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0 transporte de lactato como alvo para imunoterapia de tumores

O interesse no estudo do metabolismo das células tumorais tem vindo a aumentar devido a
diversas evidéncias que demonstram que alteracbes no seu metabolismo celular ddo origem a um
microambiente tumoral acidico, através da libertacao de lactato e protées pelos Transportadores de
Monocarboxilato (MCTs), comprometendo a funcdo das células imunes e assim potenciando o
crescimento tumoral. Os MCTs sao transportadores bidirecionais que medeiam o importe ou exporte de
lactato dos varios tipos celulares presentes no microambiente tumoral. De facto, ja foi demonstrado que
0 lactato pode modular a funcdo dos macrdfagos associados ao tumor (TAMs), um dos principais
componentes celulares do microambiente tumoral, para um perfil anti-inflamatério. Assim sendo, neste
estudo pretendemos investigar de que modo a inibicao dos MCTs nas células tumorais ou nos TAMs leva
a uma perturbacao da relacao metabdlica existente entre estas populacdes, e consequentemente a uma
reducdo do perfil imunossupressor dos TAMs. Neste trabalho, estudos de co-localizacdo sugerem a
existéncia de uma relacdo metabolica entre os TAMs e as células tumorais ao demonstrarem, em tumores
subcutaneos de murganhos, a co-expressao de CD68, uma proteina expressa nos macrdfagos, com a
expressao do MCT2, uma isoforma responsavel pelo importe de lactato, enquanto que a expressao do
MCT4, isoforma responsavel pelo exporte do lactato, foi detetada nas células tumorais. Posteriormente,
inibimos o exporte de lactato nas células tumorais com o Arnockout (KO) do MCT1 e do MCT4. Verificamos
que o0 KO do MCT1 aumentou a atividade glicolitica das células em concentracdes baixas de glucose,
mas nao diminuiu a capacidade das células de exportarem lactato, assim como o KO do MCT4 nao teve
efeito na diminuicao do exporte de lactato pelas células tumorais. Porém, em combinacéo com a inibicdo
farmacologica do MCT1/2, levou a uma diminuicao do exporte de lactato e da viabilidade celular. Apesar
disso, 0 KO do MCT1 ou do MCT4 por si s6 nao foi suficiente para modular o fenotipo dos macrofagos
para um perfil pro-inflamatorio. Curiosamente, quando inibimos a expressao do MCT2 nos macrofagos
verificamos a diminuicao da expressao de genes anti-inflamatorios e 0 aumento da expressao de genes
pré-inflamatarios, indicando um papel crucial do MCT2 na relacdo metabolica entre células tumorais e

macrofagos.

Palavras-chave: cancro; lactato; macrofagos; metabolismo; transportadores de monocarboxilatos



Targeting lactate transport for tumor immunotherapy

Cancer cell metabolism has increasingly gained attention in the cancer research community, as
studies demonstrated that metabolic reprogramming of cancer cells gives rise to an acidic
microenvironment by the release of lactate and protons. The transport of lactate is done by the
Monocarboxylate Transporters (MCTs) and this acidic microenvironment compromises the function of
immune cells, helping tumor growth. Indeed, recent evidence have shown that lactate modulates tumor-
associated macrophages (TAMs), a critical component of the tumor microenvironment (TME), towards an
anti-inflammatory phenotype. MCTs are bidirectional transporters that play an important role in mediating
the transport of lactate into and out of the different cell types of the tumor microenvironment. Therefore,
we hypothesized that disrupting MCTs in cancer cells or in TAMs will interrupt this metabolic crosstalk
and consequently control the immunosuppressive phenotype of TAMs. In this work, we demonstrated, in
a murine Lewis lung carcinoma model, that expression of CD68, a glycoprotein expressed in
macrophages, co-localized with the expression of MCT2, a known lactate importer, while MCT4, an
isoform responsible for the export of lactate, was expressed in cancer cells, suggesting a metabolic
crosstalk between TAMs and cancer cells. Therefore, we decided to disrupt lactate release from cancer
cells by knocking out MCT1 and MCT4. MCT1 knockout (KO) increased the glycolytic activity of cells in
low glucose conditions but was not able to decrease the export of lactate. MCT4 KO had no effect on
decreasing lactate export, however, combination with pharmacological inhibition of MCT1/2 resulted in
impaired lactate production and cell viability. Unfortunately, single MCT1 or MCT4 KO in cancer cells was
not able to polarize macrophages towards a pro-inflammatory phenotype. On the other hand, MCT2
inhibition in macrophages resulted in a decrease in the expression of anti-inflammatory genes and an
increase in the expression of pro-inflammatory genes, suggesting a crucial role of MCT2 in the metabolic

crosstalk between cancer cells and macrophages.

Keywords: cancer; lactate; macrophages; metabolism; monocarboxylate transporters
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CHAPTER 1 | INTRODUCTION

1.1 Cancer epidemiology

Cancer incidence and mortality are growing in every country of the world in the 21st century and,
according to the World Health Organization, is the primary leading cause of death in 91 countries!. This
is due to the growth and aging of the population and increased exposure to cancer risk factors, often
associated with socioeconomic development. The GLOBOCAN 2018 database, produced by the
International Agency for Research on Cancer (IARC), estimated 18.1 million new cancer cases and 9.6
million cancer deaths worldwide in 2018, with lung and breast cancer being the most frequently
diagnosed cancers (11.6%). Lung cancer is also the main cause of cancer death worldwide (18.4%),

followed by colorectal cancer (9.2%) (Figure 1)z
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© International Agency for Research on Cancer 2018

Figure 1. Percentages of new cancer cases and cancer deaths worldwide in 2018, according to the IARC.
Adapted from Union for International Cancer Control (UICC) https://www.uicc.org/.



According to the GLOBOCAN database, colorectal cancer (17.6%) is the most commonly
diagnosed cancer in Portugal, followed by breast cancer (12%), while lung cancer (16.1%) and colorectal

cancer (14.7%) are the leading cause of cancer death (Figure 2)z.

Incidence Mortality

Lung
4671 (16.1%)

Colorectal
10270 (17.6%)

Colorectal
4261 (14.7%)

Other cancers > . Breast Other cancers
26177 (45%) _ . 6974 (12%) 14126 (48.8%)
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2275 (7.9%)

Prostate
6609 (11.4%)

Prostate

Stomach Lung L )
9 Breast 1879 (6.5%)
2885 (5%) 5284 (9.1%) 1748 (8%)
Total : 58199 Total : 28960

Figure 2. Percentages of new cancer cases and cancer deaths in Portugal in 2018, according to the IARC.
Adapted from Global Cancer Observatory (GCO) http://www.gco.iarc.fr/.

1.2 Cancer metabolism

Cancer metabolism emerged as an area of extensive research in cancer biology, based on
observations that metabolic activities are altered in cancer cells relative to non-cancerous cells, which
supports the transformation of a cell into a neoplastic state. This field can also help to identify suitable

therapeutic targets that are altered in cancer cells:.

It is known that normal cells, in the presence of oxygen, convert glucose into pyruvate, which
further enters the mitochondria for oxidative phosphorylation (OXPHQS), in order to generate adenosine
triphosphate (ATP), essential for energy supply to cells. Meanwhile, under hypoxic conditions, pyruvate is

converted into lactate (Figure 3)-.

In the 1920s, Otto Warburg reported differences between the metabolic pathways of normal cells
and cancer cells®. Unlike normal cells, cancer cells increase the rate of glucose consumption and have a
preference to produce lactate, instead of performing OXPHOS in the mitochondria, regardless of oxygen
availability (Figure 3). This observation that cancer cells rely on glycolysis to produce energy, even in the
presence of oxygen, is known as the Warburg effect or aerobic glycolysiss”, and it is considered a hallmark

of cancer cells:.



a Metabolism in Normal Celis b Warburg Effect
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Cytoplasm Cytoplasm
¥ +
Pyruvate Pyruvate

/ N

Lactate
)
":} Lactate

TCA cycle TCA cycle

Figure 3. Representation of the metabolism in normal cells and the Warburg effect in cancer cells. a) Normal
cells, in the presence of oxygen, convert glucose into pyruvate, which is oxidized through OXPHOS in the mitochondria. Under
hypoxic conditions, pyruvate is reduced to lactate. b) Cancer cells demonstrate a preference to produce lactate, regardless
of oxygen availability. Adapted from Venkatesh et al., 2013,

This highly glycolytic phenotype of cancer cells provides several advantages. Although OXPHOS
has a higher ATP yield per molecule of glucose than glycolysis, glycolysis produces ATP at a faster rate,
supplying immediate energy to support the metabolic demands of proliferating cells. Furthermore, the
breakdown of glucose generates intermediate metabolites needed for biosynthetic pathways, such as the
pentose phosphate pathway (PPP), that supports cell growth and proliferation. These metabolic
intermediates can be synthesized into nucleotides, lipids or nonessential amino acids®. Like glycolytic
intermediates, tricarboxylic acid (TCA) cycle intermediates are also used in the biosynthetic pathways
(Figure 4)=. Moreover, the upregulation of glycolysis prevents cell death induced by reactive oxygen

species (ROS) such as hydrogen peroxide*:2,



Glucose

il

it

Gluti ¥

Plasma membrane

Glucose

HK | cepon
G6P —» —» —» —+ Ribose-5P — Nuclectide synthesis

' i

F6P

}

GA3P

|

3PG —» —» Serine —» Glycing —»

|
|

LDHA
Lactate <——— Pyruvate

Amino acid & nucleotide
synthesis

Lipid
l Acetyl-CoA —* —* —F — snthesis
f Acetyl-Coh A
Nucleotide | I (Mitochondrion)
& amino
acid synthesis — OAA
Citrate

Malate
LC1A5
\ GLS =
a-KG <+— Glutamate <+— Glutamine --{--- ﬂ - Glutamine
Fumarate i
Succinate
b =,

Figure 4. Metabolic intermediates used in the biosynthetic pathways. Glycolysis provides metabolic intermediates
for biosynthetic pathways that support cancer cells growth and proliferation. Like glycolysis, glutamine catabolism provides
TCA cycle intermediates that help cancer cells growth and proliferation. Glutl: glucose transporter 1; HK: hexokinase; G6P:
glucose-6-phosphate; GEPDH: glucose-6-phosphate dehydrogenase; Ribose-5P: ribose-5-phosphate; PPP: pentose phosphate
pathway; F6P: fructose-6-phosphate; GA3P: glyceraldehyde-3-phosphate; 3PG: 3-phosphoglycerate; LDHA: Lactate
Dehydrogenase A; GLS: glutaminase; a-KG: alpha-ketoglutarate; OAA: oxaloacetate; SLC1A5: neutral amino acid transporter;
TCA cycle: tricarboxylic acid cycle. Adapted from Boroughs and DeBerardinis, 2013°.

The metabolic demands of proliferating cancer cells surpass the vasculature ability to provide
oxygen and nutrients, resulting in a low-oxygen environment (hypoxia):. Cancer cells present a metabolic
response to hypoxic conditions by switching from OXPHOS to glycolytic pathway to generate ATP=. This
metabolic adaption is mediated by the transcription factor hypoxia-inducible factor 1 alpha (HIF-1a), which
induces the upregulation of glycolytic transporters and enzymes, such as glucose transporters GLUT1
and GLUT3, Hexokinase Il (HK Il), Pyruvate kinase isoform 2 (PKM2), Lactate Dehydrogenase A (LDH-A),
among others®, Constitutive HIF-1a expression has also been reported under aerobic conditions,
promoted by the glycolytic metabolism of cancer cellst. Cancer cells also upregulate the three rate-limiting
enzymes of the glycolytic pathway, HK Il, phosphofructiokinasel (PFK1) and PKM2, to ensure an high

glycolytic flux (Figure 5).



