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Simple Summary: Communication between cells helps tumors acquire resistance to chemotherapy
and makes the struggle against cancer more challenging. Tunneling nanotubes (TNTs) are long
channels able to connect both nearby and distant cells, contributing to a more malignant phenotype.
This finding might be useful in designing novel strategies of drug delivery exploiting these systems
of connection. This would be particularly important to reach tumor niches, where glioblastoma stem
cells proliferate and provoke immune escape, thereby increasing metastatic potential and tumor
recurrence a few months after surgical resection of the primary mass. Along with the direct inhibition
of TNT formation, TNT analysis, and targeting strategies might be useful in providing innovative
tools for the treatment of this tumor.

Abstract: Glioblastoma (GBM) is a particularly challenging brain tumor characterized by a het-
erogeneous, complex, and multicellular microenvironment, which represents a strategic network
for treatment escape. Furthermore, the presence of GBM stem cells (GSCs) seems to contribute
to GBM recurrence after surgery, and chemo- and/or radiotherapy. In this context, intercellular
communication modalities play key roles in driving GBM therapy resistance. The presence of tunnel-
ing nanotubes (TNTs), long membranous open-ended channels connecting distant cells, has been
observed in several types of cancer, where they emerge to steer a more malignant phenotype. Here,
we discuss the current knowledge about the formation of TNTs between different cellular types in the
GBM microenvironment and their potential role in tumor progression and recurrence. Particularly,
we highlight two prospective strategies targeting TNTs as possible therapeutics: (i) the inhibition of
TNT formation and (ii) a boost in drug delivery between cells through these channels. The latter may
require future studies to design drug delivery systems that are exchangeable through TNTs, thus
allowing for access to distant tumor niches that are involved in tumor immune escape, maintenance
of GSC plasticity, and increases in metastatic potential.

Keywords: tunneling nanotubes; glioblastoma; stem cells; tumor microenvironment; drug deliv-
ery; nanoparticles

1. Introduction

Glioma is the most common primary tumor of the central nervous system, with an
annual incidence of approximately 6 cases per 100,000 individuals worldwide and with
approximately 50% of them being classified as glioblastoma (GBM). GBM is the most
aggressive form of glioma, with a median lifespan from time of diagnosis to death of
approximately 15 months.
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Based on its histological appearance, GBM has been traditionally classified as an
astrocytoma, though the precise cell type from which the disease originates is still a
controversial issue. Some experts argue that the GBM origin is a subpopulation of neural
stem cells, while others claim that it derives from the transformation of differentiated
astrocytes [1]. Regardless, little progress has been made in GBM therapy, with no change
in the standard of care for almost 20 years [2]. The current therapeutic approach for newly
diagnosed GBM patients is based on surgery, followed by temozolomide chemotherapy
and radiotherapy in combination with corticosteroids. In addition, in 2015, a noninvasive
technique based on the application of alternating electrical fields (tumor treating fields,
TTF) was approved as an adjuvant therapy for newly diagnosed GBM [3]. GBM is assigned
WHO grade IV [4], and recently, the classification has been refined, with diagnosis based not
only on histology but also on several molecular markers such as isocitrate dehydrogenase
(IDH) and epidermal growth factor receptor (EGFR) [5]. Unlike other cancers, GBM
remains confined in the brain without any systemic spread [6]. However, almost every
GBM recurs, and recurrent tumors are chemotherapy-resistant, with higher invasiveness
and aggressiveness compared with the original tumor [7–9]. Consequently, there is no
standard treatment for recurrent GBM, partially due to poor biological knowledge of the
disease [10,11]. Recent studies on tumor heterogeneity suggest that residual tumor cells
after whole total tumor resection share only 60–80% of their mutations with the primary
tumor and differ significantly in terms of gene expression profile, microenvironment, and
extent of immune cell infiltration [12,13]. Additionally, cancer stem cells play a pivotal role
in GBM recurrence, though there is no generally accepted definition of them within GBM
and how they specifically contribute to therapy resistance and tumor recurrence has not
been clarified.

This review describes the main data currently available about the communication
modalities between the different cells composing the GBM environment, focusing on
tunneling nanotubes (TNTs), which are described in detail. Finally, an overview of potential
therapeutic approaches based on TNTs is presented.

2. Main Cell Types Interacting in Glioblastoma Microenvironment

The GBM mass consists not only of a heterogeneous population of cancer cells but also
of a variety of resident and infiltrating host cells, secreted factors, and extracellular matrix
components, which collectively create the tumor microenvironment (TME). The TME is a
complex network of signals and trafficking able to regulate tumor growth and invasiveness,
angiogenesis, and chemotherapy resistance and to modulate immune response, drug deliv-
ery, and therapeutic responses [14,15]. Consequently, innovative therapeutic approaches
should be designed considering the GBM microenvironment. However, there is currently
limited understanding of cell communication between tumor and non-tumor cell types in
the TME. In this section, we provide an overview about the main cells composing the GBM
TME, which can communicate between them.

2.1. Tumor Immune Cells

Increasing evidence has revealed that infiltrating immune cells and other stromal
components in the TME, of which the proportions vary according to cancer stage, are
associated with the prognosis of GBM. Maintenance of the TME is one of the crucial factors
influencing local immune dysfunction, which plays a critical role in GBM-induced im-
munosuppression [6]. This milieu in turn leads to immunotherapeutic treatment failure [1].
The immunosuppressive TME is mainly caused by recruited immunosuppressive cells [13],
tumor-derived immunosuppressive factors [14], overexpressed immune checkpoints [16],
and GBM cell epigenetics that silence HLA molecules [17].

Microglia cells and tumor-associated macrophages (TAMs) are tissue-resident cells
(comprising 15% of the TME) and bone marrow-derived macrophages (comprising 85%
of the TME) that may regulate tumorigenesis and are collectively known as glioblastoma-
associated microglia and macrophages (GAMs) [18]. There are two main TAMs subtypes,
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known as M1 and M2. The former is capable of antitumor activity, promoting cytotoxic
and inflammatory effects; on the contrary, the latter subtype is pro-tumoral, with its anti-
inflammatory activity switching off the host immune response against GBM. These cell
types are considered important targets for GBM therapy [19].

Along with TAMs, CD4+T and CD8+T cells are capable of influencing tumorigenesis
by receiving inhibitory signals from other TME cells and cancer cells, which lead to immune
exhaustion and tumor tolerance [20].

A major mechanism leading to tumor immune-tolerance is activation of the PD-1/PD-
L1 pathway. GBM cells massively express programmed cell death-ligand 1 (PD-L1) and
consequently bind more programmed cell death protein 1 (PD-1) on T cells. This ligand–
receptor interaction inhibits the differentiation of T cells into T effectors and promotes the
switch towards other phenotypes such as T regulatory (Tregs) and T exhausted cells. This
phenomenon prevents the tumor rejection usually mediated by CD8+ lymphocytes [21–23].
Tregs are potent immunosuppressive cells that cause GBM immune escape. Tregs do not
exist in normal human brain tissue, but a large number of immunosuppressive Tregs have
been found in the GBM TME [24].

