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Abstract

Astrocytes are a dominant cell type that envelopes the glioma bed. Typically, that is followed by formation of contacts
between astrocytes and glioma cells and accompanied by change in astrocyte phenotype, a phenomenon known as a ‘reactive
astrogliosis.” Generally considered glioma-promoting, astrocytes have many controversial peculiarities in communication
with tumor cells, which need thorough examination in vitro. This review is devoted to in vitro co-culture studies of glioma
cells and astrocytes. Firstly, we list several fundamental works which allow understanding the modalities of co-culturing.
Cell-to-cell interactions between astrocytes and glioma cells, the roles of astrocytes in tumor metabolism, and glioma-related
angiogenesis are reviewed. In the review, we also discuss communications between glioma stem cells and astrocytes. Co-
cultures of glioma cells and astrocytes are used for studying anti-glioma treatment approaches. We also enumerate surgical,
chemotherapeutic, and radiotherapeutic methods assessed in co-culture experiments. In conclusion, we underline collisions
in the field and point out the role of the co-cultures for neurobiological studies.
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Abbreviations MMP Matrix metalloproteinase
Asn Asparagine mRNA Matrix RNA
ATM Ataxia-telangiectasia mutated miRNA, miR  MicroRNA
DMSO Dimethyl sulfoxide MSC Mesenchymal stem cells
EEAT?2 Excitatory amino acid transporter 2 NRP-2 Neuropilin 2
EGF Epidermal growth factor PCR Polymerase chain reaction
FGF Fibroblast growth factor PI Propidium iodide
GLAST Glutamate and aspartate transporter siRNA Small interfering RNA
Gln Glutamine SPARC Secreted protein acidic and rich and
Glu Glutamate cysteine
GLT-1 Glutamate transporter STAT Signal transducer and activator
GSC Glioma stem-like cell TGF Transforming growth factor
GFAP Glial fibrillary acidic protein TIMP Tissue inhibitor of metalloproteinase
Cx43 Connexin 43 TRAIL Tumor necrosis factor-related apoptosis-
GRO Growth-related oncogene inducing ligand
JAK Janus kinase VEGF Vascular endothelial growth factor
IL Interleukin
MCP Monocyte chemoattractant protein
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tumors. Among those, glioblastoma multiforme, a high-
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the reasons why highly malignant gliomas are character-
ized by a high recurrence rate after the implication of ‘gold
standard’ treatment approaches, is the existence of ‘assistant
cells’ including microglia, macrophages (Poon et al. 2017),
and astrocytes (Placone et al. 2016) in the tumor tissue, that
in turn enhance proliferation and invasion of tumor cells,
being literally hijacked by glioma cells and glioma stem-
like cells (GSCs) (Gieryng et al. 2017; Kim et al. 2017,
Roos et al. 2017). Mechanistically, astrocytoma cells may
inhibit T-cell proliferation and promote switching of circu-
lating monocytes from inflammatory to the myeloid-derived
suppressor-like phenotype (Jehs et al. 2011; Rodrigues et al.
2010). Astrocytes are a broadly spread cell population in
the glioma microenvironment that constitutes almost a half
of the brain volume. According to Placone et al. (2016), in
contrary to an established role of microglia in gliomagen-
esis, the precise role of astrocytes in tumor pathogenesis is
still not well understood. In tumorigenic conditions, their
neurotrophic role is supplemented by a phenomenon called
as ‘reactive transformation,” or ‘reactive astrogliosis,” which
means the up-regulation of glial fibrillary acidic protein
(GFAP) (Lee et al. 2011a), growth factors (Kim et al. 2014;
Shabtay-Orbach et al. 2015), proinflammatory cytokines
(Blank et al. 2015), extracellular matrix proteins (Grau et al.
2015; Jones and Bouvier 2014; Kolar et al. 2015), and some
enzymes (Placone et al. 2016). In the turnover, astrocytes, as
was shown by Lu et al. (2016), undergo morphological and
biochemical changes via the epithelial-like-to-mesenchymal-
like transition mechanism. These changes were shown to
be linked to a canonical Wnt/f-catenin signaling pathway
activation. Those astrocytes exhibited an increased parac-
rine secreting activity, invasiveness, and motility. Earlier on,
astrocytes were found to reduce the vulnerability of breast or
lung cancer cell lines to chemotherapy and help lymphoma
cells to gain resistance to ionizing radiation (Koto et al.
2011). In gliomas, reactive astrocytes contribute to tumor
invasion guidance (Gritsenko et al. 2012, 2017). Biasoli
et al. (2014) described the consequences of blocking of the
pS3 gene expression in astrocytes by a glioma-conditioned
medium. Further, semi-p53-defective astrocytes secreted
extracellular matrix proteins that promoted glioma cell via-
bility. As Rape et al. (2014) mentioned, a tumor microenvi-
ronment is characterized by a high degree of heterogeneity.
That is a reason why it is difficult to separate the contribu-
tion of variable microenvironment components to tumor pro-
gression. Nowadays, the number of experiments performed
provides an option to suggest using in vitro technologies
as potent resources to study crosstalk between tumor and
normal brain tissue. In this review, we list models assessing
in vitro interactions between glioma cells and astrocytes.
Hopefully, two-component co-cultures may appear to be
rather simple, and the exclusion of other factors simpli-
fies emphasizing on direct mechanisms of interactions. If
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needed, peculiarities discovered may be verified in more
complicated models.

Principled Co-culturing Studies of Astrocytes
and Glioma Cells

As above-mentioned, glioma and astrocytes interact on
two-levels—either directly through the cell-to-cell junc-
tions or paracrinally. These two types of contacts may
be not distinguished in a direct co-culture. By contrary,
using systems of indirect co-culturing may shed light
on non-direct cellular interactions, which do not require
close tumor microenvironment cellular co-localization
(Fig. 1). Lal et al. (1996) developed one of the first co-
culture models of glioma and astrocytes. The authors used
a rat line S635c15. In a tight contact with glioma cells,
astrocytes acquired the reactive phenotype, which was
also characterized by elevated GFAP production. Moreo-
ver, they formed reactive edging as they do on the periph-
ery of glioma in vivo. The data showed the possibility
of tumor-induced astrocyte phenotype switching in vitro.
However, direct two-dimensional co-culture studies can-
not be fully helpful for attaining the purpose of evaluating
spatial peculiarities of tumor microenvironment, and par-
ticularly their effects on glioma spreading along cerebral
vessels and white matter circuits. As shown previously,
3-D tissue substrates more precisely display tumor—tissue
interactions compared with 2-D culture systems (Yamada
and Cukierman 2007). Grodecki et al. (2015) employed
in vitro strategy to model in vivo glioma—astrocyte inter-
action in a 3-D manner. The authors utilized electrospun
poly-(caprolactone) nanofiber system to mimic real con-
ditions like glioma migration ways. Co-cultures of human
glioma cells and rat astrocytes were used. Firstly, the
influence of glioma on GFAP production by astrocytes
was studied. Then, similarly, an experiment studying the
influence of astrocytes on glioma migration was per-
formed. To determine, whether GFAP production altera-
tions were driven by soluble glioma-secreted factors,
astrocytes were cultured in a glioma-conditioned medium.
Once again, glioma migration in the presence of astro-
cyte-conditioned medium was also studied. The impact
of factors exposed by glioma cells on astrocyte produc-
tion pattern was examined by co-culturing astrocytes and
fixed glioma cells. Glioma cells were co-cultured with
fixed astrocytes to study their migration, respectively.
In the next experiment, glioma cells were detached after
culturing, leaving glioma-produced extracellular matrix
on fibers. Addition of astrocytes to such a scaffold could
help to study the effect of glioma-secreted proteins on
astrocytes. Vice versa, glioma migration in presence of
astrocyte-derived extracellular matrix was also investi-
gated. As a result, production of GFAP in astrocytes was
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Fig. 1 Types of glioma cell and astrocyte co-cultures and areas of experimental oncology in which they are used

