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Following diagnosis of a glioblastoma (GBM) brain tumor, surgical resection, che-
motherapy, and radiation together yield a median patient survival of only 15 months.
Importantly, standard treatments fail to address the dynamic regulation of the brain
tumor microenvironment that actively supports tumor progression and treatment
resistance. It is becoming increasingly recognized that specialized niches within
the tumor microenvironment maintain a population of highly malignant glioblastoma
stem-like cells (GSCs). GSCs are resistant to traditional chemotherapy and radiation
therapy, suggesting that they may be responsible for the near universal rates of tumor
recurrence and associated morbidity in GBM. Thus, disrupting microenvironmental
support for GSCs could be critical to developing more effective GBM therapies.
Three-dimensional culture models of the tumor microenvironment are powerful tools
for identifying key biochemical and biophysical inputs that impact malignant behaviors.
Such systems have been used effectively to identify conditions that regulate GSC pro-
liferation, invasion, stem-specific phenotypes, and treatment resistance. Considering
the significant role that GSC microenvironments play in regulating this tumorigenic
subpopulation, these models may be essential for uncovering mechanisms that limit
GSCs malignancy.

Keywords: tumor microenvironment, niche microenvironments, brain tumor stem cells, cancer stem cells,
scaffolds, hydrogels, three-dimensional cell culture

GLIOBLASTOMA (GBM)

Glioblastoma is the most common and deadly pathological classification of malignant primary brain
tumors. Epidemiological data collected for the United States between 2009 and 2013 indicate that
GBM represents 46.6% of these diagnoses and 14.9% of all malignant and non-malignant primary
brain tumor diagnoses (Ostrom et al., 2016). Overall age adjusted incidence rates are 3.2 per 100,000,
with a median age of diagnosis of 64.0 years; risk rises with age (Ostrom et al., 2016). Symptoms
of a GBM vary widely depending on tumor location and size but may include severe headaches,
seizures, vision and speech impairment, or loss of cognitive and motor functions. Standard treatment
modalities include removal of the bulk tumor via surgical resection, followed by radiotherapy and
concomitant chemotherapy. However, treatment is rarely curative, and the prognosis is poor. Median
survival remains stagnated at only 15 months (Stupp et al., 2009), and the 5-year survival rate is
reported between 4.7 and 5.5% (Omuro and DeAngelis, 2013; Ostrom et al., 2016).
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Barriers to Treatment

From a clinical perspective, successful treatment of GBM remains
challenging due to several factors. Complete surgical resection,
while the best treatment for GBM, is often impossible as a result of
tumor location, as well as the potential for irreparable damage to
healthy brain tissue during surgery (Sanai et al., 2011). Radiation
treatment can often be targeted to areas of the brain that would be
otherwise difficult to access surgically. Although radiation is an
effective means for killing remaining tumor cells, simultaneous
damage incurred on surrounding healthy tissue limits tolerabil-
ity and may worsen patient outcome. Treatment of GBM with
chemotherapeutics is inhibited by the blood-brain barrier, which
segregates the brain from systemic circulation and prevents the
vast majority of drugs from effectively reaching malignant cells in
the brain. The primary chemotherapeutic currently used in GBM
treatment is the DNA alkylating agent temozolomide, which is
administered orally, is brain available and generally well toler-
ated, but imparts only a modest improvement in patient outcome
(Stupp et al., 2009). Overall, current treatment options remain
inadequate.

One of the key biological features of GBM is that, unlike other
tumor types tumors, it does not metastasize through the blood to
peripheral organs; instead, individual cells invade healthy brain,
preferentially migrating along white matter tracts and perivascu-
lar spaces (Giese and Westphal, 1996; Giese et al., 2003). These
cells are responsible for initiating secondary tumors that most
often arise within centimeters of the original tumor (Petrecca
et al, 2012) but may manifest even on the contralateral side of
the brain (Matsukado et al., 1961; Giese and Westphal, 1996).
Invasive cells are undetectable by current imaging methods, and
almost impossible to remove via surgical resection without dam-
aging healthy brain. Radiation and chemotherapy fail to address
invasive cells that are shielded by radiosensitive healthy tissue and
an intact blood-brain barrier. Thus, the invasive nature of GBM
drives near universal rates of tumor recurrence as secondary
tumors arise from seemingly healthy brain (Petrecca et al., 2012;
Omuro and DeAngelis, 2013).

A factor that further complicates the treatment landscape is
that GBM tumors display a high degree of genetic, epigenetic, and
cellular diversity. Presently, GBM is classified into four distinct
subtypes: Proneural, Neural, Classical, and Mesenchymal; each of
which corresponds to a common set of neoplastic genetic altera-
tions (Verhaak et al., 2010). However, individual subtype clas-
sifications may not be relevant to all cells found in a single tumor,
as intratumoral heterogeneity is also a common feature of GBM
(Sottoriva et al., 2013). This heterogeneity is a primary source of
treatment resistance, whereby one tumor region that is sensitive
to treatment is sustained or replaced by another region that is
tolerant (Bonavia et al., 2011). Tumor heterogeneity is therefore
an adaptive growth pattern that is challenging to address through
monotherapy, even when targeted.

GBM TUMOR MICROENVIRONMENT

The GBM tumor microenvironment is a complex regulatory
structure composed of cellular and non-cellular components that

collectively contribute to disease progression. The tumor micro-
environment significantly influences many important aspects of
GBM biology; the specific functions of the GBM tumor micro-
environment have been reviewed extensively by others (Bonavia
et al., 2011; Charles et al., 2011; Wiranowska and Rojiani, 2011;
Xiao et al., 2017); here, we provide an overview to introduce key
features of this relationship that are important for modeling this
unique microenvironment.

Unlike other tissues in the body, the brain extracellular matrix
(ECM) does not contain high concentrations of fibrous proteins
(Bellail et al., 2004). Instead, the dense tumor microenvironment
ECM is primarily composed of the glycosaminoglycan hyaluronic
acid (HA), and to a lesser degree, tenascin-C, collagen IV and V,
fibronectin, laminin, and vitronectin, which are generally associ-
ated with blood vessels (Delpech et al., 1993; Giese and Westphal,
1996; Bellail et al., 2004; Wiranowska and Rojiani, 2011; Rape
et al., 2014). GBM cells interact with HA via the cell surface
receptors CD44 and RHAMM, which are often overexpressed on
GBM cells, and promote invasive phenotypes (Merzak et al., 1994;
Arizaetal., 1995; Koochekpour et al., 1995; Akiyama et al., 2001).
The proteoglycan tenascin-C has been described to promote
GBM invasion (Giese and Westphal, 1996; Sarkar et al., 2006)
and to stimulate angiogenesis, which leads to tumor progression
(Bellail et al., 2004; Rape et al., 2014). Other vascular-associated
ECM constituents (collagen, fibronectin, laminin, and vitronec-
tin) both promote and guide GBM invasion into healthy brain
tissue (Mahesparan et al., 2003; Kawataki et al., 2007; Rape et al,,
2014). Moreover, these molecules also enable integrin-mediated
focal adhesions, which play a significant role in GBM progres-
sion, and have been proposed as a biomarker target for treatment
(Kawataki et al., 2007; Lathia et al., 2010; Ruiz-Ontafion et al.,
2013; Paolillo et al., 2016; Haas et al., 2017). Furthermore, in addi-
tion to affecting invasion, various isoforms of laminin proteins
have been shown to potentiate glioblastoma stem-like cell (GSC)
phenotypes via integrin interactions (Pollard et al., 2009; Lathia
et al., 2010, 2012; Haas et al., 2017).

The concentration of ECM in the tumor microenvironment
is increased compared with healthy brain, as its constituents
are manufactured by GBM cells to support tumor progression
(Delpech et al., 1993; Giese and Westphal, 1996; Akiyama et al.,
2001; Wiranowska and Rojiani, 2011; Lathia et al.,, 2012). The
dense ECM and the high cellularity of the tumor contribute to
increased mechanical stiffness. GBM cells sense microenviron-
mental stiffness primarily through integrins and focal adhesion
complexes via mechanosensation (Rape et al., 2014). While
the biochemical and biophysical effects of matrix composition
appear to be complementary or even synergistic in promoting
malignancy, they are not easily isolated in vivo. In vitro studies
have identified stiffness as a strong regulator of GBM prolifera-
tion and invasion (Ananthanarayanan et al., 2011; Wiranowska
and Rojiani, 2011; Pathak and Kumar, 2012; Pedron and Harley,
2013; Heffernan et al., 2014; Kim and Kumar, 2014; Rape et al,,
2014; Umesh et al., 2014). Moreover, blood vessels provide the
greatest stiffness in the brain and are preferential routes for GBM
invasion (Giese and Westphal, 1996; Giese et al., 2003). Therefore,
it is likely that the stiffness of these and other structures instructs
malignant behaviors in vivo.

Frontiers in Materials | www.frontiersin.org

February 2018 | Volume 5 | Article 7


http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive

Heffernan and Sirianni

Glioblastoma Stem Cells and Biomaterials

The tumor-associated cells within the tumor microen-
vironment are key regulators of GBM growth and tumor
vascularization. Cells that commonly provide support to GBM
include tumor-associated endothelial cells, pericytes, astrocytes,
fibroblasts, and infiltrating immune cells such as macrophages
and microglia (Charles et al., 2011). One of the primary modes
of support from tumor and tumor-associated cells is secretion
of soluble signaling factors that stimulate malignant phenotypes,
i.e, proliferation (EGF, FGE IGE and HGEF), angiogenesis
[vascular endothelial growth factor (VEGF)], and invasion (IGF,
HGE and TGF-) (Wiranowska and Plaas, 2008). These secreted
signaling factors may be sequestered within the dense network of
ECM and serve as a depot for GBM cells (Wiranowska and Plaas,
2008; Wiranowska and Rojiani, 2011). Tumor vascularization is
achieved in part by recruitment of vascular-associated endothe-
lial cells, pericytes, and astrocytes, to meet the nutrient demands
of a growing tumor (Wiranowska and Plaas, 2008; Charles et al.,
2011; Soda et al., 2013). Specifically, endothelial cells are stimu-
lated to proliferate and migrate toward tumor regions with poor
oxygenation as a result of VEGF productions by hypoxic tumor
cells (Soda et al., 2013). However, the resulting tumor-associated
neovasculature is significantly different from healthy vessels as
it forms a dense and disordered network of leaky vessels with
necrosis developing in regions of severe chronic hypoxia (<1%
0.) (Holmquist-Mengelbier et al., 2006; Soda et al., 2013).

