogen
breathing but above all, we were not able to discriminate the behavior of
these tumor models. Here again, we highlighted that the tumor models under
study exhibited distinct metabolic behaviors under in vitro and in vivo

conditions.

Consequently, our study reveals major discordances between in vitro and in
vivo metabolic behaviors, highlighting limitations of direct translation of in
vitro discoveries to the in vivo context. Also, our study challenges leading
paradigms in the field of tumor metabolism, such as the Pasteur effect and
the Warburg effect.
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2. Important issues and challenges arising from this study

As we were investigating the effects of dichloroacetate in 2 well-described
tumor models using molecular imaging in vivo, central questions emerged.
Do tumor models and corresponding tumor cell models exhibit the same
metabolic phenotype? Can imaging biomarkers reflect the in vitro
phenotyping of tumor models? Further investigations of our models using
oxygen as a metabolic modulator gave us some clues. Yes, molecular
imaging represents a key tool to characterize tumor phenotype and
metabolic modulations.  Unfortunately, we undeniably confirmed
dissimilarities between in vitro and in vivo behaviors of our tumor models.
Further investigation using other tumor models should confirm the
relevance of these findings. But above all, the factors and mechanisms
involved in the metabolic deviation between in vitro and in vivo conditions
in cancer should be explored and should be considered for cancer research
planning. The limitations of the techniques used in this study will also be
considered and the challenges remaining for translational research on

oncology will be discussed.
2.1. Challenges remaining for metabolic phenotyping

2.1.1. Tumor models and metabolic heterogeneity

In our study, in vivo models did not recapitulate the previously observed in
vitro behavior. In order to test the relevance of this finding, other tumor
models should be tested. In our study, we selected the tumor models based

on a metabolic profile study made within six human and murine cancer cell
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lines (Figure 21) (De Preter, 2016). MDA-MB-231 human breast cancer
cells exhibited low oxygen consumption rate, high glycolytic efficiency and
low intracellular ATP content, consistent with a Warburg or glycolytic
profile. On the contrary, SiHa human cervical cancer cells presented high
oxygen consumption rate, low glycolytic efficiency and high intracellular

ATP content, characteristic of an oxidative profile.
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Figure 21: Glycolytic efficiency, mitochondrial oxygen consumption rate
[mitoOCRY], intracellular ATP content and proliferation rates of six human and

murine cancer cell lines (De Preter, 2016).

A more refined strategy would be to work on cell clones only differring
from one given metabolic actor or pathway. In this case, metabolism-
independent influences, inherent to different genotypes, should be excluded.
Also, mechanisms involved in this metabolic discrepancy should be

investigated. What is the role of the local microenvironment? Is there a
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metabolic shift occurring during tumor development? To study these
hypotheses, engineered cell culture systems compatible with NMR systems,
called bioreactors, should be considered. Their ability to control parameters
such as oxygenation, flow, pH, and substrate availability to introduce
perturbations in microenvironment biologically make these systems a
biologically relevant approach. Associated with NMR, dynamic and steady
state metabolism can be monitored in real time (Keshari, 2014). Using this
approach, the same parameters and tracers could be studied with NMR in
vitro and in vivo, limiting thus the impact of confounding factors occurring
when in vitro and in vivo studies are performed with technologies relying on

different principles.

Are the host cells involved in the divergence of metabolic metabolism
between in vitro and in vivo studies? Solid tumors are made from an
assemblage of distinct cell types, including cancer cells, cancer stem cells,
immune cells, endothelial cells, pericytes and cancer-associated fibrobasts
(Figure 22) (Hanahan, 2011).
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Figure 22: Individual specialized cell types in tumor masse (Hanahan, 2011).
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Host cells generally undergo a metabolic reprogramming in tumors and a
metabolic interplay between tumor cells and host cells can occur to support
tumor expansion. For exemple, cancer cells rely on the vascular supply for
metabolic homeostasis (fuel availability and waste removal) and growth,
and endothelial cells rely on cancer cell release of pro-angiogenic signals
(Verdegem, 2014). Similarly to cancer cells, endothelial cells increase their
glycolytic rate during vessel sprouting to support cell growth and division.
Also, recent studies have demonstrated that antitumoral immune cell
populations rely on aerobic glycolysis and glutaminolysis, competing with
cancer cells for nutrients, while pro-tumoral immune cells may act in
symbiosis with cancer cells, preferring the use of metabolic waste products
of tumor cells (Wang, 2014). A metabolic interplay between cancer cells

