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Preface

Glioblastoma is the most malignant brain tumor. It has a survival of 12 to 15 months, despite all
the therapeutic attempts that have been made in recent years. It is important to better understand
the genetics and epigenetics of this tumor, which is highly heterogeneous at the cellular and
molecular levels, highlighting four molecular types (proneural, classic, neural, and mesenchymal).
Glioblastoma is also divided into those that have IDH mutations and those that do not, with the
former having a better prognosis and generally corresponding to what has been called secondary
glioblastomas in previous WHO classifications. Resistance to chemotherapy and radiotherapy, brain
tumor stem cells, energy metabolism, epithelial-to-mesenchymal transition, immunotherapy, and
reactive oxygen species phenotypes are discussed, referring to this deadly tumor.

Furthermore, in the near future, we must better characterize the brain tumor stem cells that
initiate and maintain the tumor since they are resistant to chemotherapy and radiotherapy. New
advances in glioblastoma can also elucidate oncolytic viruses, mesenchymal stem cells that carry
and deliver genes and molecules to tumor cells, experiments with organoids, and even artificial

intelligence that could have a great impact on clinical specialties such as pathology and radiology.

Javier S. Castresana and Barbara Meléndez
Guest Editors
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Glioblastoma is the most malignant primary brain tumor. The therapeutic approach
consisting of temozolomide, surgery and radiotherapy has not achieved any sufficient ther-
apeutic improvement in recent years. Hence, it is urgent that we find cell therapies and/or
molecular targets that, together with improvements in radiotherapy and chemotherapy,
may benefit patients suffering from this devastating tumor. In this Special Issue of Cells,
entitled “Molecular and Cellular Mechanisms of Cancers: Glioblastoma”, 20 articles on
glioblastoma have been published (14 original articles and 6 reviews). Here, we will present
a summary of the most relevant results presented in this issue, which undoubtedly have
an impact at the level of a better understanding of the cellular and molecular biology of
glioblastoma, as well as of possible new therapeutic targets to combat it.

The six reviews touch on interesting topics, such as immunotherapy [1,2], extracellular
vesicles [3], energy metabolism [4], translational machinery [5] and the Hippo signaling
pathway [6] in glioblastoma.

Immunotherapy is a growing field for the treatment of cancer and, in particular, for
glioblastoma patients [1,2]. However, the identification of the patients that can benefit
from immunotherapy treatments, as well as the type of immunotherapeutic approach to be
used, still need to be improved for successful and effective treatments. Majc et al. [2] point
to the possible causes of resistance to immunotherapy: intracranial location, inter- and
intra-tumor heterogeneity or the immunosuppressive tumor microenvironment, among
others. Adhikaree et al. [1] also point to PD-L1 expression levels, tumor mutations and T-
cell immunosuppression as additional causes. The variety of immunotherapeutic strategies
that have been applied in glioblastoma treatment are nicely described, together with
advanced in vitro (cancer stem cells, organotypic tissue slices, organoids) and animal
tumor models [2].

Adhikaree et al. [1] focus their review on the immune checkpoint PD-1/PD-L1 path-
way. The use of PD-1/PD-L1 blockade antibodies in combination with chemotherapy and
radiotherapy, or as a monotherapy, has been shown to be inefficient in glioblastoma. A
better understanding of the barriers to immunotherapy and the mechanisms of immune
resistance may help us to design future strategies for immune-related therapies.

Matarredona et al. [3] have reviewed the influence of extracellular vesicles derived
from glioblastoma cells on the tumor microenvironment, as well as the possibility that such
vesicles may serve as diagnostic markers of glioblastoma, and may also help the stratifi-
cation of molecular subtypes of this tumor and the study of resistance to chemotherapy
and radiotherapy. The extracellular vesicles are not only produced by the tumor, but also
by the peritumoral cells that launch the vesicles at the tumor itself, possibly increasing
its tumorigenicity.

Van Noorden et al. [4] review the production of energy and reactive oxygen species
(ROS) in glioblastoma cells, making a clear difference between how the most differentiated
tumor cells and cancer stem cells obtain energy. Differentiated glioblastoma cells mainly
use aerobic glycolysis for ATP production without ROS production, whereas glioblastoma
stem cells use oxidative phosphorylation for ATP and modest ROS production, due to the
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hypoxia and quiescence of cancer stem cells. However, in IDH1-mutated glioblastomas, all
cells of the tumor use oxidative phosphorylation for ATP and ROS production. Among
the possibilities to treat these tumors, we might have a systemic therapeutic inhibition of
oxidative phosphorylation, but the anti-cancer effects of ROS production in healthy cells
would be inhibited as well. The authors finally suggest removing cancer stem cells out of
their hypoxic niches to enable their differentiation and thus increase their sensitivity to
radiotherapy and chemotherapy.

Targeting the translational machinery is becoming a new field of research in cancer
biology. Digregorio et al. [5] describe cap-dependent and cap-independent translation
initiation mechanisms, and indicate some of the targets, e.g., members of the elF3 family
or 4E-BP1, that, if knocked down, could favor the inhibition of the two forms of transla-
tion control.

Finally, Masliantsev et al. [6] review the Hippo pathway in glioblastoma. This control
pathway prevents the passage to the nucleus of some gene transcription factors that partic-
ipate in the control of cell proliferation, survival and maintenance of the stem phenotype.
Therefore, Hippo, as a whole, behaves as a tumor suppression pathway. Hippo knockdown
would make it possible for cells to dedifferentiate to pluripotent cells, and would induce
cell death inhibition, therefore creating the tumor-prone subpopulations of cells.

Among the 14 articles, different important issues related to glioblastomas are stud-
ied, such as resistance to treatment [7-10], cancer stem cells [7,8,11], metabolism [8,12],
epithelial-to-mesenchymal transition (EMT) [11,13] and ROS [9,12,14].

Cristofaro et al. [7] demonstrated the possibility of inhibiting cell cycle progression
and survival in glioma stem cells via the activation of M2 muscarinic receptors, which
leads to the inhibition of Notchl and EGFR expression.

Glioblastoma is a heterogeneous tumor, not only at the cellular and molecular levels,
but also at the metabolic level. The possibility of treating this tumor based on phenotypic
metabolic differences is increasingly being considered [8], with the hope that by inhibit-
ing metabolic pathways, not only can tumor cells be killed, but they can also be made
vulnerable to chemotherapy clinical treatments.

Lo Dico et al. [9] investigated the possible relationship between fluctuations in mito-
chondrial ROS release to cytoplasm, chaperone-mediated autophagy (CMA) and cytotoxic
effects in temozolomide-sensitive and temozolomide-resistant glioblastoma cells.

Su et al. [10] presented the interrelation between an IncRNA (BC200) and an miRNA
(miR-218-5p) in glioblastoma, as two molecular agents linked to tumor malignancy and to
temozolomide resistance. Thus, the IncRNA is over-expressed, while the miRNA shows a
decreased expression in glioblastoma, which means that BC200 would act as an oncogenic
factor, while miR-218-5p would behave as a tumor suppressor miRNA. Additionally, BC200
would act as a sponge for miR-218-5p.

Glioblastoma stem cells express high levels of ATP/P2X7 receptors (P2X7R).
Ziberi et al. [11] reported that agonists of P2X7R would induce an oncogenic response
to cells, with the upregulation of EMT marker expression, and increased cell migration
and invasiveness.

Karatsai et al. [12] treated arginine-deprived glioblastoma cells with the arginine
analogue canavanine, and detected increased apoptotic cell death only in tumor cells,
opening the door to metabolic therapy against glioblastoma.

Hernéndez-Vega et al. [13] determined that 173-estradiol, through ER-«, induces EMT
by the upregulation of vimentin and N-cadherin expression, and increases migration and
invasion in glioblastoma cells.

It is important to have glioblastoma models that allow us to perform reproducible
and high-quality studies on glioblastoma biology and treatment. The open access Q-Cell
glioblastoma claims to do so. D’Souza et al. [14] made a proteomic analysis of the QCell
model and found that the molecular status of the cell lines studied associates with the
previously determined transcriptome analysis. This makes it possible to clearly divide
cells such as mesenchymal-like or neuronal-like glioblastoma cells, which is undoubtedly
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important for choosing optimal models of glioblastoma prior to any in vitro research in
this tumor.

Vaitkiene et al. [15] made a proteomic analysis of 10 proteins in blood serum from
preoperative glioblastoma patients, revealing that the low levels of two of them, osteopontin
and IP10, were associated with increased glioblastoma patient survival.

In the present era of biomedical research, experiments using co-cultures and organoid
models are very interesting for the evaluation of nanotherapeutics at the experimental level.
By combining reconstituted 3D models of glioblastoma (tumoroids) with cerebral organoids
and by modulating the activity of microglia with dendritic polyglycerol sulfate (dPGS),
Zhang et al. [16] demonstrated that dPGS-treated microglia reduced tumoroid invasiveness.
This study proposes the evaluation of well-defined nanostructures in well-characterized
human organoids and co-cultures.

Deletions on the 5'-methylthioadenosine phosphorylase (MTAP) gene have been
detected in several tumors, although the role of this gene in carcinogenesis is not clear yet.
Menezes et al. [17] demonstrated MTAP loss of expression as a frequent genetic event in
glioblastoma, but MTAP expression was not associated with survival, which downplays
this gene as a potential tumor suppressor gene candidate.

Navarro et al. [18] showed that EGFRvIII mutation and ADD3 loss were bad prog-
nostic markers in a series of glioblastomas studied by multiplex ligation-dependent probe
amplification. From this result, we might understand the absence of effect of the inhibitors
of receptor tyrosine kinases in those glioblastomas that do not present EGFR mutations.

Alves et al. [19] demonstrated that the WNK2 gene, a known glioma suppressor gene,
negatively regulates the migration and invasion of glioblastoma cells and inhibits their
autophagic flux.

Lastly, Fellinger et al. [20] presented results on the accumulation of Hsp70 in the
membrane of glioblastoma cells after high irradiation doses. Hsp70 can be found overex-
pressed in the plasma membrane or in the cytosol of tumor cells, including glioblastoma.
Depending on its location in the cell, Hsp70 can promote cell growth (cytosolic location)
or serve as a target for NK cells (tumor cell membrane location). The localization of this
protein in tumor cell membranes and the consequent activation of NK cells suggests the
combination of high-dose radiotherapy with immunotherapy treatments.

In summary, this Special Issue presents 20 articles that help us to better understand
the biology of glioblastoma and some possible ways to improve its treatment. Resistance to
chemotherapy and radiotherapy, cancer stem cells, energy metabolism, EMT, immunother-
apy and ROS are discussed, referring to this deadly tumor.

Funding: This project was funded by a grant from the Fundacion Universidad de Navarra, Pam-
plona, Spain.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Cancer is a redox disease. Low levels of reactive oxygen species (ROS) are beneficial for
cells and have anti-cancer effects. ROS are produced in the mitochondria during ATP production by
oxidative phosphorylation (OXPHOS). In the present review, we describe ATP production in primary
brain tumors, glioblastoma, in relation to ROS production. Differentiated glioblastoma cells mainly
use glycolysis for ATP production (aerobic glycolysis) without ROS production, whereas glioblastoma
stem cells (GSCs) in hypoxic periarteriolar niches use OXPHOS for ATP and ROS production, which
is modest because of the hypoxia and quiescence of GSCs. In a significant proportion of glioblastoma,
isocitrate dehydrogenase 1 (IDH1) is mutated, causing metabolic rewiring, and all cancer cells use
OXPHOS for ATP and ROS production. Systemic therapeutic inhibition of glycolysis is not an
option as clinical trials have shown ineffectiveness or unwanted side effects. We argue that systemic
therapeutic inhibition of OXPHOS is not an option either because the anti-cancer effects of ROS
production in healthy cells is inhibited as well. Therefore, we advocate to remove GSCs out of their
hypoxic niches by the inhibition of their binding to niches to enable their differentiation and thus
increase their sensitivity to radiotherapy and/or chemotherapy.

Keywords: glioblastoma stem cells; IDH1-mutation; energy metabolism

1. Introduction

James Watson postulated in 2014 that physical activity prevents diseases such as
diabetes, dementia, cardiovascular disease, and some types of cancer [1]. Generation of low
levels of reactive oxygen species (ROS) during physical activity induce redox potentials
that are needed to correctly fold proteins in the endoplasmic reticulum. Therefore, Watson
named these diseases redox diseases [1]. We took this hypothesis further with respect to
cancer by postulating that this mechanism explains the considerable evidence that physical
activity may not only reduce the risk of cancer [2,3], but also prolong the survival of cancer
patients, delay the recurrence of cancer [2,4] and improve the quality of life of cancer
patients [5].

Proliferating differentiated cancer cells predominantly use glucose in cytoplasmic
glycolysis instead of mitochondrial respiration for ATP production, independently of
the presence of oxygen (the so-called Warburg effect, Figure 1) [6]. In the past, it was
assumed that the Warburg effect occurred because of defective mitochondria in cancer
cells, but this is not the case. Proliferating cancer cells preferentially use aerobic glycolysis
because besides ATP production, glycolysis enables the synthesis of two elements that
are needed by proliferating cells: carbohydrate building blocks and a reduction in the
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power required for biosynthetic reactions, i.e., NADPH [6-8]. ROS shortages may be
caused by several mechanisms in proliferating cells. First, the Warburg effect has a negative
impact on ROS production, resulting in ROS shortages. ROS are mainly produced during
oxidative phosphorylation (OXPHOS) in mitochondria from 0.1-2% of the electrons that
escape from the electron transport chain (Figure 1) [9], whereas ATP is mainly generated
in the cytoplasmic glycolysis in proliferating cancer cells. Second, NADPH is produced
in excess and is not only used for reductive biosynthetic reactions, but also facilitates
the antioxidant activity of reduced glutathione [6,7] and detoxifying enzymes [10]. ROS
production is elevated during physical activity and that may compensate, resulting in
anti-cancer effects. The nuclear factor erythroid 2-related factor 2 (Nrf2) is an important
regulator of ROS levels in cells [11]. Nrf2 is activated by ROS and it is degraded by
proteasomes after ubiquitinization when ROS levels are low. When Nrf2 is activated, it
induces the expression of antioxidant defense systems, including those in the endoplasmic
reticulum and in stem cells, such as hematopoietic stem cells in the bone marrow [11].

Glucose Fatty Acids Glutamine

£ Glutamate
PEP Acy CC'A/‘>Citrate
ADP
OAA TCA Cycle
ATP CO,

Pyruvate

Lactate

Lactate

Warburg effect

Figure 1. Scheme of cellular energy metabolism (ATP production) in the cytoplasm (glycolysis, green) and in mitochondria

oxidative phosphorylation (OXPHOS) via the electron transport chain (ETC, grey) with the use of oxygen (blue). Substrate

for glycolysis is (extracellular) glucose and for OXPHOS pyruvate (from the cytoplasm, green), or (extracellular) fatty acids

(black), or (extracellular) glutamine and/or glutamate (red).

Besides the rapidly proliferating differentiated cancer cells, tumors also contain a small
fraction of undifferentiated cancer stem cells (CSCs) with tumor-initiating and self-renewal
properties. CSCs reside in specific hypoxic microenvironments, or niches, where CSCs are
maintained in a slowly dividing quiescent state. Quiescence of CSCs protects them from
the cytotoxic effects of chemotherapy and radiotherapy, as these therapeutic strategies only
target proliferating cells. CSC protection in niches results in tumor recurrence in cancer
patients [12-16].
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It has become generally accepted that more differentiated (i.e., non-CSC) proliferating
cancer cells preferentially use aerobic glycolysis for their ATP production, whereas CSCs
preferentially use OXPHOS [12-22]. Similar to healthy cells, CSCs benefit from low levels
of ROS, but not excess levels of ROS, which are toxic [23,24]. This is corroborated by the
fact that CSCs need hypoxic conditions to control their stem cell fate [15], and the low
oxygen levels in the hypoxic niches limit, but certainly do not eliminate, the production of
ATP and ROS [14,19]. A similar phenomenon occurs in hematopoietic stem cells in their
bone marrow niches [25,26].

On the basis of these facts, a ROS-related riddle becomes apparent. On the one hand,
the low levels of ROS that are generated in the context of physical exercise facilitate healthy
cells to correctly fold proteins in the endoplasmic reticulum, and thus low ROS levels
are beneficial to the human body. On the other hand, it has been postulated that CSCs
use mitochondrial respiration for ATP production because low levels of ROS aid CSCs in
maintaining their stem cell state [23,24]. How can we solve this riddle from a therapeutical
point of view and eradicate CSCs in their protective niches and at the same time allow
healthy cells in the bodies of patients to produce low levels of ROS? In the present review,
we aim to solve this riddle for glioblastoma patients.

In glioblastoma brain tumors, glioblastoma stem cells (GSCs) are protected in their
hypoxic peri-arteriolar GSC niches (Figure 2) in a similar way to how healthy HSCs and
leukemic stem cells (LSCs) are protected in hypoxic peri-arteriolar niches in the bone
marrow [25-28]. In addition, there are similarities between GSCs in hypoxic peri-arteriolar
GSC niches and neural stem cells (NSCs) in the hypoxic subventricular zone (SVZ) and
subgranular zone (5GZ) [16,29,30]. GSCs are non-dividing or slowly dividing and, in that
quiescent state, have a modest metabolism. GSCs are held responsible for the recurrence
of glioblastoma after treatment (surgery, radiotherapy, and temozolomide chemotherapy).
Survival of glioblastoma patients is on average 15 months, but recently it was reported that
survival of the fittest patient population can be prolonged to 20 months by the application of
magnetic tumor-treating fields (TTF) [31]. The canonical molecular anti-cancer mechanism
of TTF is that this novel modality disrupts mitosis by interference with heterotrimer
septin complexes and o/ 3-tubulin at the metaphase—anaphase transition in the cell cycle
causing mitotic catastrophe [32,33]. In addition, interference with energy metabolism seems
plausible because the production of pyruvate, the end-product of glycolysis and a critical
fuel for mitochondrial respiration, is reduced when TTF are applied [34].

pegiog’ B.CD133

«GBM

Figure 2. Microscopic images of cryostat sections (8 pm thick) of patient glioblastoma tumor tissue stained with hematoxylin-

eosin (HE, (A)) and Giemsa combined with immunohistochemical detection of the stem cell biomarker CD133 (arrows, red)

showing glioblastoma stem cells (GSCs) in their protective hypoxic peri-arteriolar niche (B). Both in (A) and (B), a cross

section of an arteriole is shown with the lumen (1), the tunica media containing smooth muscle (m), the tunica adventitia

containing stroma (a) and surrounded by a thin layer of GSCs adjacent to the tunica adventitia in (B) and then differentiated
glioblastoma cells (GBM). Bars: (A), 100 um and (B), 50 um. Reprinted with permission [24].