GLIOBLASTOMA STEM-LIKE CELLS

Before 2003, GBM, like most solid tumors, was widely believed
to be driven by a stochastic model of clonal evolution in which
tumors were initiated via neoplastic transformation of glia. The
identification and characterization of tumorigenic GSCs within
human brain tumors have since reshaped conventional wisdom
over the architecture of GBM biology (Ignatova et al., 2002; Singh
et al., 2003, 2004; Galli et al., 2004). This discovery supports the
hypothesis that cells within a tumor display a hierarchical order of
tumorigenic potential that is maintained by cancer stem cells (Tan
et al,, 2006; Venere et al., 2011). It is now widely recognized that
within GBM tumors, GSCs are essential to tumor maintenance,
drivers of heterogeneity, and also may represent the cell of origin
(Sanai et al., 2005; Venere et al., 2011).

GSC Characteristics

Glioblastoma stem-like cells display many biological similarities
to neural stem cells (NSCs); they are capable of indefinite self-
renewal and multipotent differentiation, and they express genes
that promote NSC phenotypes such as NESTIN, SOX2, and
OLIG2 (Ignatova et al., 2002; Singh et al., 2003, 2004; Galli
et al., 2004; Sanai et al., 2005; Lee et al., 2006; Ligon et al., 2007).
Identification and enrichment of GSCs can be achieved by
sorting tumor cells that express validated cell surface biomark-
ers [CD133 (Singh et al., 2003), SSEA-1 (Son et al., 2009), and
Integrin a6 (Lathia et al., 2010)] followed by functional analysis
of stem behaviors (Lathia et al., 2015). Of the stem behaviors,
none is more important to GSC tumorigenicity than self-renewal.
This was demonstrated when GSCs were first isolated and were
observed to form orthotopic xenograft tumors from as few as

100 cells. In comparison, non-stem GBM cells (NGSCs) from
the same tumor sample were incapable of forming tumors from
injections of 100,000 cells (Singh et al., 2004). GSCs also display
a capacity for multipotent differentiation into non-tumorigenic
cancer-associated cells, such as vascular cells, that provide critical
support for tumor growth (Ricci-Vitiani et al., 2010; Wang et al.,
2010a; Lathia et al, 2011; Cheng et al., 2013a). Multipotency
contributes to cellular heterogeneity observed in primary GBM;
this behavior has been recapitulated in experimental orthotopic
xenograft tumor models (Singh et al., 2004).

Ex vivo purification of GSCs requires a multistep process that
tests self-renewal, multipotency, and stem-marker expression.
Failure to test all three components often results in false positive
identification (Lathia et al., 2015). Another method for identify-
ing GSCs has been through the use of label retaining assays to
identify quiescent or slow-cycling cells (Deleyrolle et al., 2011;
Zengetal.,2016). Using robust verification, long-term established
GBM cell lines are found to lack fully functional GSCs, even in
NSC culture conditions (Lee et al., 2006; Lathia et al., 2015). Thus
to properly research GSC behaviors, experiments should ideally
be performed on low-passage patient-derived cells that have been
validated as a stem population.

GSC Response to Treatment

Glioblastoma stem-like cells are highly treatment resistant,
which is facilitated by their propensity to invade healthy brain
(Cheng et al., 2011), potential quiescence (Chen et al., 2012),
and activation of molecular machinery that is protective against
radiation (Bao et al., 2006a) and cytotoxic insult (Liu et al., 2006).
Many of the invasive mechanisms utilized by GSCs mimic NSC
motility along white matter tracts and blood vessels (Sanai et al.,
2005). Thus, GBM tumors characteristically display an infiltrative
leading edge that disseminates into healthy tissue. GSC derived
orthotopic xenograft tumors recapitulate this invasive behavior
with GSCs concentrated at the tumor edge (Strojnik et al., 2007),
whereas NGSCs from the same patient tumor sample are mini-
mally invasive (Cheng et al., 2011). Resistance to both radiation
(Bao et al., 2006a) as well as many conventional chemotherapeu-
tics, including temozolomide (Liu et al., 2006; Chen et al., 2012),
has been reported in the GSC population. This resistance is
ascribed to increased activation of DNA damage checkpoint and
repair proteins (Bao et al., 2006a), as well as increased expression
of ATP-binding cassette drug transporters, which contribute to
increased drug efflux and chemoresistance (Bleau et al., 2009).
Recurrent tumors are also enriched for GSCs compared with the
primary tumor suggesting that GSCs evade conventional therapy
and play a prominent role in the high rates of GBM relapse
(Liu et al., 2006).

GSC NICHE MICROENVIRONMENTS

Similar to NSCs, which are primarily found in the subventricular
zone and hippocampus of the adult brain, GSCs are also con-
centrated in niche microenvironments (Figure 1) (Sanai et al.,
2005). One notable difference is that GSC niche microenviron-
ments appear to be mitogenic, encouraging growth, while NSCs
are generally sustained in quiescence (Lathia et al., 2011). These
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FIGURE 1 | Glioblastoma stem-like cells are located in defined microenvironments within the brain, including perivascular, hypoxic, and invasive niches. Each niche
varies in terms of biophysical features (stiffness and porosity), extracellular matrix composition, and oxygen availability. In the graphic, vessel co-option is depicted
within the perivascular niche, and movement along white matter tracts is depicted in the invasive niche. Within the hypoxic niche, necrosis and altered metabolism is

expected to drive alterations in pH, as well as recruitment of new blood vessels.

physical regions within the larger tumor microenvironment
include a range of microenvironmental features that sustain and
regulate GSC phenotypes through hypoxia, growth factor signal-
ing, and adhesion to the ECM. It is thus unsurprising that the
microenvironment plays a role in provoking treatment resistance
(Gilbertson and Rich, 2007; Rich, 2007; Jamal et al., 2010, 2012;
Mannino and Chalmers, 2011; Lathia et al., 2012).

Perivascular Niche

A niche microenvironment has been identified in regions directly
adjacent to blood vessels known as the vascular or perivascular
niche (Calabrese et al., 2007; Gilbertson and Rich, 2007). Tumor
vascularization is a requisite process to provide GBM tumors
with adequate oxygen and nutrients that sustain rapid growth.
Bao et al. determined that GSCs initiate neovascularization by
stimulating endothelial cell proliferation, migration, and tube
formation through secretion of VEGF and stromal-derived fac-
tor 1 (Bao et al., 2006b; Folkins et al., 2009). In parallel, vascular
endothelial cells promote GSC self-renewal and proliferation,
through secretion of soluble signaling factors such as nitric
oxide, as well as via activation of NOTCH signaling (Calabrese
etal., 2007; Charles et al., 2010; Hovinga et al., 2010; Galan-Moya
et al., 2011). This support appears to be unique to endothelial
cells. For example, Calabrese et al. (2007) determined that
neither NGSCs, astrocytes, nor fibroblasts were able to produce

comparable enrichment of GSCs in vitro. Importantly, GSCs are
also capable of transdifferentiation into tumor-derived vascular
cells. In experimental tumor models, GSCs have been observed to
differentiate into pericytes and endothelial cells that participate in
the formation and maintenance of neovasculature (Ricci-Vitiani
et al., 2010; Wang et al., 2010a; Lathia et al., 2011; Cheng et al,,
2013a; Schonberg et al., 2014). Therefore, interactions between
endothelial cells and GSCs in the perivascular niche may create a
self-sustaining paracrine signaling cycle that is critical for tumor
maintenance and progression (Schonberg et al., 2014).

Hypoxic Niche

In juxtaposition to the nutrient-rich perivascular niche, GSCs
are also found concentrated surrounding tumor regions that
have limited access to blood vessels and are often necrotic
(Li et al., 2009). The disorganized vasculature of GBM tumors
leads to regional oxygen concentration gradients that have
significant effects on GSC phenotypes. The primary molecular
response to oxygen deprivation involves activation of the hypoxia
inducible factor (HIF) family of transcription factors whose
canonical downstream targets are proangiogenic (Heddleston
et al., 2010). As a result, the hypoxic niche may in some cases
exist as a transitional microenvironment in which GSCs use
proangiogenic factors such as VEGF to recruit blood vessels and
establish a perivascular niche (Venere et al., 2011).
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Hypoxia inducible factor activation has also been found to be
a potent regulator of various GSC behaviors. HIF1a and HIF2«
exhibit overlapping functions in both vasculogenesis and enrich-
ing stem phenotypes (Heddleston et al., 2009, 2010; Li et al., 2009;
Soeda et al., 2009; Bar et al., 2010; Seidel et al., 2010). However,
unique downstream target genes have also been identified par-
ticularly for HIF2«, which include stem markers Oct4, c-Myc,
and Nanog (Heddleston et al., 2009; Li et al., 2009; Keith et al.,
2011). Importantly, Li et al. (2009) reported that while HIF1 is
expressed in both NSC and GSC populations, HIF2a expression is
restricted to GSCs and is required for GSC tumorigenicity in vivo.
HIF2a induction also promotes stem plasticity in the pool of
NGSCs, which may be particularly important for repopulating the
GSC pool in response to treatment (Heddleston et al., 2009). HIF
expression also appears to be regulated by distinct components
of the microenvironment. HIFla expressing cells are enriched
in regions of chronic hypoxia (>1% O,), while HIF2a expression
is more sporadically identified in both hypoxic and normoxic
regions surrounding blood vessels (Holmquist-Mengelbier et al.,
2006; Li et al., 2009). In addition, tumor acidity, a byproduct of
overactive glycolytic energy production, increases HIF2a stabili-
zation independent of oxygen concentration and also promotes
stem plasticity (Hjelmeland et al., 2011). Thus, the hypoxic niche
regulates GSC phenotypes primarily through HIF activity, which
is essential to stem maintenance and tumorigenicity.