and cancer associated fibroblast has also been described (Pavlides, 2009).

While a metabolic heterogeneity is already present in the cancer cell
population, metabolic interplay or competition can occur between cancer
cells and host cells in solid tumors. In our study, the metabolic profile was
established in vivo considering results on the whole tumor. Using a global
measurement of the tumor mass, we were not able to discriminate between
host cell metabolism and cancer cell metabolism. Unfortunately, according
to the present spatial resolution of the imaging technologies used, the
application of parametric maps is not sufficient to obtain information at the
cellular level. The use of co-culture models should be set-up to test the
interaction of cancer cells with endothelial cells, fibroblasts and immune
cells under different culture conditions (nutrient, oxygenation, acidification,

etc).
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2.1.2. Technical considerations

In this study, we exploited the capacity of molecular imaging to explore
tumor metabolism non invasively. While ®F-FDG PET is a well-known
technology that has already proven its value in the management of cancer
patients, we used two other innovative technologies, hyperpolarized **C-

MRI and 'O NMR, that still need to demonstrate their clinical relevance.

Our study demonstrated the potential of YO NMR to assess oxygen
consumption in tumor. Fast and non invasive, this direct method may
provide a unique way to study an important aspect of tumor metabolism.
Furthermore, the technique is suitable for repeated measurements and could
fit for cancer patient monitoring. Indeed, Zhu and co-workers previously
demonstrated the reliability and reproducibility of the CMRO, measurement
using O MRI technology (Zhu, 2007). As cerebral H,'’O concentration
quickly reaches a new steady state level after the cessation of a brief 'O,
inhalation, it allows repeated CMRO, measurements in the same subject and
experimental session. As hemodynamic and metabolism of cancer and
tumor tissues are drastically different, further characterization of tumor 'O,
metabolism is required to estimate how fast measurements could be
repeated in the same subject. The use of sophisticated models for
quantification including hemodynamic information, as it has already been
proposed for brain studies, should be favored. In our study, we opted for a
simplified quantification method to assess oxygen consumption in cancer.
Complex models proposed in the brain describe that the build-up of H,*'O
signal during the inhalation is tightly correlated to CMRO, (Figure 23).
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Based on this concept, we measured the slope during the linear

incorporation phase as marker of tumor oxygen consumption.
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Figure 23: Schematic diagram showing the multiple in vivo ’O measurements for
determining CMRO, based on C,(t), Cy(t) and CBF measurements.
Adapted from (Zhu, 2011)

(A) Measurement of C,(t), the H,''O concentrations in excess of the natural
abundance H,'O concentration in the arterial blood, by using an implanted 'O
RF coil (the left inset). The middle insert illustrates a 'O spectrum of natural
abundance H,*’O obtained from the rat carotid artery blood with the implanted
coil before 0, inhalation. The right insert shows the time course of Cy(t) (circle
symbol) and Cy(t) from a representative voxel (square symbol) in the same rat

during the 'O, inhalation.
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(B) Measurement of Cy(t), the H, O concentrations in excess of the natural
abundance H,""O concentration in the brain tissue. Stacked plot of the 'O spectra
of the metabolic H,*'O from the same voxel acquired before (natural abundance),
during (as indicated by the gray bar under the stacked plot) and after a 2-min 'O,
inhalation.

(C) Measurement of CBF, the cerebral blood flow. Stacked plot of the YO spectra
of cerebral H,''O tracer from one representative voxel. The spectra were acquired
before and after a bolus injection of H,''O.