increased in co-culture experiments with both glioma
cells and astrocytes (increasing glioma—astrocyte ratio
increased GFAP production). Conversely, experiments
examining the impact of glioma-secreted factors on
astrocytes showed a lack of GFAP up-regulation. Fur-
thermore, GFAP production profile was not also altered
by factors immobilized on fixed glioma cells. In contrary
to the latter, culturing of astrocytes on fibers covered by
the glioma-produced extracellular matrix led to a twofold
increase in GFAP production compared to the compre-
hensive control. Glioma cell migration was enhanced by
co-cultured astrocytes. Each putative astrocyte-derived
glioma-influencing factor was separately studied. Astro-
cyte-conditioned medium that contained soluble factors
strengthened glioma cell migration. By contrast, fixed
astrocytes reduced migration of glioma cells in a gradual
concentration-dependent manner. The authors proposed
that migration was hindered by immobilized astrocyte
antigens or (more potentially) by creating a spatial bar-
rier velocity. In conclusion, the 3-D system was managed
to reproduce several features of the glioma tumor micro-
environment simulating white matter tracts and formation
of voluminous (not flat) extracellular matrix deposits.

Grodecki et al. suggested that the obtained results cor-
respond to the 2-D co-culture experiments of Le et al.
(2003) who showed that glioma cells exploit astrocytes
for promoting invasiveness via the matrix metalloprotein-
ase (MMP)-2-dependent pathway. MMP-2 activation in
astrocyte—glioma co-cultures may be attributable to the
urokinase-type plasminogen activator (uPA), a mecha-
nism essential for both glioma and astrocytes. Interest-
ingly, the MMP-2 precursor was reported to be secreted
by astrocytes. Gritsenko et al. (2017) established 3-D
frameworks of immortalized murine astrocytes in hyper-
confluent culture, enriched by extracellular matrix pro-
teins. The rate of human U251 and E-98 gliomas invasion
inversely correlated with a scaffold conditioning time.
Notably, the pattern of glioma migration was different
from the experiment that involved glioma cell trafficking
along the reconstituted basement membrane. As far as
glioma migration is taken into account, the 2-D research
data also state that co-cultures of glioma and astrocytes
may enhance glioma cell migration (Aubert et al. 2008).
Schichor et al. (2005) developed a specific model for
assessing glioma invasiveness named as a brain slice
chamber. In general, that is a modification of the Boyden
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chamber. The authors used pig brain tissue slices as a
matrix for the tumor cells to invade. The authors studied
the invasiveness of human U87 and U373 glioma cells
into the brain slices mentioned above. Administration of
cytostatics, vincristine, and paclitaxel, inhibited glioma
migration. In conclusion, brain slice chamber is a model
representing the 3-D architecture of brain tissue that is
suitable to study the tumor invasiveness. Gritsenko et al.
(2017) used a relative strategy in modeling glioma inva-
sion into the mouse brain slice and observed glioma cells
spreading into the mouse brain tissue along the vessels.
An example of using of an astrocyte culture to obtain
an indirect co-culture with glioma cells may be found in
the study of Gagliano et al. (2009). The original purpose
of the work was to analyze the ability of glioma cells to
alter an astrocyte phenotype. The authors used a Transwell
system to co-culture U87 glioma and astrocytes derived
from human neural stem cells. The astrocytes were seeded
in the lower chamber while the glioma cells were seeded
in the upper chamber. The authors assessed the level of
gene expression with help of a real-time polymerase chain
reaction (PCR) and protein production using Western blot-
ting including GFAP, MMP-2, tissue inhibitor of MMP-2
(TIMP-2), secreted protein acidic and rich in cysteine
(SPARC), transforming growth factor (TGF)-f1, and gap
junction protein connexin 43 (Cx43). Accordingly, reac-
tive astrocytes were characterized by increased expres-
sion of GFAP, MMP-2, and reduced expression of TIMP-
2. SPARC was hallmarked by the down-regulation of
mRNA, unaltered protein production in cell lysates, and by
increase of the protein concentration in cell culture super-
natants. There were no changes in TGF-f1. Cx43 mRNA
expression level was reduced after the co-culture experi-
ment. As a protein, Cx43 exists in a non-phosphorylated
(open gap junction) and two phosphorylated (closed gap
junction) isoforms. Compared to plain astrocytes, co-cul-
tured cells were characterized by decreased ratio between
non-phosphorylated and phosphorylated Cx43, showing
increase in production of phosphorylated Cx43 (although
generally considered inactive, this isoform may reflect a
dynamic balance between phosphorylated and non-phos-
phorylated isoforms). Thus, reactive astrocytes observed
in the study were not primarily characterized by a bias
towards the malignancy (as genuine malignant astrocytes
are described by down-regulated GFAP production) but
still had a potential for increased invasiveness as it fol-
lows from the changes in MMP-2, TIMP-2 and, partially,
SPARC expression and production patterns, being at least
hypothetically able to permit the glioma invasion.
Summing up, glioma invasion may be studied in 2-D or
3-D co-cultures with astrocytes, astrocyte-derived or arti-
ficial extracellular matrix, and in 3-D brain slice models.
Either of the models represents particular features of glioma
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cell migration pattern. Indirect co-cultures may be used to
study phenotype alterations which occur paracrinally.

Assessment of Glioma-Astrocyte Intercellular
Communications in Co-cultures

Primary cell-to-cell contacts are a major way of an interac-
tion between glioma cells (Katakowski et al. 2010) and con-
nection with tumor microenvironment (Lee et al. 2013). Gap
junctions may be a target for anti-glioma therapy, as they
may play a role in tumor expansion (Moinfar et al. 2014).
Reactive astrocytes in the periglioma area are characterized
by the up-regulation of Cx43, which is critical in forming
contacts between malignant cells and reactive astrocytes and
promoting glioma expansion and invasion (Sin et al. 2016).
Although the study of Gagliano et al. (2009) showed that
Cx43 production may be altered in astrocytes even without
contact with glioma cells, direct co-culture experiments are
also needed to reconstruct the cell-to-cell interaction more
precisely.

