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KEYWORDS Abstract During tumorigenesis, breast tumour cells undergo metabolic reprogramming,
Breast cancer; which generally includes enhanced glycolysis, tricarboxylic acid cycle activity, glutaminolysis
Tumour and fatty acid biosynthesis. However, the extension and functional importance of these meta-
microenvironment; bolic alterations may diverge not only according to breast cancer subtypes, but also depending
Cell metabolism; on the interaction of cancer cells with the complex surrounding microenvironment. This
Metabolic interplay microenvironment comprises a variety of non-cancerous cells, such as immune cells

(e.g. macrophages, lymphocytes, natural killer cells), fibroblasts, adipocytes and endothelial
cells, together with extracellular matrix components and soluble factors, which influence can-
cer progression and are predictive of clinical outcome. The continuous interaction between
cancer and stromal cells results in metabolic competition and symbiosis, with oncogenic-
driven metabolic reprogramming of cancer cells shaping the metabolism of neighbouring cells
and vice versa. This review addresses current knowledge on this metabolic crosstalk within the
breast tumour microenvironment (TME). Improved understanding of how metabolism in the
TME modulates cancer development and evasion of tumour-suppressive mechanisms may
provide clues for novel anticancer therapeutics directed to metabolic targets.
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1. Introduction

According to the Global Cancer Observatory, breast
cancer (BC) was the cancer with highest incidence in
2018, with approximately 2 million cases registered
worldwide, a number estimated to increase to over 3
million by 2040 [1]. Furthermore, BC is the leading
cause of cancer-related deaths in women and the second-
most lethal when considering both sexes. This high
mortality is mostly related to advanced, metastatic
cancer, as S-year survival rates decrease from 99% in
localized disease to 27% when the cancer has spread to
distant body sites [2]. BC comprises several different
tumour subtypes displaying high heterogeneity at the
cellular and molecular levels. A commonly used classi-
fication criterion is based on the presence or absence of
hormone receptors and epidermal growth factor recep-
tor 2 (HER?2) status, through which three groups are
defined: oestrogen and/or progesterone receptor (ER/
PR)-positive, HER2-positive and triple-negative breast
cancer (TNBC; tumours that are both ER/PR- and
HER2-negative). The presence of these receptors de-
termines whether hormonal therapy and/or immuno-
therapy should be used. At the molecular level, BC
subtypes are divided according to their gene expression
signatures into luminal A, Iluminal B, HER2-
enriched and the TNBC subtypes basal-like, claudin-
low and metaplastic BC (Fig. 1). The hormone recep-
tor—positive luminal A subtype presents the highest
incidence and best prognosis, whereas TNBC subtypes
are associated with the worst prognosis [3,4].

BC development, metastatic ability and response to
therapy are determined not only by the characteristics of
cancer cells but also by their interaction with the sur-
rounding environment — the stroma. The tumour

microenvironment (TME) is a dynamic entity composed
of cancerous and non-cancerous cells, including fibro-
blasts, adipocytes, endothelial cells and immune cells
(e.g. macrophages, lymphocytes, natural killer [NK]
cells), soluble factors and extracellular matrix (ECM)
components, which greatly influence malignant pro-
gression. Indeed, the stromal gene expression signature
has been shown to be predictive of clinical outcome [5]
and chemotherapy resistance [6] in BC. Moreover,
changes in ECM proteins such as laminin content or
expression of their receptors by cancer cells have been
shown to determine BC cell growth and response to
therapy [7—9]. These findings underline the importance
of the microenvironment in the prognosis and treatment
of BC and call for an improved understanding of
cellular interactions in the TME.

Reprogramming of energy metabolism is recognized
as one of the cancer hallmarks that actively contributes
to cancer development [10,11]. Oncogenic events drive
the dysregulation of metabolic pathways, which in turn
provide cancer cells with selective advantages that
enable their high proliferation and survival in a harsh
microenvironment. Moreover, a rewired metabolism
actively contributes to tumorigenesis via production of
oncometabolites (e.g. 2-hydroxyglutarate), interaction
with signalling pathways and metabolite-dependent
epigenetic regulation. The altered metabolic program
of cancer cells further impacts other cells residing in the
TME and contributes to regulate processes deeply
involved in cancer development, such as angiogenesis,
inflammation and cancer immunity [12]. Hence, char-
acterizing the metabolic interplay between cancer and
non-cancerous cells in the TME may reveal key vul-
nerabilities of cancer and open new diagnostic and/or
therapeutic perspectives.
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Fig. 1. Molecular subtypes of breast cancer (BC): luminal A, luminal B, HER2-enriched and triple-negative breast cancer (TNBC),
comprising basal, claudin-low, normal-like and metaplastic breast cancer (MBC), and respective incidence, according to data in Ref. [2].
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This review focuses on the metabolic interactions
within the breast TME and their importance to BC
biology and progression. A first section will be devoted
to briefly characterising the breast TME, with emphasis
on the known associations between the presence of
specific non-cancerous cell types in the tumour niche
and disease prognosis or clinical outcome. A summary
list of studies addressing those correlations is provided
in Table 1. Then, following an overview of the main
metabolic dysregulations in BC tissues and cells, current
knowledge on the metabolic crosstalk between BC cells
and other cell types in the breast TME will be presented
and discussed. Overall, this review offers an improved
understanding of how metabolism modulates BC pro-
gression, and provides a solid background to aid the
rational design of metabolic drugs to target the breast
TME.

2. The breast tumour microenvironment
2.1. Immune cells in the breast tumour microenvironment

Cancer immunoediting is a dynamic process
involving the interaction between neoplastic and im-
mune cells, which greatly determines tumour progres-
sion and is currently divided into three phases:
elimination, equilibrium and escape [13]. In the elimi-
nation stage, the most immunogenic cancer cells are
recognized and eliminated by immune cells, such as
macrophages, NK cells and CD8" T cells, mostly
through cytotoxic mechanisms. At the equilibrium
stage, which may last for several years, the tumour is
kept in a dormant state, where tumour growth and
metastasis are under immune control. However, some

neoplastic cells eventually acquire insensitivity to
immunological detection and/or elimination, evading
the host immune system. Through this escape stage, the
most aggressive clones adopt different strategies, such as
recruitment of immunosuppressive cells and promotion
of immune tolerance, thus contributing to an immuno-
suppressive TME and establishment of the malignant
neoplasia [13,14].