In order to solve the ROS-related riddle for glioblastoma patients, we compare the
energy metabolism in differentiated glioblastoma cells versus that in GSCs, in the presence
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or absence of the canonical heterozygous isocitrate dehydrogenase 1 mutation (IDHImt).
First, we review the present state of affairs with respect to energy metabolism in differenti-
ated glioblastoma cells that are IDH1 wild-type (IDHIwt) or IDHImt. Second, we discuss
possibilities to differentially target therapeutically the energy metabolism of IDHIwt and
IDH1mt GSCs in primary and secondary glioblastoma, respectively.

IDH1 is a metabolic enzyme in the cytoplasm, endoplasmic reticulum, and peroxi-
somes and the mutation causes a neo-enzymatic activity [10,35,36]. The consequences of
this altered activity in differentiated glioblastoma cells are relatively well understood [10],
but the consequences of the IDHImt for GSCs are unknown, despite the fact that GSCs are
considered to be the prime target for therapy to prevent the recurrence of glioblastoma after
therapy [10,16,25,26] and energy metabolism is considered to be an attractive therapeutic
target in cancer [37]. Therefore, it is crucial to determine whether quiescent GSCs can be
effectively and specifically treated therapeutically with metabolic stressors or inhibitors
affecting the energy metabolism in mitochondria. Inhibitors of mitochondrial metabolism
for the therapeutic targeting of CSCs have been reviewed recently [12,13,17,18,20,38,39].
It has to be stressed here that the inhibition of aerobic glycolysis, which is a hallmark
of cancer [37], in differentiated proliferating glioblastoma cells is not an option for treat-
ing glioblastoma patients because clinical trials have thus far shown that potential drugs
targeting glycolysis are either not well tolerated or had no clinical efficacy [18,38,40,41].

2. Energy Metabolism of IDHI1wt versus IDHImt Differentiated Glioblastoma Cells

A striking example of metabolic flexibility in gliomagenesis is the metabolic rewiring
in IDHImt glioblastoma compared to IDHIwt glioblastoma [42]. The IDHI mutation occurs
at a hot spot of the IDH1 gene and is the main driver of IDHImt glioblastoma that make
up 5% of all glioblastoma tumors [10]. IDHIwt converts isocitrate and NADP™* into o-
ketoglutarate (x-KG) and NADPH, whereas IDHImt converts «-KG and NADPH into the
oncometabolite D-2-hydroxyglutarate (D-2-HG) and NADP* (Figure 3). The IDHI enzyme
functions as a dimer of two IDH1 proteins and only one of the two proteins is mutated,
since a dimer of two mutated proteins is nearly completely inactive and may not confer a
survival advantage to the glioma cell [43]. Thus, the IDHIwt protein of the dimer produces
«-KG and NADPH which are subsequently consumed by the IDHImt protein of the dimer
(Figure 3) [10].

Because the capacity to metabolize D-2-HG is low, mainly by D-2-HG dehydroge-
nase, D-2-HG accumulates in the cells and intracellular concentrations up to 30 mM have
been reported [10,44]. The accumulation of D-2-HG and concomitant depletion of x-KG
and NADPH cause a plethora of alterations in cells, affecting metabolism, DNA repair,
redox state, epigenetics, phospholipid composition, and epigenetics, ultimately leading
to gliomagenesis and the development of glioblastoma [10,45]. Moreover, it was reported
recently that IDHImt increases the stiffness of the cytoskeleton which reduces the in-
vasive behavior of IDHImt glioblastoma cells [46] which may well be associated with
their reduced glycolytic activity (see below). This finding is in line with the mechanical
regulation of glycolysis by the cytoskeleton as a response to the composition of the ex-
tracellular environment, whereas cancer cells shut down this mechanical regulation and
keep glycolytic activity high [47]. A tenascin-c-enriched extracellular matrix in IDHImt
glioblastoma enhances its stiffness, thus reducing glioblastoma aggression [48]. However,
it should be stressed here that IDHImt glioblastoma cells are extremely difficult to grow
in vitro, and thus cells overexpressing IDHImt are used that do not reflect the activity
of naturally occurring IDHImt cancer cells, especially because the 1:1 stoichiometry of
heterodimers of wild-type and mutated IDH1 enzymes cannot be reliably replicated with
overexpression systems.

For the synthesis of ATP, a thorough metabolic rewiring occurs in IDHImt cells, lead-
ing to a vast increase in the number of mitochondria as was shown in oligodendroglioma
cells [49]. IDH1wt glioblastoma cells mainly use glycolysis as a classical Warburg pheno-
type that produces lactate [50,51], whereas IDHImt secondary glioblastoma use OXPHOS
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for the generation of ATP using pyruvate and glutamate, which has been determined at
the gene expression, protein, and metabolite levels [42,45,52-55].

A
(R)OS (R)OS
isocitrate D-2-HG isocitrate
NADP* NADP* 1 [| _~ NaDP
ducti n -
Capacity © L/W"d-tva"'d-twilA
NADPH NADPH v VA apeH
a-ketoglutarate a-ketoglutarate

B

(R)OS

D-2-HG

mmutant

a-ketoglutarate

(R)OS

isocitrate

isocitrate

NADP* 1 [ _—~ NADP*
|_wi|d-type\vild-type |

P VR \aopH

a-ketoglutarate

NADP*

production
capacity 4

NADPH

NADPH

IDH17-mutated cell IDH1 wild-type cell

Figure 3. Cartoon of isocitrate dehydrogenase 1 (IDH1) wild-type cells (blue) and IDHI1-mutated cells (pink) showing the
functional IDH1 dimer of 2 wild-type alleles and of one wild-type allele and one mutated allele. The wild-type dimer
produces «-ketoglutarate and NADPH and the heterozygous mutated dimer produces d-2-hydroxyglutarate (D-2-HG) and
NADP*. Reactive oxygen species (ROS) levels are in a steady state more or less similar in both cancer cells (A), whereas
ROS levels accumulate in the IDHI-mutated cell due to irradiation because of reduced NADPH production, unlike in the
wild-type cancer cell (B).

Metabolic rewiring as occurs in IDHImt glioblastoma has also been described as
occurring in 3% of glioblastoma patients with fibroblast growth factor receptor 3 (FGFR3)-
transforming acidic coiled-coil-containing protein 3 (TACC3) gene fusions [56].

IDH1mt is associated with a prolonged survival of glioblastoma patients of approx.
2 years compared to primary glioblastoma [35,36,46]. This is at least partially caused by
the increased oxidation of NADPH via IDHImt which renders the affected glioblastoma
cells more vulnerable to ROS induced by irradiation and chemotherapy (Figure 3) [46].
NADPH is the major intracellular reducing power to reduce glutathione, thioredoxin,
catalase tetramers, and cytochrome P450, all of which are involved in detoxification pro-
cesses, including those of ROS [7,10] which glioblastoma cells need to survive irradiation
and chemotherapy.

In human brain tissue and glioblastoma tumors, IDH1 is the major provider of
NADPH [36]. This is not the case in rodents (Figure 4), and IDHImt does not increase the
survival of acute myeloid leukemia patients because glucose-6-phosphate dehydrogenase
(G6PD) is the major provider of NADPH in white blood cells rather than IDH1 [57,58].
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However, prolonged survival of IDHImt glioblastoma patients may not only depend on the
insufficient availability of NADPH to detoxify ROS during radiotherapy and chemotherapy
because IDHImt-transduced astrocytes and glioma cells have been found to retain stable
NADPH levels by replenishing NADP* and NADPH levels via the synthesis of NADP*
from NAD™" by NAD kinase, thus suggesting additional mechanisms of IDHImt-associated
vulnerability to therapy [59]. Gelman et al. reported that in IDHImt-transduced human
fetal astrocytes, NADPH production by G6PD is increased for D-2-HG synthesis [60]. How-
ever, we did not find elevated G6PD activity in IDHImt versus IDHIwt glioblastoma tumor
samples of patients [36].

g,' K]
L

Figure 4. Serial cryostat sections (8 um thick) of rat brain (RB) containing a patient-derived glioblastoma tumor (GBM)

stained with hematoxylin-eosin (HE), and stained with metabolic mapping for isocitrate dehydrogenase (IDH) activity

and glucose-6-phosphate dehydrogenase (G6PDH) activity. GoPDH activity is more or less similar in rat brain and human

tumor tissue, whereas IDH activity is manifold stronger in human glioblastoma tissue than in rat brain. Bars, 100 pum.

Reprinted with permission [50].

Phase 1B/1I clinical trials are ongoing at present to investigate whether the treatment
of IDHImt glioblastoma and other cancer types with the IDHImt gene can be optimized by
interfering with the mitochondrial ATP production. For this purpose, patients are treated
with the anti-diabetic and FDA-approved drug metformin in combination with the anti-
malaria and FDA-approved drug chloroquine [61]. Metformin and its lipophilic analogue
phenformin, which may reach higher concentrations in the mitochondria of cancer cells,
inhibit complex I of the electron transport chain of OXPHOS, whereas «-KG production
from glutamine and glutamate by glutamate dehydrogenase is inhibited by metformin,
phenformin, and chloroquine (Figure 5) [10,61].

In conclusion, differentiated IDHIwt glioblastoma cells depend on aerobic glycolysis
for ATP production, whereas differentiated IDHImt glioblastoma cells import pyruvate
and glutamate into mitochondria [42] to fuel OXPHOS for ATP production.
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Figure 5. Scheme of cellular energy metabolism (ATP production) and the inhibitory actions of metformin and chloroquine.

Reprinted with permission [54].

3. Energy Metabolism in IDHIwt GSCs

The energy metabolism of IDHIwt GSCs has not yet been very well studied. However,
the general consensus is that GSCs are metabolically flexible but mainly use OXPHOS
for the generation of ATP, whereas differentiated IDHIwt glioblastoma cells use aerobic
glycolysis [51,62,63].

In recent years, a number of proteins has been described that regulate OXPHOS
activity in G5Cs and may become alternative targets for therapy to shut down OXPHOS in
IDHIwt GSCs (Table 1). When interpreting these results, it is important to note that Duraj
et al. recently reported that GSCs cultured in the absence of serum show heterogeneous
energy metabolism and variable responses to inhibitors of cellular metabolism [64].

First, translocator protein (TSPO) is involved in OXPHOS in GSCs. TSPO is a trans-
membrane protein in the outer mitochondrial membrane and facilitates cholesterol trans-
port across the mitochondrial intermembrane space [65]. In the brain, it is mainly expressed
in glial cells [65]. It is also highly expressed in glioma [66]. In human GSCs, the loss
of TSPO resulted in a shift from OXPHOS towards glycolysis with an increased glucose
uptake and lactate production. Moreover, mitochondria were found to be fragmented
after the loss of TSPO, whereas tumor growth intracranially in mice was increased [66].
Therefore, TSPO seems essential for the maintenance of GSCs and thus a promising protein
to be targeted therapeutically.

Second, insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2 or IMP2)
is functional during embryonal development, it is linked with susceptibility to type 2
diabetes and participates in the maintenance of CSCs [67]. Janiszewska et al. [68] reported
that OXPHOS is maintained in GSCs by IGF2BP2 that delivers electron transport chain
subunit-encoding mRNAs to mitochondria and contributes to complex I and IV assembly.
Therefore, IGF2BP2 is another interesting protein to be targeted therapeutically.

Third, glycerol-3-phosphate is a substrate for glycerol synthesis. Glycerol-3-phosphate
dehydrogenase I (GPDI) is expressed upon osmotic stress. It is expressed by GSCs but not
by NSCs and may well be linked with edema formation in glioblastoma [69]. GSCs express

11
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GPDI in relation to their quiescence. An interesting association was made between GSC
quiescence and elevated glycerol levels in dormant insects during their development, and
in hibernating mammals [69]. It is suggested that GPDI is an attractive therapeutic target to
treat glioblastoma as GSC quiescence is inhibited, resulting in increased therapy sensitivity.

Fourth, oncostatin M is a cytokine of the interleukin-6 (IL-6) subfamily and is expressed
in the brain by various cell types (neurons, astrocytes, and microglia). It is involved in
immunosurveillance in the brain [70]. Its receptor is expressed by GSCs in mitochondria
and interacts with complex I to promote OXPHOS. Deletion of the oncostatin M receptor
reduces OXPHOS, increases ROS levels, and sensitizes GSCs to irradiation [71]. IL-6
itself induces CD133 expression via the transfer of STAT3 into the nucleus in hypoxic
conditions [72].

Table 1. Proteins that are involved in oxidative phosphorylation (OXPHOS) in glioblastoma stem cells (GSCs) as potential

selective therapeutic targets.

Protein Function Reference
Translocator protein (TSPO) Mitochondrial transmembrane cholesterol transporter [66]
Insulin-like growth factor 2 mRNA-binding protein 2 L . .
(IGF2BP2) Delivering of mRNAs to mitochondria [68]
Glycerol-3-phosphate dehydrogenase I (GPDI) Prevention of osmotic stress [69]
Oncostatin M Cytokine in immunosurveillance [71]

Various inhibitors of OXPHOS activity of GSCs have been described as well [12,13,17,
18,20,63,73] (Table 2).

First, metformin and phenformin are inhibitors of OXPHOS as described above and
in Figure 5, and metformin is being tested in clinical trials in patients with cancers with
IDH1mt [61]. Nuclear magnetic resonance-based metabolomic analysis showed anti-cancer
effects of metformin treatment [74].

Table 2. Inhibitors of oxidative phosphorylation (OXPHOS) to selectively target glioblastoma stem
cells (GSCs).

Inhibitor FDA-Approved? Indication Reference
Pneumocystis jiroveci
Atovaquone Approved pneumonia treatment, [75]
malaria prophylaxis
Mito-Lonidamine (Mito-LND) Not approved N/A [41]
. Type 2 diabetes
Metformin Approved mellitus [61]
Phenformin Not approved N/A [61]
Verteporfin Approved Macular degeneration [76]

Second, Mudassar et al. [75] reviewed the role of hypoxia in combination with OX-
PHOS and resistance of GSCs to irradiation. Their focus was to inhibit OXPHOS to increase
the low oxygen levels in hypoxic GSC niches to sensitize GSCs to irradiation. Repurposing
of the anti-parasitic drugs atovaquone, ivermectin, proguanil, mefloquine, and quinacrine
that inhibit OXPHOS in various ways was their approach to reduce hypoxia in GSC niches
and render GSCs more vulnerable to radiotherapy and chemotherapy.

Third, lonidamine (LND) is an anti-glycolytic drug with limited clinical effects in
cancer patients [13,38,40,41]. However, LND in a mitochondria-targeting form (Mito-LND)
appears to be a selective OXPHOS inhibitor with very low toxicity in mice [41]. These
characteristics of Mito-LND makes it an attractive candidate to target CSCs in general and
GSCs and IDHImt glioblastoma in particular, as they primarily depend on OXPHOS.

Fourth, verteporfin inhibits OXPHOS at complexes IIl and IV of the electron transport
chain very efficiently (ICs59 = 200 nM) [76]. It is specifically cytotoxic against GSCs and not
to differentiated glioblastoma cells or normal cells.

12



Cells 2021, 10, 705

Fifth, the effects of a ketogenic diet on patient-derived GSCs were studied in vitro
by incubation of GSCs in media containing B-hydroxybutyrate and restricted glucose
levels that mimic the clinical effects of such a diet. It was found that ROS levels were
increased in GSCs and apoptosis was induced, whereas ROS scavengers annihilated these
effects [77]. However, an unrestricted ketogenic diet did not reduce tumor growth in vivo
in various glioblastoma mouse models, whereas the inhibition of fatty acid oxidation by
etomoxir reduced glioblastoma growth in the same mouse models [50]. It appeared that
etomoxir prolonged the survival of mice whereas the ketogenic diet did not affect survival
or even reduce the survival of the mice. IDHIwt and IDHImt glioblastoma cells were not
differently affected by etomoxir [50]. We conclude that the long-standing conviction that a
ketogenic diet is beneficial for glioblastoma patients has no scientific grounds. It should not
be considered for glioblastoma patients because a ketogenic diet may even have adverse
effects on glioblastoma tumor growth. Kant et al. demonstrated that fatty acid oxidation
provides (3-hydroxybutyrate for ketogenesis that stimulates glioblastoma cell proliferation
in vitro and that finding was recapitulated in glioblastoma tumors [51]. Furthermore, a
ketogenic diet is hard to maintain and thus has unnecessary negative effects on quality of
life of glioblastoma patients.

In conclusion, a number of proteins that are involved in OXPHOS activity have
been described recently as potential targets for anti-OXPHOS therapy as well as selective
inhibitors of OXPHOS activity in GSCs. These developments certainly deserve follow-up
studies to establish whether or not one or more can be developed into an opportunity to
therapeutically target IDHIwt GSCs in patients.

4. Energy Metabolism in IDHImt GSCs

The energy metabolism of GSCs has not been studied in relationship with IDHImt,
as far as we know. Therefore, we have to extrapolate from the data that are available
regarding energy metabolism in IDHImt and IDHIwt glioblastoma tumors in combination
with our understanding of the energy metabolism in stem cells in general and in CSCs in
particular. In this way, strategies can possibly be formulated for testing in future studies
for the rational design of therapies targeting energy metabolism in IDHImt GSCs.