Oliveira et al. (2005) developed a prominent co-culture
to study peculiarities of direct contacts between human
glioma cells and astrocytes. The authors established a 3-D
model that imitated a brain microenvironment (called as
an ‘intra-slice implantation system’) for glioma invasion
studies. Briefly, that is an ex vivo technology, which pro-
vides an opportunity for engrafting experimental cells and
biopsy specimens into rodent brain slices for subsequent
cultivation and examination. That model was also meas-
urable for assessing glioma cell migration in the experi-
mental conditions not so far distant from in vivo studies
(de Bouard et al. 2002). Intercellular coupling was studied
by Oliveira et al. (2005) in direct glioma—astrocyte co-
cultures in vitro. Obviously, glioma—astrocyte interaction
could be hampered by carbenoxolone, a blocker of gap
junctions. Interestingly, migration in glioma homocultures
was not inhibited by carbenoxolone. Furthermore, that was
increased. Of the glioma cultures and lines studied, more
invasive ones were characterized by a higher level of phos-
phorylated Cx43 isoform production and a higher level
of response to carbenoxolone. Oliveira et al. (2005) sug-
gested that glioma cells exploit astrocytes to form the het-
erocellular gap junctions thereby enhancing mobility and
invasion. Homocellular gap junctions further contribute
to maintaining cell adhesion. Zhang et al. (2003) assessed
Cx43-transfected (and therefore Cx43-overexpressing) C6
glioma cell migration by use of a Matrigel-coated Tran-
swell invasion chamber. When the experimental cells were
co-cultured with astrocytes (by mixture in one compart-
ment), their migration exceeded the control by more than
3 times, an effect likely caused by MMP action. Thus,
invasion of glioma cells was enhanced by both Cx43 up-
regulation and communication with astrocytes. Obviously,
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gap junctions serve as channels to transfer regulatory mol-
ecules from cell to cell. Hong et al. (2015) used in vitro
co-culture systems to study the effect of gap junction-
mediated microRNA transfer between U87 glioma cells
and human astrocytes on tumor invasion. The experiment
design meant direct co-culturing of cells to obtain gap
junction formation. The authors used small interfering
RNAs (siRNAs) to inhibit Cx43 expression, as well as
18-a-glycyrrhetinic acid to block the gap junctions. Gap
junction-defective glioma cells were also constructed by
Cx43 knockdown. As a result, it was found that gap junc-
tions between glioma cells (in U87 monoculture) sup-
pressed glioma invasion, as well as ones between glioma
cells and astrocytes and astrocyte—astrocyte gap junctions
facilitated tumor expansion. MicroRNAs were found to
permeate gap junctions, and the pro-invasive effect was
attributable to miR-5096, as its elimination contributed to
the reduction of glioma cell invasion. Totally, the authors
showed that, in overall, an impact of glioma—astrocyte and
interastrocyte gap junction exceeded the glioma—glioma
gap junction anti-migratory effect.

Direct cell-to-cell substance-transferring contacts may
be mediated not only through gap junctions, but also via
tunneling nanotubes. Those nanotubes are thin membrane
long-distant structures, which provide an option to trans-
port subcellular structures such as ones having a cell orga-
nelle size-like mitochondria (Liu et al. 2014). Zhang and
Zhang (2015) reported the development of a co-culture of
rat astrocytes and C6 rat glioma cells and found tunneling
nanotube formation between the cells. Understandably, in
the tube formation experiments, direct co-cultures were
used. To exclude the contribution of secreted factors to gli-
oma cell proliferation, Transwell systems were implicated
in the control experiments to separate glioma cells from
astrocytes. Interestingly, in studies most of the tubes were
developed from astrocytes towards C6 glioma cells. Astro-
cyte-dependent generation of the tunnel nanotubes was
regulated by a pS3-dependent mechanism. The tube for-
mation activity of both glioma cells and astrocytes could
also be stimulated by administration of hydrogen peroxide
or blocked by latrunculin A, an F-actin antagonist. Tun-
neling nanotubes were found to decrease proliferation of
C6 glioma cells in the experiment. This observation sug-
gests a promise to develop new anti-glioma strategies.

In general, co-culture studies concerning gap junc-
tions present the direct contact formation between glioma
cells and astrocytes as a tumorigenic force. Still, homo-
type connexin channels may favor resting phenotype of
glioma cells (Aubert et al. 2008). Moreover, existence of
not fully studied tunneling nanotubes between glioma cells
and astrocytes suggests that not every intercellular channel
enhances tumor invasiveness.

Co-cultures Used to Study Metabolic Interactions
Between Astrocytes and Glioma Cells

Glioma cells interact with tumor microenvironment by
exchanging metabolites which finally results in tumor
progression. Glioma growth and invasion were shown to
be dependent on glutamate (Glu) production and induc-
tion of excitotoxicity, neurodegeneration, neuroinflam-
mation (Lee et al. 2011b; Takano et al. 2001), and Glu-
dependent motility enhancement (Lyons et al. 2007; Piao
et al. 2009; van Lith et al. 2014). Still, there is more to
discover of how Glu-dependent metabolic pathways can
support glioma growth and progression. Astrocytes are
also considered to be in a metabolic crosstalk with glioma
cells. In particular, a role of L-glutamine (Gln) and Glu as
a metabolic pool was established. Yao et al. (2014) stud-
ied the GIn/Glu exchange between glioma cells and astro-
cytes in direct contact. As a result, the authors showed
that glutaminase is highly produced in glioma cells and in
turn provides an option to intensively convert Gln to Glu.
The more glioma cells were in the co-culture, the higher
death of neurons subjected to the co-culture medium
was observed. Moreover, the authors showed that glioma
growth rate was decreased in a direct co-culture with astro-
cytes at astrocyte/glioma ratios of 0.3:1 or greater reflect-
ing an early glioma stage (many astrocytes, low amount of
glioma cells). Several experiments proved that inhibiting
deamination of Gln to Glu may reduce tumor aggressive-
ness (Wang et al. 2010). Particularly, the significance of
GIn—Glu metabolism was detected in gliomas (DeBerar-
dinis et al. 2007). Tardito et al. (2015) studied the meta-
bolic network mentioned above. They showed that Gln
deprivation may inhibit glioma cell proliferation. One of
the study aims was to identify the putative mechanism
of metabolic glioma—astrocyte communications. As far as
co-culture experiments were performed, rat pup cortical
astrocytes were plated and cultured-up to confluence, then
Transwells with human LN18 glioma tagged with an infra-
red fluorescent protein were employed. When LN 18 cells
were deprived of Gln, the reactive astrocytes still main-
tained the proliferation and thereby rescued the glioma
cells. The salvage factor was diffusible because it exerted
its function in a Transwell co-culturing system. Moreo-
ver, the administration of L-asparaginase to the cultivat-
ing medium, an enzyme that decreases the levels of both
asparagine (Asn) and Gln, abrogated the astrocyte-medi-
ated rescue effect. As Asn was available in the medium
during the Gln depletion experiment, the data showed that
higher glutamine-synthetase-producing astrocytes rescue
glioma cells, which lack production of this enzyme and
therefore are dependent on Gln supply. The latest indi-
cates a mechanism by which astrocytes contribute to
gliomagenesis that is regulated not only by a paracrine
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regulatory pathway-mediated signaling, but also metaboli-
cally. Jacobs and De Leo (2013) studied the capacity of
astrocytes to influence glioma-related Glu metabolism,
with the involvement of Glu-dependent signaling. As was
shown, excessive Glu concentrations may cause cellular
toxicity. Generally, brain cells are defended by Glu trans-
porters that reduce the extracellular Glu concentrations
to subtoxic levels. Interestingly, glial cells produce a vast
majority of brain Glu transporters and contribute for a
valuable portion of Glu clearance (Amara and Fontana
2002). Still, high extracellular Glu concentrations are typi-
cal for gliomas, and they are believed to increase tumor
invasive capability by interactions with specific receptors
such as N-methyl-p-aspartate receptors (NMDA receptors)
or a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPA receptors) (Piao et al. 2009; Takano
et al. 2001). By contrary to the normal brain, glioma tissue
is characterized by decreased Glu transporter production,
which may be a reason of higher Glu concentration in gli-
oma-affected brains. Furthermore, the less the Glu trans-
porter EEAT?2 (excitatory amino acid transporter) produc-
tion is, the higher the glioma grades develop (de Groot
et al. 2005). In the study of Jacobs et al. (2012), rodent
astrocytes and CNS-1 glioma cells were implemented.
Astrocytes were co-cultured with glioma cells in Boyden
chambers in the presence of 5 mM Glu. When propentof-
ylline, an astrocyte-influencing Glu-uptake enhancer by
GLT-1 (a glutamate transporter) and GLAST (a glutamate
aspartate co-transporter), was administered, the glioma
cells were exposed to Glu starvation and their apoptosis
was increased. In the next experiment, the expression of
Glu transporters GLT-1 and GLAST was inhibited by siR-
NAs. After inhibition, the experiment was replicated. As a
result, the propentofylline effect on glioma cell apoptosis
was abrogated (to a greater extent by anti-GLT-1 siRNA)
that suggests for the role of astrocyte-related transporters
in maintaining Glu clearance. When the authors estab-
lished co-cultures of human astrocytes and U251 cells to
fit more human-like conditions, propentofylline also led
to increased apoptosis in glioma cells. These results high-
light a need for future investigations as they correlate with
the data of propentofylline experimental glioma treatment
obtained previously.

