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Summary

Metabolic plasticity in cancer cells makes very challenging the use of
metabolism-targeting agents as monotherapy. Indeed, although tumor
metabolism is becoming a major source of inspiration to develop new
anticancer drugs, numerous examples where tumors were shown to adapt
their metabolic preferences to counteract a specific pathway inhibition have
been reported. Direct consequences of metabolic adaptation are the
development of resistance and the progressive loss of activity of the drug.
Besides metabolism-targeting treatments, there is nowadays an increasing
interest for immunotherapy. Despite some remarkable effects of
immunotherapy in the last decade, many metabolic alterations occurring in
cancer cells lead to the elaboration of an immunosuppressive
microenvironment. Moreover, the use of metabolism-targeting drugs as
anticancer treatments will not only affect cancer cells, but also healthy cells
from the tumor microenvironment including immune cells and thereby
might abrogate the beneficial effects of immunotherapy. For these reasons,
the major objective of this thesis is to bring new insights on the use of
metabolism-targeting treatments as anticancer therapy, to efficiently Kkill
plastic cancer cells and to stimulate (or maintain) anticancer immune
response. In the first part of our work, we report that exposure to 3-
bromopyruvate (3-BrPA), a glycolysis inhibitor, leads to the epigenetic
inactivation of the monocarboxylate transporter MCT1 in cancer cells,

thereby driving resistance but also preventing the use of extracellular lactate
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as a fuel. We further observe that unexpectedly 3-BrPA-resistant cancer cells
mostly rely on glycolysis to grow, with MCT4 becoming essential to support
lactate flux. Finally, we demonstrate that genetic and pharmacological
blockade of MCT4 activity in 3-BrPA-exposed cancer cells prevents cancer
cells to grow. In the second part of this thesis, the effects of three
compounds blocking the activity of electron transporter chain (ETC) complex
I, MCT4 transporter and CPT1A enzyme are used to assess the effects of
mitochondrial metabolism, glycolysis or fatty acid oxidation (FAO) inhibition,
respectively on T cell phenotype. We show that acute treatment of activated
T cells with FAO inhibitor leads to an increase of their proliferation in vitro,
and to higher cytotoxic capacities towards melanoma cancer cells.
Conversely, we also show that pre-treatment of cancer cells with ETC
complex | inhibitor before co-incubation with activated T cells potentiates T
cell cytotoxic activity. Altogether our data offer metabolism-targeting
therapeutic strategies to overcome resistance from plastic cancer cells and

to potentiate benefits of immunotherapies.
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Introduction

1. Cancer at a glance

Obesity, tobacco, alcohol, exposure to some chemicals... Despite an
increasing investment in prevention and screening campaigns, the modern
world that we have created is a source of risk factors to promote cancer. In
2017, according to the Belgian Cancer Registry, prostate and breast cancers
were the most frequently diagnosed cancers in Belgium among men and
women, respectively. In 2018, 70,468 new cases were registered in the
country. Today, cancer has become a worldwide phenomenon, representing
the highest clinical, social and economic burden in terms of Disability-
Adjusted Life Years (DALYs) among all human diseases and the leading cause
of mortality around the world [1]. Interestingly, the discovery of a 1.7-
million-year-old osteosarcoma from South Africa has demonstrated that
cancer is not a recent disease and has raised the question of the origin of
cancer and its determinants [2]. If only 5-10% of cancers are known to be
hereditary (i.e. caused by germline mutations inherited from our ancestors),
somatic mutations randomly acquired during lifetime due to mutagenic
exposures or defects in DNA surveillance are far more common to cause
cancer [3]. These somatic mutations include base substitutions, insertions or
deletions of DNA segments, DNA rearrangements after a DNA double-strand

break, and increase/reduction of gene copy number [4]. Tumor-suppressor
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genes and oncogenes (i.e. genes that protect or favor cancer development,
respectively) are counted among the most frequently mutated genes.
Indeed, these mutant genes will lead to survival and/or growth advantages
and thereby to the clonal development of the tumor [5]. Since natural
selection will foster cells carrying the most advantageous mutations in harsh
conditions, cancer is frequently considered as a Darwinian evolutionary
process.

Neoplastic diseases are complex to characterize due to their
extremely high heterogeneity and diversity. Indeed, it is now well
documented that two tumors can exhibit different behaviors and response
to therapy, even if they originate from the same organ [6]. In 2000, Douglas
Hanahan and Robert A. Weinberg proposed six essential alterations in cell
physiology that dictate malignant growth: self-sufficiency in growth signals,
insensitivity to anti-growth signals, tissue invasion and metastasis capacities,
limitless replicative potential, sustained angiogenesis and ability to evade
programmed cell death (i.e. apoptosis) [7]. These six peculiarities have been
called the hallmarks of cancer. Eleven years later, after a decade of cutting-
edge research, emerging hallmarks involved in cancer pathogenesis have
been added to the list. Among them are the reprogramming of energy
metabolism and the escape from immune destruction [8] (Figure 1). These
two characteristics are of particular interest in the context of my thesis
project. In the next pages of my introduction, | will therefore detail some
aspects of cancer cell bioenergetics as well as the influence of tumor

metabolism on the immune response.
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Figure 1: The hallmarks of cancer: new generation.

This figure illustrates a cancer cell in close connection (represented by arrows) with
the tumor microenvironment. Ten alterations involved in pathogenesis of most of
the cancers and rationalizing the complexity of neoplastic diseases are surrounding
the tumor mass. Adapted from [8].

2. Metabolic reprogramming and cancer progression

Along tumor progression, cancer cells constantly face
microenvironment-driven metabolic pressures (e.g. limited access to
nutrients and/or oxygen, local accumulation of protons and the presence of
tumor-associated stroma cells) forcing them to adapt to maintain the
production of biosynthetic precursors, energy (adenosine triphosphate

(ATP)) and reduced cofactors (nicotinamide adenine dinucleotide (NADH)
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and nicotinamide adenosine dinucleotide phosphate (NADPH)) [9]. Indeed,
from the tumor initiation to metastasis formation, a number of mechanisms
largely driven by changes in the local microenvironment such as alterations
in sensing and signaling pathways and induction of transcription factors
directly contribute to reprogram cancer cell metabolism [9]. Moreover,
oncogenic mutations are known to be associated with metabolic rewiring
and unique oncogene-driven metabolic signatures have been identified in
several cancer types, including non-small cell lung cancer (NSCLC) and triple-
negative breast cancer (TNBC) [10, 11]. This continuous metabolic
reprogramming required flexibility (i.e. the ability of a cell to use different
nutrients), as well as plasticity (i.e. the ability of a cell to metabolize the same
nutrient differently) [12]. Additionally, tumor cells can either cooperate
(metabolic symbiosis) or compete with other (non-) cancer cell populations
(Figure 2). These scenarios are not mutually exclusive and offer cancer cells
multiple adaptations and escape options to maintain selective
growth/survival advantages even when evolving wunder harsh

microenvironmental conditions.
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Figure 2: Microenvironment-driven tumor metabolic heterogeneity.
Microenvironmental peculiarities and oncogenic mutations can determine tumor
metabolic adaptability via the (co-)existence of different metabolic "scenarios".
Intratumor metabolic heterogeneity actually relies on high capacities of flexibility
and plasticity but also on the capacities of distinct tumor cell populations (e.g.,
normoxic vs hypoxic cancer cells) to cooperate together or with stromal cells, such
as cancer-associated fibroblasts and adipocytes. Tumor cells can also compete with
immune cells for specific bioenergetic substrates, thereby impairing efficient
immune response.

Differences in terms of tissue of origin, genetic background and
microenvironment composition make cancer extremely heterogenous.
Moreover, even in the same primary tumor or between distinct metastatic
sites originating from the same primary tumor, cancer cells can exhibit
different metabolic preferences, thereby creating metabolic heterogeneity

at inter-tumor, intra-tumor and inter-metastatic levels [13] (Figure 3).
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Figure 3: Different levels of metabolic heterogeneity.

Tumor tissue origin can dictate different metabolic preferences leading to inter-
tumor heterogeneity (A). For instance, while human lung tumors are reported to be
oxidative and rely on mitochondrial respiration, human renal carcinoma are
glycolytic and produce high amounts of lactate. Intra-tumor metabolic
heterogeneity is found within the tumor mass upon the influence of local TME
conditions, as illustrated here with the co-existence of hypoxic and oxidative tumor
cells (B). While hypoxic cells are mostly glycolytic, oxidative cancer cells can fuel the
mitochondrial TCA cycle with a large diversity of nutrients. Cancer cells that implant
to a metastatic site will rely on new metabolic addictions dictated by the local
environment within the metastatic niche to sustain ATP production (C) [14].
Abbreviations: CoA, Coenzyme A; TCA, tricarboxylic acid.
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2.1 Glycolysis and pyruvate oxidation

Glucose is the most abundant monosaccharide in nature and it is
today very well known that all physiologically active and dividing cells are
avid for this substrate. Glucose possesses 6 carbons and enters into
eukaryotic cells via two different types of membrane-associated carrier
proteins, the Na*-coupled glucose transporter and glucose transporter
facilitators (GLUT) [15]. In the cytoplasm, glucose will undergo glycolysis
initiated upon its phosphorylation by hexokinase (HK) Il to form glucose-6-
phosphate (G6P) (Figure 4). This reaction is determinant for the glycolysis
pathway because negatively-charged G6P is not permeable to cell
membrane, and the phosphorylation of glucose facilitates its further
oxidation. Of note, G6P is the starting element of the pentose phosphate
pathway (PPP), a metabolic pathway parallel to glycolysis which is essential
for NADPH production (further supporting fatty acid synthesis) and for
nucleotide and amino acid precursor generation. When trapped in the
cytoplasm, G6P will isomerize to fructose-6-phosphate and undergo a
second phosphorylation reaction to form fructose-1,6-bisphosphate upon
phosphofructokinase (PFK) enzyme activity. The latter will next split into two
molecules of 3 carbons (dihydroxyacetone phosphate and glyceraldehyde-
3-phosphate (GA3P)). Of note, the spontaneous degradation of these two
triose phosphate intermediates leads to the formation of methylglyoxal, a
highly reactive a-oxoaldehyde detoxified via cytosolic glyoxalase | and Il with
the production of S-D-lactoylglutathione and D-lactate as intermediate and

end-product, respectively [16, 17]. The transformation of GA3P in 1,3-
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bisphosphoglycerate (1,3-BPG) by the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) initiates the second phase of glycolysis.
Importantly, this second phase allows the generation of two molecules of
ATP by the conversion of 1,3-BPG to 3-phosphoglycerate. After a series of
transformations, the final step of glycolysis leads to the production of two
molecules of pyruvate upon phosphorylation of phosphoenolpyruvate by

pyruvate kinase (PK).
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Figure 4: Glycolysis and pyruvate oxidation.

Glycolysis is a series of metabolic reactions, driven by nine specific enzymes, through
which one mole of glucose is catabolized to two moles of pyruvate, two moles of
NADH with a net gain of two ATP. As indicated, several intermediates can fuel
glycolysis branching metabolic pathways such as pentose phosphate pathway,
methyglyoxal pathway and serine synthesis pathways. When oxygen is available in
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adequate concentrations, pyruvate is imported into the mitochondrial matrix to fuel
the TCA cycle after conversion in acetyl-CoA. Abbreviations: Ac-CoA, acetyl
Coenzyme A; ADP, adenosine diphosphate; ATP, adenosine triphosphate; BPG,
bisphosphoglycerate; DHAP, dihydroxyacetone phosphate; F-1,6-BP, fructose-1,6-
bisphosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; GA3P,
glyceraldehyde-3-phosphate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
GLUTI1, glucose transporter 1; HK, hexokinase; LDHA, lactate dehydrogenase A;
NAD, nicotinamide adenine dinucleotide; PEP, phosphoenolpyruvate; PDH, pyruvate
dehydrogenase; PFK1, phosphofructokinase 1; PG, phosphoglycerate; PK1, pyruvate
kinase 1; TCA, tricarboxylic acid.

When oxygen is available in adequate concentrations, pyruvate is
transported across the inner mitochondrial membrane (IMM) through a
hetero-oligomeric complex formed by two proteins named mitochondrial
pyruvate carrier (MPC) 1 and 2, into the mitochondria where it is oxidized in
acetyl-Coenzyme A (acetyl-CoA) by pyruvate dehydrogenase (PDH) complex,
producing NADH and one carbon dioxide molecule (CO;) (Figure 4). Acetyl-
CoA can then enter into the tricarboxylic acid (TCA) cycle, a key metabolic
pathway carried out by eight enzymes and releasing the reduced cofactors
NADH and flavin adenine dinucleotide (FADH;). NADH and FADH; produced
by TCA cycle will be used as electron donors by the oxidative
phosphorylation (OXPHOS) machinery to generate ATP, an energy-carrying
organic compound found in the cells of all living organisms (Figure 5). During
OXPHOS, electrons are transferred from NADH and FADH; to a series of
electron acceptors through redox reactions catalyzed by protein complexes
(i.e. complexes I, Il, Il and IV of the electron transporter chain (ETC))
localized in the IMM. This electron transport process will create an electrical

potential and a pH gradient across the membrane, that is used by the ATP
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synthase (ETC complex V) to transform adenosine diphosphate (ADP) to ATP
via a phosphorylation reaction. In total, under aerobic conditions, glycolysis

coupled to OXPHOS can produce around 36 ATP molecules per glucose

molecule.
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Figure 5: Connection between TCA cycle and OXPHOS.

In a series of enzymatic reactions, the TCA cycle generates the reducing equivalents
NADH and FADH,, which are required to transfer electrons to the electron
transporter chain (ETC). As the electrons pass through the complexes in the inner
mitochondrial membrane, a functional ETC generates a mitochondrial membrane
potential that is used to produce ATP. This process requires oxygen and is known as
oxidative phosphorylation (OXPHOS). Mitochondrial ETC complexes | and Il
replenish NAD* and FAD, respectively, allowing the TCA cycle to function.
Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; CoA,
Coenzyme A; Cyt C, cytochrome C; FAD, flavin adenine dinucleotide; KG,
ketoglutarate; NAD, nicotinamide adenine dinucleotide; SDH, succinate
dehydrogenase. Adapted from [18].
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2.2 Glycolysis, hypoxia and Warburg effect

The scientist Otto Warburg observed in the 1920s that cancer cells
exhibit dramatic increase of glucose uptake and enhanced rates of lactate
production despite the presence of adequate oxygen levels (Figure 6). This
phenomenon is generally called aerobic glycolysis or the « Warburg effect ».
Warburg originally hypothesized that such behavior of cancer cells resulted
from impaired mitochondrial metabolism [19]. Today we know that only few
tumors exhibit a deficit in mitochondrial functions (e.g. through mutations
in genes coding for TCA cycle enzymes) [20-22]. In most tumors, high lactate
production rates are actually observed in the presence of fully functional
mitochondria. Aerobic glycolysis has been proposed to offer a growth
advantage to cancer cells (over the full glucose oxidation) because of the
acidification of the extracellular medium (associated with lactate release)
which is toxic for normal cells [23]. For one molecule of glucose, aerobic
glycolysis is less efficient than mitochondrial respiration to generate ATP (2
ATP molecules versus 36 ATP molecules, respectively). However, the
extremely fast turnover rate of aerobic glycolysis is such that the production
of lactate from glucose occurs 10-100 times faster than complete oxidation
in the mitochondria [24]. This major difference of kinetics can reasonably
explain why cancer cells employ aerobic glycolysis to gain energy. Still, the
rationale for the Warburg effect is multiple and several biological
explanations have been proposed in the last few years. For instance, aerobic
glycolysis may be described as an adaptation mechanism to support specific

biosynthetic requirements of uncontrolled proliferation. The regeneration
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of NAD* from NADH in the pyruvate to lactate step actually maintains a high
glycolytic turnover and thus generates a large pools of glycolytic
intermediates. Those may in turn be engaged in the pentose-phosphate and

serine pathways [24-26].

In cancer, hypoxia is a well-known peculiarity of the tumor micro-
environment. Indeed, the rapid and uncontrolled proliferation of cancer
cells leads to a quick development of the tumor and thereby the positioning
of some cancer cells at distance from blood vessels and thus from nutrient
and oxygen supplies. This induces the production of angiogenic factors in
hypoxic regions of the tumor, like the vascular endothelial growth factor
(VEGF). Still, the resulting newly formed blood vessels will often present a
chaotic architecture and a non-laminar blood flow [27]. Inadequacy in tumor
perfusion will thus also lead to metabolic adaptation of cancer cells to
survive under hypoxia. Hypoxia-inducible factor (HIF) is the main regulator
of adaptive processes induced by hypoxia (Figure 6).

In oxygenated conditions, the proline residues of HIF-a subunits are
hydroxylated by oxygen-dependent prolyl-4-hydroxylase (PHDs) (Figure 6).
The hydroxylated HIF-a creates a binding site for the E3 ubiquitin ligase Von
Hippel-Lindau tumor suppressor protein which will further direct the
polyubiquitylation of HIF and thereby ensure its degradation by the
proteasome [28]. Hypoxic conditions lead to the loss of activity of PHDs, and
HIF-a subunits may then translocate into the nucleus to bind HIF-B. This
heterodimer of HIF act as a master transcription factor responsible for the

induction of hundreds of genes impacting the reprogramming of energy
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metabolism, and notably anaerobic glycolysis by positively regulating the
expression of GLUT1, HKII, GAPDH, lactate dehydrogenase (LDH) A and
monocarboxylate transporter (MCT) 4 responsible for lactate export after
pyruvate reduction [29]. Of note, HIF family is composed of 3 different
isoforms (i.e. HIF-1, HIF-2, and HIF-3). HIF-1a and HIF-2a are more closely
related (vs. HIF-3a) but still play nonredundant roles and have distinct
transcriptional targets [30]. Interestingly, while the transcription of genes
encoding glycolytic enzymes cited herein above in response to hypoxia
appears to be mostly regulated by HIF-1a, tumor acidosis leads to an
increase in HIF-2a abundance either by directly inducing EPAS1/HIF-2a gene
transcription or by promoting HIF-2a protein stabilization [31]. HIF-2a
supports glutamine metabolism in acidic cancer cells (and thereby
participates to a decrease in glucose dependence) through the upregulation
of glutamine transporter Na*-dependent alanine-serine-cystein transporter
2 (SLC1A5/ASCT2) and glutaminase (GLS) 1 enzyme [32] (see also paragraph
3.1 Tumor acidosis). HIF-2a can also regulate stem cell functions and/or
differentiation through induction of Oct-4 expression [33] and stimulate the
production of angiogenic factors such as VEGF and interleukin-8 (IL-8) [34].

In certain circumstances and especially in the context of cancer, HIF-
la regulation may be independent of external oxygen levels. These non-
canonical mechanisms include the regulation of PHDs activity by
oncometabolites (e.g. succinate and fumarate), the emergence of additional
mediators of HIF-1a regulation acting regardless of its hydroxylation status

and the direct increase of HIF-1a transcription and translation by aberrant
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stimulation of pro-survival pathways (e.g. ERK/MAPK, JAK/STAT and

PI3K/Akt/mTOR) [35].
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Figure 6: Warburg effect and HIF-1a regulation.

In normoxia, HIF-1a is hydroxylated by prolyl hydroxylase domain (PHD) proteins.
The resulting hydroxylated HIF-1a is then recognized by von Hippel-Lindau E3
ubiquitin ligase (VHL) and subjected to be degraded via proteasome. In hypoxia, HIF-
la becomes stable due to inactivation of PHDs and dimerizes with HIF-18 in the
nucleus to regulate the transcription of target genes involved in glycolysis. Aerobic
glycolysis (the so-called Warburg effect) is a hallmark of proliferative metabolism
frequently associated with cancer cells, stating that the majority of glucose
consumed by tumors is fermented to lactate rather than oxidized in the
mitochondria, even in the presence of adequate oxygen concentrations.
Abbreviations: ATP, adenosine triphosphate; GLUT1, glucose transporter 1; HIF,
hypoxia inducible factor; LDHA, lactate dehydrogenase A; MICT4, monocarboxylate
transporter 4; TCA, tricarboxylic acid; Ub, ubiquitin.
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2.3 Glutaminolysis

Glutamine, the most abundant circulating amino acid in the human
body, has an important role to produce ATP and reducing equivalents as well
as replenishing TCA cycle intermediates [36] (Figure 7). After transport
inside the cell through diverse transporters including ASCT2 responsible for
neutral amino acid transport, glutamine is hydrolyzed in glutamate by GLS1
enzyme and consecutively deaminated into a-ketoglutarate (a-KG) by one
of the three following enzymes: glutamate dehydrogenase, glutamic
oxaloacetate transaminase or glutamic pyruvate transaminase. Previous
work has suggested that glutamine influx via ASCT2 triggers the entry of
essential amino acid (e.g. leucine, phenylalanine, etc.) independently of Na*
via the L-type amino acid transporter 1 (SLC7A5/LAT1) [37]. Both ASCT2 and
LAT1 are coordinately upregulated in human cancers where among other
roles, they are thought to drive mechanistic target-of-rapamycin (mTOR)
growth signaling [38] (Figure 7).

Glutamine is frequently used by cancer cells as a major energetic
fuel. Recently, Oizel et al. demonstrated through an orthotopic mouse
model that aggressive mesenchymal glioblastoma display increased
glutamine uptake and utilization compared to other glioblastoma subtypes
[39]. Some proto-oncoproteins known for their capacity to regulate cell
energetics have been reported to impact glutamine metabolism. For
instance, myelocytomatosis oncogene (MYC) was shown to promote
glutamine uptake by directly transactivating the expression of ASCT2 and

LAT1, and to stimulate glutaminolysis by increasing the expression of GLS via
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transcriptional suppression of the GLS repressor micro RNAs (miR)-23a/b
[40]. A NRAS-driven dependence of glutamine of melanoma cells resistant
to mitogen-activated protein kinase (MAPK) inhibitors was also reported

[41].
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Figure 7: Glutaminolysis and glutamine reductive carboxylation.

Glutaminolysis, which catabolizes glutamine to generate ATP, is a metabolic
pathway that involves the initial deamination of glutamine by glutaminase (GLS)
forming glutamate. Glutamate is then converted to a-ketoglutarate (a-KG), a
TCA cycle intermediate, a reaction catalyzed either by glutamate dehydrogenase
(GDH) or transaminases such as glutamate pyruvate transaminase (GPT) and
glutamate oxaloacetate transaminase (GOT) which convert a-ketoacids into their
corresponding amino acids. Reductive carboxylation of glutamine occurs in the
cytoplasm and leads to the production of citrate to supply the cytoplasmic pool
of acetyl-Coenzyme A (acetyl-CoA) after conversion in oxaloacetate by ATP-
citrate lyase enzyme (ACLY). Glutamine influx via Na*-dependent alanine-serine-
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cystein transporter 2 (SLC1A5/ASCT2) triggers entry of essential amino acid via
the L-type amino acid transporter 1 (LAT1) that further activate mechanistic
target of rapamycin (mTOR) and stimulate cell growth. Abbreviations: ADP,
adenosine diphosphate; AGC, aspartate/glutamate carrier; ATP, adenosine
triphosphate; GC, glutamate carrier; IDH1, isocitrate dehydrogenase 1; NADP,
nicotinamide adenine dinucleotide phosphate; TCA, tricarboxylic acid.

Besides anaerobic glycolysis, HIF-1a drives also glutamine reductive
carboxylation and activation of de novo fatty acid synthesis [42, 43]. In
hypoxic conditions or when mitochondria are not fully functional, glutamine
reductive carboxylation in the cytoplasm is a major cellular carbon source
for fatty acid (FA) de novo synthesis (lipogenesis) and thereby contributes to
the formation of new phospholipid membranes [44] (Figure 8). In this case,
glutamine is transformed in isocitrate by isocitrate dehydrogenase (IDH) 1
and finally in citrate. Citrate supplies the cytoplasmic pool of acetyl-CoA
(together with acetate) by being converted in oxaloacetate through ATP-
citrate lyase enzyme (ACLY) [45]. Acetyl-CoA is in turn transformed by acetyl-
CoA carboxylase (ACC) in malonyl-CoA which will undergo a series of
reactions with new acetyl-CoA molecules. This process is catalyzed by the
multi-enzymatic complex fatty acid synthase (FAS) and in fine leads to the
production of one acyl-CoA molecule. Lipid metabolism is frequently
dysregulated in cancer cells and its importance to sustain tumor progression
is today well demonstrated. For instance, enzymes from de novo lipogenesis
are found upregulated in most cancers while normal cells rely on fatty acids

coming from the diet or from the liver to sustain their energy needs [46].
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2.4 Fatty acid B-oxidation

Besides their principal role of structural components of the
membrane matrix, FAs are also important secondary messengers and can
serve as substrates for energy production [47]. After uptake by cancer cells
via CD36/FAT transporters, exogenous free fatty acid will be transformed in
acyl-CoA by long-chain-fatty-acid-CoA ligase 1 enzyme in the cytoplasm.
Acyl-CoA can be transported via the carnitine-palmitoyl transferase (CPT)
system into the mitochondria. The CPT system is composed of two separated
proteins located in the outer (CPT1) and inner (CPT2) mitochondrial
membranes. While CPT2 is an ubiquitous protein, three tissue-specific CPT1
isoforms are described: the so-called « liver » CPT1A, « muscle » CPT1B and
« brain » CPT1C [48]. When in the mitochondria, acyl-CoA molecules will be
degraded through B-oxidation (FAO) (Figure 8). Each cycle of B-oxidation
leads to the production of one molecule of acetyl-CoA to supply TCA cycle
but also one molecule of FADH; and one molecule of NADH + H* [49]. The
energy balance of B-oxidation is hence important: for one molecule of
palmitic acid (C16:0), not less than 129 ATP molecules can be generated.
However, while lactate is produced by glycolytic (tumor) cells in the second
range upon exposure to glucose [50], the generation of acetyl-CoA is usually
observed in vitro in the minute range after palmitate addition (O. Feron,
unpublished data) and actually reaches a steady-state in men a few hours
after administration of palmitate [51]. Therefore, although offering a higher
ATP production yield per substrate unit (i.e., palmitate vs glucose), the

kinetics of FA B-oxidation is slower than glycolysis.
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FAO has been reported to be upregulated in several aggressive
cancers. For instance, high expression of CPT1A has been associated with
bad prognosis and tumor progression for breast, prostate, lymphoma,
leukemia, ovarian and lung cancers [52]. FAO was also found to be
dramatically increased in MYC-expressing TNBC [53]. Of note, increased lipid
uptake and/or synthesis can lead to the emergence of lipid droplet
formation, constituting a storage place for excess FAs. Lipid droplets are
composed of neutral lipids (e.g. triacylglycerol and sterol esters) surrounded
by a phospholipid monolayer and help cancer cells to produce energy, in
particular when exogenous nutrients are lacking, by releasing FAs upon
lipolysis or lipophagy [54]. Moreover, storage of FAs in lipid droplets
prevents the toxic effects of a lipid overload in the cytosol, such as

endoplasmic reticulum (ER) stress and lipid peroxidation [55].
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Figure 8: Fatty acid 8-oxidation and de novo fatty acid synthesis.

Fatty acid (FA) oxidation is a multistep process by which fatty acids are broken down
to produce energy. Exogenous FA firstly enter in the cytoplasm via CD36/FAT
transporter. Once in the cell, a Coenzyme A (CoA) group is added to the FA by long-
chain-fatty-acid-CoA ligase 1 (ASCL1) enzyme, forming acyl-CoA. Acyl-CoA is
transported into the mitochondria by carnitine-palmitoyl transferase system (CPT)
and enters the FA B-oxidation pathway, which results in the production of one
acetyl-CoA molecule from each cycle of B-oxidation to feed the TCA cycle. On the
other hand, cancer cells can also synthesize fatty acids de novo from a cytoplasmic
pool of acetyl-CoA, furnished either from exogenous acetate or from glucose- and
glutamine-derived citrate. Abbreviations: ACC, acetyl-CoA carboxylase; ACLY, ATP
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citrate lyase; ACSS2, acetyl-CoA synthetase 2; ASCT2, alanine-serine-cystein
transporter 2; FAS, fatty acid synthase; GLS1, glutaminase 1; GLUT1, glucose
transporter 1; IDH1, isocitrate dehydrogenase 1; MPC, mitochondrial pyruvate
carrier; TCA tricarboxylic acid. Adapted from [31].