The rate of H,*’O production depends on both oxygen tissue consumption
and concentration of 'O, gas in the blood. Also the total amount of H,''O
measured in a tissue will depend on 3 main processes (Atkinson, 2010)
(Zhu, 2011):

- oxygen utilization and local H,*'O production;
- blood perfusion and local H,'’O washout;

- blood flow recirculation of H,'’O produced in the body.

Adaptation of models proposed in brain studies to the tumor context should
constitute a finer approach to assess oxygen metabolism. However, the
complex vessel architecture and hemodynamic in tumors will complicate
this effort. Furthermore, given the metabolic heterogeneity in tumors,
spectroscopic imaging should be preferred to generate real oxygen
consumption maps. Associated with the proper surface coil dedicated for
superficial tumor or volume coil to assess metabolism of profound tumors,
ultra-short echo imaging sequence can be designed to follow oxygen

consumption in real time. The major restrain consist of finding the good
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balance between ultra-fast measurements with reasonable image resolution,
without signal loss (due to rapid H,'’O relaxation time decay). This can be
avoided by minimizing the delay (or echo time) between the *’O spin
excitation pulse and NMR signal sampling (Zhu, 2011).

In 2003, dissolution DNP has been successfully developed to explore *3C-
metabolites in biological systems (Ardenkjaer-Larsen, 2003). Rapidly, [1-
B3C]pyruvate has become a molecule of choice to study the metabolism of
tumor. By measuring the hyperpolarized *C label flux between pyruvate
and lactate after hyperpolarized **C-pyruvate injection, LDH activity and
lactate pool size can be rapidly assessed in various tissues (see Introduction
section 3.3.1.). After numerous studies attesting the value of hyperpolarized
[1-C]pyruvate to study tumor metabolism, this technology has been
recently translated to the clinic in prostate cancer patients (Nelson, 2013).
Although, numerous aspects are still unidentified or underestimated and
should be considered if we want this technology to progress in clinical

practice. Some of them will be examined hereafter.

Even if the technology seems to spread and is currently used in many
imaging platforms all around the world, there is actually no standardized
method for lactate labeling quantification. Different mathematical models
were presented to analyze hyperpolarized Kinetic data but numerous factors
affect the appearance of lactate labeling including (Harrison, 2012) (Hill,
2013):

- the hyperpolarized signal relaxation rates;

- the arterial input function (AIF) and delivery of the injected tracer;
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- the metabolic conversion into other metabolites;

- the pool size of metabolites;

- the transport between the intracellular and extracellular space;

- the loss of polarization due to the application of a radio-frequency

pulse.

Also, it is important to mention that lactate labeling is predominantly due to
isotope exchange rather than net chemical flux (Day, 2007) (Kettunen,
2010) (Brindle, 2011). Due to the high level of lactate present in tumor
tissues, the LDH-catalyzed reaction will rapidly come to near-chemical
equilibrium after hyperpolarized **C-pyruvate administration. This will
result in a very small conversion of pyruvate into lactate but will be
followed by the exchange of hyperpolarized *C label between the pyruvate
and lactate pools at near chemical equilibrium. In our study, we used a
simplified and fast method based on the measurement of the ratio of the
total area under the curves (AUC) of the injected tracer and the generated
metabolites, called the AUC ratio method. This technique has the advantage
to be independent on AIF (Hill, 2013). The most commonly used kinetic
models are the 2-site exchange and the 3-site exchange models (Figure 24)
and are similar to the methods used in other areas of MRI, such as DCE-
MRI. While the first one does not take cellular transport into account and
assumes that hyperpolarized signals are intracellular, the second one
differentiates between intracellular and extracellular spaces and thus takes
metabolite efflux into account (Harrison, 2012) (Hill, 2013) (Daniels, 2016).