Taking into account heterotypic gap junctions men-
tioned in the previous chapter, we should underline their
particular metabolic role in creating structural path-
ways for intercellular substance exchange. For example,
astrocytes may prevent the apoptosis of glioma cells by
decreasing the intracellular Ca>* concentrations via the
gap junctions (Chen et al. 2015). In conclusion, metabolic
interactions between glioma cells and astrocytes, occur-
ring by direct or indirect contact, are generally targeted
against tumor growth at early stages of gliomagenesis but
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then are biased towards glioma expansion as the tumor
begins to dominate over its microenvironment.

Studies Assessing the Effects of Astrocytes
on Glioma-Related Vessel Formation with Help
of Co-cultures

Glioma-to-astrocyte co-cultures became a suitable in vitro
tool to study glioma-related angiogenesis due to tumor
microenvironment that is suspected to contribute to the
capacity of glioma to promote the neovessel generation
(Charles et al. 2012; Chen et al. 2014; Rupp et al. 2016).
Commonly, angiogenesis-targeting strategies in glioma are
broadly implied and studied in clinical trials (Wang et al.
2017). The theory of suppressing tumor vasculature is much
questionable, yet to be debated (Tamura et al. 2017). To
date, studies of tumor angiogenesis are being designed at the
molecular level and also implementing co-cultures. Zheng
et al. (2013) performed a study of glioma angiogenesis-
related microRNA and their ability to influence the tumor
vessel formation. It was shown that NRP-2(neuropilin
2)-specific miR-15b and MMP-3-specific miR-152 could
regulate glioma angiogenesis and invasion. The production
of NRP-2 and MMP-3 in 9L glioma cells inversely corre-
lated with miR-15b and miR-152, respectively. 9L rat glio-
mas and astrocytes co-cultures were also developed. Co-
culturing of rat astrocytes with 9L cells resulted in decreased
miR-15b and miR-152 expression in astrocytes and upregu-
lated NRP-2 and MMP-3. 9L glioma invasiveness was sig-
nificantly decreased by both miRNAs. In addition, in vitro
endothelial tube formation assay showed that miR-15b, but
not miR-152, inhibited endothelial tube assembly, and anti-
miR-15b microRNA abrogated tube formation inhibition
caused by miR-15b. Gliomas are characterized by the for-
mation of perivascular niches responsible for maintenance
of GSCs (Chen et al. 2017). Remodeling of the blood—brain
barrier microenvironment may play a role in the anti-gli-
oma treatment assistance (Zhao et al. 2017). For example,
gliomas are known to exhibit vasculogenic mimicry, which
means formation of vessel-like tubes constituted not by
endothelial but by tumor cells (Zhang et al. 2017). This is a
viewpoint that may explain why gliomas may become resist-
ant to anti-angiogenic therapy (Seftor et al. 2012). Zhang
et al. (2016) conducted an in vitro study of galunisertib,
a TGF-p receptor inhibitor, especially concerning its anti-
angiogenic effects. For assessment of glioma invasion poten-
tial in co-cultures, the Transwell system with a 8-um pore
size was chosen. A172 human glioma cells were seeded on
the Transwells while human astrocytes were seeded in the
lower chamber. In another co-culture experiment, 0.2-um
pore size of Transwells was used, and the cells were seeded
in the inverted manner. Accordingly, with help of 0.4-um
pore-size Transwells, glioma cells were conditioned before
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the bromodeoxyuridine radioactive proliferation assay. To
induce astrocyte-conditioned vascular-mimic tubes, glioma
cells were co-cultured with astrocytes before the tube forma-
tion assay (on plates covered with Matrigel). Compared to
the control, human astrocytes enhanced glioma cell migra-
tion and proliferation, a phenomenon that fully reflects the
nature of reactive astrocytes. Peculiarity of the experiment
was the conclusion that astrocytes also promoted the ves-
sel-like tube formation, i.e., the stimulation of vasculogenic
properties. Moreover, it was found out that the glioma tube
formation was not inhibited by bevacizumab that indicates
the independency of this process from vascular endothelial
growth factor (VEGF). By contrary, TGF-1 was found at
relatively high concentration in the co-culture system, and
glioma-induced astrocyte origin of TGF-p1 was proved.
Astrocyte-derived TGF-B1 also potentiated glioma tube for-
mation. When galunisertib, a TGF-f inhibitor, was admin-
istered, an inhibitory effect on the vasculogenic activity of
astrocytes and down-regulation of smooth muscle actin-a,
vascular endothelial cadherin, matrix metalloproteinase
(MMP)-2, and MMP-9 production in glioma cells were
observed, most likely due to suppression of Akt and Flk
pathways. The authors reported that galunisertib decreased
autophagy in glioma—astrocyte co-cultures, proved by West-
ern blotting, immunofluorescence assay (with targeting
microtubule-associated protein 1 light chain 3p (LC3B), an
autophagy marker), and transmission electron microscopy.
As autophagy is in tight relationship with function of GSCs
(Galavotti et al. 2013), they also concluded that autophagy
is considered to be a source for induction of vasculogenic
properties of tumor cells thus enhancing tumor-related for-
mation of vessel-like structures. Glioma—astrocyte co-cul-
tures obtained by Zhang et al. (2016) were characterized by
a higher metabolic rate than control, which could be lowered
by the addition of galunisertib. Tumor growth and vasculo-
genic mimicry could also be suppressed by galunisertib in a
xenograft tumor model, which confirmed the results of the
in vitro co-culture study.

Taken together, angiogenic and vasculogenic strategies
of gliomas represent a high degree of reliability allowing
the tumors to propagate. As mentioned above, even when
endothelial angiogenesis is inhibited, glioma may utilize
endothelium-independent strategies of neovessel formation.

Co-cultures Showing a Role of Glioma Stem-Like
Cells in Gliomagenesis

GSC population is considered to be one of the major glioma-
driving forces (Chen et al. 2012). Characterized by a
CD133" phenotype (Singh et al. 2004a), these cells exhibit
the neural stem cell properties (self-renewal and at least par-
tial differentiation combined with CD133" loss) and tumori-
genic capability in vivo (Singh et al. 2004b). Moreover,