The energy metabolism of IDHImt glioblastoma is forced to be dependent on OX-
PHOS instead of aerobic glycolysis because of the drain of xKG and NADPH by the
IDH1mt enzyme that converts «KG into D-2-HG with concomitant oxidation of NADPH
into NADP™" [42,45,52-55]. This altered metabolism causes metabolic stress, and it has been
hypothesized by us and others that the increased metabolic stress induced by the thera-
peutic targeting of the mitochondrial energy metabolism prolongs the survival of IDHImt
glioblastoma patients [10,50,61]. Candidate compounds in this respect are metformin or
phenformin, chloroquine, and epigallocatechin-3-gallate (EGCG) to inhibit the production
of oaKG by glutamate dehydrogenase. As explained above, metformin and phenformin
inhibit complex I of the electron transport chain of OXPHOS and glutamate dehydrogenase,
whereas chloroquine inhibits glutamate dehydrogenase (Figure 5) [10,61]. EGCG, a major
polyphenol flavonoid in green tea [78], reduces D-2-HG production and the proliferation
of IDHImt glioblastoma cells [79]. In glioblastoma patients, EGCG seems effective only
when used in large quantities as an adjuvant during radiotherapy and temozolomide
chemotherapy [78]. It is worthwhile to investigate whether this adjuvant effect of EGCG is
more profound in IDHImt glioblastoma patients than in IDHIwt patients.

Glutamate is present extracellularly in high concentrations in brain tissue and can be
imported into the mitochondria by glioblastoma cells [80,81]. Moreover, glutamate has been
determined as a necessary metabolite for IDHImt glioblastoma [42,45,52-59]. Reduced
levels of glutamate in IDHImt-transduced cells [82] confirm the potential of glutamate
dehydrogenase inhibition to increase the metabolic stress of IDHImt glioblastoma cells.

Inhibition of the conversion of glutamine into glutamate by glutaminase has also
been investigated to increase metabolic stress in CSCs. The small-molecular inhibitor
CB839 of glutaminase activity eradicates GSCs in neurospheres [40]. Moreover, the glu-
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tamine analogue (6-diazo-5-oxo-L-norleucine (DON))-containing prodrug JHU083 inhibits
glutamine-metabolizing glutaminase in cancer cells. The prodrug is cleaved by cathepsins
that are abundantly present in glioblastoma cells and extracellularly in the microenviron-
ment of tumors (Figure 6) [83-85] to release locally the active glutamine analogue DON to
inhibit glutamine conversion selectively in cancer cells. This is most relevant because other
glutamine-using cells such as T cells are not affected and can still perform their immune
anti-cancer function [86].

Figure 6. Intracellular activity of cathepsin B in lysosomal-like organelles (strongly green fluorescent
dots, white arrows) in cultured differentiated glioblastoma cells (U373) (A) and GSCs (B) and in GSCs
around an arteriole in a cryostat section of a patient-derived glioblastoma tumor (C). Localization of
cathepsin B activity was performed as described in [83]. Bars, 50 pm.

Moreover, D-2-HG strongly inhibits the transaminases branched-chain aminotrans-
ferase 1 (BCAT1) and BCAT?2, thus lowering glutamate levels in IDHImt glioblastoma
cells. It explains their sensitivity to glutaminase inhibitors because the inhibitors increase
metabolic stress in IDHImt cancer cells [87].

It has also been suggested to treat patients with IDHImt glioblastoma with inhibitors of
the mutated protein of IDH1 [88]. However, we want to emphasize that this has to be done
with caution because as a consequence of IDHImt inhibition, metabolic stress is reduced
and NADPH production capacity is increased, and thus the more effective radiotherapy and
chemotherapy in IDHImt glioblastoma patients is lost. Therefore, inhibitors of the IDHImt
protein should not be administered to patients during radiotherapy and chemotherapy [89].

In conclusion, experimental data are not yet available of the identity of the energy
metabolism in IDHImt GSCs, but it is reasonable to assume that the metabolic differences
between IDHImt GSCs and IDHI1mt differentiated glioblastoma cells are smaller than the
metabolic differences between IDHIwt GSCs and IDHIwt differentiated glioblastoma cells.
A major rationale that supports this hypothesis is the finding that the metabolic rewiring
in IDHImt differentiated glioblastoma cells is associated with the metabolic rewiring that
is also associated with the acquisition of stemness. This assumption should be tested in
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future studies. If this is the case, there is no need for the specific targeting of the OXPHOS
metabolism of IDHImt GSCs because both GSCs and differentiated glioblastoma cells
depend on OXPHOS. Furthermore, IDHImt glioblastoma patients should not be treated
with inhibitors of the IDHImt protein during radiotherapy or chemotherapy because the
inhibitors counteract the vulnerability of IDHImt glioblastoma to therapy.

5. Concluding Remarks

Cancer is a redox disease and is closely associated with ATP production in mitochon-
dria (OXPHOS), the source of ROS in cells. In healthy cells in our body, low ROS levels
are beneficial and may have an anti-cancer effect because they reduce cancer risk, prolong
cancer patient survival, delay cancer recurrence, and improve the quality of life of cancer
patients. In glioblastoma, like in many other cancer types, the differentiated glioblastoma
cells produce ATP preferentially in cytoplasmic glycolysis, both anaerobic and aerobic.
This Warburg effect has been excellently reviewed recently by Vaupel and Multhoff [8]. In
this review, the Warburg effect is explained on the basis of current metabolic perspectives
as an essential part of a selfish metabolic reprogramming in differentiated cancer cells.
Because of the high proliferation rate and sensitivity of differentiated glioblastoma cells to
cytotoxic agents, radiotherapy and chemotherapy are effective. Inhibition of glycolysis is
not an option in glioblastoma patients because clinical trials of inhibitors of glycolysis have
been proven to be either ineffective or causing unwanted side effects.

The small amount of GSCs in glioblastoma tumors and in the SVZ, whether they are
IDHIwt or IDHImt, preferentially use OXPHOS for ATP production and are well protected
against radiotherapy and chemotherapy in their hypoxic niches, mainly because they are
slowly proliferating. GSCs have a modest metabolism and produce low levels of ROS.
Rapidly increasing numbers of specific therapeutic targets that may cause inhibition of
OXPHOS are becoming available in order to attack ATP production in GSCs in particular
and in CSCs in general.

However, when the need for OXPHOS in healthy cells in the body of cancer patients
is taken into consideration, it must be concluded that systemic treatment of cancer patients
with OXPHOS inhibitors is not an option either. It annihilates the benefits of low levels of
ROS in healthy cells that can be stimulated by physical exercise.

Therefore, we suggest focusing on a different approach to specifically target GSCs
irrespective of their mutational status and irrespective of their energy metabolism, as has
been proposed by Hira et al. [25,26]. GSCs are kept in their hypoxic peri-arteriolar niches
in glioblastoma tumors and the SVZ [16] by stromal-derived factor-1« (SDF-1)-C-X-C
receptor type 4 (CXCR4) interactions in a similar way as HSCs and LSCs are kept in their
hypoxic peri-arteriolar niches in bone marrow [25,26]. Inhibition of CXCR4 by the FDA-
approved drug plerixafor is used successfully to remove LSCs out of the bone marrow
niches to render them more sensitive to chemotherapy and HSCs in healthy donors to be
harvested in the peripheral blood for stem cell transplantation [26]. Removal of GSCs from
their niches in glioblastoma before radiotherapy or chemotherapy may become similarly
successful in this context.
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Abstract: Glioblastoma is the most common brain malignant tumor in the adult population, and im-
munotherapy is playing an increasingly central role in the treatment of many cancers. Nevertheless,
the search for effective immunotherapeutic approaches for glioblastoma patients continues. The goal
of immunotherapy is to promote tumor eradication, boost the patient’s innate and adaptive immune
responses, and overcome tumor immune resistance. A range of new, promising immunotherapeutic
strategies has been applied for glioblastoma, including vaccines, oncolytic viruses, immune check-
point inhibitors, and adoptive cell transfer. However, the main challenges of immunotherapy for
glioblastoma are the intracranial location and heterogeneity of the tumor as well as the unique,
immunosuppressive tumor microenvironment. Owing to the lack of appropriate tumor models,
there are discrepancies in the efficiency of various immunotherapeutic strategies between preclinical
studies (with in vitro and animal models) on the one hand and clinical studies (on humans) on the
other hand. In this review, we summarize the glioblastoma characteristics that drive tolerance to im-
munotherapy, the currently used immunotherapeutic approaches against glioblastoma, and the most
suitable tumor models to mimic conditions in glioblastoma patients. These models are improving
and can more precisely predict patients’ responses to immunotherapeutic treatments, either alone or
in combination with standard treatment.

Keywords: glioblastoma; immunotherapy; tumor model; stem cell; organoid; heterogeneity; im-

munosuppression; microenvironment

1. Introduction: Glioblastoma and Its Heterogeneity

The most aggressive and also most common primary brain tumor in adults is glioblas-
toma (Glioblastoma WHO grade IV). Glioblastoma is poorly responsive to therapy, which in-
cludes maximal surgical removal that is followed by chemotherapy and radiation therapy
and has one of the shortest survival rates amongst all cancers [1]. For example, tumor treat-
ing fields treatment together with chemotherapy improved median overall survival of
glioblastoma patients from 16 to 20.9 months [2]. Despite novel modalities in treatment,
which rely on the Stupp protocol from 2005, the 5-year survival rate of patients is less than
5% [3-5]. Glioblastoma has distinct histological characteristics, including a pleomorphic
cell composition, increased mitotic and cellular activity, and significant angiogenesis and
necrosis [6]. The poor response of glioblastoma to treatment and its poor prognosis are
associated with diffused invasion patterns within the central nervous system (CNS) [7].
Furthermore, the blood-brain barrier (BBB) presents both a physical and biochemical barrier
to the CNS for large molecules [8,9]. Lymphatic vessels have been found in the meninges of
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humans and mice [10-12], causing the notion of the CNS as an immune-privileged system
to be reconsidered. Brain-resident macrophages, i.e., microglia, are also now broadly recog-
nized as antigen-presenting cells of the CNS. Although the brain is an immunologically
distinct site, the brain microenvironment is capable of generating robust immune responses
and offers adequate opportunities for the implementation of brain tumor immunother-
apy [13]. In addition, the BBB can be disrupted in brain tumor patients, which increases
the infiltration of immune cells into the tumor area. However, most GBM patients have
variable regions of disrupted BBB, meaning that tumor regions with disrupted BBB and
tumor regions with intact BBB exist [14].

The successful treatment of glioblastoma remains one of the most difficult challenges
in brain cancer therapy. This is due to (1) the small population of therapy-resistant glioblas-
toma stem cells (GSCs) [15-18] and (2) inter- and intra-tumor heterogeneity that consists of
a variety of different subtypes of glioblastoma [19] and stromal cells in the tumor microen-
vironment (TME) [20,21]. Glioblastomas have been genetically categorized by The Cancer
Genome Atlas into three subtypes: proneural, classical, and mesenchymal. Each of these
subtypes is characterized by mutations causing platelet-derived growth factor receptor
alpha activation, epidermal growth factor receptor (EGFR) activation, and neurofibromin
1 deletions, respectively. Glioblastoma subtypes differ in their prognostic value, with mes-
enchymal and proneural subtypes exhibiting the shortest and longest overall survival rates,
respectively [19]. Moreover, the composition of the TME is linked to the molecular subtypes
of glioblastoma. Mesenchymal tumors contain abundant gene expression signatures for
macrophages, CD4" T cells, and neutrophils [22]; this is also associated with a higher
glioma grade [19]. An increase in macrophages and microglia cells occurs upon disease
recurrence and is associated with shorter relapse time after therapy [22].

GSCs are largely responsible for glioblastoma recurrence and therapy resistance due
to their DNA repair and multi-drug resistance mechanisms as well as their ability to evade
the immune response [15,23,24]. GSCs are maintained in hypoxic and peri-arteriolar GSC
niches [25,26] and are more abundant in more aggressive, high-grade tumors with worse
prognoses [27,28]. The glioblastoma TME regulates and determines the cellular state and
drives GSC plasticity [29], which leads to the therapeutic resistance of tumors [30].

The predominant immune cells in the brain are macrophages, more specifically, tissue-
resident macrophages known as microglia [31]. In brain cancer or other brain inflammatory
conditions, additional peripheral monocytes are recruited from bone marrow and are
differentiated in the brain into macrophages that are phenotypically distinct from mi-
croglia [32,33]. Immune cells are recruited and phenotypically changed by glioblastoma
cells; this supports tumor growth and an immunosuppressive TME [34] through the re-
lease of cytokines, extracellular vesicles, and connecting nanotubes [35]. Chemoattraction
between cells is mediated by members of a large family of chemokines [36,37]. For ex-
ample, in glioblastoma, the chemokine (C-C motif) ligand 5 (CCL5) and its receptor C-C
chemokine receptor type 5 (CCR5) are involved in autocrine and paracrine cross-talk be-
tween glioblastoma cells and the TME, contributing to stromal and immune cell tumor
infiltration and glioblastoma cell invasion [38,39]. The attraction between endothelial and
glioblastoma cells in GSC niches is predominantly maintained by the binding of C-X-C
motif chemokine 12 (CXCL12, also known as stromal cell-derived factor 1« (SDF-1)) to
the C-X-C chemokine receptor type 4 (CXCR4) in GSCs [26].

2. The Immunosuppressive Microenvironment of Glioblastoma

Multi-layered immunosuppression exists in glioblastoma, both at the systemic and
local level [40]. Systemic immunosuppression in glioblastoma patients is, to a large extent,
induced by standard treatment including radiotherapy, temozolomide, and corticosteroids,
which weakens the adaptive and innate immune responses [41]. Moreover, defects in
antitumor responses arise from defective T cell mobilization from the periphery due to T
cell entrapment in the bone marrow, which is caused by the loss of the surface sphingosine-
1-phosphate receptor 1 (S1P1) [42,43] that binds the lipid second messenger sphingosine-1-
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phosphate (S1P) [44]. The S1P-S1P1 axis plays a role in governing lymphocyte trafficking.
Naive T cell egress from bone marrow or secondary lymphoid organs cannot occur without
functional S1P1 on the cell surface, as S1P1 is essential for lymphocyte recirculation [42,45].

The glioblastoma microenvironment is extremely immunosuppressive due to its low
immunogenicity, the immunosuppressive properties of many cells (including cancer cells,
cancer stem cells (CSCs), and tumor-infiltrating immunosuppressive immune cells, e.g.,
myeloid cells and T regulatory cells (Tregs)), and the lack of antigen-presenting potential
and costimulatory antigens, leading to tumor resistance to immunotherapy.

Glioblastoma cells and GSCs employ several mechanisms to evade the immune re-
sponse. These include their intrinsic resistance to the induction of cell death, modulation of
tumor antigens and cell surface molecules (which are important for the recognition and
destruction of immune effector and antigen-presenting cells), and secretion of extracellular
vehicles, cytokines, and growth factors. For example, glioblastoma cells express the pro-
grammed cell death receptor 1 ligand (PD-L1) that inhibits the cytotoxicity of cytotoxic T
cells and downregulates major histocompatibility complex (MHC) class I, resulting in defi-
cient T cell cytotoxicity [40]. Moreover, glioblastoma cells may increase the expression of
natural killer (NK) cell inhibitory ligands and decrease the expression of NK cell-activating
NK group 2 member D (NKG2D) ligands, leading to inhibited NK cell-mediated lysis [46].

Glioblastoma is immunologically a cold tumor with low NK and T cell infiltration
compared to other solid tumors. In glioblastoma, T and NK cells become dysfunctional.
T cells are senescent, tolerant, exhausted, and anergic due to the immunosuppressive
glioblastoma TME [40,47]. NK cells are important as immune effectors of the first line of
defense against tumor cells and have been shown to control metastasis by eliminating
circulating cancer cells [48]. The proposed mechanisms for the functional inactivation
of tumor-associated NK cells are the overexpression of Fas ligand, the loss of mRNA for
granzyme B [49], and the decrease of CD16 and its associated zeta chain [50-52]. T and NK
cell dysfunction is also caused by co-expression of multiple co-inhibitory receptors, includ-
ing programmed cell death protein 1 (PD-1), T cell immunoglobulin and mucin-domain
containing-3 (TIM3), lymphocyte activation gene 3 protein (LAG3), cytotoxic T lymphocyte-
associated protein 4 (CTLA-4), and T cell immunoreceptor with immunoglobulin and ITIM
domains (TIGIT) [53].

Glioblastoma immunosuppressive TME is driven by tumor-intrinsic factors and brain
(host) tissue responses to tumor antigens, such as overexpression of the indoleamine
2,3-dioxygenase (IDO) enzyme [54,55] and oncogene transforming growth factor-beta
(TGF-B), respectively. IDO is a tryptophan catabolic enzyme overexpressed in several
tumor types that creates an immunosuppressive microenvironment via the suppression
of cytotoxic (CD8") T cell proliferation and effector function [56] and the promotion of
Treg generation via an aryl hydrocarbon receptor-dependent mechanism [56]. Cytokines,
such as IL-10 and TGF-§3, within the glioblastoma TME cause microglia to lose MHC
expression [57,58]. TGF- reduces NK and CD8" T cell activation through inhibiting
NKG2D expression, which is responsible for inducing lysis of NKG2D ligand-bearing cells
that express class | MHC-related proteins, MHC Class I Polypeptide-Related Sequence A
(MICA) and B, and the UL16 binding protein (ULB) 14 protein family [59].