Discussion and perspectives | 169

K

. k
Pyruvate <= Lactate +— Ex. Lactate
LP EL

Pyruvate «— Lactate«—Ex. Laclate  Three-pool bidirectional exchange

Three-pool combination

Pyruvate ——| actate<—=Ex. Lactate
~ unidirectional and bidirectional

Pyruvate =—=[ actate ——Ex. Laclate

Pyruvate ——Lactate ——=Ex. Lactate  Three-pool unidirectional flux

Pyruvate «—— Lactale Two-pool bidirectional exchange

Pyruvate ——| aclate Two-pool unidirectional flux

Figure 24: Two- and three-site exchange models. (Harrison, 2012)
Kij is the rate of transfer from pool i to pool j. Ex, extracellular lactate; L, lactate

(total or intracellular); P, pyruvate.

Another major aspect currently missing in the field is guidelines regarding
animal and patient preparation. If we compare with **F-FDG PET, strict diet
is required to avoid competition between **F-FDG and glucose for uptake
and phoshorylation. Also, the type of anesthesia used can mainly impact
BE_FDG uptake. In hyperpolarized [1-**C]pyruvate NMR experiments,
transporter activity and tracer transport are recognized as key factor that can
affect rate of transfer. And similar to °F-FDG, hyperpolarized [1-
B3C]pyruvate is administered at high doses and could potentially compet for
transport and metabolism. It is only recently that the group of Kevin Brindle
investigated how the measurement repeatability in tumors could be affected
by animal fasting (Serrao, 2016). As expected, they concluded that fasting
prior to the MR examination might be preferred to ensure uniform and
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constant metabolic status and lower intra-subject variability, especially for

repeated experiments.

Further efforts are thus required to optimize experimental protocols for
quantitative metabolic imaging with hyperpolarized [1-*C]pyruvate in

small animals and will benefit to current clinical studies.

To attest pyruvate metabolism, [1-**C]pyruvate has been the most widely
studied hyperpolarized tracer due to its high solubility in water, its ability of
easily hyperpolarized, its relatively long relaxation time and its very rapid
transport across the cell membrane and rapid metabolism. As already
previously described, its transformation into lactate, alanine or bicarbonate
can be followed in various tissues. Unfortunately, bicarbonate peak is
generally undetectable in tumors due to their high rate of glycolysis but also
due to the low pH affecting the balance between bicarbonate and CO,. Also,
metabolism through the Krebs cycle cannot be appraised using this tracer.
As presented in Figure 17, [1-"*C]pyruvate is labeled on the carbonyl acid
and transformed by the PDH into **C-CO, and unlabeled AcetylCoA. As the
label is lost under the form of CO,, the label cannot enter the Krebs cycle. In
contrast, [2-**C]pyruvate is labeled at the adjacent ketone position and is
metabolized similarly to [1-**C]pyruvate into lactate and alanine. However,
its transformation by the PDH allows the formation of [1-*CJacetylCoA
which can be further metabolized though the Krebs cycle (Figure 17). This
tracer could represent an interesting tracer to investigate tumor models that
present hybrid metabolism, by attesting glycolytic process via the lactate
labeling and OXPHOS via the Krebs cycle intermediates labeling, in one
experiment. Nevertheless, this tracer presents a reduced relaxation time

compared to the conventional [1-*C]pyruvate that could impair the
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detection of the metabolites in vivo. However, recent studies probing
mitochondrial metabolism in normal rats (Marjanska, 2010) (Hu, 2012)
(Park, 2013b) and in a rat C6 glioma model (Park, 2016) demonstrated the
feasibility at different magnetic field (3T and 9.4T).