2.5 Other tumor fuels

Besides glutamine, cancer cells may rely on other non-essential
amino acids such as aspartate, glycine and serine to sustain bioenergetics
and proliferation. Aspartate was shown to represent a limiting metabolite
under hypoxia for various types of tumors [56, 57], whereas glycine
consumption was strongly correlated with high rates of cancer cell
proliferation [58]. Serine starvation and suppression of phosphoglycerate
dehydrogenase (i.e. the enzyme catalyzing the first step of the serine
biosynthesis pathway) efficiently affect the growth of p53-deficient tumors
and certain breast cancers, respectively [59, 60]. A variety of cancers are also
capable of capturing and metabolizing exogenous acetate to maintain
cancer cell growth under low oxygen and lipid-depleted conditions [61-63].
Recently, branched-chain amino acids (BCAAs; i.e. valine, leucine and
isoleucine) metabolism was demonstrated to influence multiple cancer
phenotypes and even act as a cancer biomarker [64, 65]. Indeed, BCAAs are
important metabolic substrates because their degradation contributes to
the pool of acetyl-CoA and/or provides anaplerotic substrates for the TCA
cycle [66].

Access of cancer cells to nutrients can also be supported by

macropinocytosis, an ubiquitous pathway for the bulk uptake of
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extracellular fluids and substrates into cells through large vesicles known as
macropinosomes [67]. Ras-transformed cells were shown to internalize
protein via macropinocytosis to sustain amino acids pools after proteolytic
degradation [68]. More recently, macropinocytosis has been exploited to
specifically target oncogenic KRAS in pancreatic cancer through
administration of engineered exosomes [69]. Cancer cells can also activate
autophagic degradation of macromolecules when lacking nutrients [66].
Autophagy was documented to be crucial for the growth of many cancer
types, including the agressive BRAFV®%E |ung cancer [70] and KRAS-driven

pancreatic and lung tumors [71, 72].

2.6 In vivo evidence of metabolic heterogeneity in cancer patients

Stable isotope-based metabolic analyses can be performed to assess
how the cellular metabolism of a variety of potential biosynthetic fuels is
altered during cancer progression. Within the past ten years, this approach
has dramatically modified our knowledge of the in vivo tumor metabolism in
mice [73-75] but also in human cancer patients [76-81]. For this purpose,
stable isotopically 3C-labeled substrates are administered as a bolus
followed by an intra-operative infusion, through a peripheral intravenous
line, before surgical tumor resection and analysis of isotope enrichment
downstream of labeled nutrients via 3C NMR spectroscopy [82]. Several
recent studies using [U-13C]glucose infusion in cancer patients have revealed
a metabolic heterogeneity between different tumor types (Figure 2). Indeed,

some tumors, like clear cell renal cell carcinoma, were found to be highly
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glycolytic and produce high amounts of lactate through aerobic glycolysis
[81] while a preferred glucose oxidation through mitochondrial oxidative
metabolism was documented in glioma, brain metastases and NSCLC [76-79,
83]. Moreover, infusion of [U-13C]glucose in patients with FDG-PET-positive
tumors within the brain and lungs reveals the preferred use of pyruvate by
the mitochondria (vs. reduction into lactate), even to a larger extent than in
adjacent tissues [78, 79]. Moreover, only 50% of the acetyl-CoA pool has
been found to derive from blood-borne glucose in human brain tumors [77],
suggesting that additional substrates contribute to tumor bioenergetics
(Figure 2). Other studies have indeed highlighted the role of alternative
respiratory fuels, including acetate and lactate, in complementing glucose
oxidation to support biomass and energy production in living tumors [62, 75,
79, 80]; the specific role of lactate as a metabolic fuel will be discussed in the
section 3.2.1. Interestingly, the metabolic profile of tumors has been found
to be dependent on both the genotype and the tissue of origin. For instance,
MYC-driven liver cancers and TNBCs are more glutamine-dependent than
MET-driven liver and MYC-driven lung tumors [74, 84, 85]. In vivo '3C-based
metabolic profiling also led to demonstrate the important role of PDH and
pyruvate carboxylase to support tumor growth in human lung cancer
patients [76, 78, 83], making them attractive therapeutic targets in this
specific tumor type.

This paragraph is derived from "Catherine Vander Linden and Cyril Corbet,
Seminars in Cells and Developmental Biology,

https://doi.org/10.1016/j.semcdb.2019.05.016"
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Besides studies measuring which nutrients contribute carbon to the
tumor TCA metabolites, a recently-developed in vivo dynamic isotope
tracing-mass spectrometry strategy has been validated to evaluate TCA flux
quantification (i.e. how fast the cycle turns) [86]. By applying this technique
to all major mouse organs and to five tumor models, authors have reported
that, compared to the tissue of origin, tumor TCA flux is markedly
suppressed. Complementary glycolytic flux measurements confirmed tumor
glycolysis acceleration, but the majority of tumor ATP is made aerobically,
and total tumor ATP is suppressed compared to healthy tissues. Thus,
instead of being hypermetabolic as commonly accepted, tumors apparently
produce ATP at a lower than normal rate. Authors proposed the hypothesis
that when cells de-differentiate into cancer, they escape ATP-intensive
processes characteristic of the host tissue, and that the resulting low ATP
requirement contribute to the Warburg effect and helps cancer growth in

the nutrient-poor tumor microenvironment [86].

3. Microenvironment-driven intratumoral metabolic
heterogeneity

As briefly detailed above, cancer cells can use a variety of substrates
to fulfill their need in energy and/or biosynthetic precursors according to the
local tumor microenvironment (TME) [49, 87, 88]. The latter is itself
influenced by the gradients of nutrients, oxygen and protons as well as by
the presence of tumor-associated stromal cells (e.g. cancer-associated
fibroblasts (CAFs), immune cells, endothelial cells, etc.) [88-90].
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3.1 Tumor acidosis

Besides hypoxia, acidosis is now considered as a hallmark of the
microenvironment in solid tumors with mean values of extracellular pH
(pHe) ranging from 6.2 to 6.8 [91, 92]. Although initially described as a

consequence of the exacerbated glycolysis in tumor cells and the

disorganized tumor vasculature, accumulation of H* ions in the TME also
results from the mitochondrial respiration-derived CO, hydration [45, 93].
Direct measurements of both intratumoral pO, and pH have indeed revealed
a spatial heterogeneity as well as an imperfect overlapping of hypoxia and
acidosis gradients, with the existence of acidic areas that are also well-
oxygenated [94, 95].

Tumor acidosis is thus initially a metabolic collateral effect of
uncontrolled dividing cancer cells. Importantly, cancer cells will have to
adapt to the environmental acidosis that they have themselves generated,
by progressively shifting from glucose metabolism to lipid metabolism. They
will for instance develop a strong dependence to glutamine in a
SIRT1/HIF2a-dependent manner while reducing the release of glycolysis-
derived protons (Figure 9) [32]. Even though malonyl-CoA is reported to be
an allosteric inhibitor of CPT1 activity to avoid futile cycles between fatty
acid formation and degradation, Corbet et al. documented that cancer cells
in tumor acidic compartments have the ability to concomitantly use fatty
acid oxidation and synthesis because of ACC2 downregulation (itself
resulting from sirtuin-mediated histone deacetylation) [96]. In parallel,

acidosis-driven activation of sterol regulatory element-binding protein
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(SREBP) 2 increases FAS from acetate by promoting the expression of acetyl-
CoA synthetase 2 [45]. More recently, acidic pH was found to promote
autocrine transforming growth factor B2 (TGF-B2) signaling, which in turn
leads to the membrane translocation of CD36 and a significant increase in
FA uptake (Figure 9) [97]. FAs are then either readily oxidized to generate
ATP or stored as triglycerides in lipid droplets that represent potential
energy reservoir for invading cancer cells [97]. In addition to glutaminolysis
and FA metabolism, acidosis was also reported to activate p53, which
contributes to redirect glucose away from lactate production and towards
the oxidative branch of the PPP; consecutive increase in NADPH production
can thereby counter the enhanced basal reactive oxygen species (ROS)

production in cancer cells exposed to extracellular acidosis [98].
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Figure 9: Fatty acid metabolism dysregulation in acidic cancer cells.

Tumor cells, exposed to low pH conditions, exhibit profound alterations in lipid
metabolism, with a concomitance of fatty acid oxidation in mitochondria and
synthesis from glutamine in the cytoplasm, rendered possible through a sirtuin 1
and 6 (SIRT1/6)-mediated downregulation of the acetyl-CoA carboxylase 2 (ACC2).
Acidosis also triggers transforming growth factor 62 (TGF-62) signaling
upregulation which favors the translocation of CD36 fatty acid translocase to the
plasma membrane, thereby enhancing the uptake of long-chain fatty acids. Fatty
acids can then be either oxidized in mitochondria for energy production, or stored
as neutral lipids (triacylglycerols, TAGs) in lipid droplets, in a diacylglycerol
acyltransferase 1 (DGATI1)-dependent manner. Abbreviations: ACSL1, acyl-
Coenzyme A synthetase 1; ASCT2, alanine-serine-cystein transporter 2; CoA,
Coenzyme A; CPT1, carnitine-palmitoyl transferase 1, DAG, diacylglycerol; Endo,
endosomes; GLS1, glutaminase 1, HIF2a, hypoxia-inducible factor 2oa; IDH1,
isocitrate dehydrogenase 1; TGF-BRIl, transforming growth factor 6 receptor 2.
Adapted from [97] and [31].
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3.2 Metabolic crosstalk between (tumor) cell types

The different components of the TME accounts for intratumor
metabolic heterogeneities that give rise to metabolite exchanges between
different populations of cancer cells and/or between tumor cells and

stromal cells, including CAFs, adipocytes and immune cells [9] (Figure 10).

3.2.1 Lactate-mediated metabolic symbiosis between tumor cell

opulations

In 2008, our lab documented the existence of a process of lactate
exchange between lactate-generating and lactate-consuming cancer cells
[99], a phenomenon recapitulating the lactate shuttle between fast-twitch
and slow-twitch skeletal muscle fibers. This capacity of lactate to be used as
a fuel was further proven by other investigators in our lab documenting that
the upregulation of MCT1 offered p53-deficient cancer cells the possibility
to facilitate lactate import or export depending on glucose availability [100].
This role of lactate as a bona fide tumor fuel was recently confirmed by
infusing NSCLC cancer patients with 3C-lactate and showing that lactate is
actually more extensively used than glucose by lung cancer cells to sustain
tumor metabolism [80]. More than a unidirectional exchange of substrate,
our lab demonstrated that the use of lactate as an energy fuel by oxidative
cancer cells contributes to spare glucose and makes it more available for

hypoxic cancer cells (Figure 10) [99, 101]. Indeed, poorly oxygenated cancer
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cells are forced to meet their energy needs through glycolysis, leading to the
production of lactate. Rather than being a waste metabolite, lactate is
secreted out of the cytoplasm of hypoxic cells mainly through MCT4
(together with H*) and taken up by oxidative tumor cells through MCT1
where it may act as a fuel for TCA cycle after being converted in pyruvate by
LDHB enzyme. This use of lactate thus reduced the extent of consumed
glucose which can instead be used for anaerobic glycolysis by hypoxic cancer
cells [99, 101].

Recently, MCT1 expression and lactate utilization by tumor cells have
been linked to a more aggressive and oncological behavior in different types
of cancers [102, 103]. In melanoma patient-derived xenografts, MCT1"ih
cells were found responsible for a higher metastatic disease burden than
MCT1'% cells derived from the same tumor, further illustrating intratumor

metabolic heterogeneity [104].
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Figure 10: Metabolic communication between (tumor) cells.

Blood vessels feed glucose and oxygen to cancer cells. Hypoxic cancer cells far from
blood vessels perform anaerobic glycolysis to survive and in consequence consume
high amounts of glucose. Lactate provided by glycolytic cells (MCT4-dependent
process) is preferentially used than glucose as an oxidative fuel by oxidative cancer
cells close to blood vessels (MCT1-dependent process), in order to increase glucose
availability for glycolytic cancer cells. Cancer cells also communicate with stroma
cells such as cancer-associated fibroblasts and adipocytes to exchanges various
nutrients (e.g. glutamine, glutamate, amino acids, ketone bodies, fatty acids and
lactate through the so-called « reverse Warburg effect »). Abbreviations: ATP,
adenosine triphosphate; GLUT1, glucose transporter 1; MCT, monocarboxylate
transporter; NO, nitric oxide; TCA, tricarboxylic acid. Adapted from [105].
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3.2.2 Monocarboxylate transporters (MCTs)

MCTs belong to family of 14 transmembrane proteins, encoded by
solute carrier 16 (SLC16) genes. MCT1-4 are the most characterized in the
literature and their role is to catalyze the proton-linked transport of
monocarboxylates, including pyruvate, L-lactate, ketone bodies aceto-
acetate and B-D-hydroxybutyrate and short chain FA propionate and
butyrate, across the plasma membrane [105]. These passive transporters
can work bidirectionally depending on the concentration gradient of their
substrates, even though they all possess distinct relative affinity values that
can dictate the import or export of molecules. For instance, the high affinity
of MCT1 for lactate (Km ~3.5 mM) renders MCT1 more prone to import
lactate inside oxidative cells, while MCT4 is mostly known for lactate export
due to lesser lactate affinity (Km ~30 mM) (Figure 9). Moreover, the very low
affinity of MCT4 for pyruvate (Km ~150 mM) prevents the loss of pyruvate
from the cell and thus permits high rates of glycolysis [106] (Table 1).

MCT proteins possess 12 transmembrane domains, and a large
cytosolic loop between domains 6 and 7 [107]. In the presence of L-lactate,
the amino and carboxyl terminal domains enclose a cavity that opens to the
extracellular side, a state defined as « outward-open » [108]. The central
pocket is positively charged due to two basic residues Lys38 and Arg313 (in
the transmembrane domains 1 and 8, respectively) that are also suggested
to be responsible for the recognition of acidic substrates [109]. Importantly,
the outward-open structure of MCT1 is observed when key residues for

substrate-binding and proton coupling are in a deprotonated state. Hence,
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when the residues are in a constitutive protonated state (i.e. due to
mutations or to lower pHe values), the structure of MCT1 is locked in
« inward-open » state which prevents lactate from entering the central
cavity [108].

MCTs are widely active in normal tissue with different patterns of
expression to ensure important metabolic processes, such as lactate-fueled
gluconeogenesis in the liver after exercise through MCT1 [110] or lactate
shuttle between MCT4-expressing glycolytic white muscle fibers and MCT1-
expressing oxidative red muscle fibers [111]. SLC16A1/MCT1 transcription is
reported to be controlled by MYC oncogenic transcription factors [112].
MCT2 is less ubiquitous and is mostly expressed in neurons at the
postsynaptic density. MCT3 expression is limited to the retinal pigment
epithelium and choroid plexus epithelia [113]. To be properly expressed at
the plasma membranes, MCTs need ancillary proteins: translocation of
MCT1, MCT3 and MCT4 needs the chaperone protein basigin (also known as
CD147) while MCT2 relies on embigin (gp70) [114] (Table 1).

Besides their physiological roles in transporting the above listed
monocarboxylates, MCTs have also been reported to mediate the transport
of exogenous drugs (e.g. salicylic, valproic, simvastatin, 3-bromopyruvic
acids and y-hydroxybutyrate) and can therefore influence drug

pharmacokinetics [115, 116].
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Table 1: Main characteristics of monocarboxylate transporters 1-4.

This table summarizes main substrates of monocarboxylate transporters (MCT)1-4
along with their respective Michaelis constant (K.) values, as well as tissue
distribution and chaperone proteins.

MCT1 MCT2 MCT3 MCT4
Human gene name SLC16A1 SLC16A7 SLC16A8 SLCI16A3
Main substrates Lactate, pyruvate, Pyruvate, lactate, Lactate Lactate,

ketone bodies

ketone bodies

High expression in

ketone bodies

Ubiquitous except B testis, moderate to low Retinal pigment Skeletal muscle,
Tissue distribution cells of the endocrine in spleen, heart, epithelium, choroid chondrocytes,
pancreas kidney, pancreas, plexus leucocytes, testis, lung,
skeletal muscle, brain brain, ovary, placenta,
and leucocytes heart
Ky lactate 3.5-10 mM 0.5-0.75 mM 5-6 mM 22-28 mM
Ky pyruvate 1mM 0.1 mM - 153 mM
Ky
B-hydroxybutyrate 12.5mM 12mM = °
Ky acetoacetate 5.5 mM 0.8 mM - s
Chaperone protein Basigin (CD147) Embigin (gp70) Basigin (CD147) Basigin (CD147)

References related to K, values of MCT1: [113], [117], [118] and [119]; of MCT2:
[117], [120], [121], [122] and [123]; of MCT3: [120], [121] and [122]; of MCT4:

[117] and [124].

3.2.3 Metabolic crosstalk with cancer-associated fibroblasts and

adipocytes

The harsh tumor microenvironment determines a large part of
metabolic adaptations in cancer cells, including through competition for

substrates with neighboring stromal cells [125] (Figure 10).
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CAFs are a key component of TME with multiple functions, including
matrix deposition and remodeling, cytokne secretion and reciprocal
signaling interactions with cancer cells [126]. Regarding metabolism, cancer
cells and CAFs communicate through several mechanisms. The « reverse
Warburg effect » states that CAFs use aerobic glycolysis to produce lactate,
which is utilized by adjacent cancer cells to fuel mitochondrial TCA cycle and
subsequent ATP production via OXPHOS [127]. Whitaker-Menezes et al.
further documented that breast cancer cells MCF7 specifically induce the
expression of MCT4 in CAFs and that MCT1 is reciprocally upregulated in
MCF7 cells when co-cultured with fibroblasts, both supporting the reverse
Warburg effect [128]. Besides glucose and lactate metabolism, activated
pancreatic stellate cells (i.e. the major type of pancreatic CAFs) are critical
for pancreatic ductal carcinoma (PDAC) through the secretion of non-
essential amino acids, and more specifically alanine which outcompetes
glucose and glutamine to fuel the TCA cycle in PDAC and thereby decreases
the tumor’s dependence on glucose and serum-derived nutrients, often
limited in the pancreatic TME [129]. Under nutrient deprivation, CAFs can
instead provide ovarian cancer cells with glutamine and use cancer-cell-

derived glutamate to regenerate glutamine [130].

Obesity-associated changes in the TME have been implicated in
several hallmarks of cancer (e.g. chronic inflammatory state, epithelial-to-
mesenchymal transition, tumor-related fibrosis, angiogenesis and genomic
instability) [131]. It is now well documented that adipocytes provide a source

of extracellular FAs to cancer cells upon lipolysis, and thereby participate to
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tumor growth by supplying lipids for cancer cell membrane and cellular
organelle constitution and/or by providing an efficient source of energy
production through the FAO pathway [132, 133] (Figure 10). Moreover,
omental adipocytes reprogram ovarian tumor metabolism through the
activation of key transcription factors (e.g. STAT1, HIF-1a, FOXO1 and PPARy
coactivator-related 1) known to be involved in the regulation of CD36
activation and plasma membrane recruitment, resulting in FA uptake,
cholesterol and lipid droplets accumulation [134]. Ovarian adipose stromal
cells have also been shown to metabolically communicate with cancer cells
by engaging in an arginine cycling pathway to increase nitric oxide (NO)

synthesis in cancer cells and reduce oxidative stress [135].

The numerous metabolic cross-talks existing between cancer cells
and immune cells will be described in the « immuno-metabolism » chapter

of this introduction.

4. Therapeutic strategies to interfere with metabolic

pathways

The existence of various metabolic addictions in cancer cells renders
anti-metabolic drugs very attractive as innovative therapeutic approach to
treat cancer (Figure 11).

Regarding glucose metabolism, several inhibitors of GLUT1 have

been reported to decrease glucose uptake in cancer cells. A group of tyrosine
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kinase inhibitors (TKIs) that include natural products of the family of flavones
and isoflavones and synthetic compounds such as tyrphostins have been
shown to inhibit the activity of GLUT1 [136]. Kinetic analysis of transport
data indicated that only TKls with specificity for ATP binding sites inhibited
the transport activity of GLUT1 in a competitive manner, while TKIs that are
competitive with tyrosine but not with ATP failed to inhibit hexose uptake
or did it in a noncompetitive manner. Recently, other natural small
molecules such as the anti-inflammatory resveratrol have also
demonstrated to block GLUT activity [137]. Besides GLUT1 targeting, 2-
deoxyglucose (2-DG) and 3-bromopyruvate (3-BrPA) that are analog
molecules of glucose and pyruvate, respectively, have been abundantly
exploited to block glycolysis. While 2-DG competitively inhibits the
production of G6P thereby blocking downstream glycolytic reactions, 3-BrPA
is an alkylating agent with antiglycolytic properties via preferential alkylation
of HKIl and GAPDH enzymes [115]. Potential therapeutic drugs targeting
other key glycolytic enzymes like PFK, PK and LDHs are also currently
investigated [138].

The roles of MCTs in supporting lactate shuttle (i.e. metabolic
symbiosis) between oxidative and hypoxic cancer cells also offers new
perspectives to therapeutically target the hypoxic tumor compartment by a
bystander effect [99, 101] but also to tackle tumor angiogenesis [139].
Pharmacological inhibition of lactate transport can be obtained by AZD3965,
a MCT1/2 inhibitor with a higher affinity for MCT1 (Ki MCT1 2.3 nM versus
MCT2 <10 nM) [140] and the orally available BAY-8002 small molecule (ICso
~85 nM in MCT1-expressing DLD-1 cells) [141]. Recently, the mode of action
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of these two inhibitors was unraveled by Wang et al. who documented that
they both occupy the MCT1 substrate binding site (via polar interactions
between the carboxylate group of BAY-8002 with Lys38, Ser154, Asp309,
Arg313 and Ser371 of MCT1 and hydrophobic contacts between Leu281 of
MCT1 with pyrazol and isoxazolidinyl groups of AZD3965), and trap MCT1 in
the outward-open state [108]. Interestingly, the non-steroidal anti-
inflammatory drug (NSAID) diclofenac has been recently repurposed to
target MCT1 and MCT4 activity, with a 10-fold higher affinity for MCT4 than
MCT1. Diclofenac was shown to reduce lactate export and consequently
glucose uptake, thereby delaying tumor growth in vivo and inducing a better
response to immune checkpoints inhibitors (ICls) [142].

The relevance of targeting lipid metabolism in cancer therapies has
been highlighted in many recent reviews [143, 144]. Fatty acid uptake can
be blocked at the CD36 level with the small molecule inhibitor
sulfosuccinimidyl oleate [145] or with monoclonal antibodies. Etomoxir was
shown to block FAO by inhibiting CPT1A activity. In glioblastoma, etomoxir
was further shown to exert anti-tumor effects by impairing NADPH
production and increasing ROS [146] while in leukemia, mitochondrial
damages and apoptosis induction were reported [147]. Several strategies to
block lipogenesis have also recently been documented, including the
inhibition of ACLY [148], ACC [149, 150] and FAS [151]. Finally, our laboratory
also demonstrated that instead of blocking lipid metabolic pathways, one
could take advantage of the addiction of acidic cancer cells for FA. Indeed,

the administration in excess of specific toxic FA like omega-3 and omega-6
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polyunsaturated can lead to ferroptosis-mediated cytotoxic effects in the
tumor acidic compartment [152].

Glutamine metabolism can be prevented either through GLS
inhibition by the preclinical compound bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl)ethyl sulfide (BPTES) or its clinical derivative CB-839
(Telaglenastat) [153] or through glutamine depletion using L-asparaginase

[154].

Other therapeutic approaches deal with targets shared by several
metabolic pathways. The recent development of OXPHOS inhibitors is one
example of a strategy that may considerably impact tumor bioenergetics.
Originally, however, OXPHOS-interfering compounds were thought to be
incompatible with the survival of healthy tissues. Furthermore, intrinsic
issues with the first OXPHOSi prevented their use in the clinic, including “off-
target” effects (e.g. rotenone) or a limited pharmacokinetic profile (e.g.
oligomycin) [155]. Today, there are increasing evidence that OXPHOS
inhibition may represent a viable option. For instance, biguanides (e.qg.
metformin, phenformin) which are safely used to treat diabetes were
documented to act as (albeit weakly potent) complex | inhibitors. IM156 and
IM188 (ImmunoMet) are novel biguanides currently in late stage lead
optimization. IM156, currently in phase | clinical study is very promising and
has demonstrated efficacy to treat cancers with molecular signatures of
sensitivity to OXPHOS inhibition, while IM188 is targeting OXPHOS-
dependent immune suppressor cells to enhance the response of current

immunotherapies.
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Recent studies have identified bona fide OXPHOS inhibitors, namely
IACS-010759 [156] and gboxin [157], as potent anticancer drugs in various
tumor subtypes. IACS-010759 has been reported as a selective inhibitor of
the ND1 subunit of complex | of the ETC and shown to preferentially inhibit
the growth of certain “OXPHOS-dependent” tumors such as chemo-resistant
acute myeloid leukemia (AML), glycolysis-deficient glioma, SWI/SNF mutant
lung cancer and brain metastases from melanoma [156, 158, 159]. IACS-
010759 is currently being evaluated in phase | clinical trials in
relapsed/refractory AML and solid tumors (NCT02882321 and
NCT03291938, respectively). In another study, gboxin has been found to
specifically inhibit the growth of primary mouse and human glioblastoma
stem-like cells while not affecting the viability of mouse embryonic
fibroblasts or neonatal astrocytes. Gboxin reduces OXPHQOS by interacting
with respiratory chain proteins and inhibiting the ATP synthase activity
[157]. The risk of side effects is certain with OXPHQOSIi, the main question is
whether the benefit-risk balance will be favorable (in particular for therapy-
refractory cancer patients). While the high therapeutic index of IACS-010759
and gboxin is encouraging, phase | clinical trial with BAY87-2243, another
complex | inhibitor, had to be stopped several years ago for toxicity issues
[160]. BAY87-2243 had however been reported to alleviate hypoxia and
improved radiation response without toxicity in mice. It is noteworthy that,
such radiosensitizing effects (via tumor reoxygenation) can be obtained with
drugs acting on more specific metabolic paths. Our lab for instance reported
that 7ACC2, an inhibitor of MPC1 could promote tumor reoxygenation by

blocking both lactate and glucose-fueled TCA cycle [161].
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This paragraph is derived from "Catherine Vander Linden and Cyril Corbet,

Seminars in Cells and Developmental Biology,

https://doi.org/10.1016/j.semcdb.2019.05.016 ».

Chemical structures and affinity values of key compounds used in the
Results part of this thesis (i.e. 3-bromopyruvate, diclofenac, CIM203070 (ETC
complex | inhibitor) and etomoxir) are summarized in the Scope and Aims

section (see paragraph 2. Specific aims).

Glucose
TKi

Resveratrol ]—

Lactate

MCT1

AZD3965
BAY-8002

Fatty acids

Glucose

2-DG
3-BrPA

]_

—H Glycolysis

|
|

Pyruvate

galloflavin

Lactate 4%— Lactate 7AcCC2

MCT4

AT-101
FX-11 H—| LDHA

3

Diclofenac

&

Ll_J

Lactate

T

Etomoxir

(;:a —sso
Ll_)

Fatty acids

Acyl-CoA
*F

1
I ACC

Lipogenesis |—

Acetyl-CoA

I AClY —— NDI-0911.
Citrate

4
1

Reductive
carboxylation

| _|IPI-9119
ND-654

i3

Biguanids n n Glutamate
IACS-010759 /\ AN BPTES
Gboxin OXBHOS T o N T 6ls1 CB-839
Rotenone lgomyiin E :
Glutamine
CIM203070

i

Glutamine

Figure 11: Therapeutic options to interfere with metabolic pathways.