these cells are found to reside close to the perivascular niche
compartment (Chen et al. 2017; Sharma and Shiras 2016),
possess an ability to differentiate into pericytes (Cheng et al.
2013) or endothelium (Ricci-Vitiani et al. 2010), and support
glioma progression (Jhaveri et al. 2016). GSCs tightly inter-
act with the microenvironment thereby increasing chemo-
and radioresistance (Fidoamore et al. 2016). Since a tumor
invasion typically implies tumor-tissue interaction, a thor-
ough study of the brain parenchymal impact is needed. Rath
et al. (2013) simulated the influence of the brain microenvi-
ronment on GSC invasive reactivity. CD133* GSCs were
obtained from the glioblastoma multiforme neurosphere-
forming cultures (NSC11, GBAMI1) using a fluorescence-
activated cell sorting. To study the indirect interaction,
GSCs (and CD133™ cells derived from the same line in a
corresponding control) were seeded onto a Transwell mem-
brane (8 um pore size for the migration study, 0.4 um for
gene expression analysis) and then co-cultured with an astro-
cyte monolayer in the bottom chamber. The second experi-
ment implied monolayer invasion assay, where GSCs (and
CD133" cells, respectively) were seeded on glass-cover slips
which were then added to astrocyte monolayers in an
inverted manner to provide a direct cell contact. Phenotype
changes were assessed using the microarray gene expression
analysis (for both direct and indirect experiment) and immu-
noblotting (for indirect experiment). Cytokine concentra-
tions were also measured in the medium conditioned by
astrocytes in co-cultures. The results of indirect co-culture
experiments showed that astrocytes and astrocyte-condi-
tioned medium in contrast to indifferent media and normal
human fibroblasts enhance the invasiveness of the GSCs, but
do not influence non-GSCs. It was also experimentally
shown that the effect was not mediated by the autocrine
activity of CD133" cells. For direct co-cultures, the infiltra-
tion of astrocyte monolayer by CD 133" cells was higher than
the respective infiltration by CD133" cells. The microarray
gene expression study showed that indirect co-culture
affected the genes related to cell movement and cell-to-cell
signaling and interaction; these results were consistent with
the immunoblotting assay. Direct co-culturing altered
expression of a greater gene amount, which may be
explained by both direct and indirect involvement of astro-
cytes. Impact of astrocytes on non-GSC was not directly
linked with genes responsible for invasion or migration.
Finally, the authors noticed that the enhancing effect on
CD133" cells may be mediated by increased levels of vari-
ous cytokines and chemokines such as monocyte chemoat-
tractant protein (MCP-1), MCP-3, osteopontin, TGFp-1,
VEGF, interleukin (IL)-6, IL-8, etc., compared with the non-
conditioned medium. McCord et al. (2009) studied an ability
of astrocytes to influence the radiosensitivity of GSCs. Gen-
erally, GSCs are more radiosensitive than respective glioma
lines, but their exact contribution to glioma radioresistance
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is still unclear. Moreover, the impact of brain microenviron-
ment on GSCs was confirmed by the fact that GSCs are more
radioresistant when being grown under intracerebral growth
conditions rather than grown in vitro (Jamal et al. 2012). In
the second research of Rath et al. (2015), the influence of
astrocytes on GSC radiosensitivity was studied. Like in the
previous work (Rath et al. 2013), the authors used GSC-
astrocyte indirect co-cultures, then a radiation survival assay
(a single irradiation) was performed. To detect the rate of a
loss of tumor cells, intracellular ATP content was quantified.
Another promising way of assessing the radiosensitivity was
to examinate histone H2AX (yH2AX) foci with the immu-
nofluorescent analysis. Cytokine concentrations in the con-
ditioned media were also evaluated, and gene expression
analysis was performed. For these experiments, GSCs were
cultured with astrocytes (indirectly) or alone (control). Simi-
larly, GSCs alone or after co-culturing with astrocytes were
subject to an immunoblotting analysis with antibodies
against signal transducer and activator 3 (STAT3), activated
form of STAT3 (phospho-STAT3), and p-actin, a non-mus-
cle contractile protein responsible for cell motility and integ-
rity. As was shown, astrocytes were able to reduce vulner-
ability of GSCs to ionizing radiation. The latter effect was
achieved due to induction of DNA repair in comparison with
the control. The number of histone H2A (yH2AX) foci was
greater in a GSC monoculture than in a co-culture with
astrocytes. Taken into account that YH2AX foci counts cor-
relate with the number of radiation-induced double-strand
breaks, experimentally derived data suggest that astrocytes
are able to potentiate GSC radioresistance by reducing DNA
damage. In line with this, it was found that astrocytes co-
cultured with GSCs release various cytokines (IL-4, IL-6,
growth-related-oncogene (GRO), MCP-3, etc.) that can
influence the GSC radioresistance improvement (of the 80
cytokines assessed, 27 and 31 were increased in NSC11 and
GBAMI co-cultures, respectively, compared to stem cell
media). In GSCs co-cultured with astrocytes, 112 transcripts
were upregulated at least by twofold, 90 transcripts were
down-regulated at the level of least 0.5-fold. Notably, in
GSCs co-cultured with astrocytes, enhanced STAT3 activa-
tion was detected since total STAT3 levels in a GSC mono-
culture and a co-culture did not significantly variate while
the level of the phospho-STAT3 was elevated in co-cultured
GSCs in comparison with the control. In addition, the inhibi-
tion of Janus kinase (JAK)/STAT3-dependent pathway par-
tially abrogated the reduction of astrocyte-induced radiosen-
sitivity. These data were then confirmed in athymic mice
intracranially implanted with NSC11 GSC xenografts and
then treated with WP1066, an inhibitor of JAK/STAT3 path-
way. The inhibition of this signaling resulted in down-regu-
lation of phospho-STAT?3 in xenografts and increased sen-
sitivity to irradiation. Indeed, the co-culture system
suggested also showed that an in vitro GSC-astrocyte
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interaction model may be helpful to find agents for tumor
radiosensitization and to identify the role of the glioma
microenvironment in the development of radioresistant
mechanisms. Guo et al. (2012) studied the ability of different
tumor environment cells to enhance the proliferation of
GSCs in vitro. The authors performed co-culturing of
CD133"-cells with different glioma cells or normal astro-
cytes and then assessed the impact of the glioma microenvi-
ronment on GSCs and compared production of the growth
factors in co-cultures and monocultures. Indirect co-cultures
were obtained using filter chambers with 0.4-um pore-size
inserts. GSCs were cultured in lower chambers, while feeder
cells including rat primary astrocytes (from rat pups), U87
human glioma cells, unsorted glioblastoma tumor cells, and
U87-glioblastoma-derived CD133" cells were cultured in the
upper compartment. Actually, no reference for astrocytes
was selected since they served as a control in co-cultures.
Paracrine factors contributed to the behavior of GSCs in
co-cultures. Thus, after standard technique of co-culturing,
CD133" cells showed higher proliferation capacity in co-
cultures with tumor cells including primary patient-derived
glioblastoma, U87 cells, or glioma-derived CD133" cells
rather than after co-culture with primary astrocytes. This
finding at first glance may seem controversial to the results
of Rath et al. (2013, 2015) who showed that astrocytes may
be the promoters of CD133* cells invasion and radioresist-
ance. Still, their second study underlined that astrocytes
seeded on Transwell inserts did not alter GSC proliferation
as well, thus underlining the validity of radioresistance
study. What is more, different abilities of astrocytes to
secrete CD133* cell-driving cytokines were revealed, rang-
ing from the significant level in studies of Rath et al. (2013,
2015) to the negligible one in a work of Guo et al. (2012).
As far as experimental peculiarities were concerned, in the
study of Rath et al. (2013) fibroblasts were selected as a
feeder control for invasion studies and in the next study
(Rath et al. 2015) astrocytes served as a control in a co-
culture with U251 glioma showing inability of astrocytes to
potentiate radioresistance of an established glioma line. To
overcome the discrepancy between Rath et al. (2013, 2015)
and Guo et al. (2012), further studies involving GSC co-
cultures should be performed, taking all variants of feeder
cells for CD133* cells (glioma cell lines, primary glioma-
derived cells, astrocytes, and non-brain-derived cells like
fibroblasts) into account.