Invasive Niche

Glioblastoma stem-like cell populations have been identified at
the leading edge of GBM tumors suggesting that this invasive
front also contributes to GSC maintenance (Lee et al., 2006; Kitai
et al,, 2010; Cheng et al., 2011; Ishiwata et al., 2011; Lathia et al.,
2011; Ortensi et al., 2013). Orthotopic GSC tumors recapitulate
the invasive profile observed in patient tumors compared with
NGSCs, which generally form noninvasive tumors (Cheng et al.,
2011). Furthermore, recurrent tumors are enriched with GSCs
indicating that these cells are likely responsible for infiltrative
growth that is characteristic of GBM (Liu et al., 2006). Therefore,
while an invasive niche has yet to be definitively established,
microenvironmental interactions, particularly with the ECM
protein laminin, have been identified that regulate both invasive
behaviors and stem phenotypes. For example, laminin recep-
tor integrins a6 and a7 have been proposed as biomarkers for
functional GSCs (Lathia et al., 2010; Haas et al., 2017), while GSC
regulation has also been described through interactions with the
laminin subunit a2 (Lathia et al., 2012). In healthy brain, laminin
is primarily located on the outside of blood vessels, which are
primary routes of GBM invasion (Giese and Westphal, 1996).
Expression of laminin (Ljubimova et al., 2006) and localization of
laminin within the perivascular niche (Lathia et al., 2012) relate
to poor patient prognosis; the integrin family of laminin receptor
proteins are overexpressed in CD133 + GSCs, which have been
demonstrated to promote invasion (Nakada et al., 2013), prolif-
eration (Lathia et al., 2012), and resistance to apoptosis (Huang
et al., 2012). These integrin-mediated phenotypic shifts are
significant at the level of disease progression and may be related
to active microenvironmental regulation (Paolillo et al., 2016).
For example, Ljubimova et al. (2006) observed a switch in laminin

isoform expression during tumor progression that was associated
with both invasion and angiogenesis, suggesting that laminin is
a dynamic partner in the development of tumor malignancy. The
interaction of tumor cells with vascular-associated laminins has
been shown to be an important factor for GSC regulation in the
perivascular niche (Lathia et al., 2012). In addition, certain iso-
forms of laminin sustain GSC phenotypes during in vitro stem cell
cultures (Pollard et al., 2009), and conversely, may also be used to
promote GSC differentiation to NGSCs in serum-supplemented
conditions (Ignatova et al., 2002). These relationships warrant
further study to understand the complexities of GBM-laminin
interactions, and to determine how they may contribute to treat-
ment resistance and/or tumor recurrence.

Therapeutic Challenges and Opportunities

Along with regulatory inputs, niche microenvironments provide
GSCs with protection from cytotoxic treatments (Gilbertson
and Rich, 2007). The perivascular niche has been described as
radioprotective for medulloblastoma tumors (Hambardzumyan
etal., 2008). This resistance was initiated by signaling through the
oncogenic PI3K/Akt pathway, which is a downstream target of
the epidermal growth factor receptor (EGFR). In relation to GBM
biology, EGFR is one of the most important biomarkers for malig-
nancy (Verhaak et al., 2010) and is critical to the maintenance of
stem phenotypes in vitro (Lee et al., 2006). Moreover, inhibiting
EGFR has been observed to sensitize otherwise radioresistant
GSCs to treatment (Kang et al., 2012). Therefore, activation of
this receptor in the nutrient-rich perivascular niche would con-
ceivably negatively impact the efficacy of radiotherapy on GSCs.
VEGF signaling, which is critical for tumor vascularization and
establishment of the perivascular niche, has also been shown to
enhance resistance to radiation (Knizetova et al., 2008). Similarly,
Notch signaling, which functions through direct cell-cell contact
of transmembrane proteins, also supports radioresistant behav-
iors in GSCs and is an integral signaling pathway in the vascular
niche (Wang et al., 2010b).

The hypoxic niche provides some of the best direct evidence
of niche protection from chemotherapy and radiation. For both
treatments, a common mode of action is through the generation
of reactive oxygen species (ROS), which induces double strand
breaks in DNA (Harrison and Blackwell, 2004). However, due to
the relative lack of oxygen, ROS generation is attenuated thereby
limiting this mechanism. In addition, hypoxia is capable of pro-
moting downstream activation of numerous survival pathways
that may further limit treatment efficacy (Harrison and Blackwell,
2004; Bhatt et al., 2008; Bertout et al., 2009). For example, GSCs
identified in hypoxia have been observed to highly express
MGMT, which functions to repair DNA and promotes resistance
to TMZ (Pistollato et al., 2010).

Targeting niche microenvironments may provide an oppor-
tunity to disrupt GSC regulation and increase GBM treatment
efficacy. Recently, inhibition of vascular niche formation initially
appeared to be a promising direction for the development of
new treatments; in experimental tumors, GSCs were depleted
and tumor growth retarded by the antiangiogenic therapy
bevacizumab, which is a VEGF function blocking antibody (Bao
et al., 2006b; Calabrese et al., 2007). However, bevacizumab was
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subsequently found to effect an increase invasion of GBM cells
in response to increased hypoxia resulting from the inhibition
of blood vessel formation (Paez-Ribes et al, 2009; Keunen
et al,, 2011). In a phase III clinical trial, this treatment failed as
a first-line therapy but remains an approved and viable option
as a salvage treatment for increasing progression free survival in
recurrent GBM (Kreisl et al., 2008). Bevacizumab fails as a GBM
treatment primarily as a result of the strong hypoxia response of
these tumors, and thus any approach seeking to inhibit blood sup-
ply to GBM must consider molecular responses of cells to hypoxic
environments. For example, HIF2a may present a potential co-
therapeutic target due to its specificity for GSCs, prominent role
in GSC tumorigenicity, and regulation of responses to oxygen (Li
et al,, 2009; Hjelmeland et al., 2011).

Glioblastoma stem-like cell niches are complex and diverse
microenvironments that provide adaptive regulation of stem
functions along with protective support against GBM treatments.
The striking capacity of these cells to survive insults decreases the
likelihood that any monotherapy will be significantly effective.
Therefore, although clinical results have thus far been disappoint-
ing, targeting and disrupting microenvironmental mechanisms of
GSC regulation should remain a focus of novel treatment designs.

GBM RESEARCH MODELS

Cell Lines and In Vitro Culture

In vitro cell culture models have been fundamental to GBM
research since the first tumor cell lines were isolated and
immortalized in the 1960s (Ponten and Macintyre, 1968).
Various immortalized cell lines are now widely available for
research and provide a platform for disease research that ideally
enables reproducible testing. Propagation in vitro is performed
using a simplified two-dimensional (2D) isotropic plate [often
poly(styrene)] that is treated to present a negative charge, or
coated with poly-D-lysine, or ECM proteins to promote anchor-
age dependent cell growth. This 2D design is optimized for cells to
experience consistency in their access to adhesion sites, nutrients,
soluble signaling factors, and oxygen in culture (Woolard and
Fine, 2009). These cultures enable biologically instructive assays
that measure behaviors such as proliferation, migration, stem
cell status, and drug sensitivity under various discrete conditions
(Giese et al., 1995; Pollard et al., 2009).

Although immortalized GBM cell lines have provided invalu-
able understanding of aspects of the disease process in GBM,
their utility in generating new therapies for clinical application is
limited. In vitro, cells are polarized and attach to the stiff culture
substrate in a single plane that provides little to no resistance
to proliferation or migration. In response, cells converge on a
singular phenotype through a rapid loss of cellular heterogene-
ity, which is a fundamental feature of GBM (Li et al., 2008).
Immortalized cell lines show significant differences in their
molecular signature compared with primary GBM tissue, which
is a direct result of prolonged propagation and genetic instability
(Li et al., 2008). Another prominent issue with long-term cell
lines is the potential for contamination with other cell lines that
replace the original population. As an example, one of the most

widely used and first established in vitro models of GBM, the U87
MG cell line, was originally isolated from a 44-year-old female
patient (Ponten and Macintyre, 1968). Recently, the genome of
this line was compared with the original tumor sample and was
determined to be a GBM of male origin (Allen et al., 2016). These
problems, among others, illustrate that more representative dis-
ease models are necessary to overcome challenges in studying
GBM biology.

The use of low-passage primary cells derived from patient tis-
sue provides an improvement in the biological relevance of in vitro
models. These are established by mechanical and enzymatic
digestion of tumor tissue, whereby the resulting heterogeneous
cell mix is cultured in vitro using standard culture conditions.
GSC lines may also be established from primary tissue through
culture in serum-free NSC optimized media with the mitogenic
growth factors EGF and FGF (Venugopal et al., 2012). These
conditions maintain the GSC population such that cells preserve
genotypic and phenotypic features of the original tumor, whereas
serum-supplemented cultures promote selection of differentiated
GBM phenotypes and the GSC pool is subsequently depleted
(Zhang et al,, 2013; Lathia et al., 2015).

Standard 2D cultures may also be modified to produce models
that better represent native GBM biology. For example, GBM has
been cocultured with a secondary cell type such as astrocytes
(Rath et al., 2013, 2015) or endothelial cells (Galan-Moya et al.,
2011) to promote malignant phenotypes. The most common
method for establishing cocultures is through a transwell or
Boyden chamber system. In these cultures, cells are separated
by a semi-permeable membrane that allows access to signaling
factors secreted by the otherwise physically separated cell popula-
tions. Coculture studies have indicated that supporting cells are
well capable of directing the behavior of tumor cells, including
provocation of invasion and treatment resistance (Galan-Moya
etal., 2011; Rath et al., 2013, 2015).