BE_FDG PET is a widespread technology approved in clinical practice for
cancer diagnosis, staging and treatment monitoring. By highlighting
enhanced glycolysis in tumors, this technology supported Warburg’s
hypothesis, making thus ®F-FDG the tracer of choice to study tumor
metabolism. This tracer is generally interpreted as a marker of glycolytic
phenotypes, assuming the tumor metabolism to be aerobic (Clavo, 1995)
(Waki, 1997) (Gatenby, 2004) (Miles, 2008). Unfortunately, this tracer
represents a rather indirect and incomplete demonstration of a Warburg
phenotype. Indeed, this tracer highlights the consequences of a glycolytic
metabolism and cannot discriminate between areobic glycolysis (Warburg
phenotype) and anaerobic glycolysis. Also, if the ®F-FDG PET is not
associated with oxygenation or oxygen consumption measurements, we
cannot postulate that tumor metabolism is aerobic. Furthermore, glucose can
support various metabolic pathways, other than the glycolysis itself. After
its uptake, glucose is phosphorylated to glucose-6-phosphate by the
hexokinase. Glucose-6-phosphate can than support three pathways, the
glycolysis, the glycogen synthesis and the pentose phosphate pathway. As
BE-FDG accumulation relies on GLUT and hexokinase activities, but is not
further metabolized, assuming that ‘|F-FDG represents only glycolytic
process in cell would be simplistic. **F-FDG should preferably be presented

as a tracer highlighting the first steps of glycolysis. It is only by combining
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this tracer with oxygenation or oxygen consumption measurements and with
methods describing other metabolic processes that we would be able to

appraise glycolytic metabolism in tumors.

In general, sensitive and specific techniques are required to describe disease
processes. So far, no technology can fulfill these requirements alone. And in
the case of cancer, an integral evaluation of tumor metabolism and
bioenergetics should be preferred to characterize the numerous metabolic
alterations. Also, due to the Ilink between metabolism and
microenvironment, a multi-parametric exam could notably improve the
knowledge of underlying mechanisms. As already considered in this section
about the technical considerations, each technology could benefit from
another. For example, 1’0 NMR and hyperpolarized [1-"*C]pyruvate NMR
could benefit from perfusion imaging for data analysis and quantification.
BE_FDG PET evaluation could be improved by oxygenation measurements.
The generation of multi-parametric map, in parallel with morphological
information, should improve many aspects in oncology including diagnosis,
characterization of the lesion which is crucial for treatment assignment and
treatment follow-up. But of course, more is not always better. PET, MRI
and other imaging techniques are complex technologies and efficient use
should be examined. Appropriate protocols should be defined to answer a

specific question in regard to the tissue under investigation.
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2.2. The case of treatments targeting glycolysis
2.2.1. PDK inhibitors and dichloroacetate

Dichloroacetate (DCA), long used to treat lactic acidosis in various
pathologies, has emerged as a promising anticancer drug (Bonnet, 2007).
Through the inhibition of the pyruvate dehydrogenase kinase, DCA reverts
the glycolytic metabolism and reactivates the mitochondrial function in
cancer cells. Recently, our group documented that DCA was able to induce
a metabolic switch preferentially in glycolytic cancer cells, leading to a
more oxidative phenotype and decreasing proliferation, while oxidative cells
remained less sensitive to DCA treatment (De Preter, 2016). However, using
imaging biomarkers, we showed in this study that glycolytic tumors and
oxidative tumors presented a similar response to DCA and we could not
observe clear metabolic shift in both tumor models.

While the investigation of DCA as an efficient anticancer treatment is
ongoing in patients, some recent studies indicated confusing or
contradictory effects between in vitro and in vivo studies. It has been
reported that the anticancer effects of DCA may rely on multiple
mechanisms depending on the drug concentration, drug administration
scheme (Fedorchuk, 2016) and cell type (Stockwin, 2010). Promotion of
tumor growth was even observed after DCA treatment in neuroblastoma
tumors (Feuerecker, 2015). It is thus not surprising that DCA did not
demonstrate convincing effects in advanced non-small cell lung cancer
patients during a phase Il trial (Garon, 2014). Different hypotheses can be