Glioblastoma cells in the TME hijack many different cells to support tumor growth
through the recruitment and suppression of many cells of the innate and adaptive im-
mune responses [20]. For example, Tregs and myeloid-derived suppressive cells that
inhibit the proliferation and activation of effector cells (i.e., T cells and NK cells) and
antigen-presenting cells are recruited. Increased numbers of forkhead box P3 (FOXP3)*
Tregs were found in glioblastoma [60,61]; however, their correlation with patient survival
was modest [60,62,63]. Microglia and tumor-infiltrating macrophages influence immuno-
suppression by secreting the cytokine IL-10, TGF-3, and extracellular vesicles [64,65].
These complex interactions open new therapeutic windows for glioblastoma treatment.
Colony-stimulating factor 1 (CSF-1) is a potent chemoattractant that regulates the differen-
tiation of monocytes into tumor-associated macrophages (TAMs), and its overexpression
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correlates with increased TAM infiltration and poor clinical outcomes [66]. Inhibition of the
CSEF-1 receptor (CSF-1R) enhanced sensitivity to irradiation by altering both the recruitment
and the phenotype of myeloid-derived cells recruited to the irradiated glioblastoma [67].
TAMs also express high levels of PD-L1 [41]. Moreover, hypoxic conditions in the glioblas-
toma TME, through increased hypoxia-inducible factor (HIF) transcription factors and
vascular endothelial growth factor (VEGF), increase TAM tumor infiltration [40].

3. Immunotherapeutic Strategies for Glioblastoma

The goal of immunotherapy is to stimulate patient antitumor immunity and eliminate
glioblastoma cells, specifically the therapy-resistant fraction of glioblastoma cells. Sev-
eral immunotherapeutic approaches, including vaccines, oncolytic viruses, checkpoint in-
hibitors, and adoptive cellular transfer (chimeric antigen receptor (CAR) T and NK cells),
alone or in combination with standard glioblastoma therapy, have been tested against
glioblastoma in preclinical and clinical studies [13,41,68-71].

3.1. Vaccines

The main goal of the vaccine-based approach is to strengthen the adoptive immune
response in the brain against glioblastoma cells. Several vaccines with peptides, mim-
icking neoantigens in glioblastoma cells, have been developed to trigger an antitumor
immune response in patients. Vaccination of glioblastoma patients with a peptide mim-
icking the EGFR variant III (EGFRVIII) in glioblastoma cells, together with standard temo-
zolomide chemotherapy or the anti-angiogenic agent bevacizumab, showed promising
anti-glioblastoma effects in clinical trials. As only 25-30% of patients express EGFRVIII,
and its expression is heterogeneous in tumors and unstable through the course of the
disease, the efficiency of these vaccines is limited [72,73]. Moreover, a randomized, double-
blind, and international phase 3 trial, which assessed the efficacy of the vaccine, based on
EGFRvlII-specific peptide (CDX-110), with temozolomide did not show a survival benefit
for newly diagnosed glioblastoma patients with EGFRVIII mutation [74]. To overcome
glioblastoma cell heterogeneity, multi-peptide vaccines based on the administration of
a combination of tumor-associated peptides overexpressed in glioblastoma cells were
developed; however, the overall survival of glioblastoma patients was not significantly
improved [41,75]. The advantages of dendritic cell-based therapies are the induction
of antitumor T cell responses and enhancement of tumor immunogenicity due to their
antigen-presenting functions and ability to link innate immunity with adoptive immunity.
This is extremely important, especially in low immunological tumors such as glioblas-
toma. Vaccines based on autologous dendritic cells, which can be primed ex vivo using
patient-derived tumor lysates, CSCs, or glioblastoma-associated antigens, have been tested
in several clinical trials together with temozolomide as standard treatment [69,76,77].
Based on those findings, vaccination induces immune responses, even antitumor T cell
responses have been observed; however, immune stimulation seems to be insufficient
to translate into clinical benefit, and thus the efficacy of vaccine immunotherapy is lim-
ited [41,77,78]. Recent clinical studies are utilizing personalized vaccines that target a
patient’s unique tumor-associated neoantigens [41].

3.2. Oncolytic Viruses

Virus-based anticancer therapies are based on viruses that selectively infect or repli-
cate in tumor cells, leading to the lysis of infected tumor cells (direct effect) and the
activation of immunogenic tumor cell death pathways that can stimulate antigen pre-
sentation and the adaptive antitumor immune response (indirect effects). Additionally,
oncolytic viruses activate the innate immune system through pattern recognition recep-
tors and pathogen-associated molecular patterns [79]. Current oncolytic viral approaches
utilize replication-competent viruses, such as retroviruses, adenoviruses, herpes simplex
viruses, polioviruses, and measles viruses [13,41]. Such viral approaches also include
oncolytic viruses that are armed with immunoregulatory inserts, such as interleukin 12 and
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OX40 ligand, further boosting innate and adoptive antitumor immune responses [70,80].
Adenoviruses can be modified to become tumoricidal gene delivery vectors, such as the ade-
noviral vector AdV-tk. This vector contains the herpes simplex virus thymidine kinase gene,
which converts the toxic nucleotide analog, the prodrug ganciclovir or valacyclovir that
kill fast-growing tumor cells. Moreover, induced cell death of tumor cells elicits immune
effects. In phase II of clinical trials for newly diagnosed malignant gliomas, local delivery
of AdV-tk plus valacyclovir together with standard treatment improved progression-free
and overall survival by a few months [81]. A non-lytic, replicating retrovirus encoding
cytosine deaminase has been used in clinical trials in combination with the prodrug 5-
fluorocytosine, which is converted in virus-infected tumor cells into the antimetabolite
5-fluorouracil by exogenous cytosine deaminase, which is not otherwise expressed in
human cells. This combined viral treatment prolonged the survival of patients with pri-
mary and recurrent high-grade gliomas in phase I clinical trials, increased immunogenicity
within the TME, and activated the adoptive immune response [41,82]. Oncolytic viral im-
munotherapy can sensitize cancer patients to other active immunotherapeutic approaches;
however, the marginal increases in overall survival have not yet achieved clinical transla-
tion. Namely, viruses and viral vectors show low transfection rates and limited penetration
of brain tumors [83]. The combined approach with other immunotherapies, including im-
mune checkpoint inhibitors and adoptive cell therapy, is currently the main focus aiming
to prolong oncolytic virus-initiated clinical responses [79,84].

3.3. Immune Checkpoint Inhibitors

Immune checkpoint inhibitors are antibodies, which reduce the activity of endoge-
nous negative regulatory pathways that limit T cell activation. Antibodies that block the
inhibitory immune checkpoint proteins CTLA-4, PD-1, and its ligand PD-L1 have shown
major improvements in the outcome of cancer patients in the past decade and are widely
used. CTLA-4 and PD-1 are expressed on T cells, whereas PD-L1 is expressed on certain sub-
sets of immune cells, including TAMs, and is aberrantly expressed on tumor cells. PD-L1
expression has been found in glioblastoma cells; however, not all glioblastomas express
PD-L1 and its expression changes during the course of the disease [85]. Although there
were several encouraging preclinical data on the use of immune checkpoint inhibitors (anti-
PD-1 and anti-CTLA-4 antibodies, alone or in combination) for glioblastoma, clinical trials
have been disappointing, with no patient survival improvement [41,85]. Several reasons
for the poor efficacy of immune checkpoint inhibitors in glioblastoma have been identified,
including the timing of delivery (neoadjuvant or adjuvant therapy), BBB, low infiltration
of T cells into the tumor, predominant myeloid infiltrate, and multi-layered immunosup-
pression in the TME [84-88]. A subgroup of glioblastoma patients have benefited from
immune checkpoint inhibitor treatment and have exhibited prolonged survival. The tu-
mors of these patients have enriched alterations in the mitogen-activated protein kinase
(MAPK) pathway (mutationally activated protein tyrosine phosphatase non-receptor type
11 (PTP11) and B-raf murine sarcoma (BRAF)) [41]. In the same study, non-responders to
immune-checkpoint inhibitors exhibited phosphatase and tensin homolog (PTEN) muta-
tions that were associated with immunosuppressive expression signatures [41]. A recent
study by Cloughesy et al. have shown that patients with recurrent glioblastoma received
neoadjuvant treatment with pembrolizumab (anti-PD-1), with continued adjuvant therapy
following surgery, had significantly improved overall survival compared to that receiving
only adjuvant post-surgical treatment with pembrolizumab. Neoadjuvant administration
of pembrolizumab enhanced local and systemic immune responses in patients [89]. Cur-
rently, clinical trials with combinatorial therapy, in which immune checkpoint inhibition is
combined with other immunostimulatory approaches, are in progress [84-88].

3.4. Adoptive Cell Therapies: CAR T and NK Therapy

Genetically modified T cells that express CARs consist of an extracellular tumor-
specific antigen-recognition domain and a T cell activation domain. A great advantage of
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CART cells is that they can recognize specific antigens and trigger cell lysis independently
of major MHC I presentation. After autologous or allogeneic T cells are engineered in
the laboratory, they are adoptively transferred into the patient to activate the antitumor
immune response. In the case of brain tumors, CAR T cells can be applied intravenously,
intracranially, or into the tumor [90]. CAR T cells can target glioblastoma-specific antigens,
including interleukin-13 receptor subunit alpha-2 (IL-13R«2), EGFR wt, and EGFRVIII,
and are thus effective against glioblastoma in preclinical models [13,91,92]. In addition,
glioblastoma patients who received IL-13R«2- and EGFRvIII-targeting CAR T cells showed
clinical responses in early clinical studies. CAR T cells can infiltrate the glioblastoma, be-
come activated within the glioblastoma microenvironment, and activate various adoptive
cell responses in patients. However, CAR T cells must be combined with other thera-
pies or with CAR T cells targeting multiple different antigens because of glioblastoma
heterogeneity, tumor antigen loss during tumor progression, CAR T exhaustion in the
TME, activation of compensatory adoptive resistance mechanisms, and upregulation of
immunosuppressive factors and cells (e.g., IDO1, PD-L1, and Tregs) in the TME that are
triggered after CAR T cell application. Trivalent CART T cells co-targeting human epider-
mal growth factor receptor 2 (HER2), IL-13R«2, and EPH receptor A2 (EphA2) have been
demonstrated to be more efficacious in preclinical studies than bivalent or monovalent
CARTT cells [13,90,93]. CAR T cells targeting tumor-initiating cells through the surface
receptor CD133 in glioblastoma have been developed recently. CD133 (prominin 1) has
been identified as a surface biomarker of tumor-initiating and therapy-resistant GSCs [94].
Intracranial injection of CD133-specific CAR T cells reduced tumor burden and prolonged
survival of glioblastoma-bearing mice. This treatment is considered safe in mice, as it
did not incur acute toxicity in normal hematopoietic stem and progenitor cells that also
express CD133 [95].

NK cells are the only immune effectors known to recognize and kill GSCs without
requiring approaches that generate immunogenic antigens and enable cell priming with
appropriate costimulatory signals, as are required for potential T or dendritic cell-based
immunotherapies. NK cells preferentially recognize and lyse GSCs in a non-MHC re-
stricted manner [96]. NK cells are the main mediators of antibody-dependent cellular
cytotoxicity [46,68]. The use of allogeneic NK cells is preferred because the inhibitory
killer-cell immunoglobulin-like receptors (KIR) receptors on the surface of donor NK cells
cannot recognize self-MHC class I molecules on the tumor cells of the patient. Conse-
quently, the absence of inhibitory signals allows NK cell activation [46,96]. As NK cells
have been shown to preferentially kill GSCs [97,98] and penetrate the BBB [99] in preclinical
in vitro and animal models when administered systematically, patients with glioblastoma
and high-grade gliomas are now undergoing allogeneic and autologous NK cell admin-
istration in clinical trials or are undergoing recruitment (NCT04489420, NCT04254419:
ClinicalTrials.gov). To increase natural NK cytotoxicity and attack towards tumors with a
heterogeneous expression of CAR target antigens, NK cells can be genetically engineered
to express CARs. CAR NK cells targeting the glioblastoma cell-specific antigens EGFR,
EGFRvIII, and HER2 have been generated from NK cells derived from the following:
the peripheral blood of healthy donors, umbilical cord blood, induced pluripotent stem
cells, and the NK-92 cell line, which all display features of activated primary NK cells.
CAR NK cells exhibited GSC and differentiated glioblastoma cell cytotoxicity increased
levels of interferon-gamma (IFN-y), and prolonged survival of glioblastoma-bearing mice
in preclinical studies [68,100,101]. Currently, glioblastoma patients are being recruited for
clinical trials using HER-2-specific CAR NK cells (NCT03383978: ClinicalTrials.gov).

3.5. Resistance to Immunotherapy and Combinatorial Approaches

As single immunotherapeutic approaches have shown some promising results but
are not sufficiently successful in prolonging the survival of glioblastoma patients, com-
binatorial immunotherapeutic approaches that can synergize together are now under
investigation. The reasons for the poor response to single immunotherapeutic approaches
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are adoptive tumor resistance compensatory mechanisms due to multi-layered immuno-
suppression, local immune cell dysfunction, and glioblastoma tumor heterogeneity [91].
Specific efforts to facilitate the antitumor immune response are focused on targeting the
immunosuppressive myeloid compartment, reducing the activity of immunosuppressive
molecules (e.g., IDO and CSF-1R), and activating antitumor functions of other immune cells,
NK cells, and dendritic cells [41]. Anti-IDO in combination with anti-PD-1 and anti-CTLA-4
approaches are more potent than monotherapy and decrease the accumulation of Tregs in
a glioblastoma murine model [86]. The synergistic effects of combining adenovirus-based
therapy and anti-PD-1 result in prolonged survival in experimental models of glioblas-
toma [13,80]. Although CSF-1R inhibitors showed promising results in preclinical stud-
ies, the clinical trials with orally administered CSF-1R inhibitor PLX-3397 were negative,
with minimal clinical efficacy in patients with recurrent glioblastoma. Microenvironment-
driven resistance to CSF-1R inhibitor is mediated through phosphatidylinositol 3-kinase
(PI3K) pathway, which was elevated and driven by insulin-like growth factor—1 (IGF-1) and
tumor cell IGF-1 receptor (IGF-1R) [102,103]. The use of anti-CSF-1R agents with anti-PD-1
therapy is now in clinical trials [13]. Moreover, CAR T therapy (anti-HER2, anti-IL-13R«2,
and anti-EGFRVIII) in combination with CTLA-4 or PD-1 inhibition has improved the
effects in preclinical models and is now in clinical trials [90].

Current standard-of-care treatment for glioblastoma includes maximal surgical tumor
resection, hyperfractionated radiotherapy, and temozolomide, which, in combination with
commonly used corticosteroids, systemically weakens the immune system, increases im-
munosuppression, and hinders the immunotherapeutic strategy [41]. It has also been
shown that a standard dose of temozolomide induces immunosuppression and abrogates
the effect of anti-PD-1 therapy [104] and oncolytic virus-based immunotherapy [105].
Conversely, localized treatment, which increases the availability of tumor antigens, syn-
ergizes with immunotherapy. It has been shown that radiation increases the mutational
burden of tumors and triggers tumor necrosis and antigen release, leading to increased
antigen presentation and immunogenicity [106]. The high mutational burden is associated
with response to immunotherapy in several types of cancer, but not in gliomas. For ex-
ample, gliomas with a high mutational burden and mismatch repair gene deficiency are
less responsive to PD-1 blockage [107]. Low mutation burden in recurrent glioblastoma
patients was recently associated with longer survival after immunotherapy, implicating
that tumor mutational burden itself may not be a causative driver of response to im-
munotherapy, but may reflect the immunological status of tumor or some other co-related
feature, among them time to recurrence, TP53 mutation and any differences in the clinical
care between patients with high vs. low mutational burden [108]. The combination of
immunotherapy with hypofractionated stereotactic radiosurgery can probably improve the
efficacy of immunotherapy as stereotactic radiosurgery does not trigger systemic immuno-
suppression [13]. Metronomic dosing of temozolomide or local chemotherapy are preferred
when combining temozolomide with immunotherapy [104]. However, additional studies
are needed to elucidate the efficiency of these combinatorial approaches.

4. Advanced In Vitro and Animal Tumor Models for Testing
Immunotherapeutic Approaches

Glioblastomas are very heterogeneous in their cellular composition, gene expression,
and phenotypic properties [109]. In addition, glioblastoma contains a unique and complex
immune TME. Based on studies on preclinical tumor models and clinical stages, we con-
clude that the currently used glioblastoma tumor models do not sufficiently reflect the con-
ditions in humans, as several immunotherapeutic strategies that were efficient in preclinical
studies failed to demonstrate sufficient clinical significance. The ability to comprehensively
understand glioblastoma phenotypes and mimic their specific therapeutic responses to
enable personalized therapy requires the creation of clinically relevant models that reliably
reflect the complexity of the tumor in humans. For example, current patient-derived tumor
models lack clinically relevant recapitulation of immune compartments [110]. To address all
these challenges, different tumor models have been developed, including CSCs, organoids,
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patient-derived xenografts, genetically engineered mice models, and humanized mice.
Comparisons of various tumor models to explore immunotherapeutic approaches and

their advantages and disadvantages are listed in Table 1.

Table 1. A comparison of different glioblastoma tumor models for studying immunotherapy.

Tumor Model Description Advantages Disadvantages References
In Vitro
+ rapid expansion - clonal selection in cell
established tumor low costs cultures based on
cell lines, grown long tradition media selection
Tumor cell lines as monolayersin easy genetic manipulation - lack of clonal diversity [111]
serum-containing 4 well-characterized and heterogeneity
media + simple - lack of TME and ECM
patient-derived + reflect stem-like features
tumor cells grown and therapeutic resistance
inserum-freeand  ,  preserve the tumor’s - lack of TME and ECM
Cancer stem cells growth factor- genetic background - clonal selection [112]
supplemented + phenotypic heterogeneity
media as + 3D model
tumorspheres
2D or 3D
co-cultures of + heterotypic cellular
tumor and interactions - lack of complex TME and
Cell co-cultures non-tumor cells, ~+  simple o ) architecture [113]
such as immune + mechanistic studies of
cells and stromal cellular cross-talk in TME
cells
+ recapitulate TME
+ preserve
precision-cut inter-intra-tumoral
slices of tumor heterogeneity and - limited by the availability
tissue, mounted heterotypic cellular of fresh patient samples
onto porous interactions - short lifespan
Organotypic tissue membranes for + clinically relevant - cryopreservation method is [114,115]
slice cultures mechanical therapeutic response not optimized ’
support, and + platform for studying the - not adapted for high
cultured in a tumor immune cell throughput analysis
controlled environment
conditions + tumor cell invasion model
system
+ preserve
inter-intra-tumoral
heterogeneity and
heterotypic cellular - variable ability to maintain
3D in vitro tissue interactions over very long periods
constructs + preserve the tumor’s - limited by the availability
composed of genetic background of fresh patient samples
Patient-derived multiple cell + recapitulate TME - limited immune [116,117]
organoids types, + pre-clinical applications component ’
patient-based + 3D model - lack of model optimization
from + high through-put - do not recapitulate tumor
resected tumors + clinically relevant initiation
therapeutic response
+ feasibility of co-culture

with immune cells
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Table 1. Cont.