Similar to coculture methods, three-dimensional (3D) cell
cultures model aspects of the tumor microenvironment to
elicit interactions that are generally absent from 2D cultures.
Techniques such as hanging drop culture or culture on soft agar
gels generate multicellular GBM spheroids that exhibit prolifera-
tion and invasion that better recapitulates in vivo scenarios (Del
Duca et al., 2004; Pampaloni et al., 2007; Heffernan et al., 2014).
Suspension culture, in which non-adherent cells are free-floating
in media, is most often used to propagate GSCs where, similar
to NSCs, stem-like cells form multicellular neurospheres (also
called tumorspheres) (Ignatova et al., 2002; Singh et al., 2003;
Galli et al., 2004; Lee et al., 2006; Fael Al-Mayhani et al., 2009;
Venugopal et al.,, 2012). Spheroid cultures can also be initiated as
cocultures in which GBM cells are combined with endothelial or
glial cells and incorporated into spheroid structures (Chen et al.,
2009). Brain slice cultures further improve the relevance of the
in vitro culture by enabling GBM cells to be analyzed in live brain
tissue ex vivo. Here, viable brain slices are cultured and inocu-
lated with tumor cells to enable tracking of GBM proliferation
and invasion within a complete brain microenvironment. The
primary drawbacks to brain slice culture include technical chal-
lenges with maintaining the tissue, reproducibility, and rapid cell
death and/or alterations in the tissue during cultures (Rao et al.,
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2014; Jensen et al., 2016). Taken in sum, each of these approaches
to culturing GBM have been valuable to isolate specific cellular
responses under defined experimental conditions, although
the degree to which neurosphere or hanging drop cultures can
be engineered to capture essential aspects of the niche remain
limited.

Preclinical In Vivo Models

In vivo models of GBM are the gold standard for analyzing
tumor growth and response to therapy within a physiologically
relevant system. In vivo models are either syngeneic or xeno-
graft. Syngeneic murine GBM models have been established via
development of native GBM cell lines (e.g., through chemical
insult) or genetic engineering that induces spontaneous and
reproducible tumor formation (Huszthy et al., 2012). Primary
advantages of syngeneic models include the ability to analyze
tumors in the context of a fully functional immune system,
and in genetic models, alterations in signaling pathways that
are known to drive GBM malignancy (EGFR, PDGEFR, Rb, Ras,
and Akt) (Jacobsetal.,, 2011; Huszthy et al., 2012). Alternatively,
xenograft models are established by the transplantation of
human derived cell lines into an immunocompromised mouse
host. The primary advantage of xenograft models is that they
enable study of human GBM progression within a functional
albeit immunodeficient brain.

Human xenograft models may be established from long-
term cell lines or from freshly isolated patient-derived GBM
tissue. Tumors can be induced in either the flank or directly
in the brain. Flank models enable rapid confirmation of
tumorigenicity and rapid growth of tumor within an easy to
access physical compartment, while also providing a more
permissive paradigm for treatment studies due to the lack of a
blood-brain barrier protecting the tumor. Orthotopic models,
on the other hand, are best suited for studying GBM behaviors
in the context of the native brain tumor microenvironment.
Various immortalized cell lines (U87, U118, etc.) have been
used to produce aggressive orthotopic tumors with reproduc-
ible cellular architecture (Jacobs et al., 2011; Huszthy et al,,
2012). However, tumors generated through orthotopic trans-
plant of immortalized cells often present significant genetic
and histological variations from patient tumors thereby
limiting their translational relevance (Lee et al., 2006; Jacobs
et al., 2011). For example, U87 tumors are highly vascular-
ized, possess a relatively leaky blood-brain barrier, and do
not exhibit the infiltrative behavior that is characteristic of
patient GBM tissue (Jacobs et al., 2011). The generation of
noninvasive tumors is one of the primary drawbacks common
to using immortalized cells in preclinical models. Conversely,
low-passage patient-derived xenografts, particularly those
established in serum-free culture or via direct in vivo inocula-
tion, are characterized by their maintenance of parental tumor
genotypes, an invasive leading edge, and minimal disruption
of the blood-brain barrier (Galli et al., 2004; Singh et al., 2004;
Sanai et al., 2005; Lee et al., 2006; Fael Al-Mayhani et al., 2009).
Thus, patient-derived xenografts are presently considered
the most biologically relevant research model of the human
disease (Huszthy et al., 2012).

ENGINEERING THE GBM TUMOR
MICROENVIRONMENT

The reduction of microenvironmental complexity in 2D cell
culture limits analysis of disease biology because the 3D ECM
regulates numerous essential cellular phenotypes (Pampaloni
et al.,, 2007). Tissue engineering strategies address this gap in
understanding by providing methods to model key components
of the 3D tumor microenvironment such as insoluble ECM
components, stiffness, matrix degradability, and soluble signaling
factors. These tools are not a direct surrogate for the complex,
anisotropic, and heterogeneous in vivo scenario; instead, they
enable characterization of contributions from individual micro-
environmental factors. Here, we review how these approaches
have been utilized to understand important features of GBM and
GSC biology.

Biomaterials in GBM Research

Both natural and synthetic polymers have been used to study
GBM response to the microenvironment (relevant studies are
summarized in Table 1). Natural materials are bioactive, degra-
dable by enzymatic or hydrolytic mechanisms, and cells interact
with them directly through specific and established biochemical
pathways. Due to their specific bioactivity, some of the most
important and commonly used in GBM research are HA, col-
lagen, and Matrigel® (Table 1). One potential challenge with
using ECM biomaterials derived from live hosts or cell cultures,
such as Matrigel®, is a lack of experimental reproducibility. These
multicomponent materials exhibit variation in composition
across batches (e.g., growth factor content and ECM protein
concentration), which may adversely impact the interpretation
of results due to changes in the constituent materials (Pampaloni
et al., 2007). Juxtaposed to natural materials, synthetic bioma-
terials used in GBM cultures are derived from organic sources,
which enables a high degree of control over their physical and
chemical properties. Of these, poly(ethylene glycol) (PEG) is by
far the most common. Its hydrophilicity and chemical structure
enable cell encapsulation and functionalization reactions that
can be performed in situ. Synthetic biomaterials can be either
degradable or non-degradable, and in general, are expected to
possess lower intrinsic bioactivity than natural materials, since
they do not possess cellular adhesion sites that would be expected
to elicit biological responses. Cells are capable of interfacing with
a purely synthetic polymer either through surface adsorbed pro-
teins (vitronectin, laminin, etc.) or through non-specific charge
interactions (Hubbell, 1995). Grafting synthetic polymers with
bioactive proteins or peptides (e.g., RGD) is a common approach
to enable cellular adhesion or biodegradation (Table 1). This
method of combining natural and/or synthetic components into
a composite biomaterial is useful for leveraging advantages of
both classifications.

The majority of natural, synthetic, and composite scaffolds
applied in GBM studies are hydrophilic hydrogels, which,
like tissue, are composed of a high fraction of water and swell
considerably in aqueous solution. However, in some instances
hydrophobic polymers are also incorporated, often coated with
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TABLE 1 | Biomaterial models of the glioblastoma (GBM) microenvironment enable analysis of malignant behaviors in vitro.

Reference

Hyaluronic acid

Tamaki et al. (1997), Jin et al. (2009), Ananthanarayanan et al. (2011), Florczyk et al. (2013), Pedron et al. (2013, 2015, 2017), Rao
et al. (2013a,b), Fernandez-Fuente et al. (2014), Heffernan et al. (2014), Jiguet Jiglaire et al. (2014), Kim and Kumar (2014), Rape
and Kumar (2014), Wang et al. (2014, 2016), Herrera-Perez et al. (2015), Rape et al. (2015), Cha et al. (2016), Kievit et al. (2016),
Chen et al. (2017), and Ngo and Harley (2017)

Collagen Tamaki et al. (1997), Sarkar et al. (2006), Kim et al. (2008), Ulrich et al. (2010), Yang et al. (2010, 2014), Eke et al. (2012), Florczyk
et al. (2013), Pedron and Harley (2013), Pedron et al. (2013, 2015, 2017), Rao et al. (2013a,b), Ruiz-Ontafion et al. (2013),
Fernandez-Fuente et al. (2014), Heffernan et al. (2014), Jain et al. (2014), Jiguet Jiglaire et al. (2014), Herrera-Perez et al. (2015),
Wong et al. (2015), Cha et al. (2016), Chen et al. (2017), Chonan et al. (2017), and Ngo and Harley (2017)

Matrigel Cordes et al. (2003), Jin et al. (2009), Kievit et al. (2010), Cheng et al. (2011), Rao et al. (2013a), Ruiz-Ontafion et al. (2013), Herrera-
Perez et al. (2015), Grundy et al. (2016), Hubert et al. (2016), and Chonan et al. (2017)

Poly(ethylene glycol) Pedron and Harley (2013), Pedron et al. (2013), Heffernan et al. (2014), Jiguet Jiglaire et al. (2014), Wang et al. (2014), Fan et al.
(2016), Li et al. (2016), Oh et al. (2016), and Ngo and Harley (2017)

Chitosan Kievit et al. (2010, 2014, 2016), Florczyk et al. (2013, 2016), and Wang et al. (2016)

Alginate Kievit et al. (2010, 2014, 2016), Florczyk et al. (2016), and Oh et al. (2016)

Poly(N-isopropylacrylamide)

Heffernan et al. (2016, 2017), and Li et al. (2016)

Polyacrylamide Ulrich et al. (2009), Pathak and Kumar (2012), Ruiz-Ontafon et al. (2013), Fernandez-Fuente et al. (2014), Rape and Kumar (2014),
Umesh et al. (2014), Wong et al. (2015), and Grundy et al. (2016)

Polycaprolactone Rao et al. (2013a), Jain et al. (2014), Kievit et al. (2014, 2016), and Cha et al. (2016)

Polystyrene Kievit et al. (2014) and Ma et al. (2016a)

Poly(lactic acid) Ma et al. (2012)

Bioactive peptide/protein

Tamaki et al. (1997), Cordes et al. (2003), Sarkar et al. (2006), Ulrich et al. (2009), Ananthanarayanan et al. (2011), Pathak and Kumar
(2012), Ruiz-Ontarion et al. (2013), Jain et al. (2014), Kim and Kumar (2014), Rape and Kumar (2014), Umesh et al. (2014), Wang et al.
(2014), Rape et al. (2015), Wong et al. (2015), Heffernan et al. (2016), Ma et al. (2016a), and Ngo and Harley (2017)

Complex three-dimensional
(3D) models

Stiffness

Ma et al. (2012), Pathak and Kumar (2012), Rao et al. (2013a), Jain et al. (2014), Herrera-Perez et al. (2015), Pedron et al. (2015),
Rape et al. (2015), Cha et al. (2016), Fan et al. (2016), Li et al. (2016), and Chonan et al. (2017)