Accumulation of pyruvate inside cancer cells can cause cell death, and in order to avoid it,
cancer cells upregulate LDH-A, promoting the reduction of pyruvate into lactate to generate ATP and
support cell proliferationz-2. Lactate dehydrogenases are responsible for the interconversion of pyruvate
and lactate (Figure 5). LDH-A catalyzes the reduction of pyruvate into lactate as the final product of
glycolysis, while LDH-B promotes the conversion of lactate into pyruvatez. Coupled with lactate production
is the oxidation of nicotinamide adenine dinucleotide (NADH) into NAD+, a cofactor required to sustain
glycolysis and therefore, ATP production#. High levels of LDH-A promote cancer cell epithelial to
mesenchymal transition (EMT), angiogenesis, invasion and migration-# and are correlated with poor

prognosis in many human tumors=»-2,

Glucose
HK1/2
Glucose-6P
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PFK1 |
Fructose-1,6P,

Glyceraldehyde-3P
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Figure 5. Diagram of the glycolytic pathway. Cancer cells upregulate the enzymes hexokinase (HK),
phosphofructokinase 1 (PFK1), pyruvate kinase (PK) and lactate dehydrogenase A (LDH-A). The rate-limiting enzymes of
glycolysis, along with lactate dehydrogenase are in bold. Adapted from Kim and Yeom, 2018,



1.3 The impact of cancer metabolism in the microenvironment

The tumor microenvironment (TME) is composed not only by proliferating cancer cells, but
comprises a mass of heterogeneous cell types, including cancer and non-cancerous cells. Early studies
solely focused in cancer cells to explain tumor growth, however, thanks to remarkable progress in cancer
research, the TME is now recognized as an active participant in the tumorigenesis, supporting tumor

growthe,

The first association between inflammation and cancer was documented in 1863 by Rudolf
Virchow when he detected leukocytes in tumor tissues and made the connection between cancer and
inflammation=. This observation gained significant attention in the last few years, leading to the
recognition of the tumor-associated inflammation as a key hallmark of cancer:. Inflammation is
characterized by a complex biological response to cellular damage, where the immune system attempts
to eliminate and neutralize the injury and initiate the regenerative and healing processes*. Immune cell
activation leads to important alterations in several signaling pathways in order to exert their effector
function. This process is metabolically challenging and therefore, immune cells reprogram their
metabolism to sustain their energetic and metabolic needs*=-¥. In the last few years, immunometabolism
has become one of the most exciting areas of translational research, allowing to understand how
metabolic pathways determine specific immune cell fate and the functional responses, which is crucial

to perceive and target cancer immune evasion, a hallmark of cancer cellss=.

The glycolysis end-product lactate is an essential metabolite that circulates at levels of 1-2 mM
and acts as an inter-organ carbon shuttle in mammals®<, rising to 10 mM and even to 30-40mM in the
TME#, Lactate has also been greatly associated with cancer aggressiveness and poor survival®#, Lactate
contributes to several features of tumor progression, including cell migration and invasion, angiogenesis
and escape to immune surveillance*+. As a feature of high glycolytic flux, cancer cells symport lactate
and protons to the extracellular environment to avoid glycolysis inhibition due to a negative feedback
mechanism and also to maintain the pH homeostasis®. The accumulation of lactate and protons in the
extracellular space induces a drop in the extracellular pH, acidifying the TME#=, The discovery of an acidic
pH in tumor sites raised questions as to whether lactate could have effects on cellular metabolism that
might contribute to the modulation of immune cell function during inflammation in the TME. Evidence
indicates that high levels of extracellular lactate directly influence immune cell metabolism and cytokine

production and may serve as a negative feedback signal, limiting inflammations:-,



Extracellular acidification reduced the export of lactate by monocytes and macrophages,
impairing glycolysis and consequently the expression of pro-inflammatory mediators=#. Lactate inhibited
monocytes differentiation to dendritic cells (DC) and decreases cytokine release®. In a murine glioma
model, treatment with diclofenac, a LDH-A inhibitor, reduced intratumoral lactate levels that resulted in
the reactivation of DC, which inhibited accumulation and activation of regulatory T cells (Treg)®. LDH-A
knockdown in pancreatic cancer cells decreased the number of myeloid-derived suppressor cells (MDSCs)
in the tumor niche*. Tumor-derived lactate promoted MDSCs proliferation and survival®. High
concentrations of lactate in the extracellular medium inhibited the export of lactate by activated T cells,
thereby disturbing their metabolism and function®. Furthermore, lactate suppressed the proliferation and
cytokine production of cytotoxic T cells®s, However, neutralizing the extracellular pH abrogated the effect
of lactatesz. This demonstrates that acidification of the medium synergizes with lactate to promote an
immunosuppressive environment. In addition, tumor-derived lactate promoted naive T cells apoptosis,
autophagy impairment and consequently, poor anti-tumor immunitys:. The acidic tumor microenvironment
is permissive for the accumulation of Treg cells, as their frequency in tumor sites often correlates with
poor prognosis in several cancers. The inhibition of glycolysis, as a consequence of high levels of
extracellular lactate, increased the expression of transcription factor FoxP3, an important transcription
factor for Treg cell functionst. FoxP3 stimulates the oxidation of extracellular lactate to fuel mitochondrial
activity, providing Treg cells with a metabolic advantage in high-lactate conditionss. This adaptation of

Treg cells to acidic conditions potentiates their immune suppressive function.

Previously considered as a waste product of cancer metabolism, lactate represents an important
signaling molecule involved in sophisticated mechanisms that shutdown anti-tumor immune responses

and activate potent negative regulators of innate and adaptive immunitys.

1.3.1 Tumor-associated macrophages

Among immune cells, macrophages were the first cells to be described in human tumorss and
can comprise up to half of the tumor-infiltrating immune cells, where they become tumor-associated
macrophages (TAMs)e. Macrophages are known to present high functional plasticity, with the ability to
express distinct functional programs in response to different stimulies. Advances in the field of
immunometabolism have established that metabolic regulation shapes immune cells responses and the

activation of immune cells requires metabolic reprogramming to fulfill cellular needs and exert their



effector functions”. Therefore, understanding immune cell metabolism is essential to use metabolism as

a possible therapeutic target in diseases such as cancer.

Macrophages are leukocytes that participate in inflammation and tissue homeostasis.
Macrophages typically derive from blood-circulating monocytes and can be classified into two major
groups — the “classically activated” M1 macrophages and the “alternatively activated” M2 macrophages
(Figure 6). This classification was first proposed in 2000 by Mills2, however, the M1/M2 paradigm is
nowadays considered an oversimplification, because it only represents two extremes in a spectrum of
possible macrophage activation states, as macrophages are able to adapt their phenotype depending on
environmental cues™”, Hence, the new proposed nomenclature to distinguish macrophage populations

is “M1-like” macrophages and “M2-like” macrophages®.
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Figure 6. Functional plasticity of macrophages. Macrophages can be classified into classically activated (M1) or
alternatively activated macrophages (M2). M1 macrophages produce pro-inflammatory cytokines and are responsible for
driving inflammation while M2 macrophages produce anti-inflammatory cytokines and are linked to resolving inflammation and
tissue remodeling. TNF-a: tumor necrosis factor alpha; MHC-II: major histocompatibility complex Il; iNOS: inducible nitric oxide
synthase; TGF-f3: transforming growth factor beta; VEGF: vascular endothelial growth factor; MMPs: matrix metalloproteinases.
Adapted from Thapa and Lee, 2019¢.

Macrophages upon stimulation with lipopolysaccharides (LPS), interferon-gamma (IFN-y), and/or
granulocyte-macrophage colony-stimulating factor (GM-CSF), are polarized towards an M1-like pro-
inflammatory phenotype and produce pro-inflammatory cytokines including interleukin-1 (IL-1p3), IL-12,
IL-6, IL-18 and tumor necrosis factor-alpha (TNF-a). Besides pro-inflammatory cytokines, M1-like
macrophages also produce reactive oxygen (ROS) and nitrogen species and have the ability to present
antigens to T cells. M1-like macrophages are responsible for the clearance of pathogens and immune
responses against neoplastic growth, thus they play an anti-tumorigenic role’s’. The metabolism of M1-
like macrophages is characterized by enhanced aerobic glycolysis with the conversion of pyruvate into
lactate, increased flux through the PPP, fatty acid synthesis and an impaired TCA cycle at the level of

isocitrate dehydrogenase (IDH) and succinate dehydrogenase (SDH), leading to the accumulation of



citrate and succinate (Figure 7). The accumulation of citrate leads to the production of nitric oxide (NO),
fatty acids and itaconate, an inhibitor of SDH”. Succinate accumulation stabilizes HIF-1a, inducing the
expression of IL-1(3 and glycolytic genes’. Overexpression of the glucose transporter GLUT1 induces an
M1-like phenotype, emphasizing the importance of glucose availability for the polarization of macrophages
towards a pro-inflammatory phenotype®. Since the TCA cycle is impaired, lactate production regenerates
the NAD+ needed to sustain glycolysis®. Enhanced PPP converts glycolytic intermediates to precursors of
amino acids and nucleotides and generates nicotinamide adenine dinucleotide phosphate (NADPH), a co-
factor required for inducible nitric oxide synthase (iNOS) to convert arginine into NO and citrulline®. NO
inhibits mitochondrial respiration by modifying the electron transport chain (ETC)#, and recent evidence
demonstrated that inhibition of iINOS improved the mitochondrial function of M1-like macrophages and
promoted repolarization of M1 into M2-like macrophages®. Furthermore, NADPH is essential to prevent
cell damage by ROS#=. The metabolic programming of M1-like macrophages contributes to their pro-

infammatory phenotype, underlining the link between macrophage metabolism and functionality.
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Figure 7. M1-like macrophage metabolism. M1 macrophage metabolism is characterized by enhanced aerobic
glycolysis, with the conversion of pyruvate into lactate, increased flux through the PPP, fatty acid synthesis and an impaired
TCA cycle, leading to the accumulation of citrate and succinate. Important metabolic pathways in M1-like macrophages are
highlighted by the width of the colored shadow. Dotted lines represent impaired metabolic pathways. o-KG: a-ketoglutarate;
AASS: aspartate-arginosuccinate shunt pathway; ACLY: ATP-citrate lyase; CAD: cis-aconitate decarboxylase; CIC:
mitochondrial citrate carrier; ETC: electron transport chain; FAS: fatty acid synthase; GLUT1: glucose transporter 1; HK:
hexokinase; IDH: isocitrate dehydrogenase; iNOS: inducible nitric oxide synthase; LDHA: lactate dehydrogenase A; MCT4:
monocarboxylate transporter 4; ME: malic enzyme; OAA: oxaloacetate; PEP: phosphoenolpyruvate; PDH: pyruvate
dehydrogenase; PFK: phosphofructokinase; SDH: succinate dehydrogenase; SLC: solute carrier. Image acquired from
Geeraerts, et al., 2017~.



Macrophages upon stimulation with 1L-4, IL-10 and/or IL-13, are polarized towards an M2-like
anti-inflammatory phenotype and produce anti-inflammatory cytokines including IL-10, transforming
growth factor beta (TGF-) and interleukin-1 receptor antagonist (IL-1RA). M2-like macrophages promote
tissue remodeling, repair and immune tolerance, playing a pro-tumorigenic role”s. The metabolism of
M2-like macrophages is characterized by OXPHQOS, fatty acid oxidation (FAO), decreased glycolysis and
limited flux through the PPPe. While M1-like macrophages obtain their energy through glycolysis, M2-like
macrophages produce ATP through an oxidative TCA cycle coupled to OXPHQOS, and to fuel the cycle,

they rely on FAO and glutamine metabolism (Figure 8) .
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Figure 8. M2-like macrophage metabolism. M2-like macrophages metabolism is characterized by an oxidative TCA
cycle coupled to oxidative phosphorylation (OXPHOS) to produce ATP. To fuel the cycle, M2-like macrophages rely on fatty
acid oxidation and glutamine metabolism. Moreover, M2-like macrophages display a lowered glycolysis and pentose
phosphate pathway. Important metabolic pathways in M2-like macrophages are highlighted by the width of the colored
shadow. Dotted lines represent impaired metabolic pathways. a-KG: a-ketoglutarate; ARG1: arginase; CD36: cluster of
differentiation 36; CPT: carnitine palmitoyl transferase; ETC: electron transport chain; LAL: lysosomal acid lipase; PEP:
phosphoenolpyruvate; PFK: phosphofructokinase; SLC: solute carrier. Image acquired from Geeraerts, et al., 20177,

Besides the energy metabolism, M1-like and M2-like macrophages also display differences in the
arginine metabolism. While M1-like macrophages convert arginine into NO and citrulline by iNOS, M2-like
macrophages catalyze arginine to urea and ornithine by arginase (ARG-1), promoting wound repair®. In
M2-like macrophages there is no production of NO, therefore the ETC is no longer impaired and enables
ATP production through OXPHOS#. Glutamine can be used for the synthesis of amino acids and
nucleotides and supply the TCA cycle in situations of impaired mitochondrial pyruvate transportee,

Although glutamine metabolism is also associated with NO production, since glutamine can be converted
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into arginine®, recent evidence suggests that glutamine synthetase (GS) is upregulated in M2-like
macrophages and modulates macrophages polarization towards an M2-like phenotype. Furthermore,
inhibition of GS induced the expression of pro-inflammatory cytokines and enzymes, indicating the

importance of glutamine metabolism on macrophage polarization:.