Tumor Model Description Advantages Disadvantages References
In Vitro
3D in vitro tissue 3D model
constructs created ood reproducibilit .
by glinicalll;r relevant ¢ ) poorly recapltulatfe TME
Genetically- using genetic therapeutic response - the tumor’s genetic
. - . background is not
engineered cerebral manipulations to enable to study early [118,119]
organoids induce phases of tumorigenesis preserv'ed
tumorigenesis in and tumor progression - lack of immune component
cerebral brain tissue architecture
organoids
In Vivo
immune system and - limited tumor cell
response heterogeneity and clonal
derived by present TME diversity with implanted
transplanting simple with a long tumor cell line
Syngeneic mouse mouse tumor cell tradition ) - high costs .
model lines or CSCs into allows genetic - laborious, time-consuming [110,120]
strain-matched modifications - lack of human
mice tumor cell heterogeneity tumor-immune cell
and clonal diversity with interactions
implanted CSCs - TME is of rodent origin
allows genetic
created by modifications 1 ber of animal
introducing tumor cell heterogeneity ) arge UMBEL of antma’s
) genetic and clonal diversit - laborious, time-consuming
Genetically At Y - oor inter-animal
. modifications that tumor-immune cell p
engineered mouse . ! ! ! comparabilit [121]
result in interactions if P y
tumor model - high costs
spontaneous immunocompetent mice . .
tumor are used - TME is of rodent origin
development present TME
tumor cell heterogeneity .
and clonal diversity ) hlgh costs .
derived by present TME - fail to develop a functional
transplanting reflect tumors in human fmmune system
Patient-derived human tumor little graft-versus-host lack of human [90,122]
xenografts explants into rejection for adoptive cell fumor-immune cell '
immunodeficient therapy (CART) Interactions
mice reserve the tumor’s - laborious, time-consuming
genetic background - TME is of rodent origin
tumor heterogeneity and
clonal diversity
generated by the present TME
engraftment of human immune cells
?uman c}imcer cell mimicking human tumor - long-lasting establishment
Humanized mouse Ines or himan and immune system - high costs [110,123,
tumor model PDX tupnors into interactions - laborious, time-consuming 124]
mice W}th a realistic representation of - slow tumor growth
reconstl.tuted immunotherapy safety and
human immune clinical response
response preserves the tumor’s

genetic background

CSC: cancer stem cell; ECM: extracellular matrix; PDX: patient-derived xenografts; TME: tumor microenvironment.
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4.1. CSCs

Considering the importance of targeting therapy-resistant and tumorigenic CSCs,
3D models of CSCs incorporate the cellular heterogeneity of tumors, improve drug re-
sponse predictability, and represent better models for discovering new targets for anticancer
drugs compared to traditional 2D tumor cell lines [125]. GSC tumorspheres represent mod-
els generated by the symmetric and asymmetric division of patient-derived GSCs in a
defined medium supplemented with growth factors, i.e., epidermal growth factor (EGF),
fibroblast growth factor (FGF)-2, and neuronal viability supplement B27 [112]. These fac-
tors and the absence of serum are needed to maintain self-renewal and proliferation and
to preserve the genetic characteristics observed in patients’ samples. Tumorspheres are
characterized by an external proliferating zone, intermediate quiescent zone, and an inner
necrotic core [126], observed at a certain distance from the presence of nutrients, metabo-
lites, and oxygen, resembling the necrotic areas of in vivo glioblastoma [127]. Tumor cells
within tumorspheres closely interact with each other, thus reproducing the physical com-
munication and signaling pathways that affect proliferation, survival, and response to
therapy in vivo [128] and forming a physical barrier that prevents and limits the trans-
port of drugs into the tumorsphere mass [129]. Although a better model than monolayer
cultures, tumorspheres represent random aggregations of cells that do not organize into
tissue-like structures and also lack extracellular matrix [130]. The greater limitation of these
models is the lack of neighboring non-tumor cells, i.e., stromal cells, including astrocytes,
neurons, endothelial cells, mesenchymal stem cells, brain-resident microglia, and infil-
trated peripheral immune cells; this altogether prevents studying their interactions with
GSCs in vitro. Tumorspheres can be optimized by co-culturing cancer and stromal cells in
so-called heterotypic spheroids, especially for testing cancer immunotherapeutic agents.
For example, GSC tumorspheres were used to evaluate the penetration and cytotoxicity of
highly cytotoxic super-charged NK cells (Figure 1, our results), grown in the presence of
osteoclasts and probiotic bacteria to stimulate their cytotoxic potential towards CSCs [113].
In the study of Cheema et al. [131], the authors used a murine GSC model in syngeneic
immunocompetent mice to test a genetically engineered oncolytic herpes simplex virus
that is armed with the cytokine interleukin 12 (G47A-mIL12). In addition to targeting GSCs,
oncolytic virus treatment increased IFN-y release, inhibited angiogenesis, and reduced the
number of Tregs in the tumor.

GSC + NK

GSCNK PI

Figure 1. Super-charged natural killer (NK; blue) cell treatment decreased the number of glioblastoma
stem cells (GSCs; green) and increased the number of dead cells (PI, red) in 3D tumorsphere models.
NK cells were added to GSC tumorspheres at a NK:GSC ratio of 10:1, and images were acquired
using an inverted fluorescence microscope 4 h later. Propidium Iodide (PI) staining was used to
detect dead cells (red). Scale bars: 100 um.
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4.2. Organotypic Tissue Slices

Organotypic tissue slice model of glioblastoma represents precision-cut slices of tumor
tissue, in which the original inter and intra-tumor heterogeneity and the architecture of the
tumor are maintained. Slices of the tumor are prepared with an automated vibratome and
transferred onto membrane culture inserts for mechanical support in a specific cultivation
medium [114]. This technique is relatively fast, it does not involve selective outgrowth of
tumor cells, and therefore can be used for personalized treatment. Organotypic cultures
have been used to study the invasive properties of glioblastoma and the patient-specific
effect of anti-invasive drugs [115]. Recently an organotypic slice culture technique was
developed from fresh pancreatic ductal adenocarcinoma to study the immune response
after immunotherapy treatment [132] and can be applied to a variety of solid tumors,
including glioblastoma. A disadvantage of this model is its relatively low throughput.
The technique is laborious and requires specialized analysis tools.

4.3. Organoids

Organoids are 3D constructs composed of multiple cell types with the ability to self-
organize and recapitulate the architecture and functionality of the original organ [110,133].
Different approaches for organoid generation have been applied, including using patient-
derived adult stem cells and resected tumor tissues, as first described by Sato et al. [134].
Another approach involves the use of pluripotent stem cells, i.e., pluripotent embry-
onic stem cells and induced pluripotent stem cells [135]. The term “organotypic tumor
spheroid” was initially used at the beginning of organoid development but was later
replaced by the term “tumor organoid” [110]. Compared with traditional models, differ-
ent tumor organoids, including liver [136], pancreatic [137], gastric [138,139], bladder [140],
breast [141], and ovarian [142], show a vast potential for basic cancer research, drug screen-
ing, and personalized medicine and may bridge the gap between in vitro and in vivo
cancer models. Until recently, it was unclear whether various methods for organoid prepa-
ration can be adapted for organoids from non-epithelial tumors. In 2016, Hubert et al.
generated patient-derived glioblastoma organoids to study the heterogeneity and hypoxic
gradient of tumors using a submerged culture system [116]. In this protocol, finely minced
tumor specimens are embedded in a solid gel of extracellular matrix (Matrigel) to form
3—4 mm large organoids in the tissue culture medium, supplemented with EGF, FGF,
and B27. These organoids formed in 2 months and could be cultured for over a year.
Glioblastoma organoids are characterized by rapidly proliferating cells on the edge of the
organoid and highly resistant quiescent CSCs in the hypoxic core with different molecular
profiles. Although this is a very promising model of glioblastoma that closely resem-
bles tumor sensitivity in vitro, its genetic and molecular features remain unclear. In 2018,
Ogawa et al. constructed cerebral organoids using induced pluripotent stem cells and
embryonic stem cells and induced glioma carcinogenesis by CRISPR/Cas9 technology
to disrupt the TP53 tumor suppressor and express oncogenic HRas%!?V [110]. Moreover,
neoplastic cerebral organoids were established by Bian et al. [118] via recapitulating brain
tumorigenesis by introducing oncogenic mutations or amplifications in cerebral organoids
using transposon-mediated gene insertion and CRISPR/Cas9 technology. These organoids
developed CDKN2A~/~ /CDKN2B~/~ /EGFROF /EGFRuIII°F, NF1~/~/PTEN~/~/TP53~/~,
and EGFRoIIIF /CDKN2A~/~ /PTEN~/~ genotypes, which are commonly found in glioblas-
toma. In contrast to the aforementioned technique, induced pluripotent stem cells and
embryonic stem cell organoids represent 3D human tissues generated by directed differen-
tiation, self-morphogenesis, and intrinsically driven self-assembly of cells, recapitulating
human organogenesis in vitro [143]. This type of organoid can contain multiple tissue cell
types, including stroma and vasculature, unlike organoids developed from tissue-specific
stem cells [144]. A novel approach using hESC-derived cerebral organoids and patient-
derived GSCs to model tumor cell invasion was recently developed, i.e., a glioma cerebral
organoid model. This system was shown to recapitulate the cellular behavior of glioblas-
toma and to maintain genetic aberrations found in the original tumor [145]. In a very recent
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study, Jacob et al. [117,146] established patient-derived glioblastoma organoids that accu-
rately recapitulate the molecular, genetic, and cell-type heterogeneity of parental tumors.
Compared to other previous protocols of glioblastoma organoids [116,118,119], the authors
dissected tumor tissues into approximately 1 mm fragments without the addition of ex-
tracellular matrix or EGF and bFGF and cultured them on an orbital shaker for 1-2 weeks
to generate 3D structures. These organoids contain heterogeneous populations of cellular
subtypes and recapitulate tumor cell phenotypes, as confirmed by histopathology, single-
cell RNA sequencing, and molecular profiling analysis. Moreover, glioblastoma organoids
develop a hypoxic gradient and retain vasculature and TME composition, which mimics
the main features of glioblastoma [117].

Organoids are becoming a very useful platform for cancer research, especially in the
field of immuno-oncology; however, organoid establishment and its (pre)clinical applica-
tions are still immature. To date, co-cultures of epithelial tumor organoids and additional
cellular components have been used to include the interactions between tumor and immune
cells and have thus established a better preclinical model for immunotherapy. Immunocom-
petent organoids can be achieved by adding pre-treated autologous or allogeneic peripheral
blood mononuclear cells (PBMCs) or specific immune cell populations, such as TAMs and
tumor-infiltrating lymphocytes [110]. For example, in a recent study, Dijkstra et al. [147]
enriched tumor-reactive T cells by co-culturing PBMCs and tumor organoids from col-
orectal and non-small-cell lung cancer and demonstrated that these T cells can be used to
assess the efficiency of killing tumor organoids. In another study, gamma delta 2 (y562)* T
cells were co-cultured with organoids from human breast epithelia, and these lymphocytes
effectively eliminated triple-negative breast cancer cells [148]. These and other studies
demonstrate that T cells can be obtained and activated by organoids for adoptive T cell
therapy. Using the air-liquid interface technique, Neal et al. [149] generated patient-derived
organoids from different surgically resected primary and metastatic tumors with native
embedded immune cells (CD8" and CD4* T cells, B cells, NK cells, and macrophages). This
demonstrated the potential of organoids as tools to predict clinical responses to immune
checkpoint therapies. For this method, tumor tissue fragments are embedded in a type I
collagen matrix on an inner Transwell insert. Culture medium with different supplements
is added to the outer dish to diffuse via the permeable membrane. The collagen layer is
exposed to air to ensure oxygen supplies for the long-term preservation of organoids [150].
The latter approach is very promising and can also be applied for future glioblastoma
research. In a recent study, the specific oncolytic activity of Zika virus against GSCs in
glioblastoma cerebral organoids was demonstrated. The authors showed that SOX2 and
integrin oy 35 represent key markers for Zika virus infection in association with suppres-
sion of immune response genes. Thus, Zika virus infection provides the possibility for
brain tumor therapy [151]. The organoids established by Jacob et al. [117] are the first
that, besides tumor cells, also include the TME. As CAR T cells represent a powerful new
approach to treat glioblastoma, these glioblastoma organoids, which preserve the immune
microenvironment and other stromal cells, were used as a model. The authors demon-
strated that this rapid protocol for organoid generation provides a platform to test and
optimize CAR T therapies for tumors of non-epithelial origin and enables a personalized
treatment approach. We also showed that organoids established by this protocol after
4 weeks in culture included GSCs, differentiated glioblastoma cells, tumor vasculature,
and immune cells, such as macrophages, microglia, and T cells (Figure 2, our results).
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S0X2 DAP CD31 DAPI

Ibal DAPI DAP1

Figure 2. Glioblastoma organoids after 4 weeks in culture preserve specific elements of the tumor
microenvironment. (A) Phase-contrast image of glioblastoma organoids in culture. Scale bar: 500 pm.
(B) Immunofluorescence staining of paraffin-embedded glioblastoma organoids for glioblastoma
stem cell marker (SOX2), differentiated glioblastoma cell and astrocyte marker (GFAP), endothelial
cell marker (CD31), macrophage marker (CD68), microglia marker (Ibal), and T cell marker (CD3).
Cell nuclei were stained with DAPI (blue). Scale bars: 50 um.

4.4. Animal Models

Syngeneic mouse models represent one of the oldest preclinical models for investigat-
ing antitumor therapies, in which spontaneous or chemically /virus-induced tumor cell lines
from inbred mice are expanded in vitro and then inoculated into the same inbred mouse
strain with an intact immune system [152]. The advantages of these models are their ease of
use, rapid and reproducible expansion, and the possibility of genetic manipulation [120], es-
pecially to evaluate the efficacy of immunotherapeutic agents. However, these models, if im-
planted with tumor cell lines, lack genomic and microenvironmental heterogeneity due to
the limited availability of CSCs that evolve genetic and epigenetic alterations that allow them
to differentiate into multiple tumor cell types [153]. The GL261 syngeneic murine model rep-
resents one of the best characterized syngeneic, immunocompetent models in glioblastoma
immunotherapy preclinical research [152]. Reardon et al. showed that blockade of CTLA-4,
PD-1, or PD-L1 alone can eradicate glioblastoma growth in GL261 syngeneic murine mod-
els [154]. CAR T cells were shown to inhibit GL261/EGFRVIII tumor growth [155], and the
potential of ErbB2-specific CAR-NK (NK-92/5.28) cells was demonstrated for adoptive
immunotherapy of glioblastoma [100]. However, further studies are needed to determine
whether these murine glioma models faithfully reflect human glioblastoma.

Several syngeneic rat glioma models are currently available for preclinical studies.
However, rat glioma models, such as C6, showed immunological instability, since im-
planted tumor cells that should be syngeneic, triggered allogeneic immune response and
lack of tumor growth because C6 glioma cells arose from an outbred strain of Winstar rat.
Thus, these models are not useful for evaluating the efficacy of immunotherapy [156].

Genetically engineered mouse tumor models are generated through the introductions
of genetic mutations specific to particular human cancers. Genetically engineered mouse
tumor models of glioblastoma require gene expression manipulation using Tet regula-
tion, Cre-inducible gene alleles [157], or the replication-competent avian leukosis virus
splice-acceptor /avian tumor virus receptor A (RCAS/TVA) system, which uses retroviral
or adenoviral vectors to deliver Cre recombinase for somatic cell gene transfers [158].
These models reflect the histology and biology of human glioblastoma; however, the dif-

32



Cells 2021, 10, 265

ferences in the TME and immune system between mice and humans reduce the clinical
relevance of such cancer immunotherapy studies [121].

An alternative model system, patient-derived xenografts (PDXs), is also used in
cancer research. PDX models of glioblastoma are based on subcutaneous or intracranial
transplantation of patient-derived tumor cells, organoids, or tissues into immunodeficient
NSG (NOD scid gamma) mice. This model better recapitulates the heterogeneity and
complexity of the tumor and represents a valuable tool to investigate the characteristics
of glioblastoma [110,122]. Furthermore, PDXs are commonly used to study the CAR T
immunotherapeutic response [90] due to the lower chance of graft-versus-host rejection.
One of the major limitations of these models is the need to use immunodeficient host strains
for tumor engraftment and propagation. Because of the absence of functional elements of
the immune system, such as NK cells, macrophages, and Tregs, the current PDX models
are also unable to accurately assess the effects of different immunotherapies [90].

