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Over the years, substantial evidence has de nitively conmed the existence of
cancer stem-like cells within tumors such as Glioblastoma (GBM). The importece of
Glioblastoma stemiike cells (GSCs) in tumor progression and relapse clearly higdhts
that cancer eradication requires killing of GSCs that are frinsically resistant to
conventional therapies as well as eradication of the non-GSs cells since GSCs
emergence relies on a dynamic process. The past decade of resrch highlights that
metabolism is a signi cant player in tumor progression and etually might orchestrate
it. The growing interest in cancer metabolism reprogrammain can lead to innovative
approaches exploiting metabolic vulnerabilities of cangecells. These approaches are
challenging since they require overcoming the compensatgrand adaptive responses of
GSCs. In this review, we will summarize the current knowledgon GSCs with a particular
focus on their metabolic complexity. We will also discuss p@ntial approaches targeting
GSCs metabolism to potentially improve clinical care.
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cancer plasticity
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INTRODUCTION

Glioblastoma (GBM) is the most common primary brain tumor inwdts, de ned as a grade
IV glioma according to the WHO (World Health Organization)assi cation of central nervous
system tumors X). GBM is characterized by a highly in ltrative nature withthe surrounding
brain parenchyma and a dismal prognosis despite aggressateteats. Present GBM standard of
care, as de ned in the Stupp protocol, includes surgical tumesection followed by radiotherapy
with concomitant and adjuvant chemotherapy with Temozoldmi With this therapy, patient
median survival is only 18 months witk 5% of patients surviving over 5 yeard).(This poor
response rate can be explained by the almost inevitable GBMreswe within a year of initial
diagnosis in part due to the limitations of surgical resectifiven GBM propensity for in Itration,
but also to an extensive tumoral heterogeneity resulting large range of variabilities in crucial
biological responses like cell proliferation, invasion, ardsitivity to conventional treatments.
At the genetic level, GBM display a highly mutated genome ilidlg loss, ampli cation, or
mutation of EGFR (including expression of the constitutivactive form EGFRvIII), PDGFRA,
NF1, PTEN, RB1, and p53, resulting in the deregulation of ményading pathways. Furthermore,
epigenetic modi cations are also well-characterized in GBSpecially on the ®methylguanine
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methyltransferase (MGMT) gene, a DNA repair enzyme involvedeen challenged by subsequent studies highlighting caceler
in the xation of damages induced by alkylating agents sush aplasticity occurring in tumors and giving rise to a new stostia
Temozolomide. Inactivation of the MGMT enzyme, following its model based on clonal evolutionl@12). In this model,
promoter hypermethylation, correlates to a better prognosie d some tumor cells can progressively accumulate mutations and
to the resultant inability of the MGMT enzyme to remove alkyl reacquire a self-renewal potential, forming several CSCseslon
groups from DNA @). This heterogeneity becomes even morg13). Therefore, all the cells forming the tumor bulk have the
complex when therapy comes into the picture with the emergencgotential to become CSCs through a dedi erentiation process,
of drug-resistant clones with highly mutable phenotypéss). already underlining the complexity of their characteripati
At the cellular level, functional GBM heterogeneity can be In conclusion, whereas the non-CSCs constitute the tumor
explained by the existence of multiple cellular subpopulations dfulk and the CSCs are involved in tumor relapse and metastasis,
cancer cells. In particular, Glioblastoma stéike cells (GSCs) the hierarchy between CSCs and non-CSCs is de nitively bi-
display stem cell properties of self-renewal and multi-lireagdirectional and highly dynamic, adding further complexitydur
di erentiation. These cells generate cellular heteroggnély  understanding of the tumor.
establishing a di erentiation hierarchy leading to a widenge
of distinct cell types present in the tumor. Importantly, exsare . L. .
studies have implicated these GSCs in GBM recurrence. Recenfy€notypic Plasticity of Glioblastoma
an increased focus upon this GSCs subpopulation suggests tfatem- Like Cells
their eradication is de nitively required in order to sucssfully In Glioblastoma, GSCs were rst identied by Singh et al.,
treat GBM patients. as a population of cells capable of initiating tumor growth
Normal stem cells are unique in their ability to self-renew,in vivo (8). Like their normal counterparts the neural stem
proliferate, and di erentiate in various cell types. They algoa cells, GSCs exhibit self-renewing and multilineage di eiion
characterized by poorly developed mitochondria and a strongnto neurons, astrocytes, and oligodendrocytes, and even
glycolytic metabolism. Whereas, the metabolic alteratibave transdi erentiation abilities [review in 14)]. However, in
been included as a hallmark of cancer cells, contradictesylts contrast to neural stem cells, GSCs display the ability to
have been reported for GSCs suggesting a metabolic exibilitinitiate a tumor upon transplantation and to recapitulate its
The aim of this review is to summarize and emphasize some dfitial phenotype and heterogeneity. GSCs are highly redistan
the key aspects of GSCs, with a particular focus on their dypamto chemotherapy 15, 16) and radiation (7), and have been
emergence and metabolic plasticity. Given the obvious need finvolved in GBM tumorigenicity. Indeed, GSCs are slow-
improvement of current therapies for GBM, we will also presentycling, have the capacity to limit DNA lesions through stgon
data on how metabolic targeting might be exploited to eraidica and e cient DNA damage response, and prevent cytotoxicity
GSCs and hopefully improve clinical outcomes. through high drug e ux by ABC transporters. Recently, several
studies have highlighted that GSCs may also be involved in
the in ltrative nature of GBM (L8-20). In particular, expression
GLIOBLASTOMA STEM- LIKE CELLS level of Wnt5a de nes the in Itrative capacity of GBM cells,
. L. . including in GSCs. In fact, its overexpression in GSCs cerdar
De nition and Origin of Cancer Stem-  Like exacerbated invasive phenotype while its inhibition redubes t
Cells invasive potential botin vitro andin vivo.
The cancer sterlike cells (CSCs) concept was originally In Glioblastoma, several studies demonstrated the
proposed to reconcile the complex phenotypic heterogeneity dfidirectional plasticity between GSCs and more di erentihte
tumors and the fact that only a few cancer cells are actuallBM cells as a result of environmental factors. First, lEsid
tumorigenic. CSCs possess the capacity to self-renew téndia promoting the self-renewal of GSCs, hypoxia through HiF2
tumor as well as the potential to di erentiate to reconstititee  promotes a stem-like phenotype in the non-stem population by
initial tumor mass, including its heterogeneity)(An increasing upregulating several stem cell factors, such as Oct4, Nandg an
amount of evidence based on preclinical and clinical studies-Myc (21). Second, as we described before, chemotherapy as
demonstrates the importance of CSCs in tumor progressiomell as radiation consistently increase the GSCs pool one. ti
and relapse suggesting that cancer eradication requirésgkil In fact, therapeutic doses of Temozolomide trigger a phenaotypi
of CSCs. shift in the non-GSCs population to a GSCs sta#e) (while
Since the CSCs concept emerged in the 1970's, the origin Hdiation increases tumorigenicity through reacquigitiof
these cells is still controversial with opposite models to erpla stemness markers and stem-associated properties of GBM cells,
their presence in tumors. The initial and traditional theory in part via a survivin-dependent pathwag3). Recently, it has
is based on a hierarchical and unidirectional model, wherdeen suggested that Sox2, a well-known transcriptional facto
CSCs constitute a speci ¢ and rare subpopulation of cells thahvolved in stemness maintenance, might be central in tumor
possess the unique capacity to repopulate and reconstitutertumoell plasticity by regulating dedi erentiation and acquisit
heterogeneity through symmetric self-renewal of the CS@s, po of GSCs properties, through a transcriptional regulation of
and asymmetric divisions to generate di erentiated canadisc distinct genes set in di erentiated tumor cells and GSQs)(
(8,9). In this model, CSCs may have emerged after acquisition dyperactivation of the tyrosine kinase c-Met, involved in the
mutations in normal neural stem cells. However, this modaet h reprogramming of induced pluripotent stem (iPS) cells, also
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induces GSCs reprogramming via a mechanism requiring Nanogadiation than CD133 negative cells and were able to give rise
(29). Finally, activation of Epithelial-to-Mesenchymal traticsh ~ to a tumor in a xenograft model. However, some later works
(EMT) enables the conversion of non-CSCs in CSCs througbhowed that CD133 negative cells were also able to initiate
both intracellular and extracellular signaling pathways. tumor growth. Furthermore, while both subtypes exhibit sianil
Besides genetic and cellular heterogeneities, The Cand8SCs enrichments, PN GSCs clearly exhibit CD133 at their
Genome Atlas (TCGA) has established a molecular clasgdcat surface in contrast to MES GSCs that do n8§,(40). The sets
of GBM using transcriptional pro ling data of bulk tumor based of markers being used to identify GSCs are being constantly
on dominant genes expressed in each GBM subtyie 7). updated and includes Sox2, Olig2, Nestin, CD15/SSEA-1, CD44
Three main GBM subtypes can be easily distinguished baséutegrin alpha6, L1CAM, as well as drug e ux transporters
on molecular signature, therapy responses and patient survivdike ATP-binding cassette transporters (ABC) [review #1)].
the mesenchymal (MES), classical, and proneural (PRE). ( However, those markers are also expressed by normal stem
Notably, the MES subtype of GBM is associated with relativelgells. Furthermore, puri ed CD133 positive cells are able to re-
poor prognosis compared with that of the other subtypes anastablish the initial ratio of CD133 positive and CD133 negati
shows resistance to conventional therapy. GSCs also displeglls (L1, 12). This was true not only for CD133 marker but
these molecular signatures with distinct activated sigigal also for 15 commonly used CSCs markers including CD44,
pathways, biological phenotypes, and residing nici¥s31). ABCBS5, or cadherin. Finally, in line with CD133 expression,
In agreement with the worst outcome, MES GSCs are morehile PN and MES GSCs are able to self-renew bothitro
resistant to radiation and display more aggressive phenotypesd in vivo, bioinformatic analyses have revealed distinct GSCs
in vitro and in vivo (31, 32). Recent studies have added a layephenotypes for these two molecular subtypes into full and
of complexity in this molecular classi cation by demonstreg  restricted stem-like phenotypes, respectivélg) ( Thus, despite
that molecular subtypes are exible and vary spatially andnany years of investigation, there is no consensus on an
temporally within the same tumor. First, a study collectingappropriate way to identify these cells. It is nowadays commonly
spatially distinct tumor specimens from the same tumor asaccepted that the identi cation of GSCs and CSCs in general,
well as single-cell RNA-sequencing resolution revealed thaequiresthe combination of several markers and also a faneti
a single tumor consists of a heterogeneous mixture of tumodemonstration of their stem cells features such as selfwahe
cells from di erent subtypes, with one subtype usually beingand their ability to initiate tumor growth.
highly represented33, 34). Second, the molecular subtype can Because of the diculty to precisely de ne GSCs specic
evolve with time, microenvironment or stress, in particularmarkers, the isolation of this rare population of cells becomes
toward a MES transdi erentiation from the other subtypesvery delicate. However, the development of releventitro
(39, in agreement with a higher frequency of the MES subtypenodels is essential to better understand GSCs biology, towarc
at recurrence 3 36). Furthermore, radiation of PN GSCs potential vulnerabilities and to identify novel therapeutizgets.
up-regulated mesenchymal-associated markers while dowiGulture methods, initially developed for neural stem cells,ehav
regulating PN-associated markers. Collectively, thesdietu been adapted to enrich primary GBM cultures in GSCs. Post-
underlined the strong unstable nature of GBM, fully in agreete surgery GBM specimens are mechanically dissociated and can
with its previous designation as Glioblastoma Multiform. &n grow in two di erent phenotypes, each requiring speci ¢ media.
the molecular patterns of GBM can partially explain clinicalThey can grow as adherent monolayer cells in presence of serum,
outcomes and predict responses to treatment, this classonat which represent di erentiated GBM cells, or as free- oating
should help understanding the GBM tumorigenesis andumorospheres enriched in GSCs when cultured in serum-free
progression and provide diagnostic and prognostic informatio medium containing EGF and bFGEJ). Importantly, these two
as well as help the development of new therapeutic approachegmhenotypic states, mutually reversible, di er in proliferaticate,
However, several clinical trials based on either targdtedapies invasion, migration, and chemosensitivity. The validatifor
for speci ¢ mutations or subtypes have been completed with n@&SCs enrichments is based on the combinatorial expression of
consistent changes in clinical activity [review BV]]. cell surface markers (CD133, CD44, CD15), intracellulamste
Taken altogether, these studies underlie the great diyes$i cell markers (Nestin, Sox2) and most importantly key stenscell
GSCs states suggesting that emergence of GSCs, and CSCkeatures such as self-renewal and tumor initiation. Seikveal
general, should be consider as a phenotypic shift rather than@n be evaluated by limiting dilution assay or colony forgin