Experimental Anti-glioma Therapy and In Vitro
Co-cultures

Chemotherapy and Recombinant Technologies

In this chapter, we list co-culture experiments used to evalu-
ate the impact of astrocytes on glioma response to different
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therapeutic approaches. Nowadays, the role of astrocytes in
modulating brain tumor response to chemotherapy is vigor-
ously studied. Generally, different chemotherapeutic agents
are studied in plain 2-D glioma cultures. Nonetheless, these
models do not completely reflect a real state of a problem
(Mehta et al. 2012). Yang et al. (2014) established a 3-D
bioluminescence co-culture model to demonstrate the role
of astrocytes in glioblastoma drug-resistance induction.
Glioblastoma cells (human U251, rat C6, human A172 and
LN18, biopsy-derived P3 glioma line) were transfected with
enhanced green fluorescent protein (eGFP) and luciferase-
encoding lentiviral vectors. The bioluminescence intensi-
ties were observed to highly correlate with a cell number
and to be more sensitive than traditional tetrazolium colori-
metric assays. As a second co-culture component, TNC-1
immortalized astrocytes were used. Then, experimental
co-cultures and monocultures (as a control) were treated
by temozolomide or doxorubicin. The presence of immor-
talized astrocytes in a co-culture improved the U251, C6,
A172, P3 cell survival after temozolomide treatment and the
U251 and LN18 survival after doxorubicin treatment. These
observations are in line with studies concerning other tumor
cell types, which became more invasive in the presence of
fibroblasts thereby suggesting that glioma therapy resistance
mechanisms have much in common with similar strategies of
other tumors (Flach et al. 2011). Lin et al. (2016) employed
an in vitro model to study the role of astrocytes in protecting
glioma from chemotherapy. The authors used human glioma
cell lines (U87, U251, and A172) co-cultured directly with
immortalized murine astrocytes. For chemoprotection analy-
sis, astrocytes were labeled with GFP and then co-cultured
with glioma cells at a ratio of 1:1 in the presence of chemo-
therapeutic agents (temozolomide, cisplatin, 5-fluorouracil).
After fixation, cells were detached and stained with pro-
pidium iodide (PI). To assess the cell cycles, the authors
used the PI-fluorescein isothiocyanate protocol. For all three
glioma lines mentioned above, the level of apoptosis as a
measure of a chemotherapeutic effect was chosen. Electron
microscopy showed direct astrocyte—glioma cell-to-cell con-
tacts. The rates of apoptosis in all three glioma lines sepa-
rately treated with each of all three chemotherapeutic agents
were significantly reduced. To exclude the influence of the
human-murine interspecific interaction, murine fibroblasts
were also co-cultured with U87 glioma as a control, and the
fibroblasts did not protect glioma cells from the drugs. Basi-
cally, the drugs did not increase apoptosis in astrocytes. The
role of a paracrine cell-to-cell interaction was studied using
spatially separated astrocyte and glioma co-cultures, which
did not allow the direct contacts to form. Astrocytes were
seeded into the upper compartment of the Boyden chamber
(a pore size of 0.4 um), and the glioma cells were seeded into
the lower compartment. Interestingly, separation of astro-
cytes from glioma cells abrogated the protective effects in

all studied glioma cell lines. Then, the role of gap junctions
in the drug resistance was examined. Administration of car-
benoxolone reversed the astrocyte-driven chemoprotection
of U87 against temozolomide. Further, an RNA microarray
analysis showed that among genes that were influenced by
astrocytes in a carbenoxolone-dependent manner, there were
genes involved in cell survival and drug resistance such as
mitogen-activated protein kinase, tyrosine-protein kinase,
and B-cell lymphoma 2 (Bcl-2). These data indicate that
astrocytes protected glioma cells from the toxic effect of all
studied chemotherapeutic drugs through direct gap junction-
mediated contacts that resulted in significant decrease of
drug-induced apoptosis of the glioma cells. This drug-resist-
ance mechanism may be one of the most important reasons
that limits the efficiency of glioma chemotherapy. Astro-
cytes transmit their protective properties to neighboring
glioma cells and stimulate chemoresistance. In a suggestive
work, Chen et al. (2015) employed in vitro glioma—astro-
cyte co-cultures to study mechanisms of glioma resistance to
chemical therapy. Human A172 glioma and normal human
astrocytes were exploited. Post-incubating, the cultures were
subjected to the administration of temozolomide and vincris-
tine. Both direct and non-direct technologies of co-culturing
were used. In a co-culture with glioma cells, astrocytes were
observed to reduce tumor cell apoptosis caused by temozo-
lomide and vincristine. The protective effect was exerted
through Cx43-mediated gap junctions in direct co-cultures,
whereas implementation of carbenoxolone led to increased
glioma cell apoptosis when co-cultured with astrocytes. For
indirect co-cultures, the glioma cell apoptosis decreased
slightly but not substantially.

In malignant gliomas, steroids as the anti-inflammatory
agents are generally used for shrinking edema although
they may potentiate a radio- and chemoresistance likely
due to the gap junction inhibition (Robe et al. 2005).
Hinkerohe et al. (2011) studied the effect of dexametha-
sone on glioma cells and astrocytes in vitro. In the study,
mixed co-culture models of astrocytes and microglia were
developed. Normal conditions were mimicked by adding
of 5% microglia while pathological patterns were created
by adding of 30% microglia to the co-culture. Previously,
similar co-cultures were used to prove the anti-inflamma-
tory properties of levetiracetam, an anti-convulsant agent
(Haghikia et al. 2008). All co-cultures were incubated with
dexamethasone. After administration of dexamethasone to
human U87 and rat F98 and C6 cell lines, a dose-depend-
ent decrease in cell number of coupled glioma cells,
dose-dependent depolarization (partially significant), and
decrease of Cx43 production was observed. Concomitant
treatment with mifepristone and dexamethasone resulted in
the prevention of reduction of coupled glioma cells num-
ber, Cx43 production, and at least in the partial restoration
of glioma cell membrane resting potential. ‘Pathological’
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glial cultures treated with dexamethasone were character-
ized by increased cell coupling (non-blockable with mife-
pristone), gap junction formation (resistant to the blockage
by mifepristone), and microglia branchement (reduced by
mifepristone). In contrary, dexamethasone was not sig-
nificantly altering a ‘physiological’ co-culture. Although
direct glioma—astroglia interactions were not studied, the
work sheds light on the interaction between different cell
subpopulations present in affected brains. Briefly, dexa-
methasone mediates the increase of coupling of astrocytes
and Cx43 production in astroglia but reduces coupling of
glioma cells and tumor Cx43 production. As microglia was
settled down by dexamethasone, it should be noted that
this observation can be attributed to general immunosup-
pressive properties of the drug. In conclusion, the authors
suggested that dexamethasone might hamper the chemo-
therapeutic efficacy thereby underlining the need of more
studies related to the problem (Hinkerohe et al. 2011).

A relatively new approach to glioma therapy is based on
utilizing recombinant technologies. For example, usage of
oncolytic viruses provides an option to selectively infect
tumor cells, while normal cells remain non-infected (Fore-
man et al. 2017). Kober et al. (2015) studied the roles of
astrocytes and microglia in experimental oncolytic viral
vaccine therapy of GL261 murine glioma. A reduced viral
replication in astrocytes and microglia monocultures was
detected thereby showing a capacity of these cells to serve
as viral traps which may distract viruses from the tumor
cells and hence reduce efficient virus infection of the tumor
cells. Co-culture experiments in this study concerned only
microglia and glioma, not astrocytes. Germano et al. (2006)
developed mouse embryonic stem cell-derived astrocytes
transformed with tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) and then assessed their proapop-
totic effect on human glioma. As a result, modified astro-
cytes were able to induce apoptosis of A172 human glioma
cells even more efficiently than recombinant TRAIL itself.
Glioma-killing effect was selective and did not involve non-
malignant astrocytes.