discussed to explain the lack of efficacy of DCA in vivo.
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Firstly, lack of effective cellular uptake and mitochondrial targeting could
impair DCA efficiency. Recently, Pathak and co-workers developed a
mitochondria targeted DCA molecule, called Mito-DCA (Figure 25.A), by
the incorporation of a lipophilic triphenylphosphonium cation through a
biodegradable linker within the molecule. This new drug was able to induce
a metabolic shift and apoptosis in tumor cells with dysfunctional
mitochondria, while normal cells were not affected (Pathak, 2014). This
approach could improve treatment efficacy by reaching appropriate
intracellular drug dose. Another strategy has also been developed to
selectively deliver DCA into cancer cells. Mitaplatin (Figure 25.B) is a
compound designed from the fusion of a six-coordinate platinum (IV)
complex synthesized from cisplatin, with two DCA moieties in the axial
positions (Dhar, 2009). Once in the tumor cell, the drug dissociates into its
respective molecules due to the negative intracellular redox potential and
displays a dual-killing mode in cancer cells. This approach offers an
innovative formulation and a unique mechanism by attacking both nuclear

DNA with cisplatin and mitochondria with DCA in cancer cells.

(A) Mito-DCA (B) Mitaplatin
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Figure 25: Structure of Mito-DCA (A) and Mitaplatin (B) (Bell, 2016)
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Secondly, a change in PDK isoform expression between in vitro and in vivo
model could impair DCA efficacy on tumor metabolism in vivo. Indeed,
oncogene regulation but also local tumor microenvironment can affect PDK
isoform, possibly leading to the expression of a PDK isoform less sensitive
to DCA effects. We can thus not exclude the effect of extracellular pH on
DCA efficacy in our models. The systematic comparison of PDK isoforms
expression in vitro and in vivo could benefit for preclinical studies, but also
the characterization in patient tumors could predict DCA efficacy and

identify good candidates for DCA treament.

Thirdly, DCA could present a lack of specificity against PDK as recent
finding suggested that DCA may also act by other mechanisms. A possible
disruption of the balance between fatty acid PB-oxidation and glucose
oxidation has already been suggested (as reviewed by Sutendra, 2013). New
compounds targeting of the lipoyl-binding pocket or the ATP binding
pocket are under development to obtain an optimal PDK inhibition (Saunier,
2016) (Bell, 2016). Also, DCA effects on PDK and on other metabolic
pathways could potentially lead to compensatory effects in the tumor cells.
Indeed, external stimuli and local microenvironment are known to lead to a
metabolic reorganization. For example, it has been described recently that
chronic tumor acidosis induces a metabolic rewiring towards fatty acid
oxidation (Corbet, 2016). As DCA is known to decrease glucose uptake and
to reduce lactate within the microenvironment, other metabolic pathways
such as the fatty acid oxidation, glutaminolysis or the serine pathway could

potentially be affected and could lead to both anti- or procancer effects.

Finally, the metabolic alterations described in vitro that led to the

development of DCA could be dramatically different in vivo. This
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hypothesis has already been discussed in this manuscript but this
demonstrates that the identification of relevant metabolic distortions is
crucial. We have already presented numerous imaging technologies able to
study glucose metabolism but some techniques are also available to study
noninvasively the metabolism of various molecules such as glutamine (glu-
Chemical exchange saturation transfer imaging, hyperpolarized *C-
glutamine NMR, *®F-fluoroglutamine PET), amino acids (**C-methionine
PET, ®F-fluorothylthyrosine), lipid (3*P MRS, *H-choline MRS, *'C-choline
PET) or glycogen (**F-NFTG PET) (Sengupta, 2016). These techniques
could be used to identify new targets for anticancer treatment but also to
support drug development by characterizing the mechanisms of action and
drug efficacy.

In summary, challenges remain for the development of anticancer drug

presenting good specificity and appropriate delivery to the target.

2.2.2. Targeting the metabolic interplay between host cell and

cancer cells, a new anticancer strategy

Current anticancer strategies target specific alterations present in the tumor
cells. But, as previously described, host cells collaborate with tumor cells
and act as brothers in arms to support the malignant process. In order to
restore a normal endothelial and immune cell function, a new strategy
would be to target the metabolic interplay existing between host cells and
cancer cells. For example, 3PO, a specific inhibitor of PFKBP3, has been
tested for its antiangiogenic potential. 3PO reduced glycolysis in endothelial
cells in vitro and impaired endothelial cell proliferation (Verdegem, 2014).