true dedi erentiation process. cell assay since one CSC is able to form a tumorosphere due to
_ ) _ its self-renewal potential. Based on their high expressiairag
Characterization and Isolation of GSCs e ux transporters, another way to determine GSCs enrichment

As we described previously, CSCs in general constitute a veiry GBM cultures is to identify the cells which are able to
rare population but one of the most important to target, for exclude uorescent dye, de ned as the side populatiéd) (High
their unique ability to reconstitute the initial tumor anchéir  aldehyde dehydrogenase (ALDH) activity is also one featfire o
strong resistance to therapy. The ability of all cells forgnthe  CSCs in general, including GSCK). Finally, the most rigorous
tumor bulk to shift into GSCs already underlines the complgxit criteria to establish the presence of GSCs in GBM cultures is
of their characterization. The identi cation of GSCs issd&cally to test their ability to initiate a tumoiin vivo. Importantly, in
based on cell surface markers such as CD133 [reviewd)].( contrast to commercially available cell lines, these prin@BM

It has been shown that CD133 positive GSCs better survivaultures enriched in GSCs reproduce the overall behavior of
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GBM in patients, in particular their highly invasive featufdws, tumor cells can escape from immune surveillance. Notably,
while not perfect, thesen vitro GBM models present a unigue GSCs have a lower immunogenicity and a higher suppressive

opportunity to develop e ective CSCs-directed therapies. activity compared to non-GSCs GBM cells, through several
mechanisms: the inhibition of T cells proliferatiorb), the

Interactions of GSCs With Their proliferation of regulatory T cells5(7) and the recruitment of

Microenvironment myeloid-derived suppressor cells (MDSCs), via the secretion

Like normal stem cells, GSCs rely on a similar permissivef macrophage migration inhibitory factor (MIF) or exosomes
tumor microenvironment (TME), also called the niche, to (58 59. Additionally GSCs are involved in the tropism of
retain their exclusive abilities to self-renew and giveerts Immunosuppressive cells toward the tumor site including tumo
more di erentiated progenitor cells. This niche includes nyan associated macrophages, through the secretion of numerous
di erent cell types from stromal to immune cells with many cytokines or growth factors, such as T®E; SDF-1, or VEGF
reciprocal communications essential for GSCs maintenanc&eview in (60)]. Interestingly GSCs seem to be more sensitive to
survival and proliferation, as well as TME recruitment, agtion, ~ Natural Killer (NK) cell toxicity, compared to their di eremated
programming, and persistence. Moreover, the CSCs niche al§@unterpart §1, 62). However, to prevent their recognition and
has a protective role by sheltering GSCs from diverse gefmtoxelimination by cytotoxic NK cells, some GSCs, such as IDH-

insults contributing to their enhanced therapy resistance. mutant GSCs, exhibit signi cantly lower NKG2D expression to
prevent their recognition by NK cellsf). Inversely di erent
Cellular Components of the Niches soluble factors secreted by immune cells also play esserigal ro