Co-culture experiments concerning chemotherapy mainly
indicate the role of gap junctions in mediating drug resist-
ance. Still, there are problems to be solved. An in vivo study
of antibodies to extracellular Cx43 fragment showed that
monotherapy led to significant tumor regression, while con-
comitant use of temozolomide neutralized the anti-tumor
effect (Yusubalieva et al. 2014). As temozolomide, like other
chemotherapeutic agents (Cottin et al. 2010), may demand
gap junctions to penetrate the tumor cells, the latter experi-
ment resulted in competition between the two drugs. Here,
we face the problem that heterocellular (astrocyte—glioma)
gap junctions should be blocked in order to inhibit tumor
outgrowth and facilitate chemotherapy while homocellu-
lar (glioma—glioma) channels may help the drug to spread
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within the tumor and thus need to be spared at least to some
extent.

Surgery

As surgery is a major component of current glioma treat-
ment, intense research was undertaken to determine the
exact mechanisms of tumor recurrence after resection and
the role of glioma microenvironment in these processes.
Among the variety of methods, in vitro models were also
being employed. Okolie et al. (2016) developed a com-
plex murine glioma resection and recurrence model, which
included both in vitro and in vivo experiments. In in vivo
studies, the authors created photodetectable reporter-pro-
ducing murine glioma cells and then implanted those cells
as allografts. The tumors were then resected with help of a
microsurgical image-guided technique. Even though more
than 90% of a tumor volume was surgically removed, the
tumor relapse occurred. Notably, the reactive post-resec-
tion astrocyte phenotype was detected by immunostaining.
Generally, astrocytes surrounding gliomas highly produced
GFAP, a phenomenon, which was confirmed by the results
of earlier experimental periglioma zone studies (Chekhonin
et al. 2012). According to the immunostaining after glioma
resection, the astrocytes co-produced both GFAP and nestin.
These observations indicate that surgical intervention causes
a switch of a reactive astrocyte phenotype towards a more
primitive one and may even induce stem cell-like features.
In in vitro studies, the authors constructed co-cultures of
gliomas and astrocytes (i.e., immortalized astrocytes and
astrocytes derived from the in vivo model) by a separate
seeding of cells into adjacent wells in 2-chamber culture
inserts, placed in culture plates. After incubation, inserts
were removed and resection was modeled by scratch injur-
ing. Then, migration, proliferation, and expression pat-
terns of cells in co-cultures were assessed. Scratch injury
of immortalized astrocytes was followed by a significant
increase of nestin production. In co-cultures, injuring of
immortalized astrocytes led to an increased migration of
murine glioma cells. Uninjured astrocytes derived from
the in vivo model also potentiated migration of the mouse
glioma cells, but injury of astrocytes did not affect glioma
cell migration. Of note, injury caused to glioma cells did
not increase their own migration potential. The migration-
activating effect of immortalized astrocytes could be also
reproduced in established murine (GL261) and human
(U251, U87) gliomas. Scratch injury of astrocytes increased
murine ex vivo glioma proliferation as well as proliferation
of GL261, U251, and U87 glioma cells. Paracrine ability of
injured immortalized astrocytes to enhance ex vivo murine
glioma proliferation was confirmed by adding conditioned
medium from scratched astrocyte to glioma cells (as a
control, medium conditioned by uninjured astrocytes was
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used). When gene expression and protein production pro-
files of injured astrocytes were combined, transcriptome and
secretome changes of cytokine production were detected,
and C-X-C motif chemokine 5 (Cxcl5) was defined as the
most suitable change-driving candidate. Thus, blunt force
surgical trauma (simulated in vivo or in vitro) may induce
reactive peritumoral astrocytes to dedifferentiate partially
and therefore promote tumor migration and proliferation
(Okolie et al. 2016).

Radiotherapy

Mentioned above experiments concerning influence of
astrocytes on GSC radiosensitivity (Rath et al. 2015) were
preceded by co-culturing studies devoted to irradiation of
astrocytes and glioma cells. In the studies mentioned below,
astrocytes were generally regarded as components of brain
microenvironment. Nakamura et al. (2007) used human glio-
mas and astrocytes to assess changes of glioma response to
irradiation in a co-culture model. Human malignant glioma
cells, immortalized astrocytes, and oncogene-transformed
immortalized human astrocytes labeled with enhanced GFP
were chosen. The studied cells were plated onto a layer of
normal human astrocytes and their invasion through the con-
fluent astrocyte layer was assessed. Immortalized astrocytes
failed to migrate through the astrocyte monolayer probably
due to the cell-to-cell contact inhibition. All the glioma cells
and transformed astrocytes demonstrated an ability to pen-
etrate through the monolayer. Irradiation by single fractions
up to 3 Gy did not change the invasiveness of U87, A172,
and U373 human gliomas and transformed astrocytes. How-
ever, a dose-dependent decrease of invasiveness of U251
cells was found. Interestingly, the production of MMP-2 was
increased in parallel with the radiation dose rise. This find-
ing may partially explain the mechanism of post-irradiation
glioma invasion through the involvement of MMP-2-de-
pendent pathway. As for the effect of irradiation on cellular
invasion, the question is whether astrocytes in the layer pre-
vented the decrease in migration or that was an intrinsic fea-
ture of the glioma cell lines studied. Burdak-Rothkamm et al.
(2007) employed astrocyte—glioma co-cultures to assess the
influence of radiation-induced bystander effect, i.e., the
transmitting of the radiation-induced response to the unirra-
diated cells. T98G glioma cells or normal human astrocytes
have been exposed to targeted irradiation and then co-cul-
tured directly with one another. As a result of co-culturing,
both cell types were found to be able to provide bystander
effect to each other, increasing the amount of YH2AX foci in
unirradiated cells. What is more, bystander effect in glioma
could be inhibited by dimethyl sulfoxide (DMSO, a reactive
oxygen species antagonist) and Filipin (caveolae-mediated
endocytosis inhibitor), while in astrocytes only Filipin abro-
gated the effect. Golding et al. (2009) undertook attempts

to increase glioma radiosensitivity in experiment target-
ing ATM kinase (ataxia-telangiectasia mutated), which is
involved in the induction of the DNA damage response and
thus in radioresistance. ATM inhibitor KU-60019 showed
therapeutic properties as a quite potent glioma radiosensi-
tizer and inhibitor of glioma invasion and growth, also in
the presence of temozolomide. The administration of this
inhibitor did not influence human embryonic stem cell-
derived astrocytes but in combination with temozolomide
led to the limitation of the U1242 glioma cell growth in an
unirradiated co-culture with human astrocytes, thus simu-
lating synergism of two drugs outside of the irradiated field
(Golding et al. 2012). We have already mentioned this issue
while talking about concomitant use of anti-Cx43-antibodies
and temozolomide. Here, the problem of drug combination
in presence of another treatment factor (irradiation) is dis-
cussed again, as temozolomide did not show antagonism
with ATM inhibitors when applied to glioma cells before
irradiation. We also think that further co-culture studies of
astrocytic impact on combined glioma treatment regimens
may reveal new putative tumor-resistance mechanisms.

Disadvantages of Two-Component Models
and Methods of Overcoming Them

As discussed above, glioma cells in vivo are tightly incor-
porated into the complex microenvironment, which consists
not only of tumor cells and astrocytes, but also of other glial
cells, stem cells, vessels and perivascular niches, metabo-
lites, and extracellular matrix (Xiao et al. 2017). Taking
this fact into account, co-cultures of only glioma cells and
astrocytes have several methodological disadvantages. Here,
we shortly discuss some ways to expand the two-component
model.