The immune infiltrate in the TME is composed of
cells from both lymphoid and myeloid lineages, which
belong to the innate and adaptive immune systems, and
vary considerably across different cancers and cancer
subtypes [15—17]. As detailed in the following, although
various immune cell subsets have been identified in the
breast TME and found to be either anti- or pro-
tumorigenic, the prevalence of cell populations tradi-
tionally classified as immunosuppressive or regulatory
has often been correlated with BC aggressiveness and
poor prognosis.

Tumour-associated macrophages (TAM) differen-
tiate from circulating monocytes and are one of the
immune cell types more abundantly present in the TME.
These cells display great plasticity and polarize into
different phenotypes according to microenvironment
stimuli, such as oxygen availability, inflammatory me-
diators and other soluble factors. Higher numbers of
TAM in the TME have been correlated with more
aggressive disease and unfavourable prognosis in several
cancer types, including BC [18,19]. Broadly, M2-like
TAM can arise in response to anti-inflammatory and
regulatory cytokines produced by Th2 cells, such as
transforming growth factor beta-1 (TGF-B1) and in-
terleukins IL-4, IL-10 and IL-13, and show pro-
tumorigenic characteristics. On the other hand, M1-

Table 1
Stromal cells present in the breast TME and correlation with clinical outcome.
Cell type BC subtype Expected outcome/main observations Ref.
M2-like TAM Basal-like Poor outcome; Presence in more aggressive BC [21-24]
TAN n.d. Immunosuppressive [25,28]
pDC n.d. Poor outcome [30,31]
TIL HER™ and TNBC Favourable outcome; Correlation with tumour stage [39]
CTLs HER"' and TNBC  Favourable outcome; Correlation with tumour stage; Better response to neoadjuvant [35—38]
chemotherapy
Thl n.d. Favourable outcome [40]
Th2 Luminal Poor outcome; Promotion of metastasis [41]
Th17 n.d. Favourable outcome [42]
Treg n.d. Poor outcome [43—45]
NK cells n.d. Favourable outcome [49]
MDSC n.d. Correlation with disease burden and clinical stage; Worse response to neoadjuvant [56,57]
chemotherapy
CAF n.d. Poor outcome; Promotion of tumour growth and invasion [60]
Adipocytes n.d. Promotion of cancer cell proliferation; Relation with the development of chemotherapy  [65,68,69]

resistance

Endothelial cells TNBC

Relation with angiogenic response; Induction of invasiveness

[70,72]

BC, breast cancer; CAF, cancer-associated fibroblasts; CTLs, lymphocytes; HER, human epidermal growth factor receptor; MDSC, myeloid-
derived suppressor cells; NK, natural killer; pDC, plasmacytoid dendritic cells; TAM, tumour-associated macrophages; TAN, tumour-associated
neutrophils; TIL, tumour-infiltrating lymphocytes; TME, tumour microenvironment; TNBC, triple-negative breast cancer; Treg, regulatory T

lymphocytes; n.d. not defined.
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like TAM occur on exposure to pro-inflammatory cy-
tokines produced by Thl cells, such as interferon (IFN)-
v and possess anti-tumoral functions. Other macro-
phage subtypes have been identified, some associated
with tumours, which are not fully characterized yet [20].
In the breast TME, a higher infiltration of CD163™, M2-
like TAM has been correlated with unfavourable clinical
features, such as larger tumour size, higher histological
grade and ER negativity, as well as with higher tumour
recurrence and lower patient survival [21—24].

Circulating neutrophils are also recruited by chemo-
tractants to the TME, where they become tumour-
associated neutrophils (TAN). Like macrophages,
these cells can be polarized into either pro- or anti-
tumorigenic phenotypes, which influence tumour
development in different ways [25]. TAN infiltration has
been correlated with poor outcomes in several cancer
types [26], although conflicting data exist in this respect
[27]. In BC, the only study so far showed that TAN were
present in nearly 90% of the analysed TNBC tissues,
whereas more moderate percentages were found for
HER2-positive and hormone receptor—positive/HER-
negative tumours (53% and 5%, respectively). However,
as the phenotypic and functional features of infiltrating
TAN were not assessed, their role in BC progression
remains unclear.

Dendritic cells (DC) are professional antigen-
presenting cells that play a central role in cellular im-
mune responses against cancer [29]. Both immature and
mature dendritic cells of myeloid origin (mDC) have
been found to frequently infiltrate early-stage breast
carcinomas, but only mature mDC infiltration corre-
lated with axillary lymph node involvement and the
Scarff-Bloom-Richardson grading index, used as an in-
dicator of tumour aggressiveness [30]. Furthermore,
infiltration by plasmacytoid dendritic cells (pDC),
although seldom observed, was strongly associated with
decreased overall survival and relapse-free survival [30].
Accordingly, higher levels of circulating pDC, likely
reflecting lower infiltration of the tumour site, were
shown to be a good prognostic factor for BC [31]. The
negative impact of pDC infiltration has been attributed
to the impaired capacity of tumour-associated pDC to
produce type I interferon, which could result in higher
proliferation of pro-tumorigenic regulatory T lympho-
cytes (Treg) [32]. Recently, the phenotype of DC subsets
in BC has been further scrutinized, based on the tran-
scriptomic profiling of tumour and adjacent nonin-
volved tissues [33]. In TNBC, all DC subsets showed
enrichment for the interferon pathway, whereas in
luminal BC, the transcriptional signatures were specific
to each DC subset, with pDC displaying enrichment for
the vascular wound healing and extracellular matrix
pathways.

Tumour-infiltrating lymphocytes (TIL) comprise B
and T cells, with cytotoxic CD8* T lymphocyte (CTL)
cells being the most abundant TIL in the BC

microenvironment, followed by helper CD4* T cells and
NK cells [34]. The association between the abundance of
CTLs and good prognosis of primary breast tumours
and/or pathological complete response to neoadjuvant
chemotherapy (NAC) has long been recognised and
confirmed by recent studies involving large cohorts
[35—38]. In addition, lower lymphocytic infiltration was
found in tumours at first metastatic recurrence
compared with primary ones, which suggests that im-
mune escape is important during metastatic progression
[39]. As for CD4" T helper cells, their role in BC is less
clear. Pro-inflammatory Thl cells, which typically pro-
duce IFN-v, have been correlated with improved sur-
vival in patients with BC [40]. By contrast, anti-
inflammatory Th2 cells, which produce IL-4, have
been shown to promote metastasis in luminal BC [41].
Other important subsets of CD4" T cells are Th17 cells
and regulatory T cells (Treg or FOXP3" T cells). A
significantly higher number of Th17 effector cells have
been reported in breast tumours compared with normal
breast tissue [42]. These cells appear to be involved in
anti-tumour responses and are associated with a more
favourable prognosis. On the other hand, an inverse
correlation was found between the frequency of Treg in
BC and patient survival [43—45]. Treg are suppressor
cells required for self-tolerance, and their balance in
relation to Th17 cells is considered crucial in the regu-
lation of cancer progression [46]. Furthermore, the fre-
quency of circulating Treg was found to be dependent
on the BC subtype, with HER2-positive BC showing
significantly higher Treg frequencies than HER2-
negative patients at the same clinical stage [47].