Humanized mice tumor models are generated by the engraftment of human tumor
cell lines, CSCs, or human PDX tumors into immunodeficient NSG mice with an HLA-
matched human immune system, which is initiated by the transplantation of human
PBMCs, isolated from human adult blood, or CD34* hematopoietic stem cells (HSCs).
Transplanted CD34* HSCs in immunocompromised mice differentiate into human helper
T cells, cytotoxic T cells, B cells, monocytes, NK cells, and dendritic cells [123]; after tumor
implantation, these mice can survive several months with a relatively stable percent of hu-
man cells in the blood. Human microglia/macrophage-like cells have also been developed
in the brain of CD34* HSC humanized mice [159]. This model is mostly used to evaluate
treatment with anti-PD-1 and anti-CTLA-4 antibodies [160]. For example, in the study
by Capasso et al. [161], nivolumab (anti-PD-1 antibody) inhibited MDA-MB-231 triple-
negative breast cancer cells and CRC172 colorectal cancer cells in the humanized umbilical
cord blood-derived HSC mouse models. Furthermore, the therapeutic antitumor potential
of highly cytotoxic allogeneic super-charged NK cells was confirmed using an alternative
humanized BLT (bone marrow, liver, thymus) mice model that was implanted with oral
CSCs. The BLT model improves the functionality of T and NK cells via co-transplantation
of fetal liver and thymus [113,162]. The main difficulty of HSC mouse models is their
long-term establishment, and thus PBMCs from adult donors can be used to quickly restore
the autologous human immune system [124]. However, the lifespan of PBMCs in mice
is very short, i.e., only 3 weeks. As such, the timeframe to evaluate immunotherapies is
reduced. These models are also likely to generate stable graft-versus-host reactions [163].
Moreover, the human CD45" fraction in peripheral blood is composed mainly of T cells,
limiting the investigation of other immune cells, such as monocytes and NK cells [110].
Different studies demonstrated that humanized mice with PBMCs can be successfully used
for the evaluation of monoclonal antibodies, cytokine therapy (IL-2), immune checkpoint
inhibitors, and dendritic cell-based vaccines [124,164,165]. For example, the efficacy of
the anti-PD-1 antibody was evaluated using humanized NOG-dKO mice, in which hu-
man PBMCs and the glioblastoma cell line U87 were transplanted [166]. There are both
advantages and disadvantages to this model; however, the humanized mouse platform
is being improved in a way that the investigation of immunotherapeutics may become
more predictive. Currently, the use of humanized mice models in glioblastoma preclinical
and clinical studies is limited due to the lack of knowledge and remaining unanswered
questions, including whether humanized mice models recapitulate the clinical features of
glioblastoma patients.

5. Conclusions

We have summarized the recent findings on the progress of glioblastoma immunother-
apy, the unique properties of glioblastoma that affect immunotherapy resistance, and tumor
models that can facilitate our understanding of the fundamental immunobiology of glioblas-
toma and test potential novel immunotherapeutic approaches. Immunotherapy to fight
glioblastoma holds great promise; however, there are many challenges, including (1) inter-
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and intra-tumor heterogeneity, (2) high immunosuppression in the TME, (3) a poor un-
derstanding of the mechanisms of immune cell activation in intracranial compartments,
(4) the presence of tumor-initiating and therapy-refractory CSCs, and (5) the lack of appro-
priate tumor models to study combinatorial approaches with standard treatments and to
predict treatment responses. Recent improvements in the establishment of glioblastoma
organoids that exhibit tumor heterogeneity and include immune compartments as well as
immuno-geno(pheno)typing of patient tumors hold great promise to help us resolve the
complex immunobiology of brain tumors and to increase the efficiency of immunotherapy.
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Abstract: Glioblastoma (GBM) is the most aggressive primary brain tumor, with a median survival at
diagnosis of 16-20 months. Metabolism represents a new attractive therapeutic target; however, due
to high intratumoral heterogeneity, the application of metabolic drugs in GBM is challenging. We
characterized the basal bioenergetic metabolism and antiproliferative potential of metformin (MF),
dichloroacetate (DCA), sodium oxamate (SOD) and diazo-5-oxo-L-norleucine (DON) in three distinct
glioma stem cells (GSCs) (GBM18, GBM27, GBM38), as well as U87MG. GBM27, a highly oxidative
cell line, was the most resistant to all treatments, except DON. GBM18 and GBM38, Warburg-
like GSCs, were sensitive to MF and DCA, respectively. Resistance to DON was not correlated
with basal metabolic phenotypes. In combinatory experiments, radiomimetic bleomycin exhibited
therapeutically relevant synergistic effects with MF, DCA and DON in GBM27 and DON in all other
cell lines. MF and DCA shifted the metabolism of treated cells towards glycolysis or oxidation,
respectively. DON consistently decreased total ATP production. Our study highlights the need for
a better characterization of GBM from a metabolic perspective. Metabolic therapy should focus on
both glycolytic and oxidative subpopulations of GSCs.

Keywords: glioblastoma; energy metabolism; glycolysis; oxidative phosphorylation; therapeutics;
gene expression profiling

1. Introduction

Glioblastoma (GBM) is the most common, heterogeneous and aggressive primary
brain tumor in adults (54% of all gliomas) [1-3]. The World Health Organization (WHO,
Geneva, Switzerland) classifies GBM based on histopathological findings and molecular
features (especially IDH mutation status) [4]. At a gene-expression level, GBM can be
classified into four subtypes: mesenchymal, classical, proneural and neural [5,6].

Standard treatment of GBM consists of maximally safe surgical resection, followed
by radiotherapy and chemotherapy, usually in the form of temozolomide (TMZ). Despite
decades of extensive research and advancements in therapeutics, such as tumor treat-
ing fields (TTF), prognosis remains extremely poor, with a median overall survival of
20.9 months [7]. GBM has a low global incidence (less than 10 per 100,000 persons/year),
but cumulative survival after five years from diagnosis is less than 10%, making it a crit-
ical public health issue [8,9]. Dismal survival is partly owed to GBM’s highly invasive,
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chemo-resistant and recurrent nature [10]. As standard of care is not a curative option, new
therapies are sorely needed, with efforts to characterize GBM from multiple viewpoints,
predominantly the omics sciences.

Setting aside the uncertainty behind the origin of cancer [11,12], one of its defin-
ing characteristics, at a functional, bioenergetic level, is its ability to exploit glycolytic
metabolism even in the presence of oxygen, a phenomenon known as the “Warburg ef-
fect” [13]. Among many other solid tumors, this metabolic shift has been extensively
documented in gliomas [14,15]. In the mitochondrial theory of cancer, aerobic glycolysis
represents a universal feature of transformed cells, allowing the reduction of vast molecular
heterogeneity into a smaller number of metabolic categories [16]. Metabolic reprogram-
ming is not merely an in vitro artifact, but has wide-ranging clinical applications [11,17,18].
Nowadays, 18F-fluorodeoxyglucose PET (18F-FDG PET) is a common technique for cancer
diagnosis and staging, with novel metabolic markers, such as lactate, glutamine, oxygen
and even ketone bodies under clinical evaluation [19-21]. Within ample cell diversity,
however, the predominance of aerobic glycolysis does not necessarily abrogate ancillary
energetic sources: functional oxidative metabolism (glucose, fatty acids, glutamine) and
the “reverse Warburg” effect [22,23]. Characteristically, in vitro, GBM has shown high
variability in mitochondrial respiration, while tissue-derived cell lines revealed glucose
dependency and fatty acid oxidation (FAO) [23-26]. Intratumoral heterogeneity makes de-
velopment of targeted strategies against specific mutations very challenging [27]; therefore,
patient stratification based on metabolic pathways should be a key component of improved
therapeutic strategies.

The main challenge facing GBM management is the eradication of all malignant cells,
including those able to survive drastic changes in the tumor microenvironment and toxic
interventions. For this reason, GBM presents as a unique model to study bioenergetic
alterations, as both aerobic glycolysis and oxidative phosphorylation (OXPHOS) have been
described in high grade gliomas [28-30]. Furthermore, discouraging survival rates are a
compelling reason to explore new therapeutic opportunities, either stand-alone or, more
likely, in combination with standard of care. To this effect, metabolic inhibitors such as
metformin hydrochloride (MF), dichloroacetate (DCA), sodium oxamate (SOD) and 6-diazo-
5-oxo-L-norleucine (DON) have a longstanding history in this field, undergoing extensive
evaluation in animal models and clinical trials with a variable rate of success [31-34].

To accurately model this disease in vitro, it has been proposed that GBM stem cells
(GSCs) have a remarkable proliferative ability, sufficient to drive tumor maintenance,
recurrence and therapeutic resistance [35-38]. GSCs are a highly heterogeneous and
metabolically adaptive cell population: surviving in both perivascular aerobic and hypoxic
regions [39,40], seemingly able to shift between glycolytic and oxidative phenotypes [28,29].
Whether these parameters are permanent, stable, independent or complementary, operating
on a spectrum, remains to be elucidated [41].

To help us illuminate this question, we performed a Gene Set Variation Analysis
(GSVA) [42] for canonical glycolytic/oxidative pathways in The Cancer Genome Atlas
(TCGA) GBM datasets. A clustering of highly oxidative signatures was observed in nor-
mal tissues, whereas highly glycolytic tumors matched with the mesenchymal subtype;
interestingly, mesenchymal signatures are associated with increased inflammation and
wound healing pathways, a higher degree of necrosis and the worst survival when re-
stricting for samples with low transcriptional heterogeneity [5,43]. Between these two
categories, a high degree of heterogeneity was recognized. Clinically, 18F-FDG PET imag-
ing of GBM can exhibit high or low glucose uptake, but allocation of metabolic substrates
is not routine practice.

To verify these observations in vitro, we analyzed the basal metabolic phenotype of
three tissue-derived and molecularly distinct GSCs (GBM18, GBM27, GBM38), in addition
to traditional established cell line U87MG. As metabolic plasticity is being touted as a
distinctive feature of GSCs, we wanted to explore antiproliferative responses to metabolic
inhibitors and their correlation with basal bioenergetics. High resistance to MF (a mild

43



Cells 2021, 10, 202

mitochondrial inhibitor) and DCA (glycolytic modulator) was detected in GBM27, a distinc-
tively oxidative cell line. GBM38 displayed Warburg-like properties, with higher sensitivity
to DCA. Responses to DON (glutaminase inhibitor) varied between cell lines, without a
clear correlation with basal metabolic phenotypes. Subsequently, we combined promis-
ing drug candidates with bleomycin, a radiomimetic drug that causes single-strand and
double-strand DNA breaks [44,45]. Synergism at therapeutically relevant outcomes was
detected with all drugs in GBM27, and all cell lines with DON. Lastly, Seahorse XF analysis
was performed in surviving, metabolically treated cells to determine vulnerabilities in
bioenergetic phenotypes (“metabolic priming”).

Here, we propose that strategic targeting of dysregulated bioenergetic pathways,
after an initial assessment of the metabolic phenotypes coexisting within a tumor, could
become a valuable stratification and therapeutic tool, improving the efficacy of adjuvant
metabolic therapy.

2. Materials and Methods
2.1. Culture of GSCs from Human GBM Samples, U87MG and Mesenchymal Stem Cells

GSCs were originally isolated from surgical human GBM specimens, as described by
our group in [46]. The GSCs used in this study are characterized by distinct molecular
and morphological features, differential drug sensitivity profiles and in vivo dissemination
patterns that reflect the original tumors. GSCs were cultured under a humidified atmo-
sphere of 5% CO; at 37 °C, in a media containing, as a base, DMEM/F-12 (catalog number
11039, Gibco, Grand Island, NY, USA), supplemented with: Non Essential Amino Acids
(1% v/v; 11140, Gibco), HEPES (38 mM; 15630, Gibco), D-Glucose (0,54% v/v or 30 mM,;
G8769, Sigma-Aldrich, St. Louis, MI, USA), BSA-FV (0,01% v/v; 15260037, Invitrogen,
Carlsbad, CA, USA), Sodium Pyruvate (1 mM; Invitrogen), L-Glutamine (4 mM; 25030,
Gibco), Antibiotic-Antimycotic (0.4% v/v; Invitrogen), N1 Supplement (1% v/v; Invitro-
gen), Hydrocortisone (0.3 ng/mL; H0135, Sigma-Aldrich), Tri-iodothyronine (0.03 ng/mL;
T5516, Sigma-Aldrich), EGF (10 ng/uL; E9644, Sigma-Aldrich), bFGF (20 ng/mL; F0291,
Sigma-Aldrich) and Heparin (2 pg/mL; H3393, Sigma-Aldrich).

U87MG was purchased from ATCC, Rockville, MD, USA and cultured in DMEM/F-
12 (11039, Gibco) supplemented with 10% fetal bovine serum (FBS) and 2% penicillin-
streptomycin (PS). Cells were maintained at 37 °C in humidified atmosphere air, CO, 5%.

Human mesenchymal stem cells (hMSCs) (a gift from Dr. Carmen Escobedo Lucea)
were cultured in DMEM, high glucose, GlutaMAX (10566016, Gibco), supplemented with a
final concentration of 20% FBS and 1% P/S. All hMSCs experiments were performed in the
first five passages from isolation.

2.2. Reagents and Metabolic Inhibitors

1,1-Dimethylbiguanide hydrochloride (D150959), sodium oxamate (02751), sodium
dichloroacetate (347795) and 6-Diazo-5-oxo-L-norleucine (D2141) were purchased from
Sigma-Aldrich. Bleomycin sulfate (HY-17565) was acquired from MedChemExpress, Mon-
mouth Junction, NJ, USA.

2.3. MTS Assays and Drug Combination Studies using the Chou-Talalay Method

The sensitivity to different metabolic drugs was assessed using [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) con-
taining solution from Promega, Madison, WI, USA (CellTiter 96 AQueous One Solu-
tion, G3582). Briefly, single-cell suspensions of GSCs were plated in a 96-well plate,
3000 cells/well, and allowed to grow and form spheres for 72 h. U87MG were seeded
at 3000 cells/well and allowed to grow for 24 h. Cultures were then treated with their
respective culture media (control cells) or increasing concentrations of each drug for 0
h, 24 h, 48 h or 72 h. At each timepoint, MTS reactant was added, incubated at 37 °C
for 2 to 4 h and absorbance was measured at 490 nm/630 nm, using a Varioskan Flash
(5250030, Thermo Scientific, Waltham, MA, USA) or a Sunrise Absorbance Reader (Tecan
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Trading AG, Méannedorf, Switzerland). For IC50 calculations, corrected absorbance was
transformed, normalized and extrapolated in GraphPad Prism version 8.0.1, using the
logarithmic variable slope equation:

Y =100/(1 + 10(LogIC50 — X) x HillSlope)).

In specific dose experiments, hMSCs were seeded at 6000 cells/well and allowed to
grow for 72 h. Fresh cell culture media was then added to control wells and dissolved
treatments to experimental wells. Cells were treated for 72 h before MTS read-out.

Combinatory studies were performed in the same manner as single-drug assays. After
seeding and cell-specific recovery/attachment intervals, combined treatments were added
in the following final concentrations: IC50 for drug A alone; IC50 for drug B alone; full
dose IC50 for drug A + drug B; IC50(A + B)/2; IC50(A + B)/8. Experimentally, drug
“A” was one of the metabolic inhibitors (MF, DCA or DON), whereas drug “B” was the
radiomimetic bleomycin. CompuSyn software (version 1.0), based on the Chou-Talalay
method, was employed to determine the interaction between the drugs [47,48]. This
method utilizes a multiple drug-effect equation derived from enzyme kinetics, generating
a “combination index” (CI) for each drug combination, at each fraction of affected cells
(Fa) level. CompuSyn software defines synergy as a CI value lower than 1, CI = 1 equals
to additive effects and CI values > 1 indicate antagonistic effects. We have determined
CI values for each metabolic inhibitor and bleomycin across all tested cell lines using
a constant ratio experimental design, as well as other valuable parameters such as the
Dose-Reduction Index (DRI), which indicates how many folds of dose-reduction for each
drug, at any given effect, would be allowed in synergistic combination.

2.4. Real-Time Quantitative Reverse Transcription PCR (RT-gRT-PCR) Analysis

For RT-qRT-PCR, total RNA was isolated from cell pellets using NZYol (MB18501,
NZYTech, Lda.), following the manufacturer’s recommendations. For chronological parity
with other experiments, GSCs were seeded in 6-well plates at a density of 90000 cells/well,
allowed to grow for 72 h, fresh cell culture media was added (1:1) and pellets were collected
after 72 h; the same protocol was applicable to US7MG, but fresh cell culture media was
added after 24 h from seeding. Purity of RNA was assessed based on 260/280 and 260/230
ratios using a Thermo Scientific NanoDrop 2000/2000c. RNA was retrotranscribed to
c¢DNA (High-Capacity cDNA Reverse Transcription Kit; Applied BioSystems). Resulting
samples were amplified with specific primers (Table 1) in a CFX Connect Real-Time PCR
Detection System (Bio-Rad). B-actin and GAPDH were used as housekeeping genes. For
relativization and comparison with a non-tumoral control, we compared our samples with
a pool of retrotranscribed RNA from brain tissue obtained from epileptic patients, provided
courtesy of Hospital Universitario y Politécnico La Fe (Valencia).
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Table 1. Forward (FW) and reverse (RV) primers for real-time quantitative reverse transcription PCR

(RT-qRT-PCR).
Name 5'-Sequence-3’
B-actin FW TTCTACAATGAGCTGCGTGTG
B-actin RV GGGGTGTTGAAGGTCTCAAA
GAPDH FW TCCTCCACCTTTGACGCTG
GAPDH RV ACCACCCTGTTGCTGTAGCC
GLS1 FW GCCCGCTTTGTGTGACTAAA
GLSI RV CAGGGGTAAATAACGGCACA
GLS2 FW GCACTAAAGGCCACTGGAC
GLS2 RV CCAAGAGGCCACCACTACTG
MTOR FW CTGACCGCTAGTAGGGAGGT
MTOR RV AACATCCCAGAACCCTGCTG
PDK1 FW ATCCTCCTGCCTGAGTCTCT
PDK1 RV CAAATGCCAAGGACTGCTGT
PDK2 FW TGCCTACGACATGGCTAAGCTC
PDK2 RV GACGTAGACCATGTGAATCGGC
PDK3 FW TGGAAGGAGTGGGTACTGATGC
PDK3 RV GGATTGCTCCAATCATCGGCTTC
PDK4 FW AACTCGGGATGTTGGGGATT
PDK4 RV AGAGAAAAGCCCTTCCTACTGA
PRKAA1 FW GTCCAGGGCTTGTTCTATTCA
PRKAA1 RV ATGCTGCACTTAGAGACCCT
PRKAA2 FW TGGAACATTGTTACAGCAGGC
PRKAA2 RV AGCTCTTCTCCCGTGTCTTC

2.5. Antibodies

All primary and secondary antibodies were purchased from commercial sources, listed
as follows: AMPKax Antibody (2532, Cell Signaling, Danvers, MA, USA), phospho-AMPK«x
(Thr172) (2535, Cell Signaling), Anti-Pyruvate Dehydrogenase El-alpha subunit antibody
(ab110334, Abcam, Cambridge, UK), Anti-PDHA1 (phospho 5293) antibody (ab177461,
Abcam), 3-Actin (A5441, Sigma-Aldrich), «-Tubulin (sc-8035, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The secondary antibodies for horseradish peroxidase (HRP) detec-
tion were anti-rabbit IgG (sc-2004, Santa Cruz Biotechnology) and anti-mouse IgG (PI-2000,
Vector Laboratories, Burlingame, CA, USA).