It has been also suggested that, in brain tumors, dendritic cells (DCs) recognize
and present tumor-derived antigens inside the brain tissue or in the draining lymphoid
stations in order to boost a T effector cell response against cancer cells [25,26]. These
cells are normally not present in the healthy brain parenchyma. However, during
tumorigenesis, they can reach the brain tissue via afferent lymphatic vessels and/or
endothelial venules [27–29]. Drainage of tumor antigens into cervical lymph nodes has
been observed in animal models via the glymphatic system [30,31]. The glymphatic
system is a functional meningeal system located in the dura mater, which allows for the
passage of molecules and immune cells into the deep cervical lymph nodes [32–34], where
internal recirculation mechanisms involve the cerebrospinal fluid and interstitial fluid [16].
Moreover, cervical lymph nodes may have the property to modulate the immune response
to tumor antigens toward either tolerance or reactivity [35]. Even if the specific role of DCs
in the GBM environment is not yet elucidated, it is accepted that they have a pivotal role in
antitumor immunity [36–38].

2.2. Glioblastoma Stem Cells

Several subtypes of GBM have been defined on the basis of different molecular
alterations and gene expression patterns. Verhaak et al. described four GBM molecular
subtypes: classical, proneural, mesenchymal, and neural [39]. These subtypes might arise
from multiple stem cell-like populations through distinct differentiation pathways.

GBM stem cells (GSCs) are defined as a quiescent subpopulation of cancer cells
that have high self-renewing abilities, clonal tumor initiation capacity, and long-term
repopulation potential [40]. In addition, the contribution of GSCs to GBM malignancy
is widely accepted, as these cells can recreate the tumor mass after surgery. GSCs can
be classified as proneural (PN) or mesenchymal (MES) subtypes because of their gene
expression profiles and distinct biological characteristics [41]. GSCs are located in different
niches, specific protective TME regions in GBM tumors where they can preferentially
interact with specific cell types. For example, GSCs in the perivascular niche can mutually
communicate with endothelial cells that secrete soluble cues, thus supporting the GSCs’
self-renewal. In return, GSCs release vascular endothelial growth factor (VEGF) and
stromal-derived factor 1, thus promoting angiogenesis [42,43].

In addition, GSCs transdifferentiate into pericytes and contribute to the vascular
structure [44,45]. Another phenomenon, called “vasculogenic mimicry”, takes place in
GBM, where GSCs differentiate into endothelial-like cells, forming vessel-like structures.
These structures are able to supply the tumor cells with nutrients and oxygen [46,47]. GSCs
can also communicate with immune cells, promoting the establishment of a suppressive
TME and thus allowing for tumor immune escape and progression [44]. In return, GAMs
promote GSCs metabolic pathways to gain energy [48]. Furthermore, GSCs directly reg-
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ulate immune cells, leading to the activation of Tregs, the inhibition of cytotoxic T cell
proliferation, and the induction of cytotoxic T cell apoptosis [40,49]. In summary, GSCs
present in these niches preserve their phenotypic plasticity, protect themselves from the
immune system, facilitate GBM metastasis, and are resistant to commonly employed cancer
therapies. This is one of the main reasons why targeted therapy has not demonstrated
efficacy in phase 3 clinical trials against GBM so far.

2.3. Other Brain Cells

GBMs are among the most vascularized solid tumors found in humans, and blood
vessels play a key role in supporting tumor progression [50], especially the endothelial
cells (ECs) that are closely associated with GSCs [45]. Therefore, hindering communication
between the endothelium and GSCs might represent a strategy to hamper GSCs survival.
GSCs proliferation and invasiveness are also supported by the presence of aberrant tumor-
derived vasculature that is usually associated with a higher degree of malignancy and
a poor prognosis. Thus, high vascularization together with the vasculogenic mimicry
contribute to the failure of antiangiogenic therapies against GBM [51–53].

Astrocytes, essential components in the structure and function of the blood–brain
barrier (BBB), have been shown to support tumor angiogenesis via multiple mechanisms
including secretion of angiogenic and growth factors, such as VEGF, and protein carriers,
such as insulin and albumin. Astrocytes surrounding GBM commonly undergo functional
and phenotypical changes through astrogliosis, a process in which reactive astrocytes
secrete a large number of soluble factors that promote GBM invasiveness, proliferation, and
migration [54]. In turn, tumor cells suppress p53 expression in astrocytes, thus promoting
GBM cell survival through modulation of the extracellular matrix composition [55,56].

In addition, neuronal-GBM cell interactions have recently emerged as an impor-
tant factor in tumor growth, as neuronal activity promotes tumor progression by induc-
ing the release of brain-derived neurotrophic factor (BDNF) [57], neuroligin-3 [58], and
dopamine [59]. Furthermore, GBM cells can increase local neuronal excitability, a mecha-
nism that is responsible for the presence of seizures in GBM patients. In addition, this last
event fosters the excitability-dependent secretion of mitogens, generating a vicious cycle to
sustain the GBM microenvironment [60].

3. Cell Communication Modalities

The high complexity of TME aroused huge scientific interest about the communication
modalities between cells in GBM. Understanding this communication could open new av-
enues for therapy design. The GBM progression and invasion of the brain involves multiple
communication strategies between the cells that compose the TMEs, for instance, secretion
of soluble factors such as chemokines and cytokines, extracellular vesicles (EVs; including
exosomes and microvesicles), and direct cell–cell contact (gap junctions, nanotubes, and
microtubes) [56].

Gap junctions are involved in the exchange and transfer of small molecules such as
Ca2+, ATP, and metabolites between two adjacent cells [61]. These clusters of intercellular
channels are composed of connexins, the core proteins in gap junctions, in which con-
nexin43 (Cx43) is expressed by human cerebral microvascular ECs (hCMEC), astrocytes,
and GBM cells. High levels of this protein enable the formation of multicellular networks
and allow cell-to-cell communication via calcium waves.

An increase in Cx43 expression in GBM-initiating cells has been associated with
increased invasiveness [61–63]. Connexins may also increase metastatic cell growth in
GBM and resistance to standard therapies [64–66]. Despite the evidence of connexins role
in malignant conditions, gap junctions are fundamental in tissue homeostasis, regulation
of cell growth, and differentiation, making their targeting challenging without inducing
toxic side effects [67].

EVs are membrane-bound vesicles secreted by all cells into the extracellular space in
both physiological and pathological conditions, thus representing a powerful strategy for
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intercellular communication. Accordingly to their biogenesis, size, release pathways, cargo,
and function, EVs can be divided into a wide range of vesicle types including exosomes
(50–200 nm), microvesicles (>100 nm–1 µm), apoptotic bodies (50 nm–2 µm), and large
oncosomes (>1 µm) [68,69]. EVs are exploited by cells for the transport of transcription
factors, lipids, proteins, enzymes, and several metabolites, thus influencing the physiology
and the phenotype of the receiving cell. The presence of EVs in almost every tissue,
brain included, opens an entirely new perspective on cellular communication in GBM.
Cancer cells usually exhibit higher EVs release compared with their healthy counterparts.
Moreover, EVs belonging to glioma cells contain altered and different cargos than normal
glial cells, resulting in the transfer of oncogenic activity. In the context of GBM, tumor-
derived EVs are able to change the phenotype of normal cells to promote angiogenesis,
tumor cell invasion, immune suppression, and altered metabolic regulation. Furthermore,
EVs are able to switch to a normal cell phenotype and to promote angiogenesis, tumor cells
invasion, immune suppression, and altered metabolism [70–72].

Pace K.R. et al. reported that exosomes decorated with L1 protein, which are normally
involved in neuronal development, are upregulated in many types of cancers, such as
GBM. This increase may affect proliferation and cell motility and may promote tumor
invasiveness in vitro [73]. Similarly, Lane R. et al. suggested that GBM subtypes could
be distinguished based on EVs cargo, thus proposing the existence of subtype-specific
EVs-associated biomarkers that are also involved in the regulation of tumor aggressiveness
and recurrence. The diagnostic identification of such biomarkers would be helpful to
develop personalized treatments for GBM patients [74]. Moreover, EVs are also involved
in the recruitment, activation, or suppression of an innate immune system, particularly by
mediating immunosuppressing mechanisms such as the induction of immunosuppressive
monocytes without directly inhibiting T cell PD-L1 expression [75].