The reactivation of exhausted T cells by adjusting their metabolism has also
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been presented as a potential strategy (Mockler, 2014). The possibilities of
modulating the metabolic interplay existing in the tumor mass may
represent a promising way to treat cancer and necessitates further

investigation.
2.2.3. Multi-modality imaging to assess treatment response

Many agents targeting tumor metabolism are cytostatic (Tennant, 2010).
Therefore tumor shrinkage may not be seen and the use of conventional
anatomical imaging technigques would not be optimal for treatment response
assessment. Functional and molecular imaging techniques may play a
unique role as it offers the possibility of an early assessment of the tumor
response by reflecting the biologic activity in tumors (Figueiras, 2011)
(Serkova, 2011). Nevertheless, the imaging technologies previously
proposed for tumor phenotyping are not able to fully explain the effects of
targeted drug. Indeed, changes in metabolic biomarkers observed after
treatment could also result from impaired perfusion or cell loss. Multi-
modality imaging attesting morphology, perfusion, cellularity and
metabolism are thus essential to describe tumor response to treatment

targeting metabolism.
2.3. Chances and challenges of translation to the clinic
2.3.1. Tumor models for translational cancer research

Understanding the mechanisms involved in the metabolic discrepancy
between in vitro and in vivo conditions will considerably affect cancer

research. Nevertheless, efforts to find relevant tumor models that reflect
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tumor patient heterogeneity and patient outcomes are essential. Some

approaches currently used will be discussed in this section.

In syngeneic tumor models, animal tumor cell lines are grafted in syngeneic
immunocompetent animals. Using this approach, intact immune system can
interact with the developing tumor. Unfortunately, these tumor models do
not generally reflect the biological properties and the cellular heterogeneity
of patient tumors (Huszthy, 2012). Human tumor Xxenografts are thus

generally preferred.

Xenografts using conventional human cell lines represent the majority of the
tumor models investigated due to its easy use. Nevertheless, this approach
do not always correlate with clinical outcomes in patients, as the generation
of cancer cell lines could majorly alter biologic and genetic properties and
cause the loss of specific cell population (Hidalgo, 2014). Human tumor
samples engrafted directly into immune-compromised mice may offer
several advantages over standard cell-line xenograft models (Huszthy,
2012). By maintaining the 3D structure of the tissue, the sample will contain
the different tumor cell clones, host cells and also component from the
extracellular matrix. This approach has the advantage to be biologically
stable even after a few passages in mice and global gene-expression
patterns, mutational status, metastatic potential, drug responsiveness and
tumor architecture are preserved (Tentler, 2014). However, the use of
immunodeficient animals provides a less realistic tumor microenvironment.
Human tumor xenografts in humanized mouse models should be preferred
to better mimic the human local microenvironment. This is also a preferable

approach for immunotherapy studies.
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Genetically engineered mouse (GEM) models are useful to study the effect
of specific mutations during tumor progression but cannot fully reproduce
the genetic complexity of human tumors. As only a few mutations can be
studied and that tumor development is slow and variable, this approach is

time consuming, expensive and difficult to validate (Richmond, 2008).

Human tumor samples approach could thus provide a more-relevant
preclinical system to examine clinically directed hypothesis, to identify new
targets for anticancer treatment and to test drug activity or new drug
combinations. However, challenges remain to validate this approach, as no
common methodology is currently applied. Standard procedures for biopsy
sampling, biopsy preparation/preservation and tissue implantation should be
defined. Once validated, another pertinent strategy would be to use animal
tumor models to improve patient management in a concept called co-clinical
trial (Figure 26) (Hidalgo, 2014). Parallel studies in patients and in animal

models generated from these patients could be useful:

- to identify potential biomarkers for patient enrolment;

- to assess drug response simultaneously in the patient and the animal
model;

- to identify mechanisms of resistance;

- to interrogate other novel drug combinations.
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Figure 26: Co-clinical trial approach with human xenograft tumor model
developed from a patient enrolled and treated in a clinical trial with a novel agent
(Hidalgo, 2014).