NK cells are innate lymphocytes that play an
important role in tumour immune surveillance, inhibi-
tion of growth and prevention of metastatic dissemina-
tion [48]. Increased NK cell infiltration has been
associated with improved prognosis of several solid tu-
mours, including BC [49]. In patients with large and
locally advanced BC, the abundance of NK cells in the
peritumoral space has been correlated with a good
pathological complete response to NAC [49]. Moreover,
human BC samples resistant to NAC displayed lower
NK cell infiltration than the tumours sensitive to treat-
ment, suggesting that NK counting could be of value in
predicting response to treatment [50]. It has also been
shown that BC of luminal, HER2-positive and basal-
like subtypes differentially express various NK
cell—activating ligands. Natural killer, group 2, member
D (NKG2D) ligands and the DNAX accessory
molecule-1 (DNAM-1) ligands were reported as the
most common, particularly in luminal tumours that
express low levels of the inhibitory human leukocyte
antigen (HLA) transcripts [51]. Poorly immunogenic
cancer cells frequently loose expression of classical
major histocompatibility complex class I molecules
(HLA-A, HLA-B and HLA-C) to escape from CTL
attack, while they become more vulnerable to NK cell-
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mediated anti-tumour immunity [52]. In breast tumours
with low expression of these molecules, increased
expression of HLA-G and HLA-E was correlated with
higher relapse risk, which suggests that these non-
classical HLA molecules could have a role in counter-
acting the susceptibility to attack by NK cells [53].

Myeloid-derived suppressor cells (MDSC) are a het-
erogeneous population of immature myeloid cells which
inhibit immune responses through several processes,
including depletion of arginine (required for T cells
survival), production of reactive nitrogen species and
reactive oxygen species (ROS), and secretion of inhibi-
tory cytokines [54]. The levels of MDSC in blood have
been found significantly increased in patients with BC
relative to healthy controls [55], as well as in patients
with higher disease burden and clinical stage, suggesting
that MDSC levels could be predictive of patient survival
[56]. In addition, patients with BC with reduced circu-
lating levels of MSDC were found to respond better to
NAC, whereas poor responders showed increased
MSDC levels, which further increased on treatment [57].
Recently, Gonda et al. provided additional evidence for
the prognostic value of MDSC quantification in pe-
ripheral blood of patients with BC [58].
Among preoperative patients, the overall survival was
significantly shorter for those where MDSC represented
more than 1% of peripheral blood mononuclear cells.
Comparing all study subjects, circulating MDSC levels
were significantly elevated in preoperative and recurrent
patients with BC compared with postoperative patients,
chemotherapy-treated patients or healthy controls. The
role of MDSC in immune suppression was postulated to
involve multiple pathways, such as increased production
of IL-6, suggesting a Th-2 dominant status, and
decreased production of IL-12 by dendritic cells.
Furthermore, MDSC levels also correlated with protein
turnover and C-reactive protein levels, which reflects a
relationship with malnutrition and inflammation,
respectively [58].

2.2. Non-immune cells in the breast tumour
microenvironment

Non-immune cells, including cancer-associated fibro-
blasts (CAF), adipocytes and endothelial cells, are also
in close interaction with proliferating tumour cells and
constitute an integral part of the TME, playing a
multifaceted role in tumour initiation and progression
[59].

CAF are a specialized group of fibroblasts charac-
terized by irreversible activation and evasion of
apoptosis [60]. CAF may be derived from various cells,
namely resident fibroblasts, epithelial, endothelial and
mesenchymal cells, and constitute a heterogeneous and
abundant population in the TME. CAF are believed to
promote the growth and invasion of cancer cells through
multiple mechanisms, including the secretion of growth

factors and pro-inflammatory mediators, cell—cell in-
teractions and metabolic crosstalk with tumour cells
[60]. Incubation of BC cell lines with CAF isolated from
human invasive breast carcinomas produced an upre-
gulation of several oncogenes in BC cells and increased
their invasion ability [61]. In addition, CAF cocultured
with endothelial cells (HUVEC) were shown to promote
angiogenesis [01]. In the clinical setting, significant cor-
relations between CAF infiltration and worse BC clin-
ical outcome were reported based on a meta-analysis
[62]. Specifically, high density of activated fibroblasts
in primary BC correlated with decreased patient sur-
vival, poor tumour differentiation and lymph node
metastasis, thereby highlighting the prognostic value of
CAF infiltration in BC. Recently, Costa et al shed some
light into the mechanisms through which BC
CAF contribute to an immunosuppressive microenvi-
ronment [63]. Four CAF subsets (S1 to S4) were iden-
tified and found to be differentially distributed in human
normal breast tissues and BC subtypes. Then, the CAF-
S1 subset, particularly enriched in TNBC tissues, was
highlighted as a major contributor to immunosuppres-
sion. This was explained by their ability to recruit
CD4+4-CD25 + T cells and to promote their differenti-
ation into Treg cells.

Mature adipocytes play an active role in BC pro-
gression, as supported by the well-established epidemi-
ological link between obesity and postmenopausal BC
risk [64]. As recently reviewed [65], multiple factors are
involved in the pro-tumorigenic functions of adipocytes,
such as production of adipokines (e.g. leptin, adipo-
nectin) and other soluble factors (e.g. IL6, TNF-a),
extracellular matrix remodelling, transformation into
CAF and metabolic rewiring. On tumour invasion, with
the disruption of the basement membrane, BC cells and
adipocytes are in close contact, which leads to several
phenotypic and functional alterations in both cell types.
Adipocytes surrounding the invasive tumour front were
found to exhibit, both in vitro and in vivo, reduced lipid
content and expression of adipocyte markers, together
with an activated state characterized by overexpression
of proteases and pro-inflammatory cytokines [66,67]. On
the other hand, several molecular changes were observed
in TNBC cells cocultured with adipocytes, such as the
induction of pro-inflammatory genes and increased
migratory capacity [68]. Furthermore, adipocytes have
been implicated in the development of chemotherapy
resistance in several cancer types, including BC [65]. A
recent study has shown that adipocytes (differentiated
in vitro and isolated from lean and obese patients) could
directly regulate the response of BC cells to doxorubicin
and other drugs, independently of BC subtype [69]. The
upregulation of the transport-associated major vault
protein (MVP) by adipocytes was found to mediate
reduced drug accumulation in the nuclei of BC cells and
drug efflux from cytoplasmic vesicles to the extracellular
medium, thus inducing a multidrug-resistant phenotype.
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In human BC tissues, higher MVP expression was found
at the tumour invasive front, where cancer cells are
closer to adipocytes, suggesting that MVP-mediated
drug resistance may be clinically relevant regarding the
formation of chemoresistant metastasis.