4. Tunneling Nanotubes

The communication mechanisms between cells in a tumor matrix remain poorly un-
derstood, especially for cells that are distant from each other. In the last two decades,
experimental evidence from different research groups proved the existence of thin mem-
branous tubes that interconnect cells called tunneling nanotubes (TNTs), tumor microtubes
(TMs), or membrane bridges.

4.1. TNT Discovery, Characteristics, and Classification

TNTs are dynamic connections between two or more cells, which act as a route for cell-
to-cell communication. Discovered in PC12 cells by Rustom et al. in 2004, TNTs have been
defined as open-ended channels mediating membrane continuity between two or more
cells over short to long distances [76]. TNTs are heterogeneous, transient, highly dynamic
and sensitive nanotubular structures that connect cells by creating a complex network [76].
Unlike filopodia, TNTs are not branched and are suspended above the matrix [77].

Connecting distances up to 120 µm, TNTs can be classified as two types: (1) short
(100–200 nm), thin (≤0.7 µm), and dynamic type I nanotubes are made of actin and
formed by cells within their surroundings to make cell–cell contact; (2) long (1 µm), thick
(≥0.7 µm), and more stable type II nanotubes are made of tubulin and cytokeratin filaments
and formed by the detachment of two cells that are already connected [78–80] (Figure 1).
Type II TNTs transfer cellular cargo between neighboring cells. Interestingly, it has been
shown that different classes of TNTs exist even within a single cell type [81,82].
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Figure 1. Tunneling nanotube (TNT) structures. TNTs are heterogeneous, transient, and highly
dynamic nanotubular structures that connect cells over short or long distances. TNTs can be classified
as two types: (1) short (100–200 nm), thin (≤0.7 µm), and dynamic type I nanotubes are made of actin
and formed by cells exploring their surroundings to make cell–cell contact; (2) long (1 µm), thick
(≥0.7 µm), and more stable type II nanotubes are made of tubulin and actin filaments. TNTs transport
cellular organelles such as mitochondria and lysosomes, as well as viruses, intra-cellular vesicles,
and electrical signals. The mechanism of cargo transport can be unidirectional or bidirectional.
Type I nanotubes (actin-based) are characterized by a unidirectional transport mechanism in which
cellular components are anchored and driven by the directional actin polymerization at one end. The
hallmark of type II nanotubes is bidirectional delivery, in which cargo is moved by microtubule-based
molecular motor proteins.

TNTs can have different lifetimes ranging from a few minutes (T cells) to hours (PC12
and NRK cells). These differences may reflect the existence of different subclasses of TNT-
like structures supporting the experimental heterogeneity seen in TNT visualization [77].

These long membranous nanotubular structures have been identified in vitro in di-
verse cell types including neuronal cells, epithelial cells, almost all immune cells, and
tumor cells [76,83,84]. In has been recently shown that neuronal-like cells are able to form
TNT-like structures, which are implicated in the cell-to-cell spreading of Tau aggregates,
thereby worsening the progression of Alzheimer’s disease and other tauopathies [85].
Multiple studies have shown the capability of some epithelial and mesenchymal cancer
cell types to form very long TNTs and TMs that are involved not only in the increase in
malignancy but also in the formation of the tumor ecosystem connecting different cells
types between them [86,87].

Although clearly demonstrated in vitro, the presence of TNTs in mammalian tissues
in vivo has initially been questioned because of technical limits that made their detection
arduous. The identification of TNTs in the mammalian cornea has provided the first
evidence of membrane nanotubes in vivo [88], opening the possibility to removing the
word “like” from the structures observed in vivo, which are currently carefully indicated
as “TNT-like structures” [89–91].

4.2. TNTs Formation

TNTs are transient structures that can originate by two mechanisms: de novo or via cell
dislodgments [92]. De novo generation is an actin driven process whereby filopodia-like
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protrusions elongate via actin polymerization, probably initiated by Rho GTPases, until
they reach a target cell. The resulting physical contact then results in membrane fusion [76].

The cell dislodgement mechanism occurs when two migrating cells that are initially in
contact separate, thereby generating a nanotube. This mechanism has been observed in T
cells, macrophages, and natural killer cells [81]. In this process, the time of contact is essen-
tial; a transient contact of less than 4 min hardly gives rise to TNTs [93]. Studies have mainly
focused on well-known molecular machinery involved in blocked/reduced/activated TNT
formation, such as filamentous actin (F-Actin) [94], M-Sec, RalA GTPase, LST1, myosin Va
and X [76], and Cx43 [89] and plays a key role in defining the biology, the mechanisms, and
the forces involved in TNT dynamics. Moreover, I-Bar lipid raft proteins [95] are required
to generate membrane curvature during TNT formation as adhesion molecules such as
N-cadherin and β–catenin [96] are fundamental in TNT guidance and initiation.

Several research groups have demonstrated the presence of connexin and gap junction
channels in TNTs, opening a long-range gap junctional communication mediated by the
TNTs processes [97], probably because the two communication systems evolved to comple-
ment each other in a coordinating cell-to-cell communication. Different cancer cell models
exhibit spontaneous formation of TNTs when cultured in vitro [76,98–100], while epithelial
HBEC-3 cells, which are non-tumorigenic, rarely form TNTs when cultured in vitro [98].
Contrarily, the exposure of cell cultures to stress conditions can induce the formation
of TNTs. In 2011, Wang et al. demonstrated that H2O2 exposure or starvation induced
by serum depletion can produce TNTs in rat hippocampal astrocytes and neurons [101].
Moreover, TNT formation correlates with different stress factors such as infection [102],
inflammation [88,103], hypoxia [104], ultraviolet exposure [105], X-ray exposure [106],
and particle radiation exposure [107]. The role of TNTs after irradiation is poorly char-
acterized. However, in 2015, Osswald et al. showed the protecting effect of TNTs after
X-ray radiation, while in 2019, Reindl et al. demonstrated a decrease in connections after
α-particle irradiation.

4.3. TNT Function, Biological Effects, and Mechanisms of Transport

Evidence indicates that TNTs play a role in intercellular exchanges of signal clues,
molecules, organelles, and pathogens, implicating them in a diverse array of physiolog-
ical functions and pathological events. In particular, TNTs allow for the exchange of
mitochondria [108], lysosomes [109], vesicles [110], proteins [111], viruses [112,113], and
miRNAs [114] between connected cells.

Furthermore, multiple studies have described the role of TNTs in the intercellular
exchange of Ca2+ signals between distant cells, suggesting a continuity of membrane and
cytosol of TNTs, and active gap junction channels [115].

Different communication systems may coordinate, interact, and develop to comple-
ment each other, as demonstrated by long-range transmission of inositol triphosphate
mediated by TNTs through a gap junction-dependent mechanism [79,115].

Armulik et al. have described the communication between pericytes exploiting TNTs,
thus confirming the essential role of these branched cells in regulation and brain homeosta-
sis [116]. Triple immunostaining confocal microscopy analysis revealed pericytes as the
main source of TNTs during neuro-angiogenesis, both in the early phases in physiological
conditions and in tumor state [79].

Other than exerting physiological functions, TNTs are involved in cancer development,
in reprogramming of malignant cells, and in alterations of the TME. In certain cases, TNTs
can promote invasiveness and protection of cancer cells from cytotoxic drugs. It has
been shown that the mitochondrial transfer between leukemic cells via TNTs increases
chemotherapy resistance [117].