The presence of TAMs at the tumor site is often associated with a poor clinical outcome, however,
there is conflicting data in some types of cancer, such as stomach, prostate or lung cancer, in which both
positive and negative associations have been reported®. Studies demonstrate that the majority of TAMs
display M2-like properties and contribute to tumor progression by promoting angiogenesis, metastasis
and immunosuppression (reviewed in ). M2-like TAMs release angiogenic growth factors such as vascular
endothelial growth factor (VEGF)* and produce matrix metalloproteinases (MMPs) that degrade the
basement membrane and help cancer cells EMT, promoting invasion and metastasis®. Furthermore, M2-
like TAMs negatively regulates effector T cells and natural killer (NK) cells by the production of anti-
inflammatory cytokines®=#, while attracting immunosuppressive cells such as Treg cells and MDSCss°.
Interestingly, the co-existence of two TAM subpopulations in the tumor tissue has already been described,
with M1-like TAMs present in normoxic regions of the tumor while M2-like TAMs reside in the hypoxic
regions of the tumor®, Casazza and co-workers demonstrated that depletion of neuropilin-1, a receptor
for VEGF, prevented the migration of TAMs into the hypoxic regions of the tumor, leading to the
accumulation of TAMs in the normoxic areas and reprogramming towards an M1-like phenotype, inhibiting
tumor growth and metastasis®. A recent study also showed that hypoxia-induced tumor exosomes

promote M2-like macrophage polarization,

Since the metabolism of macrophages is intrinsically connected to their functionality, metabolic
reprogramming of M2-like TAMs started to gain attention as a potential way to repolarize TAMs towards
an anti-tumoral phenotype. Recently, it was revealed a link between TAMs metabolism and tumor
vasculature. Increased expression of regulated in development and DNA damage response 1 (REDD1), a
negative regulator of mammalian target of rapamycin (mTOR), was observed in hypoxic TAMs and deletion
of REDD1 induced mTOR activity, leading to upregulation of glycolysis. Enhanced glycolysis caused
glucose competition between TAMs and tumor endothelial cells and as a result, tumor vasculature was
stabilized, preventing angiogenesis and metastasis. The metabolic interplay between cancer cells and
TAMs in the TME raised questions about the impact of lactate on the metabolism of macrophages and to
date, several studies demonstrate the effect of lactate on monocytes and macrophages /n vifro. High
levels of lactate (20 mM) at a pH of 7.4 inhibited monocyte migration in the Boyden chamber system®.

Moreover, when cultured in the presence of lactate, monocytes and macrophages produce less pro-
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infammatory cytokines and chemokines and decrease their glycolytic rates®+=. After activation, both
monocytes and macrophages rely on glycolysis to support their function==. In order to sustain glycolysis,
lactate should be exported, however, extracellular acidification reduces the export of lactate by monocytes
and macrophages, impairing glycolysis and consequently the expression of pro-inflammatory
mediators®s. Lactate can also have a signaling role in driving cancer immune evasion, as it was shown
to induce M2-like macrophage polarization by activating the ERK/STAT3 signaling pathway in breast
cancer, although others have proposed that high levels of tumor-derived lactate drives M2-like
macrophage polarization through stabilization of HIF-1a, increasing the levels of arginase and VEGFos1os,
Interestingly, an acidic pH was unable to stabilize HIF-1a, and lactate needed the presence of protons to
exert its effect, suggesting that acidification of the medium synergizes with lactate to promote an
immunosuppressive environment. GPR132 (G protein coupled-receptor 132), a lactate receptor/sensor
highly expressed in macrophages, promotes the M?2-like phenotype, facilitating breast cancer
metastasis!. Furthermore, lactate derived from a pancreatic tumour cell line induced polarization of THP-
1, a human monocytic cell line, into an M2-like phenotype and in a microfluidic device, lactate exported
by bladder cancer cells reprogrammed TAMs to an M2-like phenotype®. A recent study explored the
relationship between lactate concentration and pro-tumoral (M2) macrophage polarization in biopsies
from patients with head and neck squamous cell carcinoma (HNSCC), by measuring the expression of
colony stimulating factor 1 receptor (CSF1R) and CD163, both M2 macrophage markers. Tumors with
high lactic acid concentration showed higher levels of CSF1R and CD163 expression, suggesting that
tumor-derived lactate promotes M2-like macrophage polarization in human HNSCC:®. In summary, this

data show that tumor-derived lactate skews macrophages towards a pro-tumoral phenotype.

1.4 Monocarboxylate transporters

Monocarboxylate transporters (MCTs) are a family of transporter proteins composed by 14
members and is encoded by the Solufe Carrier 16 (SLC16) gene family*. Among MCTs, the first four
isoforms, sic16al/MCT1, slci16a/7/MCT2, slc16a8/MCT3 and sic16a3/MCT4, are the most widely
understood and known to mediate the proton-linked plasma membrane transport of monocarboxylates

molecules such as lactate, pyruvate and ketone bodies, being lactate the primary substrate.

MCTs have different substrate affinities and can direct both the influx and efflux of lactate across
biological membranes. In this regard, MCT1 is ubiquitously expressed in almost all tissues, has

intermediate affinity for lactate (K»= 3mM) and can uptake or release lactate and other monocarboxylates
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through the plasma membrane, according to cellular metabolic needs. MCT2 has the highest affinity for
lactate (Kn= 1mM), is responsible for the uptake of lactate and is poorly expressed in human tissues,
however, in mouse, rat and hamster, MCT2 is primarily expressed in the liver, kidney and brain, facilitating
the uptake of lactate as an alternative metabolic fuel. MCT3 expression is restricted to the retinal pigment
epithelium and choroid plexus epithelia, where it mediates the efflux of lactate out of the retina. MCT4
displays the lowest affinity for lactate (K»= 30mM) and is mostly expressed in high glycolytic tissues and
cells such as skeletal muscle fibers, astrocytes and leukocytes, being responsible for the export of
lactatet. Ancillary proteins are required for the functional expression of MCTs, as they are involved in
trafficking and anchoring of MCTs at the plasma membrane. MCT1, MCT3 and MCT4 are associated with
the chaperone protein basigin (also known as cluster of differentiation 147, CD147), while MCT2 is
associated with the protein embigint:. Of note, the transport of lactate relies on the extracellular versus

intracellular concentration of lactate, the pH and the concentration of other substrates of MCTs4,

As already stated, cancer cells export lactate to sustain their typical glycolytic metabolism. The
transport of lactate is mainly mediated by MCT1 and/or MCT4 isoforms, in order to maintain the glycolytic
rate of cancer cells®. MCT4 is upregulated by HIF-1a and proton-linked export of lactate avoids glycolysis
inhibition due to a negative feedback mechanism and plays an important role in the regulation of
intracellular pH, avoiding lactic acidosis«s1s, MCT1 is regulated by the tumor suppressor gene p53, in
which p53deficient tumors display higher expression of MCT1, allowing cancer cells to adapt to metabolic
needs by importing or exporting lactate depending on glucose availability'. The distribution pattern of
these two MCTs is different between tumor types, due to disparities in lactate content and the oncogenic
pathways that drive each cancers. Several types of human cancer, such as breast, lung, prostate, colon,
stomach and glioblastoma show increased expression of MCT1 and MCT4, which has been associated

with a poor prognosis (reviewed in ).

1.4.1 The role of MCTs in lactate shuttles

Once thought to be a metabolic waste product, it is now known that lactate can be used as a
major energy source and a signaling molecule. As the end product of one metabolic pathway (glycolysis)
and the substrate for another metabolic pathway (mitochondrial respiration), the lactate shuttle hypothesis

depicts lactate as the link between glycolytic and oxidative pathways®=.

This lactate shuttle mechanism has already been described between working skeletal muscles

and the heart and also between astrocytes and neurons=!2, During exercise, glycolytic muscle fibers
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produce lactate and release it through MCT4'=, Lactate is then transported into red blood cells via MCT1
and the heart uptakes lactate from the blood through MCT1 and oxidizes it to fuel its functionsizo,
Similarly, Magistretti and Pellerin reported that astrocytes display a high glycolytic metabolism and export
lactate via MCT4, while neurons import lactate via MCT2 and use it as an energy substrate for oxidative-

derived ATP production:,

Established tumors consist of different types of cancer cells and possess regions adjacent to
blood vessels where oxygen availability is enough and regions with low tension of oxygen, or hypoxic
regions. The discovery of expression of MCT1 in well-oxygenated regions of the tumor and MCT4 in
hypoxic regions of the tumor, suggested a metabolic symbiosis between cancer cells within a tumor:2,
This symbiosis is based on a lactate shuttle, in which hypoxic cancer cells rely on glycolysis to produce
ATP and export lactate through MCT4, while oxygenated cancer cells import lactate via MCT1 and lactate
is oxidized to fuel the TCA cycle for ATP production (Figure 9). This metabolic cooperation allows the

glucose supply to be preferentially consumed by hypoxic cancer cells.

0, e

Oxygenated/oxidative tumor cell Hypoxiciglycolytic tumor cell

/ LDH1 \
P MCT1 MCT4 ATP

ATP l lactate <= lachte lactate /
\ glycolysis

glucose glucose
GLUT

glucose

Blood vessel

Figure 9. Lactate shuttle between glycolytic and oxidative cancer cells. Glycolytic cancer cells in hypoxic regions
export lactate through MCT4, while oxidative cancer cells in oxygenated regions uptake lactate to support ATP production.
Image acquired from Porporato et al., 2011,

Besides the role in metabolic cooperation between hypoxic and oxygenated cancer cells, lactate
is also involved in the crosstalk between cancer cells and endothelial, stromal and immune cells'. In the
vascular endothelial lactate shuttle, cancer cells export lactate via MCT4 which endothelial cells uptake
via MCT1 (Figure 10). Rather than a metabolic substrate, lactate functions as a signaling molecule, as
lactate uptake and conversion to pyruvate stabilizes HIF-1ae and activates the autocrine NF-kB/IL-8

pathway, inducing endothelial cell migration, tube formation and tumor angiogenesis#.
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Figure 10. Lactate shuttle between cancer cells and endothelial cells. Cancer cells efflux lactate via MCT4, which
is imported by vascular endothelial cells via MCT1, promoting endothelial cell migration, tube formation and tumor
angiogenesis. Adapted from Doherty and Cleveland, 2013w,

Cancer-associated fibroblasts (CAFs) are one of the most abundant stromal cell type in the tumor
microenvironment', Pavlides et al. proposed a lactate shuttle involving MCTs between CAFs and cancer
cells. In this process, oxidative cancer cells induce an oxidative stress in CAFs by secreting ROS, such as
hydrogen peroxide, which will activate HIF-1a, glycolysis and consequently, lactate export via MCT4 by
the CAFs. Lactate is then imported via MCT1 and used oxidatively by cancer cells to support ATP
production (Figure 11)=. /n witro, co-culture of breast cancer cells with fibroblasts upregulated MCT4

expression in the fibroblasts and MCT1 expression in cancer cells®.