This figure represents the principal metabolic pathways and their inter-connections
supporting cancer phenotype. Metabolic inhibitors aiming to disrupt these networks
and to affect tumor growth are depicted in red. Abbreviations: 2-DG, 2-
deoxyglucose; 3-BrPA, 3-bromopyruvate; ACC, acetyl-CoA carboxylase; ACLY, ATP-
citrate lyase; ASCT2, alanine-serine-cystein transporter 2; BPTES, bis-2-(5-
phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide; CoA, Coenzyme A; FAS, fatty
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acid synthase; GLUTI1, glucose transporter 1; GLS1, glutaminase 1; LDH, lactate
dehydrogenase; MICT, monocarboxylate transporter; MPC, mitochondrial pyruvate
carrier; OXPHOS, oxidative phosphorylation; SSO, sulfosuccinimidyl oleate; TCA,
tricarboxylic acid; TKls, tyrosine kinase inhibitors.

4.1 Metabolic plasticity as a driver of therapy resistance

Development of innovative tumor metabolism-targeting drugs is
challenging due to the ability of cancer cells to shift their metabolic
preferences to survive and/or keep growing. Interestingly, metabolic
plasticity is also a driver of resistance to anticancer treatments, from
conventional chemotherapy to recently developed targeted therapies

(Figure 12).

4.1.1 Chemotherapy resistance

Cancer cells relying on aerobic glycolysis due to defective
mitochondrial activity and hypoxia are described to be less sensitive to
conventional chemotherapeutic agents [162]. In addition, lactate is today
not only recognized as a waste but rather as an active metabolite causing
anticancer therapy resistance by enhancing cellular DNA damage repair
process [163]. In ovarian cancer cells, increased glycolysis and lactate
production are associated with poor prognosis and cisplatin resistance [164].
Two anthracyclines, doxorubicin and epirubicin elicit distinct primary

metabolic vulnerabilities in human breast cancer cells through differences in
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Gene Set Enrichment Analysis. While doxorubicin-resistant cells rely on
glutamine to drive OXPHOS and glutathione synthesis, epirubicin-resistant
cells show increased bioenergetic capacity and mitochondrial ATP
production [165]. These observations further revealed that for the same
tumor subtype, metabolic adaptations may vary according to the
therapeutic agent. Lipid metabolism was also associated with
chemoresistance by investigators who documented that inhibiting SREBP1
and reducing lipogenic pathways could sensitize colorectal cancer cells to
gemcitabine [166]. Lipid droplet accumulation is also thought to play an
active rolein inducing chemoresistance in breast cancer due to their capacity
to sequester lipophilic drugs such as docetaxel [167].

Since chemotherapy is known to specifically target cells under high
division rates, recent studies support the concept that cancer cells can
become chemotherapy-resistant by promoting OXPHOS that leads to a
reduced proliferation (vs. highly glycolytic tumors). This metabolic switch is
observed in different types of cancer (e.g. ovarian cancer, KRAS-driven
pancreatic cancer and colon cancer) where it is respectively driven by
inflammatory mediators, by expansion of quiescent tumor cells surviving
oncogene ablation and changes in mitochondrial biomass [168]. In TNBC,
doxorubicin resistant clones exhibit a metabolic shift to a greater
dependence on fatty acid storage in lipid droplets and mitochondrial
OXPHOS [169]. Besides OXPHOS, mutations in mitochondrial DNA (mtDNA)
have been associated with chemo-resistance in colorectal cancer patients
[170] and a somatic mutation in ND4 complex | subunit correlates with

resistance to chemotherapy in serous ovarian cancer [171]. Accordingly, low
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mtDNA content has been correlated with a better outcome in breast cancer

patients receiving anthracycline-based chemotherapy [172].

4.1.2 Endocrine-therapy resistance

Besides chemotherapy, metabolic reprogramming can also be
inherent to endocrine-therapy resistance, the standard of care for hormone-
positive breast cancers [168]. Indeed, HIF-1a hyper-activation via Akt/mTOR
signaling pathway and hence increased aerobic glycolysis is closely
associated with tamoxifen resistance in estrogen receptor-positive breast
cancers [173]. Feng et al. recently observed that metabolic rewiring of breast
cancer cells towards exogenous FA uptake via CD36 over de novo FA
synthesis confers resistance to human epidermal growth factor receptor 2
(HER2) tyrosine-kinase inhibition [145]. Epithelial growth factor receptor
(EGFR)/HER2 inhibition with lapatinib resistance is described to be
supported by overexpression of LDHA and by phosphorylation changes in
glycolysis-mediating enzymes (e.g. LDHA, enolase 1, phosphoglycerate
mutase) [174]. The transcription of MPC gene is regulated by the androgen
receptor and the mitochondrial pyruvate import has been shown
indispensable to support the growth of hormone-responsive and castration-

resistant prostate adenocarcinoma [175].
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4.1.3 Targeted therapy resistance

The efficacy of targeted therapies can also be dampened by
metabolic features of cancer cells. Targeting KRAS mutations, known to be
drivers of pancreatic ductal adenocarcinomas has been proved challenging.
Indeed, Viale et al. showed that a subpopulation of dormant cancer cells
exhibiting cancer stem cell features and surviving oncogene ablation are
responsible for tumor relapse and strongly relies on OXPHOS for survival
[176]. Accordingly, surviving cells show high sensitivity to OXPHOS inhibitors.

An adaptive resistance mechanism to tyrosine-kinases inhibitors
(TKlIs) was recently observed in lung cancer patients based on a metabolic
shift toward increased glycolysis and lactate production [177]. Similarly,
increased glycolytic activity has been associated with resistance to the multi-
TKI axitinib in PDAC cell lines [178] and HIF-1a-mediated HKIl overexpression
was shown to contribute to resistance to sorafenib, a multi-kinase inhibitor
in hepatocellular carcinoma cells [179].

The occurrence of a lactate-shuttle between hypoxic and oxidative
cancer cells leads to major resistance phenomenon to anti-angiogenic
therapies in pancreatic neuroendocrine tumors [180], murine breast cancer
models [181], patient-derived renal cell carcinoma (RCC) models and in
clinical human RCC samples [182]. Indeed, after an initial regression, murine
and human tumors, treated with antiangiogenics, resume growth in the
absence of active neo-vascularization by exhibiting a compartmentalized
expression of MCT1 and MCT4 whereby hypoxic cancer cells import glucose

and export lactate, while normoxic cells import and catabolize lactate
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(Figure 12). In TNBC, a similar metabolic symbiosis with lactate being used
as a primary source of energy allows cancer cells to survive long-term
glucose deprivation and confers resistance to PI3K/mTOR inhibitors [183].
Metabolic crosstalks between cancer cells, CAFs, adipocytes and immune
cells have also beenshown to support therapy resistance. For instance,
secreted lactate has the capacity to instruct CAFs to produce hepatocyte

growth factor activating MET-dependent signaling in cancer cells [177].
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Figure 12: Metabolic plasticity as a driver of therapy resistance.

Conventional anti-cancer treatments mostly focusing on the inhibition of tumor
growth result in the death of bulk tumor cells. A few population of plastic cells with
cancer stem cell (CSC) features, including the ability of modifying their metabolic
preferences according to specific needs, are able to survive and subsequently give
rise to cancer recurrence. In contrast, antiangiogenic therapy primarily triggers
hypoxia-dependent metabolic plasticity, involving topographic distribution of
cancer cells presenting different metabolic phenotypes depending on oxygen and
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nutrient concentrations within the tumor. Abbreviations: FAO, fatty acid oxidation;
OXPHOS, oxidative phosphorylation. Adapted from [184] and [168].

4.2 The concept of collateral lethality to circumvent treatment

resistance

The various interconnections between metabolic pathways together
with cancer cell metabolic plasticity make very challenging the use of anti-
metabolic treatments as anticancer therapy, although widely investigated in
the last few years. The therapeutic blockade of a specific enzyme or the
inhibition of nutrients uptake will frequently lead to metabolic rewiring of
the cancer cell in order to sustain ATP production and proliferation.
However, instead of representing a therapeutic failure, these new metabolic
peculiarities may also become an Achille’s heel for the cancer cell that can
be specifically targeted in a second time to promote cell death. This
emerging concept can be seen alongside with the collateral deletion of
metabolic genes neighboring a major tumor suppressor locus, representing
in our model a first hit with an anti-metabolic drug (Figure 13). The genomic
deletion of tumor suppressor genes (TSG) is actually observed in almost
every human cancer and a large number of genes playing diverse functions
in cell homeostasis are co-deleted due to chromosomal proximity with the
target TSG, although they have no apparent role in cancer progression (i.e.
passenger deletion) [185]. These secondary deletions may correspond to
genes encoding for metabolic enzymes. For instance, the homozygous
deletion of the 1p36 locus targets various TSG but also ENO1 (glycolysis),
NMNAT1 (NAD* synthesis) and PGD (pentose phosphate shunt). These
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collateral deletions of passenger genes may thus lead to metabolic
vulnerabilities that can be specifically tackled with an appropriate drug. This
collateral lethality concept can be extended if considering that the first hit
(instead of TSG deletion) can derive from stable alterations in metabolic
preferences of cancer cells exposed to a given (first) drug. The vulnerability
can then be targeted by a second drug that may induce lethality in cells

unable to escape.
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Figure 13: The concept of collateral lethality to circumvent anti-metabolic
treatment resistance.

The fact that two (or greater) biochemical pathways can lead to the same essential
cellular process drives therapy resistance establishment to inhibitors targeting a
specific pathway. Passenger homozygous deletions can affect one of those
pathways while leaving the other intact, thus having no detrimental effect on cancer
cell viability but causing the remaining pathway to become essential. In line with
this idea, targeting a specific metabolic pathway with an inhibitor can lead to new
addictions in cancer cells after metabolic rewiring. Using selective inhibitors against
the non-deleted essential pathway can lead to tumor specific cell death while
leaving normal tissues unharmed. Adapted from [185].
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5. Immuno-metabolism in cancer

If cancer cells can modulate their metabolic preferences and
therefore adapt to specific nutrients availability and/or TME peculiarities,
immune cells are not as plastic in their capacity to adapt to new mechanisms
of immune escape continuously developed by progressing tumors [186].
Consequently, immune cells are often irreversibly affected and may fail to
efficiently curb cancer progression. Moreover, immune cells rely on
different metabolic pathways depending on their activation state, and those
may be perturbed by the TME. Here below | will describe cancer-related
immune system with a specific focus on CD8+ cytotoxic T cells including their
reliance on distinct metabolic routes along the differentiation process, and
discuss how metabolic regulation can affect the cancer-immunity cycle and

thereby the efficacy of immunotherapy.

5.1 Immune contexture in human cancers

Histopathological analyses of human tumors have provided evidence
that multiple infiltrating immune cells are found in different locations, within
and around a tumor [187] (Figure 14).

While the conventional model describes the cross-presentation of
tumor antigens to T cells by dendritic cells in the tumor-draining lymph
nodes (or by tumor cells that have migrated there), the tumor mass is an
attractive site of T cell priming. Tumor-infiltrating lymphocytes (TILs) are

comprised primarily of cytotoxic (CD8+) and helper (CD4+) T cells, and a
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smaller proportion of natural killer (NK) and B cells [188]. Named for their
capability of killing cancer cells autonomously, NK cells represent the main
effector cells toward cancer in innate immunity. B cells are mostly located in
the invasive part of growing tumors but can also be found in tertiary
lymphoid structures (TLS) adjacent to the tumor bulk [189]. TLS contain also
memory T cells and mature dendritic cells (i.e. antigen-presenting cells) in
close contact with naive T cells, supporting the possibility to develop an
immune response independently of secondary lymphoid organs (such as
lymph nodes and spleen).

Other immune cells localized in the tumor bed include macrophages,
mast cells, granulocytes and myeloid-derived suppressor cells (MDSCs, i.e.
heterogeneous population of cells inhibiting T cell activation). Initially
macrophages were artificially divided into two subtypes (based on the cell
polarization concept of helper T cell type 1 and 2). While M1 macrophages
have an anti-tumor role, secrete pro-inflammatory cytokines (i.e. IL-1, IL-6
and tumor necrosis factor (TNF)) and express effector molecules such as
iNOS, M2 macrophages exhibit anti-inflammatory functions, promote
angiogenesis and favor tumor progression [190]. Today, the concept of
continuum in the tumor macrophage phenotypes is established and the
terms M1-like and M2-like macrophages are preferred.

More generally, the distribution of immune cells in the tumor bulk
and in the associated stroma varies between tumor types and may

considerably influence prognosis and treatment outcomes. For instance, in
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colorectal cancer, high density of TILs at the invasive margin of liver

metastases is associated with better chemotherapy efficacy [191].
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Figure 14: Immune contexture in cancer.

This figure depicts tumor anatomy, including the tumor core, the invasive margin,
tertiary lymphoid structures (TLS) and the tumor microenvironment. Different
immune cells are also represented according to their tumor distribution.
Abbreviations: CTL, cytotoxic T lymphocyte; DC, dendritic cell; FDC, follicular
dendritic cell; MDSC, myeloid-derived suppressor cell; NK, natural killer; Ten, T
follicular helper cell. Adapted from [187].

5.1.2 Focus on cytotoxic CD8+ T cells

CD8-expressing T cells, also known as cytotoxic T lymphocytes (CTLs),
are the key players of anticancer immunity due to their essential role in

killing cancer cells [192] and therefore form the backbone of successful
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immunotherapies. To efficiently carry on their cytotoxic functions, CD8+ T
cells first need to be properly primed and activated by antigen-presenting
cells to become effector CTLs. When they are activated, effector CTLs
proliferate and migrate to the tumor site where they will induce cancer cell

death after antigen recognition and adherence mechanisms.

5.1.2.1 Activation process of naive T cells

Naive lymphocytes permanently circulate in the blood and in
secondary lymphoid organs as long as they do not encounter their specific
antigen. Hence, several billions of lymphocytes pass through lymph nodes
every single day [193]. CD8+ T cells interact with major histocompatibility
complex (MHC) I molecules on the surface of antigen-presenting cells (APCs)
and target cells, which present foreign antigenic peptide fragments
produced by proteasomal protein degradation [194] (Figure 15). When a
CD8+ T cell engages an APC, it will attach to it and scan the surface by
crawling over it. These direct contact and movements of the cells generate
mechanical energy at the immunological synapse to drive biochemical
signaling playing important role in the activation of the CD8+ T cell receptor
(TCR) complex [195]. The TCR complex is composed of the antigen-binding
subunit, non-covalently bound to three CD3 co-receptor signaling subunits
that possess immunoreceptor tyrosine-based activation motifs (ITAMs),
which are required for TCR surface expression, intracellular assembly and
signal transduction [196] (Figure 16). CD8 domain stabilizes the tight contact

between TCR and MHC-I by bringing the lymphocyte specific protein tyrosine
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kinase (LCK) at the proximity of the complex, which can afterwards
phosphorylate the CD3-associated ITAMs [197].

Following transduction of the TCR-activating signal, a co-stimulatory
signal from the CD28 co-receptor must be received before the killing
machinery is activated. This second signal is mediated by the interaction of
CD28 receptors on CD8+ T cells with CD80/B7.1 or CD86/B7.2, both highly
expressed on APCs, and enhances T cell proliferation and cytokine
production (especially IL-2). Stimulation of CD28 receptor leads to the
recruitment of phosphatidylinositol 3-kinase (PI3K) that will further promote
T cell survival through activation of protein kinase B (PKB/Akt) and NF-kB
[194]. If a naive lymphocyte recognizes its antigen without adequate co-
stimulation, it will not only stay naive but any further re-activation becomes
impossible, even in the presence of an adequate co-stimulus [198]. These
lymphocytes are also characterized by reduced IL-2 production [199]. This

particular state is referred as T cell anergy.
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Figure 15: T cell activation.

Naive T cells become activated when they encounter a professional antigen-
presenting cell (APC) such as a dendritic cell, displaying antigen fragments bound
to its major histocompatibility complex (MHC) molecules. Activation results from
the simultaneous engagement between the T cell receptor (TCR) and the complex
MHC-peptide and between co-stimulatory molecules (CD28/B7). After priming,
activated T cells proliferate, differentiate and acquire effector functions allowing
them to recognize and kill a target cell presenting the same antibody on its
surface.
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Figure 16: T cell receptor.
T cell receptor (TCR) is a heterodimer composed of one alpha chain and one beta

chain. The interaction between the TCR and the major histocompatibility complex
(MHC)-antigenic peptide complex of an antigen presenting cell (APC) is stabilized by
CD8 domain which brings the lymphocyte-specific protein tyrosine kinase (LCK) to
the proximity of the complex and further phosphorylates immunoreceptor tyrosine-
based activations motifs (ITAMs) bound to CD3 co-receptors for signal transduction.

Reproduced from [197].
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5.1.2.2 Cancer cell lysis mechanism

The lysis of a target cell by a CTL requires a contact between the TCR
and the MHC-I, strengthened by additional linking of adhesion molecules
(e.g. T cell integrin LFA-1 with ICAM-1 on target cell) [200]. This phase is
accompanied by a rapid and coordinate reorientation of the perinuclear
Golgi apparatus and the microtubule-organizing center so that the two
organelles face the bound target [201], as well as an accumulation of
granules at the T cell pole in contact with the target cell. These granules
contain several proteins, including perforin and granzyme (Figure 17). When
secreted in the extracellular medium, perforin changes its conformation due
to high concentrations of calcium and creates pores in the membrane of the
target cell upon polymerization [202]. These pores allow serine-esterase
granzymes to enter in the target cell cytoplasm and cleave Bid protein,
resulting in mitochondrial cytochrome C release and activation of caspase-
dependent apoptosis [203]. The killing of a target cell only takes a few
minutes, and an individual CTL is capable of carrying out multiple killing by
polarizing lytic granules toward different cells, without discrimination
regarding antigenic potential [204]. In addition, Fas ligand is expressed on
CD8+ T cells and its ligation by Fas receptors on target cells activates death
domains, leading to activation of endonucleases and target-cell DNA

fragmentation [205] (Figure 17).
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Figure 17: CD8+ T cell cytotoxicity mechanisms against cancer cells.

Activated CD8+ T cells have the ability to induce apoptosis of targeted malignant
cells by secretion of cytotoxic enzymes and molecules. The secretion of granules
containing perforin and granzymes leads to target cell death through cleavage of
cellular protein involved in cell maintenance. CD8+ T cells can also induce apoptosis
through Fas-Fas ligand (FasL) interactions leading to the activation of caspase
proteases. In addition to apoptosis, CD8+ T cells can kill target cells indirectly
through the release of cytokine factors. For instance, interferon (IFN)-y inhibits viral
replication and enhances the presentation of specific antigens. Abbreviations: TNF-
a, tissue necrosis factor a. Adapted from [206].
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5.1.2.3 Key cytokines for CD8+ cytotoxic T cells

Cytokines are proteins from 10 to 40 kDa, secreted by multiple cell
types in response to injurious stimuli (e.g. recognition of an antigen by the
TCR). The said stimulus induces the temporary transcription of short-life
mRNA that do not exist in a pre-formed state in the cell [207]. Secreted
cytokines act via specific high-affinity surface receptors located on the
membrane of the producer cell (i.e. autocrine signaling), a neighbor cell (i.e.
paracrine signaling) or a distant cell (i.e. endocrine signaling). They are
involved in a variety of biological functions, including hematopoiesis,
inflammation, cellular immunity and antibody production. Immune cells can
be divided into different subsets, which all possess distinct cytokine profiles
[208]. Typical cytotoxic CD8+ T cell (i.e. Tc1 subset) induction is mediated by
IL-12 produced by antigen-presenting cells including macrophages and
dendritic cells, upon exposure to maturation stimuli [209]. After naive T cell
priming, IL-2 signals optimize both effector T cell generation and
differentiation into memory T cells [210]. Interestingly, IL-2 elicits a unique
pattern of signaling associated with strong activation of PI3K/Akt pathway
under TCR-independent conditions, further inducing marked proliferation
[211]. Functionally, cytotoxic CD8+ T cells are defined by their high levels of
perforin, granzyme B, interferon-gamma (IFN-y) and TNF-a (Figure 17). IFN-
vy production has been reported to be dependent on T-bet transcription
factor, downstream of IL-12/signal transducer and activator of transcription
(STAT) 4 signaling [212]. Of note, some CD8+ subsets such as Tc9 and Tcl17
secreting IL-9 and IL-17/22 respectively, exhibit poor cytotoxic functions and

low IFN-y expression and are thought to be implicated in the progression of
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several diseases (e.g. atopic dermatitis lesions, asthma, multiple sclerosis

and response to graft versus host disease) [208].

5.1.2.4 Immune-checkpoints

In order to maintain immune homeostasis and to dampen excessive
immune responses, immune-checkpoint molecules are expressed at the
surface of immune cells (Figure 18). Immune-checkpoints display high
diversity in expression, structure and function [213]. The most prominent
are programmed cell death receptor 1 (PD-1) and cytotoxic T lymphocyte-
associated protein 4 (CTLA-4) expressed by T cells, NK cells and activated
macrophages [194]. PD-1 signals are effective during the effector phase and
mostly occur within peripheral tissues whereas CTLA-4 signals regulate the
priming phase of naive T cells and primary occur in lymphatic tissues.

PD-1 receptor mediates T-cell inactivation upon binding to its ligands
PD-L1 and PD-L2, both frequently expressed on the surface of cancer cells.
These interactions actually antagonize CD28-CD80/86 co-stimulatory
signals, even at very low PD-1 expression levels [214]. As a result, PD-1 leads
to T cell anergy and abrogates cytokine production. Moreover, PD-1 was
found to promote a switch from glycolysis to FAO (of endogenous lipids) in
CD8+ T cell, by increasing the expression of CPT1A and promoting lipolysis
as documented by elevation of the adipose triglyceride lipase [215].

CTLA-4 receptors are bound by the same ligands as CD28, but with a
20-time higher affinity, and thus outcompete CD28 for ligands. Schneider et

al. showed that CTLA-4 increases T cell motility and overrides the TCR-
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induced stop signal required for stable interaction between T cells and
antigen-presenting cells, thus reducing the contact time between cells [216].
Other co-inhibitory receptors such as T cell immunoglobulin-3 (Tim-3),
lymphocyte-activation gene 3 (LAG-3) and T cell immunoglobulin and ITIM
domain (TIGIT) are also reported to regulate T cell functions, autoimmunity
and antitumor responses [213].

In the context of chronic infections and cancer, an upregulation of
co-inhibitory receptors is frequently documented to counterbalance the
persistent antigenic stimulation, which can further lead to T cell dysfunction
and/or exhaustion. Exhausted T cells lose robust effector functions (i.e.
cytokine production and cytotoxic capacities), express multiple inhibitory
receptors and are defined by an altered transcriptional program [217]. Of
note, co-inhibitory receptors also contribute to enhance immune
suppression by acting on regulatory T cells (Tregs) (i.e. a subpopulation of T
cells that modulate the immune system by suppressing or downregulating
the induction and proliferation of effector T cells) [218]. Taken together,
enhanced expression of co-inhibitory receptors directly dampens the
antitumor response by impairing effector T cell activity and enhancing

suppression by Tregs present in the tumor tissue.
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Figure 18: Immune checkpoint receptors and their respective ligands.

cD28
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Immune checkpoint molecules are negative regulators of immune responses to
avoid immune injury. Various immune checkpoint receptors expressed on T cells
trigger a negative signal to T cell responses when bound to their corresponding
ligands on the surface of antigen presenting cell (APC) or cancer cells. Abbreviations:
Ceacam-1, carcinoembryonic antigen-related cell adhesion molecule-1; CTLA-4,
cytotoxic T lymphocyte-associated protein 4; FGL1, fibrinogen-like protein 1; LAG-3,
lymphocyte-activation gene 3; MHC, major histocompatibility complex; PD-1,
programmed cell death protein 1; PD-L1/2, programmed death-ligand %, TCR, T cell
receptor; TIGIT, T cell immunoglobulin and ITIM domain;, Tim-3, T cell
immunoglobulin-3.

5.1.3 Metabolism drives the life cycle of T cells

Along their normal development, lymphocytes undergo a dramatic
metabolic remodeling process, which is controlled by key receptor signaling
events and growth factor cytokines, as well as availability of nutrients.

Diverse metabolic pathways and metabolites were found to regulate
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lymphocyte signaling and influence their differentiation, function and fate
[219] (Figure 19). Nowadays, the significance of bioenergetic requirements
for anticancer effector functions but also memory responses are increasingly

elucidated and exploited to improve immunotherapies.

5.1.3.1 Naive T cell metabolism

Naive T cells exhibit extremely long lifetime and can remain alive for
the entire duration of the host’s life [220]. The survival of naive T cells
requires metabolic quiescence, which are largely regulated by IL-7 in concert
with tonic TCR signaling [221]. IL-7 in turn promotes glucose uptake via
STAT5/Akt-dependent regulation of GLUT1 trafficking and glucose uptake
[222] (Figure 19). Naive T cells exhibit low proliferation rates accompanied
with low metabolic demands and are highly dependent on OXPHOS to

generate ATP for survival and homeostasis maintenance.

5.1.3.2 Glycolysis in effector T cell function

After naive T cell adequate priming, effector T cells are reported to
engage in Warburg metabolism and to break down glucose to pyruvate and
lactate to efficiently proliferate and secrete cytokines, instead of relying on
the highly energetically favorable OXPHOS pathway [223, 224] (Figure 19).
Effector cells present mitochondrial fragmentation with poorly efficient
electron transport chain but high capacity to buffer calcium and to produce

ROS, which are both needed for the expression of nuclear factor of activated
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T cells (NFAT), a transcription factor involved in T cell activation [225].
Interestingly, GAPDH and LDHA are critical to regulate cytokine production
in CD4+ and CD8+ effector T cells, respectively, independently of their strict
role in supporting the glycolytic pathway. While GAPDH directly binds to the
MRNA of key cytokines to prevent their translation in the absence of glucose
in CD4+ lymphocytes, LDHA maintains high concentrations of acetyl-CoA (by
sparing citrate that is no more “burnt” in the TCA cycle and can be exported
out of the mitochondria) to enhance histone acetylation and transcription of
IFN-y in CD8+ T cells [223, 226]. A role of ACLY, the enzyme that converts
glucose-derived citrate into acetyl-CoA, was previously documented to
make the link between induced increase in glucose metabolism and the
regulation of gene expression through histone acetylation [227].

Besides glucose, breakdown of amino acids and particularly
glutamine is critical for T cell proliferation through the generation of
nucleotides, hexosamines and polyamines as well as oxidation in the TCA
cycle [228]. In line with these findings, c-MYC, known to regulate different
actors of glutamine metabolism including the transporter ASCT2 and
glutaminase, is one of the most upregulated transcription factor upon T cell
activation [229, 230]. Of note, glutamine is not required for cytokine
production by T cells [231]. Other essential amino acids such as arginine,
histidine, phenylalanine, tryptophan, valine and methionine are also
required for T cell proliferation [232]. In addition, TCR activation triggers de
novo lipid synthesis in both CD8+ and CD4+ lymphocytes in a mTOR-

dependent manner [233].
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5.1.3.3 Mitochondrial properties of memory T cells

Memory T cells are a small fraction of T cells that survive the initial
antigen clearance and exhibit adaptations allowing self-renewal and long-
term survival [234]. To rapidly enhance IFN-y production after the second
antigen exposure, memory T cells are reported to re-organize their
mitochondria to tightly associate with the ER. Consecutive recruitment of
HK-I to the voltage-dependent anion channel on mitochondria may then
promote respiration to support metabolic reprogramming needed for
memory CD8+ T cells to rapidly acquire effector function [235]. In contrast
to mitochondrial fragmentation described in effector cells, memory T cells
adapt their mitochondrial morphology to promote FAO and undergo
mitochondrial fusion leading to less ROS production and enhanced OXPHOS
metabolism [236, 237] (Figure 19). Moreover, memory T cells, but not
effector T cells, possess substantial mitochondrial spare respiratory capacity
(i.e. the ability to produce energy in response to increased stress or energy
demand) [236]. Interestingly, AMP-dependent protein kinase (AMPK)
activity is a critical regulator of the mitochondrial biogenesis transcription
factor peroxisome proliferator-activated coactivator 1a (PGCla) and has
therefore a function in the development of memory T cells [238]. FAO has
been documented to be a key pathway for the development of memory
[239]. However, CD8+ memory T cells do not increase their uptake of
extracellular FAs but instead rely on cell intrinsic lysosomal acid lipase
activity to mediate the lipolysis of triacylglycerides (TAGs) to fuel FAO and
thus engage in a futile cycle for uncleared reasons. It is speculated that this

cycle may be required to maintain a balanced redox state, provide metabolic
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intermediates, or maintain healthy mitochondria with sustained activity of
the glycolytic and lipogenic machinery [230]. In addition, the expression of
aquaporin-9 channel for glycerol uptake and TAG synthesis has been

documented to be vital for the long-term survival of CD8+ memory T cells
[240].
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Figure 19: Metabolism drives the life cycle of T cells.
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This figure represents different metabolic programs used by naive, effector and

memory T cells. Naive T cells rely on the translocation of glucose transporter 1
(GLUT1) through Akt signaling to survive. In the absence of T cell receptor

stimulation, resting naive T cells mostly oxidize glucose and glutamine through
OXPHOS. Upon T cell stimulation, T cells undergo protein and transcriptional

changes resulting in the sustained activity of glycolysis that mediates histone
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acetylation to transcription of cytokines. In addition to glucose, effector T cells use
amino acids and particularly glutamine to efficiently proliferate. After antigen
clearance, most of effector T cells will die but a small population forms memory T
cells. Compared to effector T cells, memory T cells possess a metabolic profile
dependent on mitochondrial biogenesis. They strongly rely on fatty acid oxidation
(FAO), furnished by lysosomal lipolysis of triacylglycerides. Abbreviations: Ac, acetyl
groupment; ACLY, ATP-citrate lyase; AQP9, aquaporin 9; AMPK, adenosine
monophosphate-activated  protein  kinase;, ASCT2, alanine-serine-cystein
transporter 2; IFN, interferon; IL, interleukin;, LDHA, lactate dehydrogenase A;
PGCla, peroxisome proliferator-activated receptor gamma coactivator 1 alpha;

ROS, reactive oxygen species; TCA, tricarboxylic acid. Adapted from [220].