The first means is to use additional extracellular matrix
proteins for plate coating in co-cultures. Coating of culture
plates with extracellular matrix proteins may be also used
for studying the interactions between astrocytes and glioma
cells. Indeed, membrane-associated MMP-14 was found to
interact with CD44, a hyaluronic acid receptor, hereby poten-
tiating tumor migration and invasion (Zarrabi et al. 2011).
This metalloproteinase also exerts its functions through
changes in levels of MMP-2 and MMP-9 (Ulasov et al.
2014), which have been already discussed. For these reasons,
the process of glioma invasion should be better observed
in presence of original extracellular substrates. Chen et al.
(2016) established Transwell chamber co-cultures of human
A172 or U251 glioma cells and normal human astrocytes
to study the ability of astrocytes to alter glioma invasion
and migration pattern. To assess invasion, the upper cham-
ber was covered by Matrigel and seeded with glioma cells
after astrocytes were seeded in the lower compartment. The
expression pattern (transcripts of metalloproteinase genes)
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and protein production pattern of glioma cells stimulated
by astrocyte-conditioned medium was also studied using
real-time PCR and Western blot, respectively. Migration
was higher in the co-culture system than in control. What
is more, several genes and their products were upregulated
after co-cultivation of glioma cells with astrocyte-condi-
tioned medium. Among those, MMP-14 demonstrated the
highest expression growth, verified cytometrically, as this
protein is membrane associated. The experimental analysis
showed that action of MMP-14 was exerted more through
MMP-2 pathway, than through cleavage of CD44. The
astrocyte-induced changes in glioma expression and produc-
tion pattern were also shown to be IL-6-dependent. Similar
strategies for studying migration in presence of extracel-
lular matrix proteins or artificial scaffolds were applied in
the studies discussed earlier, which also reflect a movement
towards making glioma and astrocyte co-cultures closer to
in vivo conditions. Still, the usage of commercial extracel-
lular matrices which are not fully adaptable to experimental
conditions represents a substantial shortcoming. Souza et al.
(2010) proposed 3-D glioma cell cultures and co-cultures of
cells loaded with bacteriophages (targeting integrins) plus
magnetic iron oxide and gold nanoparticles forming hydro-
gels, as all two-dimensional cultures have the disadvantage
of being planar, thus not reflecting the exact intercellular
contacts and signaling pathways. Experimentally modified
cells when subject to magnetic field formed spherical struc-
tures able to levitate. The cellular conglomerates obtained
in the work showed exponential growth in contrary to 2-D
cultures. Human glioma cells formed N-cadherin-dependent
cell-to-cell contacts similar to ones in xenografts and more
plentiful than in a 2-D model. The established technology
could provide designing co-cultures. As the authors showed,
levitating spheres of astrocytes and glioma cells could repro-
duce the model of glioma invasion (a confrontation assay).
Souza et al. (2010) suggest this model being more tailored
in context of particular experiment than ones using stand-
ard extracellular scaffold protein mixtures and being rather
simple, as it needs 2-D cultures initially.

Another means of enriching the methodological sig-
nificance of co-cultures is to add new cellular components
usual for brain or glioma microenvironment, such as neu-
rons and microglia. There are limited data about artificial
three-component or multicomponent co-cultures, as most
of the studies use two cell types, for example, glioma cells
and neurons or glioma cells and microglia, or ex vivo tis-
sue slices. Again, we face the important role of the extra-
cellular matrix. Faria et al. (2006) studied whether glioma
cells could maintain neuronal growth, which is dependent on
glial-derived laminin. As a result, glioma cells, but not other
tumors, were able to support the metabolism of neurons and
neuritic development, though malignant astrocytes could not
distinguish between embryonic and post-natal neurons. In
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addition, neurons were also interacting with glioma cells in
co-culture affecting the pattern of glioma-derived laminin
deposition. Glioma cells exerted some normal features of
astrocytes favoring not only neurodegeneration, but also
neuronal growth. Another step studied in two-component
co-cultures lacking astrocytes is experimental cellular anti-
glioma therapy. It was shown that microglia activated by
polyinosinic:polycytidylic acid obtained anti-tumor activ-
ity (Kees et al. 2012), and CD3/CD28-activated peripheral
blood mononuclear cells increase the expression and the
production of proinflammatory cytokines by glioma cells
(Jehs et al. 2011). To date, popular direction of cell therapy
research area is studying bone marrow-derived mesenchymal
stem cells (MSCs), which have tropism towards injury area
(e.g., tumor) (Doucette et al. 2011). Ho et al. (2013) found
that MSCs inhibited outgrowth of patient-derived glioma
cells and glioma cell lines by apoptosis in direct in vitro
co-cultures and also in vivo when injected subcutaneously
into mice. Medium conditioned by MSC-glioma co-cultures
impaired recruitment of endothelial progenitor cells showing
the effect of experimental therapy on angiogenesis inhibi-
tion. In a work of our colleagues, MSCs were shown to form
gap junctions with glioma cells, reflecting a putative mecha-
nism of anti-tumor activity (Gabashvili et al. 2016). So far,
the main question to be solved in future is how astrocytes
may influence the interactions between glioma and other
cells of tumor microenvironment and whether astrocytes
in situ may affect cellular anti-glioma treatment.

Conclusion

Revealing all hidden pitfalls and understanding the spe-
cific features of glioma-related reactive astrocytosis still
represents a challenge for both clinicians and investigators.
Rivera-Zengotita and Yachnis (2012) noted that distinguish-
ing between gliosis and glioma is a problem even for surgical
neuropathologists. Being a universal reaction of the central
nervous system to the brain injury, gliosis may mimic glioma
tumorigenesis morphologically. As for glioma-related glio-
sis, most of studies mentioned above generally support the
idea that astrocytes promote the growth and invasion of the
tumor at advanced stages. Still, interaction of glioma cells
and astrocytes is not unidirectional and tumorigenic. Co-cul-
ture systems provide a unique ability to highlight particular
pathways of cell-to-cell communication. As we mentioned
above, Yao et al. (2014) showed that the ability of astrocytes
to inhibit the growth rate of glioma cells depended on cell
concentrations in co-cultures thereby underlining a potential
anti-tumor activity of astrocytes under specific conditions.
Despite being quite simple, two-component co-cultures may
represent the first step of the complicated multistage research
and obviously should stimulate further studies with addition
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of new cell types to the co-cultures. For example, Iwadate
et al. (2016) proposed an existence of an anti-glioma cellular
network, with the main roles of glia and neurons, which ini-
tially create a non-permissive anti-tumor microenvironment.
Extracellular matrix proteins and glycoproteins are the major
astrocyte-derived anti-glioma factors at the early steps of glio-
magenesis. Thus, it makes a sense of underlining a role of
the extracellular matrix in co-culture experiments. To date,
several reviews considered this topic (Rape et al. 2014; Xiao
et al. 2017). The trend is emerging to characterize astrocytes
that secrete either pro- or anti-glioma-directed extracellu-
lar matrix. We also mentioned Cx43 among the molecules
responsible for communications between reactive astrocytes
and glioma cells during glioma migration and invasion. Still,
the role of Cx43 in glioma progression needs to be discussed.
For instance, Gonzalez-Sanchez et al. (2016) found that Cx43
could inhibit the oncogenic activity of c-Src by recruiting
tyrosine kinase CSK and phosphatase and tensin homolog
(PTEN) thus showing a rationale of Cx43-up-regulating strat-
egies for glioma treatment. A therapeutic potential of Cx43
was confirmed in a study involving a Cx43-derived peptide
that mimics c-Src-controlling region (Jaraiz-Rodriguez et al.
2017). Despite promising perspectives, the researchers should
take into account possible pro-tumorigenic effects of Cx43
especially considering that this protein is produced by reac-
tive peritumoral astrocytes. In vitro co-culture models exert
a unique opportunity to evaluate all the problems that look
enigmatic now. As the tumor microenvironment is involved
in promoting tumor survival and progression, astrocytes rep-
resent quite a well-recognized hallmark of a crosstalk between
glioma and non-glioma cells thereby underlining a need in
novel in vitro and in vivo studies.
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