Desir s. et al. have demonstrated that in colon cancer cells, TNTs transfer KRAS
oncogene, resulting in a heterogeneous distribution of mutant KRAS that profoundly
modulates the TME and subsequent tumor progression [118].
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Similarly, diffusion of the DNA repair enzyme O6-alkylguanine DNA alkyltransferase
(MGMT) through TNTs mediates the protection of GBM cells against temozolomide [67].
In other conditions, TNTs may promote drug distribution between target cells, highlighting
their potential beneficial properties for therapy [119].

An intriguing note to clarify is the mechanism of cargo transport that could be unidi-
rectional. It may be, for instance, that actin and myosin drive transport, in which cellular
components are anchored and driven by the directional actin polymerization at one end.
Alternatively, it may be bidirectional from TNTs containing microtubules, in which cargo
is moved by microtubule-based molecular motors (kinesin/dynein-mechanism) [120]. In
both mechanisms, ATP is required, as they are active transports [81]. Another active
cytoskeleton-independent transport (vesicular dilatation or “gondolas”) is present in both
type I and type II TNTs. The two mechanisms of transport differ in dilatation along the
tubes, speed, and direction [78].

5. Tunneling Nanotubes in Glioblastoma
5.1. Formation of TNTs in GBM

TNTs have been reported in several in vitro, ex vivo, and in vivo tumor models of
GBM. The presence of TNTs have been demonstrated and characterized in vitro in cultures
of C6 glioma cells, U87MG cells, U251 cells, primary human-derived brain tumor cells, and
patient-derived GBM stem cells [15,121].

In terms of functional analysis, Civita et al. demonstrated the trafficking of mitochon-
dria from astrocytes to GBM cells via F-actin TNT structures using both 2D and 3D in vitro
GBM co-culture models, indicating that contact communication between non-neoplastic
astrocytes and tumor cells may occur [122]. Interestingly, we recently showed that TNTs
formed by healthy astrocytes or by GBM cells display structural differences in terms of
length and thickness, which reflect different transport efficiencies [123]. A recent paper
showed that irradiated U87 GBM cells quickly establish a network of cell-to-cell connec-
tions with high TNT content in comparison with non-irradiated cells, suggesting that the
TNT formation may be also a consequence of treatment [124].

In vivo, in a syngeneic astrocytoma mouse model, it has been shown that many tumor
cells extend ultra-long membrane protrusions and use TMs and TNTs as routes for brain
invasion, proliferation, and interconnection over long distances [106].

In general, cancer cells exploit this physical connection to exchange material between
themselves or with the cells present in TME (Figure 2A). In vitro and in vivo studies
published by Errede et al. also revealed the existence of brain pericyte-derived TNTs that
appear to be involved in exploring the surrounding microenvironment, searching for and
connecting with targeted vessels, and contributing to the pathological angiogenesis in GBM.
In particular, the results revealed that TNTs are formed both among different pericytes and
between pericytes and other brain cells, especially ECs.

Moreover, since GBM is a highly vascularized tumor [125], the exchange of molecular
messages and/or organelles through pericytes and ECs by TNTs may contribute to the
tumor spreading [79].

In terms of ex vivo work, Pinto et al. have shown for the first time that GSCs obtained
from GBM patients were able to form TNTs and TMs in culture and were able to exchange
organelles. These cells were obtained from the infiltrative tumor niche, which is responsible
for GBM recurrence [121], suggesting that TNTs could be involved in long-range cell-to-cell
communication in GBM (Figure 2B).
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Figure 2. TNTs between cells composing the GBM TME. (A) TNTs are long membranous open-ended channels connecting
cancer cells between them or with other cells composing the TME. They are dynamic and sensitive structures of different
lengths and thicknesses able to allow for the interchange of organelles, vesicles, macromolecules, and pathogens between
connected cells. (B) GBM and GSCs are embedded in a heterogeneous TME, which is composed of diverse stromal cells,
including vascular cells, infiltrating and resident immune cells, and other non-neoplastic glial cell types, but they are also
compartmentalized in distinct brain areas, called niches. These niches regulate metabolic needs, immune surveillance,
survival, invasion, and the progression of GBM. TNTs are able to physically connect these cells even if located in different
niches. Abbreviations: TNT, tunneling nanotube; TME, tumor microenvironment; EC, endothelial cells; GSCs, glioblastoma
stem cells; GBM, glioblastoma; TAMs, tumor-associated macrophages.

5.2. Role of TNTs in GBM

TNT cell-to-cell communication allows tumor cells to acquire new abilities, such as
enhanced plasticity, migratory phenotypes, angiogenic ability, and therapy resistance,
which can contribute to cancer aggressiveness, invasiveness, and recurrence [67,126].

In this context, Valdebenito et al. have shown that TNTs mediate the chemo- and
radiotherapy resistance of GBM by exchanging MGMT protein from resistant to sensitive
cells, suggesting a role of TNTs in promoting a more malignant phenotype [67].

Moreover, MGMT proteins diffuse long distances, suggesting that TNTs can be formed
with GBM cells located far away from the primary tumor.

In co-culture experiments, astrocytes surrounding U87 GBM cells enhanced TNT
formation toward tumor cells and exploited this physical connection to transfer undamaged
mitochondria, useful molecules, or energy substrates to GBM cells in order to modulate
cell behavior and response to cytotoxic agents [122].

A continuously growing body of evidence suggests that immune cells, both brain-
resident and infiltrated from the periphery, play key roles in GBM progression and
invasiveness.

To the best of our knowledge, there is only one study reporting that mast cells (MCs),
perivascular immunomodulatory cells, may form functional TNTs in vitro to communi-
cate among themselves and with U251 GBM cells. This communication allowed for the
bidirectional transfer of mitochondria and secretory granules [127].

In addition, the same authors speculate that TNTs provide a way for MCs to “alert”
other cell types with a specificity that is not present when the mediators are secreted into
the tissue microenvironment.

Despite recent studies on TNTs in GBM, many aspects of their function, biology, and
mechanism of formation are still poorly understood and the progression of science in this im-
portant field is useful in developing new therapeutic strategies in pathological conditions.
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6. TNTs as a Novel Strategy to Enhance Tumor Drug Delivery

TNTs are involved in the multistep process of cancer development from tumorigenesis
to treatment resistance. Therefore, the scientific community is committed to characterize
these communication systems for therapeutic purposes. Two possible strategies could be
pursued: the pharmacological inhibition of TNT formation (Figure 3A) or the exploitation
of TNTs as drug delivery channels (Figure 3B).
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Figure 3. Potential therapeutic approaches based on TNTs. TNTs have been observed in several types of cancer, where they
emerge to steer a more malignant phenotype thanks to the exchange of intracellular materials. (A) The design of molecules
able to inhibit the formation of TNTs (i.e., inhibitors of actin polymerization, inhibitors of DNA synthesis, or inhibitors of
mTOR pathway) may be a new therapeutic opportunity. (B) Since TNTs are long membrane nanotubes connecting distant
cells, they can represent an exciting opportunity to deliver drugs or drug delivery systems in order to target inaccessible
brain regions where GSCs are hidden and unreachable. Abbreviations: TNTs, tunneling nanotubes; GSCs, glioblastoma
stem cells; GBM, glioblastoma.

6.1. Inhibition of TNTs Formation

The discovery of TNTs biomarkers could be useful to generate targeting molecules
that effectively inhibit TNTs formation. Currently, the only two TNTs markers known are
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actin and M-Sec (also referred to as tumor-necrosis factor alpha-induced protein 2), which
are, unfortunately, not specific for TNTs [128].