Kim et al. (2008), Ulrich et al. (2009, 2010), Yang et al. (2010), Ananthanarayanan et al. (2011), Pathak and Kumar (2012), Florczyk

et al. (2013, 2016), Pedron and Harley (2013), Pedron et al. (2013, 2015), Rao et al. (2013a,b), Fernandez-Fuente et al. (2014),
Heffernan et al. (2014, 2016, 2017), Kim and Kumar (2014), Rape and Kumar (2014), Umesh et al. (2014), Wang et al. (2014), Herrera-
Perez et al. (2015), Rape et al. (2015), Wong et al. (2015), Cha et al. (2016), Grundy et al. (2016), Chen et al. (2017), and Ngo and
Harley (2017)

Porosity

Kim et al. (2008), Yang et al. (2010, 2014), Ananthanarayanan et al. (2011), Ma et al. (2012, 2016a), Pathak and Kumar (2012),
Florczyk et al. (2013, 2016), Pedron and Harley (2013), Rao et al. (2013a,b), Kievit et al. (2014, 2016), Wang et al. (2014, 2016),
Herrera-Perez et al. (2015), Cha et al. (2016), Fan et al. (2016), and Oh et al. (2016)

Microchannels

Pathak and Kumar (2012), Pedron et al. (2015), Fan et al. (2016), and Chonan et al. (2017)

Fibers/alignment

Kim et al. (2008), Ulrich et al. (2010), Yang et al. (2010), Rao et al. (2013a,b), Jain et al. (2014), Herrera-Perez et al. (2015), Cha et al. (2016),
and Ma et al. (2016a)

us7 Kim et al. (2008), Jin et al. (2009), Ulrich et al. (2009), Kievit et al. (2010, 2014, 2016), Ananthanarayanan et al. (2011), Eke et al.
(2012), Pedron and Harley (2013), Pedron et al. (2013, 2015), Fernandez-Fuente et al. (2014), Heffernan et al. (2014), Jain et al. (2014),
Jiguet Jiglaire et al. (2014), Kim and Kumar (2014), Rape and Kumar (2014), Umesh et al. (2014), Wang et al. (2014), Fan et al. (2016),
Florczyk et al. (2016), and Ngo and Harley (2017)

U373 Jin et al. (2009), Ulrich et al. (2009, 2010), Ananthanarayanan et al. (2011), Pathak and Kumar (2012), Kim and Kumar (2014), Rape
and Kumar (2014), Umesh et al. (2014), Rape et al. (2015), and Wong et al. (2015)

U251 Sarkar et al. (2006), Jin et al. (2009), Ulrich et al. (2009), Ma et al. (2016a), and Chen et al. (2017)

U118 Kievit et al. (2010, 2014), Florczyk et al. (2013), and Heffernan et al. (2014, 2016)

U138 Cordes et al. (2003) and Eke et al. (2012)

A172 Cordes et al. (2003), Eke et al. (2012), and Fernandez-Fuente et al. (2014)

us43 Jin et al. (2009)

U178 Sarkar et al. (2006)

T98 Fernandez-Fuente et al. (2014)

(Continued)
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TABLE 1 | Continued

Reference
LN229 Cordes et al. (2003) and Eke et al. (2012)
LN18 Cordes et al. (2003)
SNB19 Ulrich et al. (2009)
MO59K Ma et al. (2012)

Genetically modified GBM

Pedron et al. (2013, 2015), Heffernan et al. (2014), and Kim and Kumar (2014)

Coculture

Ma et al. (2012), Ruiz-Ontafion et al. (2013), Kievit et al. (2016), Chonan et al. (2017), and Ngo and Harley (2017)

Murine model

Tamaki et al. (1997), Ulrich et al. (2009), Kievit et al. (2010), Yang et al. (2010), Jiguet Jiglaire et al. (2014), Hubert et al. (2016), and
Chonan et al. (2017)

Patient derived

Eke et al. (2012), Rao et al. (2013a,b), Ruiz-Ontafion et al. (2013), Fernandez-Fuente et al. (2014), Jiguet Jiglaire et al. (2014), Yang
et al. (2014), Herrera-Perez et al. (2015), Wong et al. (2015), Cha et al. (2016), Grundy et al. (2016), Hubert et al. (2016), Li et al.
(2016), Oh et al. (2016), Wang et al. (2016), Heffernan et al. (2017), and Pedron et al. (2017)

Two-dimensional migration

Kim et al. (2008), Jin et al. (2009), Ulrich et al. (2009), Ananthanarayanan et al. (2011), Eke et al. (2012), Pathak and Kumar (2012),
Rao et al. (2013a), Ruiz-Ontafion et al. (2013), Fernandez-Fuente et al. (2014), Kim and Kumar (2014), Rape and Kumar (2014),
Wong et al. (2015), Grundy et al. (2016), and Chonan et al. (2017)

3D invasion

Tamaki et al. (1997), Cordes et al. (2003), Sarkar et al. (2006), Kim et al. (2008), Jin et al. (2009), Ulrich et al. (2010), Yang et al.
(2010), Ananthanarayanan et al. (2011), Cheng et al. (2011), Eke et al. (2012), Pathak and Kumar (2012), Florczyk et al. (2013),
Rao et al. (2013b), Ruiz-Ontanon et al. (2013), Heffernan et al. (2014, 2016), Jain et al. (2014), Kim and Kumar (2014), Rape and
Kumar (2014), Herrera-Perez et al. (2015), Wong et al. (2015), Cha et al. (2016), Grundy et al. (2016), Chen et al. (2017),

and Chonan et al. (2017)

Proliferation

Tamaki et al. (1997), Ulrich et al. (2009), Kievit et al. (2010, 2014, 2016), Yang et al. (2010, 2014), Ananthanarayanan et al.
(2011), Eke et al. (2012), Ma et al. (2012, 2016a), Florczyk et al. (2013, 2016), Pedron and Harley (2013), Pedron et al. (2013,
2015, 2017), Ruiz-Ontanon et al. (2013), Heffernan et al. (2014, 2016, 2017), Jain et al. (2014), Jiguet Jiglaire et al. (2014),
Umesh et al. (2014), Wang et al. (2014, 2016), Wong et al. (2015), Cha et al. (2016), Hubert et al. (2016), Li et al. (2016), and
Chen et al. (2017)

Malignancy markers

Cordes et al. (2003), Sarkar et al. (2006), Kim et al. (2008), Jin et al. (2009), Kievit et al. (2010, 2014, 2016), Cheng et al.
(2011), Eke et al. (2012), Florczyk et al. (2013, 2016), Pedron and Harley (2013), Pedron et al. (2013, 2015, 2017), Rao et al.
(2013a), Ruiz-Ontafion et al. (2013), Fernandez-Fuente et al. (2014), Jiguet Jiglaire et al. (2014), Kim and Kumar (2014), Umesh
et al. (2014), Wang et al. (2014, 2016), Yang et al. (2014), Herrera-Perez et al. (2015), Rape et al. (2015), Wong et al. (2015),
Cha et al. (2016), Hubert et al. (2016), Li et al. (2016), Ma et al. (2016a), Chen et al. (2017), Chonan et al. (2017), and Heffernan
etal. (2017)

Stem phenotypes

Cheng et al. (2011), Florczyk et al. (2013, 2016), Ruiz-Ontafion et al. (2013), Fernandez-Fuente et al. (2014), Kievit et al. (2014,
2016), Yang et al. (2014), Herrera-Perez et al. (2015), Wong et al. (2015), Cha et al. (2016), Grundy et al. (2016), Hubert

etal. (2016), Li et al. (2016), Ma et al. (2016a), Wang et al. (2016), Chonan et al. (2017), Heffernan et al. (2017), and

Pedron et al. (2017)

In vivo characteristics

Kievit et al. (2010, 2014), Cheng et al. (2011), Ruiz-Ontafon et al. (2013), Jain et al. (2014), Jiguet Jiglaire et al. (2014), Yang et al.
(2014), Wong et al. (2015), Florczyk et al. (2016), Hubert et al. (2016), Li et al. (2016), and Pedron et al. (2017)

Chemotherapy Kim et al. (2008), Ulrich et al. (2009), Eke et al. (2012), Ma et al. (2012), Pathak and Kumar (2012), Florczyk et al. (2013), Fernandez-
Fuente et al. (2014), Jain et al. (2014), Jiguet Jiglaire et al. (2014), Rape and Kumar (2014), Umesh et al. (2014), Yang et al. (2014),
Cha et al. (2016), Fan et al. (2016), Wang et al. (2016), and Pedron et al. (2017)

Radiation Cordes et al. (2003), Eke et al. (2012), Jiguet Jiglaire et al. (2014), Hubert et al. (2016), and Heffernan et al. (2017)

hydrophilic ECM proteins (Rao et al., 2013a; Cha et al., 2016;
Ma et al., 2016a). Scaffolds of either classification can be further
designed as porous, fibrous, anisotropic, or some combination,
each with varying degrees of control of these physical properties
dependent on the constituents. These properties enable modeling
ofawidevariety of topographies to mimic the physiological micro-
environment. Chemical and physical cross-linking reactions are
often necessary to increase the molecular weight of a biomaterial
such that it forms an insoluble physical structure in aqueous solu-
tion. Strategies that do not negatively impact cell viability are par-
ticularly desirable. For chemically cross-linked biomaterials, click

chemistry, such as Michael addition (Ananthanarayanan et al.,
2011; Heffernan et al., 2014; Jiguet Jiglaire et al., 2014; Kim and
Kumar, 2014; Rape and Kumar, 2014; Rape et al., 2015), describes
stepwise reactions that proceed efficiently at neutral pH, do not
require biologically damaging solvents or reaction conditions,
and do not produce any cytotoxic byproducts (Hoyle et al., 2010).
Another common example of chemical cross-linking is UV free
radical polymerization, which, unlike most free radical reactions,
may utilize an aqueous compatible initiator that is photoreac-
tive (e.g., Irgacure 2959). This method enables polymerization
of reactive monomers such as terminal olefins (e.g., acrylates)
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(Pedron and Harley, 2013; Pedron et al., 2013, 2015, 2017;
Chen et al,, 2017; Ngo and Harley, 2017). Alternatively, physical
cross-linking proceeds without a chemical reaction; alterations
in pH or temperature produce electrostatic interactions that
result in polymerization and/or precipitation (EI-Sherbiny and
Yacoub, 2013); typical examples include collagen (pH stimulus)
or poly(N-isopropylacrylamide) (temperature stimulus). It is well
known that the degree of cross-linking (chemical or physical) for
any given material will affect the porosity, density, and stiffness of
the scaffold, which are each independently important considera-
tions in GBM tissue engineering.