Mesenchymal stem cells (MSC) have remarkable tumor tropistfor the biology of GSCs, for example TGBecreted by myeloid
that allows them to migrate toward and engraft speci callyoin cells is an inductor of EMT involved in GSCs emergence.
the tumor sites, especially cells that have escaped the nraiortu
mass. MSC are multipotent progenitors that can di erentiatemint Oxygen Is a Critical Component of GSCs Niches
adipocytes, osteocytes, and chondrocytes. They are prasentOxygen concentration plays a fundamental role in stemness
GBM, and more particularly in GSCs niche&6|. The role of maintenance de ning several GSCs niches, in particular the
MSC in tumor progression is still debatable since other stsidieperivascular and the hypoxic niche®)(65). The most frequently
have shown an opposite e ect with MSC inducing the inhibition described GSCs niche is the perivascular one in which the
of GBM tumor growth @7, 48). MSC provide supportive signals vascular component plays a crucial role in stemness maintanan
to GSCs, as indicated by the inverse correlation betweemgli and survival as well as GSCs disseminati6f).(Accordingly,
patients survival and the percentage of MS@, (50). Besides orthotopic co-implantation of GSCs with endothelial cells
their homing capacity, they also stimulate proliferation,asion, increases the GSCs fraction in xenograft tumors. Besides th
and tumorigenesis in GBM, in part via the cytokine IL-61f.  direct contact between GSCs and endothelial cells, solutiteréa
Aside from a communication through direct cell-cell contac produced by these cells also enhance stemness maf& 7).
GSCs can also exchange signals with MSC through Extracelluldotch signaling, in part through NO, plays a critical role in
Vesicles (EV) [review in52)]. EVs are membrane structures both GSCs maintenances®) and GSCs radioresistancéd.
secreted by cells in the extracellular media and can transfén return, GSCs secrete several cytokines or growth factors
various information (DNA, miRNA, mRNA, proteins, lipids...) such as SDF-1 or VEGF, to promote angiogenesis through
after their uptake by recipient cells. These EV contribute tendothelial cells proliferation and recruitmen?@ 71). Upon
tumor progression, either by reprogramming adjacent cells oparticular stimuli, GSCs can transdi erentiate into endoliaé
by the modi cation of the supportive tumor microenvironment. cells or pericytes to directly contribute to the perivasculehe
Interestingly, the diversity of transcriptomic pro les ossed  (14). Importantly, this transdi erentiation can also transfer to
in GBM subtypes is also found at the level of EV, contributingendothelial cells the capacity of resistance and genetictinota
to maintain the GBM heterogeneity through the transfer of(72). The communication between the perivascular niche and the
oncogenic signals and miRNASE 54). Moreover, MES and GSCsis therefore a two-way exchange with bene ts to botbdlo
PN GSCs and their di erentiated counterparts secrete di erentvessels and GSCs.
kinds of vesicles, and their uptake by recipient cells such tha One hallmark of GBM tumors is the existence of hypoxic
endothelial cells is also subtype-dependéri).(Thus, the use of zones which have been shown to be enriched in GSCs (
EV as blood biomarkers recently received much attentionfasta Indeed, hypoxia directly supports GSCs self-renewal as well as
and non-invasive way to detect and follow GBM tumors, idgnti controls stem cell plasticity and non-GSCs reprogrammation
their subtypes®5), or even as a marker of resistance acquisitiorthrough transcriptional regulation via activation of HIRL
to treatment ¢). Indeed the EV content is the perfect re ection HIF2a, and the Notch pathways, epigenetic regulations and
of the tumor phenotype as well as its microenvironment, and cametabolic reprogramming [review in2(, 74)]. HIF2a also
easily be collected from a blood sample. activates c-Myc, another key stem cell regulator. Hypoxia also
Although the brain has long been considered as immuneeauses the secretion by GSCs of several soluble factorsasuch
privileged due to the blood-brain barrier, recent studiesvdha TGF-b, an activator of EMT that favors the dedi erentiation of
reported the existence of a direct communication between thaumor cells, or VEGF and SDF-1 to promote angiogenesis by
CNS and the immune system. In Glioblastoma, the TME hasecruiting mesenchymal stem cells and myeloid céll§.(Other
been shown to be particularly immunosuppressive, such thaecreted factors induced by hypoxia also include CXCR4, the
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glucose transporter 1 (GLUT1), Serpin B9, Oct4, lysyl oxidasthe pathogenesis of paragangliomas, pheochromocytomas, and
(LOX), hypoxia inducible gene 2 (HIG2), all these factorsibei renal cell cancers 8(). Notably, mutations in the genes
involved in the maintenance and proliferation of GSC&{(75)].  encoding isocitrate dehydrogenase (IDH)-1 and IDH-2 have
These ndings highlight the critical role of the TME in been described in 5% afe novoGBM and more than 90%
regulating the dierentiation status of tumor cells and the of secondary GBM [review in8()]. In fact, since 2016, the
plasticity of GSCs and non-GSCs hierarchy. Importantly, eacBNS WHO divided GBM in 2 main groups (1) IDH-wildtype
subtype is associated with a particular environment, the ME@bout 90 % of cases), which corresponds most frequently
GSCs being located in hypoxic niches while the PN GSCs areia de novo GBM and predominates in patients over 55
perivascular niches. years of age, and (2) IDH-mutant (about 10 % of cases),
corresponding to secondary Glioblastoma arising from lower
grade di use glioma and preferentially arises in younger paten
(1). Of note, in GBM, IDH mutants are consistently classi ed
as PN. Tumor-derived IDH mutations disrupt their normal
catalytic activity that converts isocitrate teketoglutarate &-

METABOLIC PHENOTYPES OF GSCS

Dynamic changes also occur at the bioenergetic machineg} le
which strongly contributes to tumor heterogeneity. Indeéue KG) to a remarkable neomorphic activity that convers
ability of the tumor mass to face the large need for bothK

. . . : G to D-2-hydroxyglutarate (D-2-HG), now referred to as
biomass precursors and ATP production required by intense . . L . .

. . . . . . an oncometabolite §2). Besides being involved in multiple
tumor proliferation, mainly relies on the metabolic plastycof

metabolic pathways-KG is also a co-factor for severalKG-

cancer cells. dependent dioxygenases including prolylhydroxylases (PHD)
. involved in HIF stabilization, histone demethylases and the

Altered Metabolism Is a Hallmark of All TET family dioxygenases involved in epigenetic modi cason

Cancer Cells Interestingly, D-2-HG that is structurally highly similéo a-KG,

In normal cells, glucose homeostasis is reciprocally cdlietidy  acts as a competitive inhibitor leading to dioxygenasesitibin

catalytic glycolysis/oxidative phosphorylation and thelaoie  and singular methylation pro le.

neogluconeogenesis pathway. In the catabolic reactiocpgéu Importantly, these mutations in genes encoding for important

is converted to pyruvate which can be further metabolized tanetabolic enzymes raised the possibility that under certain

mitochondrial acetylCoA to fuel the Tricarboxylic acid aycl conditions, altered metabolism could be the cause and not

(TCA) and oxidative phosphorylation (OXPHQOS), or to cytosolicthe consequence of cancer transformation. In line with this

lactate. Importantly, whereas OXPHOS is bioenergeticédiiglii  challenging notion, several studies have evidenced agetde

e cient with 36 molecules of ATP produced from one molecule mitochondrial-to-nucleus signaling. For example, disruption

of glucose, the direct conversion of glucose to lactateallisu of mitochondrial integrity generates singular nuclear gen

occurring in absence of oxygen, produces only 2 molecules ekpression pro les, including genes involved in metaboli§¥).(