The pharmacological targeting of TNTs in vitro has been performed using several
molecules (reviewed in [15]), from inhibitors of actin polymerization to inhibitors of
DNA synthesis, with positive results in terms of inhibiting formation or trafficking along
TNTs. However, the clinical relevance of this approach has yet to be determined. In 2016,
Desir et al. evaluated metformin and everolimus, two drugs that have received FDA
approval for GBM treatment as TNT formation inhibitors in ovarian cancer cells. The
results revealed that these compounds were able to interfere with TNT development by
acting on the mammalian target of rapamycin (mTOR) pathway [104]. These data are in
agreement with previous results obtained by Lou et al. [86], where the TNT formation in
human mesothelioma cells was inhibited by metformin and everolimus. However, in vivo
preclinical data about the applicability of these mTOR inhibitors are not available yet.

6.2. Exploiting TNTs as Drug Delivery Channels

A more creative alternative would be the exploitation of these membranous cellular
structures as a novel Trojan horse strategy to strengthen tumor drug delivery. Consequently,
the exchange of drug delivery systems between cells composing the TME via TNTs comes
as an interesting and advantageous opportunity to reach tumor cells, which usually escape
current therapies. Moreover, exploiting the capability of TNTs to make physical contact
with even distant cells indicates that they could be used to reach metastatic cells located in
different tumor niches.

In the context of GBM therapy, different chemotherapeutics have been encapsulated
in nanosystems (e.g., nanoparticles, Box 1) to facilitate BBB crossing and/or to enhance
their brain penetration and tumor targeting, thereby reducing side effects and improving
drug concentration in the TME. A plethora of multifunctional nanoparticles have been
synthetized and characterized as potential devices for GBM therapy (reviewed in [23,129]).
Among them, liposomes and polymeric nanoparticles are the most promising in terms of
versatility and biocompatibility. Among the different ligands used to functionalize these
particles, proteins, peptides, aptamers, and small molecules are the most widely employed
to promote active BBB crossing and GBM targeting of nanosystems.

Box 1. Nanoparticle for non-invasive brain drug delivery.

Nanoparticulate systems comprise a wide range of carriers such as lipid-based nanoparticles,
polymer and dendrimer nanocarriers, metallic and inorganic nanoparticles. They differ in sev-
eral features, like size, shape, porosity, chemical composition and surface properties (charge and
functionality). Surface chemistry can affect not only the cellular uptake and the distribution of
nanopartiles, but also their ability to cross biological barriers, like BBB, and the pharmacokinetics
properties. Nanoparticles have been investigatd as drug delivery platforms for many years with
the approval of the first nanoformulation for cancer therapy (Doxil® and Marqibo®) more than
20 years ago. However, now there are few approved nanoparticle-based therapeutics and none for
the treatment of brain disorders. The reason is the difficulty in the design of nanoparticles with an
optimal combination of long half-life, BBB crossing and drug payload.

Some studies related to the ability of different cells to interchange nanoparticles
through TNTs are available [130]. It has been shown that fluorescently labelled silica
nanoparticles can be transferred between tumor cells by TNTs [131]. Franco S et al. demon-
strated the intercellular trafficking of mesoporus silica nanoparticles along TNTs and TMs
between macrophages and cancer cells in vitro and in vivo [132]. A recent paper from our
group reported the exchange of multifunctional liposomes between human GBM cells and
healthy astrocytes in vitro. Interestingly, the TNT-mediated transport of liposomes was
more efficient between tumor cells compared with healthy astrocytes [123].

This highlights the structural differences in TNTs formed between tumor and healthy
cells, which reflect a different rate of material exchange, which can be used to improve the
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precision of treatments. These findings support the exploitation of TNTs for cell-to-cell
transfer of drug delivery systems to maximize treatment efficacy and efficiency.

6.3. Insights and TNTs Research Outlook

The adoption of TNTs as therapeutic or prognostic targets is an attractive approach.
At least two alternatives have been proposed: (1) the identification of specific markers
in order to design molecules that inhibit TNTs formation between cells in the TME and
(2) the enhancement of drug delivery between cells by exploiting these channels. In this
context, we foresee that TNTs are useful drug-delivery channels for cancer therapy, as
they facilitate the intercellular distribution of the drug (or drug delivery systems) between
close and distant cells that are not sufficiently targeted upon simple drug diffusion in the
brain parenchyma. Although sustained by few experimental data thus far, this approach is
innovative and intriguing and further investigation is warranted.

In the field of GBM treatment, GSCs represent a challenge due to their resistance to
commonly employed anticancer drugs. Moreover, this issue is worsened by the localization
of these cells in tumor niches, often far away from the tumor mass. Therefore, the combina-
tion of long TNTs formation from cancer cells that colonize normal tissue [133] and their
intercellular transport ability makes their targeting a valuable approach for the prevention
and treatment of GBM recurrence. In addition, the possibility of TNTs formation between
different cell types, e.g., between tumor and immune cells, and the structural differences
between TNTs formed by tumor vs. healthy cells could be exploited to boost the precision
of nanocarrier delivery.

7. Conclusions

This review explores the heterogeneity of the GBM environment, with a focus on
the intercellular communication between different cell types, which facilitates biological
diversity within the tumor and rapidly evolving TME. We explain the emerging role of
TNTs and outline the perceived current limitations in the field that must be addressed
before pharmacological targeting of TNTs can become a clinical reality. A key requirement
is the standardization of the terminology surrounding and definition of TNTs as well as the
development of appropriate tools suitable for the detection and characterization of these
structures in vivo. We conclude that TNTs provide a new and intriguing avenue to target
the key cellular players in GBM with nanoparticles and their incorporated drugs.
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22. Litak, J.; Mazurek, M.; Grochowski, C.; Kamieniak, P.; Roliński, J. PD-L1/PD-1 Axis in Glioblastoma Multiforme. Int. J. Mol. Sci.
2019, 20, 5347. [CrossRef]

23. Taiarol, L.; Formicola, B.; Magro, R.D.; Sesana, S.; Re, F. An update of nanoparticle-based approaches for glioblastoma multiforme
immunotherapy. Nanomed. 2020, 15, 1861–1871. [CrossRef] [PubMed]

24. Grauer, O.M.; Nierkens, S.; Bennink, E.; Toonen, L.W.; Boon, L.; Wesseling, P.; Sutmuller, R.P.; Adema, G.J. CD4+FoxP3+ regulatory
T cells gradually accumulate in gliomas during tumor growth and efficiently suppress antiglioma immune responsesin vivo. Int.
J. Cancer 2007, 121, 95–105. [CrossRef] [PubMed]

25. Jain, P.; Coisne, C.; Enzmann, G.; Rottapel, R.; Engelhardt, B. α4β1Integrin Mediates the Recruitment of Immature Dendritic
Cells across the Blood-Brain Barrier during Experimental Autoimmune Encephalomyelitis. J. Immunol. 2010, 184, 7196–7206.
[CrossRef] [PubMed]

26. Miller, S.D.; McMahon, E.J.; Schreiner, B.; Bailey, S.L. Antigen Presentation in the CNS by Myeloid Dendritic Cells Drives
Progression of Relapsing Experimental Autoimmune Encephalomyelitis. Ann. N. Y. Acad. Sci. 2007, 1103, 179–191. [CrossRef]
[PubMed]