Oxidative cancer cell

<«+—o0
ATP<€— 2
’ 5 —>co,
GLUT i ketone bodies
—69—) gluc lactate
@,
glycolysis LDHA LDHB

pyruvate pyruvate NADH
+
\ ATP J

Figure 11. Lactate shuttle between oxidative cancer cells and stromal cells in the tumor microenvironment.
Oxidative cancer cells produce reactive oxygen species (ROS) such as hydrogen peroxide that induce an oxidative stress in
stromal cells, promoting glycolysis and export of lactate via MCT4. Oxidative cancer cells import lactate via MCT1, and lactate
is oxidized to pyruvate to fuel the TCA cycle for production of ATP. Image acquired from Escuredo et al., 2016
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Since the TME is very heterogeneous, cancer cells and immune cells face competition to obtain
nutrients such as glucose, fatty acids, amino acids and metabolites such as lactate®. Highly glycolytic
malignant cells, besides restricting immune cells metabolically and therefore interfere with their function,
also release immunosuppressive metabolites such as lactate, forming a metabolic interplay with immune
cells (Figure 12)=2:=, |t is thought that cancer cells use shuttling of metabolites as a route to evade the
immune system. On one hand, high concentrations of lactate exported by cancer cells via MCT1/4,
coupled with metabolic competition between cancer and immune cells, disturbs immune cells
metabolism and function, creating a metabolic antagonism; on the other hand, oxidative immune cells
import lactate via MCT1/2 and oxidize it as an energy source, or act as a signaling molecule, providing

them with an advantage in high-lactate conditions, creating a metabolic symbiosis®=.

Lactate : Tumor cell
. 6\9 Glucose
Kynun.enme ‘6\0 ,/ = Glutamine
H *6\ //’ \\\ Tryptophan
.\09 @ > ) Cysteine
.Oo\ =4 Metabolic Arginine
s . * .
\X\e’@ 2 antagonism H* &lon
rd . N
td 7 Y
. // \\\ ’
5 // >/
\\‘ F
02 i oc
MDSC ~ -
TAM (M1)
TAM (M2) (

Figure 12. Shuttling of metabolites between cancer cells and immune cells. Cancer cells establish a metabolic
interplay with immune cells through shuttling of metabolites. Dendritic cells (DC), tumor-associated macrophages M1 (TAM-
M1), cytoxic T cells (CTL) and T effector cells (Teff) form a metabolic antagonism with cancer cells, while regulatory T cells
(Treg), myeloid-derived suppressor cells (MDSC) and tumor-associated macrophages M2 (TAM-M2) utilize metabolites from
cancer cells, forming a metabolic symbiosis. Adapted from Wang, et al., 2014,

1.4.2 MCTs as therapeutic targets

Given the importance of lactate to tumorigenesis, targeting lactate production and transport has

been proposed as a therapeutic strategy, with MCTs as potential targets for cancer therapy.

There is evidence that knockdown of MCT4 impairs breast cancer cells ability to migrate and the
accumulation of intracellular lactate leads to cancer cell death=+, Furthermore, inhibition of MCT1
reduces cancer cell proliferation'1%:17, The anticancer drug lonidamine has been reported to decrease

the intracellular pH of neuroblastoma cell lines due to unspecific inhibition of MCTs=e. The use of
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quercetin, a flavonoid that inhibits MCTs, disrupted the lactate shuttle between bladder cancer cells and
TAMs in a microfluidic device'. The small molecule a-cyano-4-hydroxy-cinnamate (CHC), a classical MCT
inhibitor, has been used in preclinical models due to its ability to induce apoptosis and impairing cell
proliferation and migration®. In fact, our team has already described the effects of CHC and quercetin in
a panel of different breast cancer cell lines. Glycolytic breast cancer cell lines expressing MCT1, upon
exposure to lactate transport inhibitors, suffered a decrease in glucose consumption, lactate production
and total biomass. However, the cell line MDA-MB-231, negative for MCT1 expression, was the most
sensitive to both CHC and quercetin, indicating that the effect of these inhibitors on this cell line may be
due to other mechanisms, besides blocking the transport of lactate. Although these compounds present
anti-cancer effects, they lack MCT specificity*. Recently, a new class of highly specific inhibitors for MCTs
was developed by AstraZeneca. AR-C155858 was the first-generation of a highly selective and potent
inhibitor for MCT1/2, with a binding affinity for MCT1 of 2.3nM, and demonstrated inhibition of MCT1 in
breast cancer cells and transformed fibroblasts %, Furthermore, AZD3965, a second-generation MCT1
inhibitor with activity against MCT2, derived from AR-C155858, displays a binding affinity for MCT1 of
1.6nM=, AZD3965 demonstrated its effects by disrupting lactate efflux and reducing tumor growth /n
vitro as well as /n vivo“s, In addition, AZD3965 has good oral bioavailability and is currently undergoing

phase /11 clinical trials for patients with solid tumors:#.

The functional redundancy between MCT1 and MCT4 enables tumors to be insensitive to
inhibition of one isoform, due to a compensation mechanism with the other isoform. It has already been
described that MCT1 inhibition led to an increase in MCT4 expression*s and this rendered cancer cells
insensitive to MCT1 inhibition, resulting in tumor growth+. Additionally, knockdown of MCT4 made cancer
cells sensitive to MCT1 inhibition, leading to a decrease in tumor growth, Considering that most of highly
aggressive tumors express MCT4:, there was a need for specific MCT4 inhibitors. AstraZeneca developed
a specific and effective inhibitor for MCT4, AZ93, which in combination with AZD3965 abolishes colon

adenocarcinoma cells growth, however solo inhibition of MCT4 by AZ93 did not impact cell growth:.

Based on the evidence that tumor-derived lactate creates an immunosuppressive TME by
modulating immune cell function, and the key role that MCTs play in this metabolic interplay, we
hypothesized that disrupting the release of lactate from tumor cells or the import of lactate by immune

cells, through MCTs, will revert the pro-tumoral phenotype displayed by immune cells, namely TAMs.
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CHAPTER 2 | OBJECTIVES

Increasing evidence indicates that tumor-derived lactate creates an immunosuppressive
microenvironment by modulating immune cell function. In fact, the immunosuppressive role of lactate
has been shown to modulate tumor associated macrophages towards a pro-tumoral phenotype,
supporting tumor growth. Due to the importance of MCTs on the transport of lactate, we hypothesized
that disrupting this metabolic interplay between cancer cells and tumor associated macrophages, by
targeting MCTs, could reprogram macrophages towards an anti-tumoral phenotype. For that purpose, the

objectives of this master thesis were:

I. Characterize the expression of MCTs on cancer cells and tumor associated macrophages in a

murine tumor model;
[l. Generate and characterize the metabolic profile of MCT1 and MCT4 knockout cancer cells;

[ll. Dissecting the role of MCT knockout on the polarization of tumor associated macrophages.
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CHAPTER 3 | MATERIALS AND METHODS

3.1 Cell lines and cell culture

The murine Lewis lung carcinoma cell line LLC1 and the murine medullary breast
adenocarcinoma cancer cell line EO771 were used in this study. The LLC1 cell line was established from
the Lewis lung carcinoma, a spontaneous carcinoma of the lung of a C57BL mouse discovered by Dr.
Margaret R. Lewis. This cell line displays both adherent and suspension cell populations, can take a
couple of days until cells grow as an adherent monolayer and has a doubling time of 21 hours. The E0771
cell line was isolated from a spontaneous tumor from C57BL/6 mouse and adapted for anti-cancer drug
testing®t. EO771 cells grow as an adherent monolayer. LLC1 cell line was obtained from American Type
Culture Collection (ATCC® CRL-1642™) and EQ771 cell line from European Collection of Authenticated
Cell Cultures (ECACC). Both cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
(Biochrom®), supplemented with 10% of fetal bovine serum (FBS) (Biochrom®) and 1% of antibiotic
Penicillin-Streptomycin (Pen-Strep) (Gibco®) and incubated in a humidified atmosphere of 21% O., 5%
CO: and 74% N. at 37°C. FBS contains growth factors, enzymes and other chemical components required
for sustained cell growth'®2 and Pen-Step is an antibiotic used to maintain sterile conditions and prevent

bacterial contaminations:,

3.2 Immunohistochemistry

Immunohistochemistry analysis was used to evaluate the expression of CD68 on paraffin-
embedded tissue sections from LLC1 subcutaneous tumors in C57BL/6 mice. Immunohistochemistry
was performed based on the streptavidin-biotin-peroxidase complex principle with the Ultravision
Detection System Anti-polyvalent, HRP (Lab Vision Corporation, Thermo Scientific™). In brief, paraffin
embedded sections were deparaffinized in xylene and hydrated in a graded series of ethanol solutions.
For antigen retrieval, sections were incubated with citrate buffer (pH 6.0) for 20 minutes in a water bath
at 98°C, followed by 20 minutes at room temperature. Endogenous peroxidases were inactivated by
incubating sections with 3% hydrogen peroxide in methanol for 10 minutes at room temperature. Tissue
sections were incubated with blocking solution for 10 minutes and incubated with primary antibody CD68
(mouse sc-20060, Santa Cruz Biotechnology®) for 2 hours at room temperature. Sections were then
incubated with biotinylated goat anti-polyvalent secondary antibody for 10 minutes and streptavidin

peroxidase for 10 minutes. To visualize the reaction, tissues were stained with 3,3"-Diamonobenzidine
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(DAB Quanto Chromogen, Thermo Scientific™) as a chromogen for 10 minutes, counterstained with

haematoxylin and mounted.

3.3 Immunofluorescence

Immunofluorescence analysis was used to evaluate the expression of CD68, MCT1, MCT2 and
MCT4 on paraffin-embedded tissue sections from LLC1 subcutaneous tumors in C57BL/6 mice. In brief,
paraffin embedded sections were deparaffinized in xylene and hydrated in a graded series of ethanol
solutions. For antigen retrieval, sections were incubated with citrate buffer (pH 6.0) for 20 minutes in a
water bath at 98°C, followed by 20 minutes at room temperature. Tissue sections were then incubated
in 5% bovine serum albumin (BSA) for 30 minutes to block non-specific secondary antibody binding. Next,
incubation with primary antibodies diluted in 5% BSA was performed overnight at room temperature (Table
1). In the following day, tissue sections were incubated with secondary antibodies for 1 hour at room
temperature (Table 2). Tissue sections were mounted using Fluoroshield Mounting Media containing 4',6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich). Images were obtained with an Olympus BX61 fluorescent

microscope, using CellSens software.

Table 1. Primary antibodies used in immunofluorescence analysis.

Protein Reference Dilution

CDes (Sa ntam(?rilsze;gt-ezc?h?]i(l)ogy@ 17300

vers erc Milpre) 1/300

MCT2 (Sa nt;a(?rbuitz %?éffciiifogy@) 1/100

MCT4 (Santarétr)ﬁizt gg}i?ﬁﬁiogy@) 1/300

Table 2. Secondary antibodies used in immunofluorescence analysis.

Protein Reference Dilution
Alexa Fluor 488 goat anti-rabbit A11008 1/400
Alexa Fluor 594 goat anti-mouse A11302 1/200
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3.4 Generation of MCT1 and MCT4-null cells

E0771 KO cels for MCT1 and MCT4 were generated using the
Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) system. The CRISPR utilizes an RNA-
guided endonuclease, Cas9, which is capable of making site-specific cuts at DNA sequences targeted
specifically by a guiding RNA molecule*. For MCT1 KO, EQ771 cells were co-transfected with a mouse
MCT1 CRISPR/Cas9 KO Plasmid (SC-422976, Santa Cruz Biotechnology®) and a mouse MCT1 HDR
Plasmid (SC-422976-HDR, Santa Cruz Biotechnology®), using JetPRIME® transfection reagent
(Polyplus-transfection SA), according to manufacturer’s instructions. For MCT4 KO, E0771 cells were co-
transfected with a mouse MCT4 CRISPR/Cas9 KO Plasmid (SC-429828, Santa Cruz Biotechnology®)
and a mouse MCT4 HDR Plasmid (SC-429828-HDR, Santa Cruz Biotechnology®), using JetPRIME®
transfection reagent (Polyplus-transfection SA), according to manufacturer’'s instructions. The
CRISPR/Cas9 technology induces a double stranded break (DSB) in the genome of cells and this DSB
can be repaired by homology-directed repair (HDR), allowing for precise gene editing at the DSB sites.
The CRISPR/Cas9 KO Plasmid incorporates a green fluorescent protein (GFP) gene, while the MCT1 and
MCT4 HDR Plasmid incorporates a red fluorescent protein (RFP) gene and a puromycin resistance gene,
therefore we were able to enrich the pool of successfully transfected cells by addition of puromycin, and
sort for MCT1 and MCT4-null cells based on the double expression of RFP/GFP by fluorescence-activated
cell sorting (FACS). The absence of MCT1/4 expression was confirmed by Western blot.