ATP. Paradoxally, in 1924, Otto Warburg discovered thatoum Thus, tumor cells might exhibit increased metabolic autolyam

cells use large amounts of glucose to produce lactate, evenrnmaintaining an anabolic phenotype with oncogene and tumor-

the presence of oxygefigure 1). This counter intuitive energy suppressor gene originated through evolution as components

generation pathway occurs in most cancer cells, indepenglentbf metabolic regulation rather than cancer-driving mutats

of mitochondrial functional integrity. In fact, by increig their ~ driving metabolic pathways8@). This notion would explain

glycolytic and anaplerotic uxes, tumor cells cope with iresed why cancer cells with di erent genetic alterations displayitam

bioenergetic as well as biosynthetic needs. This ndingltedin  metabolic phenotype whereas cancer cells with identical genet

the development of 2-[18F]- uoro-2-deoxy-D-glucose positr  alterations have di erent metabolism.

emission tomography (PET) to detect glucose uptake and

lactate production for tumor imaging. In 2011, altered energ Metabolic Plasticity of GSCs

metabolism has been integrated as a fundamental core hddlmaln contrast to the proliferating tumor mass, GSCs are slowly

of cancer cells7©). proliferating and reside in specic niches requiring constant
Traditionally, metabolic reprogramming is viewed as drivenmetabolic adjustments in order to adapt to transient bioeyesic

by oncogenic gain-of-function events or loss of tumor-crisis caused by hypoxia or nutrients deprivation. While théso

suppressors. For example, tumor suppressor gene p53, mutatgidplay metabolic alterations, the metabolism of GSCs have been

in more than 50% of human cancers, including GBM, triggershown to deeply in uence their maintenance and survival.

glycolysis besides its key roles in genetic instabilityndu

progression, and metastasis. Loss of PTEN leads to tl&SCs Rely on Both Oxidative and Non-oxidative

constitutive activation of AKT1, which stimulates glucesgake Glucose Metabolism

by enhancing GLUT4 expression and activating HKZ,(78). GSCs, as most CSCs, have been described as relying mostly

Finally, activation of c-MYC also induces glycolysis by icidg on glycolysis. Glucose is uptaken by the cells through the

LDH-A and PDK1 expression facilitating the production of glucose transporters (GLUT), in particular GLUT1 and GLUTS3,

lactate (9. Interestingly, in the past 2 decades, it was shown thaind converted to pyruvate through several enzymatic reastio

loss-of-function mutations of the TCA cycle enzymes suatén (Figure 1). Pyruvate represents a critical metabolic control point,

dehydrogenase and fumarate hydratase were implicated &s itcan be converted to lactate by LDH-A or imported withirth
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FIGURE 1 | Pyruvate and glutamate are 2 major metabolic hubs in GSCs Tuan cells usually display a strong glycolytic metabolism. Gtose is uptaken by glucose
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conformational modulation. Glycolytic pyruvate will therither be converted to lactate or fuel mitochondrial OXPHO&nd the TCA cycle. Another key metabolite that
can fuel the TCA is glutamate once converted t@KG. Glutamate is produced either by GLS from glutamine or fra glucose. Glutamate is involved in several
biosynthetic pathways including amino acids and lipids bigynthesis as well as mitochondrial anaplerosis. Glutamats also involved in glutathione synthesis, directly
and indirectly by providing cysteine to the cellsa-KG, a-ketoglutarate; FAS, Fatty acid synthase; FBP1, Fructosé;6 bisphosphatase 1; GCL, glutamate-cysteine
ligase; GLS, Glutaminase; GS, Glutamine synthetase; GLUG|ucose transporter 1; HK2, Hexokinase 2; IDH, Isocitrate defdrogenase; LDHA, Lactate
dehydrogenase A; MCT, Monocarboxylase transporter; MK, Mealonate kinase; OAA, Oxaloacetate; PC, Pyruvate carboxade; PDH, Pyruvate dehydrogenase; PDK,
Pyruvate dehydrogenase Kinase; PKM2, Pyruvate kinase M2;HP, Pentose phosphate pathway; TCA, Tricarboxylic acid cye.

mitochondria to be converted to acetyl coenzyme A (AcetylLoAlndeed, anabolic PPP is highly active in rapidly prolifergtin
by pyruvate dehydrogenase (PDH) to fuel the TCA cycletumor cells but suppressed under hypoxia, switching to glycelysi
Activation of the transcription of both Pyruvate dehydrogese (87). The isoform M2 of pyruvate kinase (PKM2) plays a critical
kinase (PDK), which phosphorylates and inactivates the yiital role in this metabolic switch. In contrast to PKM1, which
domain of PDH, and the Lactate dehydrogenase A (LDH-A)gxists in a constitutively tetrameric active form, PKM2 exist
in particular through HIF-1, has been reported in GSCs. As ander a dimeric inactive form and a tetrameric active form.
result, pyruvate is actively shunted away from the mitochead The dimeric PKM2 results in the accumulation of upstream
and converted to lactate by LDH-A, corresponding to a non-glycolytic intermediates, in particular fructose-1,6-phoafgh
oxidative glucose metabolism. However, Marin-Valencisalet (FBP), favoring their redistribution toward other biosyrmttc
have elegantly demonstrated using 13C-nutrient labeling ipathways through the PPP. However, accumulation of FBP
orthotopic murine models that GSCs are not con ned to non- induces the association of dimeric forms into tetramersjolth
oxidative glycolysis&p). Indeed, they show that pyruvate is in turn leads to lactate production, until the level of FBP is
converted to lactate but also channeled through PDH with geduced leading to the tetramer dissociation into dimersus;,
signi cant contribution of glucose carbons to the TCA cycle the dynamic dimer:tetramer ratio of PKM2 determines whether
Collectively, these results demonstrate that GSCs us®sguc carbons from glucose are converted into lactate via pyrusate

to produce energy and biosynthetic precursors through botlthanneled into building block synthesis.
non-oxidative and mitochondrial oxidative pathways. Since