3D Culture Methods

Biomaterial cultures are performed with cells or spheroids either
seeded on the scaffold surface or encapsulated within the scaf-
fold during cross-linking. Surface cultures enable measurement
of cellular behaviors (motility, invasion, proliferation, viability,
etc.) in response to the biophysical and biochemical material
properties. They also provide a set initial location for cells and
do not necessarily require biodegradation of the material to
allow for cell proliferation or motility, since cells are capable
of moving across the surface. Encapsulation cultures offer a
more physiologically relevant scenario but require biocompat-
ible cross-linking and matrix degradation for cell growth and
motility. Both scenarios are regularly used to measure invasive
capacity, which cannot be fully recapitulated in 2D in vitro
systems.

For both surface and encapsulation cultures, biological assays
must be either performed in situ (e.g., immunofluorescence
and cell tracking) or alternatively, on cells recovered from the
scaffold (e.g., western blot, polymerase chain reaction, and fluo-
rescence activated cell sorting). Both culture approaches pose
various technical challenges to performing these assays that are
specific to the biomaterial system; a significant consideration in
designing a 3D culture format. For example, chemically cross-
linked materials may require degradation or cell dissociation
conditions that adversely affect cell viability or the presentation
of surface proteins. Physical scaffolds, on the other hand, may
offer reversible formation in response to mild environmental
changes and thereby enable easy cell recovery for post-culture
analysis.

Biophysical and Biochemical Regulation
of GBM Behaviors

The in vivo tumor microenvironment provides critical regulatory
functions for GBM tumors. As a result, there are many reports
investigating how the physical microarchitecture and biochemi-
cal features of 3D biomaterials regulate or elicit specific GBM
behaviors in vitro (summarized in detail in Table 1). These
studies have been reviewed in great detail elsewhere (Rao et al,,
2014; Rape et al., 2014; Xiao et al., 2017). One well-established
observation is that matrix stiffness and topography (porosity,
fiber content, geometry) can alter cellular phenotype to elicit
malignant behaviors, including proliferation, migration, and
invasion. Mechanosensation, or the ability for cells to sense
mechanical forces and stiffness, is a key component of GBM

biology that mediates tumor growth and cell motility (Rape et al.,
2014). This was demonstrated in vitro by Ulrich et al. (2009) who
described that GBM cell lines displayed both higher motility and
proliferation on high stiffness substrates and also identified that
the motile responses were governed at least in part by non-muscle
myosin II. Furthermore, one of the more intriguing developments
in understanding biophysical regulation has been the discovery
that biomaterial fibers mimicking the structure of blood vessels
are capable of encouraging and guiding GBM invasion (Rao
et al., 2013a; Jain et al.,, 2014; Herrera-Perez et al., 2015; Cha
et al., 2016). The primary method for changing the biophysical
properties of 3D models is via altering the concentration of the
constituent biomaterials. While effective, this often also coupled
with changing the density of bioactive components. Isolating
the impact of different biophysical cues on cellular behavior is
almost impossible in vivo, but biomaterial platforms offer an
opportunity to independently manipulate these variables, which
will be important to deepening understanding of the disease
(Wang et al., 2014).

In considering the biochemical influence of the microenvi-
ronmenton GBM biology, various different scaffold components
have been explored (complete list in Table 1); one of the most
common materials utilized for this purpose is HA. Given that
HA, discussed earlier, has many essential functions in GBM
(Giese and Westphal, 1996), itis unsurprising that HA hydrogels
have been shown to regulate a wide variety of behaviors includ-
ing proliferation (Pedron etal., 2013), invasion (Heffernan et al,,
2014), stem phenotypes (Cha et al., 2016), and treatment resist-
ance (Jiguet Jiglaire et al., 2014). HA does not provide cellular
adhesion sites, and as a result is regularly modified with cell
adhesion peptides or combined with other biomaterials, such
as collagen, to enable cell attachment (Ananthanarayanan etal.,
2011; Pedron et al.,, 2013; Heffernan et al., 2014; Jiguet Jiglaire
et al., 2014). While relatively insignificant components of the
native brain ECM, collagen and Matrigel® are also prominent
biomaterials in GBM research primarily because of their high
density of focal adhesion sites, their history of use in other can-
cer models (e.g., breast cancer), and the ease with which they
can be experimentally implemented. Both models have been
used to investigate the role of matrix signaling in promoting
focal adhesion mediated GBM invasion (Herrera-Perez et al.,
2015; Heffernan et al., 2016). Alternatively, PEG-based bioma-
terials offer a tunable synthetic platform with the potential for
easy chemical modification. PEG gels have been designed to
be enzymatically degradable (Wang et al., 2014), hydrolytically
stable or degradable (Heffernan et al., 2014), or modified with
cell instructive peptides (Ananthanarayanan et al., 2011), each
of which have been shown to modify malignant GBM behaviors.
Moreover, complex multicomponent biomaterial models have
also been reported for developing high-throughput studies of
GBM behaviors across a range of different microenvironmental
conditions (Pedron et al., 2015), or alternatively, through cocul-
tures with microenvironmental support cells within a single 3D
in vitro system (Ngo and Harley, 2017). Together, the current
body of work (Table 1) illustrates the breadth of understand-
ing that has developed in response to implementing in vitro
biomaterial cultures.
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BIOMATERIALS FOR PROBING GSC
BIOLOGY

Engineering the Stem Cell

Microenvironment

Engineering GSC instructive in vitro microenvironments is a
relatively new approach derived from well-established tissue
engineering research. Stem cells are widely regarded for their
potential to regenerate and establish functional tissues. Neural
tissue engineering, which is most closely related to methods for
modeling the GBM microenvironment, primarily focuses on
developing novel techniques for directing NSC behaviors. In this
field, biomaterials have been utilized to elucidate various stem
cell behaviors with a focus on understanding how biophysical
and biochemical factors in 2D and 3D environments affect NSC
maintenance, self-renewal, and differentiation mechanisms
(Teixeira et al, 2007). Through these studies, the mechanical
stiffness of culture substrates and matrices has been identified
as a potent regulator of NSC fate. Saha et al. (2008) reported
that NSC differentiation could be directed with soft substrates
(100-500 Pa) to promote neurogenesis and stiff (>1,000 Pa)
matrices to promote gliogenesis. In addition to matrix stiffness,
Soen et al. (2006) and Nakajima et al. (2007) demonstrated that
specific ECM components and growth factors were also capable
of controlling stem cell fate and differentiation in culture. Other
cellular components of the NSC microenvironment have been
investigated as regulators of stem cell fate in vitro. For example,
Shen et al. (2004) determined that endothelial cells secrete soluble
factors that promote and maintain stem phenotypes in NSC
populations.

The regenerative capacity of NSCs has also been investigated
in 3D microenvironment models with both matrix composition
and stiffness again identified as key regulatory components. Here,
Saha et al. (2008) described that very soft substrates (<100 Pa)
promoted quiescent NSC phenotypes, while stiffening these
substrates (>100 Pa) promoted expansion of the NSC pool. The
structure of the ECM is also important to NSC neural regenera-
tive properties, as Yang et al. (2005) described scaffolds composed
of aligned poly(r-lactic acid) nanofibers promoted neuronal
phenotypes and neurite outgrowth along the fibers. More bio-
mimetic approaches have also been tested using ECM compo-
nents of the in vivo NSC niche as well. To this end, Cheng et al.
(2013b) described that a laminin-derived IKVAV peptide-based
hydrogel supported NSC neuronal differentiation and improved
tissue regeneration in vivo following a traumatic brain injury. In
addition, we reported that an HA-laminin composite hydrogels
increase the migratory response of NSCs a result of increased
sensitivity to stromal cell-derived factor la both in vitro and
in vivo (Addington et al., 2015, 2017).

Similar regulatory mechanisms govern both GSC and NSC
biology (Sanai et al.,, 2005), and as such, these examples have
direct relevance to understanding and predicting how model
microenvironments may affect malignant GSC phenotypes. In
applying these same tissue engineering approaches to GSCs,
conditions under which these cells acquire or enhance stem
phenotypes, prefer to initiate invasive mechanisms, or exhibit

treatment resistance have been identified. These results provide
better understanding of the underlying mechanisms that drive
microenvironmental support for GSC populations.

GBM Stem Plasticity in 3D Culture

Glioblastoma stem-like cells and NGSCs are believed to exist in
a regulated state of plasticity where induction of differentiation
is a bidirectional process regulated by the microenvironment,
epigenetics, and response to treatment (Heddleston et al., 2009;
Dahan et al., 2014; Safa et al., 2015). This stem plasticity has been
investigated using immortalized GBM cell lines as a model of
NGSCs. Although, as previously described, these cell lines do not
offer a complete and accurate depiction of GBM biology, and the
mechanisms that are employed to acquire stem phenotypes may
mimic GSC plasticity (Jacobs et al., 2011; Zhang et al., 2013).

Stem plasticity has been studied in GBM cell lines cultured
in chitosan-based scaffolds; for example, Florczyk et al. (2013)
developed a chitosan-HA composite scaffold that elucidated
stem-like characteristics in U118 cells. The authors reported that
these scaffolds promoted sphere formation, expression of stem
markers (Nestin, Musashi-1, and CD44), and increased invasive
capacity compared with traditional 2D cultures. In addition,
scaffold-cultured cells displayed increased resistance to both
TMZ and doxorubicin, coupled with increased expression of
the ABCG2 drug efflux pump, suggesting a phenotypic switch
toward a more GSC-like state (Florczyk et al., 2013). In a follow-
up study, Kievit et al. (2014) used a chitosan-alginate scaffold
to also examine stem plasticity. Using these models, U118 and
U87 GBM cells again displayed increased stem protein and gene
expression (CD133, Nestin, CD44, Notch, among others) in
scaffold environments, which was again a function of scaffold
composition. Functionally, scaffold grown cells also exhibited
increased tumorigenicity in a flank tumor model. Kievit et al.
(2016) further optimized this approach by coating chitosan-alg-
inate scaffolds with HA and establishing a 3D coculture model
of U87 and endothelial cells. These conditions also increased
expression of CD133, ID1, and CD44 but interestingly slowed
the growth of spheroids. Outside of GBM, Florczyk et al. (2016)
employed this platform to enrich CD133 expression in prostate,
breast, and liver cancer cells.