3.5 Western Blot

Western blot analysis was used to validate the knockout of MCT1 and MCT4 by the CRISP/Cas9
technique in EQ771 cells and the transfection of small interfering RNA (siRNA) targeting MCT2 in bone
marrow-derived macrophages (BMDM). EO771 WT, E0771 C1.51 and EQ771 C4.14 cells were grown to
80% confluency. BMDM were collected for protein extraction 72 hours after transfection with siRNA.
BMDM were washed in PBS at room temperature while the rest of the cells were washed in cold
phosphate-buffered saline (PBS), lysed and scraped in lysis buffer (50mM Tris pH 7.6-8.0; 150mM NaCl;
5mM EDTA; ImM Na3V04; 10mM NaF; 10mM Na4P207; 1% Triton X-100) supplemented with proteases
inhibitors (Roche®), homogenized for 15 minutes, and then centrifuged at 13000rpm for 15 minutes at
4°C. Total protein quantification was performed using the colorimetric Bradford method, in which the
binding of proteins to the Coomassie Blue dye results in a color change from brown to blue'. 30ug of
protein were added to an equal volume of Laemmli loading buffer 2x (Bio-Rad) and denatured for 5
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minutes at 98°C in the Thermoblock. Proteins were loaded and ran in a 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), that allows protein separation by mass. The
polyacrylamide gels were transferred for 30 minutes, using the Trans-Blot Turbo transfer system (Bio-
Rad), onto a nitrocellulose membrane (Amershan Biosciences). Membranes were blocked in 5% skim
milk in TBS 1x 0.1% Tween 20 buffer for 1 hour and incubated overnight with the primary antibodies at
4°C (Table 3). In the following day, membranes were washed with TBS 1x 0.1% Tween 20 and incubated
with the secondary antibodies coupled to horseradish peroxidase (HRP), for 1 hour at room temperature
(Table 4). Proteins levels were detected by chemiluminescence after incubation with Supersignal™ West

Fento Maximum Sensitivity Substrate (Thermo Scientific™) using the ChemiDoc™ XRS System (Bio-Rad).

Table 3. Primary antibodies used in Western blot.

Protein Reference Dilution
mouse SC-365501
MCT1 1/500
(Santa Cruz Biotechnology®) /
goat SC-14926
MCT2 1/500
(Santa Cruz Biotechnology®) /
(Santa Cruz Biotechnology®)
. mouse BL605102
Tubul 1/1000
Hbun (BioLegend®) /
Table 4. Secondary antibodies used in Western blot.
Protein Reference Dilution
. SC-2031
Goat anti- lgG-HRP 1/5000
oat ant-mouse 1 (Santa Cruz Biotechnology®) /
. SC-2020
Donkey Anti-goat IgG-HRP 1/3000
onwey Antreoat 1 (Santa Cruz Biotechnology®) /

3.6 Cell biomass analysis

The effect of MCT knockout on total cell biomass was measured by the Sulforhodamine B (SRB,
Sigma-Aldrich) assay. EQ771 WT, E0771 C1.51 and EQ771 C4.14 cells were seeded 3x10: cells per well
in 96-well plates and allowed to adhere overnight. EO771 C1.51 and parental cells were incubated in
standard DMEM medium (high glucose, 25mM) or in DMEM low glucose (5mM) with 50uM of
phenformin. EQ771 C4.14 and parental cells were incubated in DMEM with 50uM of phenformin and
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300nM of the MCT1 inhibitor AZD3965 alone, or a combination of both. After 24 hours, 48 hours and
72 hours, cells were fixed with cold 10% trichloroacetic acid (TCA) for 1 hour at 4°C. Then, cells were
stained with SRB for 30 minutes. SRB is a dye that binds to the protein content of cells and colorimetric
evaluation of the amount of dye in stained cells provides an estimation of total protein mass, which is
proportional to cell numbers. The excess of dye was removed by washing cells with 1% acetic acid and
then air dry the plate at room temperature. Protein-bound dye was dissolved by adding 10mM Tris-Base
solution to each well and shake the plate on an orbital shaker for about 10 minutes. The absorbance was

measured at 530nm in the plate reader Thermo Scientific Varioskan® Flash.

3.7 Glucose and lactate measurement

The metabolic behavior of the cell lines under the different treatments was determined by
analyzing the extracellular amounts of glucose and lactate. EO771 WT, E0771 C1.51 and E0771 C4.14
cells were seeded 5x10¢ cells per well in 48-well plates and allowed to adhere overnight. EO771 C1.51
and WT cells were incubated in standard or low glucose DMEM with 50uM of phenformin. E0771 C4.14
and WT cells were incubated in DMEM with 50uM of phenformin and 300nM of the MCT1 inhibitor
AZD3965 alone, or a combination of both. After 24 hours, glucose and lactate content were analyzed in
the cell culture supernatant using a commercial kit (Spinreact®), in which 100ul of the commercial
reagent is added to 2ul of the sample for 10 minutes in 96-well plates. After 10 minutes, glucose and
lactate were quantified by the Thermo Scientific Varioskan® Flash readout at 490nm for lactate and
505nm for glucose. The results were normalized against total biomass (ug/total biomass), which was

assessed through SRB assay, as reported above.

3.8 Bone marrow-derived macrophages isolation

For the isolation of bone marrow-derived macrophages (BMDM), 8 weeks old C57BL/6 mice
were euthanized by cervical dislocation. With the help of a surgical scissor and tweezers, the tibia and
femur were dissected and the skin around the legs and the muscle around the bones removed with the
help of sterile gauze. The bones were then placed on cold PBS on ice. The tips of the bones were cut and
then the bones were flushed with cold DMEM, using a 25G needle (Terumo®), into a Petri dish. The
cellular suspension was collected with a 21G needle (Terumo®) and transferred to a 50ml Falcon tube

passing through a 40um filter (Falcon®). The cells were then centrifuged for 6 minutes at 1200 rpm at
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4°C and counted by mixing 10ul of cell suspension with 10ul of Trypan Blue (Gibco®) on a Neubauer
Chamber. 8x10¢ bone marrow cells were seeded per 90mm Petri dish (Thermo Scientific™ Sterilin™) in
complete Dulbecco’s Modified Eagle’s Medium (cDMEM), containing 10% FBS, 1% Pen-Strep, 1% Sodium
Pyruvate (Gibco®), 1% Glutamine (Gibco®) and 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, Gibco®) and supplemented with 30% of L929-cell conditioned medium (LCCM). Sodium
Pyruvate is added as a carbon source in addition to glucose. Glutamine provides nitrogen for the
synthesis of proteins, nucleic acids and other nitrogenous compounds:s. HEPES is a zwitterionic organic
chemical buffering agent, used to maintain physiological pH*. LCCM is used as a source of macrophage
colony-stimulating factor (M-CSF), a cytokine necessary for the differentiation of bone marrow cells into
BMDM:st, Cells were incubated in a humidified atmosphere of 21% O., 5% CO. and 74% N. at 37°C for
up to 6 days. At day 3 of culture, 3ml of additional cDMEM medium supplemented with 30% LCCM were
added to each Petri dish. At day 6 of culture, macrophages were harvested with éml of cold PBS per Petri
dish and with the plunger of a syringe, cells were gently scrapped from the dish and placed in a Falcon
tube. The cellular suspension was centrifuged for 5 minutes at 1200 rpm and the cell pellet was
resuspended in cDMEM without the supplementation of LCCM. The number of cells was determined by
mixing 10ul of the cellular suspension with 10ul of Trypan Blue (Gibco®) on a Neubauer Chamber. Then,
approximately 2x10¢ BMDM were seeded in 6-well plates in cDMEM and allowed to rest for 1-2 hours

until further experiments were performed.

For the production of LCCM, 9,4x10s cells of the murine fibroblasts cell line L929 were seeded
in a T175 flask containing 110ml of DMEM supplemented with 10% FBS, 1% Pen-Strep and 1% HEPES
and incubated in a humidified atmosphere of 21% 0., 5% CO. and 74% N. at 37°C for 7 days. After 7

days, the medium is collected, centrifuged and filtrated and is stored at -20°C for further use.

3.9 Co-culture experiments

5x10s of LLC1, EO771 WT, E0771 C1.51 and EQ771 C4.14 cells were seeded in 6-well transwell
inserts (Millicell®, #MCHTO6H48) the day before co-culture with BMDM. Afterwards, the transwell inserts
were inserted in the 6-well plate well containing approximately 2x10s BMDM and the medium of the well
was changed to DMEM with 5mM of glucose, in an effort to resemble /7 vivo conditions, since glucose
levels in solid tumors are known to be low 2. The cells were then incubated in a humidified atmosphere
of 21% 0., 5% CO: and 74% N at 37°C for 24 hours. After 24 hours, the medium was collected, filtered

and stored for ELISA assays, while BMDM were harvested for RNA extraction.
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3.10 RNA Extraction

RNA from bone marrow-derived macrophages was extracted using the TripleXtractor directRNA
Kit (Grisp, #GK23.0100), according to manufacturers’ instructions. The TripleXtractor directRNA
combines the lysis ability of the phenol/guanidine thiocyanate solution “TripleXtractor Direct” with a spin
column system for effective purification of RNA without the need for chloroform phase separation and
isopropanol precipitation. The guanidine thiocyanate solution is a protein denaturant, used to lyse cells
and to protect nucleic acids by preventing the activity of DNase and RNase enzymes . Culture medium
is removed and 1ml of TripleXtractor Direct was added to each well to promote cell disruption and, with
the help of cell scrapers, the cellular suspension was recovered to an Eppendorf tube and then allowed
to rest at room temperature for 5 minutes. The suspension was centrifuged for 1 minute at 16000g and
the supernatant was transferred to a new RNase-free Eppendorf tube, to which was added absolute
ethanol at a ratio 1:1 and mixed by vortex. An RNA binding column was placed in a collection tube and
the mixture of cell suspension with absolute ethanol was passed through the RNA binding column and
centrifuged for 1 minute at 16000g. The flow-through was discarded and the RNA binding column was
washed three times with a wash buffer with three centrifugations for 30 seconds at 16000g. The flow-
through was once again discarded and one centrifugation for 3 minutes at 16000g was performed to dry
the matrix of the RNA binding column. The RNA binding column was transferred to a new RNase-free
Eppendorf tube and 15 pl of RNase-free water were added to the center of the column and allowed to
rest at room temperature for 1-2 minutes. Afterwards, one centrifugation for 1 minute at 16000g was
performed to elute total RNA. RNA was then heated at 60°C for 5 minutes in a Thermoblock to promote
its solubilization and stored at -20°C for short term storage or at -80°C for long term storage. RNA
concentration was measured using the NanoDrop™ ND-1000 Spectrophotometer and the purity assessed

through the A260/280 and A260/230 ratios.

3.11 Complementary DNA (cDNA) synthesis

Reverse transcription of RNA was carried out using Xpert cDNA Synthesis Mastermix kit (Grisp,
#GK81.0100), according to manufacturer’s instructions. In a RNase-free eppendorf tube, mix 10ul of
Mastermix (2x), the volume correspondent to 1pug of RNA and then RNase-free water to make up to 19pl.
Using a thermocycler (MyCycler Thermal Cycler, Bio-Rad), the sample was heated for 5 minutes at 65°C

and then placed on ice for 2 minutes. Next, it was added 1l of Xpert RTase (200U/ pl) to the eppendorf
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and mix thoroughly. The sample was placed in the thermocycler and incubated for 10 minutes at 25°C,

followed by 15 minutes at 50°C and then 5 minutes at 85°C. The resultant cDNA was stored at -20°C.

3.12 Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

RT-gPCR was used to assess the abundance of transcripts in a given sample's. Evaluation of M1-
like and M2-like gene markers expression was performed using Xpert Fast Probe Mastermix (Grisp,
#GE030.5100) and Tagman™ Probes, according to the volumes of Table 5, the amplification program
illustrated in Table 6 and the Tagman™ Probes used are listed in Table 7. HPRTwas used as the reference
gene to calculate fold change in the expression of M1 and M2 genes. ACt values were first obtained:
ACt= Threshold cycle (Ct) of HPRT- Ct of the gene. AACt values were then obtained: AACt=ACt of treated
groups—ACt of untreated control groups. Fold change was calculated as 2-AACt, with control groups as

1- fold.

Table 5. Volumes of RT-qPCR mixture used per each sample in evaluating M1 and M2 gene expression.