2.6. Protein Isolation/Quantification and Western Blotting

Centrifuged and pelleted US87MG and GSCs were resuspended in 100 pL of radioim-
munoprecipitation buffer [RIPA; 100 mM Tris-HCI (pH 8.5), 200 mM NaCl, 5 mM EDTA
and 0.2% SDS, with phosphatase and a protease inhibitor cocktail and stored at —80 °C
for a minimum of 24 h. Samples were then centrifuged at 13,200 RPM for 20 min at 4 °C;
protein-containing supernatant was conserved.

Total protein concentration was determined using Bio-Rad Protein Assay according
to the manufacturer instructions; after corresponding incubation, absorbance was read at
595 nm.

In phosphorylation experiments, treatments dissolved at 1:1 concentration in serum-
free medium were added 3—4 days after seeding GSCs, and 24 h in the case of US7MG.
UB7MG cells were washed twice with PBS and serum-deprived for 1 h prior to sample
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collection. Protein was subsequently recovered at the indicated timepoints (30 min, 60 min,
2h,6h).

Western blotting experiments were performed adapting the protocol from Mahmood
et al. [49]. Briefly, protein extracts were separated by 8%-12% SDS-PAGE and transferred
to nitrocellulose membranes. After blocking for 1 h with 5% Bovine Serum Albumin (BSA)
in Tween-Tris Buffered Saline 1x [T-TBS; 10 mM Tris-HCI (pH 7.6), 150 mM NaCl and
0.1% Tween-20], membranes were incubated with the corresponding primary antibody
O/N at 4 °C. After washing three times for 10 min with T-TBS, membranes were incubated
with HRP-linked secondary antibody for 1 h at room temperature (RT). Detection was
performed using ECL reagents (GE Healthcare) according to the manufacturer’s guidelines
and revealed in a BioRad ChemiDoc chemiluminescence system. The same membranes
were then incubated with a housekeeping primary antibody O/N at 4 °C, washed the next
day and incubated with an HRP-linked secondary antibody for 1 h RT before ECL detection.

2.7. Seahorse XFp Protocol for Real-Time Metabolic Evaluation of US87MG Adherent Cells and
GSCs Neurospheres

Experiments were performed in an XFp 8-well microplate using the Seahorse XFp
Analyzer (Agilent, Santa Clara, CA, USA). Briefly, GSCs were seeded at a density of
10,000 cells/well and allowed to grow for 72 h, in wells previously coated with 20 uL of
Collagen Type IV at 20 ug/mL (C6745-1ML, Sigma Aldrich). US7MG cells were seeded at
6000 cells/well and allowed to grow for 24 h. Metabolic drugs were added to the treatment
wells and fresh media was added to the control wells. After 72 h, the original media was
carefully pipetted out of each well into a centrifuge tube without disturbing the attached
cells; then, Seahorse XF DMEM medium, pH 7.4 (103575-100, Agilent) was used to wash,
pipetted out and centrifuged with the original media at 1000 rpm for 5 min at 25 °C. After
centrifugation, supernatant was aspirated from each tube, conserving only the cell pellet,
resuspended in Seahorse medium and added back to respective wells.

We then followed the standard protocol for Standard XF Real-Time ATP Rate Assay,
as described in the Seahorse XF Real-Time ATP Rate Assay User Guide (Kit 103592-100,
Agilent). Seahorse XF technology measures two key parameters of cellular bioenergetics:
oxygen consumption rate (OCR; an estimation of mitochondrial ATP) and extracellular
acidification rate (ECAR; quantification of glycolytic activity through changes in pH by lac-
tate production) [50,51]. Results were analyzed in Seahorse Wave software (version 2.6.1),
with analysis of OCR and ECAR carried out using the Seahorse XF Real-Time ATP Rate
Assay Report Generator (version 4.0.17). For normalization, total protein was quantified
using an Invitrogen Qubit 3 Fluorometer (Q33216, Invitrogen).

2.8. TCGA Gene-Set Variation Analysis

Affymetrix (HG-U133A) normalized gene expression datasets of GBM and non-tumor
tissue samples from TCGA were downloaded from GlioVis repository (gliovis.bioinfo.cnio.
es) [52]. As IDH mutation status confers characteristic metabolic rewiring of the TCA cycle, IDH
mutant and IDH unknown samples were removed from the analysis [53]. The remaining 498
GBM IDH-wt and 10 non-tumor samples were classified in proneural, classical, mesenchymal
and those with a high content in non-tumoral tissue (low cellularity), as proposed elsewhere [54].
Four different canonical gene sets (two oxidative and two glycolytic) were obtained from the
Molecular Signatures Database (MSigDB) [55]: KEGG (oxidative phosphorylation and TCA
cycle), Hallmark (glycolysis, mTORC1 signaling). Gene set variation analysis (GSVA) was
performed on each sample to obtain an enrichment score (ES) using the GSVA R package [42].

2.9. Statistical Analysis

Statistical analysis was performed using a 2-tailed Student t test (when compar-
ing two groups) and One-Way ANOVA (three or more groups). Data are presented as
means + standard deviation and calculated using the software package GraphPad Prism
version 8.0.1 for Windows, GraphPad Software, San Diego, California USA. RT-qRT-PCR
expression data was graphed and analyzed directly in CFX Maestro 1.1 software, version
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4.1.2433.1219 (Bio-Rad Laboratories). p values < 0.05 were considered as statistically signifi-
cant. For all figures, p values were expressed according to GraphPad 8 NEJM p-value style.:
p>0.05 (ns); p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).

3. Results
3.1. GBM can be Stratified into Glycolytic and Oxidative Phenotypes

Molecular heterogeneity is a key feature of GBM, with clinical and therapeutic reper-
cussions. To better understand if the vast molecular landscape of GBM could be reduced
into a manageable number of metabolic categories, we explored the TCGA expression
databases using a GSVA approach. Filtering for canonical gene sets of glycolytic and ox-
idative pathways, Warburg-like phenotypes were enriched in the mesenchymal subgroup,
whereas functional mitochondrial metabolism predominated in healthy tissues (Figure 1a).
Between these two extremes, however, we still encountered ample metabolic heterogene-
ity. Clinically, 18F-FDG PET is valuable for staging and detection of recurrence, but not
necessarily to guide treatments. Without further stratification, GBM can be identified as
a malignancy with high glucose uptake or low glucose uptake (Figure 1b). Nevertheless,
common standardized procedures such as 18F-FDG PET do not allow for differentiation be-
tween high glucose uptake due to increased aerobic glycolysis or OXPHOS, or low glucose
uptake due to compensatory glutaminolysis, necrosis or quiescent metabolic phenotypes.
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Figure 1. (a) Heatmap of the scaled enrichment score (ES) obtained by Gene Set Variation Analysis (GSVA) with the samples
grouped by their gene expression subtype (proneural, classical or mesenchymal) including those with high content of
non-tumor tissue (low cellularity). (b) Clinically, standard imaging techniques such as 18F-FDG PET-MRI can classify tumors
into low glucose uptake (upper) and high glucose uptake (lower). Upper images: Right thalamic glioblastoma shows patchy
contrast enhanced areas on 3DT1 (right side) and no uptake of 18F-FDG PET (medium and left side). Lower images: Parietal
recurrent glioblastoma in the left hemisphere shows heterogeneous enhancement on axial three-dimensional T1-weighted
imaging (3DT1) and extensive uptake of 18F-FDG PET (right and medium side), despite high uptake in surrounding normal
brain tissue. (c) Representative optical microscopy images of cellular morphology. Scale bar = 100 um. Under each cell
line, average distribution of total ATP production from extracellular acidification rate (ECAR)-linked ATP production
and oxygen consumption rate (OCR)-linked ATP production in basal (non-treated) conditions. (d) Seahorse XF Energetic
Map. GBM18 and GBM38 clustered together as highly glycolytic-like cells. GBM27 displayed the highest variation in
the metabolic profiles, with increased mitochondrial respiration, at a similar level to GBM18, but, in comparison, lower
glycolysis. US7MG were not as metabolically active as glioma stem cells (GSCs). Data from three independent experiments,
each with n = 3, normalized to total protein concentration (ug/mL).
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Subsequently, to examine the differences in bioenergetic metabolism in phenotypically
and molecularly distinct gliomas in vitro, we determined OCR and ECAR of our set of
GSCs and US7MG (Figure 1c). We can observe that, in basal conditions, GBM27 and
U87MG are close to a 1:1 ratio of glycolytic/oxidative metabolism, whereas GBM18 and
GBM38 have a strong preference towards a glycolytic phenotype. Furthermore, US7MG, a
typically Warburg-like cell line [30], also exhibited a relative elevation in OCR-linked ATP
production rate (up to 43.57% of total ATP). As shown in Figure 1d, GBM27 demonstrated
high mitochondrial ATP production as well as lower glycolytic ATP production when
compared to GSCs GBM18 and GBM38; as much as 50% of its bioenergetic needs were met
by OCR-linked ATP production. GBM18 and, especially, GBM38, relied predominantly
on glycolytic metabolism (Warburg effect). In GBM27, OCR and ECAR fluctuated slightly
between sets of biological experiments, indicating a range of metabolic flexibility: further
investigation into metabolite allocation for energy production would be necessary to
fully characterize this adaptive capacity. Our data indicate that even under the same cell
culture conditions, distinct molecular characteristics of GSCs can in fact produce unique
metabolic phenotypes. Interestingly, the global metabolic activity of U87MG is actually
lower than GSCs.

Taken together, our data suggest that a high degree of metabolic variability is present
between our GSCs, and their ATP production rates are faster than those of US7MG. GSCs
and U87MG maintain a stable, basal, metabolic profile, and seem to be able to shift, to
some extent, between aerobic glycolysis and OXPHOS to meet their bioenergetic needs.

3.2. GSCs Display a Heterogeneous Pattern of Resistance to Metabolic Inhibitors

At the outset, in order to determine the optimal doses to be used in future experiments,
we exposed our GSCs (GBM18, GBM27, GBM38) and the U87MG cell line to escalating con-
centrations of selected metabolic drugs. Inhibitory curves for all time points are presented
in Supplementary Figure S1.

After conducting these experiments, we ascertained maximum inhibitory effects and
reliable trends in the viability data at 72 h; therefore, for every cell line, IC50 at 72 h was
considered as the optimal inhibitory concentration.

As we can appreciate in Figure 2, GBM27 had the highest resistance to all metabolic
treatments except for DON, where, in turn, GBM18 required the highest concentrations to
achieve IC50. For MF, GBM18 and GBM38 were the most sensitive cell lines (10.66 4+ 3.162 mM
and 21.33 £ 7.08 mM, respectively) and GBM27 the most resistant (77.41 &+ 34.02 mM). US7MG
revealed an intermediate resistance (42.51 &+ 2.742 mM). For DCA, GBM38 required the lowest
concentrations (13.52 =+ 5.235 mM) and GBM27 the highest (40.61 £ 7.400 mM). In this case,
GBM18 (29.20 £ 5.627 mM) and U87MG (27.10 =£ 0.955 mM) showed no statistically significant
differences in IC50 concentrations. For SOD, all cell lines required relatively high in vitro
concentrations to reach 50% growth inhibition; no statistical significance was reached between
groups. Lastly, regarding glutaminolysis inhibition by DON, U87MG required the lowest
IC50 DON dose (99.70 £ 14.82 uM), followed by GBM27 (198.4 + 44.13 uM) and GBM38
(286.9 + 103.2 uM), whereas GBM18 was the most resistant (1505 + 625.4 uM). It should be
noted, however, that a closer look at the growth inhibition curves for DON in GBM18 reveals a
cytostatic “threshold” around the IC50 value regardless of the dose, suggesting a non-linear
inhibitory slope (Figure S1). Therefore, the IC50 provided is a statistical approximation owed to
the resistance against the drug, but we should not always assume a linear correlation between
dose and effect; this will become especially relevant in subsequent combinatory studies.
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Figure 2. Cancer metabolism at a glance, with experimental in vitro IC50 values for selected metabolic inhibitors. Glu-
cose enters cells and undergoes glycolysis, converted into pyruvate. Cancer cells can divert up to 85% of pyruvate to
lactate, regardless of the presence of oxygen (Warburg effect, yielding two net ATP); an estimated 10% of pyruvate goes
towards biosynthesis and 5% to OXPHOS [56]. In normal, non-tumoral cells, the majority of pyruvate undergoes OXPHOS
(30-32 ATP molecules). To decrease the Warburg effect and facilitate oxidative metabolic reprogramming, PDKSs can be
inhibited by dichloroacetate (DCA), supporting the entry of pyruvate in the mitochondria, and LDH can be targeted
via sodium oxamate (SOD). “Glutamine addiction” can be regulated by glutaminase inhibitors such as 6-diazo-5-oxo-L-
norleucine (DON) [57]. Lastly, metformin hydrochloride (MF) has pleiotropic effects: ETC complex I inhibition leads to
downstream signaling via AMPK and mTOR [58]. In color-matching boxes, we display concentrations required for 50%
viability inhibition (IC50) after 72 h of treatment. One-way ANOVA statistical significance of three biological experiments
was calculated with normalized raw fluorometric data; p < 0.05*; p < 0.01 **; p < 0.001 ***. Abbreviations: ETC (electron
transport chain), mTOR (mammalian target of rapamycin), PDK (pyruvate dehydrogenase kinase), PDH (pyruvate dehy-

drogenase), GLS (glutaminase), LDH (lactate dehydrogenase), GLS (glutaminase), ECAR (extracellular acidification rate),
OCR (oxygen consumption rate).

In summary, GBM18 was the most sensitive to MF, GBM38 to DCA and U87MG to
DON; on the other hand, GBM27 was the most resistant to MF and DCA, while GBM18
required the highest doses of DON. A very high resistance towards SOD, as well as low
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variability in responses, was observed across all cell lines, so this drug was discarded from
further assays.

3.3. Differences of Target Enzymes across Cell Lines Predicts Responses to Metabolic Inhibitors

To further investigate the relative sensitivity /resistance profiles of each cell line to our
selection of metabolic drugs, we aimed to evaluate their basal genetic expression profiles
(Figure 3a).
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Figure 3. (a) Expression profiles of target enzymes for our selection of metabolic drugs under basal conditions determined
by RT-qRT-PCR. Representative results from a minimum of two replicates (1 = 2). One-way ANOVA with Tukey correction.
p <0.05% p <0.01 **; p <0.001 ***. (b) Western Blot analysis at 30 min, 60 min, 2 h, 6 h after MF 72h-IC50 treatment for
AMPKa and phospho-Thr172 AMPK«. (c) Western Blot analysis after 6 h of treatment with respective DCA 72h-IC50 doses
for phospho-Ser293 PDH-E1 and total PDH-E1.

MF acts through inhibition of the electron transport chain (ETC) complex I, increas-
ing the ADP/ATP ratio, but its primary downstream target is the activation of AMPK
(phosphorylation of Thr172 of AMPK«1), which ultimately leads to mammalian target
of rapamycin (mTOR) inhibition. We therefore evaluated expression of PRKAA1 and
PRKAAZ2 (together, catalytic subunits of AMPK) and the mTOR gene. Although PRKAA2
was not expressed in our samples, PRKAA1 was significantly upregulated in GBM27
(9-fold relative to control) and, at similar levels (approximately 3 to 4-fold), in GBM1S8,
GBM38 and U87MG. We also found the highest relative expression levels of mTOR in
GBM27 and GBM38, but differences did not reach statistical significance. Additionally,
we analyzed the phosphorylation of AMPK« to investigate the biological effects of MF
(Figure 3b). We observed strong phosphorylation of Thr172 AMPKu« relative to control
in GBM18 (60 min, 2 h, 6 h) and GBM38 (2 h). Cell lines GBM27 and U87MG did not
phosphorylate AMPK in the first 6 h, consistent with their need for higher concentrations
of MF and slower responses against the drug.

Next, we studied DCA activity in our GBM cell lines. Altough we analyzed all PDK
subunits, PDK2 and PDK4 were not expressed, with major differences detected primarily
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in PDK3 expression, exceptionally upregulated in GBM27, consistent with sensitivity
profiles to DCA. At the protein level, the catalytic subunit PDH-Elx has three major
phosphorylation sites, with site 1 (Ser-293) being the most frequent and efficient target,
sufficient to fully inhibit PDH activity [59,60]. With inhibition of PDKs by DCA treatment,
we detected rapid, visually discernable, de-phosphorylation of Ser-293 in all cell lines after
6 h of treatment with 72h-IC50 concentrations (Figure 3c and Supplementary Figure S2).
The expression of PDKs in our dataset could provide a predictive biomarker to explain
differential responses to DCA.

When we evaluated GLS genes, our analysis revealed no detectable amplification of
GLS2; therefore, we focused on GLS1 as a potential predictor for DON’s antiproliferative
effects. Relativized to epilepsy control, GLS1 was significantly upregulated in GBM18, neu-
tral in GBM27/U87MG and downregulated in GBM38. Higher GLS1 expression correlated
with the relative resistance against DON in GBM18, but comparatively lower expression in
GBM38 was not associated with lower doses.