5.2 Metabolic regulation of the cancer-immunity cycle

The cancer-immunity cycle (CIC) comprises a series of events that are
required for immune-mediated control of tumor growth [228] (Figure 20). It
is today well accepted that tumors develop numerous mechanisms to
interrupt one or more steps of this CIC in order to escape
immunosurveillance [8]. Immunotherapies aim to restore anti-tumor
immunity by reactivating the CIC and although may tumors still fail to
respond, recent developments with immune checkpoint inhibitors (ICls)
have renewed the interest for these strategies. Interestingly, recent studies
have documented that metabolic reprogramming of tumor-associated
immune cells are key contributors to immune evasion and may thus offers a

new field of investigation to identify new therapeutic targets.

87



5.2.1 The cancer-immunity cycle

The first step of CIC relates to the presence of neoantigens resulting
from oncogenesis and their capture by dendritic cells for processing [241].
Two major classes of tumor antigens targeted by T cells have been reported:
the tumor-specific antigens found on cancer cells only and not on healthy
cells (e.g. oncoviral antigens or novel peptide sequence arising from
oncogenic driver mutations), and the tumor-associated antigens which
exhibit elevated levels in tumor cells due to genetic amplification or post-
translational modifications but are also expressed in lower amounts by
healthy cells [242]. This first step has to be accompanied by immunogenic
signals including pro-inflammatory cytokines (e.g. TNF-a, IL-1, IFN-a) and
factors released by dying tumor cells (e.g. CDN, ATP, HMGB1) to yield an
efficient anticancer T cell response. Next, dendritic cells present the
captured antigens on MHC-I and MHC-II molecules to T cells, resulting in the
priming and the activation of effector T cell responses against the antigen.
Activated effector T cells traffic to finally reach and infiltrate the tumor site,
were they specifically bind to cancer cells through the interaction between
the TCR and the cognate antigen bound to MHC-I, and lead to cancer cell
apoptosis. The killing of cancer cells will further lead to the release of
additional cancer antigens and immunostimulatory molecules, reinforcing
the immune response and initiating subsequent revolutions of the cycle
[241]. Of note, CD4+ T cells mediate anti-tumor immunity by driving specific
anti-immune response and providing help for CD8+ T cells via secretion of

effector cytokines such as IFN-y and TNF-a. By contrast, Tregs, characterized
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by the expression of the master transcription factor forkhead box protein p3
can inhibit the activation and differentiation of CD4+ helper T cells and CD8+

cytotoxic T cells.

Trafficking of
T cells to tumors

@ (CTLs)

Priming and activation

(APCs & T cells) @

Infiltration of T cells
into tumors

> (CTLs, endothelial cells)
~ | lymph node

Cancer antigen
presentation @

(dendritic cells/ APCs) @
Recognition of
cancer cells by T cells
(CTLs, cancer cells)

Release of @ ®

cancer cell antigens Killing of cancer cells
(cancer cell death) (Immune and cancer cells)

Figure 20: The cancer-immunity cycle.

The generation of immunity to cancer is a cyclic process that can be divided in seven
major steps, starting from the release of antigens from the cancer cell and ending
with the killing of cancer cells by cytotoxic T lymphocytes (CTLs). This cycle leads to
an accumulation of immune-stimulatory factors amplifying and broading T cell
reponses. Abbreviations: APC, antigen presenting cell. Reproduced from [241].
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5.2.1.1 Goal of cancer immunotherapy

Tumors employ multiple strategies to attenuate the effectiveness of
T cell-mediated attack by interfering with almost every step of the CIC, from
deregulation of antigen-presenting cells to the establishment of a physical
barrier at the vasculature preventing the infiltration of effector T cells and
through the recruitment of immunosuppressive cells like MDSCs and Tregs
[243]. Immunotherapies aim to initiate or reinitiate a self-sustaining CIC and
must therefore be carefully configured to prevent negative feedback
mechanisms (i.e. inhibitory factors keeping the CIC in check and reducing
immune activity and/or prevent autoimmunity, such asimmune checkpoints

molecules).

Regarding cancer antigen presentation, many efforts have involved
the use of therapeutic vaccines to boost the immune system’s ability to find
and destroy antigen-bearing cancer cells, or to induce an immunogenic
cancer cell death [244, 245]. Today, the use of cancer vaccines remains
challenging because of uncertainties concerning the identities of antigens to
use, their mode of delivery, the types of adjuvants required and the negative
signals repressing the anticancer immune response [244].

The identification of immune-checkpoints molecules such as CTLA-4
and PD-1 has led to the development of antibodies to reverse the T cell
exhaustion phenotype. ICls represent one of the most promising approach
to activate therapeutic antitumor immunity. CTLA-4 was the first immune-
checkpoint receptor to be clinically targeted to potentiate effector T cell

priming. The humanized antibody ipilimumab demonstrated a survival
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benefit for patients with metastatic melanoma and was approved by the US
Food and Drug Administration in 2010 [246]. The interaction between PD-1
on mature lymphocytes and PD-L1/2 on cancer cells has also emerged as a
relevant target and several clinical trials have documented that blocking
antibodies (e.g. nivolumab and pembrolizumab) can exert dramatic
antitumor effects mostly in melanoma and NSCLC but also in renal, ovarian,
head and neck, bladder, gastric, colon, esophageal, hepatocellular and
breast cancers, as well as in Hodgkin’s lymphoma [247]. Of note, PD-1
blockade was shown to also enhance NK cell activity and antibody
production through direct effects on PD-1*B cells [248].

Finally, the flourishing research field of cell-based therapy also
proposes approaches to help the patient’s immune system to fight cancer
through the transfer of T cells and/or the modification of patient’s own
immune cells. Adoptive cell transfer mainly refer to tumor-infiltrating
lymphocytes and chimeric antigen receptor (CAR) T cell. Recently, anti-CD19
CAR therapy was shown to efficiently treat relapsed/refractory hematologic
cancer [249]. Several other surface tumor antigens such as CD20, CD22 and
CD30 are currently under scrutiny by pharmaceutical companies to develop
new generations of CAR T cells [250-252]. The discovery that all tumors may
have potential antigens to attack that can be revealed by tumor genomic
sequencing offers a variety of exciting approaches to apply adoptive cell
therapy to the majority of cancer types [253], although several challenges
such as prioritization of antigen targets, optimization of tumor-specific TCR

and costs still need to be faced [254].
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5.2.2 T cells versus the tumor microenvironment

Besides deficient antigen recognition, development of resistance and
opposing effects of immunosuppressive cells, tumor metabolism rewiring
may alter T cell requirements to sustain anticancer activity (Figure 21).
Indeed, since cancer and T cells share common metabolic programs to
survive, and the TME imposes specific gradients (e.g., hypoxia, acidosis, ...)
that impact on any tumor-associated cells, there is a continuous battle for
nutrients (the so-called « tug of war ») [255, 256]. Using a mouse sarcoma
model, Chang et al. reported that glucose consumption by tumors
metabolically restricts T cells, leading to dampened glycolytic capacity and
IFN-y production, thereby mediating T cell hyporesponsiveness [256].
Similarly, RCC exhibiting accelerated glucose metabolism are associated with
a poor infiltration of CD8+ effector T cells [257].

High amounts of lactate and protons secreted by glycolytic cancer
cells both support evasion of immune surveillance. Acidic pHe conditions
have been reported to decrease T cell proliferation and their capacity to
produce a variety of cytokines, including IL-2, IFN-y, granzyme B and
perforin, in a dose-dependent manner [258]. Tumor acidosis also impairs
immune system functions by reducing dendritic cell maturation [259],
monocyte-derived TNF secretion [260], and NK cell activity [261]. Indeed,
tumor-derived H* and/or lactate accumulation in the extracellular
compartment alter(s) T cell function by inhibiting the glycolytic route [258,
260]. In particular, inhibition of the transcription factor NFAT has been

proposed to block IFN-y production in T cells and NK cells upon intracellular
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accumulation of H* and lactate [262]. The same authors also proposed a
direct role of LDHA for lactate generation and the subsequent inhibition of
tumor surveillance by T and NK cells. Furthermore, lactate was also shown
to serve as a substrate to promote immunosuppressive population of Tregs
[263]. Interestingly, neutralization of tumor acidity with sodium bicarbonate
[264], or with proton pump inhibitors [265] can improve the response to
antitumor immunotherapy by restoring T cell cytolytic activity and cytokine
secretion together with an increased tumor lymphocyte infiltration in mouse
models but also in human cancer patients.

This paragraph is derived from "Catherine Vander Linden and Cyril Corbet,

Frontiers in Oncology, doi: 10.3389/fonc.2019.00159 ».

5.2.3 Immunosuppressive compounds

Besides the nutrient tug of war between cancer cells and T cells,
tumor metabolism adaptation to nutritional stress may also indirectly
influence T cell bioenergetics [220]. For example, the accumulation of
potassium (K*) in the tumor interstitial fluids suppresses transporters for
amino acids and glucose in T cells, leading to impaired cytokine production
(Figure 21). Tissue hypoxia reported to establish an immunosuppressive
environment in vivo by increasing the level of extracellular adenosine, which
elicits its deleterious effects on T cells by signaling through A2AR receptor
[266] but also recruits Tregs and promotes their immunoregulatory activity
[267]. Tumor metabolic byproducts such as cholesterol can induce ER stress

in CD8+ T cell, promoting immune-checkpoints transcription by the
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cholesterol-induced ER-stress sensor XBP1 and thereby leading to T cell
exhaustion [268].

Besides cancer cells, some immune cells can also divert a variety of
nutrients from T cells. For instance, the upregulation of arginase-1 in M2
macrophages depletes the arginine pool for NO and protein synthesis in T
cells, impairing TCR function and T cell differentiation [269, 270].
Furthermore, indoleamine 2,3 dioxygenase (IDO1) strongly expressed in M2
macrophages catalyzes the conversion of the essential amino acid
tryptophan (Trp) into kynurenines, thereby limiting tryptophan availability
for T cells.

Interestingly, other Trp catabolic enzymes including tryptophan 2,3-
dioxygenase (TDO2) and more recently interleukin-4-induced protein 1
(IL411) represent key actors in cancer immunosuppression [228].
IDO1/TDO2-mediated depletion of tryptophan and IL4l1-mediated
depletion of all aromatic amino acids inhibit proliferation of CD8+ T cells
while promoting Tregs activity in a GCN2 kinase-dependent way [271]. IL411-
derived H;0; also inhibits CD4+ and CD8+ T cell proliferation and effector
function through decreased TCR signaling [272]. Interestingly, IFN-y was
shown to induce the expression of IDO1 gene in human cells via the IFN-y
receptor JAK/STAT1 signaling pathway [273]. For all these reasons,
tryptophan  catabolism  appears to constitute a  powerful

immunosuppressive mechanism in the TME.
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5.2.4 Metabolic regulation of immune checkpoints

PD-L1 expression is known to be activated by nearly every oncogenic
signaling pathways promoting tumor cell growth and proliferation (e.g.
EGFR, KRAS, MAPK, MYC and Hippo pathways) [228]. However, increasing
evidence suggests that PD-L1 expression is also activated by metabolic
consequences of this oncogenic growth (Figure 21). For instance, high
metabolic activity triggers ROS production, which can activate NRF2 and HIF-
o pathways in mouse and human cells [274]. Both NRF2 and HIF-a are able
to promote PD-L1 expression through direct transcriptional mechanisms
[275, 276]. Recently, aryl hydrocarbon receptor activation by
IDO1/TDO2/IL4I2-derived catabolites was also reported to suppress anti-
tumor immunity through the upregulation of PD-L1 expression in CD8+ T
cells [277].

Immune-checkpoint receptors can also impair T cell responses by
perturbing their metabolism (Figure 21). PD-1 is reported to disturb effector
function by increasing the FAO enzyme CPT1A and consequently
downregulating glycolysis activity [215]. At the opposite, PD-L1 expression
on tumor cells enhances glucose uptake and leads to higher glucose
deprivation for T cells [256]. CTLA-4 activation on T cells suppresses their

function and nutrient acquisition, in particular glutamine and glucose [215].

95



‘ Nutrient competition ‘

‘ Inhibitory receptors ‘

PD-: 1/CT|.A-4
|Glycolysis @ @ )
| Glutaminolysis ‘ TGIutamlne HHT —~—,
TGIucose 1 [Lactate]

/ a
lGIutamine
7 | Glucose

$Maﬁne secretion
JGlycolysis

@Cancer cell
@ Effector T cell

@ Regulatory T cell

@ Macrophage

mm Adenosine receptor

‘ Immunosuppresswe compounds ‘

Figure 21: Metabolism-related mechanisms suppressing tumor immunity.
Metabolic activity of tumor cells compete and scavenge T cells for glucose and
amino acids, leading to the suppression of T cell bioenergetics and cytokine
secretion. Moreover, some tumor metabolites, metabolic enzymes and tumor
microenvironment peculiarities can also have immunosuppressive properties.
Finally, the expression of immune checkpoint receptors molecules such as PD-
1/PD-L1 and CTLA-4 leads to negative metabolic function in T cells. Abbreviations:
AA, amino acid; AMP, adenosine monophosphate; ATP, adenosine triphosphate;
CTLA-4, cytotoxic T lymphocyte-associated protein 4; ER, endoplasmic reticulum;
PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1.
Adapted from [220].
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Scope and Aims

1. Rationale and general aim

The deregulation of energetics and in particular the metabolic
plasticity of cancer cells offer them the ability to adapt their substrate
dependencies under harsh TME conditions and make very challenging the
use of metabolism-interfering drugs as monotherapy. Although tumor
metabolism is becoming a major source of inspiration to develop new
anticancer drugs, the current number of breakthrough discoveries under
clinical evaluation is so far limited and numerous examples where tumors
adapt their metabolic preferences to counteract a specific pathway
inhibition have been reported. Direct consequences of metabolic adaptation
are the progressive loss of drug activity and in fine the development of
resistance. To take advantage of this adaptation and even to force it in order
to create a vulnerability was at the origin of the first part of my thesis work.

Besides metabolism-targeting treatments, the increasing interest for
immunotherapy in the last decade and the evidence that metabolism drives
the life cycle of a T cell led us to dedicate the second part of my thesis project
to the immuno-oncology field. Despite remarkable outcomes obtained with
immunotherapy (in particular to eliminate tumors non-responding to
conventional chemo- and/or radiotherapy), many metabolic alterations

occurring in tumors may actually represent an immunosuppressive
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microenvironment. Moreover, the use of metabolism-targeting drugs as
anticancer treatments will not only affect cancer cells, but also healthy cells
from the TME including immune cells and thereby might abrogate efforts to
develop new metabolism-targeting drugs.

Altogether, the main questions we aimed to address in this thesis are
the following: how to optimize the use of metabolism-targeting treatments
to kill plastic cancer cells and how to simultaneously stimulate (or not to

anihilate) anticancer immune response.

2. Specific aims

The first part of my thesis project aims to identify and validate an
optimal combination of metabolism-targeting drugs, in order to prevent a
possible escape for cancer cells. The rationale behind our work is, with a first
drug, to force cancer cells to become addicted to specific bioenergetic
fuels/pathways in order to exploit such drug-induced metabolic rewiring in
cancer cells and render a second drug lethal (i.e. collateral lethality). For the
proof of principle, we used the glycolysis-inhibitor 3-bromopyruvate (3-
BrPA) as a first drug and the emergence of new metabolic addictions of the
3-BrPA-resistant (3-BrPA-R) was closely investigated in the quest to identify
an adequate second metabolism-targeting treatment (see Results, chapter
1).

The second part of my thesis aims to bring new insights on the
capacity of metabolism-targeting treatments to enhance cytolytic activity of

CD8+ T cells, and thereby to improve immunotherapy efficacy. More

98



precisely, the effects of three compounds blocking the activity of ETC
complex I, MCT and CPT1 transporters will be used to assess the effects of
inhibiting mitochondrial OXPHOS, glycolysis and fatty acid oxidation,
respectively, on T cell phenotype. Treatments will be used either to directly
affect T cell metabolism or to pre-challenge cancer cells in order to find the

best treatment combination (see Results, chapter 2).
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Table 2: Chemical structures, affinity values and working concentrations of key

compounds used in this thesis.

This table summarizes the chemical structures, the affinity values (half-maximal
inhibitory concentration (ICsg) or inhibitory constant (Ki)) and working

concentrations used in the Results chapter.

Structure Affinity values Working
concentrations
o]
3-bromopyruvate K; GAPDH ~25 uM 25 pM or 50 uM
Br OH K; hexokinase 2.4 mM
(e}
Cl
ICyy MCT1/4 1.45-0.14 uM* | 0.1-0.2 mM in cancer cells
Diclofenac NH IC;o MCT1/4 0.1-0.2 mM** | 0.1 mM in CD8+ T cells
cl OH IC.y COX2 42,2 uM
o}
CIM203070 Unknown ‘ IC5; 97.57 nM 100 nM in CD8+ T cells

U
0
Etomoxir /\DJ?AA/W \©\ Ki CPT1 8 uM
ol

3 UM in CD8+ T cells

References for 3-bromopyruvate K; GAPDH value: [278], determined in cultured
cancer cells; Ki hexokinase value: [279], determined in isolated liver implanted

tumors;

Reference for diclofenac MCT1/4 ICso values: [142], *determined in Xenopus
laevis oocytes transduced to express either MCT1 or MICT4; of note, aspirin 1 mM
has no impact on lactate transport in the same oocyte models; **determined in
cultured cancer cells; ICso COX2 value: [280], determined in cultured cancer cells

stably transfected to overexpress COX2;

CIM203070 ICso value determined in our laboratory in cancer cells cultured in

galactose-containing medium;

Reference for etomoxir K; CPT1 value: [281], determined in isolated rat myocytes.
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1.1 Summary

Metabolic plasticity in cancer cells makes very challenging the use of
metabolism-targeting agents. Drug-induced metabolic rewiring may
however uncover vulnerabilities that can be exploited. We report that
resistance to glycolysis inhibitor 3-bromopyruvate (3-BrPA) arises from DNA
methylation in treated cancer cells and consecutive silencing of
monocarboxylate transporter MCT1. We observe that unexpectedly 3-BrPA-
resistant cancer cells mostly rely on glycolysis to sustain their growth, with
MCT4 as an essential player to support lactate flux. This shift makes cancer
cells particularly suited to adapt to hypoxic conditions and resist to OXPHOS
inhibitors and anti-proliferative chemotherapy. By contrast, blockade of
MCT4 activity in 3-BrPA-exposed cancer cells, either by diclofenac or genetic
knock-out, leads to inhibition of the growth of derived spheroids and tumors
in mice. This study supports a new mode of collateral lethality according to
which metabolic adaptation of tumor cells to a first-line therapy makes them

more responsive to a second-line treatment.

1.2 Introduction

Although tumor metabolism has become a major source of
inspiration to develop new anticancer drugs, the current number of
breakthrough discoveries under clinical evaluation is so far limited [282].
One explanation besides the usual pharmacokinetic and pharmacodynamic

issues that stop drug candidates during their development is the metabolic
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plasticity of tumor cells. In particular, when a metabolic pathway is
pharmacologically inhibited, accumulation of metabolites upstream the
enzymatic blockade or a deficit in intermediates down the route may foster
cancer cells to shift their metabolic preferences to survive and/or keep
growing. Limiting the options of metabolic adaptations in response to a
pharmacological intervention is thus increasingly considered to identify the
most efficient metabolism-based anticancer modalities. The concept of
metabolic synthetic lethality emphasizes how some oncogenic mutations by
reprogramming cancer cell metabolism [283-285] may actually offer
opportunities to develop selective therapies that would target cancer cells
without affecting healthy tissues [286]. Besides oncogene-driven metabolic
rewiring, tumor microenvironment peculiarities also shape cancer cell
metabolic phenotypes [31]. Metabolic preferences driven by the local tumor
milieu may actually support de novo drug resistance or contribute to the
progressive loss of activity of a given drug when its own effects have induced
alterations in the tumor microenvironment. This may however also
represent an Achilles heel for cancer cells that are or become dependent on
external conditions that prevent them to get access to some nutrients or to
transform them into biosynthetic intermediates and ATP [287].

It has been proposed that application of evolutionary (Darwinian)
principles to cancer therapy may help circumvent the resistance to
anticancer drugs in human cancer patients [288]. Indeed, evolution-based
approaches termed “double bind” [289] or “sucker’s gambit” [290] aim to
apply combination therapies, in which the phenotypic adaptation of cancer

cells to a first-line treatment makes them more susceptible (than the original
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population) to a second-line therapy. For instance, in lung cancer patients
who received a p53 vaccine and standard chemotherapy, it was shown that
the sequence of treatments substantially impacted on the overall treatment
efficacy [291, 292]. Here, we reasoned that a similar strategy could be
applied to metabolism-targeting drugs with one of the two drugs used as an
inducer of metabolic addiction to a given pathway, instead of contributing
to major direct anticancer effects. For this approach to be realistic, it should
involve a drug that profoundly and stably reprograms cancer cell
metabolism, and if possible, after a transient exposure, to allow the second
agent to rapidly be used to express its full therapeutic potency. We
postulated that 3-bromopyruvate (3-BrPA) could fulfil this role of the pre-
challenging drug since the alkylating potential of this small compound may
rapidly induce lasting changes in a variety of targets including glycolytic
enzymes. We actually found that long-lasting metabolic rewiring induced by
3-BrPA exposure was instead associated with an epigenetic mechanism
consisting of hypermethylation of SLC16A1 (MCT1) gene promoter and a
consecutive dramatic MCT1 downregulation in various cancer cells. We
further documented that the lack of MCT1 led to a deficit for cancer cells to
use lactate as an energy fuel and to a strict dependence on MCT4 to support
lactate release. We also took advantage of the epigenetic inactivation of
MCT1 to document how a brief pre-challenge with 3-BrPA may stimulate the

antitumor effects of MCT4 inhibition both in vitro and in vivo.
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1.3 Results

1.3.1 Resistance to 3-BrPA in cancer cells is associated with MCT1

downregulation

To study the metabolic adaptation of cancer cells to a treatment with
a metabolism-interfering drug, three different human cancer cell lines
derived from cervix, bladder and colorectal carcinoma (SiHa, UM-UC-3 and
HCT-116 respectively) were exposed for several weeks to increasing
concentrations (from 10 to 100 uM, ie. range of concentrations
demonstrating cytotoxic effects on the three cell lines) of 3-bromopyruvate
(3-BrPA) (Figures 22A-B and S1A-E). Surprisingly, we found that each cancer
cell line developed a complete resistance to 3-BrPA even in the presence of
high concentrations of the drug. This led us to hypothesize that the acquired
resistance to 3-BrPA could be due to a blockade of drug import. In a previous
study, a genome-wide haploid genetic screen actually identified the
monocarboxylate transporter 1 (MCT1 or SLC16A1 gene product) as the
main 3-BrPA entry path into tumor cells [115]. We actually observed a
dramatic decrease in both mRNA (Figure 22C) and protein expression for
MCT1 (Figures 22D and S1F-G) in 3-BrPA-resistant (3-BrPA-R) cancer cells.

We then wondered whether MCT1 downregulation was an early or
late event occurring upon 3-BrPA exposure. Thus, we evaluated MCT1
expression at the mRNA (Figure 22E) and protein (Figure 22F) levels in native
UM-UC-3 treated with 25 uM 3-BrPA (close to the ICso value) for different

periods of time, from 16 to 96 hours. A decrease in MCT1 transcripts of
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about 40% was observed after 24h treatment, reaching 80% when 3-BrPA
was present for 96h (Figure 22E). Moreover, a net decrease in MCT1 protein
expression was observed after 72h of treatment, followed by a complete

extinction after 96h (Figure 22F).
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Figure 22: MICT1 is downregulated in 3-BrPA-R cancer cells.

(A-B) Cell growth of native and 3-BrPA-R UM-UC-3 cells (A) and calculated ICsq for
3-BrPA in native and 3-BrPA-R cancer cells (B) after 3-BrPA treatment for 72h. (C-D)
MRNA expression (C) and representative immunoblotting (D) for MCT1 in native and
3-BrPA-R cancer cells. (E-F) mRNA expression (E) and representative
immunoblotting (F) for MCT1 in native UM-UC-3 cells treated with 25 uM 3-BrPA at
different timings. Data are represented as mean #SEM of three independent
experiments (with 26 technical replicates). Significance was determined by one-way
ANOVA (E) or two-way ANOVA (C) with Bonferroni multiple-comparison analysis.
*p<0.05; **p<0.01; ***p<0.001; ns, not significant. | have directly contributed to
the panel D.
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Supplementary Figure 1: MICT1 is downregulated in 3-BrPA-R cancer cells, Related
to Figure 22.

(A-B) Dose-dependent effects of 3-BrPA treatment (72h) on the growth of native
and 3-BrPA-R SiHa (A) and HCT-116 (B) cancer cells. (C-E) Time course of the
growth of native and 3-BrPA-R UM-UC-3 (C), SiHa (D) and HCT-116 cancer cells
(E). (F-G) Representative pictures (F) and quantification (G) for MCT1
immunostaining in native and 3-BrPA-R cancer cells. Scale bar: 25 um. Data are
represented as mean #SEM of three independent experiments (with >3 technical
replicates). Significance was determined by two-way ANOVA (G) with Bonferroni
multiple-comparison analysis. ***p<0.001. | have directly contributed to the

panels F and G.
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1.3.2 DNA hypermethylation in SLC16A1 gene promoter triggers

MCT1 downregulation and subseguent 3-BrPA resistance

Since MCT1 downregulation, upon 3-BrPA treatment, was shared by
cancer cells of distinct tissue origins (i.e. cervix, bladder and colon), we
excluded a clonal selection of cells harboring specific mutation patterns but
rather focused on epigenetic alterations, including DNA methylation, which
are frequently associated with drug resistance [293]. Bisulfite genomic
sequencing analysis actually revealed a hypermethylation of SLC16A1 gene
promoter in 3-BrPA-R UM-UC-3 cells in comparison to native counterparts
(Figure 23A). Hypermethylation of CpG islands within the SLC16A1 gene
promoter was also detected in a genome-wide methylation analysis in 3-
BrPA-R UM-UC-3 cancer cells (vs native cells) (Table S1). Importantly, we
found that SLC16A1 gene hypermethylation was not resulting from a global
increase in 5-methylcytosine levels in 3-BrPA-R cell genome as revealed by
either dot blot (Figure 23B) or the genome-wide methylation analysis (Figure
S2A). Methylated DNA immunoprecipitation (MeDIP) allowed to show that
SLC16A1 gene hypermethylation was already detectable after 16-24h of
treatment with 3-BrPA in native cancer cells (Figure 23C). Importantly,
treatment of 3-BrPA-R cancer cells with 5-aza-2’-deoxycytidine (5-aza-dC), a
hypomethylating agent (Figure S2B), induced a re-expression of SLC16A1
MRNA (Figures 23D and S2C-D) and even restored sensitivity to 3-BrPA

treatment (Figure 23E).
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BrPA-R UM-UC-3 cells. (D) mRNA expression for SLC16A1 in native and 3-BrPA-R
UM-UC-3 cells treated or not with 1 uM 5-aza-dC for 96h. (E) Cell growth extent for
native and 3-BrPA-R UM-UC-3 cells treated or not with 1 uM 5-aza-dC for 96h and
then incubated with 100 uM 3-BrPA for 72h. Data are represented as mean #SEM
of three independent experiments (with >3 technical replicates). Significance was
determined by one-way ANOVA (B-C) or two-way ANOVA (D-E) with Bonferroni
multiple-comparison analysis. **p<0.01; ***p<0.001; ns, not significant. | have
directly contributed to the panels C, D and E.