Xpert Fast Probe Mastermix 5ul
TaqMan Probe 0.5ul

cDNA Lyl
Nuclease-free water 3.5l
Total Volume | 10ul

Table 6. RT-qPCR amplification program using ABI Prism 7500 (Applied Biosystems).

Step Temperature (°C) Duration Cycles
Initial Denaturation and
95 10min 1
Enzyme Activation
Denaturation 95 15s
Annealing 60 30s 40
Extension 72 30s
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Table 7. TagMan™ probes used in RT-qPCR experiments.

Gene Reference
Ccl2 MmO00441242_m1
Nos2 MmO00440502_m1
Tnf MmO00443258_m1
Argl MmO00475988_m1
Chi3I3 MmO00657889_mH
CD163 MmO00474091_ml
Hprt MmO01545399_ml1

For assessing MCTs expression, we used SYBR™ Green Mastermix (Applied Biosystems™),
according to the volumes of Table 8, the amplification program illustrated in Table 9 and primers for
MCTI, MCTZ2, MCT4 and TBP, whose sequence is listed in Table 10. 78P was used as the reference
gene to calculate fold change in the expression of MCTs. ACt values were first obtained: ACt= Threshold
cycle (Ct) of HPRT- Ct of the gene. AACt values were then obtained: AACt=ACt of treated groups-ACt

of untreated control groups. Fold change was calculated as 2-AACt, with control groups as 1- fold.

Table 8. Volumes of RT-qPCR mixture used per each sample in evaluating MCTs expression.

SYBR™ Green Master Mix 5ul
Forward Primer 0.1ul
Reverse Primer 0.1l

cDNA 1ul
RNase-free water 3.8ul
Total Volume 10ul
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Table 9. RT-qPCR amplification program using CFX96 Touch Real-Time PCR Detection System (Bio-Rad).

Step Temperature (°C) Duration Cycles
DNA Denaturation and
95 2min 1
Enzyme Activation
Denaturation 95 15s
MCT1 -58
MCT2-63 40
Annealing/Extension Imin
MCT4 - 64
TBP-60
Melting Curve (a)

(a) The determination of the thermal profile of the melting curve was achieved by monitoring changes in fluorescence intensity

starting at 65°C during 5s and then, with a gradual increase in temperature until 95°C (0.5°C/s).

Table 10. Sequence of the primers used in the RT-qPCR experiments.

Gene Primer Sequence
Forward: 5-TTCCTCAGCCCTCTTTCAGA-3’
McCT1
Reverse: 5'-GGTTACAGCGGACACTGGAT-3'
Forward: 5-AAGGCAAGAGCAAACTGCAT-3’
mcrz2
Reverse: 5'-AGTTCACGGTGCCTGGATAC-3’
Forward: 5'-GCCACCTCAACGCCTGCTA-3
McT4
Reverse: 5'-TGTCGGGTACACCCATATCCTTA-3’
8P Forward: 5'-GGGAGAATCATGGACCAGAA-3’
Reverse: 5-TTGCTGCTGCTGTCTTTGTT-3’

3.13 ELISA

Enzyme-linked immunosorbent assay (ELISA) assay was used to assess the levels of the cytokines
IL-10 and IL-1f3 on the supernatant of the co-culture experiments, using ELISA MAX™ Deluxe Set Mouse
IL-10 (BioLegend®, #431414) and ELISA MAX™ Deluxe Set Mouse IL-1(3 (BioLegend®, #432604),

according to manufacturer’s instructions. In brief, one day before the ELISA assay was performed, 96-
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well plates were coated with Capture antibody and allowed to rest overnight at 4°C. The following day,
the wells were blocked by adding Assay Diluent and incubating during 1 hour at room temperature on a
plate shaker. Plates were washed and then 100ul of the sample or diluted standards were added to the
appropriate wells and incubated for 2 hours at room temperature with shaking. After that, detection
antibody was added to each well and incubated for 1 hour at room temperature with shaking. Moreover,
avidin-HRP was added to each well and incubated for 30 minutes at room temperature. A substrate
solution was added to each well and incubated in the dark for 15 minutes. To conclude the assay, a stop
solution was added to each well and the signal produced by the enzyme-substrate reaction was measured
by the Thermo Scientific Varioskan® Flash readout at 570nm within 15 minutes after adding stop

solution.

3.14 Small interfering RNA (siRNA) transfection

Small interfering RNA (siRNA) transfection was used to knockdown the expression of MCT2 on
BMDM. Transfection experiments were performed using 45nM of MCT2 siRNA (Ambion®, #AM16704),
as well as nontargeting scramble control (Ambion®, #AM4611), 3.5ul/ml of Lipofectamine RNAIMAX
(Invitrogen, #13778075) and 150ul/ml of Opti-MEM. In brief, siRNA or scramble control, lipofectamine
and Opti-MEM are added to one eppendorf tube, mixed and allowed to incubate for 5 minutes at room
temperature. Approximately 2x10c BMDM are seeded in 6-well plates and the content of the eppendorf
tube is added to the appropriate wells. Knockdown efficiency was confirmed by Western Blot and total

knockdown was only observed after 72 hours.

3.15 Statistical analysis

Statistical analysis was performed using Graph Pad Prism version 7. For statistical analysis of
total cell biomass and quantification of glucose consumption and extracellular lactate, an unpaired two-
tailed t-test was performed in order to compare the treated groups with the respective controls. All the
data is reported as mean + standard deviation and statistically significant differences were considered

when p-value was lower than 0.05.
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CHAPTER 4 | RESULTS

4.1 Tumor-associated macrophages co-localized with MCT2

To evaluate the expression of MCTs on TAMs and adjacent cancer cells, we performed
immunohistochemistry and immunofluorescence on paraffin-embedded tissue sections from Lewis lung
carcinoma (LLC1) subcutaneous tumors in C57BL/6 mice. By immunohistochemistry we analyzed the
expression of CD68, a glycoprotein highly expressed in macrophages. Expression of CD68 indicates the
presence of macrophages within the tumor microenvironment (Figure 13A). Furthermore, by
immunofluorescence we analyzed the expression of CD68 along with MCT1, MCT2 and MCT4 (Figure
13B-D). The results showed co-localization of macrophages (CD68+ cells) and MCT2 (Figure 13C), while
MCT1 and MCT4 expression was found in cancer cells (CD68- cells). Since MCT1 and MCT4 isoforms
are strongly associated with the export of lactate by highly glycolytic cancer cellsis, while MCT2 is
responsible for the uptake of lactate, these results suggest the presence of a possible lactate shuttle

between TAMs and cancer cells.

Nuclei

Nuclei

Figure 13. Tumor-associated macrophages co-localized with MCT2. (A) Immunohistochemistry staining for CD68
(in brown CD68 positive cells), a macrophage marker. (B) Immunofluorescence staining for MCT1 (green) and CD68 (red),
(C) MCT2 (green) and CD68 (red), (D) MCT4 (green) and CD68 (red). The cell nucleus is counterstained with DAPI (blue).
Immunofluorescence images were taken at 200x magnification.
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4.2 Generation and characterization of MCT1 KO breast cancer cells

Since our aim was to disrupt lactate release from cancer cells, we first attempted to knockout
MCT1 in the breast cancer cell line EO771 and in the lung cancer cell line LLC1 by using the
CRISPR/Cas9 technology. After transfection, cells were treated with puromycin to enrich the pool of
successfully transfected cells and sorted for the double expression of RFP/GFP by FACS. For the E0771
cells, RFP/GFP positive cells were single clone selected and seeded into a 96-well plate. Since LLC1 cells
do not grow as single cells, 100 cells were selected and sorted into a 96-well plate. Different clones were
collected and expanded for further characterization by Western blot. Although total MCT1 knockout was
not achieved, it was possible to observe a decrease in MCT1 protein levels on the EO771 clone C1.51,
when compared to the parental cell line EO771 wildtype (WT) (Figure 14A). To study the effect of MCT1
disruption on cell viability, we performed a Sulforhodamine B (SRB) assay. EO771 C1.51 cells, in standard
DMEM medium (high glucose), displayed a significantly slower growth rate until 48 hours, when compared
to EQ771 parent cells, with a decrease in total cell biomass. However, between 48 and 72 hours E0O771
C1.51 cells increased their growth rate and after 72 hours presented a significantly higher total cell
biomass than the parental cells (Figure 14B). Since cancer cells possess the ability to switch their own
metabolism, we further investigated if MCT1 disruption would make cells more sensitive to phenformin,
a drug that inhibits the complex | of the respiratory chain in the mitochondria. Phenformin treatment had
no effect on the growth rate of both E0771 C1.51 and parental cells (Figure 14B). Since glucose levels
in solid tumors are known to be low and for further characterization, we incubated E0771 C1.51 and
parental cells in DMEM low glucose (5mM), in an effort to resemble /7 vivo conditions. EO771 C1.51 cells
displayed the same growth rate as parental cells, as cell viability increased until 48 hours but then the
total cell biomass numbers decreased even below those observed at the beginning of the assay,
suggesting cell death (Figure 14C). Once again, phenformin treatment had no effect on the growth rate

of both cell lines (Figure 14C).

Regarding metabolism, E0771 C.1.51 cells only displayed a significant increase in glucose
consumption when incubated in DMEM low glucose and DMEM low glucose with phenformin, compared
to parental cells (Figure 14D). Phenformin treatment resulted in a significant increase of glucose
consumption of both cell lines across the different conditions (Figure 14D). EQ771 C1.51 cells not only
increased lactate production when incubated in DMEM low glucose and DMEM low glucose with
phenformin, but also upon phenformin treatment in standard DMEM medium (Figure 14E). In accordance
to what we observed in Figure 14D, phenformin also increased the lactate production of both cell lines
(Figure 14E). This can be explained due to the inhibition of the respiratory chain by phenformin, which
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leads to a compensatory acceleration of glycolysist. Unfortunately, for LLC1 cells, we were not able to
obtain a negative population for MCT1. Thus, further experiments are necessary to maximize transfection
efficiency. Overall, these results show that MCT1 disruption alters cell growth rate and increases glycolytic

activity on low glucose conditions in EO771 cells.
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Figure 14. Effect of MCT1 disruption in breast adenocarcinoma cell line E0771. (A) Western blot analysis of
MCT1 in EO771 WT and EQ771 clone C1.51 cell lines. Tubulin was used as a loading control. (B) E0771 WT and EQ771
C1.51 total cell biomass was assessed by Sulforhodamine B (SRB) assay after 24, 48 and 72 hours of incubation with 50puM
of phenformin in DMEM high glucose (25mM) and in (C) DMEM low glucose (5mM). (D) Glucose consumption and (E)
extracellular lactate quantification of EO771 WT and EQ0771 C1.51 cells after 24 hours of incubation with 50pM of phenformin
in DMEM high and low glucose, using a commercial enzymatic kit. Results are displayed as mean + standard deviation of
three independent experiments with triplicates (* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. Student’s t-test was applied
in the SRB assay and the glucose consumption and extracellular lactate quantification assay).
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4.3 Generation and characterization of MCT4 KO breast cancer cells

Export of lactate can also be mediated by MCT4, therefore, we performed the knockout of MCT4
in the breast cancer cell line EO771 and in the lung cancer cell line LLC1 by using the CRISPR/Cas9
technology. The selection/sorter approaches were the same as mentioned for MCT1 KO and once again,
we only succeeded to obtain EO771 KO cells. Full MCT4 knockout was achieved on the EO771 clone
C4.14 cells, as no protein levels were detected by Western blot (Figure 15A). To investigate the effect of
MCT4 knockout on cell viability, we performed the SRB assay. E0771 C4.14 cells, similar to what
happened with EQ771 C1.51 cells, displayed a slower growth rate when compared to EO771 parent cells,
with a decrease in total cell biomass until 48 hours. However, between 48 and 72 hours E0771 C4.14
cells increase their growth rate and after 72 hours present a significantly higher total cell biomass than
the parental cells (Figure 15B). Treatment with phenformin had no effect on the proliferation of both cell
lines. Since it has already been described that MCT4 knockdown sensitizes cells to MCT1 inhibition®¢, we
further questioned if concomitant inhibition of MCT1 and MCT4 would increase cells sensitivity towards
phenformin. For that purpose, we treated both cell lines with the combination of the MCT1 inhibitor
AZD3965 and phenformin (Figure 15C). Treatment with AZD3965 and its combination with phenformin
had no effect on EO771 WT cells, however, it hindered the growth of EO771 C4.14 cells (Figure 15C).
The significant decrease on cell biomass of E0771 C4.14 cells upon combination of AZD3965 with
phenformin was mainly caused by inhibition of both MCT1 and MCT4, since no differences were observed
on cell biomass between AZD3965 and its combination with phenformin (Figure 15C). These interesting
results assert that MCT4 function is compromised in EO771 C4.14 cells and blocking both MCT1 and
MCT4 is sufficient to inhibit cells growth.