Endothelial cells (EC) in the lining of blood vessels
are also important players in the breast TME, particu-
larly regarding the angiogenic support of tumour
growth and metastatic spreading. Indeed, the reciprocal
growth factor exchange between cocultured endothelial
and BC cells has been shown to directly modulate the
angiogenic response and tumour invasion capacity [70].
Direct cell-to-cell contact is required for endothelial cells
to support the in vitro survival, stemness and invasive-
ness of BC cells under starvation [71]. A particularly
important observation was that EC could enhance
mammary cells stemness in vitro and their tumour
initiation potency in vivo, which highlights their role in
providing a pro-tumorigenic niche in a perfusion-
independent manner. The influence of EC over the
metastatic potential of TNBC cells has also been
recently addressed [72]. A model has been proposed
where TNBC, treated with TGF-B to induce
endothelial-mesenchymal transition, increase the
secretion of plasminogen activator inhibitor 1 (PAI-1),
which in turn augments the secretion of CCLS5 by
cocultured EC, followed by its binding to TNBC
membrane. This results in induction of TNBC inva-
siveness and further stimulates PAI-1 production,
creating a positive feedback loop. In addition, in tissues
of patients with TNBC, PAI-1 expression was correlated
with angiogenesis and distant metastasis, underscoring
the potential clinical relevance of targeting PAI-1 to
hamper TNBC metastization.

3. Breast cancer metabolic reprogramming

Several studies have identified extensive differences be-
tween the metabolic profiles of BC and normal breast
tissues, suggesting alterations in various metabolic
pathways such as glycolysis, the TCA cycle, amino acid,
nucleotide and/or lipid metabolisms [73—75]. In addi-
tion, BC tissue metabolic composition has been reported
to depend on multiple factors such as tumour size and
grade [76], race and age [74], and hormonal status
[77,78], which reflects BC heterogeneity and complexity.
Interestingly, in a study gathering metabolite, protein
and gene expression data from over 200 breast tumours,
three different metabolic clusters could be identified
which did not correlate with ER status, contributing
with additional information to understand BC hetero-
geneity [79]. In particular, these clusters were found to
differ mainly in glycolysis/gluconeogenesis and in glyc-
erophospholipid metabolism. Metabolic profiling of
cultured BC cells also revealed high metabolic vari-
ability among different cell lines [80,81] and helped to

corroborate many of the features found in tissues. For
instance, ER-positive cells (BT-474) were found to be
less glycolytic than ER-negative cells (MDA-MB-231
and MDA-MB-453) [82], similarly to the observation
made in tissues [78]. On the other hand, metabolic
changes in TNBC cells indicated increased energy de-
mand, consistent with the more aggressive clinical
behaviour of this cancer subtype [82,83]. In the
following sections, current knowledge on the functional
importance and regulation of specific metabolic alter-
ations found in BC tissues and cells will be addressed.
Fig. 2 provides an overview of the main features of BC
metabolic reprogramming.

3.1. Glycolysis

Glycolysis entails a series of reactions where glucose is
converted to pyruvate, with the concomitant production
of NADH and ATP. The resulting pyruvate can either
be converted to acetyl-CoA and enter the TCA cycle or
give rise to lactate, especially if oxygen availability is
low. Elevated glucose uptake and glycolysis, together
with high lactate production even under aerobic condi-
tions, are a recognized hallmark of many cancers [84].
This so-called Warburg effect is thought to confer se-
lective advantages to cancer cells, such as rapid energy
production, substrates for biosynthetic pathways, redox
equilibrium and promotion of tumour invasion [84].
Importantly, enhanced glucose uptake and glycolytic
activity are at the basis of the noninvasive imaging
technique '®F-fluorodeoxyglucose positron emission
tomography, which is widely used in the clinic as a
diagnostic and therapy response monitoring tool [85]. In
BC, enhanced glycolysis has been observed in human
neoplastic tissues compared with non-cancerous ones
[73.86], as well as in tumour cell lines, compared with
normal breast epithelial cells [82,87]. Several factors
have been shown to contribute to enhanced glycolytic
activity in BC.

In human cells, glucose uptake is facilitated by a
family of membrane glucose transporter proteins
designated as GLUTs. Among the 14 isoforms encoded
by the human genome, GLUT]1 is most widely distrib-
uted in body tissues and often overexpressed in cancer,
including BC [88]. Using immunohistochemical analysis
of tissue microarrays, Choi et al have shown GLUT]1 to
be overexpressed in TNBC, especially in the basal-like
subtype, and to correlate with a more glycolytic profile
[89]. In another study, GLUTI and GLUT3 were re-
ported to be significantly more expressed (both at
mRNA and protein levels) in poorly differentiated tu-
mours of grades 2 and 3 compared with grade 1 well-
differentiated tumours [90]. Moreover, in a recent meta-
analysis, tissue overexpression of GLUT1 was found to
significantly correlate with worse prognosis and poor
survival in BC [88].



160 A.S. Dias et al. | European Journal of Cancer 121 (2019) 154—171

Glucose

GLUT
AAAAAAA AR ATTAY

H\‘n“\“‘“ﬂ‘*“‘*“\‘““‘““HU‘“?“”‘w “““ ARAAARA ARAAAAAR ARAAAAAAA AAARAAARAR A A A A A fif
Yeuupueeuuug g UUupUuuuUuuIubyuuyuY R euuuuLeyuuuuyvyyY vuuupiy TR ey YUUUULUuLuIupLIuUUIyIuyyy Y vyuypuupuyuyYyl

Ao
\L

Glucose
|

HK2 |
Glucose-6-P
v

Malonyl CoA

/‘ Acetyl CoA

F ructo.;e-l,6-BP (
v

v
Fructose-6-P

PFK1

Phosphoenolpyruvate

PKM2  * Pyruvate’ Fumaratct activity

SDHC
Succinate

FAS
———— Palmitate

//_\4
Acetyl CoA
ppH
TCA cycle

»— — Fatty Acids

GLS
o-Ketoglutarate «— Glutamate < Glutamine

—
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The first step of glycolysis, whereby glucose is con-
verted to glucose-6-phosphate, is catalysed by hexoki-
nases (HK). Among the 4 isoforms found in mammalian
tissues, HK?2 is reported to be particularly overexpressed
in cancer tissues [91]. HK2 was found to be expressed in
nearly 80% of 27 untreated primary BC analysed by
immunohistochemistry [92], corroborating earlier find-
ings [93]. More recently, HK2 was shown to be required
for tumorigenesis in mouse models of ErbB2/Her2-
driven BC, while HK2 ablation inhibited the malig-
nant phenotype of BC cells both in vitro and in vivo [94].