Native UM-UC-3 (f-values) 3-BrPA-R UM-UC-3 (B-values)
Map Info Target ID ::;:n (l;;]at_i‘:]:;: Sample #1 Sample #2 Sample #3 Sample #1 Sample #2 Sample #3
113486135 cg07967176 5'UTR
113467640 cg07572909 Body
113456650 cg24347098 Body 0,6197161 0.6472906 0,5965848
113454575 cglB130079 3UTR
113494852 cglB383124 S'UTR N_Shelf 0,5056119
113497932 cgl6251079 S'UTR N_Shore
113499149 cgD0963079 TSS200 Island 0,5290548 0,5410122 0,5383182 0,6548285 0,5831227 0,647546
113499109 cg33B6556 TSS200 Island 0,6638021 0.6562241 0,6659797
113499074 cg25128803 TSS200 Island
113499045 cgl6E54391 TSS200 Island
113498174 cgl7020695 S'UTR Island 0,6508 0.6551827 0,6249498
113498761 cg0502533 IstExon Island 0,62401 06411011 0,6058092
113498193 ce00058299 SUTR Island
113498742 cgl6l63697 IstExon Island 0.619805 0,5913538 06304806
113498438 cg20614262 SUTR Island 0,6857528 0.6878024 0,6900913
113498382 cgllT17506 5'UTR Island
113497999 cgl7423363 SUTR Island
113498799 cg0B491025 IstExon Island 0,6411369 0,6454289 06318172
113498106 cgl2551029 S'UTR Island
113500384 cgl9645639 TSS1500 S§_Shore
113500329 cgl7176692 TSS1500 S_Shore 0,5231712 0,5793037 0,557514
113499849 cgD1328949 TSS1500 S§_Shore 0,6243663 0.6244442 06335197
113499731 cg26162147 TSS1500 S_Shore
113499528 cgl2569658 TSS1500 S_Shore 0,540563 0,5489488 05368378
113499526 cg09226792 TSS1500 S_Shore 0,5072379 0,5264472 0,5238962

Supplementary Table 1: Methylation levels of CpG sites located in different
regions of SLC16A1 gene in native and 3-BrPA-R UM-UC-3 cancer cells, Related to
Figure 23.

TSS1500/TSS200 = region located 1500 bp or 200 bp from transcriptional start site,
respectively; 5/3 UTR=5'/3 untranslated region. B-values are calculated as
follows: methylated allele intensity/ (unmethylated allele intensity + methylated

allele intensity +100); from 0 (unmethylated) to 1 (fully methylated). - ; - ;

0.5-0.7 ; B0
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Supplementary Figure 2: 3-BrPA resistance in cancer cells is associated with DNA
hypermethylation in SLC16A1 gene promoter, Related to Figure 23.

(A) Methylation levels (as determined in a genome-wide methylation analysis) of
CpG sites located in different gene regions from DNA samples extracted from native
and 3-BrPA-R UM-UC-3 cancer cells. TSS1500 = region located 1500 bp from
transcriptional start site; TSS200 = region located 200 bp from transcriptional start
site; 5UTR = 5’ untranslated region; 3UTR = 3’ untranslated region. (B)
Representative dot-blot for 5mC levels in serial dilutions of genomic DNA extracted
from 3-BrPA-R UM-UC-3 cells treated or not with 1 uM 5-aza-dC for 96h. Methylene
blue staining was used as a loading control for genomic DNA. (C-D) mRNA
expression for SLC16A1 in native and 3-BrPA-R SiHa (C) and HCT-116 (D) cells
treated or not with 1 uM 5-aza-dC for 96h. Data are represented as mean #SEM of
three independent experiments (with 23 technical replicates). Significance was
determined by two-way ANOVA (A, C-D) with Bonferroni multiple-comparison
analysis. ***p<0.001; ns, not significant. | have directly contributed to the panels C
and D.
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1.3.3 MCT1 downregulation in 3-BrPA-resistant cells impairs lactate-

fueled respiration

As MCT1 has been reported to transport monocarboxylates and to
be a major actor in the lactate-based metabolic symbiosis in tumors [99], we
decided to investigate the metabolic consequences of MCT1
downregulation in 3-BrPA-R cancer cells. First, using a Seahorse analyzer, we
found that oxygen consumption rate (OCR) in 3-BrPA-R cells was limitedly
influenced upon full access to glucose, glutamine and fatty acids (vs. native
cells) (Figures 24A and S3A-B), with however a small but significant
reduction in basal and maximal respiration (Figures 24B-C) as well as in
respiration-dependent contribution to ATP production (Figure S3C). We next
examined how the two cell populations behaved when restricting the
nutrient access to single substrate. While there was no major difference in
OCR between native and 3-BrPA-R cells when using glucose or glutamine as
an energetic fuel, lactate-fueled mitochondrial respiration was blunted in 3-
BrPA-R cells (Figures 24D and S3D-E). In native cancer cells, lactate used as
a single nutrient supported OCR (to a larger extent than glucose) (Figures
24D and S3D-E) and the MPC inhibitor UK-5099 prevented its contribution
to OCR proving the capacity of lactate, upon oxidation into pyruvate, to fuel
oxidative metabolism (Figures 24E and S3F-G); no significant difference in
the expression of LDH isoforms involved in the pyruvate and lactate
interconversion was identified (Figure S3H). We further showed that lactate
uptake was almost completely inhibited in 3-BrPA-R cancer cells incubated

in a medium with only lactate as an energetic substrate (vs. native cells)
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(Figures 24F and S3l), leading to dramatic cell growth inhibition (Figures 24G
and S3J-K); cell viability in a glucose- or glutamine-containing medium was
not altered (Figures 24G and S3J-K). Altogether the above data confirm that
the epigenetic MCT1 downregulation resulting from 3-BrPA cell exposure
may have dramatic consequences according to the availability of different
substrates in the tumor microenvironment.

Since glucose was less prominently fueling respiration than
glutamine but similarly supporting cell growth (Figures 24G and S3J-K), we
next examined whether aerobic glycolysis (i.e. glucose conversion into
lactate) was maintained in 3-BrPA-R cancer cells despite the well-described
capacity of an acute treatment with 3-BrPA to inhibit HKIl and GAPDH [294,
295]. We did not observe any change of expression for these two enzymes
in 3-BrPA-R cancer cells (vs native cells) (Figure S3L). Interestingly, however,
while basal glycolysis (probed by measuring extracellular acidification rate
(ECAR) was unaltered in 3-BrPA-R cells (Figures 24H-1 and S3M-N), the
glycolytic reserve was significantly increased (Figure 24J), suggesting an
increased capacity to generate ATP from glucose when oxidative

metabolism is inhibited or less effective.
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Figure 24: Lactate utilization is impaired in 3-BrPA-R tumor cells.

(A) Representative OCR profiles in native and 3-BrPA-R UM-UC-3 cells following
sequential treatment with oligomycin, FCCP and rotenone/antimycin A in a glucose-
and glutamine-containing medium. (B-C) Basal (B) and maximal (C) respiration
rates in native and 3-BrPA-R cancer cells. (D) Substrate-dependent OCR of native
and 3-BrPA-R UM-UC-3 cancer cells in media containing lactate (Lac), glucose (Glc)
or glutamine (GIn). (E) Representative OCR profiles in native and 3-BrPA-R UM-UC-
3 cells before and after treatment with 10 uM UK-5099 in a lactate-containing
medium. (F) Lactate consumption by native and 3-BrPA-R UM-UC-3 cancer cells for
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24h in a lactate-containing medium. (G) Cell growth extent (72h) of native and 3-
BrPA-R UM-UC-3 cancer cells in media containing lactate (Lac), glucose (Glc) or
glutamine (GlIn). (H) Representative ECAR profiles in native and 3-BrPA-R UM-UC-3
cells following sequential treatment with glucose, oligomycin and 2-DG in a
glutamine-containing medium. (I-J) Glucose-dependent ECAR (I) and glycolytic
reserve (J) in native and 3-BrPA-R cancer cells. Data are represented as mean #SEM
of three independent experiments (with >3 technical replicates). Significance was
determined by Students t-test (F) or two-way ANOVA (B-D, G and I-J) with
Bonferroni multiple-comparison analysis. *p<0.05; **p<0.01; ***p<0.001; ns, not
significant. | have directly contributed to the panels A, B, C, E, H, | and J.
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Supplementary Figure 3: Lactate utilization is impaired in 3-BrPA-R tumor cells,

Related to Figure 24.

(A-B) Representative OCR profiles in native and 3-BrPA-R SiHa (A) and HCT-116 (B)

cells following sequential treatment with oligomycin, FCCP an

A in a glucose- and glutamine-containing medium. (C) ATP production-related OCR
t OCR of native and 3-
BrPA-R SiHa (D) and HCT-116 (E) cancer cells in media containing lactate (Lac),
glucose (Glc) or glutamine (GIn). (F-G) Representative OCR profiles in native and 3-

in native and 3-BrPA-R cancer cells. (D-E) Substrate-dependen
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BrPA-R SiHa (F) and HCT-116 (G) cancer cells before and after treatment with 10 uM
UK-5099 in a lactate-containing medium. (H) Representative immunoblotting for
lactate dehydrogenases A (LDHA) and B (LDHB) in native and 3-BrPA-R cancer cells.
(1) Lactate consumption by native and 3-BrPA-R SiHa and HCT-116 cancer cells for
24h in a lactate-containing medium. (J-K) Cell growth extent (72h) of native and 3-
BrPA-R SiHa (J) and HCT-116 (K) cancer cells in media containing lactate (Lac),
glucose (Glc) or glutamine (GlIn). (L) Representative immunoblotting for hexokinase
Il (HK 1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in native and 3-
BrPA-R cancer cells. (M-N) Representative ECAR profiles in native and 3-BrPA-R SiHa
(M) and HCT-116 (N) cancer cells following sequential treatment with glucose,
oligomycin and 2-DG in a glutamine-containing medium. Data are represented as
mean #SEM of three independent experiments (with >3 technical replicates).
Significance was determined by two-way ANOVA (C-E and I-K) with Bonferroni
multiple-comparison analysis. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. |
have directly contributed to the panels A, B, C, F, G, H, M and N.

1.3.4 3-BrPA-R cancer cells rely on glycolysis in a MCT4-dependent

manner

Lactate efflux by cancer cells is mainly mediated by MCT
transporters, through which monocarboxylates are co-transported with
protons [107]. As MCT1 expression is epigenetically inactivated in 3-BrPA-R
cells, we investigated the role of MCT4, another monocarboxylate
transporter. Interestingly, we could document a net increase in MCT4
protein expression in 3-BrPA-R SiHa and UM-UC-3 cells (Figures 25A and
S4A-B). This was particularly striking in UM-UC-3 cells that do not express
MCT4 in native conditions (Figures 25A and S4A-B). Native HCT-116 cells
already expressed large amounts of the MCT4 transporter (Figure 25A) but

still, immunofluorescence studies revealed a significant increase in the
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expression of this transporter (Figures S4A-B). Of note, a role for HIF-1a in
driving MCT4 upregulation could be excluded in experiments where HIF-1a
was silenced (Figures S4C-D).

Although MCT1 and MCT4 are two lactate transporters, the latter is
usually more largely involved in lactate efflux, in particular under hypoxia
and when mitochondrial respiration is blocked [113, 296, 297]. To further
examine potential consequences of this shift, we exposed native and 3-BrPA-
R cells to rotenone, an inhibitor of complex | from the mitochondrial
respiratory chain, and measured time-dependent lactate release. We found
that lactate efflux was consistently increased in 3-BrPA-R cancer cells
(Figures 25B and S4E). We actually found that 3-BrPA-R UM-UC-3 cells were
resistant to rotenone but also to other respiration inhibitors such as IACS-
010759, metformin and antimycin A (Figures 25C-D and S4F-G).

Altogether, the above data pointed MCT4 as an attractive target to
render cancer cells less able to adapt to 3-BrPA exposure. We therefore
examined the consequences of MCT4 silencing (using a pool of 4 specific
siRNA sequences) (Figure S4H) and found that glycolysis (determined by
measuring lactate release) was dramatically inhibited in 3-BrPA-R UM-UC-3
cells (Figure 25E), leading to significant cell growth inhibition (Figure 25F)
(vs. native UM-UC-3 cancer cells). Interestingly, we also showed that
CRISPR/Cas9-mediated MCT4 silencing partially restored sensitivity to
OXPHOS inhibition in 3-BrPA-R cancer cells (Figures 25G and S4l), suggesting
that MCT4 upregulation dictates -above all other adaptations- the metabolic
preferences of 3-BrPA-R cells. We also documented that the interplay

between MCT1 and MCT4 could be recapitulated by exposing native cancer
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cells to MCT1 inhibitor AZD3965 or upon MCT1 silencing (Figures 25H-J and
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Figure 25: 3-BrPA-R cancer cells rely on glycolysis in a MCT4-dependent manner.
(A) Representative immunoblotting for MCT4 in native and 3-BrPA-R cancer cells.
(B) Lactate secretion in native and 3-BrPA-R UM-UC-3 cancer cells following
treatment with 100 nM rotenone for increasing timings in glucose-containing
medium. (C-D) Cell growth extent (72h) of native and 3-BrPA-R UM-UC-3 cancer cells
following treatment with 100 nM rotenone (C) or 100 nM IACS-010759 (D). (E-F)
Lactate secretion (E) and growth extent (F) of native and 3-BrPA-R UM-UC-3 cancer
cells following transfection of MCT4-targeting (or control) siRNA for 72h in glucose-
containing medium. (G) Cell growth extent (72h) of native and 3-BrPA-R UM-UC-3
cells stably expressing Cas9 either with control or MCT4-targeting sgRNA upon
treatment with IACS-010759. (H-) mRNA expression (H) and representative
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immunoblotting (1) for MCT4 in native UM-UC-3 cells following treatment with 10
uM AZD3965 for 72h. (1) Protein expression for MCT1 and MCT4 in FAC-sorted
native UM-UC-3 cells stably expressing control or MCT1-targeting shRNA. Data are
represented as mean #SEM of three independent experiments (with >3 technical
replicates). Significance was determined by Student s t-test (H), one-way ANOVA (J)
or two-way ANOVA (B-F) with Bonferroni multiple-comparison analysis. *p<0.05;
**p<0.01; ***p<0.001; ns, not significant. | have directly contributed to the panels
A, B, H, land J.
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Supplementary Figure 4: 3-BrPA-R cancer cells rely on glycolysis in a MCT4-
dependent manner, Related to Figure 25. (A-B) Representative pictures (A) and
quantification (B) for MCT4 immunostaining in native and 3-BrPA-R cancer cells.
Scale bar: 25 um. (C-D) mRNA expression for HIF1A (C) and SLC16A3 (MCT4) (D) in
native and 3-BrPA-R UM-UC-3 cells following transfection of HIF1A-targeting (or
control) siRNA for 72h. (E) Lactate secretion in native and 3-BrPA-R SiHa and HCT-
116 cancer cells following treatment with 100 nM rotenone for 24h in glucose-
containing medium. (F-G) Cell growth extent (72h) of native and 3-BrPA-R UM-UC-
3 cancer cells following treatment with 100 nM antimycin A (F) or 10 mM metformin
(G). (H-J) Representative immunoblotting for MCT4 in native and 3-BrPA-R UM-UC-
3 cancer cells following transfection of MCT4-targeting (or control) siRNA for 72h
(H) or stable expression of Cas9 with either control or MCT4-targeting sgRNA (1) and
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in native SiHa cells following treatment with 10 uM AZD3965 for 72h (J). Data are
represented as mean #SEM of three independent experiments (with >3 technical
replicates). Significance was determined by two-way ANOVA (B-G) with Bonferroni
multiple-comparison analysis. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. |
have directly contributed to the panels A, B, C, D, E, | and J.

1.3.5 3-BrPA-R cancer cells exhibit a phenotype that supports a

growth advantage under hypoxic conditions

In our attempt to prove that MCT4 activity became critical to support
cancer cell fitness upon MCT1 silencing resulting from 3-BrPA pre-challenge,
we further focused on hypoxic conditions that are known to induce MCT4
expression to get rid of excess lactate production [296]. We examined
whether MCT4 (over)expression in 3-BrPA-R cancer cells could give them an
advantage of proliferation under low oxygen conditions. We first found
higher growth capacities for 3-BrPA-R cancer cells (vs native cells) when
exposed for 96h in hypoxia (1% O.) (Figure S5A). Under these hypoxic
conditions, MCT4 expression was also higher in 3-BrPA-R SiHa and HCT-116
cancer cells (than in corresponding native cells) and expressed in very large
amounts in both native and 3-BrPA-R UM-UC-3 cancer cells (Figure S5B). Of
note, 3-BrPA-R cancer cells still exhibited MCT1 downregulation as observed
under normoxia (Figure S5B). These results led us to examine the behaviour
of 3-BrPA-R cancer cells by using 3D spheroid models in which a natural
hypoxic core develops. We therefore generated tumor spheroids by mixing
GFP-labelled native and mCherry-labelled 3-BrPA-R HCT-116 cancer cells.

We observed a preferential location for 3-BrPA-R cancer cells at the centre
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of the spheroids, while native cancer cells formed a surrounding layer at the
rim of the 3D structures (Figures 26A-B). Pimonidazole staining also
confirmed that hypoxic zones barely overlapped with native (GFP-labelled)
cancer cells (Figure 26C) while the distribution of hypoxia staining in the
spheroid depth was very similar to that of mCherry-labelled 3-BrPA-R cancer
cells (Figure 26D). Finally, we showed that 3-BrPA-R cancer cells exhibited a
low-proliferating state, as indicated with a non-overlap between Ki67
staining and mCherry fluorescent signal (Figures 26E-F). This reduced
proliferation capacity of 3-BrPA-R cells (vs native cells) was also reflected in
a reduced proportion of resistant cells in large spheroids despite a similar
amount of the two cell populations at the initiation (see untreated condition
in Figure 26G). A lack of sensitivity to the anti-proliferating drug 5-
fluorouracil (5-FU) was also unravelled by documenting the dose-dependent
enrichment in 3-BrPA-R cell population (vs native cells) in 3D spheroids
(Figure 26G); this differential sensitivity was lost when both cell populations

(native and 3-BrPA-R) were exposed to 5-FU in 2D conditions (Figure S5C).
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Figure 26: 3-BrPA-R cancer cells exhibit a phenotype that supports a growth
advantage under hypoxic conditions.

(A-B) Representative light-sheet microscopy fluorescence pictures (A) and
distribution from the periphery to the core of GFP and mCherry fluorescent markers
(labelling native and 3-BrPA-R HCT116 cancer cells, respectively) (B) in 10-day-old
3D mixed spheroids. Scale bar: 150 um. (C-D) Representative fluorescence pictures
(C) and distribution from the periphery to the core of GFP and pimonidazole
(labelling native cancer cells and hypoxic areas, respectively) (D) in 10-day-old 3D
mixed tumor spheroids composed of GFP-labelled native and unlabelled 3-BrPA-R
HCT-116 cells. Scale bar: 200 um. (E-F) Representative fluorescence pictures (E) and
distribution from the periphery to the core of Ki-67 staining (proliferation marker)
(F) in 10-day-old 3D mixed HCT-116 spheroids. Scale bar: 200 um. (G) Respective cell
abundance within 3D mixed spheroids composed of GFP- and mCherry-labelled
native and 3-BrPA-R HCT-116 cancer cells after treatment with increasing
concentrations of 5-FU for 5 days (starting 5 days after spheroid initiation). Data
are represented as mean SEM of three independent experiments (with >3
technical replicates). Significance was determined by one-way ANOVA (F) or two-
way ANOVA (B, D) with Bonferroni multiple-comparison analysis. *p<0.05;
**p<0.01; ***p<0.001; ns, not significant. | have directly contributed to the panels
A B C D, E FandG.
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Supplementary Figure 5: 3-BrPA-R cancer cells exhibit a phenotype that supports
a growth advantage under hypoxic conditions, Related to Figure 26.

(A) Growth of native and 3-BrPA-R UM-UC-3 cancer cells incubated under normoxic
(20% O;) or hypoxic (1% O;) conditions for 48h. (B) Representative immunoblotting
for MCT1 and MCT4 in native and 3-BrPA-R cancer cells incubated under hypoxic
(1% 0O;) conditions for 48h. (C) Growth of native and 3-BrPA-R HCT-116 cancer cells
cultured in 2D following treatment with increasing concentrations of 5-FU for 72h.
Data are represented as mean ASEM of three independent experiments (with 26
technical replicates). Significance was determined by two-way ANOVA (A, C) with
Bonferroni multiple-comparison analysis. ***p<0.001; ns, not significant. | have
directly contributed to the panels A, B and C

1.3.6 MCT4 activity blockade prevents 3-BrPA resistance

establishment in 2D and 3D tumor models

To prove that MCT4 expression represented a vulnerability for
cancer cells pre-challenged with 3-BrPA, we examined the combination of 3-
BrPA with MCT4 gene silencing but also pharmacological inhibition using

diclofenac, a nonsteroidal anti-inflammatory drug recently shown to
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interfere with lactate efflux through MCT4 inhibition [142]. We first
generated tumor spheroids from either native or 3-BrPA-R HCT-116 cancer
cells and showed that growth of the latter was more affected by diclofenac
treatment (Figure 27A), with induction of cytotoxicity as revealed by the
occurrence of a halo of dead cells around the spheroids (Figures 27B-C).
Similar effects were observed with spheroids derived from 3-BrPA-R UM-UC-
3 cancer cells (Figures 27D-E). Of note, native UM-UC-3 cells could not be
tested in 3D conditions since they did not spontaneously form spheroids.
Still, we showed that growth inhibitory effects of diclofenac in native UM-
UC-3 cancer cells could only be observed upon concomitant MCT1
pharmacological inhibition (Figure 27F) and were interestingly more
pronounced when administered after 3-BrPA treatment (than the opposite)
(Figure 27G). Importantly, using spheroids made of mixed native and 3-
BrPA-R HCT-116 cells, we could validate a preferential cytotoxic effect of
diclofenac toward 3-BrPA-R cancer cells since propidium iodide staining (to
label dead cells) was mostly located in the spheroid centre (Figures 27H-I
and S6A). Finally, we wondered whether MCT4 silencing or blockade could
synergize with acute 3-BrPA treatment in vivo. To do so, Cas9-expressing
HCT-116 native cells were infected with either control or MCT4-targeting
guide RNA sequences. Combination of 3-BrPA treatment with genetic
invalidation of MCT4 led in vitro to a dramatic decrease in HCT-116 cancer
cell growth (Figure 27J). In mice, the growth of MCT4 knock-out HCT-116
tumors was also significantly delayed in response to a tolerated dose of 3-
BrPA (vs. sgCTRL HCT-116 tumors) (Figure 27K). Finally, to avoid any

interference resulting from long-term MCT4 genetic silencing, we acutely
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exposed tumor-bearing mice to 3-BrPA and diclofenac either in a combined
or sequential mode. A significant increase in mouse survival was observed
upon co-treatment with 3-BrPA and diclofenac regardless of the chronology
of administration (Figure 27L). In the different in vivo settings, single
treatment had no significant growth inhibitory effects as observed in vitro
(Figures 27G and 27J-K), and neither gross toxicity nor body weight changes

were observed (Figures S6B-C).
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Figure 27: Pre-challenge

activity blockade.

with 3-BrPA potentiates antitumor

effects of MCT4

(A-C) Time-dependent growth (A), representative pictures at day 5 (B) and
quantification of spheroid area (C) of native and 3-BrPA-R HCT-116 spheroids upon
treatment with 0.2 mM diclofenac for 5 days (starting 3 days after spheroid
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initiation). Scale bar: 100 um. (D-E) Time-dependent growth (D) and representative
pictures at day 8 (E) of 3-BrPA-R UM-UC-3 spheroids upon treatment with 0.2 mM
diclofenac for 8 days (starting 3 days after spheroid initiation). Scale bar: 100 um.
(F) Cell growth of native UM-UC-3 cells following treatment with 10 uM AZD3965
and/or 0.1 mM diclofenac for 72h. (G) Cell growth of native UM-UC-3 cells upon
single, combinatory or sequential treatment with 25 uM 3-BrPA and 0.1 mM
diclofenac. Sequential treatments were switched at day 5 (as indicated with the red
dashed line). (H-1) Representative fluorescence pictures (H) and distribution from
the periphery to the core of propidium iodide staining (labelling dead cells) (1) in 3D
mixed tumor spheroids, composed of GFP-labelled native and unlabelled 3-BrPA-R
HCT-116 cells upon treatment with 0.2 mM diclofenac for 4 days (starting one week
after spheroid initiation). Scale bar: 200 um. (J) Cell growth of native HCT-116 cells
stably expressing Cas9 either with control or MCT4-targeting sgRNA upon
treatment with 50 uM 3-BrPA. (K) Kaplan-Meier survival curves of nude mice
bearing tumors from native HCT-116 cells stably expressing Cas9 either with control
or MICT4-targeting sgRNA and daily treated with 2 mg/kg 3-BrPA or saline solution.
Endpoint was defined when tumors reached a volume > 250 mm?. (L) Kaplan-Meier
survival curves of nude mice bearing tumors from native SiHa cells daily
administered with combinatory or sequential treatment of 2 mg/kg 3-BrPA, 7.5
mg/kg diclofenac or saline solution. Sequential treatments were changed at day 20.
Endpoint was defined when tumors reached a volume > 500 mm? Data are
represented as mean #SEM of three independent experiments (with >3 technical
replicates). Significance was determined by one-way ANOVA (F), two-way ANOVA
(C and 1) with Bonferroni multiple-comparison analysis or log-rank test (K-L).
*p<0.05; ***p<0.001; ns, not significant. | have directly contributed to the panels A,
B,C,D,EF G, H,IJ KandL.
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Supplementary Figure 6: Evaluation of 3-BrPA- and diclofenac-induced overall
toxicity in vitro and in vivo, Related to Figure 27.

(A) Distribution from the periphery to the core of DAPI nuclear staining in 3D mixed
tumor spheroids, composed of GFP-labelled native and unlabelled 3-BrPA-R HCT-
116 cells upon treatment with 0.2 mM diclofenac for 4 days. (B-C) Body weight for
nude mice bearing either HCT-116 tumors daily treated with 2 mg/kg 3-BrPA or
saline solution (vehicle) (B) or SiHa tumors daily administered with combinatory or
sequential treatment of 2 mg/kg 3-BrPA and 7.5 mg/kg diclofenac (C). Data are
represented as mean #SEM of three independent experiments (with >6 technical
replicates). Significance was determined by two-way ANOVA (A) with Bonferroni
multiple-comparison analysis. ns, not significant. | have directly contributed to the
panels A, B and C.