Treatment with phenformin, AZD3965, or their combination had no significant effect on glucose
consumption of both cell lines (Figure 15D). However, EQ771 C4.14 cells treated with AZD3965 and
combination of AZD3965 with phenformin displayed a significant decrease in lactate production, when
compared to EO771 WT and EO771 C4.14 control cells, demonstrating the importance of MCT1 and
MCT4 for lactate export (Figure 15E).
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Figure 15. Effect of MCT4 disruption in breast adenocarcinoma cell line E0771. (A) Western blot analysis of
MCT4 in EO771 WT and EQ771 clone C4.14 cell lines. Tubulin was used as a loading control. (B) E0771 WT and E0771
C4.14 cell viability was assessed by Sulfornodamine B (SRB) assay after 24, 48 and 72 hours of incubation with 50uM of
phenformin and (C) with 300nM of MCT1/2 inhibitor AZD3965 alone or in combination with 50puM of phenformin. (D) Glucose
consumption and (E) extracellular lactate quantification of EO771 WT and EQ771 C4.14 cells after 24 hours of incubation with
50uM of phenformin, 300nM of AZD3965 or a combination of both, using a commercial enzymatic kit. Results are displayed
as mean + standard deviation of three independent experiments with triplicates (* p<0.05; ** p<0.01; *** p<0.001; ****
p<0.0001. Student's t-test was applied in the SRB assay and the glucose consumption and extracellular lactate quantification
assay).
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4.4 Single targeting MCT1/4 was not able to polarize macrophages towards a pro-

inflammatory phenotype

Evidence indicates that tumor-derived lactate modulates immune cell function and cytokine
production, serving as a negative feedback signal to create an immunosuppressive TME. To evaluate the
effect of disrupting lactate release from tumor cells on TAMs polarization, we performed co-culture
experiments where we used bone marrow-derived macrophages and the EO771 C1.51 and E0771 C4.14
cells, from now referred as MCT1 KO cells and MCT4 KO cells, respectively, for a better understanding.
We evaluated the expression of M1-like and M2-like macrophage phenotype associated genes, namely
Nos2 and Cc/? (M1-like phenotype) and Argl and Chi3/3 (M2-like phenotype). We observed that MCT1
KO cells (Figure 16A) and MCT4 KO cells (Figure 16B) display a tendency to induce the expression of
both M1-like and M2-like associated genes in macrophages, when compared to EO771 WT cells. We
further evaluated the production of the anti-inflammatory cytokine IL-10 and the pro-inflammatory cytokine
IL-1B by an ELISA assay in order to understand if disruption of lactate export could alter cytokine
production by macrophages. The results suggest that macrophages, upon co-culture with MCT1 KO cells,
increase the production of IL-10 but no effect was observed in IL-1f3 (Figure 16C), whereas no effects
were found for IL-10 and IL-13 production on the co-culture of macrophages with MCT4 KO cells (Figure
16D). The data suggests that disrupting lactate release from cancer cells by single target of MCT1 or

MCT4 was not able to polarize macrophages towards a pro-inflammatory phenotype.
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Figure 16. Single targeting of MCT1/4 was not able to polarize macrophages towards a pro-inflammatory
phenotype. Expression levels of Nos2, Ccl2, Argl and Chi3/3 genes in (A) macrophages co-cultured with EO771 WT and
EQ771 C1.51 cells for 24 hours and (B) macrophages co-cultured with EO771 WT and EQ771 C4.14 cells for 24 hours were
determined by RT-gPCR and normalized to the expression of Hprt. IL-10 and IL-1f cytokine levels in (C) macrophages co-
cultured with EO771 WT and EO771 C1.51 cells for 24 hours and (D) macrophages co-cultured with EO771 WT and E0771
C4.14 cells for 24 hours were determined by ELISA assay. Results are displayed as mean + standard deviation of one
independent experiment with duplicates.
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4.5 Targeting MCT2 inhibited the M2-like phenotype of macrophages

We have previously observed that disrupting lactate release from cancer cells by single targeting
MCT1 or MCT4 did not polarize macrophages towards an anti-tumoral phenotype. Considering the lactate
shuttle hypothesis, lactate released to the extracellular medium is imported by TAMs and induces
polarization of TAMs into a M2-like phenotypee», Thus, we hypothesized if inhibiting the uptake of lactate
by macrophages, it would revert the pro-tumoral phenotype displayed. To do so, we first started by
performing a co-culture of macrophages with LLC1 cells to evaluate the role of tumor cells on
macrophages polarization and expression of MCTs. We evaluated the expression of M1-like and M2-like
macrophage phenotype associated genes, namely NosZ, Cc/? and 7nf (M1-like phenotype) and Argl,
Chi3/3 and CD163 (M2-like phenotype). Macrophages co-cultured with LLC1 display a tendency to
increase the expression of the M2-like genes Argl and CD163 and the expression of the M1-like gene
Nos2 (Figure 17A). Furthermore, exposure to LLC1 cells increased the expression of MCT2 in
macrophages (Figure 17B). Since MCT2 is responsible for the uptake of lactate!:, this could indicate a
possible metabolic symbiosis between cancer cells and macrophages through lactate shuttle, where
lactate is released by LLC1 cells and consumed by macrophages via MCT2. Therefore, to understand the
role of MCT2 on this metabolic symbiosis, we performed a knockdown for MCT2 in macrophages using
a small interfering RNA (siRNA) (Figure 17C). Knockdown of MCT2 suggests an inhibition of the M2-like
phenotype of macrophages in co-culture with LLC1 cells, compared to scramble control, with a tendency
to decrease the expression of the Chi3/3 and CD163 genes (Figure 17D). These results suggest that
MCT2 plays a crucial role in the lactate shuttling between cancer cells and macrophages and targeting

MCT2 possibly inhibits the pro-tumoral phenotype of macrophages.
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Figure 17. Targeting MCT2 inhibits the M2-like phenotype of macrophages. (A) Expression levels of Nos2, Ccl2,
TIF, Argl, Chi3/3 and CD163 genes in naive macrophages and macrophages co-cultured with LLC1 cells for 24 hours were
evaluated by RT-gPCR and normalized to the expression of Hprt (B) Expression levels of MCT1, MCT2 and MCT4 in naive
macrophages and macrophages co-cultured with LLC1 cells for 24 hours were evaluated by RT-gPCR and normalized to the
expression of 7bp. (C) Expression levels of MCT72in macrophages transfected with siRNA targeting MCT2. Expression levels
of MCT2were normalized to the expression of 7hp and Tubulin was used as loading control in the Western Blot. (D) Expression
levels of Nos2, Ccl2, TNF, Argl, Chi3/3and CD163 genes in macrophages transfected with siMCT2 and scramble control co-
cultured with LLC1 cells for 24 hours were evaluated by RT-gPCR and normalized to the expression of AHprt. Results are
displayed as mean + standard deviation of two independent experiments.
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CHAPTER 5 | DISCUSSION

The discovery of oncogenes, tumor suppressor genes and the study of the mechanisms involved
in genomic alterations implicated in cancer, dominated the focus of cancer research for many decades®.
As the understanding of malignant transformation grew, it became evident that solely alterations to the
genome were not sufficient to explain tumor growth and metastasis. This realization increased the interest
in understanding cancer cell metabolism, first described by Otto Warburg in the 1920ss. Over the last
decades, several studies report the link between metabolic remodeling and tumor growth and in 2011,
the reprogramming of cellular energy metabolism was recognized as a hallmark of cancer cellsz . The
altered metabolism of cancer cells confers a selective advantage over normal cells, promoting their

survival and proliferatione.

Lactate, the end product of glycolysis, is produced in large excess by cancer cells and is drawing
increased attention of the cancer research community, due to its role as a metabolic modulator of different
cancer features including cell migration and invasion, sustained angiogenesis, reprogramming of energy
metabolism and evasion of immune surveillance*+. The discovery of lactate shuttles between cancer
cells and non-malignant cells from the TME hypothesized that lactate exported by cancer cells is imported
and re-used by immune cells. Evidence indicates that high levels of extracellular lactate influence immune
cell metabolism and cytokine production and may serve as a negative feedback signal, limiting
inflammation=-=, Indeed, lactate has been reported to induce M2-like polarization of TAMs, who contribute
to tumor progression by promoting angiogenesis, metastasis and immunosuppression®s, Taking into
consideration MCT1 and MCT4 overexpression in cancer cells and its crucial role in the maintenance of
their glycolytic metabolism®, we envisioned that disrupting the lactate release from cancer cells could be

a promising approach to revert the pro-tumoral phenotype of TAMs.

For that purpose, we first attempted to understand the expression pattern of MCTs on TAMs and
cancer cells in a subcutaneous murine Lewis lung carcinoma (LLC1) model. By immunohistochemistry
analysis we confirmed the expression of CD68, a glycoprotein highly expressed in macrophages',
indicating the presence of TAMs on the tumor microenvironment, in agreement to what is described in
the literature' (Figure 13A). Furthermore, by immunofluorescence, we observed a co-localization of CD68
with the MCT2 isoform, while MCT1 and MCT4 are mainly expressed in CD68- cells (Figure 13B-D). Since
MCT1 and MCT4 are reported to be able to export lactate and MCT2 is responsible for the uptake of

lactate!, these results are in accordance with the lactate shuttle hypothesis, in which cancer cells export
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lactate via MCT1 or MCT4 and TAMs can import lactate via MCT2. In order to support this hypothesis,

these experiments should be extended to other cancer models.

Bearing the previous results in mind, we tried to disrupt lactate release from cancer cells, by
knocking out MCTs, using the CRISPR/Cas9 technology. The tumor-supporting function of TAMs have
been reported in several types of cancer, such as lung and breast cancer 1, Besides LLC1 cells, we
also used the breast adenocarcinoma EQ771 cell line, which originates highly aggressive tumors with
reports of an immunosuppressive microenvironment?”:. Both cell lines were used during this work, but
unfortunately, a successful transfection using CRISPR/Cas9 was only achieved with the EQ771 cell line,
as LLC1 cells were very hard to transfect, hence the reason why we display results with two different cell
lines. In the future, we intend to perform these experiments with both cell lines, and for that reason,

further optimization of the protocols is needed.