27. D’Agostino, P.M.; Gottfried-Blackmore, A.; Anandasabapathy, N.; Bulloch, K. Brain dendritic cells: Biology and pathology. Acta
Neuropathol. 2012, 124, 599–614. [CrossRef]

http://doi.org/10.3390/cancers11020174
http://doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://doi.org/10.1038/s41571-020-00447-z
http://www.ncbi.nlm.nih.gov/pubmed/33293629
http://doi.org/10.1038/nrn3060
http://doi.org/10.4137/CMO.S390
http://www.ncbi.nlm.nih.gov/pubmed/21892310
http://doi.org/10.1093/neuonc/nos273
http://www.ncbi.nlm.nih.gov/pubmed/23136223
http://doi.org/10.1016/S1470-2045(09)70025-7
http://doi.org/10.1155/2012/878425
http://doi.org/10.1158/1055-9965.EPI-14-0275
http://doi.org/10.1016/j.ccell.2015.07.013
http://doi.org/10.1101/gr.180612.114
http://www.ncbi.nlm.nih.gov/pubmed/25650244
http://doi.org/10.1042/BST20180444
http://www.ncbi.nlm.nih.gov/pubmed/30902924
http://doi.org/10.1002/cnr2.1185
http://doi.org/10.1007/s11060-017-2413-0
http://www.ncbi.nlm.nih.gov/pubmed/28567588
http://doi.org/10.3390/cells10010018
http://www.ncbi.nlm.nih.gov/pubmed/33374253
http://doi.org/10.1158/0008-5472.CAN-16-2310
http://doi.org/10.1186/s13046-019-1085-3
http://doi.org/10.1371/journal.pone.0181538
http://doi.org/10.3389/fimmu.2016.00550
http://doi.org/10.3390/ijms20215347
http://doi.org/10.2217/nnm-2020-0132
http://www.ncbi.nlm.nih.gov/pubmed/32731839
http://doi.org/10.1002/ijc.22607
http://www.ncbi.nlm.nih.gov/pubmed/17315190
http://doi.org/10.4049/jimmunol.0901404
http://www.ncbi.nlm.nih.gov/pubmed/20483748
http://doi.org/10.1196/annals.1394.023
http://www.ncbi.nlm.nih.gov/pubmed/17376826
http://doi.org/10.1007/s00401-012-1018-0


Cancers 2021, 13, 4001 14 of 18

28. Klemm, F.; Maas, R.R.; Bowman, R.L.; Kornete, M.; Soukup, K.; Nassiri, S.; Brouland, J.-P.; Iacobuzio-Donahue, C.A.; Brennan,
C.; Tabar, V.; et al. Interrogation of the Microenvironmental Landscape in Brain Tumors Reveals Disease-Specific Alterations of
Immune Cells. Cell 2020, 181, 1643–1660.e17. [CrossRef]

29. Friebel, E.; Kapolou, K.; Unger, S.; Núñez, N.G.; Utz, S.; Rushing, E.J.; Regli, L.; Weller, M.; Greter, M.; Tugues, S.; et al. Single-Cell
Mapping of Human Brain Cancer Reveals Tumor-Specific Instruction of Tissue-Invading Leukocytes. Cell 2020, 181, 1626–1642.e20.
[CrossRef]

30. Pappolla, M.; Sambamurti, K.; Vidal, R.; Pacheco-Quinto, J.; Poeggeler, B.; Matsubara, E. Evidence for lymphatic Aβ clearance in
Alzheimer’s transgenic mice. Neurobiol. Dis. 2014, 71, 215–219. [CrossRef]

31. Cserr, H.F.; Harling-Berg, C.J.; Knopf, P.M. Drainage of Brain Extracellular Fluid into Blood and Deep Cervical Lymph and its
Immunological Significance. Brain Pathol. 1992, 2, 269–276. [CrossRef]

32. Louveau, A.; Harris, T.; Kipnis, J. Revisiting the Mechanisms of CNS Immune Privilege. Trends Immunol. 2015, 36, 569–577.
[CrossRef]

33. Iliff, J.J.; Wang, M.; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.; Goldman, S.; et al. A
Paravascular Pathway Facilitates CSF Flow Through the Brain Parenchyma and the Clearance of Interstitial Solutes, Including
Amyloid. Sci. Transl. Med. 2012, 4, 147ra111. [CrossRef] [PubMed]

34. Louveau, A.; Smirnov, I.; Keyes, T.; Eccles, J.; Rouhani, S.; Peske, J.D.; Derecki, N.C.; Castle, D.; Mandell, J.W.; Lee, K.S.; et al.
Structural and functional features of central nervous system lymphatic vessels. Nat. Cell Biol. 2015, 523, 337–341. [CrossRef]

35. Louveau, A.; Plog, B.A.; Antila, S.; Alitalo, K.; Nedergaard, M.; Kipnis, J. Understanding the functions and relationships of the
glymphatic system and meningeal lymphatics. J. Clin. Investig. 2017, 127, 3210–3219. [CrossRef]

36. Broz, M.L.; Binnewies, M.; Boldajipour, B.; Nelson, A.E.; Pollack, J.L.; Erle, D.; Barczak, A.; Rosenblum, M.D.; Daud, A.; Barber,
D.L.; et al. Dissecting the Tumor Myeloid Compartment Reveals Rare Activating Antigen-Presenting Cells Critical for T Cell
Immunity. Cancer Cell 2014, 26, 638–652. [CrossRef]

37. Salmon, H.; Idoyaga, J.; Rahman, A.; Leboeuf, M.; Remark, R.; Jordan, S.; Casanova-Acebes, M.; Khudoynazarova, M.; Agudo, J.;
Tung, N.; et al. Expansion and Activation of CD103 + Dendritic Cell Progenitors at the Tumor Site Enhances Tumor Responses to
Therapeutic PD-L1 and BRAF Inhibition. Immunity 2016, 44, 924–938. [CrossRef]

38. Sánchez-Paulete, A.R.; Cueto, F.J.; Lopez, M.M.; Labiano, S.; Morales-Kastresana, A.; E Rodriguez-Ruiz, M.; Jure-Kunkel, M.;
Azpilikueta, A.; Aznar, M.A.; Quetglas, J.I.; et al. Cancer Immunotherapy with Immunomodulatory Anti-CD137 and Anti–PD-1
Monoclonal Antibodies Requires BATF3-Dependent Dendritic Cells. Cancer Discov. 2016, 6, 71–79. [CrossRef]

39. Verhaak, R.G.; Hoadley, K.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.; Ding, L.; Golub, T.; Mesirov, J.P.; et al.
Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in PDGFRA,
IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98–110. [CrossRef] [PubMed]

40. Galli, R.; Binda, E.; Orfanelli, U.; Cipelletti, B.; Gritti, A.; De Vitis, S.; Fiocco, R.; Foroni, C.; DiMeco, F.; Vescovi, A. Isolation
and Characterization of Tumorigenic, Stem-like Neural Precursors from Human Glioblastoma. Cancer Res. 2004, 64, 7011–7021.
[CrossRef] [PubMed]

41. Spinelli, C.; Montermini, L.; Meehan, B.; Brisson, A.R.; Tan, S.; Choi, D.; Nakano, I.; Rak, J. Molecular subtypes and differentiation
programmes of glioma stem cells as determinants of extracellular vesicle profiles and endothelial cell-stimulating activities. J.
Extracell. Vesicles 2018, 7, 1490144. [CrossRef]

42. Bao, S.; Wu, Q.; Sathornsumetee, S.; Hao, Y.; Li, Z.; Hjelmeland, A.B.; Shideng, B.; McLendon, R.E.; Bigner, D.D.; Rich, J.N.
Stem Cell–like Glioma Cells Promote Tumor Angiogenesis through Vascular Endothelial Growth Factor. Cancer Res. 2006, 66,
7843–7848. [CrossRef] [PubMed]

43. Folkins, C.; Shaked, Y.; Man, S.; Tang, T.; Lee, C.R.; Zhu, Z.; Hoffman, R.M.; Kerbel, R.S. Glioma Tumor Stem-Like Cells Promote
Tumor Angiogenesis and Vasculogenesis via Vascular Endothelial Growth Factor and Stromal-Derived Factor 1. Cancer Res. 2009,
69, 7243–7251. [CrossRef]

44. Virolle, T. Cellules souches cancéreuses dans les glioblastomes. Bull Cancer 2017, 104, 1075–1079. [CrossRef] [PubMed]
45. Peleli, M.; Moustakas, A.; Papapetropoulos, A. Endothelial-Tumor Cell Interaction in Brain and CNS Malignancies. Int. J. Mol.