1.4 Discussion

Metabolic plasticity allows tumor cells to adapt their bioenergetic
and/or biosynthetic preferences in order to grow and survive in harsh local
environmental conditions [83, 88]. In this study, we aimed to identify a
treatment that could drive a cancer cell metabolic phenotype towards a
direction that could be highly efficiently tackled by a second treatment.

Although we reached this goal, the mechanism was different from the one
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initially anticipated. Indeed, we used an alkylating agent known to
preferentially alter the activity of metabolic enzymes because of its
structural analogy with pyruvate [298]. While we were expecting, from the
use of 3-BrPA, a rapid covalent-based alteration in glycolytic enzymes such
as GAPDH and HK [298], we ended up with an epigenetic adaptation to the
cytotoxic effects of 3-BrPA leading to the silencing of monocarboxylate
transporter MCT1. This response that prevented further entry of the drug
into cancer cells was rapid and long-lasting even in the absence of a
continuous exposure to 3-BrPA. Although we cannot exclude that a large-
scale DNA methylation response to 3-BrPA led to a selection of cancer cells
wherein MCT1 was among the many silenced genes, the possibility of a non-
random process is supported by several studies [299-301]. DNA methylation
changes in response to external stress conditions (e.g. drug exposure) can
indeed result from gene-specific phenomena that involve sequence-specific
binding motifs and rapidly provide cancer cells with a phenotypic advantage
[302]. In our study, it is noteworthy that a short pre-challenge with 3-BrPA
was already sufficient to induce DNA hypermethylation in MCT1-encoding
gene promoter and subsequent protein downregulation, thereby
positioning MCT1 loss as a primary event in acquired resistance to 3-BrPA.
This hypermethylation-induced inhibition of drug influx in 3-BrPA-R cancer
cells is actually reminiscent of epigenetic alterations observed in
methotrexate-resistant lymphomas, with an aberrant methylation of the
folate carrier-encoding SLC19A1 gene promoter that led to a reduced drug

uptake [303].
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A second unexpected finding from our study was the dependence of
3-BrPA-R cancer cells for glycolysis that was even exacerbated in the
presence of OXPHOS inhibitors. 3-BrPA was previously identified in a
genomic study to exert strong inhibitory effects on GAPDH, with an
accumulation of upstream glycolytic metabolites and a dramatic fall in
intermediates located downstream from the enzyme [298]. Thus, our work
stands out from the mechanistic studies that aim to identify the preferred
targets of 3-BrPA and instead leads us to shed light on the subtle equilibrium
between the roles of MCT1 and MCT4 in cancer cells. The co-expression of
these two monocarboxylate transporters in the same cancer cell or the
induction of MCT4 in MCT1-expressing cancer cells generally relies on Km
values that account for a low affinity of MCT4 for pyruvate making this
transporter more prone to support lactate efflux in highly glycolytic cells. By
contrast, the lower Km of MCT1 for lactate makes this transporter able to
transport lactate the other way around (i.e. into the cell) [80, 99, 100]. Here,
we found that because of the induced loss of MCT1 expression (and despite
the presence of MCT4), 3-BrPA-R cancer cells are not able to take up
extracellular lactate anymore and use it as a substrate to fuel mitochondrial
respiration when other nutrients are scarce. These data are reminiscent of
studies with bona fide MCT1 inhibitors documenting how by preventing the
symbiotic exchange between lactate-generating and lactate-producing cells,
tumor growth inhibitory effects can be observed [99, 304]. Our study
provides evidence that MCT1 epigenetic silencing may actually promote
addiction to MCT4 activity, the blockade of which leading to profound

anticancer effects. We found indeed that upon 3-BrPA treatment, cancer
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cells become highly dependent on the expression of MCT4. That MCT1
replacement by MCT4 dictates the metabolic phenotype of 3-BrPA-R cells is
further revealed by the exposure of cancer cells to OXPHOS inhibitors but
also hypoxia. We showed indeed that 3-BrPA-R cells are less dependent on
mitochondrial respiration and preferentially accumulate in the hypoxic core
of 3D spheroids. These data indicate that MCT4 becomes a major driver of
3-BrPA-R cell phenotype that may actually support tumor aggressiveness
through an increased capacity of adaptation to hypoxic conditions and a
lesser response to anti-proliferative drugs. In this study, we took advantage
of the recent demonstration of diclofenac, a nonsteroidal inflammatory
drug, being a MCT inhibitor with a 10-fold higher potency for MCT4 than for
MCT1 [142]. We showed the capacity of diclofenac, but also CRISPR-based
genetic MCT4 knockout strategy, to synergize with 3-BrPA treatment to
trigger inhibition of cancer cell growth in 2D and 3D conditions as well as in
vivo.

More generally, our study is part of the ongoing quest for best
combinations of treatments targeting tumor metabolism such as the
association of a LDH inhibitor with IACS-010759 complex | inhibitor [305] or
metformin with MCT1 inhibitor AZD3965 [306]. Yet, we propose a specific
angle to reach this goal with the demonstration that stress-induced
hypermethylation, as obtained upon exposure to a cytotoxic compound,
may represent an attractive modality to knock-down the expression of genes
encoding for proteins critically involved in tumor metabolism. To some
extent, this strategy can be related to the co-deletion of tumor suppressor

genes together with neighbor passenger genes playing diverse functions in
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cell homeostasis [185]. In the field of tumor metabolism, this notion of
collateral lethality is consistent with the identification of mutations in
specific metabolic enzymes giving rise to druggable cancer cell
vulnerabilities [282, 307-309]. We propose here that such addiction can also
be induced by drug treatment, including by drugs that per se do not exert
major cytotoxic effects and are even associated with resistance. This allows
to envision an evolution-based therapeutic approach according to which the
metabolic rewiring in cancer cells upon a first-line treatment makes them
more vulnerable to a second-line antimetabolic therapy. Moreover, with the
use of diclofenac recently identified as a MCT inhibitor, our study supports
the interest of drug repurposing. This may be particularly relevant to speed
up time to market of the combination of drugs that need to face the
complicated issues of evaluating toxicity of concomitantly administered
compounds [310].

In conclusion, we provide evidence that administration of 3-BrPA can
lead to epigenetic-driven loss of MCT1 making MCT4 more critical for cancer
cells and thus a druggable attractive target. This may be particularly suited
to treat cancers in which these transporters play critical roles such as
metastatic melanoma [104]. More generally, a short 3-BrPA pulse exposure
could advantageously complement a treatment with MCT4 inhibitors that
are currently under development [311, 312]. The primary aim before the
onset of the MCT4 inhibitor treatment would thus consist in shaping a more

vulnerable metabolic phenotype.
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1.5 Methods

Animal strains

Rj:NMRI-Foxn1"¥/"“ mice (female 7-week-old) were purchased from
Janvier Labs. Studies using mice were performed after approval of the
UCLouvain ethic committee (approval ID 2016/UCL/MD/018 and
2020/UCL/MD/032) and were carried out according to national care
regulations. All mice were housed in the facility of the Institut de Recherche

Expérimentale et Clinique (IREC) at UCLouvain.

Cell lines

All human cancer cell lines were acquired in the last three years from
ATCC where they are regularly authenticated by short tandem repeat
profiling. Cells were stored according to the supplier's instructions and used
within 6 months after resuscitation of frozen aliquots. SiHa cervix cancer
cells, UM-UC-3 bladder cancer cells and HCT-116 colon cancer cells were
maintained in DMEM containing 25 mM D-glucose, 2 mM L-glutamine and
supplemented with 10% heat-inactivated FBS in a humidified atmosphere at
37°C and 5% CO.. 3-BrPA-resistant cancer cells were established by
incubating cells with increasing concentrations of 3-BrPA (from 10 to 100
uM) until no cell death was observed. All cell lines were tested for
mycoplasma contamination with the MycoAlert™ Mycoplasma Detection kit
(Lonza) before being used. GFP-expressing native and mCherry-expressing

3-BrPA-R HCT-116 cancer cells were established by infection with eGFP
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Lentifect™ (#LPP-EGFP-LV105-025; GeneCopoeia) and mCherry Lentifect™
(LPP-MCHR-LV105-025; GeneCopoeia) purified lentiviral particles, according
to manufacturer’s instructions and further selection with 2 ug/ml puromycin

(#ant-pr-1; InvivoGen) for 1 week.

Cell treatment and transfection

Cell treatment was performed in a full culture medium with 2-deoxy-
D-glucose (2-DG; #D8375), 3-bromopyruvate (#16490), 5-aza-2’-
deoxycytidine (#A3656), antimycin A (#A8674), diclofenac (#50765000),
metformin (#D150959) and rotenone (#R8875), all purchased from Sigma-
Aldrich, at different timings and concentrations, as indicated in the figure
legends. 5-fluorouracil was purchased from Teva Pharma Belgium while
IACS-010759 was synthesized and purified in our lab. In some conditions,
cells were maintained at 37°C in normoxic conditions (20% O,, 5% COz) or
exposed to hypoxia (1% O;, 5% CO;) in an Invivo2 300 hypoxia chamber
(Ruskinn). Cell growth was assessed either by direct cell counting on a
hemocytometer with Trypan Blue exclusion dye or by using the Presto Blue
reagent (#A13262; Thermo Fisher Scientific) according to manufacturer’s
instructions. Cell transfection with a pool of 4 non-targeting siRNA
sequences (D-001810-10-05) or a pool of 4 siRNA sequences targeting the
human SLC16A3 gene (#L-019204-01), both from Dharmacon, was carried
out with Lipofectamine™ RNAIMAX transfection reagent (#13778150;
Thermo Fisher Scientific) at 50 nM, according to manufacturer’s instructions.

Native UM-UC-3 cells were transfected with 1 pg of either one of two
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plasmids encoding for human SLC16A1-targeting shRNA sequences or one
non-effective scrambled shRNA plasmid (#TL309405; Origene) with
Turbofectin 8.0 transfection reagent (#TF81001; Origene) (ratio
Turbofectin:DNA 3:1), according to manufacturer’s instructions. For CRISPR-
Cas9 system, HCT-116 and UM-UC-3 cancer cells were first infected with an
Edit-R Lentiviral hEFla-Blast-Cas9 Nuclease vector (VCAS10126;
Dharmacon). Cas9-expressing cells, selected after one-week exposure to 8-
12 pg/ml blasticidin (#ant-bl-05; InvivoGen), were then secondly infected
with either a non-targeting single guide (sg) RNA (VSGC10215; Dharmacon),
or a SLC16A3-targeting sgRNA (VSGH10142-246491301; Dharmacon). Final
selection of sgRNA-expressing cells was done with 2 pg/ml puromycin for 1

week.

Western blot analysis

Subconfluent cancer cells were washed twice with ice-cold PBS and
lysed in a RIPA buffer supplemented with a protease inhibitor cocktail
(Sigma-Aldrich). Cell lysates were then cleared by centrifugation (6,000 rcf,
10 min, 4°C) and stored at -80°C until analysis. After determination of
protein concentration using a bicinchoninic acid-based assay (Thermo Fisher
Scientific), samples were denatured (5 min, 95°C) with Laemmli sample
buffer containing 100 mM dithiothreitol. Samples (20 ug per well) were then
separated by SDS-PAGE (8 to 15% acrylamide/bis-acrylamide gels) and
transferred to PVDF membranes. Membranes were blocked with 5%

skimmed milk or bovine serum albumin (BSA) in TBS-0.1% Tween 20 (TBS-T)
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and subsequently immunoblotted overnight at 4°C with specific primary
antibodies against B-actin (#A5441; Sigma-Aldrich), GAPDH (#2118; Cell
Signaling Technology), hexokinase Il (#2867; Cell Signaling Technology),
HSP90 (#610419; BD Biosciences), LDHA (#3582; Cell Signaling Technology),
LDHB (#H00003945-M01; Novus Biologicals), MCT1 (home-made) or MCT4
(#sc-376101; Santa Cruz Biotechnology). After several washes with TTBS,
membranes were then incubated (1h, room temperature) with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Jackson
Immunoresearch) and chemoluminescent signals were revealed by using
Amersham ECL Western Blotting Detection Kit (GE Healthcare) on X-ray films

in a dark chamber.

RNA extraction and RT-gPCR

Samples were collected from an equal amount of intact subconfluent
cells in Tri-Reagent (Molecular Research Center). RNA was recovered after
separation in 1-bromo-3-chloropropane and precipitation with isopropanol,
washed with ethanol (70%), resuspended in RNAse-free water, and then
qguantified by spectrophotometry (Nanodrop 1000, Thermo Fisher
Scientific). After reverse transcription on 1 pg of total RNA with the
RevertAid Reverse-Transcriptase and random hexamers (Thermo Fisher
Scientific), quantitative PCR amplification was performed on a ViiA™ 7 real-
time PCR system (Applied Biosystems) using SYBR® select master mix for cfx
(Thermo Fisher Scientific) and gene-specific primer sequences. Data were

analyzed according to ddCt method using human GTF2B as reference gene.

138



Methylated DNA immunoprecipitation (MeDIP)

Methylated DNA was immunoprecipitated by using the MeDIP kit
(C02010010; Diagenode) according to manufacturer’s recommendations.
Immunoprecipitated DNA was analyzed by qPCR using specific primer pairs
for the human SLC16A1 promoter (region spanning from +42 to +146) (Table
S2). MeDIP-gPCR data were normalized by using the percent input method
in order to include normalization for both background levels and input

chromatin going into the MeDIP.

Dot blot analysis

Genomic DNA was isolated using the AllPrep DNA/RNA mini kit
(Qiagen) according to manufacturer’s instructions, and then denatured with
0.4 M NaOH, 10 mM EDTA (95°C, 10 min) before being neutralized with ice-
cold 2 M ammonium acetate (pH 7.0). Two-fold serial dilutions of DNA were
spotted on a nitrocellulose membrane (Bio-Rad). Membranes were washed,
air-dried, UV-crosslinked, blocked with 5% half-skimmed milk in PBS-Tween
20 for 1h, and then incubated overnight with an anti-5mC primary antibody
(1:500; BI-MECY-0100, Eurogentec). After washes and incubation with HRP-
conjugated secondary antibodies (Jackson Immunoresearch),
chemoluminescent signals were revealed by using Amersham ECL Western

Blotting Detection Kit (GE Healthcare) on X-ray films in a dark chamber. To
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ensure equal spotting of total DNA on the membrane, the same blot was

stained with 0.02% methylene blue in 0.3 M sodium acetate (pH 5.2).

Bisulfite genomic sequencing

Genomic DNA was extracted using the AllPrep DNA/RNA mini kit
(Qiagen) according to manufacturer’s instructions, denatured in 0.4 N NaOH
and then treated with 4.5 M sodium bisulfite and 0.5 mM hydroquinone (pH
5.0) (for 4h at 50°C with 5 min at 95°C after 3h). Bisulfite-treated DNA was
desalted, concentrated on a silica matrix (GeneClean Glassmilk; MP
Biomedicals), and then incubated in 0.3 N NaOH (10 min, at room
temperature), before being neutralized with 1.9 M ammonium acetate, and
precipitated with ethanol 100%. Amplification of the 5 ’region of SLC16A1
(from -111 to +153) from bisulfite-modified DNA was performed by nested
PCR using 1/500 of the first PCR product in the second PCR. Primer
sequences were designed to recognize the human SLC16A1 promoter
sequence reported elsewhere (Cuff and Shirazi-Beechey, 2002) and are
described in Table S2. Amplification products were purified by using the
Qiaquick PCR purification kit (Qiagen), cloned into the pCR4-TOPO vector
using the TOPO TA cloning kit for sequencing (Life Technologies), and
transformed into electrocompetent Escherichia coli TOP10 (Life
Technologies), according to manufacturer’s recommendations. Ampicillin-
resistant colonies were screened by direct PCR amplification and then
analyzed by using the BigDye Terminator v1.1 cycle sequencing kit (Applied

Biosystems) with the -21 M13 forward or M13 reverse primers. Sequences
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were resolved on an ABI 3100 genetic analyzer (Applied Biosystems) and

analyzed with the FinchTV v1.4.0 software.

Genome-wide methylome analysis

Genomic DNA was extracted using the AllPrep DNA/RNA mini kit
(Qiagen) according to manufacturer’s instructions. Methylation analysis of
bisulfite-treated DNA was carried out at the Genome Centre from Queen
Mary University of London, by using the Infinium Human Methylation 450K
BeadChip (lllumina) according to a previously published array design
(Bibikova et al., 2011). The Illumina Infinium Human Methylation 450K
BeadChip allowed to assess the DNA methylation status of 482,421 CpG
sites, covering 99% of RefSeq genes and intergenic regions. The DNA
methylation level for each interrogated CpG site was reported as a beta
value, ranging from 0 (not methylated) to 1 (fully methylated) by using

GenomeStudio Methylation module v1.8 (lllumina).

Dosage of extracellular lactate

For lactate dosage, cells (2x10° cells/well; 3 wells/condition) were
seeded in 12-well plates with 2 mL of their routine culture medium. After
24h, medium was replaced by 500 pL of DMEM containing 10 mM L-lactate,
2 mM L-glutamine and supplemented with 10% dialyzed FBS (Sigma-Aldrich).
Initial concentration of lactate in the experimental medium was also

assessed by including control wells containing only cell culture medium (no
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cells) on each plate. After incubation for 24h, extracellular media were
collected and deproteinized by centrifugation (15 min, 10,000 rpm, 4°C) in
10 kDa cut-off filter tubes (VWR). Lactate concentrations were measured in
the samples (50 pl) by using enzymatic assays (CMA Microdialysis AB) and a
CMA 600 analyzer (Aurora Borealis). Data analysis was done by calculating
the difference in lactate concentrations between the control wells and the
experimental wells. Data were then normalized by the protein content in

each well and expressed in pumol/hr/ug protein.

Seahorse analysis

Oxygen consumption rate (OCR) and extracellular acidification rate
were measured by using the Seahorse XF96 plate reader. All assays were
carried out using a seeding density of 30,000 cells/well in non-buffered
DMEM, adjusted at pH 7.4 and supplemented with specified metabolic
substrates. Mitochondrial respiration and glycolytic capacities were
assessed by using the XF Cell Mito Stress Test and XF Glycolysis Stress Test,
respectively, according to manufacturer’s recommendations. Briefly,
mitochondrial function parameters (i.e. basal and maximal respirations and
ATP production-linked OCR) were evaluated in a DMEM medium containing
10 mM glucose and 2 mM glutamine and after sequential treatment with 1
Y oligomycin, 1 UM carbonyl cyanide-4
(trifluoromethoxy)phenylhydrazone (FCCP) and 0.5 uM rotenone/antimycin
A. Glycolytic function (i.e. basal glycolysis and glycolytic reserve) was

assessed in a DMEM medium containing 2 mM glutamine and after
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sequential treatment with 10 mM glucose, 1 uM oligomycin and 50 mM 2-
DG. To evaluate their capacity to use specific single substrates, cells were
pre-challenged in a substrate-free DMEM medium for 16h before starting
the experiment. OCR values were assessed before (3 cycles of 3 min mixing/4
min measuring) and after (6 cycles of 3 min mixing/4 min measuring) the
injection of 10 mM glucose, lactate or glutamine (as indicated in the figure
legends). In some experiments, 10 uM UK-5099 was injected after lactate
treatment and OCR was assessed for 8 cycles of 3 min mixing/4 min
measuring. Substrate-dependent OCR were calculated by comparing the

values before and after addition of the substrates.

Immunocytochemistry

Cells grown on coverslips were fixed with 4% PFA for 5 min. After
blocking with 5% BSA for 1h, cells were incubated overnight at 4°C with an
anti-MCT1 antibody (1/200; home-made) or with an anti-MCT4 antibody
(1/400; #ab244385; Abcam). Cells were then incubated with an Alexa Fluor
488-conjugated anti-rabbit secondary antibody (#A11034; Thermo Fisher
Scientific) for 1h and nuclei were counterstained with DAPI (#D9542; Sigma-
Aldrich). Slides were prepared with a fluorescence mounting medium (Dako)

and staining was visualized with a Zeiss Imager 1.0 Apotome microscope.

3D spheroid cultures

Spheroids were prepared with native and 3-BrPA-R tumor cells by

seeding 1,500 cells/well in Ultra-Low Attachment 96-well plates (Corning) in

143



DMEM supplemented with 10% heat-inactivated FBS, 25 mM D-glucose and
2 mM L-glutamine. For mixed spheroids, 750 cells of each GFP-expressing
native and mCherry-expressing 3-BrPA-R HCT-116 cell population were
seeded into the wells. Treatments (5-FU and diclofenac) (mean diameter of
spheroids: 300 um) are renewed every 2-3 days (as indicated in the figure
legends) by adding fresh drug-containing medium after the removal of the
old one. Spheroid growth was monitored using live-cell phase contrast
microscope (Axio Observer, Zeiss); spheroid area was manually measured
using Imagel software by tracing spheroid contours.

For immunofluorescence studies, spheroids were first incubated
with 1 uM pimonidazole (overnight at 37°C; #N1165; Sigma-Aldrich) or with
1 mg/mL propidium iodide (PI; 15 min at room temperature; #P4170; Sigma-
Aldrich) to label hypoxic areas or dead cells, respectively. Spheroids were
then washed twice in PBS, harvested, PFA-fixed and embedded in OCT. PI
staining, as well as GFP and mCherry fluorescence intensity, were measured
on cryosections (5 um) with a Zeiss Imager 1.0 Apotome microscope. To stain
proliferating cells and hypoxic areas respectively, cryosections were
incubated with either anti-Ki67 antibody (#556003, BD Biosciences), or anti-
pimonidazole antibody (#PAb2627AP; Hypoxyprobe). Sections were then
incubated with Alexa Fluor 488-conjugated anti-mouse (#A11029; Thermo
Fisher Scientific) or Alexa Fluor 568-conjugated anti-rabbit secondary
antibodies (#A11036; Thermo Fisher Scientific) for 1h at RT; nuclei were
counterstained with DAPI (#D9542; Sigma-Aldrich). Slides were prepared
with fluorescence mounting medium (Dako), and staining was visualized

with a Zeiss Imager 1.0 Apotome microscope. All spheroid samples from a
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same experiment were imaged by using the same gain and exposure
settings.

Clear, Unobstructed Brain/body Imaging Cocktails and
Computational analysis (CUBIC) method was also used for clearing and
imaging of 10-day-old mixed HCT-116 spheroids. Briefly, PFA-fixed spheroids
were first incubated in CUBIC1 solution (N, N, N', N'-tetrakis (2-
hydroxypropyl) ethylenediamine 25%, urea 25%, Triton X-100 15%, H,O
35%; for 6h at room temperature) and then in CUBIC2 solution (sucrose 50%,
urea 25%, 2,2',2'-nitrilotriethanol 10%, H,O 15%; for overnight at room
temperature) before image acquisition using a Lightsheet Z.1 fluorescence

microscope (Zeiss).

Flow cytometry

After 72h of treatment with 5-fluorouracil (5-FU), spheroids were
collected in round-bottom test tubes (VWR; 734-0000) and washed twice
with PBS. Spheroid dissociation was done after addition of trypsin-EDTA
(0.05%) and mechanical pipetting and vortexing. GFP- and mCherry-positive
cells in suspension were then centrifuged 5 min at 1,500 rpm and the
supernatant was replaced by 300 pl flow cytometry buffer (PBS
supplemented with 1 mM EDTA and 2% Bovine Serum Albumin (BSA)) for
analysis. For each experimental condition, native GFP- and 3-BrPA-R
mCherry-labeled cells were separated and quantified as a percentage of the
total number of cells with the FACSAria™ 1l (BD Biosciences). 2D-cultured

native UM-UC-3 cells stably expressing either shCTRL or shMCT1 sequences
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were detached with trypsin-EDTA (0.05%), collected in round-bottom test
tubes (VWR; 734-0000) and washed with PBS. Cells were then incubated for
20 min at 4°C with 200 pl of Cytofix/Cytoperm fixation and permeabilization
solution (#554722; BD Biosciences), washed twice with PBS, and incubated
15 min at room temperature with primary antibodies anti-MCT1 (1/200;
home-made) or anti-MCT4 (1/200; #ab244385; Abcam). After two washes,
cells were finally incubated 15 min in the dark at room temperature with a
goat anti-rabbit Alexa Fluor 647-conjugated secondary antibody (1/200; #A-
21245; Thermo Fisher Scientific), washed again twice with PBS and
resuspended in 200-400 ul of flow cytometry buffer. MCT1 and MCT4
expression was quantified in GFP-positive population of shMCT1-transfected

cells and expressed as a percentage of shCTRL-transfected cells.

In vivo mouse experiments

All experiments were performed with 7-week-old female Rj:NMRI-
Foxn1™/™ mice from Janvier Labs. Before injection, native HCT-116 (sgCTRL-
and sgMCT4-expressing) or SiHa cancer cells were washed twice with PBS,
resuspended in 0.9% NaCl (1 x 10° cells/100 pl for HCT-116 and 2 x 10°
cells/100 pl for SiHa) and then injected subcutaneously into the right flank
of the animals. When tumors reached a mean diameter of 5 mm, 3-
bromopyruvate (2 mg/kg, corresponding to the dose delaying tumor growth
without inducing general toxicity in a preliminary in vivo pilot study) and/or

diclofenac (7.5 mg/kg, dose determined by Renner et al. showing no effect
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on mouse tumor growth in vivo when diclofenac is administrated alone

[142]), both freshly prepared in PBS, were injected intraperitoneally daily.

Quantification and statistical analysis

When applicable (i.e, more than 2 biological replicates), data are
presented as mean £SEM. Statistical analyses were computed with
GraphPad Prism 8 software by using one-sample t test, one-way or two-way
ANOVA (Bonferroni’s post-hoc test) and log-rank test, where appropriate, as
indicated in the figure legends. Statistical significance is indicated in the
figures as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Non-statistically

significant data (p>0.05) are referred to as “n.s”.
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The data detailed in the first Results chapter have provided the proof of
concept that the sequential administration of two different metabolism-
targeting drugs may represent an innovative strategy to overcome
treatment resistance resulting from cancer cell metabolic plasticity. While
this approach paves the way for further studies exploring the combination
of various metabolism-targeting drugs, another critical issue to transpose
these results in the clinicis related to the effects of these treatments on non-
cancer cells present in tumors. In particular, with the flourishing field of
immunotherapy and adoptive T cell therapy in the last few years, one cannot
make the economy of a fine dissection of the effects of metabolism-

targeting drugs on immune cells and more specifically CD8+ T cells. Whether
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additive/synergistic or instead counterproductive effects can result from the
exposure of cancer cells and T cells to a same drug interfering with key
metabolic routes requires systematic studies. In this second part of the
thesis, we therefore aimed to examine the direct effects of three anti-
metabolic compounds on CD8+ T cell phenotype but also on changes in the
T cell response when cancer cells are first pre-challenged by these drugs.
Both sets of information could be particularly relevant in the context of

anticancer adoptive cell therapy.

2.1 Introduction

The deregulation of cellular energetics is nowadays well accepted as
a phenotypic alteration sustaining malignant cell growth [8]. Cancer cell
metabolism is rewired throughout disease progression under the influence
of mutations in oncogenes and tumor suppressor genes, and in response to
external constraints from the TME (e.g. hypoxia, acidosis or nutrient
deprivation) [313]. Since Otto Warburg’s seminal discovery of aerobic
glycolysis in 1930, numerous studies have focused on targeting cancer cell
energy metabolism to unravel innovative anticancer strategies [314]. In this
context, a bunch of pharmacological drugs inhibiting the uptake of
important metabolic substrates for tumor growth or interfering with the
activity of specific metabolic enzymes have been developed, and potential
good candidates are currently tested in clinical trials on human patients

[315].
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On the other hand, immunotherapies have recently brought new
hopes for cancer treatment. Central players of the immune system to fight
against cancer are the CD8+ T lymphocytes by virtue of their capacity for
antigen-directed cytotoxicity [316]. Accordingly, so called « hot tumors »
infiltrated by T cells (e.g. melanoma and lung cancers) typically demonstrate
high response rates to immune checkpoint inhibitors [317]. As cancer cells,
T cells have their own metabolic preferences which actually evolve with their
differentiation state [220]. After the first antigen exposure, naive T cells
become effector T cells (Tere) and switch from an oxidative metabolism
towards the preferential use of aerobic glycolysis to efficiently proliferate
and produce cytokines. After antigen clearance, most of Terr die, but a small
fraction of survival T cells give rise to memory T cells (Tmem). Tmem mostly rely
on FAO and exhibit mitochondrial biogenesis. Due to their self-renewal and
long-term survival capacities, Tmem play a crucial role to avoid cancer relapse
[318].