3.4. Doses of Metabolic Inhibitors and Radiomimetic Bleomycin Corresponding to Warburg-Like
Phenotypes Spare Viability of Non-Tumoral hMSCs

After completing this set of experiments, we questioned whether our cell lines would
respond favorably to bleomycin, a radiomimetic/ DNA-targeting drug.

The mechanism of action and IC50-72h concentrations for bleomycin are presented
in Figure 4a. To substantiate our following combinatory studies, we first performed
exploratory MTS assays to determine optimal concentrations of bleomycin for each cell
line: we observed relative resistance in GBM18 and GBM27, whereas GBM38 and US7MG
were equally sensitive to the drug (Supplementary Figure S3).
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Figure 4. (a) IC50 values at 72 h and mechanism of action of radiomimetic drug bleomycin (BM). Bleomycin is a large
molecule (~1.5 kDa) and cannot freely diffuse cell membranes; it is transported into cells either alone or as a bleomycin-
Cu(Il) complex, then reduced to bleomycin-Cu(I), which reacts with oxygen leading to DNA strand breaks. Successful
chemotherapy with bleomycin is dependent on active transport; however, there is currently no consensus about the uptake
mechanism or the transporters involved. Bleomycin-Cu(I) can also dissociate inside the cell to form bleomycin-Fe(II)
complexes, transforming into «activated bleomycin species» resulting in DNA fragmentation and chromosomal aberrations.
Complexes with zinc (II), iron (IT) and cobalt (IIT) have also been characterized. Calculated IC50, as per inner salt (MTS) assay,
with a minimum of two biological replicates. One-way ANOVA with Tukey correction, p < 0.05*; p < 0.01 **; p < 0.001 ***.
(b) Viability profiles relative to control mesenchymal stem cells (hMSCs) treated with all calculated 72h-IC50 doses (1 = 2).
One-way ANOVA with Dunn’s correction, p < 0.05 *; p < 0.01 **; p < 0.001 ***.
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As with any other form of treatment, the success of metabolic therapies could be lim-
ited by toxicity to healthy cells. Therefore, we investigated whether all IC50 concentrations
determined thus far could be a realistic goal in vitro, exploring their effects on non-tumoral
hMSCs (Figure 4b). MF/DCA affected more than 60% of cells when using GBM27 IC50s
(oxidative-like metabolic phenotype), but all other doses were very well tolerated (toxicity
less than 20%). DCA 72h-IC50 from GBM38 actually slightly increased “cell viability”
relative to control (as per metabolic activity measured by MTS assay). DON inhibited
cell growth up to 35% at the highest dose (1505 uM), suggesting a saturation point after
which increased dosages do not linearly correlate with antiproliferative effects. Bleomycin,
in contrast, only affects up to 30% of hMSCs at the highest IC50, correlating well with
slower proliferation rates. In summary, cell lines with predominantly Warburg-like pheno-
types could be targeted with metabolic inhibitors without affecting normal stem cells, but
oxidative-like phenotypes, such as GBM27, will require individualized, unique approaches.

3.5. Synergy between Bleomycin and Metabolic Inhibitors Helps to Overcome Dose-Limitng
Toxicity in Predominantly Oxidative Metabolic Phenotypes

One way to solve the challenge of non-specific damage to healthy cells is to exploit
coexisting weaknesses of tumoral cells in combinatory strategies. Since GBM27 doses of
MF/DCA were also affecting the viability of normal cells, we explored the possibility of
dose-reduction attributable to synergistic effects with radiomimetic bleomycin. After indi-
vidually confirming the validity of each calculated 72h-IC50, we performed combinatory
studies to determine the existence of synergy, additive or antagonistic effects. Using the
Chou-Talalay theorem, the Combination Index (CI) and the Dose Reduction Index (DRI)
were calculated for each drug combination.

As shown in Table 2, drug mixtures with CI < 1 and DRI > 1 at a fraction of affected
cells (Fa) = 0.6 were considered as the optimal cutoff to identify promising therapeutic
combinations. Nevertheless, in constant ratio combinatory experiments, close attention
needs to be paid to the full range of Fa and CI/DRI to evaluate synergy for any given
combination/antiproliferative effect.

Table 2. Summary of synergy/antagonism at an optimal Fa cutoff of = 0.6. All combinatory experiments were performed in

two biological replicates (1 = 2).

MF + Bleomycin

DCA + Bleomycin DON + Bleomycin

Cell Line  EffectatFa=0.6 DRIatFa=0.6 EffectatFa=0.6 DRIatFa=0.6 EffectatFa=0.6 DRIatFa=0.6
GBM18 Additive DRI > 1 for both Antagonism DRI > 1 for both Synergism DRI > 1 for both
GBM27 Synergism DRI > 1 for both Synergism DRI > 1 for both Synergism DRI > 1 for both

. . DRI > 1 for .
GBM38 Synergism DRI > 1 for both Antagonism bleomycin Synergism DRI > 1 for both
Us7MG Synergism DRI > 1 for both Antagonism DRI > 1 for both Synergism DRI > 1 for both

All final reports with complete datasets, including Median-Effect Plot, CI Plot, Log-
arithmic CI Plot, DRI, Isobologram and Sequential Deletion Analysis (SDA; confidence
intervals for CI values), are included in Supplementary Material File S1.

Our results describe a wide variety of combinatory effects depending on the cell
subtype and Fa level. Figure 5a describes the combined effects of MF and bleomycin.
GBM18 exhibits mostly additive effects (no synergy). GBM27, on the other hand, is a
prototypical example of synergistic effects when affecting most tumoral cells (at high
Fa values): in the CI index, Fa > 0.75 has a CI < 0.4, indicative of strong synergism.
Consequently, DRI is > 1 for both MF and bleomycin, with significant dose reductions at
Fa > 0.6, potentially reducing the toxicity of both agents. GBM38 is synergistic at Fa ~ 0.5
but has a tendency towards antagonism at Fa > 0.75. GBM38 appears to have a threshold
for both MF and bleomycin, where even small doses produce significant anti-proliferative
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effects, but further increases provide no additional benefit. Finally, the CI in U87MG is
close to synergistic/additive up to Fa = 0.75, then turning antagonistic.
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Figure 5. (a—c) Combinatory drug studies between metabolic drugs (MF, DCA, DON) and bleomycin (BM). From top to
bottom, three graphs for each cell line comprehensively describe synergy/antagonism. First graph: Bar charts of decrease
in viability (% of affected cells) relative to control. Second graph: Combination index (CI) is given as a function of the
fraction of affected cells (Fa) by the drug combination with a continuous line. The central dashed line indicates a CI = 1.
According to the Chou-Talalay’s Combination Index Theorem, CI = 0.9 to 1.1 indicates an additive effect. CI < 1 is indicative
of synergism, whereas CI > 1 indicates antagonism. The vertical bars indicate 95% confidence intervals for CI values based
on Sequential Deletion Analysis (SDA); in some cases, SDA values cannot be graphed in CompuSyn software, but they
were always calculated and are available in Supplementary File S1. Third graph: The Dose-Reduction Index (DRI) (also
known as the Chou-Martin plot) signifies how many folds of dose-reduction for each drug at any given effect (Fa) are
allowed in synergistic combination. In blue, metabolic drug DRI indeX; in red, bleomycin DRI index. DRI = 1 indicates
no dose-reduction, DRI > 1 favorable dose-reduction and DRI < 1 no favorable dose-reduction. All experiments were
performed in two biological replicates (1 = 2).
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Next, Figure 5b describes the combinatory effects of DCA and bleomycin. For GBM18,
the Cl is > 1 (antagonistic) at any given Fa; despite this, DRI > 1 for bleomycin at high
Fa levels indicates the possibility of dose-reduction. In GBM27, therapeutic effects are
determined by Fa cutoff: close to Fa ~ 0.75, Cl is <1 (synergistic), with dose reduction
predicted at this value. GBM38, on the other hand, represents a clear example of strong
antagonism (CI values > 1.5 at any Fa level); consequently, the combination of drugs does
not surpass the effects of bleomycin by itself. Even still, DRI suggests that bleomycin
concentrations could be decreased at the expense of DCA. Lastly, up to Fa = 0.5, US7MG
displays synergistic/additive effects, with antagonism prevailing thereafter; this translates
to unfavorable dosing at Fa > 0.8 (DRI < 1 for both drugs).

To conclude, Figure 5c¢ details the interaction between DON and bleomycin. For
GBM18, combining the compounds presents a strong synergistic relationship at Fa close
to 0.5; however, at higher Fa, this synergy is lost. Ascending DRI for DON indicates the
potential of important dose-reduction. GBM27 benefits from additive effects close to Fa
~ 0.5, and, as we move closer to Fa = 1, the combination becomes strongly synergistic;
this too would allow for dose reduction. In GBM38, the combined treatment has a similar
threshold as in U87MG, as even one eighth of the concentrations significantly decreases
proliferation: in these two cell lines, Cl is <1 and DRI > 1 at Fa levels > 0.5, making DON
and bleomycin a very promising therapeutic combination.

In summary, for GBM27, synergism with radiomimetic bleomycin was observed
for all metabolic inhibitors at therapeutically relevant Fa = 0.9. Combining metabolic
inhibitors and bleomycin could be leveraged to reduce dosing requirements of oxidative-
like GSC subtypes.

3.6. Bioenergetic Profiling after Metabolic Treatment Reveals Opportunities for Metabolic Priming
in Surviving Cell Populations

Using Seahorse XF technology, we determined total ATP production and ratios of
mitoATP/glycoATP production under metabolically treated conditions.

As shown in Figure 6a,b, normalized total ATP production was decreased in all treated
cells, with the exception of DCA-treated GBM27; in this case, rather than a significant drop
in total ATP, production shifted from glycolytic to oxidative metabolism, with total ATP
rates remaining unaltered. Furthermore, consistent with the proposed biological function
for each drug, we observed a reduction in mitoATP production and a shift toward gly-
colysis using MFE. Even though IC50 values should affect all cell lines proportionately, we
noticed that the reduction in total ATP production was less pronounced with lower doses;
e.g., in GBM18 (lowest MF IC50 of 10.66 mM), mitochondrial ATP was almost completely
abolished, but total glycolytic ATP dropped only marginally, indicating a surviving popu-
lation of almost exclusively glycolytic cells. Mitochondrial ATP production was increased
after treatment with DCA, especially in GBM27, a GSC with a clear preference towards
oxidative metabolism under both basal and treated conditions. The XF Rate Index for DCA
can provide an idea of the oxidative potential of each cell line: highest in GBM27, followed
by GBM18 and lowest in GBM38/U87MG. In the case of DON, we can appreciate a notable
reduction of total ATP for each calculated IC50 value. As previously stated, DON is a glu-
tamine analog predominantly targeting GLS (inhibition of TCA cycle intermediaries from
glutamine would be expected to reduce mitoATP, unless glutamine derived x-ketoglutarate
was diverted towards biosynthesis or mitochondrial substrate-level phosphorylation rather
than oxidized). Examining the XF ATP Rate Index, GBM18 and especially GBM27 shifted
towards oxidative metabolism, whereas GBM38 and U87MG remained unaltered. In con-
clusion, DON did not consistently change the metabolic phenotype of surviving cells;
interestingly, however, in U87MG, a characteristically glutaminolytic cell line, even small
concentrations of DON (99.7 uM) were enough to drastically reduce total ATP production.
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Figure 6. (a) Changes in metabolic phenotypes after IC50 treatment for 72 h with metformin (MF), dichloroacetate
(DCA) and 6-Diazo-5-oxo-L-norleucine (DON). (b) XF ATP Rate Index for GSCs and U87MG. The ATP Rate Index is the
ratio of the mitoATP Production Rate divided by glycoATP Production Rate, indicating higher oxidative or glycolytic

bioenergetic profile.

Normalized values of OCR/Proton Efflux Rate (PER) in real-time after each drug in-
jection of the Seahorse XF protocol are provided in Supplementary Figure S4. These kinetic
graphs allow us to examine how previous metabolic treatments changed the basal metabolic
state and acute responses to mitochondrial inhibitors included in the assay: oligomycin
(complex V inhibitor, i.e., mitochondrial ATP synthesis) and rotenone/antimycin A (total
inhibition of mitochondrial respiration, complex I and complex III, respectively). Glycolytic
upregulation in response to partial and complete mitochondrial inhibition (Warburg pheno-
type) and residual non-mitochondrial OCR should be highlighted in GBM18 and GBM38.

In conclusion, pre-treatment with metabolic drugs could become a valuable tool to
characterize the bioenergetic phenotypes of surviving, resistant fraction of cells, priming
them for further treatments. To our knowledge, this is the first time chronic metabolic
treatments (>72 h) with DCA and DON have been characterized in GSCs. Despite method-
ological differences, our results also confirm the bioenergetic changes after low-dose MF in
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GSCs [61] and DCA in established glioma cell lines [62,63]. Finally, oxidative GSCs such as
GBM27, an abnormality in the predominantly glycolytic phenotypes of solid tumors, need
to be fully recognized in order to improve metabolic therapies. Based on our results, se-
quential drug strategies targeting previously weakened ATP-generating pathways warrant
further exploration.

4. Discussion

Cancer metabolism has recently regained interest as a promising therapeutic target,
coinciding with the development of standardized techniques for real-time assessment
of bioenergetics. Given high intratumoral molecular and metabolic heterogeneity, it is
necessary to target glycolytic, glutaminolytic and oxidative phenotypes; for this purpose,
primary GSCs cultured from human surgical samples are an excellent model [64].

In this paper, we describe how metabolic modulators (ME, DCA, DON) could be
leveraged to inhibit GSCs proliferation, demonstrating that distinct, stable, metabolic
phenotypes contrast in their response to these treatments. A comparison between untreated
and metabolically treated GSCs populations is presented here for the first time, leading us
to hypothesize that inhibiting metabolic pathways might not only kill malignant cells, but
also turn them vulnerable to successive targeted treatments (“metabolic priming”).

Consistent with our results, GSCs have been characterized by ample metabolic het-
erogeneity, exhibiting both glycolytic/oxidative characteristics [29,65,66]. Surprisingly,
GBM27 exhibited a highly oxidative phenotype, at odds with Warburg’s central hypothesis
of dysfunctional mitochondria; the presence of such metabolic subpopulations will need to
be addressed to prevent tumor recurrence after antiglycolytic therapy. Similarly, US7MG
had been described numerous times as highly glycolytic (high basal ECAR); however, we
and others also described simultaneous elevations in OCR [30,67-70].

Regarding our selection of metabolic inhibitors, GBM27 was the most resistant to all
drugs, with the exception of DON. One of the reasons for this might be owed to GBM27’s
characteristically oxidative metabolism (up to 50% oxidative) and slower proliferation
rates. Metabolic flexibility may grant a survival advantage even if mitochondrial en-
ergy production is targeted via MF or glycolysis via DCA. GBM18 and GBM38, on the
other hand, were significantly more sensitive to MF; this would be consistent with their
Warburg-like metabolic phenotypes. At the protein level, our results are consistent with
previous research, where 10 mM MF did not significantly increase phospho-Thr172 at
6 h in U87MG [71]. Next, we hypothesized whether upregulated or downregulated PDK
expression could be useful in predicting responses to DCA. While PDK1 was upregulated
with respect to non-tumoral controls, expression was similar across all cell lines. PDK3
expression was relatively downregulated in GBM38 and exceptionally upregulated in
GBM27. This would be consistent with previous reports where the PDK3 subunit was the
most resistant to inhibition by DCA (higher expression of PDK3 would therefore translate
into higher doses of DCA) [72,73]. In contrast, PDK2 subunits are the most sensitive to
DCA treatment, while PDK1 and PDK4 display intermediate sensitivity (Ki PDK2 < PDK1
~ PDK4 < PDK3). As PDK1 was equally distributed, and PDK2/PDK4 were undetectable
in our samples, variances in dose-response profiles were likely related to differences in
PDK3. SOD treatment was equally inefficacious in all tested cell lines, but we suspect
this was partly related to poor cell membrane permeability of this compound [74-76].
Despite issues with potency, our GSCs appear as highly resistant to SOD, as evidenced
by much lower reported IC50s in nasopharyngeal carcinoma and gastric cell lines [77,78].
Concerning DON, glutamine addiction is thought to play an important role in supporting
cancer proliferation [79,80]. In our case, GBM18 was the most resistant to DON, while other
GSCs and U87MG turned more vulnerable to glutaminase inhibition. Our results confirm
the inhibition profile for US”MG/DON at 72 h recounted by Ohba et al., with a similarly
flattened inhibitory curve but higher “theoretical” IC50 [81]. With DON, rather than linear,
dose-dependent cytotoxicity, we noted a more cytostatic-like effect in GBM18, GBM38 and,
to a lesser extent, GBM27. Higher relative mRNA expression of GLS1 was evidenced in
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GBM18, accompanied with, indeed, higher doses of DON for the same inhibitory effect;
correlations between doses and GLS1 expression was not as clear in other cell lines.

The heterogeneity of cancer could also be managed by combinatorial strategies, fo-
cusing on multiple molecular pathways to achieve compounded effects. Even though
stand-alone metabolic modulation could become a possibility in the future, a more realistic
and approachable goal is to design safe and effective combinations together with well-
established chemotherapeutics and radiotherapy. Here, we show that non-tumoral hMSCs
are not affected by low /intermediate doses of MF, DCA, DON or bleomycin. Concentra-
tions of MF and DCA corresponding to GBM27, however, decreased viability by more than
half in hMSCs, revealing that oxidative cancer cells would require a different management
strategy: combinatory therapies could be such an option.

To the extent of our knowledge, ours is the first report of the combinatorial effects in
GSCs of the radiomimetic drug bleomycin together with MF, DCA and DON. Bleomycin
acts by inducing single and double strand DNA breaks, causing apoptosis and cell cycle
arrest in early G2 phase [44]; it is FDA-approved as a clinical prescription against lym-
phomas, squamous-cell carcinomas and germ-cell tumours