Sci. 2020, 21, 7371. [CrossRef] [PubMed]
46. Fernández-Cortés, M.; Bellido, D.D.; Oliver, F.J. Vasculogenic Mimicry: Become an Endothelial Cell “But Not So Much”. Front.

Oncol. 2019, 9, 803. [CrossRef] [PubMed]
47. Vitiani, L.R.; Pallini, R.; Biffoni, M.; Todaro, M.; Invernici, G.; Cenci, T.; Maira, G.; Parati, E.A.; Stassi, G.; Larocca, L.M.; et al.

Tumour vascularization via endothelial differentiation of glioblastoma stem-like cells. Nat. Cell Biol. 2010, 468, 824–830. [CrossRef]
48. Badr, C.E.; Silver, D.J.; Siebzehnrubl, F.A.; Deleyrolle, L.P. Metabolic heterogeneity and adaptability in brain tumors. Cell. Mol.

Life Sci. 2020, 77, 5101–5119. [CrossRef] [PubMed]
49. Di Tomaso, T.; Mazzoleni, S.; Wang, E.; Sovena, G.; Clavenna, D.; Franzin, A.; Mortini, P.; Ferrone, S.; Doglioni, C.; Marincola,

F.M.; et al. Immunobiological Characterization of Cancer Stem Cells Isolated from Glioblastoma Patients. Clin. Cancer Res. 2010,
16, 800–813. [CrossRef]

50. Gilbertson, R.J.; Rich, J.N. Making a tumour’s bed: Glioblastoma stem cells and the vascular niche. Nat. Rev. Cancer 2007, 7,
733–736. [CrossRef]

51. Norden, A.D.; Drappatz, J.; Wen, P.Y. Novel anti-angiogenic therapies for malignant gliomas. Lancet Neurol. 2008, 7, 1152–1160.
[CrossRef]

http://doi.org/10.1016/j.cell.2020.05.007
http://doi.org/10.1016/j.cell.2020.04.055
http://doi.org/10.1016/j.nbd.2014.07.012
http://doi.org/10.1111/j.1750-3639.1992.tb00703.x
http://doi.org/10.1016/j.it.2015.08.006
http://doi.org/10.1126/scitranslmed.3003748
http://www.ncbi.nlm.nih.gov/pubmed/22896675
http://doi.org/10.1038/nature14432
http://doi.org/10.1172/JCI90603
http://doi.org/10.1016/j.ccell.2014.09.007
http://doi.org/10.1016/j.immuni.2016.03.012
http://doi.org/10.1158/2159-8290.CD-15-0510
http://doi.org/10.1016/j.ccr.2009.12.020
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://doi.org/10.1158/0008-5472.CAN-04-1364
http://www.ncbi.nlm.nih.gov/pubmed/15466194
http://doi.org/10.1080/20013078.2018.1490144
http://doi.org/10.1158/0008-5472.CAN-06-1010
http://www.ncbi.nlm.nih.gov/pubmed/16912155
http://doi.org/10.1158/0008-5472.CAN-09-0167
http://doi.org/10.1016/j.bulcan.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29153545
http://doi.org/10.3390/ijms21197371
http://www.ncbi.nlm.nih.gov/pubmed/33036204
http://doi.org/10.3389/fonc.2019.00803
http://www.ncbi.nlm.nih.gov/pubmed/31508365
http://doi.org/10.1038/nature09557
http://doi.org/10.1007/s00018-020-03569-w
http://www.ncbi.nlm.nih.gov/pubmed/32506168
http://doi.org/10.1158/1078-0432.CCR-09-2730
http://doi.org/10.1038/nrc2246
http://doi.org/10.1016/S1474-4422(08)70260-6


Cancers 2021, 13, 4001 15 of 18

52. Grabner, G.; Nöbauer, I.; Elandt, K.; Kronnerwetter, C.; Woehrer, A.; Marosi, C.; Prayer, D.; Trattnig, S.; Preusser, M. Longitudinal
brain imaging of five malignant glioma patients treated with bevacizumab using susceptibility-weighted magnetic resonance
imaging at 7 T. Magn. Reson. Imaging 2012, 30, 139–147. [CrossRef]

53. Chamberlain, M.C.; Neuwelt, E.A.; Thompson, E.M.; Frenkel, E.P. The paradoxical effect of bevacizumab in the therapy of
malignant gliomas. Neurology 2011, 77, 803–804. [CrossRef]

54. Zhang, H.; Zhou, Y.; Cui, B.; Liu, Z.; Shen, H. Novel insights into astrocyte-mediated signaling of proliferation, invasion and
tumor immune microenvironment in glioblastoma. Biomed. Pharmacother. 2020, 126, 110086. [CrossRef] [PubMed]

55. Biasoli, D.; Sobrinho, M.F.; Da Fonseca, A.C.C.; De Matos, D.G.; Romao, L.; Maciel, R.D.M.; Rehen, S.; Moura-Neto, V.; Borges,
H.L.; Lima, F.R.S. Glioblastoma cells inhibit astrocytic p53-expression favoring cancer malignancy. Oncogenesis 2014, 3, e123.
[CrossRef]

56. Broekman, M.L.; Maas, S.L.N.; Abels, E.R.; Mempel, T.R.; Krichevsky, A.M.; Breakefield, X.O. Multidimensional communication
in the microenvirons of glioblastoma. Nat. Rev. Neurol. 2018, 14, 1–14. [CrossRef] [PubMed]

57. Lawn, S.; Krishna, N.; Pisklakova, A.; Qu, X.; Fenstermacher, D.A.; Fournier, M.; Vrionis, F.D.; Tran, N.; Chan, J.A.; Kenchappa,
R.S.; et al. Neurotrophin Signaling via TrkB and TrkC Receptors Promotes the Growth of Brain Tumor-initiating Cells. J. Biol.
Chem. 2015, 290, 3814–3824. [CrossRef] [PubMed]

58. Venkatesh, H.S.; Johung, T.B.; Caretti, V.; Noll, A.; Tang, Y.; Nagaraja, S.; Gibson, E.M.; Mount, C.; Polepalli, J.; Mitra, S.S.; et al.
Neuronal Activity Promotes Glioma Growth through Neuroligin-3 Secretion. Cell 2015, 161, 803–816. [CrossRef] [PubMed]

59. Dolma, S.; Selvadurai, H.J.; Lan, X.; Lee, L.; Kushida, M.; Voisin, V.; Whetstone, H.; So, M.; Aviv, T.; Park, N.; et al. Inhibition of
Dopamine Receptor D4 Impedes Autophagic Flux, Proliferation, and Survival of Glioblastoma Stem Cells. Cancer Cell 2016, 29,
859–873. [CrossRef] [PubMed]