Common metabolic pathways between tumor and immune cells
account for a continuous competition for nutrients [319-321]. For instance,
the glycolytic activity of cancer cells outcompetes T cells for glucose
availability, thereby leading to diminished cytokine production by the latter
and tumor progression [256]. Furthermore, high lactate concentrations in
the TME associated with low pH values disturb T cell metabolism by
inhibiting glycolysis and directly impeding cytotoxic activities [258, 260].

This study aims to bring new insights on the capacity of metabolism-
targeting treatments to enhance cytolytic activity of T cells, and

consequently to improve response to immunotherapy. More precisely, the
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effects of three compounds blocking either OXPHOS, glycolysis or FAO will
be used to assess the effects of these metabolic routes on T cell phenotype.
As an inhibitor of OXPHOS, we have used CIM203070, of which the structure
cannot be revealed for patent issue. Our laboratory has worked for two
years on this compound and has validated it as a bona fide ETC complex |
inhibitor based on a variety of assays including Seahorse measurements on
isolated mitochondria. As a glycolysis inhibitor, we have used diclofenac, an
NSAID recently identified with potent inhibitory effects on MCT1/4, the main
transporters involved in lactate transport [142]. Finally, we have used
etomoxir, a compound validated in numerous studies as an inhibitor of CPT1,
a key protein involved in the uptake of acyl-CoA in the mitochondria and

thus of consecutive B-oxidation [146, 322-325].

2.2 Results and Discussion

2.2.1 FAQ inhibition increases glucose consumption and stimulates

in vitro CD8 T cell proliferation

We have first investigated the effects of 100 nM CIM203070
(OXPHQSI), 100 uM diclofenac (MCTi) and 3uM etomoxir (FAQOi) on CD8+ T
cell glycolysis and after 36 h incubation. These concentrations were chosen
based on the literature and previous experience documenting these
concentrations as the lowest giving rise to maximal inhibition of the targeted
metabolic paths. For these experiments, we have used CD8+ T cells collected

from spleen of C57BL/6 OT-1 mice. OT-1 mice have transgenic T cell receptor
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designed to recognize ovalbumin peptide residues 257-264 (OVA257-
264/SIINFEKL) in the context of H2-Kb (CD8 co-receptor interaction with
MHC class I). OT-1 CD8+ T cells thus primarily recognize the SIINFEKL peptide
when presented by the MHC-I molecule. CD8+ T cells were first activated 72
hrs with SIINFEKL peptide and IL-2 before the administration of different
metabolic treatments.

As expected, the inhibition of MCT transporter activity with
diclofenac significantly reduced glucose consumption and lactate secretion
whereas the blockade of OXPHOS complex | significantly increased both
parameters (Figures 28A-B). Inhibition of FAO induced an increase of glucose
consumption but barely altered lactate secretion. We have next examined
the effects of the above 3 metabolism-targeting compounds on T cell
proliferation using carboxyfluorescein succinimidyl ester (CFSE) dilution
assay. We have found that blocking OXPHOS with CIM203070 was
detrimental for T cell proliferation (vs. vehicle treatment) contrary to FAOi
etomoxir which revealed a highly significant increase in T cell proliferation
(as depicted by a global shift toward less-intense CFSE staining) (Figure 28C).
Treatment with 0.1 mM diclofenac for 48 hrs strongly impacted T cell
viability (Figure 28D) preventing us to examine the effects of the drug on
proliferation. These findings are at odd with the results of Renner et al. who
have reported a slightly diminished proliferation of activated T cells upon
incubation with 0.2 mM diclofenac for 7 days together with a preserved
effector functions [142]. The reasons for these differences are unknown but

considering the well documented stimulation of the glycolytic turnover upon
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T cell activation, diclofenac cytotoxicity can be explained by the detrimental

effects of lactate accumulating into the cytosol.
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Figure 28: Effects of metabolism-targeting drugs on T cell metabolism and
proliferation.

(A-B) Glucose consumption (A) and lactate secretion (B) of activated T cells upon
treatment with 100 nM CIM203070, 0.1 mM diclofenac, 3 uM etomoxir for 36 hrs
in glucose and glutamine-containing medium. (C) Proliferation profile of CFSE-
loaded activated T cells treated 72 hrs with 100 nM CIM203070 or 3 uM etomoxir.
(D) Representative histogram of live and dead T cells after activation and
treatment with 0.1 mM diclofenac for 48 hrs. Data are represented as mean =+
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SD of one experiment with at least three technical replicates. Significance was
determined by one-way ANOVA (A-B) with Bonferroni multiple-comparison
analysis. *p<0.05; **p<0.01; **#*p<0.001; ns, not significant.

2.2.2 Acute treatment of T cells with etomoxir increases cytolytic

capacity of CD8+ T cells

We have next examined whether the observed changes in terms of
glycolytic activity and proliferation rates induced by OXPHOSi, MCTi and
FAQi could alter the cytolytic capacity of CD8+ T cells towards cancer cells.
To study this parameter, we have co-cultured in vitro murine melanoma cells
YUMM1.7 pre-pulsed with SIINFEKL (OVA) peptide together with activated
OT-1 T cells (Figure 29A). After 6h YUMML1.7 incubation with SIINFEKL
peptide, SIINFEKL presentation on H2-Kb could be detected using a
dedicated antibody (Figure 29B). Using this validated model for specific OT-
1 TCR recognition, we have examined whether YUMM1.7 cell integrity was
differently influenced upon exposure to OT-1 T cells pre-challenged for 48
hours with either CIM203070, diclofenac or etomoxir. While a trend toward
a reduction in the extent of OVA-dependent cell death was observed in the
presence of CIM203070 and diclofenac, blocking FAO in T cells with etomoxir
led to a significant increase in YUMM1.7 OVA-dependent mortality as
revealed by propidium iodide (PI) measurements (Figures 29C-D). This
higher cytolytic capacity of etomoxir-treated OT-1 T cells might be explained
by a more efficient engagement in glucose (and glutamine) metabolism,

since both substrates are required for proliferation and cytolytic activity of
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effector T cells [220]. The failure of OXPHOSi to increase cytotoxic effects of
OT-1 T cells while the same drug significantly stimulated glycolysis indicate

that mitochondrial activity is needed to support the activity of effector T

cells.
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Figure 29: Blocking FAO with etomoxir in T cells increases their cytolytic capacity
in vitro.

(A) To generate OVA-specific CD8+ T cells, OT-1 splenocytes were activated with
SIINFEKL peptide and IL-2 (25 U/ml) and expanded for 72 hrs, followed by 48 hrs of
exposure to metabolism-targeting treatments. CD8+ T cells were then co-incubated
overnight (O/N) with YUMMAI1.7 cancer cells, previously pulsed with SIINFEKL
peptide and stained with CFSE. YUMMJI1.7 cell death determination was finally
carried out by flow cytometry with propidium iodide (Pl) staining. (B) SIINFEKL
bound to H2-Kb fluorescence intensity in YUMM1.7 cancer cells incubated for 6 hrs
with 1 ug/ml SIINFEKL peptide. (C-D) Representative flow cytometry analysis of PI-
positive dead YUMM1.7 cells (C) and percentages of OVA-dependent dead cells ( ‘no
OVA” values substracted from total percentages) (D) after co-incubation with
activated T cells treated for 48 hrs with 100 nM CIM203070, 0.1 mM diclofenac or
3 uM etomoxir. Data are represented as mean 25D of one experiment with at least
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three technical replicates. Significance was determined by one-way ANOVA (D) with
Bonferroni multiple-comparison analysis. *p<0.05; **p<0.01; ***p<0.001; ns, not
significant.

2.2.3 Treatment of cancer cells with OXPHOSi potentiates T cell

cytolytic activity

While adoptive T cell transfer offers the possibility to
pharmacologically treat CD8+ T cells in vitro to increase their effector
function (see above), metabolism-targeting drugs can also be used to pre-
challenge tumors before administration of T cells (in an environment more
favorable to let them exert their cytolytic activity). We have therefore
evaluated the impact of the above same three drugs on YUMMZ1.7 cancer
cells before co-incubation with OT-1 T cells (Figure 30A). Of note, none of
the three drugs significantly altered cancer cell viability, the proportion of
dead cells ranging between 8 and 13% of the total YUMMZ1.7 cell population
(Figure 30B). Although T cell-induced OVA-dependent cell death was not
significantly altered by YUMM1.7 pre-treatment with diclofenac and
etomoxir, a net increase in cell death was observed in cancer cells pre-
challenged with CIM203070 (Figures 30C-D). Since high lactate
concentrations associated with acidic pH could impair T cell glycolytic
metabolism, cytokine secretion and cytolytic activity [258, 326], we have
next examined whether YUMMZ1.7 treatments led to changes in extracellular
lactate concentrations. Changes in lactate release were similar to the

measurements performed in T cells (Figure 28C) with extracellular lactate
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levels being increased by both CIM203070 and etomoxir, and reduced upon
diclofenac exposure (Figure 30E). As expected, the beneficial effects of
OXPHOS inhibition in cancer cells before T cell exposure could therefore not
be explained by a reduced glycolytic turnover and lesser lactate/H*
concentrations in the extracellular medium. An alternative hypothesis is the
possibility that inhibiting OXPHOS has led to a reduction in metabolic
hypoxia (i.e., less O, being consumed because of the interruption of ETC)
which could in turn reduce the expression of PD-L1 inhibitory receptor
(known to be a direct target of HIF-1a protein) [275]. Tumor cell oxidative
metabolism has also been linked to the resistance to PD-1 blockade
immunotherapy in melanoma [327]. More work is needed to examine
whether less PD-1/PD-L1 inhibitory signaling is dampened upon OXPHOS
complex | inhibition. Interestingly, tumor re-oxygenation upon exposure to
OXPHOS complex | inhibitor IACS-010759 was recently shown to increase the
efficacy of radiotherapy in PD-1-resistant NSCLC adenocarcinoma mouse
models [328]. In a pilot study, we have therefore examined the effects of the
MPC inhibitor 7ACC2 that our lab previously documented to radiosensitize
tumors through a similar reoxygenation process [161]. A non-significant
trend toward an increase in the capacity of OT-1 T cell to kill 7ACC2-
pretreated YUMM1.7 cancer cells was observed, further supporting the
hypothesis of an increase in tumor O; availability being favorable for T cell

activity (Figure 30F).
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Figure 30: Blocking OXPHOS in cancer cells potentiates T cell cytolytic activity.

(A) To generate OVA-specific CD8+ T cells, OT-1 splenocytes were activated with
SIINFEKL peptide and IL-2 (25 U/ml) and expanded for 72 hrs, followed by 48 hrs
without peptide. CD8+ T cells were then co-incubated overnight (O/N) with
YUMMJ1.7 cancer cells, previously pulsed with SIINFEKL peptide, stained with
CFSE and exposed for 48 hrs to metabolism-targeting treatments. YUMM1.7 cell
death determination was finally carried out by flow cytometry with propidium
iodide (Pl) staining. (B) Percentage of YUMMOI1.7 dead cells after 48 hrs of
treatment with 100 nM CIM203070, 0.1 mM diclofenac or 10 uM etomoxir in
RPMI medium. (C-D) Representative flow cytometry analysis of Pl-positive dead
YUMMJ1.7 cells treated for 48 hrs with 100 nM CIM203070, 0.1 mM diclofenac or
10 uM etomoxir (C) and percentages of OVA-dependent dead cells (‘ho OVA”
values substracted from total percentages) (D) after co-incubation with activated
T cells. (E) Quantification of lactate in the extracellular medium of YUMM1.7 cells
treated for 48 hrs with 100 nM CIM203070, 0.1 mM diclofenac or 10 uM etomoxir
in RPMI medium. (F) Percentages of OVA-dependent dead YUMM1.7 cells (‘no
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OVA” values substracted from total percentages) treated for 48 hrs with 10 uM
7ACC2 after co-incubation with activated T cells. Data are represented as mean
15D of one experiment with at least three technical replicates. Significance was
determined by one-way ANOVA (B-D-E-F) with Bonferroni multiple-comparison
analysis. *p<0.05; **p<0.01; **#*p<0.001; ns, not significant.

2.2.4 Blocking OXPHOS complex | promotes T cell memory

phenotype

A key aspect for Tmem efficient formation is the complete absence of
antigen stimulation after the effector phase. However, in the context of
chronic viral infections and cancer, continuous antigen exposure leads to a
state of T cell dysfunction named T cell exhaustion [217]. Exhausted T cells
(Texn) are characterized by poor effector functions dictated by loss of
cytokine production, low proliferation, expression of inhibitory receptors
such as PD-1, LAG-3 and TIM-3 and dysregulated metabolism [329]. We have
therefore pursued our analysis of the effects of metabolism-targeting drugs
on the memory and exhaustion phenotypes of T cells. To recapitulate T cell
exhaustion in vitro, we have repeatedly stimulated isolated CD8+ T cells
every 48-72 hrs for 10 days with anti-CD3/CD28 beads, in the presence of
CIM203070 or etomoxir. Of note, the effects of the glycolysis inhibitor
diclofenac on Tmem and Texy could not be determined because of the high
toxicity of this compound on T cells.

We have found that blocking OXPHOS complex | with CIM203070 led
to an increase of CD62-L*/CD44* Tmem proportion while treatment with FAQi

etomoxir had no significant effects (vs. vehicle) (Figure 31). Since Tmem are
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known to mostly rely on long-chain-FAO for survival [330], the results
obtained with etomoxir were anticipated. The beneficial effects obtained
with CIM203070 may be interpreted by considering that blocking OXPHOS
complex | may favor complex Il to get fueled by FADH, generated by FAO. As
a first insight to support this hypothesis, we have used the MPC inhibitor
7ACC2 and found that blocking the mitochondrial respiration component
supported by pyruvate (but not by acetyl-CoA generated by FAO) led to a
significant increase in the Twvem proportion reaching the same extent than
that obtained with CIM203070 (Figure 30). Further investigation is
warranted to determine whether the increased use of fatty acids to sustain

mitochondrial respiration accounts for this beneficial effect[180].
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Figure 31: Blocking OXPHOS complex | promotes T cell memory phenotype.
Representative flow cytometry analysis of CD62-L and CD44 staining in activated
T cells after 48 hrs of treatment with 100 nM CIM203070, 3 uM etomoxir or 10
uM 7ACC2. This experiment was carried out with 3 technical replicates showing
similar results.
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2.2.5 OXPHOSi CIM203070 increases PD-1 expression in exhausted

T cells

Finally, using the same protocol of multiple stimulations with anti-
CD3/CD28 dynabeads (Figure 32A), we have examined if the different
metabolism-targeting drugs could lead to changes in the expression of the
inhibitory receptors PD-1 and LAG-3 on the surface of T cells. PD-1
represents the historically most described target for ICls (ie.,
pembrolizumab, nivolumab, cemiplimab and dostarlimab) while the interest
for LAG-3 is more recent with Relatlimab as the first LAG-3 blocking
antibody; the latter recently showed promising response in first-line
advanced melanoma in combination with anti-PD-1 nivolumab in a phase Il
clinical trial (RELATIVITY-047) [331]. We have found a significant increase in
PD-1 expression upon treatment with OXPHOS complex | inhibitor
CIM203070 but not with FAOi etomoxir (Figures 32B-C), and no additional
modification in LAG-3 expression in response to either treatment (Figures
32D-E). Interestingly, Scharping et al. showed that a loss of mitochondrial
mass correlates with an increase of co-inhibitory molecules and that the
most exhausted T cells exhibit the lower mitochondrial activity [332]. We
can therefore suggest a parallel with our observations related to the
increase in PD-1 expression in response to the mitochondrial OXPHOS
inhibitor CIM203070. In line with the above results, we have observed a
significant higher percentage of OVA-dependent YUMML1.7 cell death in
response to CD8+ T cells that undergo the exhaustion protocol in the

presence of etomoxir but not CIM203070 (Figures 32F-G). Nevertheless,
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conclusions regarding these results should be drawn with caution since
inhibitory receptors have to be ligated to their corresponding ligands on
cancer cells (namely PD-L1 and MHC-II for PD-1 and LAG-3, respectively) to
negatively impact on the immune response. Therefore, it would be relevant
to study the status of these ligands on cancer cells, alone and in co-culture
with T cells. In addition, other parameters such as cytokine production or
cell proliferation index should be assessed to further characterize the

exhaustion phenotype of the CD8+ T cells in our in vitro stimulation model.
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Figure 32: Blocking OXPHOS complex | increases PD-1 expression in T cells in our
exhaustion in vitro model.

(A) To generate T exhausted cells, CD8+ T cells were repeatedly stimulated with anti-
CD3/CD28 dynabeads concomitantly with metabolism-targeting treatments. CD8+
T cells were then co-incubated overnight (O/N) with YUMM1.7 cancer cells,
previously pulsed with SIINFEKL peptide and stained with CFSE. YUMMJ1.7 cell death
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determination was finally carried out by flow cytometry with propidium iodide (Pl)
staining. (B-C) Representative flow cytometry analysis of PD-1 staining (B) and
relative mean fluorescence intensity values (C) of T cells after multiple stimulations
with anti-CD3/CD28 dynabeads every 48-72 hrs concomitantly with 100 nM
CIM203070 or 3 uM etomoxir for 10 days. (D-E) Representative flow cytometry
analysis of LAG-3 staining (D) and relative mean fluorescence intensity values (E) of
T cells after multiple stimulations with anti-CD3/CD28 dynabeads every 48-72 hrs
concomitantly with 100 nM CIM203070 or 3 uM etomoxir for 10 days. (F-G)
Representative flow cytometry analysis of Pl-positive dead YUMMZ1.7 cells (F) and
percentages of OVA-dependent dead cells (‘no OVA” values substracted from total
percentages) (G) after co-incubation with T cells stimulated with anti-CD3/CD28
dynabeads every 48-72 hrs concomitantly with 100 nM CIM203070 or 3 uM
etomoxir for 10 days. Data are represented as mean 25D of one experiment with
at least three technical replicates. Significance was determined by one-way ANOVA
(C-E-G) with Bonferroni multiple-comparison analysis. *p<0.05; **p<0.01;
**¥p<0.001; ns, not significant.

2.3 Conclusions and perspectives

In the last few years, adoptive cell therapy (ACT) has emerged as a
therapeutic option for patients with advanced cancers [333]. ACT is a type
of immunotherapy consisting in taking patient’s own T cells from blood or
from tumor tissue, and giving the T cells back to the patient after a large
expansion phase in the laboratory. T cells may be modified in vitro before
the growing phase to more efficiently target the patient’s cancer cells. For
instance, the insertion of a CAR (i.e. artificial engineered receptor combining
both antigen-binding and T cell activating functions into a single receptor)
results in genetically modified T cells called « CAR-T cells » ; high efficacy of

CAR T cells were documented in patients with relapsed or refractory B-cell
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acute lymphoblastic leukemia [334]. ACT treatment is of particular interest
in the context of the use of metabolism-targeting drugs since it allows T cells
to be treated in vitro, without any leakage of the drug towards cancer cells
or other healthy cells from the TME. Inversely, cancer cells may be treated
in parallel with drugs targeting other metabolic pathways before the
adoptive transfer of T cells. Interestingly, Klein Geltink et al. have recently
showed that transient glucose restriction in activated CD8+ Terr cells
enhanced effector functions (i.e. cytokine and granzyme B production) and
that the consequent ACT in murine lymphoma model could lead to complete
tumor clearance [335]. These results further support the relevance of in vitro
T cell metabolic conditioning to synergize with immunotherapy benefits.
The main findings of this work are the identification of distinct
benefits (in terms of immune response) resulting from the treatment with
the OXPHOSi CIM203070 and the FAQi etomoxir. First, we have shown that
acute treatment of activated T cells with etomoxir leads to an increase of
their proliferation rates in vitro, and to higher cytotoxic capacities towards
YUMM1.7 melanoma cancer cells. We have also documented that the
concomitant long-term administration of etomoxir to multiple stimulations
of CD8+ T cells in an in vitro exhaustion model does not lead to additional
PD-1 surface expression while increasing the extent of OVA-dependent
cancer cell death. Second, we identified the OXPHOS complex | inhibitor
CIM203070 as a potential candidate to favor the Tvem over Texn phenotype
acquisition, probably in response to FADH, production from FAO to sustain
OXPHOS complex Il activity. We have also shown that pre-treatment of

cancer cells for 48 hrs with CIM203070 before co-incubation with activated
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T cells potentiates T cell cytotoxic activity. By contrast, we found highly
detrimental effects of the glycolytic flux inhibitor diclofenac on T cell viability
and proliferation, already detectable after 48 hrs but even more
dramatically after long-term treatment.

As a perspective, an in vivo model of ACT to treat melanoma-bearing
mice could thus take advantage of T cell in vitro treatment with etomoxir
whilst OXPHOSi would be administered in vivo. Etomoxir should contribute
to enhance the cytotoxic potential of T cells and to stimulate in vitro T cell
proliferation. The latter is crucial since the growing phase of T cells before
re-injection to the patient is often rate-limiting for a successful ACT
procedure. In parallel, tumor-bearing mice would be treated with an
inhibitor of mitochondrial complex | in an attempt to recapitulate the
increased cytotoxic activity of T cells put in contact with cancer cells pre-
challenged with such inhibitor. Although the above situation would
represent our priority, other combinations remain attractive. The
advantages in terms of Tmem phenotype conferred by CIM203070 treatment
could be particularly relevant in a model of tumor relapse (as possibly
obtained after primary tumor removal). Etomoxir treatment of tumor-
bearing mice could also be relevant since we recently reported that cancer
cells located in the acidic environment of primary tumors were among the
most metastasis-prone cancer cells but also highly dependent of FAO to

provide energy to sustain invasiveness (upon lipid droplet lipolysis) [97].
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2.4 Methods

Animal strains

Genetically engineered immunodeficient C57BL/6-
Tg(TcraTcrb)1100Mjb/Crl OT | Mice (male) were purchased from Charles
River. Splenocyte isolation is performed when mice are between 6 and 12-
week old. Studies using mice were performed after approval of the
UCLouvain ethic committee (approval ID 2020/UCL/MD/032) and were
carried out according to national care regulations. All mice were housed in

the facility of the Institute de Duve (DDUV) at UCLouvain.

Cell lines

The murine skin melanoma cell line YUMM1.7 (CRL-3362) was
acquired in the last three years from ATCC and was kindly provided from
Prof. Bénédicte Jordan’s REMA pole from UCLouvain. Cells were stored
according to the supplier’s instructions and used within 6 months after
resuscitation of frozen aliquots. YUMM1.7 cells were maintained in
DMEM/F-12 GlutaMAX™ containing 25 mM D-glucose and supplemented
with 10% heat-inactivated FBS and 1% P/S in a humidified atmosphere at
37°C and 5% CO.. Cells were tested for mycoplasma contamination with the

MycoAlert™ Mycoplasma Detection kit (Lonza) before being used.
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T cell isolation, stimulation and culture

Spleens of OT-I mice were isolated, washed twice in PBS and gently
scratched out through a 40 um strainer to obtain single cell suspension.
Erythrocytes were removed with RBC lysis buffer (Roche). Splenocytes were
resuspended at 10° cells/ml in RPMI-GlutaMAX™ medium containing 25
mM glucose and supplemented with 10% heat-inactivated FBS, 1% P/S, 1
mM sodium pyruvate (#11360070; ThermoFisher Scientific) and 50 uM 2-
mercaptoethanol. For CD8 T cell activation, OT-I splenocytes were incubated
for 72 hrs in a 24-well plate under humidified atmosphere at 37°C and 5%
CO2 with 1 pg/ml of SIINFEKL peptide (#HY-P1489; MedChemExpress), 1
pug/ml anti-CD28 antibody (#553294; BD Biosciences) and 25 U/ml mouse
recombinant IL-2 (#78081; Stemcell technologies).

For T cell exhaustion model, CD8-positive lymphocyte population
was first negatively isolated from total splenocytes with CD8a+ T cell
Isolation Kit (#130-104-075; Miltenyi Biotec) and subsequently seeded at 10°
cells/ml in RPMI medium with Dynabeads™ Mouse T-Activator CD3/CD28
(#11452; ThermoFisher Scientific) and 30 U/ml IL-2 at 1:1 ratio according to
supplier’s instructions. Every 2-3 days, dynabeads were magnetically
removed, and CD8 lymphocytes were resuspended at 10° cells/ml in RPMI

medium with fresh dynabeads for 10 days.

Cell treatment

YUMM1.7 cell treatment for cytotoxic assay was performed in full

RPMI culture medium for 48 hrs with 100 nM CIM203070, 0.1 mM diclofenac
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(#S0765000; Sigma-Aldrich), 10 uM etomoxir (Tocris) or 10 uM 7ACC2.
CIM203070 and 7ACC2 were synthesized and purified at Centre for Drug
design and Discovery (Heverlee; Belgium).

For T cell treatment, cells were carefully collected after 72 hrs of
SIINFEKL-mediated activation, reseeded at 2x10° cells/ml in a 24-well plate
and incubated 48 additional hours in RPMI supplemented with 100 nM
CIM203070, 0.1 mM diclofenac, 3 uM etomoxir or 10 uM 7ACC2 and 25
U/ml IL-2. Finally, live cells were isolated with Ficoll-Paque™ (#17-5442;
VWR) and washed twice in PBS before being used. In T cell exhaustion
model, same concentrations of treatments were administrated to CD8 T cells

concomitantly with anti-CD3/CD28 dynabeads.

CD8 T cell proliferation assay

To assess T cell proliferation, CD8 naive T cell population was
negatively isolated from OT-l splenocytes and subsequently stained with
CellTrace™ CFSE Proliferation Kit (#C34554; ThermoFisher Scientific) for 20
min at 37°C protected from light, according to supplier’s instructions. 10° T
cells were stimulated with anti-CD3e (coated, 0.5 pg/ml) (#100201;
BioLegend) in combination with anti-CD28 antibody (soluble, 0.7 ug/well)
and cultured for 72 hrs in 200 ul of RPMI medium in a 96-well flat bottom
plate concomitantly with 100 nM CIM203070 or 3 uM etomoxir under
humidified atmosphere at 37°C and 5% CO,. CFSE intensity staining was
measured with flow cytometry and histograms were obtained using the

Proliferation Tool of FlowJo v10 program.
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T cell proliferation with diclofenac was determined by staining
SIINFEKL-stimulated OT-I cells with CellTrace™ CFSE Proliferation Kit prior
48 hrs of incubation with 100 uM diclofenac and 25 U/ml IL-2. Proliferation
is reflected by CFSE mean fluorescence intensity among CD8 positive T cell

population, as determined by flow cytometry analysis.

Dosage of extracellular glucose and lactate

For glucose and lactate dosage, OT-I cells were carefully collected
after 72 hrs of SIINFEKL-mediated activation and CD8 positive T cells were
subsequently negatively isolated with CD8a+ T cell Isolation Kit (#130-104-
075; Miltenyi Biotec). CD8 T cells were then seeded at 400,000 cells/ml in
DMEM containing 10 mM glucose, 2 mM glutamine and supplemented with
10% dialyzed FBS (Sigma-Aldrich) and adequate treatments. Initial
concentration of glucose in the experimental medium was also assessed by
including control wells containing only cell culture medium (no cells) on each
plate. After incubation for 36 hrs, extracellular media were collected and
deproteinized by centrifugation (15 min, 10,000 RPM, 4°C) in 10 kDa cut-off
filter tubes (VWR). Glucose and lactate concentrations were measured in the
samples (75 pl) by using enzymatic assays (CMA Microdialysis AB) and a CMA
600 analyzer (Aurora Borealis). Data analysis was done by calculating the
difference in glucose and lactate concentrations between the control wells
and the experimental wells. Data were then normalized by the protein

content in each well and expressed in umol/hr/mg protein.