these tracers are not radioactive, this approach is feasittke wiMitochondrial Function Is Critical for GSCs Survival
GBM patients when tumor resection is planned in the courséVhile the above reported studies show that GSCs mainly rely
of the treatment. Importantly, similar metabolic proles of on glycolysis, several other studies showed that these cells
both oxidative and non-oxidative glucose fates were olesbrv possess a preference for mitochondrial oxidative metabolism. |
in extracts of surgically-resected tumors obtained fromMGB many tumor types including Glioblastoma, growing evidence
patients infused with 13C-Glucosgd). has demonstrated that quiescent or slow-cycling CSCs are
Furthermore, depending on oxygen availability, a reciprocaless glycolytic, consume less glucose, and produce leste]acta
metabolic switch has been reported between glycolysis amwhereas they contain higher ATP levels than their di ereteith
the pentose phosphate pathway (PPP), an alternative anaboliancer counterparts3@). Coupling between EMT and enhanced
pathway to glycolysis, which produces ribose-5-phosphate anditochondrial respiration has also been reported. Moreover,
NADPH for nucleic acids and fatty acids synthesis in GSCsome CSCs have an increased mitochondrial mass and enhanced
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oxygen consumption rates89, 90). One striking dierence Lipid Metabolism of GSCs
with non-GSCs cancer cells is that GSCs lack mitochondridlipid metabolism is another source of metabolic intermediate
reserve capacity suggesting that they fully oxidize sulestratand energy for processes involved in cell transformation and
pool in contrast to dierentiated cells exhibiting signi can tumor progression. Cancer cells can ful Il their avidity fopids
bioenergetic reserves. either by increasing exogenous lipid uptake or endogenous
In either case, mitochondrial function is critical and playsproduction through de novosynthesis Figure ). A major
a crucial role in CSCs functions including stemness anautcome of both glucose and glutamine metabolism is the
drug resistance. Inhibition of PG@] the master regulator production of citrate to produce biomass needs required
of mitochondrial biogenesis, reduces stemness properties @fr cell proliferation. After its import into mitochondria,
breast CSCs9(l) while NANOG, a pluripotency gene, induces glycolytic pyruvate is decarboxylated into acetylCoA, \uhigll
tumorigenesis through metabolic reprogramming to OXPHOSbe condensed with the glutamine-derived TCA intermediate
and fatty acid metabolism9@). Increased OXPHOS as well oxaloacetate (OAA) to generate citrate. Citrate can then be
as PGCa expression seems to be related to chemoresistanexported out of the mitochondria and cleaved by ATP citrate
in CSCs §3-95). In fact, mitochondrial mass tracking using lyase (ACL) to regenerate OAA and acetylCoA. Interestinigly
uorescent probes has been described as a simple and e cieritbsence of glutamine, some tumor cells generate both acstylC
tool to identify CSCs 6). Thus, mitochondrial metabolism is and OAA directly from glucose through the pyruvate carbosgla
critical for GSCs maintenance. (PC) pathway {02). Glutamine can also contribute to acetyl-
COA production in the absence of glucose. Usually, glutamine-
derived glutamate is converted to the TCA cycle intermeliat
Glutamine Metabolism in GSCs aKG mainly through transamination, which transfers nitrage
In addition to glucose, amino acids can also be channelefftom glutamate to alanine or aspartate, since Glutamate
into the mitochondrial TCA, as their catabolism results in Dehydrogenase (GDH) activity is usually inhibited in cancgt
the production of TCA intermediates. Glutamine has an(99).In absence of glucose, cells engage an alternative pattiway o
important role in cell growth and energy metabolism, andaKG production either through enhanced activity of GDH(3
glutamine addiction has been proposed as a mark of GBNr reductive carboxylation through reverse activity of is@te
(97). Following the entry of glutamine into the cell via its dehydrogenase (IDH) to generate isocitrate and subsetyuent
transporter ASCT2 (or SLC1A5), the rst step of glutaminecitrate (L04). This latter pathway has been demonstrated when
catabolism is its conversion into glutamate through glutaase mitochondria are defectivel(Q9 or under hypoxia (0§ 107).
(GLS) Figure1). Glutamate is a major metabolic hub: it Importantly, glutamine-reductive carboxylation shown te b
can replenish the cells in lipid biosynthesis precursors andf particular importance for sustaining cell proliferation has
TCA intermediates through mitochondrial anaplerosis, gete also been observed in GBM cells, including GS@§)[(Oizel
de novoreduced glutathione, a major anti-oxidant moleculeunpublished data].
(99 either directly through its combination with cysteine  Besides lipid anabolism, lipid catabolism seems critical for
by glutamate-cysteine ligase (GCL) or indirectly allowingCSCs self-renewal. Indeed, some studies have shown thagrcan
cysteine import through cysteine/glutamate transporter Xc ( stem cells can also rely on active fatty acid oxidation fairth
SLC7A11), or involved in the synthesis of non-essentialnemi maintenance and functionl(0§. For example, inhibition of fatty
acids, purine, and pyrimidine through aminotransferas@g).( acid oxidation by etomoxir decreases viability and tumorcaeh
In human hematopoietic stem cells, glutamine availabilityformation in breast cancer stem cells while it has no e ect on
modulates their dierentiation either toward the erythroid non-stem cancer cell409.
or the myelomonocytic lineagel1(Q. In GSCs, glutamine Finally, the mevalonate pathway is an essential metabolic
deprivation reduces cell proliferation, in particular by reilng ~ pathway allowing the production of 5-carbon building blocks
mitochondrial anaplerosis and energy producti@®). However, providing cells with bioactive molecules, in particular asikrol
glutamine addiction has not been observed in all GSCs101). and coenzyme Q as well as molecules involved in signal
Indeed, GLS activity and glutamine anaplerosis is dispeasatransduction, which have been shown to be crucial for di eren
in GSCs expressing Glutamine synthetase (GS), which centratellular processes, including cell proliferation, di ereniat,
glutamine homeostasis by catalyzing the opposite reaction @fnd survival [review in 110]. Upregulation of several enzymes
GLS and is highly expressed in GSCs as compared to tumapstream of the mevalonate pathway has been associated with
cells. Based on these studies, we proposed a model whé&&Cs enrichment at least in breast tumor cells1.
in GS-positive cells, glucose is used to synthetize glummat In conclusion, GSCs dispose of numerous bioenergetic
that is subsequently converted into glutamine through GS t@and biosynthetic redundant pathways in order to fulll
sustain nucleotides biosynthesis. In contrast, in GS-tiegiaells, their requirement to sustain their survival, growth, and
or when GS was inhibited pharmacologically or molecularlyjnvasion. All GSCs are able to sustain the emergence of a
glutamine deprivation decreased cell proliferation as well agrimary tumor in vivo, independently of their predominant
self-renewal mostly through reduced nucleotides biosgsih glycolytic or oxidative metabolism. Their metabolic exibyli
(Figure 2). Importantly, glutamine-dependency is not observedallows their adaptation to harsh microenvironments, where
in non-GSCs and is restricted to one particular GSCs subtyp@utrients or oxygen can be scarce. Importantly, in contrast
the MES one. to non-GSC, their metabolic dependency to OXPHOS sets
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FIGURE 2 | Tumor microenvironment and molecular signature, 2 driversf GSCs metabolic phenotype. GSCs reside in singular tumor foroenvironment in GBM
called the perivascular and the hypoxic niche. Each niche issociated with speci c molecular signature and metabolic penotype. The perivascular GSCs display a
PN signature and a strong glycolytic metabolism mainly baskon blood glucose. In these cells, glucose can be directly coverted to lactate or oxidized within the
mitochondria through OXPHOS. Furthermore, these cells hidy express GS allowing the direct synthesis and secretionf@lutamine within the TME. In contrast,
hypoxic GSCs usually belong to the mesenchymal subtype andanot express GS. These cells are residing in a harsher envitment display exible metabolism
fueled by lactate, ketone bodies, amino acids, including gkamine, released in the microenvironment by other canceradls and/or stromal cells including astrocytes or
cancer-associated broblasts. In absence of O2, these substates supply a truncated TCA cycle allowing the generation adnergy and biosynthetic precursors such
as lipids or nucleic acids, as well as antioxidant glutathiee synthesis. CAF, Cancer-associated broblast; GBM, Gliolastoma; GSCs, Glioblastoma stemlike cells,
GS, Glutamine synthetaseaKG, Alpha-ketoglutarate; KB, Ketone bodies; MES, Mesenchyal; OXPHOS, Mitochondrial oxidative phosphorylation; PNProneural;
TCA, Tricarboxylic acid cycle.

mitochondrial metabolism as potential therapeutic target tothe molecular signature correlates with metabolic exiili

e ciently eradicate GSCs. and the spatial distribution of various TME, namely hypoxic

) ) and perivascular niches. For example, in agreement with they
Drivers of GSCs Metabolic Phenotypes dominant glycolytic phenotype, the proneural subtype localize
Metabolic Phenotypes of GSCs Mirror in tumor zones surrounded by functional vasculature wilsiga
Molecular Signature have access to oxygen and blood glucose. In contrast, the

Several studies have characterized the metabolic phenotyipe 0 mesenchymal GSCs localized in hypoxic zone display higher
di erent subtypes of GSCs, either based on stemness expressioretabolic exibility allowing them to use a wide range of
markers such as CD133 expression or on the molecularutrients in order to sustain their survival and proliferati in
signature 89, 112-117). Interestingly, all studies converge a relatively poor microenvironment. Importantly, these \cars
toward the proneural subtype, also characterized as CD138etabolic features of GSCs residing in dierent tumor areas
positive or full stem-like phenotype, displaying astrong glytio  allow the establishment of a metabolic cooperation between
metabolism Figure 2). In contrast, the mesenchymal subtype,tumor cells.