60. Gillespie, S.; Monje, M. An active role for neurons in glioma progression: Making sense of Scherer’s structures. Neuro-Oncology
2018, 20, 1292–1299. [CrossRef] [PubMed]

61. Hong, X.; Sin, W.C.; Harris, A.; Naus, C.C. Gap junctions modulate glioma invasion by direct transfer of microRNA. Oncotarget
2015, 6, 15566–15577. [CrossRef]

62. Balça-Silva, J.; Matias, D.; Dubois, L.G.; Carneiro, B.; Carmo, A.D.; Girão, H.; Ferreira, F.; Ferrer, V.P.; Chimelli, L.; Filho, P.N.;
et al. The Expression of Connexins and SOX2 Reflects the Plasticity of Glioma Stem-Like Cells. Transl. Oncol. 2017, 10, 555–569.
[CrossRef] [PubMed]

63. Sinyuk, M.; Mulkearns-Hubert, E.; Reizes, O.; Lathia, J. Cancer Connectors: Connexins, Gap Junctions, and Communication.
Front. Oncol. 2018, 8, 646. [CrossRef] [PubMed]

64. Chen, Q.; Boire, A.; Jin, X.; Valiente, M.; Er, E.E.; Lopez-Soto, A.; Jacob, L.S.; Patwa, R.; Shah, H.; Xu, K.; et al. Carcinoma–astrocyte
gap junctions promote brain metastasis by cGAMP transfer. Nat. Cell Biol. 2016, 533, 493–498. [CrossRef] [PubMed]

65. Artesi, M.; Kroonen, J.; Bredel, M.; Nguyen-Khac, M.; Deprez, M.; Schoysman, L.; Poulet, C.; Chakravarti, A.; Kim, H.; Scholtens,
D.; et al. Connexin 30 expression inhibits growth of human malignant gliomas but protects them against radiation therapy.
Neuro-Oncology 2015, 17, 392–406. [CrossRef] [PubMed]

66. Aasen, T.; Leithe, E.; Graham, S.V.; Kameritsch, P.; Mayan, M.D.; Mesnil, M.; Pogoda, K.; Tabernero, A. Connexins in cancer:
Bridging the gap to the clinic. Oncogene 2019, 38, 4429–4451. [CrossRef]

67. Valdebenito, S.; Audia, A.; Bhat, K.P.; Okafo, G.; Eugenin, E.A. Tunneling Nanotubes Mediate Adaptation of Glioblastoma Cells
to Temozolomide and Ionizing Radiation Treatment. iScience 2020, 23, 101450. [CrossRef] [PubMed]

68. Yekula, A.; Yekula, A.; Muralidharan, K.; Kang, K.; Carter, B.S.; Balaj, L. Extracellular Vesicles in Glioblastoma Tumor Microenvi-
ronment. Front. Immunol. 2020, 10, 3137. [CrossRef]

69. Zaborowski, M.; Balaj, L.; Breakefield, X.O.; Lai, C.P.-K. Extracellular Vesicles: Composition, Biological Relevance, and Methods
of Study. Bioscience 2015, 65, 783–797. [CrossRef]

70. Matarredona, E.R.; Pastor, A.M. Extracellular Vesicle-Mediated Communication between the Glioblastoma and Its Microenviron-
ment. Cells 2019, 9, 96. [CrossRef]

71. Fonseca, P.; Vardaki, I.; Occhionero, A.; Panaretakis, T. Metabolic and Signaling Functions of Cancer Cell-Derived Extracellular
Vesicles. Int. Rev. Cell Mol. Biol. 2016, 326, 175–199.

72. D’Asti, E.; Chennakrishnaiah, S.; Lee, T.H.; Rak, J. Extracellular Vesicles in Brain Tumor Progression. Cell. Mol. Neurobiol. 2016, 36,
383–407. [CrossRef]

73. Pace, K.R.; Dutt, R.; Galileo, D.S. Exosomal L1CAM Stimulates Glioblastoma Cell Motility, Proliferation, and Invasiveness. Int. J.
Mol. Sci. 2019, 20, 3982. [CrossRef] [PubMed]

74. Lane, R.; Simon, T.; Vintu, M.; Solkin, B.; Koch, B.; Stewart, N.; Benstead-Hume, G.; Pearl, F.M.G.; Critchley, G.; Stebbing, J.; et al.
Cell-derived extracellular vesicles can be used as a biomarker reservoir for glioblastoma tumor subtyping. Commun. Biol. 2019, 2,
1–12. [CrossRef] [PubMed]

75. Himes, B.T.; E Peterson, T.; De Mooij, T.; Garcia, M.L.M.C.; Jung, M.-Y.; Uhm, S.; Yan, D.; Tyson, J.; Jin-Lee, H.J.; Parney, D.; et al.
The role of extracellular vesicles and PD-L1 in glioblastoma-mediated immunosuppressive monocyte induction. Neuro-Oncology
2020, 22, 967–978. [CrossRef]

76. Rustom, A.; Saffrich, R.; Markovic, I.; Walther, P.; Gerdes, H.-H. Nanotubular Highways for Intercellular Organelle Transport.
Science 2004, 303, 1007–1010. [CrossRef]

http://doi.org/10.1016/j.mri.2011.08.004
http://doi.org/10.1212/WNL.0b013e3182247068
http://doi.org/10.1016/j.biopha.2020.110086
http://www.ncbi.nlm.nih.gov/pubmed/32172060
http://doi.org/10.1038/oncsis.2014.36
http://doi.org/10.1038/s41582-018-0025-8
http://www.ncbi.nlm.nih.gov/pubmed/29985475
http://doi.org/10.1074/jbc.M114.599373
http://www.ncbi.nlm.nih.gov/pubmed/25538243
http://doi.org/10.1016/j.cell.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/25913192
http://doi.org/10.1016/j.ccell.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27300435
http://doi.org/10.1093/neuonc/noy083
http://www.ncbi.nlm.nih.gov/pubmed/29788372
http://doi.org/10.18632/oncotarget.3904
http://doi.org/10.1016/j.tranon.2017.04.005
http://www.ncbi.nlm.nih.gov/pubmed/28654819
http://doi.org/10.3389/fonc.2018.00646
http://www.ncbi.nlm.nih.gov/pubmed/30622930
http://doi.org/10.1038/nature18268
http://www.ncbi.nlm.nih.gov/pubmed/27225120
http://doi.org/10.1093/neuonc/nou215
http://www.ncbi.nlm.nih.gov/pubmed/25155356
http://doi.org/10.1038/s41388-019-0741-6
http://doi.org/10.1016/j.isci.2020.101450
http://www.ncbi.nlm.nih.gov/pubmed/32882515
http://doi.org/10.3389/fimmu.2019.03137
http://doi.org/10.1093/biosci/biv084
http://doi.org/10.3390/cells9010096
http://doi.org/10.1007/s10571-015-0296-1
http://doi.org/10.3390/ijms20163982
http://www.ncbi.nlm.nih.gov/pubmed/31426278
http://doi.org/10.1038/s42003-019-0560-x
http://www.ncbi.nlm.nih.gov/pubmed/31453379
http://doi.org/10.1093/neuonc/noaa029
http://doi.org/10.1126/science.1093133


Cancers 2021, 13, 4001 16 of 18

77. Gurke, S.; Barroso, J.F.V.; Gerdes, H.-H. The art of cellular communication: Tunneling nanotubes bridge the divide. Histochem.
Cell Biol. 2008, 129, 539–550. [CrossRef] [PubMed]
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