The activity of phosphofructokinase (PFK1), another
rate-limiting enzyme of glycolysis which converts fruc-
tose-6-phosphate to 1,6-bisphosphate, has also been
found increased in BC tissue compared with either
normal breast tissue [95] or to adjacent paracancer tissue
[96]. Moreover, increased protein expression of total
PFK-1 accompanied elevated enzyme activity, while
different isoenzyme patterns were found to characterize
cancer and paracancer breast tissues [90].

The third committed step of glycolysis, whereby
phosphoenolpyruvate (PEP) is transformed into pyru-
vate, is catalysed by pyruvate kinases (PK). The isoform
PKM2 is highly expressed in highly proliferating cells in
several cancer types. Besides having a key role in
glycolysis, PKM2 contributes to tumorigenesis by
acting as a coactivator and protein kinase [97]. In BC,
the clinical significance of elevated PKM2 has been
recently addressed in a meta-analysis, whereby high
PKM2 expression was indicative of worse survival in

patients with BC and correlated with lymph node
metastasis [98].

The regulatory role of different genes and transcrip-
tion factors over glycolytic activity in BC has also been
investigated in a few studies. The BC susceptibility gene
1 (BRCA1) is a major tumour suppressor gene and the
most frequently mutated gene in hereditary BC [99]. In
BC cells, BRCA1 was shown to downregulate glycolysis
and to upregulate the TCA cycle coupled to oxidative
phosphorylation [100]. Inactivation of the phosphory-
lated form of RAC-alpha serine/threonine-protein ki-
nase (AKT) by BRCA1 was postulated to account for
this reversion of the Warburg effect. Additionally, Zhao
and co-workers published the first evidence associating
overexpression of the ERBB2/HER2 oncogene with
increased glycolysis. BC cell lines (MCF7 and MDA-
MB-231) overexpressing ERBB2 displayed enhanced
glucose uptake, lactate production and decreased oxy-
gen consumption, through the upregulation of heat
shock factor 1 (HSF1) [101]. Hypoxia-inducible factors
(HIF) 1 and 2 are important mediators of oxygen level
regulation, which is especially relevant in cancer, given
that almost all solid tumours have poorly oxygenated
areas. In hypoxic conditions, both HIF-a subunits
(HIF-1a and HIF-2 a) escape proteolysis and dimerize,
with the HIF-18 subunit activating the transcription of
target genes [102]. Different roles for HIF-1oo and HIF-
20 have been found in human BC cell lines [103,104].
Activation of HIF-1a has been reported to promote a
shift towards aerobic glycolysis, increased glucose
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uptake and lactate release in BC cells [103]. Corrobo-
rating these findings, the higher glycolytic activity of
aggressive metastatic BC cells was found to be mostly
driven by HIF-1a [104]. On the other hand, activation of
HIF-2a was found to induce overexpression of proteins
involved in tumour growth and cell proliferation, such
as epidermal growth factor receptor (EGFR), RAS and
cyclin D1 [103]. The transcription factor TWIST has
also been implicated in the reprogramming of glucose
metabolism in BC cells, as it was found to promote
overexpression of several glycolytic genes, by inducing
Bl-integrin/FAK/AKT/mTOR signalling and inhibiting
p53 signalling pathways [105].

3.2. TCA cycle and oxidative phosphorylation

The TCA cycle comprises a series of reactions occurring
in the mitochondria, whereby acetyl-CoA is oxidized,
resulting in carbon dioxide and ATP, together with the
reduced cofactors NADH and FADH?2. These cofactors
will pass their electrons into the electron transport chain
allowing for ATP generation through oxidative phos-
phorylation (OXPHOS). While quiescent cells rely
mainly on oxidative mitochondrial metabolism for en-
ergy production, cancer cells typically display upregu-
lated glycolysis and mitochondrial dysregulation [106].
Indeed, mutations in mitochondrial DNA, including
those affecting respiratory complex I and OXPHOS,
were detected in breast tumours and cell lines and
postulated to regulate cancer metastasis [107,108].
Furthermore, different TCA cycle—related enzymes
were found to be altered in BC. Pyruvate dehydrogenase
complex (PDH) catalyses the oxidative decarboxylation
of pyruvate into acetyl-CoA and therefore controls the
flow of metabolites from glycolysis to the TCA cycle and
the subsequent generation of ATP by mitochondrial
metabolism. Recently, reduced expression of PDHX, a
structural component of the PDH complex, was re-
ported in human breast tumour tissues and correlated
with low patient survival [109]. In addition, in BC cell
lines, suppression of PDHX led to decreased mito-
chondrial oxidation, promotion of extracellular acidifi-
cation and increased cell proliferation [109]. The
succinate dehydrogenase (SDH) complex is a key
enzyme of the TCA cycle (whereby the subunit SDHA
catalyses the conversion of succinate to fumarate) and
directly participates in cellular respiration as complex 11
of mitochondria respiratory chain. In human BC tissues,
SDH expression was found to be dependent on the BC
molecular subtype, with HER-2 and luminal A subtypes
showing, respectively, higher and lower expression of
the SDHA subunit [110,111]. In TNBC cells, trans-
fection with BRCA1 induced increased SDHC gene
expression, which resulted in lower succinate levels
(thereby promoting HIF1a degradation and glycolysis
downregulation), as well as in increased ATP produc-
tion via enhanced OXPHOS [100].

3.3. Amino acid metabolism

Besides glucose, some amino acids such as glutamine
and serine are important substrates for neoplastic cells
to grow and proliferate. Several tumours are ‘addicted’
to glutamine, displaying a markedly increased con-
sumption of this amino acid. Glutamine is required not
only for biosynthetic pathways (amino acids and nucleic
acids production), but also for glutaminolysis, whereby
it is converted into TCA cycle intermediates and lactate,
providing an extra energy source for cancer cells [112].
Once taken up by cancer cells, glutamine is converted
into glutamate by glutaminase (GLS). This enzyme was
found to be differentially expressed in human tumour
tissues depending on the BC subtype [113]. Specifically,
GLS expression was reported to be higher in TNBC
than in luminal and/or HER2 subtypes. Accordingly,
both isoforms of GLS, mitochondrial phosphate-
activated glutaminase C and the kidney-type gluta-
minase, were recently reported to be essential for the
survival and proliferation of TNBC cells, as well as to be
required for the growth of TNBC xenografts [114].
Moreover, when comparing basal and luminal BC cell
types, the latter was reported to be more glutamine-
independent, due to lineage-specific expression of
glutamine synthetase [115].