CD133 negative or restricted stem-like phenotype, displays

higher metabolic exibility with both glycolytic and oxidiwe = Tumor Microenvironment Mitigates Metabolism of
metabolisms. In particular, as described previously, glutemi GSCs

dependency relies on GS activity, which is only observed iGSCs are able to adapt their metabolism by displaying various
MES GSCs. Furthermore, in contrast to PN GSCs, MES GS@wtabolic and bioenergetic abilities depending on energy-
easily bypass targeted metabolic inhibition through a wilgge rich nutrients or energy-producing mitochondrial metabeli.

of metabolic adaptation. Importantly, these ndings highilig This is usually dictated by oxygen and nutrients supply from
that rst, dierent GSCs can have similar metabolic prole the TME either through the tumor vasculature or through
despite being derived from independant tumors with di erent metabolic cooperation between cells which is often not umifigr
driver mutations. Conversely GSCs derived from identicatistributed across the tumor bulk. Several studies have sttbg/
tumor can exhibit di erent metabolic features depending onimpact of the TME on CSCs metabolism, in particular in GBM.
tumor specimen localization or molecular signature. Segond-irst, as we previously described, one remarkable charstiteri
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of GBM microenvironment is hypoxia due to aberrant tumor which can then be used by GS negative tumor cells to support
vasculature. Low oxygen conditions are mainly mediated btheir growth (L0OJ).
the transcription factors HIF, which regulate the expression Finally, CSCs communicate with the surrounding
of a large panel of genes involved in several key biologicaticroenvironment by direct cell-cell interaction throughag
functions, including cell metabolismL(9. In particular, HIF-  junctions to execute coordinated programs required for gilgw
la activates the transcription of genes all along the glyoolytidi erentiation, and therapeutic response. In the past decade,
pathway, from the glucose transporters GLUT1 and GLUT3 teseveral publications have reported an important role of tumgl
key glycolytic enzymes such as hexokinases (HK), PKM2, oranotubes (TNT) in direct intercellular communication in GB
LDH-A. Besides directly activating aerobic glycolysispdyia TNT are long cytoplasmic bridges that enable long-range and
also triggers the epithelial-mesenchymal transition (EM&), direct communication, including metabolites, mitochonai@nd
characteristic of embryonic development playing criticaleso vesicles transfer, between connected cél)( Mitochondria
during organogenesis. Accumulating evidences indicat&t thare the TNT cargos most widely studied so far. TNT-mediated
EMT is of paramount importance in a plethora of cancer-mitochondria transfer was reported in GBM but also in many
related events, including acquisition of both stem cddeli dierent cancer types, both between cancer cells, and between
properties and mesenchymal characteristic§.(During tumor  cancer cells and normal cells of the microenvironment such
progression, EMT has been shown to increase the ability agfs MSC {26. A direct e ect of the TNT-mediated transfer of
cancer cells to invade and dissiminate, as described prelyiou mitochondria is the modi cation of the target cell energetic
to favor CSCs emergence. Among the transcription factormetabolism, with increased OXPHOS and ATP production
involved in EMT phenotype, Snail has been identied as g126-128. This has functional consequences for cancer cells as
key repressor of Fructosel,6 biphosphatase (FBP1) expressibenhances their proliferative and migratory properties as agll
in breast cancer stem cell§19. In this study, Snail silences their capacity to develop resistance to therapeutic treatment
FBP1 expression through methylation of its promoter, provglin
metabolic advantages to breast CSCs. Indeed, loss of FBRIETABOLIC TARGETING OF GSCs
induces glycolysis, increased glucose uptake, macromekecul
biosynthesis and a constitutively active form of PKM2. GSC involved in GBM poor response to treatment and relapse
Metabolic reprogramming can be accelerated by TMEepresent the tumor cornerstone. With the identi cation oék
acidi cation (120. In fact, lactate is not only a metabolic metabolic features involved in their survival, growth, @aling
waste for glycolytic cells but is also a metabolic fuel foproperties and self-renewal, one possible therapeutic sirateg
oxidative cells 121). Indeed, in 2008 Sonveaux et al. suggestegiould be targeting the biochemical energetic reactionsioouy
a symbiotic relationship among cancer cells in the TME whergn GSCs.
cancer cells distal to a blood vessel would be deprived of
oxygen in contrast to cancer cells close to the blood vessHnhibition of IDH-Mutant
(Figure 2) (122. In this model, perivascular cells would spareSince IDH mutations are present in only 5% de novo
glucose for hypoxic cells. Then, the distal hypoxic cells woulGBM while its occurrence increases to 95% in secondary
convert glucose to lactate, which could then be imported intdGBM (129, targeting IDH-induced metabolic alteration might
perivascular cells and converted to pyruvate for mitochoaldri open new therapeutic avenues, at least in secondary GBM.
oxidation. This metabolic interplay between glycolytic andAs described previously, IDH mutations result in metabolic
oxidative cells, called the “reverse Warburg e ect,” alsouss  alteration, including the production of the oncometabolite
with the stromal compartment that surrounds the tumor. Indee D2-HG, epigenetic dysregulation via inhibition 0&KG-
the Lisanti group showed that stromal cells, in particulan@a-  dependent histone and DNA demethylases, and di erentiation
associated broblasts (CAFs), increase their aerobicalygts blockade. Several compounds inhibiting IDH-mutants haverbe
resulting from enhanced mitochondrial turnover and gertera developed and tested in anti-tumor therapy [see reviewlLBr)].
excessive lactate, pyruvate, and other ketones bodieshwtreéc The majority of these studies have been realized in another
secreted into the intracellular space2@d. These metabolites are tumor type, the acute myeloid leukemia (AML), which has been
then re-used by cancer cells for OXPHOS. Thus, the stromahown to frequently harbor IDH-mutant. Several mouse models
cells feed the cancer cells with lactate and other metasolithave been engineered to express IDH-mutant speci cally in
and this metabolic symbiosis limits TME acidi cation. The hematopoietic tissue leading to hematologic malignancy/y;
utilization by cancer cells of the high-energy stromal nbeldes  Genetic knockdown or pharmacologic inhibition of IDH-mutan
pyruvate, lactate, and ketones may increase the transangdtio in these models led to a decrease in D2-HG production and
expression of gene pro les normally associated with stemnestmor cell growth while inducing cellular di erentiation. Tése
including genes commonly upregulated in embryonic stemscellencouraging preclinical results provided a proof-of-conceptf
(129). Interestingly, hypoxic tumor cells through mitochondria targeted treatment of IDH mutants in AML and clinical trialsear
reductive carboxylation, independently of oxygen avadlitghi underway for AML patients130.
can also use these metabolites. In the brain, glycolytic These compounds are now tested in GBM. However, they may
oligodendrocytes and astrocytes also export lactate througnot be as e ective in all IDH-mutant tumors. Indeed, inhibit®
MCT1 and MCT4 (L24. Furthermore, astrocytes, which haveof IDH-mutants delay growth and promote dierentiation
been shown to highly express GS, generate and secrete gletamin some IDH-mutated GBM cells but not all182 133.
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Furthermore, despite a robust ability to lower D2-HG in  As described above, TME provides cancer cells and GSCs
GBM cells and tumors, they are unable to reverse epigenetith various bioenergetic nutrients. At the molecular leWeCT
deregulation. Nevertheless, the presence of IDH-mutanf@nd play a key role in the metabolic symbiosis, whereby lactate
high levels of D2-HG might introduce therapeutic vulnerdlyil produced by one cell type is made use of as a fuel by another
to dierent agents. For example, tumors harboring an IDH one. Simultaneous inhibition of both MCT and OXPHOS
mutation display increased sensitivity to inhibition of deitive  might represent a candidate strategy for combinatorial roelia
mitochondrial metabolism 134), depletion of coenzyme NAD targeting. At the cellular level, GSCs are known to closely
(133 and chemotherapyl39. Importantly, other studies have interact with endothelial cells6@, 70). First, endothelial cells
shown bothin vitro and in patients that inhibiting mutant promote cancer cells stemnessin GBM§. Second, endothelial
IDH could confer radiation resistance to some therapies ocells, and in particular radiation-resistant endotheliallssecan