We first started by knocking out MCT1 on cancer cells, and although total knockout of MCT1 was
not achieved, we were able to observe a decrease in the protein levels of MCT1 on EQ771 clone C1.51
cells (Figure 14A). A possible explanation for this result is a lack of efficiency of the CRISPR machinery or
the delivery method used to transfect these cells, as CRISPR efficiency will vary based on the method of
delivery and cell type'=. Moreover, cells were sorted by the expression of fluorescent tagged proteins RFP
and GFP. The use of a specific antibody for MCT1 and MCT4 to select negative cells could be a better
approach. However, the commercially available antibodies for MCT1 and MCT4 correspond to epitopes
within the C-terminal cytoplasmic domain of these transporters. Based on this, for live sorting of MCT1
and MCT4-null cells using antibodies, a permeabilization step would be required and this leads to cell
death, making this process unviable. In the future, it will be important a further optimization of the protocol
or the use of another CRISPR/Cas9 KO Plasmids. We next characterized the effect of MCT1 disruption in
cell viability and the glucose metabolism of these cells. MCT1 disruption altered the cell growth rate of
EQ771 cells (Figure 14B). In low glucose conditions, MCT1 KO cells displayed the same cell growth rate
as parental cells, with cell death after 48 hours, possibly due to the low glucose availability in the medium.
Blockage of MCTs has been reported to cause a shift in cancer metabolism from glycolysis to OXPHQOS,
sensitizing them to phenformin22 a biguanide drug that inhibits the complex | of the respiratory chain
in the mitochondria. Thus, we further investigated if MCT1 disruption would sensitize cells to phenformin.
Treatment with phenformin had no effect on cell viability (Figure 14B and C), suggesting that cells still
rely on the glycolytic pathway for proliferation. In contrast with our results, a study from Hong, et al.,

demonstrated that MCT1 knockdown by short hairpin RNA (shRNA) or MCT1 inhibition by AZD3965 in
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the glycolytic breast cancer cell lines HS578T, SUM149PT and SUM159PT, with dual MCT1/MCT4
expression, decreased cell proliferation during a 5-day period. The decrease in cell proliferation was
rescued by the expression of shRNA-resistant MCT1 cDNA, showing that MCT1 is crucial for the
proliferation of glycolytic breast cancer cellsi”. Our results can be explained by the incomplete knockout
of MCT1 (Figure 14A) and the functional redundancy between MCT1 and MCT4 allows MCT4
compensation when MCT1 is disturbed, therefore further analysis of MCT4 expression is needed to
clarify these results. Regarding the metabolic profile, the same authors showed that MCT1 knockdown or
inhibition enhanced an oxidative metabolism and reduced pyruvate but not lactate export, with no
alterations of MCT4 protein levels, suggesting that MCT1 could possibly mediate pyruvate export+. EO771
WT cells, upon phenformin treatment, increased their glucose consumption and lactate production in
standard DMEM medium and low glucose DMEM, suggesting that although it has no effect on cell
proliferation, inhibition of the respiratory chain increases the glycolytic flux of these cells (Figure 14D and
E). The disruption of MCT1, in accordance to Hong et al.#, was not able to decrease the export of lactate
or even the consumption of glucose by EQ771 cells, in both standard DMEM medium and low glucose
DMEM. Furthermore, MCT1 KO cells treatment with phenformin also increased their glycolytic flux (Figure
14D and E). This inability to decrease the export of lactate might be due to an overcompensation of the
expression of MCT4, as it has already been described, but once again, further analysis of MCT4
expression is needed to justify these results. It would also be interesting to evaluate the pyruvate export
rate, since MCT1 is important to ensure a NADH/NAD+ redox state equilibrium between cells due to its
ability to transport pyruvate and lactate. The fact that MCT1 knockout was not fully achieved can have
an impact on these results, and therefore, these characterization experiments need to be redone once

the full knockout of MCT1 is successfully achieved.

Besides MCT1, MCT4 is also able to export lactate into the extracellular milieu', therefore, the
next step was to try to knockout MCT4 on cancer cells using the CRISPR/Cas9 technology. Unlike MCT1,
no MCT4 protein levels were detected on EQ771 clone C4.14 cells, indicating a full MCT4 knockout
(Figure 15A). MCT4 knockout also altered cell growth rate of EO771 cells and phenformin had no effect
on cell viability (Figure 15B). Despite the growth behavior displayed by EO771 WT cells in control
conditions in Figure 15B and 14B is different, the fact that phenformin had no effect on cell growth rate
on both occasions suggests that EO771 cells rely on the glycolytic pathway for their proliferation and the
altered cell growth rate is possibly due to the increasing number of passages. It is known that MCT4
knockdown sensitizes cells to MCT1 pharmacological inhibition, therefore we treated EO771 WT and

EQ771 C4.14 cells with the specific MCT1 inhibitor AZD3965. As stated before, in the study presented
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by Hong et al., MCT1 inhibition induced an oxidative metabolism and reduced proliferation. Besides that,
dual treatment of AZD3965 with phenformin further reduced proliferation rates by blocking the switch to
oxidative metabolism®. Treatment of EQ771 WT cells with MCT1 inhibitor plus the combination with
phenformin had no effect on the cell growth rate, suggesting that the glycolytic pathway, presumably
maintained by MCT4 lactate exportation, allows cancer cell proliferation. Consistent with this notion,
treatment of MCT4 KO cells with MCT1 inhibitor hindered their cell growth (Figure 15C). Based on these
results, it seems EQ771 cells are not able to change their metabolic profile towards OXPHOS to support
proliferation, as concomitant inhibition of MCT1 and MCT4, impairing the lactate export, was sufficient to
reduce cell viability, supporting the evidence that blockade of lactate export inhibits cancer cell
proliferation®+17s, Similar to what we observed MCT1 KO cells, pharmacological inhibition of MCT1 was
not able to reduce the glycolytic flux, as treatment of E0771 WT cells with AZD3965 resulted in no
significant differences on glucose consumption and lactate production (Figure 15D and E), indicating that
single target of MCT1 is not sufficient to block the export of lactate by E0771 cells. Metabolic analysis of
MCT4 KO cells also revealed that single target of MCT4 was not able to decrease the export of lactate
and the consumption of glucose, when compared with EO771 WT cells (Figure 15D and E). However, in
MCT4 KO cells, upon treatment with MCT1 inhibitor, was possible to observe a tendency for the decrease
of glucose consumption and the production of lactate was significantly impaired (Figure 15D and E),
supporting the evidence that blockade of lactate export leads to an inhibition of the glycolytic pathway”
and EOQ771 cells rely on the glycolytic pathway for their proliferation. These results indicate a functional
redundancy between MCT1 and MCT4 in EO771 cells, as only the dual target of these transporters is

capable of blocking the export of lactate and consequently impair cell growth.

Tumor-derived lactate has been reported to induce a M2-like polarization in TAMst o110 50 the
next question addressed was whether the disruption of lactate release from cancer cells could revert the
pro-tumoral phenotype displayed by TAMs. By co-culture of macrophages with MCT1 KO and MCT4 KO
cells, we observed that both cell lines display a tendency to increase the expression of both M1-like and
M2-like gene markers, when compared to WT cells (Figure 16A and B). These results can be explained
by the fact that MCT1 and MCT4 KO cells are still able to produce lactate (Figure 14E and 15E), and
preliminary non-published results from our team demonstrate that lactate is able to induce the expression
of both M1-like and M2-like gene markers, although some studies have reported that lactate only
increases the expression of M2-like gene markersi+s, Furthermore, analysis of the production of
cytokines IL-10 and IL-1f3 showed that MCT4 disruption had no effect on cytokine production, while co-

culture of macrophages with MCT1 KO cells suggest that macrophages increase the production of IL-10
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(Figure 16C). Once again, a possible explanation for these results is the fact that MCT1 KO cells still
export lactate and macrophages stimulated with lactate or in co-culture with cancer cells have been shown
to increase the production of IL-107s177, These results suggest that blocking lactate export in cancer cells
by single targeting MCT1 or MCT4 was not able to polarize macrophages towards an anti-tumoral
phenotype. Since a reduction in the export of lactate was only observed in MCT4 KO cells treated with
MCT1 inhibitor, it would be of interest to perform a co-culture of macrophages with MCT4 KO cells pre-
treated with AZD3965 and evaluate if the reduction of lactate export could impact the polarization and

cytokine production of macrophages.

The lactate shuttle hypothesis indicates that lactate exported by the cancer cells to the TME is
imported by TAMs, which will promote TAMs polarization towards an M2-like phenotype and contribute
to tumor progression. Since the previous results demonstrated that single target of MCT1 or MCT4 in
cancer cells was not able to polarize macrophages towards a pro-inflammatory phenotype, we though
that inhibition of the uptake of lactate by TAMs could revert the pro-tumoral phenotype displayed. Co-
culture experiments showed that BMDM exposed to LLC1 cells display a tendency to increase the
expression of Argl, CD163 and NosZ (Figure 17A). The increase in the expression of Argl is consistent
with a study from Colegio et al., in which TAMs from LLC1 tumors expressed high levels of Arg/ and
BMDM stimulated with LLC1-conditioned medium also increased the expression of Argls. Other studies
reported that BMDM stimulated with LLC1-conditioned medium and direct co-culture of LLC1 cells with
the macrophage cell line U937 increased the chemokine CCL2 production’s. Yet, in our results, no
statistical significances were detected in Cc/2 mRNA levels. However, the increased expression of NosZ2
in our results is unexpected based on the fact that both NMosZ2 and Argl enzymes share the same
substrate, arginine, and upregulation of Argl is reported to prevent Nos2 activity=. Still, this mixed
M1/M2 phenotype displayed by macrophages has already been reported in colorectal cancer and
pancreatic ductal adenocarcinoma. Stimulation of the monocytic cell line THP-1 with the colorectal cancer
cell lines HCT116 or HT-29-conditioned medium resulted in an increase in the production of both pro-
inflammatory cytokines IFN-y, IL-1B and TNF-a, and anti-inflammatory cytokine IL-10, and increased the
expression of the M2-like gene marker CD163. Similarly, stimulation of peripheral blood monocytes with
the pancreatic ductal adenocarcinoma cell lines Panc1 and MiaPaCa2-conditioned medium increased the
expression of M1-like gene markers /L-1B, /L-6 and TNF«, and also the M2-like gene markers Argl and
/L-10=, Despite this mixed phenotype, in both studies macrophages promoted metastasis and EMT. In
our results, co-culture of macrophages with LLC1 cells also showed a tendency to increase the expression

of MCT2 in macrophages (Figure 17B). This increase in the expression of MCT2 in macrophages is in
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accordance with what we observed in the immunofluorescence analysis of LLC1 tumors (Figure 13C).
Bearing in mind that MCT2 is responsible for the uptake of lactate!, these evidence indicates a possible
metabolic symbiosis between LLC1 cells and macrophages through lactate shuttle, where lactate is
released by LLC1 cells and consumed by macrophages via MCT2. In fact, a study in bladder cancer cells
already demonstrated that blockage of MCTs, by using quercetin, was able to inhibit the M2-like
phenotype of macrophages'®. Therefore, we focused our attention on MCT2 and, in order to understand
the role that MCT2 plays in this metabolic symbiosis, we performed an MCT2 knockdown in macrophages
(Figure 17C). Interestingly, the knockdown of MCT2 resulted in a tendency to decrease the expression of
the M2-like gene markers CD163 and Chi3/3, upon co-culture with LLC1 cells (Figure 17D). Further
experiments are needed in order to confirm these results. These promising results suggest that MCT2 is
crucial to this metabolic interplay between cancer cells and macrophages and targeting MCT2 possibly

inhibits the pro-tumoral phenotype of macrophages.
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CHAPTER 6 | CONCLUDING REMARKS AND FUTURE PERSPECTIVES

In this master thesis, we were able to identify a possible metabolic symbiosis between cancer
cells and tumor associated macrophages in a murine lung cancer model. Combination of MCT4 knockout
with pharmacological inhibition of MCT1 resulted in a decrease of lactate export and cell viability,
indicating the importance of the glycolytic pathway to the survival of cancer cells. Furthermore, single
targeting MCT1 and MCT4 was not able to disrupt the total lactate export by cancer cells and therefore,
we could not reprogram macrophages towards an anti-tumoral phenotype. Interestingly, we highlighted
the role of MCT2 in the lactate shuttling between cancer cells and macrophages, as co-culture with cancer
cells increased the expression of MCT2 in macrophages and knockdown of MCT2 in macrophages
inhibited its pro-tumoral phenotype. Although our goal of blocking lactate export by genetically knocking
out MCTs was not achieved, our findings assert that a single MCT isoform knockout is not sufficient and
therefore, in the future, a double knockout for MCT1/MCT4 on cancer cells should be performed, or
knockout its ancillary protein CD147, as it has already been described by our team that disruption of
CD147 decreased MCT1 and MCT4 expression and activityz. After the genetic modification desired is
validated, metabolic characterization of these genetically engineered cells could be performed by using
commercial enzymatic assays for glucose and lactate quantification. One limitation of the /i vifrotranswell
co-culture system is that only investigates the effect of soluble secretions between two cell types.
Therefore, due to complexity of the tumor microenvironment, it would be of interest to investigate the in
vivo role of MCTs on cancer initiation and how disrupting lactate efflux to the TME influences innate and
adaptive immune cells recruitment and function. To do so, C57BL/6 mice could be injected with
genetically modified cancer cells and characterization of immune cells populations inside the TME
performed by flow cytometry analysis. Moreover, growing evidence proposes that TAMs profile and
function can be characterized by their metabolic phenotype, therefore it would be of interest to isolate
TAMs from the tumor mass with the help of magnetic microbeads or FACS and further evaluate their

metabolic phenotype.

This master thesis provided further insights into the mechanism of the lactate circuits in tumors,
which are still poorly understood, due to the complexity of the tumor microenvironment and the

interconnections between the cells involved.
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