2.3.2. Imaging technology refinement for clinical use

BE_FDG PET has already been used for decades in human and strong
guidelines has emerged from this long clinical practice to ensure relevant
use for this technique in cancer patients. Unfortunately, this is not yet the
case for emerging technologies like hyperpolarized **C-MRI or 'O MRS.
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For 1’0 MRS experiments, the high cost of 1’O-labeled gas remains a major
limitation. Isotope recovery systems, already developed for pig studies,
should be considered (Tailor, 2004) (Baumgardner, 2008). Also the low
sensitivity at low magnetic field could impair the impact of the technology
in center not enjoying high field MRI scanner. Finally, RF coil, gas delivery
and models for oxygen consumption quantification need to be adapted for
clinical use, as the human body size, lung capacity and respiration rate as
well as blood circulation speed are drastically different from those in small
animals (Zhu, 2002) (Zhu, 2005) (Zhu, 2011). Protocols proposed by studies
performed in pigs, which are animals with lung capacity similar to
humans, could help for protocol design in humans (Tailor, 2004)
(Baumgardner, 2008). However, the steadily growing number of study
performed in humans will certainly help for the translation of 'O MRS into
clinical practice (Hoffmann 2011) (Hoffmann 2014) (Borowiak, 2014).

For hyperpolarized **C-MRI studies, patient handling, tracer safety need to
be defined during the ongoing clinical trials. Furthermore, the polarizers
need to be adapted to provide an automated process with minimal operator
intervention but still ensuring quality control and sterility (Ardenkjaer-
Larsen, 2016). Anyway, the limited number of technicians familiar with the
MRI and MRS and complex data processing are factors that will limit the

impact of the technology in the clinical setting (Lin, 2014).

Beside the limitations of each individual technique, another challenge
consists in the development of protocols for multi-modality imaging in
patients in which patient care needs to be optimized. The protocol has to
provide a fast and relevant approach that will benefit to the patient. The

development of PET/MR systems will certainly improve these aspects.
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Using this kind of device, PET and MR sequences can be started at the same
time during one examination, providing multiparametric data with a good
image fusion. A recent study has investigated the feasibility of this approach
using a combined clinical PET/MRI scanner in canine cancer patients
(Gutte, 2015). Performed within 2 hours, they successfully visualized ‘*F-
FDG uptake and [1-*C]pyruvate transformation. However, the impact of
multi-injection of tracers should be investigated, especially to avoid
competing uptake or metabolism that may distort the results.
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3. General conclusions

In this study, we designed a multi-modality imaging project to identify
metabolic signature inside solid tumors based on metabolic modulations.
8E_FDG PET, hyperpolarized [1-"*C]pyruvate MRI, EPR oximetry and 'O
MRS were used to study the impact of DCA treatment and carbogen
breathing in glycolytic and oxidative tumor models. The current study
established a metabolic discrepancy between in vitro and in vivo conditions.
While tumor cell lines presented distinct behaviors according to their
metabolic profiles, the tumors models presented similar metabolic patterns
in vivo. The absence of true correlation between in vitro and in vivo tumor
models suggested the key role of local microenvironment and host cells to
shape tumor features. In the future, multimodal non invasive imaging should
be considered to identify relevant metabolic alterations in patients, which
would help for anticancer treatment development. Animal tumor models
derived from patients could be used to test treatment efficacy, mechanisms
of resistance and drug combinations. However today, emerging techniques,
like hyperpolarized *C-MRI or YO MRS, still require improvements for
optimal use of these methods in patients and appropriate protocols for

animal models generation has still to be determined.
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