Serine is a non-essential amino acid whose biosyn-
thesis is often upregulated in cancer cells [116]. The first
step of the serine biosynthetic pathway is catalysed by
the enzyme  3-phosphoglycerate  dehydrogenase
(PHGDH), which is genetically amplified and/or over-
expressed at the protein level in several cancer types,
including BC. Specifically, PHGDH protein levels were
found elevated in a significant portion of ER-negative
[117] and human breast tumours [118], as well as in
several BC cell lines [119]. PHGDH overexpression has
been associated with promotion of breast tumour
growth via several mechanisms, including fuelling of
protein synthesis and one-carbon metabolism (hence
supporting nucleotide synthesis, antioxidant defence
and methylation reactions) [120], promotion of TCA
cycle anaplerosis [117] and overproduction of the
oncometabolite D-2-hydoxyglutarate [121].

3.4. Lipid metabolism

Highly proliferative cells, such as cancer cells, have
elevated demand for lipids and cholesterol. To satisfy
their needs, cancer cells take up more exogenous lipids
and lipoproteins and/or activate de novo lipogenesis and
cholesterol biosynthesis [122]. Increased fatty acid (FA)
synthesis and upregulation of membrane lipids were
observed in BC tissues [123], which, together with
decreased levels of free fatty acids (FFA) [73], suggests
newly synthetized FA to be rapidly used in the produc-
tion of membrane phospholipids. In addition, FAs may
be used as energetic fuels and as substrates for the
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synthesis of complex lipids, such as triacylglycerols
(TAG), ceramides and inflammatory mediators such as
prostaglandins. Interestingly, tumour
subtype—dependent differences in lipogenesis and FA use
were found in BC tissues [78] and cells [124]. In particular,
a preferential incorporation of palmitate into storage
TAG was reported in TNBC cells, whereas luminal cells
preferentially shunted palmitate into FA oxidation [124].

The rate-limiting enzyme in de novo lipogenesis is
fatty acid synthase (FAS), which catalyses the final steps
of FA biosynthesis, whereby malonyl-CoA and acetyl-
CoA act as substrates to generate palmitate, in the
presence of NADPH. Importantly, FASN, the gene
which encodes FAS, has been considered an oncogene in
BC [125]. In both cancer tissues [126] and cells [127],
FAS was found to be more abundantly expressed in the
BC subtype HER2-positive and to have lower expres-
sion in TNBC. Moreover, HER2 was reported to com-
plex with FAS, promoting its phosphorylation and,
hence, increased enzymatic activity, thus boosting can-
cer cells proliferation [127].

Choline consumption by cancer cells has been asso-
ciated with its increased utilization for anabolic re-
actions and high proliferation rates, a metabolic
dependence not observed in rapidly proliferating un-
transformed cells [128]. Luminal BC cells [129] and
TNBC cells [130] showed upregulation of choline
metabolism, comprising high choline uptake and con-
version to phosphocholine. In addition, phospholipase
D (PLD), which catalyses the hydrolysis of phosphati-
dylcholine to phosphatidic acid and choline, has been
found overexpressed in human breast tumours
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compared with normal breast tissues [131]. Interestingly,
phosphatidic acid was proposed to enhance the meta-
static capabilities of BC cells [132]. Moreover, different
BC cell lines displayed variable PLD activity, which
possibly correlated with the cells proliferative activity
[132].

4. Metabolic interplay in the breast tumour
microenvironment

The continuous crosstalk between malignant and stro-
mal cells is an integral part of tumour pathophysiology,
of which cell metabolism is an important facet [59]. This
section focuses on the reciprocal metabolic interplay
between BC cells and some types of stromal cells present
in the TME, namely TAM, TIL, MDSC, CAF and
adipocytes. Fig. 3 provides an overview of the main
metabolic interactions reported. Even though other
stromal cells such as endothelial cells, neutrophils and
DC are present in BC TME, studies on their metabolic
interplay with BC cells are missing and more research is
needed to fulfil this gap.

4.1. Metabolic interplay between breast cancer cells

Breast tumours typically comprise well-vascularized,
oxygenated cells (negative for HIF-1a), which express
monocarboxylate transporter 1 (MCT1), along with
poorly vascularized and hypoxic BC cells (positive for
HIF-1a), which express hypoxia-induced MCT4
[133,134]. Hypoxic cancer cells use MCT4 to release the
abundantly produced glycolytic lactate, which in turn is
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Fig. 3. Metabolic interplay between BC cells and different non-cancerous cells present in the TME, namely tumour-associated macro-
phages (TAM), cancer-associated fibroblasts (CAF) and adipocytes. ACS: acyl-CoA synthetase; ARG: arginase; CPT1A: carnitine pal-
mitoyltransferase; FFA: free fatty acids; iNOS: inducible nitric oxide synthase; NO: nitric oxide; PDH: pyruvate dehydrogenase complex.
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imported by oxygenated BC cells via MCT1. These cells
take up lactate to fuel their mitochondrial metabolism,
with alanine and glutamate being the predominant
lactate-derived metabolites. As oxygenated cells take up
lactate even in the presence of glucose, they request
lower levels of glucose, which freely diffuses to fuel
glycolysis-dependent hypoxic cells, supporting tumour
cell survival under both normoxia and hypoxia
[133,135]. Notably, targeting this lactate-based meta-
bolic symbiosis through MCT4 ablation was shown to
surmount resistance to anti-angiogenic therapy in a
mouse model of BC [134]. Furthermore, lactate may act
not only as a substrate but also as a signalling metab-
olite. In particular, lactate accumulated in hypoxic BC
cells was shown to stabilize the NDRG3 protein, a
PHD2-interacting protein negatively regulated by oxy-
gen, thereby activating the Raf-ERK pathway to pro-
mote tumour growth and angiogenesis [136]. Glutamine
is another metabolite considered to be involved in the
metabolic symbiosis between BC cells. In vitro coculture
experiments with glutamine-dependent (basal-type) and
glutamine-independent (luminal-type) BC cells showed
that the latter could rescue the first through the ability to
synthetize glutamine, suggesting a possible glutamine
symbiosis that would occur within the breast ducts be-
tween basal and luminal epithelial cells [115].