Chitosan-based scaffolds are also not the only biomaterial
platform that has been reported to drive stem plasticity, as Ma
et al. (2016a) also identified stem-specific responses to 3D elec-
trospun polystyrene scaffolds coated with a library of seven differ-
ent isoforms of laminin. The resulting behavior of U251 cells was,
similar to the chitosan studies, contingent both on 3D context
and matrix chemistry. Specifically, 3D scaffolds presenting the
laminin isoforms 411, 421, 511, and 521 promoted an increase in
expression of the GSC markers (including, for example, integrin
a6, SOX2, and OLIG2) that coincided with an increase in clono-
genicity of these cells (Ma et al., 2016a).

Together, these works emphasize the significance of using
engineered microenvironments to drive relevant GSC behaviors
in culture. The use of immortalized cell lines provides some
insight into how GBM cells exhibit plasticity in a shift from dif-
ferentiated phenotypes to more stem-like behaviors.

Frontiers in Materials | www.frontiersin.org

February 2018 | Volume 5 | Article 7


http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive

Heffernan and Sirianni

Glioblastoma Stem Cells and Biomaterials

Biomaterials Promoting GSC Expansion

and Enrichment

Engineered tumor microenvironments have also been designed
to assay conditions under which patient-derived GSCs may be
enriched in vitro. GSCs are typically maintained in non-adherent
neurosphere conditions (Singh et al., 2003) or in adherent cul-
tures on laminin (Pollard et al., 2009), with the desired condition
often selected based on cellular affinity. In general, neurosphere
conditions are most common as sphere forming capacity is
regularly accompanied by a broader array of GSC specific pheno-
types (self-renewal, multipotency, and stem-marker expression)
(Venugopal et al., 2012). However, neurosphere culture has
well-characterized drawbacks. Specifically, as spheres increase in
size, the constituent cells experience differential access to oxygen
and soluble signaling factors as a result of diffusion limitations
(Woolard and Fine, 2009). This problem is amplified by variations
in rates of cell proliferation and fusion of adjacent spheres. As a
result, a single neurosphere may contain a heterogeneous mixture
of clonogenic, differentiated, apoptotic, and necrotic cells (Bez
et al., 2003; Beier et al., 2008; Pollard et al., 2009; Woolard and
Fine, 2009).

A number of biomaterials have been described as useful
tools for addressing problems associated with neurosphere
aggregation. For example, Yang et al. (2014) reported that gelatin
foam scaffolds maintained GSC protein expression, while also
increasing HIFla and VEGF signaling to provide a GSC sup-
portive microenvironment. As stated previously (see Therapeutic
Challenges and Opportunities), hypoxia signaling, including
HIFs and VEGE, has been proposed as a potential mechanism for
sensitizing GSCs to treatment. Thus, this platform may be relevant
for testing these hypotheses. In a separate study, Oh et al. (2016)
reported that GSCs encapsulated in an alginate-PEG hydrogel
formed neurospheres with relative uniformity in size, which may
improve nutrient and oxygen access. Li et al. (2016) used a similar
approach to expand patient-derived GSCs in a temperature-
responsive PNIPAAm-based scaffold. In this context, cells
were capable of high density culture without aggregating, thus
overcoming a key drawback to traditional neurosphere cultures.
This system subsequently enabled improved cellular yield from
GSC cultures while maintaining multipotency and stem-marker
expression.

Beyond GSC expansion, conditions under which GSC pheno-
types are actively enriched have also been explored in 3D culture.
Chitosan-HA scaffolds were recently applied to patient-derived
GSCs by Wang et al. (2016) and were found to increase stem gene
expression (SOX2, and TAZ, NANOG), invasion gene expres-
sion (TWIST1, TWIST2, SNAIL1, SNAIL2, and ZEB2), and
expression of genes that drive drug resistance (MGMT, HIF1A,
and SOD1) compared with cells cultured as a 2D monolayer.
GSCs cultured in these scaffolds also exhibited higher toler-
ance to the chemotherapeutics TMZ, carmustin (BCNU), and
lomustine (CCNU). Similarly, we recently reported another set
of 3D culture conditions that promote GSC enrichment utilizing
temperature-responsive  PNIPAAm-co-Jeffamine (PNJ) scaf-
folds (Heffernan et al., 2017). This culture platform increased
self-renewal capacity, expression of the stem marker Nestin, and
EGEFR expression while maintaining cellular multipotency in two

genetically distinct models of GBM. In addition, we observed that
PNJ cultured cells also exhibited increased resistance to clinical
dosages of radiation following 3D culture. EGFR signaling has
been shown to be an important mediator of medulloblastoma
radioresistance, and this platform may help to elucidate whether
this mechanism is applicable to GSCs (Hambardzumyan et al.,
2008).

In total, these studies suggest that there are a diverse set of
biomaterials capable of maintaining GSCs cultures, and a subset
of these materials are useful for actively enriching GSC specific
phenotypes. Considering the differences in scaffold composition,
it is also likely that GSCs are regulated via distinct mechanisms
in the described culture systems.

In Vitro Models of GSC Invasion

Invasion of neoplastic cells into healthy brain tissue has and
continues to be considered the most clinically significant issue
inhibiting effective GBM treatment (Berens and Giese, 1999).
Considering the role, GSCs play in tumor recurrence and inva-
sion, understanding how these cells respond to specific microen-
vironmental cues to promote invasive behaviors is of particular
importance. In the seminal work of Chengetal. (2011), GSCs were
determined to exhibit a heightened propensity for invasion. This
characteristic was first identified in vitro, using a 3D Matrigel-
transwell invasion assay, and was subsequently confirmed in vivo
when compared with NGSCs from a matched tumor sample
(Cheng et al., 2011). This description provided a foundation for
employing in vitro microenvironments to determine how the
biochemical, biophysical, and cellular components of the tumor
microenvironment affect GSC invasion.

Biochemical input signals from the tumor microenvironment
ECM influence GSC propensity for invasion, and this hypoth-
esis has been supported in various different in vitro paradigms.
Using a library of Matrigel, collagen, and HA-collagen matrices,
Herrera-Perez et al. (2015) determined that modes of GSC inva-
sion were directly dependent on ECM chemistry. These matrices
accurately modeled the stiffness of healthy brain tissue, and dif-
ferent preparations of collagen were used to separate the effects
of matrix stiffness and collagen concentration. As a result, this
study identified an interplay between matrix stiffness and chem-
istry that influenced invasion distance and velocity. Interestingly,
soluble HA (non-immobilized) decreased GSC invasion in HA-
collagen matrices, and Matrigel coated microfibers, mimicking
the structure of blood vessels, encouraged directional strand
motility reminiscent of white matter tract invasion tendencies
in vivo (Herrera-Perez et al., 2015).

Identification of biochemical pathways that promote or inhibit
GSC invasion is necessary for complete characterization of these
behaviors but is often underreported; a limitation of many 3D
culture studies. As an example, Cha et al. (2016) explored a
similar paradigm to Herrera-Perez et al. by measuring GSC
invasion through collagen matrices that included soluble HA
and PCL fibers to model blood vessels. Yet, in apparent contrast
to the prior study, Cha et al. (2016) reported that soluble HA
increased GSC invasion in collagen matrices, while also exhibit-
ing increased expression of CD44, and HA synthase. In addition,
treatment with an HA synthase inhibitor decreased invasion and
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effected an increase in FAK and MMP2 expression (Cha et al.,
2016). While the functional results of these studies (i.e., invasion)
appear contradictory, it is important to recognize differences in
methodology which include the source of patient-derived cells,
and the concentrations of collagen and HA in the model systems.
Therefore, molecular level descriptions may improve cross-study
comparisons and allow for more robust descriptions of GSC
invasive mechanisms.

From analysis of the in vivo tumor microenvironment, it is
clear that non-GBM cells, such as endothelial cells, are capable
of regulating GSC phenotypes and promoting invasion. This
behavior was studied by Chonan et al. (2017) in which a 3D
collagen gel was applied to separate a murine GSC line from
endothelial cells in an engineered microfluidic invasion model.
Here, endothelial cells stimulated increased invasion of Nestin
expressing cells through the 3D microenvironment. These
GSCs also exhibited increased expression of integrin o2 and
3 in response to coculture, suggesting a potential mechanistic
role for endothelial cells in promoting motility of GSCs in this
model. Meanwhile, cells expressing the neuronal differentiation
marker tubulin B3 were less invasive, which agrees with prior
reports of increased GSC invasive capacity vs. NGSCs (Cheng
etal., 2011).

As previously stated, microenvironmental stiffness regulates
the invasive capacity of GBM cell lines via mechanosensation
mechanisms (Ulrich et al., 2009; Ananthanarayanan et al., 2011;
Pedron and Harley, 2013; Heffernan et al., 2014; Kim and Kumar,
2014). While the stiffness of healthy brain is generally charac-
terized between 100 and 1,000 Pa, GBM tumors can present
significantly increased stiffness due to their high cellularity and
dense ECM (Netti et al., 2000; Georges et al., 2006; Saha et al,,
2008; Buxboim et al., 2010). At present, reports investigating the
effects of matrix stiffness on GSC motility in both 2D and 3D
paradigms describe a complex relationship (Ruiz-Ontanon et al.,
2013; Herrera-Perez et al., 2015; Wong et al., 2015; Grundy et al.,
2016). Ruiz-Ontanon et al. (2013) reported that GSCs harvested
from different tumor regions (peritumoral vs. bulk tumor) display
invasive tendencies and sensitivity to microenvironmental stiff-
ness that was a function of their regional origin. Unsurprisingly,
peritumoral GSCs were observed to have a heightened invasive
capacity. These behaviors were modeled on 2D laminin function-
alized polyacrylamide matrices, within 3D Matrigel and collagen
I hydrogels, as well as in chicken embryo and mouse xenografts.
Moreover, peritumoral invasion was insensitive to stiffness as a
result of Rac and RhoA signaling activation, and integrin aVp3,
an RGD peptide binding integrin, was identified as a key regulator
of GSC invasion and potential target for therapy (Ruiz-Ontafion
et al,, 2013). Similarly, Wong et al. (2015) also reported that
GSCs exhibited an insensitivity to matrix stiffness on 2D laminin
coated polyacrylamide matrices. Here, matrix stiffness ranging
from 80 Pa to 119 kPa produced no effect on cellular migration.
However, in contrast to the previous study, activation of myosin
II signaling via genetic constitutive activation of RhoA, ROCK, or
MLCK sensitized cells to matrix stiffness and effected a decrease
in motility on soft matrices.