can antagonize the e ects of radiation therapy in gliomi&§¢  protect stem cells and tumor cells from radiation damage
137. Thus, whereas encouraging results have been observgdi~149. Furthermore, we recently showed that radiation
for AML patients, IDH-mutant targeting in GBM de nitively induced metabolic mitochondrial alteration in these raba-
requires more investigations. In particular, long-termdies are  resistant endothelial cell&%0. Thus, disrupting the tumor-TME

de nitively required to determine the impact of these compaisn interaction that support GSCs survival is another approach to
on tumor relapse in order to de ne whether these compoundskilling GSCs.

also target cancer stefike cells.

Metabolic Targeting to Sensitize GSCs to
Metabolic Targeting Requires Multiple Radiation

Bioenergetic Pathway Inhibitions Hypoxic niches protect cancer cells from radiation-induced
CSCs display highly plastic metabolic pro le allowing them tokilling since oxygen is a critical determinant of cell resp®ns
ful Il bioenergetic requirements and this exibility seesrto be to radiation (151). A certain degree of reoxygenation can be
required for their survival 13§. Since CSCs have been shownachieved in some tumors after radiation by a process where the
to be enriched in mitochondrial mass and relying heavily onsurviving hypoxic tumor cells become better oxygenated due
OXPHOS, disrupting this pathway has become attractive a® the aerobic population being killed. However, this process
a therapeutic strategyF{gure 3). Accordingly, di erent classes is highly variable within tumors. The HIF&l pathway enables
of mitochondrial inhibitors have been reported to decrease¢umor cells to survive by changing glucose metabolism toward a
stemness and invasion properties as well as increasing edfi.de glycolytic phenotype, by inducing angiogenesis and by reigigla
For example, a large number of retrospective clinical stutée® pH balance and proliferation rate.
revealed that Metformin, a rst-line diabetes drug, is linke Di erentiation of normal stem cells is associated with a
cancer prevention [review inl39]. In fact, Metformin directly metabolic shift from glycolysis to mitochondrial OXPHOS
inhibits mitochondrial complex | of the respiratory chain and while iPS reprogramming is accompanied by the reverse
OXPHOS activity {40. As a consequence, this drug inducesmodi cations (152 153. Since the glycolytic switch occurs before
cell death in cancer cells. However, this e ect is observedcquisition of pluripotent markers, mitigating metabolism to
only upon glucose deprivation. First, this study highlighiteet induce GSCs di erentiation appears as an appealing therapeutic
metabolic plasticity of cancer cells, which are able to servi avenue. Importantly, cancer cells, as normal cells, are more
to OXPHOS inhibition by Metformin when glucose is present.sensitive to conventional treatments, including radiatieipon
Similarly, in glutamine-addicted cells, GSCs easily $witom  di erentiation (154). Di erentiation therapy has been exploited
glutamine-based to glucose-based metabolism to sustain th with Bone Morphogenetic Protein-4 (BMP4) treatment, to
survival 89). Second, to overcome their metabolic exibilities, induce glial di erentiation and reduce tumor growth in gliorsa
an e cient metabolic targeting will require the blockade of Interestingly, after this treatment, GSCs are unable tanfor
several metabolic pathways. Indeed, in preclinical cancelatsop  tumors after transplantation in series in immunocompromised
dual inhibition of both glycolysis and OXPHOS, respectivelyanimals (55. Collectively, these studies suggest a new treatment
using the glucose analog 2-DG and metformin, has been shownr GBM that would force the GSCs to enter di erentiation,
to e ectively reduce tumor growth and disseminatioi4(l).  resulting in sensitization of GSCs to treatment and as altéisel
Similarly, phenformin, another biguanide drug, leads to@am reduction of the tumor mass and relapse occurrerfeigire 3).
cell death through metabolic catastrophe only when combineth agreement with this idea, Dichloroacetate (DCA), an nedt
with genetic disruption of MCT involved in cancer metabolic PDH activator, leads to both GSCs di erentiation as well as
symbiosis {49). increased radiation sensitivityl$§ 157). One report showed
Interestingly, since mitochondria evolved from bacteriathat DCA, already used in the clinical treatment of genetic
many classes of FDA-approved antibiotics, recently emergeditochondrial diseases, may improve clinical outcome in some
as additional inhibitors of mitochondrial biogenesis andpatients with GBM {58. Following this study, 4 phase 1 clinical
functionality (143 144). For example, doxycycline, very well- trials have investigated the chronic safety of oral DCA dose
tolerated in patients, could be re-purposed clinically as d&"sa in adults with recurrent malignant brain tumors or other &bl
mitochondrial inhibitor, targeting mitochondrial biogesis in  tumors (L53-161). However, whereas these clinical trials showed
CSCs (45H. that DCA was generally well-tolerated despite a peripheral
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FIGURE 3 | Metabolic targeting of the dynamic emergence of GSCs from €ferentiated GBM GSCs emerge from differentiated tumor clsl, which can reacquire stem
cells properties such as self-renewal, multilineage diffentiation and the ability to give rise to the initial hetegenous tumorin viva. This dynamic
differentiation/dedifferentiation balance is driven by tnTME, molecular events as well as their metabolic phenotypd hus, metabolic targeted therapy appears as a
potential novel therapeutic avenue, in particular when cobined to conventional treatment such as radiation therapySeveral angles can be taken to eradicate GSCs
from the tumor, reducing their metabolic plasticity and/or retabolic cooperation with the TME, inducing their differetation to sensitize them to treatment or increasing
their recognition by immune effectors. AB, Antibiotics; CA Cancer-associated broblast; DCA, Dichloroacetate; 2-[5, 2-Deoxyglucose; EGCG, Epigallocatechine
gallate; GSCs, Glioblastoma Stenlike cells; IPP, Isopentenyl pyrophosphate; Met, Metformin; MSQylesenchymal stem cell.

neuropathy in some patients, there was in general no stronyletabolic Targeting to Improve
indication for a relevant e ect of DCA in tumor response. Immunotherapy Ef cacy

Other metabolic inhibitors have been involved in GSCsThe immune cells being an important component of the tumor
di erentiation. As described previously, the oncometabmlit microenvironment, cancer immunotherapy has emerged as a
D2-HG, produced by IDH mutant, is also involved in cell powerful new therapeutic approach either by active, passive
di erentiation (163 Furthermore, inhibitors of LDH decrease or adoptive immunotherapies [review |n168] (Figure 3)
GBM cell proliferation, trigger cellular apoptosis and moreimmunotherapy usually boosts antitumor immune responses
importantly induce GSCs dierentiation 163. EGCG, a either by adoptive T cells transfer, chimeric-antigen reoept
bioactive polyphenol presentin green tea and described tdihhi T-cells, or monoclonal antibodies. For example, cytotoxic T
glutamine metabolism, has been shown to decrease stemnéasmiphocyte-associated antigen 4 (CTLA-4) and the programmed
while increasing Temozolomide e ciency3Q, 164. The e ect cell death protein 1 pathway (PD-1/PD-L1) checkpoint inhib&or
of their use in combination with radiation has not been stedi are currently arising as a novel strategy to ght cancerduding
yet and would be worthy of further investigation. GBM. However, the highly immunosuppressive TME combined