4.2. Metabolic interplay between tumour-associated
macrophages and breast cancer cells

In general, anti-tumoral macrophages have been asso-
ciated with increased glycolysis, whereas pro-tumoral
macrophages have an intact TCA cycle leading to
OXPHOS metabolism [137]. Stimulation of either mu-
rine or human monocytes/macrophages specifically with
breast tumour extracts has been shown to induce a
glycolytic phenotype in TAM-like macrophages, sug-
gesting rewiring of glucose metabolism to be involved in
TAM differentiation and functional features [138].
Specifically, by using a proteomics approach, the
glycolytic enzyme HK2, as well as the downstream
proteins ATP-dependent 6-phosphofructokinase
(PFKL) and enolase 1 (ENOI1) were found signifi-
cantly upregulated in TAM-like cells stimulated with
tumour extracts. On the other hand, compared with
normoxic TAM, hypoxic TAM isolated from a murine
BC model displayed reduced glycolysis mediated by
mTOR inhibition because of overexpression of the
regulated in development and DNA damage response 1
(REDD1) gene [139]. Such lower utilization of glucose
by hypoxic TAM was linked to its increased use by
endothelial cells and promotion of angiogenesis.
Importantly, this could justify the limited success of
mTOR inhibitors in anticancer therapy, as their anti-
tumour effects could be counteracted by the pro-
angiogenic response promoted by TAMs.

Incubation of human macrophages with lactate has
also been shown to promote the TAM-like phenotype
and to strongly stimulate the secretion of the CCLS5
chemokine through Notch signalling activation [140]. In
turn, CCLS5 promoted glycolysis in BC cells via AMPK
activation, and induced the epithelial-mesenchymal
transition (a main mechanism underlying cancer
metastasis). Hence, CCL5 and its receptor in BC cells
(CCRYS) were highlighted as important therapeutic tar-
gets. On the other hand, the G protein-coupled receptor
132 (GPR132) expressed by macrophages was reported
to be crucially important in sensing and responding to
the lactate released by cancer cells, and hence, in M2-
like polarization [141]. The clinical relevance of these
findings has been corroborated by showing that Gpr132
expression in BC tissues positively correlated with TAM
infiltration, metastasis and poor prognosis.

Arginine metabolism has also been implicated in the
crosstalk between BC cells and TAM. In particular, M2-
like TAM differentiated from human monocytes cocul-
tured with TNBC cells displayed significantly down-
regulated citrulline production [142]. L-citrulline and
nitric oxide (NO) are generated from L-arginine in a
reaction catalysed by inducible nitric oxide synthase
(iNOS) and are both typically overexpressed in M1-like
macrophages. On the other hand, M2-like macrophages
use arginine as a substrate for arginase 1 (ARG1), which
hydrolyses arginine to ornithine and urea [143]. Hence,
decreased citrulline in TNBC-educated macrophages is
in accordance with the pro-tumour functions of these
cells. The capacity of TAM to produce nitric oxide (NO)
has also been found reduced in an animal model of BC,
due to decreased expression of iNOS. Notably, this ef-
fect was more pronounced in macrophages within the
tumour, than in more distally located peritoneal-elicited
macrophages [144].

4.3. Metabolic interplay between tumour-infiltrating
lymphocytes and breast cancer cells

Cancer cells and CTLs share a number of metabolic
features, which include upregulated glycolysis and
intense anabolic activity to satisfy increased energetic
and biosynthetic demands [145]. Several studies have
established that the metabolic competition between
these cells in the microenvironment significantly impacts
tumour progression. For instance, tumour avidity for
glucose, which becomes less available in the extracellular
medium, has been shown to dampen glycolysis in T cells
and to suppress their tumoricidal functions, namely in
sarcoma [146] and melanoma [147] mouse models.
Furthermore, abundant lactate production by tumour
cells has been reported to hinder MCTI-mediated
lactate export by TIL, required to sustain high glyco-
Iytic activity, which results in decreased proliferation,
cytokine production and/or cytolytic capacity
[148—150]. Although the previously cited studies have
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been performed in cancer models other than BC, the
Warburg-like phenotype commonly observed in malig-
nant breast tumours suggests that glucose restriction
and lactic acidosis may be involved in the functional
impairment of CTLs within the breast microenviron-
ment. Furthermore, increased lactate production and
acidification has been reported to impair not only T cells
but also NK cells metabolism, again favouring immune
escape and tumour growth [151].

The competition between cancer cells and TIL for
glutamine may also contribute to hinder the protective
role of TIL against BC progression. Indeed, high
GLS expression in TNBC correlated with low levels of
TIL [152]. On the other hand, glutaminase expression in
TIL was significantly higher in cases with high levels of
TIL. Hence, active glutamine consumption by tumour
cells could account for glutamine deprivation of TIL,
thus limiting their proliferation. Moreover, restriction of
extracellular glutamine was reported to shift activation
of CD4+ T cells towards a Treg phenotype, thus
contributing to immune suppression in vivo [153]. Other
amino acids with important roles in T cell survival and
activation are arginine [154,155] and tryptophan
[156,157]. Therefore, studying their shared use by cancer
cells in the breast TME and knowing how immune
effector and suppressor functions are modulated by the
availability of these amino acids could potentially reveal
additional therapeutic targets.

4.4. Metabolic interplay between myeloid-derived
suppressor cells and breast cancer cells

Metabolic reprogramming of MDSC plays an important
role in BC progression. In mice bearing mammary 4T1
tumours, which are highly metastatic, massive accumu-
lation of MDSC was accompanied by significant upre-
gulation of glycolysis in these cells, as verified at the
gene and mRNA levels and confirmed by in vitro
coculture systems [158]. In particular, the glycolytic in-
termediate PEP was highlighted as a potent antioxidant
metabolite, which prevented excessive ROS production
and protected MDSC from ROS-induced apoptosis,
thus contributing to their survival and expansion. In
another study, the proteomic profile of MDSC from
metastatic (4T1) and non-metastatic (67NR) BC mouse
models revealed differential expression of several pro-
teins related to platelet signalling, angiogenic response
and cellular metabolism, namely glutathione, amino
acid and lipid metabolisms [159]. In particular, spleen
MDSC obtained from 4T1, but not from 67NR animals,
displayed wupregulation of vy-glutamyl transferases,
transglutaminase, apolipoprotein E and ATPases, sug-
gesting an association between the expression of these
proteins in MDSC and the metastatic potential of the
tumours.