171



Cytotoxic assay

Before incubation with isolated live CD8 T cells, YUMMZ1.7 cells were
pulsed overnight with SIINFEKL peptide, washed twice with PBS and stained
with CellTrace™ CFSE Proliferation kit for 20 min at 37°C protected from
light, according to supplier’s instructions. YUMMM1.7 cells were then plated
at 40,000 cells/well in a 96-well plate, before adding 60,000 activated T cells
(ratio 1:1.5) 3 hrs later. After overnight co-incubation in a humidified
atmosphere at 37°C and 5% CO2, YUMML1.7 cells and T cells were carefully
collected by mechanical pipetting or upon addition of 30 ul trypsin-EDTA
(0.05%) (#25300054; Gibco) respectively in round-bottom test tubes (734-
0000; VWR). YUMM1.7 population was determined by CFSE-positivity and
mortality was subsequently assessed with flow cytometry by adding 3 pl of

propidium iodide (PI) (#P4170; Sigma-Aldrich, 1 mg/ml) in every test tubes.

Flow cytometry

Fluorochrome-conjugated anti-mouse monoclonal antibodies anti-
SIINFEKL bound to H2-Kb (#141603), anti-CD62-L (#161202), anti-CD44
(#156002), anti-PD-1 (#114101) and anti-LAG-3 (#125209) were purchased
from BiolLegend. Staining was performed in flow cytometry buffer (PBS
supplemented with 1 mM EDTA and 2% Bovine Serum Albumine) for 20 min
at room temperature in the dark. Dead cells were excluded with the Fixable

Viability Dye eFluorTM 780 (#65-0865-14; ThermoFisher Scientific) and T cell
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purity was determined by CD8 expression (#162302; BioLegend). Data were

analyzed with FlowJo v10 program.

Quantification and statistical analysis

When applicable (i.e., more than 3 technical replicates or 2 biological
replicates), data are presented as mean + SD. Statistical analyses were
performed with GraphPad Prism 8 software y using on-way ANOVA
(Bonferroni’s post-hoc test) when appropriated, as indicated in the figure
legends. Statistical significance is indicated in the figures as follows: *, p <
0.05; **, p < 0.01; ***, p < 0.001. Non-statistically significant data (p>0.05)

are referred to as “n.s”.
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General discussion

1. Achievements and significance

Metabolic inhibitors aim to interfere with bioenergetic and
biosynthetic processes and are increasingly investigated as innovative
anticancer treatments. Although they often exhibit promising antitumor
effects in preclinical studies, the clinical applicability of metabolism-
interfering strategies is hampered by the capacities of cancer cells to
reprogram their metabolic preferences, thereby leading to the occurrence
of resistance mechanisms and long-term therapeutic failure. Several cases
of tumor relapse were indeed described after monotherapy with the few
metabolic inhibitors that reached the clinics. For instance, although the IDH1
inhibitor Ivosidenib (AG-120) has initially shown progression-free survival
improvements compared with placebo in cholangiocarcinoma patients
bearing IDH1 mutations in an international phase Il clinical study [336],
receptor tyrosine kinase pathway mutations, second-site IDH1 mutations
and IDH2 mutations were further identified to contribute to primary
resistance to Ivosidenib [337]. In parallel, Enasidenib (AG-221), a selective
small molecule inhibitor of mutant IDH2, has been reported to produce a
clinical response in 40% of treated patients with relapsed/refractory AML
[338] but therapy resistance was also described, with the emergence of
second-site IDH2 mutations that restore the production of the

oncometabolite 2-hydroxyglutarate [339]. These examples are actually
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recapitulating the conventional mechanism leading to the failure of targeted
therapies such as TKls, and often the need to use a second generation TKI to
restore a therapeutic blockade (until a new occurrence of mutation-based
resistance). There are however examples where the resistance to
antimetabolic anticancer drugs doe not involves mutation-based mode of
resistance but an adaptation of the metabolic preference of the treated
cancer cells. For instance, endogenously produced pyruvate secreted by
TNBC cells was recently documented to act in a paracrine manner to
significantly decrease the sensitivity to Telaglenastat (CB-839), a potent,
selective and orally bioavailable inhibitor of GLS [340]. To consider the
occurrence of such metabolic adaptation to drugs as a source of vulnerability
instead of a relentless failure of metabolism-targeting strategies was the aim
of the first part of my thesis.

Since cancer cells exhibit increased energy requirements in
comparison to normal cells, the use of metabolic inhibitors has been
commonly thought to restrictively affect cancer cells. However, such
statement is only partially true and a second issue for most anticancer
metabolic inhibitors resides in their low therapeutic index (i.e. their capacity
to spare healthy cells/tissues). In particular, altering metabolic pathways in
immune cells can disturb anticancer immune response including those
facilitated by the new generation of ICls. Metabolic reprogramming of T cells
to acquire their effector function upon TCR engagement represents a
paradigmatic example of a critical path that may suffer from a systemic
interference with cell metabolism. The second part of my thesis aimed to

bring new insights to rationalize the choice of metabolism-targeting
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treatments able to impact cancer cells while enhancing or at least

maintaining the activity of CD8+ effector T cells.

In the first part of this thesis, we have documented that cancer cells
exposed to a first anti-metabolic drug develop stable new metabolic
addictions, allowing the use of a second metabolism-targeting treatment to
be lethal. As a first treatment, we have used 3-BrPA, a drug known to exert
inhibitory effects on glycolysis, either resulting from hypoxia or from tumor
specificities (i.e., Warburg effect). This halogenated derivative of pyruvate
has the reputation to be a potent anticancer agent, able to cause rapid
toxicity to cancer cells without affecting normal tissues due to the high
glucose turnover in cancer cells but also to have off-targets because of its
alkylating properties (described in paragraph « 3. Limitations) [341]. The
induction of apoptosis after a rapid ATP depletion (the so-called « metabolic
catastrophe ») by 3-BrPA was documented in multiple tumor models, both
in vitro and in vivo [279, 294, 342, 343]. However, the clinical use of 3-BrPA
has been limited due to side effects and drug resistance establishment [344].
To overcome the issue of systemic toxicity (in particular in erythrocytes),
Hanafy et al. have demonstrated that encapsulating 3-BrPA in a structure
coated with folic acid and bovine serum albumin may avoid deleterious
leakage of 3-BrPA out of vehicle when circulating in the bloodstream [345].

In our study, we have shown that resistance to 3-BrPA in three
different cancer cell lines is mediated by an almost complete
downregulation of protein and mRNA expression of MCT1 (Figure 33),

previously identified by Birsoy et al. as the protein responsible for 3-BrPA
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uptake by cancer cells [115]. We have next documented that SLC16A1/MCT1
gene silencing is the direct consequence of an epigenetic adaptation of the
cancer cells, with hypermethylation in the gene promoter upon 3-BrPA
treatment. While the mechanisms remain poorly understood, alterations in
DNA methylation in response to anticancer drugs are nowadays well
documented [302]. Increasing evidence actually shows that promoter
hypermethylation and consequent gene silencing are epigenetic hallmarks
of multidrug resistance. For instance, in line with our findings, DNA
hypermethylation has been shown to play a major role in generating drug-
resistant cancer cell phenotypes by inactivating genes that are required for
cisplatin cytotoxicity [346]. Reduced folate carrier gene promoter
hypermethylation has also been associated with a lower complete remission
rate in patients with primary central nervous system lymphoma treated with
high dose of methotrexate-based chemotherapy due to reduced drug
uptake [303]. More generally, it is proposed that in response to various
environmental stresses including drug exposure, cancer cells trigger various
mechanisms driving alterations in gene expression programs [347]. A similar
phenomenon was actually reported in plants under stress, with the caveat
that some of the stress-driven changes are temporary while other are
inheritable to allow the next cell generations to cope with similar stress
challenges in the future [348]. In tumors, a combination of genetic and/or
epigenetic changes created during the period of stress is also though to
result in an altered cellular « memory » that consecutively drives disease

progression [349].
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In our study, we may interprete the upregulation of the MCT4
isoform in the three 3-BrPA-R cell lines as a direct and necessary
consequence of the epigenetic silencing of MCT1 (Figure 33). MCT4 thereby
became the exclusive transporter to extrude lactate and maintain a
sustained glycolytic activity within the resistant cancer cells. This « isoform
switching » phenomenon is a well-known mechanism of acquired resistance
in cancer. For instance, four clinical cases have identified mutant IDH
switching, either from mutant IDH1 to mutant IDH2 or vice versa, as a
mechanism of acquired clinical resistance to IDH inhibition in solid and liquid
tumors [350]. Similarly, a GLS isoform switch was recently documented to
drive therapeutic resistance and disease progression of prostate cancer
[351]. In our study, the precise molecular mechanisms supporting MCT4
upregulation are still unknown, even though we showed that HIF-1a is not
involved in the process. Still, we can hypothesize the occurrence of a
metabolic feedback mechanism triggered by intracellular accumulation of
protons and lactate in glycolytic cancer cells [352]. This new acquired
phenotype offers 3-BrPA-R cells with several advantages, notably a better
resistance to hypoxia and loss of sensitivity to various OXPHQOS inhibitors
(Figure 33). Of note, low proliferative 3-BrPA-R cancer cells localized in the
hypoxic core of 3D spheroid models also showed cross-resistance to the
chemotherapy compound 5-FU, while this result was not recapitulated with
2D cell monolayers. This last observation also highlighted the importance of
considering the influence of TME peculiarities when analyzing drug exposure
outcomes since 5-FU did not reveal this mode of resistance when cells were

cultured in normal incubator under ambient pO,. Besides the above
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advantages in terms of survival and proliferation, the strict reliance of 3-
BrPA-R cancer cells for MCT4 expression to support glycolysis represented
the vulnerability we were aiming to. To pharmacologically target MCT4, we
used a repurposed drug, namely diclofenac, a NSAID exhibiting MCT4
inhibitory activity in the uM range (with a 10-fold selectivity over MCT1)
[142]. Diclofenac was able to induce 3-BrPA-R cell death in 3D spheroids, and
interestingly to prevent 3-BrPA resistance establishment in parental cells in
vitro and in vivo (Figure 33). While we were using diclofenac in our 3D tumor
spheroid and mouse models, other MCT4 inhibitors were reported including
AZDO0095, a nanomolar range MCT4 inhibitor (with a >1000-fold selectivity
over MCT1) [311]. Further investigation is warranted to determine whether
this more potent compound could lead to tumor eradication when used in
combination with 3-BrPA (instead of tumor growth delay as reported in our

study).
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Figure 33: Graphical summary of main achievements related to Results chapter 1.
Cancer cell exposure to the glycolytic inhibitor 3-bromopyruvate (3-BrPA) leads to
DNA methylation-dependent silencing of monocarboxylate transporter (MCT)-1, the
main entry path for this drug. Resistant cancer cells in turn rely on MCT4 activity, a
metabolic vulnerability that can be targeted by repurposed anti-inflammatory drug
diclofenac. Abbreviations: OXPHOSI, inhibitor of oxidative phosphorylation.

In the second part of the thesis, we have investigated the effects of
three different metabolism-targeting agents on CD8+ T cells. This study was
inspired by the increasing evidence that manipulating the ability of T cells to
withstand metabolic stress can enhance the therapeutic potential of T cell-

based therapies [220]. Among the drugs that we tested, the FAOi etomoxir
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appeared to be particularly suited to enhance CD8+ T cell proliferation and
cytotoxic potential in vitro, including in an OVA-based model of cancer cell
killing using murine melanoma cells and T cells derived from OT-1 mouse
model (Table 3). With the inhibitor of the ETC complex | CIM203070, an
interesting finding was a higher proportion of CD8+ memory T cells after
long-time treatment with CIM203070, in adequation with our hypothesis
that forcing the use of ETC complex Il (to bypass CIM203070-induced
complex | inhibition) would favor FAO to furnish the reduced cofactor
FADH;,. We have however documented that long-term treatment of CD8+ T
cells with CIM203070 led to a higher expression of the co-inhibitory
molecule PD-1 (Table 3). This result further confirms the observation of
Scharping et al. that impaired mitochondrial biogenesis in T cells enhances
the expression of co-inhibitory molecules and favors the exhaustion
phenotype [332]. Finally, treatment with the MCT1/4 inhibitor diclofenac
strongly delayed T cell division and eventually led to cell death. The capacity
of diclofenac to inhibit cyclo-oxygenase (COX) (described in paragraph « 3.
Limitations ») is likely to contribute to the detrimental effects of this drugs

on T cells.
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Table 3: Summary of main achievements related to Results chapter 2.

This table summarizes the effects of CIM203070, diclofenac and etomoxir
treatments on CD8+ T cell phenotype. Abbreviations: FAQi, inhibitor of fatty acid
oxidation; MCTi, inhibitor of monocarboxylate transporters; n.d., non
determined; OXPHOSI, inhibitor of oxidative phosphorylation; PD-1, programmed

cell-death protein 1.

OXPHOSI MCTi FAOI
(CIM203070) (dlclofenac) (etomoxir)

Cytolytic activity

Memory phenotype

n.d. (too toxic)

Cytolytic activity = n.d. (too toxic)
after exhaustion

2. Therapeutic implications

About the concept of collateral lethality elicited by the 3-BrPA and

repurposed diclofenac.

One main innovative idea of this thesis is that instead of a long-term
treatment administration leading almost unavoidably to tumor resistance
establishment and therapy failure, we could come with a short-term
exposure to a first metabolism-targeting drug to shape new metabolic
addictions of cancer cells (i.e. induction of a « metabolic bottleneck ») that
can be specifically targeted with a second treatment, to avoid a potential
escape of plastic cancer cells. To the best of our knowledge, this approach
was not exploited yet in clinic, neither reported in the scientific literature.

Of note, inhibition of glucose metabolism by glycolytic inhibitors including 3-
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BrPA, although not used to force the addiction to specific metabolic routes
(our study), was previously reported to re-sensitize prednisolone-resistant
acute lymphoblastic leukemia cell lines to glucocorticoids [353] or to
sensitize myeloid leukemic cells K-562 to anti-leukemic drug daunorubicin
[354]. Importantly, limiting the exposure to the first drug may also be
beneficial to decrease the extent of potential adverse effects of highly toxic
compounds. This may actually apply to 3-BrPA since this drug can cause
anasarca (i.e. a severe and generalized form of edema, with subcutaneous
tissue swelling throughout the body) and a burning sensation at the infusion
site [355].

More generally, evolution-based therapeutic strategies consisting in
combinatorial or sequential treatments with metabolic inhibitors are
currently increasingly investigated. For instance, by tracking leukemia cells
in vivo and conducting metabolomics on persisting cells following
chemotherapy, van Gastel et al. have recently documented that persisting
cells use glutamine to preferentially fuel pyrimidine and glutathione
generation, (i.e., in a distinctive manner from the pre-chemo growth phase
where glutamine fuels the mitochondrial TCA cycle) [356]. In consequence,
blunting glutamine metabolism or pyrimidine synthesis selected against
residual leukemia-initiating cells and improved survival in leukemia mouse
models. Further studies are warranted to determine whether best
therapeutic outcomes will be obtained by sequential or simultaneous
administration of the drug that induces addiction and the drug that takes
advantage of it. Also the strategy may be particularly relevant when drugs

directed against two major isoforms of a transporter or an enzyme do exist.
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In our hand, we were actually able to recapitulate the upregulation of MCT4
expression with the MCT1 inhibitor AZD3965. The use of a clinically
approved compound such as AZD3965 may concretely provide a more
favorable regulatory affairs context to launch a clinical study. For the latter,
the level of expression of MCT1 could represent a predictive biomarker and
would certainly support the selection of cancers with high levels of MCT1
that are associated with poor prognosis and metastasis (e.g. cervical cancer,
bladder cancer, lung cancer, melanoma and esophageal adenocarcinoma

[103, 104, 357-359]).

The use of the NSAID diclofenac to inhibit MCT4 activity in our study
supports the growing interest for drug repurposing. Indeed, given the high
costs and slow pace of new drug discovery and development, repurposing
«old » drugs to treat both common and rare diseases is increasingly
becoming an attractive proposition. Repurposing involves the use of de-
risked compounds, with potentially lower overall development costs and
timelines [360]. The first step of a drug repurposing strategy consists in the
identification of a candidate molecule for a given indication. As some
NSAIDs, including diclofenac, are monocarboxylates, Renner et al. have
hypothesized that diclofenac might directly target MCTs and investigated
the effect of different NSAIDs on MCT transport activity in Xenopus laevis
oocytes expressing either MCT1 or MCT4 [142]. Doing this, they found that
diclofenac inhibits transport activity of both MCT1 and MCT4, with a half
maximal inhibitory concentration (ICso) of 1.45 £0.04 uM for MCT1 and 0.14

10.01 pM for MCT4. Among the other NSAIDs, lumiracoxib also blocked
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MCT1 and MCT4 activity at higher 1Cso values (of 4.15 uM and 1.12 uM,
respectively) and ketoprofen inhibited MCT activity with an almost 100-fold
higher ICso than diclofenac; aspirin had no impact on transport activity even
at a concentration of 1 mM, thereby adding evidence that diclofenac-
mediated inhibitory effects on MCT activity were COX-independent [142].
Recently, the anti-hypertensive drug syrosingopine has also been identified
as a dual MCT1 and MCT4 inhibitor, with 60-fold higher potency on MCT4
[297].

About the in vitro prechallenge of T cells before adoptive transfer.

Despite the breakthrough in medical oncology provoked by immune
checkpoint inhibitors, many cancer patients do not respond and some initial
responders can even become resistant. The search for new
immunotherapeutic modalities and/or adjuvant treatments that may
benefit immunotherapy is thus always vivid. Among them, ACT using either
autologous TILs or engineered CAR T cell have a great potential in mediating
long lasting responses against tumors [361]. Of interest, ACT makes possible
the in vitro treatment of lymphocytes with a given drug or the engineering of
CAR T cells with DNA transduction while tumors may be pre-challenged by a
drug targeting another metabolic routes. Such option is actually supported by
our findings promoting the in vitro T cell treatment with etomoxir whilst
OXPHOSi could preferentially be administered in vivo to impact cancer cells

before the adoptive transfer.
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Several studies have documented that metabolic conditioning of T
cells in vitro before autologous transfer to the patient could be useful to
promote a strong immune response [269, 335, 362]. Surprisingly, previous
reports have shown that T cells expanded in the presence of metabolic stress
such as nutrient starvation are better at delaying tumor growth [362, 363].
While we have shown in our study that redirecting CD8+ T cell metabolism
towards glycolysis by inhibiting FAO with etomoxir leads to higher
proliferation rates and better cytotoxic capacities, Sukumar et al. have found
that depriving T cells of glucose in vitro supports their stem-like and central
memory profiles [362]. These authors also showed that these glucose-
starved T cells regained potent effector functions in the tumor when infused
to mice. More recently, these results were further supported by Klein Geltink
et al., who reported that transient glucose restriction in activated CD8+ T
cells metabolically primes effector functions and enhances tumor clearance
in mice [335]. Since glucose availability is a requirement for T cell-mediated
immunity in vivo, one hypothesis explaining why depriving T cells of glucose
in vitro enhances tumor immunity resides in a metabolic adaptation driven
by mitochondrial compensation [220]. Supporting this idea, Chamoto et al.
have shown that direct activators of mTOR, AMPK, or PGC-1la promote
mitochondrial function in T cells and thereby synergize with PD-1 blockade
therapy leading to better immune response against tumors [364]. These
observation may actually be related to our demonstration that disturbing
mitochondrial function with ETC | inhibitor CIM203070 leads to decreased

proliferation rates and lower cytotoxic potential. Altogether, these findings
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tend to suggest that as cancer cells, T cells may also exhibit metabolic

plasticity to adapt to the local environment.

3. Limitations

The main obstacle encountered during this project is the lack of
specificity for metabolism-targeting drugs. Indeed, besides the CIM203070
compound which has been documented to have strong selectivity for ETC
complex | (unpublished data from our laboratory), off-target effects have to
be considered with 3-bromopyruvate, diclofenac and etomoxir.

3-BrPA is a strong inhibitor of a wide variety of molecules due to its
alkylating properties. Hence, 3-BrPA has been shown to inhibit/interfere
with the activity of succinate dehydrogenase [365], red cell carbonic
anhydrase isoenzyme [366], vacuolar ATPase [367], pyruvate kinase [368],
macrophage migration inhibitory factor [369], and ribonuclease A [370].
From a chemistry perspective, it has been shown to alkylate multiple amino
acids including cysteine [371], glutamic acid [372], and histidine [373],
having the strongest affinity for cysteine residues. While proteomic studies
have actually identified numerous potential targets of 3-BrPA alkylation
[374], 3-BrPA is today mainly recognized as an anti-glycolytic drug due to the
inhibition of HKIl and GAPDH enzymes. In a very elegant study, Birsoy et al.
have metabolically profiled KBM7 human leukemia cells treated 1 hour with
50 puM of 3-BrPA and showed an accumulation of the glycolytic

intermediates preceding the synthesis of GA3P, a substrate for GAPDH, but
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a depletion of those that are synthesized later (Figure 34). Furthermore, 3-
BrPA-treated KBM7 cells accumulated intermediates of the PPP, which
branches off from glycolysis above the GAPDH-mediated step [115].
Moreover, since Wang et al. postulated that the coordination of the
carboxylate group of the MCT1 inhibitor BAY-8002 may represent the
general binding mode for the carboxylate in all monocarboxylate substrates,
one may also hypothesize that 3-BrPA binds to the central substrate binding
site. of MCT1 [108]. Importantly, although several 3-BrPA off-targets
unrelated to glycolysis have been identified (see above), it should be
emphasized that all the experiments on native and 3-BrPA-R cancer cells
reported in our study have been performed in the absence of 3-BrPA since
MCT1 epigenetic silencing and subsequent metabolic rewiring of the
resistant cells are stable in time. Our main goal here was to induce,
characterize and exploit new metabolic addictions in cancer cells after a first
metabolism-targeting drug, and 3-BrPA has been used to deliver a proof of
concept that is all the more relevant that it was obtained from three
independent cancer cell lines.

NSAID drugs such as diclofenac have been shown to exhibit potent
anticancer effects, through their classical role of COX inhibitors. Indeed,
COX-2, a key isoenzyme responsible for conversion of arachidonic acid to
prostaglandins, is induced by various agents such as growth factors and
oncogenic signals and is thereby frequently overexpressed in various tumors
[375]. Interestingly, in addition to MCT targeting, diclofenac has also been
reported to significantly diminish MYC expression and to modulate glucose

metabolism through inhibition of GLUT1 and LDHA gene expression in
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melanoma, leukemia and carcinoma cell lines whereas aspirin had no similar
effect [376]. Even though we have documented that diclofenac kills 3-BrPA-
R cancer cells through a likely inhibitory activity on lactate efflux, possible
effects on the above other targets should be further evaluated. Also, aspirin
should be routinely used as a negative control to exclude any influence of
COX inhibitory effects. In our hands, diclofenac has shown to be extremely
toxic on mouse CD8+ lymphocytes. The working dose of 0.1 mM was chosen
based on a previous study of Renner et al. (i.e. the authors who documented
the repurposed activity toward MCT4) who reported that affecting glycolysis
in T cells with 0.1-0.2 mM of diclofenac does not compromise T cell effector
functions and only slightly delays CD8+ T cell proliferation after 7 days of
treatment [142]. Of note, while 3-BrPA-R cancer cells do not express MCT1
and the effects of diclofenac were related to MCT4 inhibition in these cells,
diclofenac at the dose used in our study has the potential to exert significant
inhibitory effects on both MCT1 and MCT4 activity in T cells (see Table 2). If
T cell activation has been reported to rapidly induce MCT1 protein
expression (vs. quiescent T cells), MCT4 induction requires more time [142].
Considering the acute toxic effect of diclofenac on activated T cells observed
in our hands, if inhibition of lactate transport is involved, it is thus more likely
to result from MCT1 inhibition. A direct deleterious effect of COX inhibition
on T cells cells can however not be excluded based on the previous reports.
For instance, in B cell ymphoma patients treated with CAR T cells targeting
CD19 and receiving concomitant NSAIDs, COX inhibition-dependent
impairment of the quantity and quality of CAR T cells was documented

[377]. NSAIDs have also been reported to block transcription factors
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required for the expression of inducible response genes triggered by TCR
engagement [378]. The authors have further identified COX-1 and COX-2 as
integral and sequential components of TCR signaling to p38 MAP kinase
activation. These data may in part explain the deleterious effects of
diclofenac in CD8+ T cells that we have reported.

Finally, etomoxir is a widely used small-molecule inhibitor of FAO,
through its irreversible inhibitory effects on the CPT1A protein. Using a
shRNA approach to reduce CPT1A in T cells, O’Connor et al. have
demonstrated that the inhibition of oxidative metabolism in T cells by
etomoxir is independent of its effects on FAO at concentrations exceeding 5
UM [379]. These off-target effects are associated with inhibition of oxidative
metabolism and induction of severe oxidative stress in T cells through ROS
production. This study illustrates the challenges of using (metabolic)
inhibitors, and indicates that results derived from etomoxir treatment used
for the purpose of CPT1A inhibition must be interpreted cautiously,
especially at high concentrations. In our study, we used etomoxir at a
working concentration of 3 uM to treat CD8+ T cells thereby a priori

excluding any major non-CPT1a related effects.
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Figure 34: Degree of change in glycolysis-related metabolite abundance upon 3-
bromopyruvate treatment.

This figure depicts a heatmap of relative changes in metabolite concentrations
between wild-type (WT) and monocarboxylate transporter (MCT)-1-null (clone A)
KBM7 cells after 1h of treatment with 50 uM of 3-bromopyruvate (3-BrPA).
Intracellular metabolites were obtained and analyzed by liquid chromatography-
mass spectrometry. On the right, a schematic of the metabolites that are increased
(red) or decreased (blue) in WT and MCT1-null KBM7 cells upon 3-BrPA treatment.
Reproduced from [115].

Another obstacle faced during this project was the fragility of T cells
when cultured in vitro. Indeed, all the steps from spleen isolation to
lymphocyte acquisition have to be carried out very cautiously, and many
parameters (e.g. cell density, degree of activation with anti-CD3 and/or anti-
CD28 antibodies, pH of the medium, ratio for co-culture with cancer cells)
have to be accurately set up to avoid cell death. The use of primary cultures
also induces intrinsic difficulties in the reproducibility of experiments and
the generation of reliable data due to inter-animal variability. For instance,

the size of isolated spleen and thereby the starting number of splenocytes
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can vary according to mouse age or weight. Since genetically engineered OT-
1 mice are immunodeficient, they are more subject to infections when
hosted in non-SPF animal facilities and any mouse not completely healthy
can severely affect lymphocyte quality and experiment outcomes.
Nevertheless, the use of model antigens such as OVA has been extremely
beneficial to the field of immunology, and the availability of transgenic OT-1
mice that have a T cell repertoire with a defined specificity has provided an
important tool to study the selection, activation, and memory response of T

cells [380].

4. Conclusions and future directions

In conclusion, our work has brought new insights regarding the use
of metabolism-targeting treatments as anticancer therapies. More
specifically, our study has contributed to shed some lights on the following

issues:

- how to optimize treatment schedule to prevent the escape of

metabolically plastic cancer cells;

- how to take advantage of repurposed drugs when the target is difficult

to reach due to lack of existing specific drugs;

- how to use metabolism-targeting drugs to metabolically condition CD8+

T cells in vitro and thereby increase immunotherapy efficiency.
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Our work has also opened several perspectives. The applicability of
the sequential (or concomitant) administration of two metabolism-targeting
drugs that mutually reinforce their efficacy should be further explored (with
drugs more specific than 3-BrPA and diclofenac). Since anticancer treatment
resistance often occurs through remodeling of DNA methylation [381], a
deeper dissection of the triggering events could unravel generic resistance
mechanisms and identify new sets of metabolic addictions. In vivo
experiments are also needed to confirm that priming CD8+ T cells with
etomoxir can lead to higher tumor clearance in mice. Another option that
would allow the evaluation of a larger set of drugs interfering with fatty acid
metabolism could be to use 3D tumor spheroids or more recently developed
patient-derived tumor organoids. Hence, a recently described model of T
cells co-cultured with tumor organoids proved to be exploitable to evaluate

ex vivo T-cell based immunotherapy [382].
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