Other studies have shown that metabolic targeting incréasewith low GBM cells immunogenicity limits immunotherapy
treatment e ciency, independently of GSCs di erentiationoF e cacy. Furthermore, several recent reports have described
example, modulation of mitochondrial metabolism in uences variety of “metabolic checkpoints” including glucose and ami
radiation sensitivity botlin vitro and in preclinical modelsl(65.  acid depletion, hypoxia, high acidity and lactate accumarati
The glucose analog 2-DG, which causes a signi cant rednctiothat impairs TIL ability to survive, proliferate and function
of ATP levels by inhibiting glucose catabolism especially if169. Interestingly, the immune checkpoint blockade favors T
cells with mitochondrial defects or under hypoxia69, has cell activation while inhibiting cancer cells proliferatithrough
entered numerous clinical trials and seems to potentiate theetabolic alterations. For example, blocking PD-1 and PD-L1
e ect of radiotherapy in patients with brain tumors167). canreduce glycolysis levelin cancer cells by inhibitingti®©R
Collectively, these studies suggest that targeting mésabonay  pathway (70. As a consequence, tumor glucose uptake and
oer benet in GBM treatment, in particular in combination lactate secretion decrease, restoring glucose avaiahilifME.
with radiation. However, further investigations are detively  Interestingly, increased glucose availability in TME imp@sse to
required in particular in preclinical studies. immune checkpoint inhibitors has been shown to improve T-cell
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glycolysis and cytotoxic function in a melanoma murine mbderesults in patients to dateln vitro studies provide a solid
(177). However, other studies have shown that the upregulatioplatform to include metabolism as a de nite hallmark of cancers
of both tumor PD-L1 and CTLA-4 drives T cells exhaustionand to consider the metabolic prole of CSCs as a relevant
through metabolic alterations. Recent publications alsoastide  therapeutic target. However, one di culty is to gain intedra
the reprogrammation of the immunosuppressive TME throughinformation on which bioenergetic and biosynthetic reacto
metabolic alterations of tumor cells. The best example is thef GSCs are key players in tumor progression and/or response
overexpression of the C4-metabolite carrier UCP2 in melanomto therapy, in particular in light of the inter- and intra-tunmo
cells triggering the engagement of anti-tumor immune resgem  heterogeneity. Furthermore, contradictory metabolic phiypes
following CXCL10 secretion in the TMEL{2. Thus, tumor have been obtained between vitro studies andin vivo
metabolism modulates tumor immune evasion through nuttgen studies. For example, ovarian CSCs display a strong oxidative
availability for T cells and reprogrammation of the TME. metabolism in vitro while being highly glycolyticin vivo
Besides leveraging the body's own immune systen{l77. Thus, whilein vitro models are de nitively improving
immunotherapy strategy may involve adoptive T cell transfeto better recapitulate the TME, the lack of a relevant TME
which o ers the potential to overcome one of the signi cant remains one of the main pitfalls in studying CS@s vitro.
limitations associated with tumor patients who are ofteniomme  Indeed, in this review, we provided numerous evidences of the
compromised. Importantly, in such settings,g®Vd2 T cells importance of the tumor niche in driving CSCs bioenergetidan
are particularly interesting since they are able to recagrizd biosynthetic deregulation.
kill most tumor cells in a major histocompatibility complex  One concern about metabolic targeting is that the adaptation
(MHC)-unrestricted fashion and independently of the numberof metabolic pathways in conjunction with the use of altermati
of tumor mutations. Instead, ¥2VA2 T cells respond to the nutrients could overcome the targeted metabolic inhibition
presence of small isoprenoid metabolites, such as self isapgant GSCs. Indeed, it is likely that in many cases in which glycslysi
pyrophosphate (IPP) in a process requiring the butyrophilin-3Alis inhibited, cells will respond by increasing OXPHOS. One way
protein, an immunoglobulin superfamily protein present on all to circumvent this compensation is to combine several meliabo
normal and tumor cells. Accumulation of IPP in tumor cells inhibitors. The exploitation of the metabolic reprogramming
can be achieved by inhibiting the Farnesyl diphosphate swathato selectively target tumor cells may also be limited by the
(FDPS), an enzyme downstream of the mevalonate pathwagxistence of multiple isoforms of the enzymes and the fact
by aminobiphosphonate compounds such as zoledronate. Thbat small-molecule inhibitors may not distinguish between
mevalonate metabolic pathway provides cells with bioactivhe predominant isoform expressed by cancer cells and the
molecules, in particular cholesterol and coenzyme Q as weaBoforms expressed by normal cells. Developing small-molecule
as molecules involved in signal transduction, which havenbe inhibitors that preferentially inhibit the cancer-speci ¢ i&m
shown to be crucial for di erent cellular processes, incluglgell  could be challenging.
proliferation, di erentiation, and survival [review in1(10]. In Metabolic targeting has minimal e cacy by itself and
some tumor types, upregulation of several enzymes upstreatamor cells may develop mechanisms to adapt and resist to
of this metabolic pathway has been associated with CS@setabolic inhibitors. In contrast, combination therapy see
enrichment (L11). Interestingly, we have recently shown thatmore promising. Indeed, radiation targets highly prolifenat
allogeneic transfer of human g8VA2T cells in orthotopic tumor cells while sparing low-proliferating GSCs. Thus, térge
murine models of human GBM enriched in GSCs leads tdGSCs metabolism appears as new therapeutic strategies to
the e cient elimination of cancer cells, including GSC§73J. successfully eradicate them. Some metabolic inhibitors ssch
These results are in agreement with previous pre-clinicalistud inhibitors of glucose transporters, hexokinase or PKM2 agent
showing that statins could be used as anticancer agents Irave been clinically disappointing with no bene cial e ect in
Glioblastoma {74 179. Interestingly, asides from metabolic GBM patients, alone or combined with radiation therapy either
targeting, this paper also raised the idea that allogeneitstest  because of toxicity, poor tumor penetrance, or lack of e caey
of human \g9Vd2 could be potentiated with the combinatorial se(178. However, phase /1l clinical trials have shown that 2-DG
use of monoclonal GD2-antibody. Whereas, GD2 is als@administered orally was well-tolerated and triggers a motera
expressed in gliomas and in some normal structures of thacrease in the survival of GBM patient treated with radiatio
brain, the monoclonaD-acetyl-GD2 antibody recognizes GSCstherapy, with a signi cant improvement in the quality of lifend
and more importantly is tumor specic {76. Thus testing better protection of normal brain tissué 7). A phase Il multi-
the combinatorial e ect of the monoclonalO-acetyl-GD2 centric trial to evaluate the e cacy of the combined treatme
antibody with adoptive transfer of human g@Vd2 should is in progress. In this regard, the use of metabolic targeting
be investigated. as an adjuvant therapy to increase the e cacy of conventional
treatment might be a better strategy.
The Limits of GSCs Metabolic Targeting
Several drug targeting metabolic pathways have beeniga¢esi CONCLUSION
in human randomized trials after the promising results obtd
in vitro and in preclinical models. The majority of these metabolicThe crucial role played by GSCs in tumor initiation, progressi
inhibitors has been well-tolerated and do not interfere twit recurrence, and resistance to therapy indicates that new
normal cellular metabolism in a clinically meaningful ma therapeutic strategies require the eradication of this pajparta
Unfortunately, few of these drugs have shown encouraginghe inter- and intra-tumoral heterogeneities combinediwihe
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