Together, these studies suggest that GSCs employ diverse
invasion strategies that may be cell-type specific. This hypothesis

was supported by Grundy et al. (2016) who suggested that a GSC
subtype-specific relationship exists between invasive behavior
and sensitivity to microenvironmental stiffness. In this study,
migration and invasion were measured on 2D Matrigel coated
polyacrylamide matrices with varying stiffness (200 Pa-50 kPa)
and also within soft (~400 Pa) 3D Matrigel hydrogels. With
this platform, the invasive behavior of neural subtype GSCs
was observed to be insensitive to stiffness, while mesenchymal
subtype GSCs exhibited stiffness dependent motility. The authors
surmise that the cell of origin (neural GSCs—neuronal lineage;
mesenchymal GSCs—astrocytic lineage) may be a primary fac-
tor influencing GSC motility in response to microenvironmental
stiffness (Grundy et al., 2016). This hypothesis also draws rel-
evance back to the NSC paradigm, in which neuronal phenotypes
manifest on soft matrices while astrocytic phenotypes dominate
on stiff substrates (Saha et al., 2008).

These 3D invasion studies provide unique opportunities to
isolate specific microenvironmental features (chemistry, stiffness,
architecture, cellular support, etc.) and may be instrumental in
identifying targets for therapy to address GSC invasion at
the clinical level. However, the wide range of reported results
indicate that a more comprehensive picture of subtype-specific
and context-specific molecular mechanisms of invasion may be
necessary to develop predictive hypotheses.

Modeling Treatment Resistance and the

Influence of Tumor Heterogeneity

Tumors generated through orthotopic transplant of human
GSCs display treatment resistance that is supported by the
tumor microenvironment (Mannino and Chalmers, 2011). Yet,
similar to challenges faced in studying GBM invasion, direct
identification of specific resistance promoting factors remains
challenging in vivo; the mechanisms underlying microenviron-
mental contributions to treatment resistance can be efficiently
modeled in vitro. For example, Fernandez-Fuente et al. (2014)
proposed that resistance to sunitinib induced receptor tyrosine
kinase (RTK) inhibition is mediated by interactions specific
to a 3D microenvironment. Using a number of different GSC,
NGSC, and established GBM cell lines, the authors determined
that GSCs were comparatively insensitive to RTK inhibition in
3D collagen gels vs. standard 2D conditions and 2D collagen
coated polyacrylamide. The observed resistance was abrogated
via chemical inhibition of the PI3K/Akt and MEK/ERK signaling
pathways leading the authors to hypothesize that focal adhesions
in 3D were responsible for promoting RTK resistance. Notably,
changes in collagen content, stiffness (2D and 3D), and soluble
HA inclusion in 3D collagen gels did not produce a measurable
effect on drug sensitivity.

The biochemical response to matrix bound HA has also been
identified as a regulator of GSC resistance to chemotherapy in 3D
culture. In a recent study by Pedron et al. (2017), the EGFR inhibi-
tor erlotinib produced little GSC cytotoxicity in gelatin hydrogels,
and its effects were predictably dependent on basal EGFR status
(EGFR", EGFR*, and the GBM specific constitutively active form
EGFR"™). In addition, incorporation of HA within the gelatin
hydrogels increased erlotinib resistance in EGFR'™ cells, while
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inhibition of EGFR and CD44 increased cytotoxic effects in
EGFR" and EGFR* cells. This study provides evidence for EGFR-
CD44 signaling interactions that promote GSC resistance to RTK
inhibition dependent on the microenvironment and molecular
profile of the GBM cells. Considering the clinical importance of
EGFR in GBM, this mechanism may be highly relevant design-
ing novel inhibition strategies for GSCs. Moreover, measuring
divergent responses as a function of EGFR signaling provides
an example of how tumor heterogeneity may negatively impact
treatment.

The development of tumor heterogeneity diminishes sensitiv-
ity to treatment as a result of divergent phenotypes (proliferative
vs. quiescent, invasive vs. stationary, protein expression, etc.).
Hubert et al. (2016) modeled this process by culturing GSCs
in Matrigel coupled with continuous mechanical agitation. This
model generated large GBM organoids with hypoxic cores that
were composed of populations of GSCs and NGSCs. GSCs were
primarily located at the organoid rim but were also sporadically
identified in regions of hypoxia. Moreover, the GSC populations
within the organoids displayed resistance to apoptosis follow-
ing radiation treatment, while NGSCs were observed to be
sensitive to treatment. This test demonstrates a prevailing GSC
theory that conventional modes of treatment may effectively
target NGSCs but leave GSCs relatively unharmed. Finally,
organoid cultures were orthotopically implanted and formed
tumor architecture and single-cell invasive patterns that were
a better representation of the parent tumor than matched cells
in neurosphere culture (Hubert et al., 2016). Thus, developing
models that can recapitulate tumor heterogeneity may provide
avenues for determining patient-specific drug responses via
personalized medicine.

CRITICAL PERSPECTIVE AND FUTURE
DIRECTIONS

Biomaterial models of the GBM tumor microenvironment have
been useful to interrogate aspects of GSC biology that could
not be studied easily under standard 2D culture conditions or
with in vivo tumor models. While this has undoubtedly leads
to progress in GBM research, there remain opportunities for
improving the overall impact of these studies. Primarily, the
choice of cell line remains one of the most important vari-
ables to the biological relevance of model microenvironments.
Immortalized cell lines simply do not provide accurate repre-
sentation of the disease in this area and should be restricted to
proof of concept use if possible. Ultimately, biomaterial models
are designed to identify biological features that are important
to the in vivo scenario. Therefore, low-passage patient-derived
cell sources that have been validated to retain genotypic and
phenotypic features of the parent tumor, such as GSCs, should be
prioritized. The impact of these studies will be further increased
by providing detailed characterization data on both the cell lines
and biomaterial system employed. Incomplete descriptions often
omit key information needed to replicate studies or draw broader
conclusions about GBM behaviors. One important consideration
in utilizing patient-derived cells is that the heterogeneity of GBM

tumors makes it unlikely that cells from different sources will
behave identically. However, understanding these differences
will be essential to making progress in the treatment of human
disease. By classifying GSC lines into the clinically accepted
subtypes, providing gene and/or protein expression data, and
reporting comprehensive behavioral analyses, the field can gain
a more comprehensive understanding intra- and interpatient
heterogeneity. We further propose that the definition of a GSC
should be considered carefully and well defined for the purpose
of each study: cell behaviors should be characterized in more
than one context, and standard characterization should include
features such as self-renewal capacity, expression of stem related
genes or proteins, their ability to differentiate into multiple
lineages, and the behavior of cells transplanted in vivo. Similarly,
microenvironmental variables should be tightly controlled, with
consideration given to the potential interdependence of different
scaffold properties. Given the role that both biochemical and
biophysical signaling play in GSC regulation, decoupling these
responses concepts may be key to truly isolating these biological
relationships.

Looking forward, modeling GSC behaviors in engineered
microenvironments provides significant opportunities for the
advancement of GBM research and eventual translation of new
therapies to target this population. The primary motivator is
to identify treatable mechanisms or biochemical pathways that
are critical for GSC persistence, invasion, or tumorigenesis. To
this end, efforts focused developing heterogeneity via micro-
environmental cues are particularly impactful, as heterogeneity
limits the capacity for non-personalized therapies to be success-
ful. However, if heterogeneity in recurrent tumors develops as
a result of interactions with the microenvironment, there may
be models that could identify key mechanisms in this process
that would enable prevention. Alternatively, models designed to
enable long-term maintenance of parental tumor features would
also be a welcome innovation. Following resection, patient-
derived cell line models lose their heterogeneity, converge on
a dominant phenotype, and experience genetic drift over time.
Thus, models that are able to maintain and enrich GSCs with
minimal plastic culture, or even straight from the patient,
would be enable analysis on samples that represent the original
tumor. Microenvironmental modeling may also better our
understanding of the role of GSCs in driving angiogenesis. We
understand that GSCs respond to hypoxic microenvironments
by recruiting endothelial cells, and in some cases differentiating
into vascular support cells to vascularize the tumor. However,
these behaviors have not been fully demonstrated in vitro.
Employing a hypoxic microenvironment model in combina-
tion with cocultured endothelial cells and microenvironmental
components designed to encourage vessel formation (laminin
proteins, VEGE, etc.) may enable elucidation of these processes
and their mechanisms. Finally, personalized medicine options
remain a long-standing goal of tumor microenvironment mod-
els. Considering again the heterogeneity of GBM, platforms
that enable high-throughput testing of patient-derived tumor
samples could allow for therapies to be tailored for different
individuals. Such models could focus on treating tumorigenesis,
invasion, or GSC maintenance.
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CONCLUSION

Although GBM is aggressively treated, conventional radiation
and chemotherapy are relatively ineffective, and tumor recur-
rence is nearly inevitable. The GBM microenvironment is broadly
protective to various tumor and tumor-associated cells; special-
ized niches therein provide critical functions for maintaining a
population of treatment resistant GSCs that fuel tumor recur-
rence. Importantly, a growing body of evidence suggests that
these microenvironments directly support treatment resistance
and induction of stem plasticity through a diverse set of dynamic
interactions. In vitro studies utilizing 3D scaffolds are proven tools
for identifying and isolating microenvironmental mechanisms
that regulate GBM and GSC behaviors. Therefore, we propose
that further development of these models may facilitate better
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