4.5. Metabolic interplay between cancer-associated
fibroblasts and breast cancer cells

The metabolic coupling between BC cells and fibroblasts
in the TME has been proposed about a decade ago and
explained by the so-called reverse Warburg effect [160].
According to this model, stromal fibroblasts that are
deficient in Caveolin 1 (Cav-1) display enhanced catab-
olism and produce metabolites (lactate, glutamine and
ketones) that are used by neighbouring cancer cells to
fuel oxidative energy production. In a series of studies,
such metabolic reprogramming in CAF was demon-
strated to be derived from the joint effect of upregulated
glycolysis, mediated by HIF1a activation, together with
autophagy induced by oxidative stress [161]. The dif-
ferential metabolism of cocultured human CAF and BC
cells was further demonstrated at the gene expression
level, whereby cancer cells displayed upregulation in
genes related to the TCA cycle and mitotic response,
whereas CAF upregulated genes associated with
increased glucose transport, glycolysis and glycogenesis
[162]. Importantly, glycolytic CAF were shown to pro-
mote tumorigenesis both in vitro [163] and in vivo [164],
as well as to induce anti-oestrogen resistance in ER-
positive BC cells, by providing protection against
stress-induced apoptosis [165]. These findings have
motivated the modulation of the glucose-lactate shuttle
in the TME to be assessed as a therapeutic strategy for
patients with BC with low stromal Cav-1 expression.
Promising results were obtained on treatment of a Cav-
1-deficient xenograft murine model with the glycolytic
inhibitors 2-deoxyglucose and dichloroacetate, which
significantly reduced tumour growth [164].

The reverse Warburg effect underlying
tumour—fibroblast interactions in the TME has also
been reported in other cancer types, such as prostate
cancer [166], colon carcinoma and melanoma [167].
However, opposing evidence has shown that this meta-
bolic feature is not always present. Focussing on BC,
Brauer et al have reported that the influence of CAF on
BC cells glucose metabolism was actually dependent on
the CAF phenotype [86]. While primary CAF isolated
from luminal-like BC tissues suppressed glucose uptake
by the luminal MCF7 BC cell line and had no effect on
basal-like SUMI149 cells, basal-like CAF induced
enhanced glucose uptake in both BC cell lines.
Furthermore, in a coculture system of claudin-low
MDA-MB-231 BC cell line with CAF (obtained
through stimulation of human bone marrow—derived
mesenchymal stem cells with BC cells—conditioned
medium), lactate derived from glycolytic tumour cells
was found to be taken up by CAF [168,169]. Based on
real-time polymerase chain reaction analysis and NMR
spectroscopic measurements, this lactate was proposed
to be transformed by CAF into metabolites such as
pyruvate, which were then exported to fuel cancer cells
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energetic and biosynthetic requirements [169]. Alto-
gether, these studies demonstrate that interactions be-
tween cancer cells and CAF in regard to glucose
metabolism may be dependent on factors such as stro-
mal Cav-1 expression and tumour glycolytic activity,
making it difficult to propose a single model to represent
all BC cases.

The metabolic crosstalk between CAF and BC cells
also appears to involve lipid metabolism and transport.
Primary breast CAF have been recently reported to
display overexpression and activity of FAS, leading to
enhanced FA levels and secretion to external media
[170]. On the other hand, BC cells incubated with CAF-
conditioned medium presented decreased expression and
activity of FAS, together with increased expression of
the FA transporter, FATP1, and higher lipid levels.
Hence, it was proposed that, under the influence of
CAF, BC cells decreased lipid synthesis but enhanced
their uptake from the microenvironment, thus suggest-
ing lipid transport to be a possible target for modulating
the BC cells—CAF interplay.

4.6. Metabolic interplay between adipocytes and breast
cancer cells

As mentioned previously, metabolic rewiring is one of
the mechanisms through which adipocytes are consid-
ered to influence BC progression. This has been
demonstrated in a recent study whereby, using cocul-
ture and conditioned media approaches, FFA released
from adipocytes (differentiated from 3T3-L1 fibro-
blasts) were seen to feed BC cells (MDA-MB-231 or
MCF-7) and to promote their proliferation and
migration, while also altering their metabolism [171].
This effect was demonstrated to reflect adipocyte
lipolysis mediated by hormone-sensitive lipase and ad-
ipose triglyceride lipase (ATGL), together with
increased carnitine palmitoyltransferase (CPT1A) and
electron transport chain complex protein levels in BC
cells. Notably, obese adipocytes (3T3-L1 adipocyte cell
line exposed to a lipid-rich environment) amplified this
response in TNBC cells (MDA-MB-231), highlighting
the role of direct metabolic substrate supply by adi-
pocytes in obesity-mediated promotion of BC patho-
genesis. The shuttling of FFA from adipocytes into
tumour cells has been corroborated and further
explored in another work, where FFA were seen to
accumulate as triglycerides in lipid droplets of BC cells,
both in vitro and in vivo [172]. This was followed by
ATGL-dependent lipolysis and CPT1A-mediated
translocation of FFA into the mitochondria of BC
cells, causing FAO uncoupling, reduced ATP produc-
tion and AMPK activation. These changes, observed
when BC cells with low (ZR-75-1) and high
(SUM159PT) invasive capacity were cocultured with
adipocytes, were proposed to sustain the observed
metabolic rewiring and to favour cell invasion. Indeed,

inhibition of the ATGL-dependent lipolysis/FAO
pathways was able to completely block tumour cells
invasive capacity, highlighting ATGL as a possible
therapeutic target against BC aggressiveness.

5. Conclusions

The TME plays a decisive role in BC progression, as
shown by the prognostic value of specific cell pop-
ulations, such as TIL, TAM or DC. Intermediary
metabolism appears to be actively involved in the
shaping of cell—cell interactions in the TME, directly
contributing to either tumour-suppressive or tumour-
promoting phenotypes. Metabolic studies of BC tissues
and cells have identified alterations in several metabolic
enzymes, fluxes and mediators, typically reflecting
enhanced glycolysis, TCA cycle activity, glutaminolysis
and lipid biosynthetic pathways. Such metabolic alter-
ations vary according to the BC subtype and grade,
while depending also on the complex dialogue between
BC cells and the non-cancerous stromal cells present in
the TME, such as fibroblasts, adipocytes, endothelial
cells and several immune cells. Indeed, both competitive
and symbiotic relationships have been found in BC
TME, at the level of nutrient use and metabolic regu-
lation. This intricate crosstalk appears to strongly in-
fluence tumour escape from immune surveillance
mechanisms and to participate in cancer progression
and metastasis. Hence, a deeper understanding of
metabolic interactions in the TME has the potential to
reveal vulnerabilities and pharmacological targets that
may be explored in anticancer therapies.
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